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Main components such as columns and beams of reinforced concrete (RC)
buildings are constructed as symmetrically and unsymmetrically reinforced.
Symmetrically reinforced concrete members are widely studied and some
analytical/numerical approaches are provided. However, unsymmetrically
reinforced concrete members are not adequately investigated and further
research is required to predict response of these members. For this reason, this
study focuses on strength and deformation capacity prediction of
unsymmetrically RC members at yield which primarily required for the design
and assessment. In the study, wide range of RC sections are generated and
analyzed using different section dimensions, material types, reinforcement
ratios and configurations to reveal behavior of these members. Influence of
parameters on the responses is investigated and they are contributed to
prediction equations by statistical evaluations. Prediction equations are first
tested with analytical RC section results and comparisons have shown very
good agreement. Equations are then applied to predict dynamic features of two
experimental MDOF buildings. Evaluations have revealed the reliability of
prediction equations in approximation of responses in building scale.
© 2019 MIM Research Group. All rights reserved.

1. Introduction
Structural behavior is strongly affected from structural member responses and both
design and performance assessment of structures requires the determination of flexural
strength capacity of members. If the structural member has adequate strength and the
demand is lower than strength capacity, response is elastic. However, nonlinear
deformations occur if the strength of members is exceeded and nonlinear deformation
capacity is affected from the efficiency of member confinement for reinforced concrete
(RC) members. On the other hand, design of structures requires the flexural strength
capacity of members since it is expected that elastic demands (shear forces, bending
moment etc.) should always be lower than the capacity of members.
In addition to design or assessment of structures, strength capacity of members has also
crucial role in determination of dynamic characteristics (e.g. natural vibration period) of
buildings since elastic stiffness (or cracked stiffness) of the members are strongly
affected from capacity of member at yield level. Stiffness of members at elastic region can
be obtained by moment-curvature (so called as m-ϕ) analysis. Section dimensions,
reinforcement details, strength of materials and their behavior should be defined to
perform m-ϕ analysis. Although it is rapid to get results from m-ϕ analysis in today’s
computers, it becomes time-consuming and exhausting for complex structures which
have high amount of input data. Other than complex analysis methods, simplified
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analytical or numerical approaches [1-5] can also be used to determine strength and
deformation capacity of members. These approaches significantly increase time saving,
but they are mostly concentrated on symmetrically RC members. It is known fact that RC
structures are not only composite of symmetrically reinforced members and RC beams
are frequently designed as unsymmetrically reinforced due to combined effects of dead,
live and earthquake loads. Although behavior of these elements are simpler than columns
as the axial load is omitted, combined effects of section dimensions, longitudinal
reinforcement ratio (compression and tension) and strength of materials has uttermost
importance on the flexural response of these members. Flexural response of
unsymmetrically RC elements is also important to exhibit damage mechanism of beamcolumn joints and hence the structural behavior. If the sum of strength of beams is higher
than strength capacity of columns, damage is expected to occur at column critical regions
or vice versa. Similar approximation is also followed during the design phase of beamcolumn joints, but it is obligated that strength of columns should be higher than beams
due to strong column-weak beam philosophy.
Estimation of cracked stiffness (i.e. flexural strength) of RC members are also
increasingly becoming important topic in modern seismic codes (e.g. Eurocode-8 [6] and
Turkish Building Earthquake Code (TBEC) 2018 [7]) to determine behavior in member
and/or structural content. In the codes, various cracked stiffness values are
recommended for different type of members such as columns and beams. Besides the
fixed values, simplified equations are also provided to estimate cracked stiffness of
members. However, these equations also need to determine flexural capacity of members
since these equations involve the flexural strength and rotation capacity of members at
yield.
All issues stated above clearly show that strength and hence stiffness of unsymmetrically
reinforced concrete members has crucial role in both design and performance
assessment of new and existing structures. For this reason, this study is aimed to propose
prediction equations to express flexural strength and deformation capacity of
unsymmetrically reinforced (RC) members at yield level. During the designation of
prediction equations, wide range of RC sections are generated for different section
dimensions, reinforcement ratios and material types to cover all possible cases. All
generated RC members are then subjected to m-ϕ analysis. Effect of all considered
structural attributes are evaluated considering the analysis results and then prediction
equations are obtained by statistical interpretations. Proposed equations are then
applied to simulated RC sections and compared with m-ϕ analysis results. In addition,
dynamic characteristics of experimental building and different analytical multi-degree of
freedom (MDOF) buildings are projected using provided equations.
2. Description of Modeling Assumptions and Analytical RC Beams
In Fig. 1, behavior of materials (unconfined concrete and reinforcement) used in this
study are plotted. It can be said that constitutive laws for concrete and reinforcements
are represented by Modified Kent Park [8] and Mander [9] model, respectively. In the
figure, tensile strength of reinforcement and compression of unconfined concrete and
their corresponding strains is described by notations of (fc, εco) and (fy, εsy), respectively.
Ultimate strength of reinforcement is notated as fsu. In the study, young modulus of steel
(Es) is taken 2x105MPa. Yield strain (εsy) is obtained by proportion of fy and Es which is the
elastic slope of reinforcement. It is worth to remind that behavior of both materials after
yield level have no significant importance since the capacity of members at yield level is
investigated.
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During the analysis of sections, neutral axis depth (cn), curvature (ϕ) and moment (M) is
obtained using material behaviors shown in Fig. 1 for each increments of strain values
until the predefined strain values are (i.e. stopping criteria) developed. Flexural strength
(My) and curvature (ϕy) at yield is determined when the stopping criteria, assigned to
extreme fibre concrete compression strain of 0.004 and extreme tension reinforcing bar
strain of 0.015 according to Priestley et al. [10], is reached.

Fig. 1 Constitutive laws for materials used in m-ϕ analysis (Left: confined and
unconfined concrete [8], Right: reinforcement [9])
In this study, beam width is taken between 250mm and 350mm with increment of 50mm.
Section height is determined according to H/B ratio and this ratio is arranged between 1
and 4. Later, analytical RC sections are diversified by concrete compressive strength (fc),
longitudinal reinforcement ratio (ρl), mechanical reinforcement ratio (w’/w) and steel
grade type (S220 and S420). It is worth to remind that, similar to Eurocode 8 [6], w and
w’ terms describe the mechanical reinforcement ratio of the tension (including the web
reinforcement) and compression, respectively, longitudinal reinforcement. In the scope
of study, more than 20,000 unsymmetrically reinforced analytical RC sections are
considered and general attributes of generated analytical RC sections are given in Table
1. In addition to features of sections given in Table 1, RC sections are altered by different
web reinforcement configurations. By this way, possibility of all cases is considered in the
study.
Table 1 Range of parameters considered in generation of unsymmetrically RC sections
Geometry of RC beams
Parameters
ρl
fc (MPa)
fy (MPa)
B (mm)
H (mm)

Min
1%
10
220
250
250

Square
Max
Increment
4%
1%
35
5
420
350
50
350
50

Min
1%
10
220
250
500

Rectangle
Max
Increment
4%
1%
35
5
420
350
50
1000
100

3. Sectional Attributes on the Response of Unsymmetrically RC Beams
In order to investigate effect of section dimensions on the flexural response of RC
sections, rectangular type members are used. In Fig. 2, relation between flexural strength
(My) and section dimensions (B and H) is illustrated. It can be seen from the figure that
section dimensions have significant contribution on the strength capacity of members
and they can be involved in prediction equations. Palanci [4] showed that correlation
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between BH2 which includes combination of both dimensions, and moment capacity (My)
of sections is satisfactory. For this reason, correlation between BH2 and My values are
compared in Fig. 2c. It can be observed from Fig. 2c that BH2 is promising to exhibit
relation with moment capacity of members compared to individual section dimensions
300

300

ρ=0.20
Linear fit line

250

ρ=0.20
Linear fit line

250
My (t.m)

200

My (t.m)

200
150
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(c)
Fig. 2 Correlation between section properties and My (a: width (B), b: height (H), c: BH2)
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Fig. 3 Correlation between compressive concrete strength and My
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In Fig. 3, relation of compressive concrete strength and moment capacity of section is
illustrated for distinct steel grade type. It can be understood from the figure that
compressive concrete strength type has no significant impact on the moment capacity of
unsymmetrically RC members. However, it can be implied that moment capacities of
sections which have S420 steel grade is higher than that of sections which have S220
steel grade.
It is real fact that longitudinal reinforcement ratio (ρl) significantly affects the strength
capacity of RC members. In order to observe efficiency of ρl on the unsymmetrically RC
sections, relation between ρl and My is observed in Fig. 4. Figure indicates that moment
capacity of RC members is increasing with increasing longitudinal reinforcement ratio. It
is worth to reminded relation of ρl and My is also investigated for S220 and S420 grades,
respectively. Investigations have also revealed that higher correlations can be observed
if the relation between ρl and My is studied for each steel grade type individually.
Furthermore, it can be expressed that correlation between ρl and My parameters is
satisfactory.
300

ρ=0.54
Linear fit line

250
My (t.m)

200
150
100

50
0

0

0.01

0.02

0.03

0.04

ρl

Fig. 4 Relation of ρl and My for all RC beams
During the evaluation of sectional attributes on the moment capacities of
unsymmetrically RC sections, effect of mechanical reinforcement ratio is not considered.
For this reason, effect of mechanical reinforcement ratio (w’/w) on the flexural strength
capacity (My) of the members is investigated separately. In Fig. 5, relation between w’/w
and My is plotted for distinct steel grade types and the extreme values of longitudinal
reinforcement ratio, respectively. In general, it can be said that moment capacities of RC
sections are inversely proportional to mechanical reinforcement ratios and relation is
likely exponential between these two parameters. It can be also told that effect of steel
grade type is not apparent on the relation. However, relation between these parameters
significantly declines with increasing longitudinal reinforcement ratio.
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Fig. 5 Relation between w’/w and My (a: ρl =1%, b: ρl =4%)
It was realized in statistical evaluations that As’/As ratio has important contribution on
moment capacities of unsymmetrically RC members. As’/As describes the ratio of extreme
compression longitudinal reinforcement to extreme tension longitudinal reinforcement
area (note that web longitudinal reinforcement is not included). For this reason, relation
between As’/As and My is also studied to make further investigation. In Fig. 6, effect of
distinct longitudinal reinforcement ratios is shown in different columns and steel grade
types are illustrated in two rows to investigate correlation between As’/As and My. By this
way, combined effects are explored. In addition, effect of extreme values of section
dimension ratios (H/B) is included to make detailed assessment. It can be seen from the
figure that longitudinal reinforcement ratio significantly affects the trend of moment
capacities.
It can be admitted that high longitudinal reinforcement ratios dramatically influenced the
relation between As’/As and My. Hence, As’/As becomes distinguishing parameter for high
longitudinal reinforcement ratio. For As’/As values lower than one, moment capacity of RC
sections is increasing with increasing As’/As. However, this situation is reversed if As’/As is
higher than one. Nevertheless, it can be told that relation between As’/As and My seems
more promising than relation between w’/w and My in general. In addition, when the
distribution of w’/w and As’/As with My is compared, it can clearly be said that distribution
of w’/w is much more dispersed and this situation is an important obstacle for the
definition of prediction equation.
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Fig. 6 Relation of As’/As and My (a: ρl =1%, b: ρl =4%)
4. Mathematical Expression for Unsymmetrically RC Member Responses at Yield
During the development of mathematical equations, it was aimed to involve all
parameters (e.g. strength of materials, section dimensions, amount of reinforcement ratio
and etc.) as much as possible which primarily affect the strength and deformation
capacity of members. By this way, possibility of changes in section dimensions or strain
and/or strength of materials due to exposure of corrosion, moisture and other related
issues which in long term dramatically influence behavior of materials and hence the
strength and deformation capacity of members are taken into account. Investigations in
Section 3 have also revealed that BH2, ρl, yield strength of reinforcement (fy) and As’/As
have primary contribution on the flexural strength of unsymmetrically RC members. It
should be reminded that during the evaluations for the determination of these
parameters, the full bond mechanism between concrete and reinforcement is assumed
and also it is accepted that longitudinal reinforcement bars are homogeneously
distributed along the section.
After determination of parameters, statistical evaluations were made to finalize the
equation using nonlinear optimization algorithm: generalized reduced gradient (GRG)
algorithm via Excel spreadsheet solver. During the iteration process, it was aimed to
minimize the variation between predictions and actual data. In addition, it was assumed
that predicted/actual values are normally distributed and exceedance probability of both
tails in the distribution was limited to 5%. In other words, the constraint was used to
enforce prediction equation to estimate value that falls in 90% occurrence probability of
actual data. Consequently, equations and their multipliers are determined considering all
constraints (limitations). Consequently, mathematical expression for flexural strength
capacity (My) of unsymmetrically RC beams suggested in this study is given in Eq. (1).
𝑓

𝐴′

𝛼

𝑦
𝑀𝑦 = (60 220
) 𝐵𝐻 2 𝜌𝑙0.9 (𝐴𝑠 ) (𝑁 − 𝑚𝑚)
𝑠

(1)
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Notation of α is described to distinguish ratio of compression and tension reinforcement.
If As’/As is higher than one, then α is equal to -0.3 and -0.1 if vice versa. The most
advantageous aspect of the equation is that it is direct, simple and appropriate to
spreadsheet applications. Since it considers the most important and very easily
determined parameters, it can be used in practical to estimate moment capacities.
Although generalized rules are applied for the construction of RC members, Eq. (1)
neglects the effect of depth of concrete cover on flexural strength capacity.
It is also worth to remind that Eq. (2) is used in prediction of flexural strength capacity of
RC beams for approximate estimations especially in design phase of RC structures. In the
equation, As, d and d’ is the tensile longitudinal reinforcement area, section height minus
concrete cover and concrete cover, respectively. Concrete cover here is described as
distance from the extreme fiber to center of longitudinal reinforcement bar. It should be
noted that the most important deficiency of this equation is that it neglects the difference
between the moment capacities of beams having the same reinforcement area but
different beam widths. In the study, moment capacities obtained according to Eq. (1) and
Eq. (2) is also compared with moment capacities determined from moment-curvature
analysis in forthcoming section, separately.

𝑀𝑦 = 𝐴𝑠 𝑓𝑦 (𝑑 − 𝑑′ )

(2)

Curvature is another parameter to describe unsymmetrically RC beam responses at yield.
According to Priestley et al. [10] yield curvature is the K times of the proportion of yield
strain of longitudinal reinforcement (εsy) to section height. K is the coefficient value that
depends on geometric features and structural member type such as beam or column.
However, Palanci [4] stressed the high dispersion of this expression and stressed that
Priestley et al. [10] expression may lead to overestimate yield capacities especially with
increasing axial load ratio (υ). Accordingly, yield curvature capacity of RC sections is
calculated by Eq. (3) suggested by Palanci [4]. Statistical evaluations performed by
Palanci [4] have shown that yield curvature depends on the axial load level and
longitudinal reinforcement ratio of members. In addition, the relation between these
parameters and yield curvature was described in polynomial function. Using the
appropriate function curve with spreadsheet solver, Eq. (3) is finally provided. In the
equation, axial load ratio (υ) can be assumed zero for both symmetrically and
unsymmetrically RC beams and Eq. (3) can be calculated accordingly.

𝜙𝑦 = 2.0

𝜀𝑠𝑦
𝐻

[−2.75(𝜈)2 + 1.30(𝜈) + 0.90] [5.50𝜌𝑙 + 0.90]

(3)

The pros of Eq. (3) are it is applicable to variety of members such as beams and columns
and it is very practical to estimate yield curvature. However, equation is just valid for
square or rectangular RC sections.
Consequently, flowchart for the application of mathematical expressions to determine
flexural strength and yield curvature capacity of unsymmetrically RC members can be
followed by Fig. 7. In the figure, details about calculation of parameters for each step are
clearly shown. It should be reminded that H describes the section dimension parallel to
earthquake (i.e. seismic force or excitation) direction.
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Fig. 7 Flowchart for the calculation of My and ϕy
4.1. Comparison of Prediction Equations with Sectional Responses
In Fig. 8, correlation between Eq. (1) and m-ϕ results and distribution of My,Eq.(1)/My,m-ϕ
ratios are plotted. In order to make statistical evaluations some salient statistical
parameters such as mean, median and coefficient of variation (CoV) is also provided.
Comparison of mean and median values might be useful when the CoV is high.
Furthermore, it can be said that close relation between the mean and median values
emphases the reliability of predictions.

Fig. 8 Comparison of flexural strength determined from m-ϕ analysis and Eq. (1)
It can be understood from the Fig. 8 that correlation coefficient is very high (0.98)
between m-ϕ analysis and Eq. (1) results. It can also be seen that mean (0.94) and median
(0.92) values of My,Eq.(1)/My,m-ϕ ratio is very close to each other. Comparisons clearly have
shown that proposed equations highly satisfactory to express the moment capacities of
unsymmetrically RC beams at yield. The CoV (0.146) of My,Eq.(1)/My,m-ϕ is also very low and
this situation is also another indicator of reliable estimations.
In Fig. 9, Eq. (2) predictions and m-ϕ results are also compared using mean, median and
CoV parameters. It can clearly be viewed from the Fig. 9 that Eq. 2 mostly underestimates
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(0.59) the moment capacity of RC beams. Difference is around 41% and this endangers
the reliability of equation. Comparison of My,Eq.(2) and My,m-ϕ results is also manifest the
dispersion of results and thus CoV of My,Eq.(2)/My,m-ϕ is very high (40%). One may think that
prediction of Eq. (2) may be improved when the steel grade type and longitudinal
reinforcement ratios are separately investigated. For this purpose, correlation coefficient,
CoV and My,Eq.(2)/My,m-ϕ are studied for each ρl and steel grade type. Results have indicated
that relation of My,Eq.(2) and My,m-ϕ is fluctuated and CoV is generally higher than 30%.

Fig. 9 Comparison of flexural strength determined from m-ϕ analysis and Eq. (2)
4.2. Estimation of Dynamic Characteristics of MDOF Buildings Using Prediction
Equations
In order to study efficiency of provided equations, vibration periods which reflect the
dynamic features of the structure of two experimental MDOF buildings are predicted. For
this purpose, cracked stiffness of beams and columns in MDOF buildings are calculated by
Eq. (4). In the equation, My, θy and Ls describe the mean yield strength and chord rotation
capacity at the both ends and shear span length of the member, respectively. Chord
rotation capacities can also be calculated by Eq. (5). In the equation, db is the (mean)
diameter of the tension reinforcement. During the calculations for experimental
buildings, My and ϕy values are obtained by Eq. (1) and Eq. (3) and then cracked stiffness
of symmetrically and unsymmetrically RC members are calculated via Eqs. (4) and (5).
The reader is referred to see Palanci [4, 11] for flexural strength capacity of ordinary RC
columns. Calculated cracked stiffness values were then implemented to analytical models
and dynamic features of models were obtained to compare with experimental MDOF
building results.

𝐸𝐼𝑒𝑓𝑓 =
𝜃𝑦 =

𝑀𝑦 𝐿𝑠

𝜙𝑦 𝐿𝑠
3

(4)

3𝜃𝑦
𝐻

+ 0.0013 (1 + 1.5 𝐿 ) + 0.13𝜙𝑦
𝑠

𝑑𝑏 𝑓𝑦
√𝑓𝑐

(5)

Provided equations are first practiced on full-scale, 2D four-story ICONS bare frame. The
frame was produced to reflect construction practices used in southern European
countries in the 1950’s and it was tested at the ELSA laboratory (Joint Research Centre,
Ispra). Further information about the ICONS can be found in Pinho and Elnashai [12] and
Varum [13]. Structural model of the experimental building is prepared using SAP2000
[14] and shown in Fig. 10. It can be seen from the figure that model consists model
consists of a three-bay RC frame with varying lengths, but all stories have identical
(2.70m) story height. Further information about the sectional attributes of the RC
members can be found from Varum [13].
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Experimental bare frame was tested under earthquake levels that have returned periods
of 475 and 975 years. It was observed during the tests that significant damage, such as
full-width cracks or concrete spalling, is not observed [12]. In addition, Pinho and
Elnashai [12] carried out non-linear dynamic analysis of frame model and they pointed
out that building behaved satisfactory under input motion that have return period of 475
years although local hinging is recorded. However, high level of damage is stressed under
return period of 975 years at different stories of building due to large deformation
demand of strong-column. According to analytical analysis results of Pinho and Elneshai
[12], dominant (first) inelastic vibration period of the building is 1.1s and 1.4s for return
periods of 475 and 975 years. Considering the numerical and experimental test results
[12, 13], it can be assumed that inelastic vibration of the building is likely to be
somewhere close to the return period of 975 years results. For this purpose, first 4
equivalent modal frequency of bare frame provided by Varum [13] from the test for the
return period of 975 years is determined approximately. Accordingly, first 4 equivalent
modal frequency of bare frame is approximated 0.7Hz (1.43s), 2.18Hz (0.46s), 3.06Hz
(0.33s) and 6.76Hz (0.15s), respectively. It is worth to note that determined frequencies
approximately correspond to 0.75% of roof drift ratio and dominant period
approximated from the test results is also very close to inelastic period of Pinho and
Elnashai [12].

Fig. 10 Building elevation of ICONS RC bare frame and 2D analysis model
After implementation of cracked stiffness of members to bare frame, first 4 natural
vibration period of the building is also obtained from 2D analytical model shown in Fig.
10 using prediction equations. Obtained values are given in Table 2 with experimental
test results for comparison purposes. It can be seen from the table that analytical model
periods are very close to results of experimental test results. Difference between the
dominant periods is lower than 1%. It seems that differences are increasing at high
modes but it is still an acceptable range and it can be admitted that analytical model
results have very good agreement with test results.
Second practice is also made again on three-story, three-dimensional RC building also
called the SPEAR building (see Fig. 11). The test building was designed only for gravity
loads without earthquake resistance to represent older construction in Southern
European Countries. Further details about the SPEAR test building procedure and
construction, mechanical features of the building materials and reinforcement details can
be found in Jeong and Elnashai [15], Mola et al. [16], Molina et al. [17] and Negro et al.
[18].
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Table 2 Comparison of first 4 natural vibration periods of analytical model and ICONS
bare frame
1st period (s)

2nd period (s)

3th period (s)

4th period (s)

ICONS Test

1.43

0.46

0.33

0.15

This study

1.44

0.48

0.28

0.19

Difference (%)

0.70

4.35

17.86

26.67

It can be seen from the figure that building is irregular in plan but story height of each
floor is same (3m) which can be said regular in height. Section dimension of RC columns
is mainly 0.25 x 0.25 m except that one RC column is 0.25 x 0.75 per floor and RC beams
are identical (0.25 x 0.50 m). The test building was subjected to PGA levels of 0.02g and
0.15g which can be described as low and high level of excitations along two orthogonal
directions (i.e. bi-directional excitations) and general engineering demand parameters
(EDP) such as displacement history of floors, member internal forces and deformations
were recorded in time domain. The test results of experimental building are provided in
many studies [18-20] including modal characteristics of building.

Fig. 11 Plan view (Left) and 3D structural model (Right) of three-story SPEAR building
(Units in meter)
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Fig. 12 Comparison of 3D analytical and experimental modal analysis results for 0.15g
test
In order to make comparison of modal characteristics of test building, 3D view of
analytical model is prepared by SAP2000 [14] as shown in Fig. 11 (right) and cracked
stiffness of structural members are determined under provided sectional features of the
members. Obtained member stiffness values are implemented building and compared
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with test results for high level (0.15g) excitation (see Fig. 12). Selection of this level is
based on the study of Avsar et al. [21] since they stress that member response is far from
the section yield level and cracking of members are limited. Analytical model results and
tests results are compared for 9 mode shapes of the building and percent difference
between them is also shown in the figure. Comparisons clearly show very good fit
between the results which, in other words, reveals the reliability of proposed equations.
5. Conclusions
In this study, prediction equations are provided to estimate cracked stiffness and hence
the flexural strength capacity of unsymmetrically RC members at yield. For this purpose,
wide range of section dimensions, material types, reinforcement ratios and
configurations are covered, analyzed and statistically evaluated. Influence of parameters
on the response of unsymmetrically RC members is investigated and implemented to
prediction equations by extensive statistical treatments. Prediction equations are first
tested with individual sections analytical RC section results and comparisons have shown
very good agreement. In addition, mode shapes (periods) that represent the dynamic
characteristics of full scale two experimental building is projected by using prediction
equations. Comparisons have also shown that dynamic characteristics of the analytical
models which stiffness of the members formed by provided equations have very good
matching with experimental building results. Furthermore, it can be admitted that
provided equations are capable of approximation of responses in building scale.
Consequently, it can be said that results of this study have proved that proposed
equations can be used to determine flexural strength and stiffness of unsymmetrically
reinforced members reliably. Some important implications of the study can be expressed
as follows:
•
•

•
•

Statistical evaluations have shown that combination of section dimension (BH2) is
more promising in determination of relation between My than that of individual
dimensions.
It is observed that mechanical reinforcement ratio (w’/w) which includes the web
reinforcement is inversely proportional to moment capacities of RC sections and
relation is exponential. It can also be said that correlation between ratio of
compression reinforcement to tension reinforcement (As’/As) and My is higher than
w’/w.
BH2, longitudinal reinforcement ratio (ρl), yield strength capacity of reinforcement
(fy) and As’/As are found adequate to express flexural capacity of unsymmetrically
reinforced concrete members.
It can be expressed that proposed equations can be used with numerical and
analytical approaches proposed for symmetrically RC members to predict
dynamic response of real buildings.
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ZnS thin films are widely used in solar cells as window material.
Optical and electrical properties of the films such as band gap
energy and resistivity directly affect device performance. In this
work it was shown that properties of ZnS films can be changed by
doping and thermal annealing. Therefore, films with convenient
parameters can be chosen for the fabrication of any device. ZnS films
were fabricated by spray pyrolysis technique. Zinc chloride and
thiourea used as sources of Zn and S respectively. Films were grown
on 350oC hot substrates. Furthermore 1, 5, 10, 15 % doped films
prepared by addition of boric acid into the solution. Structural,
optical and electrical properties of the films were examined by SEM,
XRD, optical transmission and resistivity measurements. Later on
all films annealed in air at 350oC for 30 min. All measurements were
done also for annealed films. Effects of doping and thermal
annealing on the band gap energy and resistivity of the films were
shown. Band gap energies of the films were between 3.37-3.82 eV
and surface resistivities were between 257.2-12.5 M𝛺.
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1. Introduction
ZnS thin films are often used as window material in solar cells. The optical and electrical
properties of the films, such as the band gap energy range and resistance, directly affect
device performance. In this study, it has been shown that the properties of ZnS film can be
changed by adding and annealing. This allows the selection of films with suitable
parameters for the device to be planned.
ZnS is one of the most important wide band gap semiconductor materials for electronic
device applications. It is commercially used in photovoltaic, phosphorescence and thin film
electroluminescence devices [1–2]. Luminescent properties of impurity doped ZnS nano
crystals are significantly different from the properties of undoped ZnS[6]. Optimization of
film parameters directly affects the device performance. Caiying Mao et al. were grown
boron doped ZnO (BZO) films with 0 to 6 % doping concentrations by RF magnetron
sputtering technique on quartz substrates. They stated that crystalline quality of the films
gets worse over 4% doping concentrations. They found that band gap energy of BZO films
increases to 3.57 eV from 3.28 eV with increase of Boron concentration from 0 to 6% and
minimum resistivity was obtained for 2% B doping as 1.58.10 -3 (Ω cm) [4]. The resistivity
of the film is particularly important in application of transparent conductive oxide in
photovoltaics. Low resistivity promotes energy-conversion efficiency owing to improved
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photo current [10]. Karakaya et.al. [5] fabricated ZnO:B films by ultrasonic spray pyrolysis
method due to low cost and simplicity. They showed that films were polycrystalline
structured and oriented in [002] direction. They also found that increasing B concentration
was lead to a decrease in crystalline quality of the ZnO films. Optical transmission of the
films was higher than 80% for visible region. Resistivity of the films were decreased from
1.87 ×10−2 Ωcm to 2.40 ×10−3 Ωcm. Band gap energies were increased to 3.30 eV from 3.25
eV while boron concentration was increasing to 5% from 1%. According to these results
B-doped ZnO is a promising material for photovoltaic solar cells [5]. Some research showed
that doped nano crystalline semiconductors are a new class of materials which can be used
in imaging, lighting, sensors and lasers [7-8]. Rajendra S. Gaikwad et al. found in their study
that sprayed ZnO thin films revealed >95% transmittance in the visible wavelength range,
1.956 10-4 Ω cm electrical resistivity, 46 cm2/V.s Hall mobility and 9.21 x1021 cm-3 charge
carrier concentration. The X-ray photoelectron spectroscopy study has confirmed 0.15 eV
binding energy change for Zn 2p3/2 when 2 at% boron content is mixed without altering
electro-optical properties substantially. Finally, using soft modeling importance of these
textured ZnO over non-textured films for enhancing the solar cells performance is
explored. Due to decrease in grain size after boron doping hydrophilicity was decreased.
One can use these highly conducting, transparent, high surface roughness and self-textured
Zn1-xBxO films, as a transparent conducting working electrode, in solar cells by assuming
most of the incident solar radiation will be scattered and thereby, the solar cell efficiency
will be improved [9].
Upon doping a semiconductor, impurity states are created which could appear either
within its gap or outside of it. If the impurity states are formed within the energy range of
the energy gap, this will cause its reduction and most probably will shift the Fermi energy,
Ef, into the impurity bands. On the other hand, if the impurity states are created outside
the gap, it is expected that they will not affect the gap value in an appreciable way. The gap
problem, thus, turns to be the problem of finding the appropriate dopant(s) which can
reduce the energy gap of the wide band gap materials [12].
Abdelhak Jrad and friends have deposited indium-doped zinc sulfide (ZnS:In) thin films by
chemical bath deposition technique (CBD). The structural properties studied by X-ray
diffraction indicate that ZnS:In has a cubic structure with an average crystallite size 4.7–
11.0 nm. Transmission and reflection spectra reveal the presence of interference fringes
indicating thickness uniformity and surface homogeneity of deposited material. All the
films were transparent in the visible and infrared regions (P60%), which allows us to use
this material as an optical window or a buffer layer in solar cells. The obtained band gap
energy Eg is in the range of 3.70–3.76 eV [13].
II-VI semiconductor nano structures are of great interest due to their morphology and
possible variety of applications. Band gap energy is an important parameter for these
applications. Among all II-VI compounds ZnS one which has very large band gap. ZnS can
be in two different crystalline structure, zinc blend with Eg=3.72 eV and wurtzite with
Eg=3.77 eV. Because of these properties ZnS becomes a similar material to ZnO in UV based
devices [1].
In this work we fabricated boron doped ZnS films for the first time using easy and costeffective spray pyrolysis technique. Since all parameters are kept constant and only boron
is added to ZnS solution, we think that films are doping with boron.
2.Experimental
0.05M ZnS solution was prepared by adding 1.74 g ZnCl2 and 0.953 g thiourea (CH4N2S)
into 500 ml distilled water at room temperature. ZnS films were grown on 26 mm×15
mm×2 mm glass substrates. Substrates cleaned by detergent, distilled water, alcohol and
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again distilled water respectively. ZnS films were grown by spray pyrolysis on the 400oC
hot substrates with a spraying rate of 1/3 spray/s. 1, 5, 10 and 15% boron doped ZnS films
obtained. Boric acid used as boron source. Films were annealed at 350oC in oven.
Transmission spectra of films were measured by Lambda 2 Perkin Elmer UV
spectrophotometer in 320-1100 nm wavelength range. Direct band gap energy of the films
were calculated by equation 1 [3] according to absorption spectra obtained from
transmission spectra of the films.

𝛼2 =

𝐵(ℎ𝑣−𝐸𝑔)
(ℎ𝑣)2

(1)

In the eq.1 α is absorption coefficient, Eg band gap energy, hν photon energy and B is
constant. The extrapolation of the straight line to hυ axis at (αhυ) 2=0 on the plot of (αhυ)2
versus hυ gives the value of energy band gap (Eg).
In this study; the thickness of ZnS thin films formed on glass substrates was calculated by
weighing method. In this method, after the necessary cleaning of the glass mats, a group of
glass mats to be filmed were weighed with an electronic balance of 10 -4 grams. After the
film was formed on the glass mats, weighing was performed again. The difference between
these two weighing results gave us the mass of the films. Subsequently, the dimensions of
all film coated glasses were determined and their surface areas were calculated. Since we
are not sure the homogeneity of the films, the average film thickness was calculated on 5
or more samples instead of a single sample. Thus, the average thickness of ZnS thin films;
𝛥𝑚

𝑑 = 𝑆.𝜌

(2)

𝑓𝑖𝑚

calculated with the formula (2). In this equation, Δm is the mass of the film, S is the total
surface area of the films, ρ is the density of the film, and d is the average film thickness. The
average thickness of the obtained ZnS thin films was calculated as 5.05 µm.
The crystalline structures of ZnS thin films which were annealed at different temperatures
were analyzed using X-ray diffraction (XRD, Panalytical Diffractometer Philips) with Cu
Kradiation (λ=1.54056 Å) in the range of 5°–80°. The lattice constants of the ZnS thin films
with wurtzite phase structure were calculated from Eq. (3). Debye-Scherrer’s Formula
given in Eq. (4) was used for estimating the average crystallites of the thin films. The
dislocation density (δ) given in Eq. (5) Williamson and Smallman’s formula, which is
related to the dislocation lines per unit area in the film, was estimated using the average of
the grain size (D) [11].
1
𝑑2

=

4 (ℎ 2 +ℎ𝑘+𝑘 2 )
𝑙2
+ 2
2
3
𝑎
𝑐

(3)

𝐾𝜆

(4)

𝑙𝑖𝑛𝑒𝑠

(5)

𝐷 = 𝛽𝑐𝑜𝑠𝜃
𝛿 = 𝐷 2 𝑚2

Where in the Eq. (3), a and c are the lattice constants, d is the distance between adjacent
lattice planes and (hkl) is Miller indices. Where in the Eq. (4), D is the crystal size, K is the
constant shape factor (0.9), λ is the wavelength of X-ray radiation source, θ is the
diffraction angle and β is the full width at half maximum of the prominent peak in radian.
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3. Results
FEI-Quanta FEG 250 scanning electron microscopy was used to observe the surface
morphologies of the ZnS films. SEM analysis was applied to the films. Small particle size
differences were seen in particle sizes of doped and undoped films. It can be seen from
Figure 1 that doped films has a little bit larger particle size comparing to the undoped one.

a
Fig. 1 SEM images of a)non-doped and b) 15% boron doped ZnS films.

b

X-ray diffractograms of the films prepared with different boron doping are shown in Figure
(2 and 3). According to XRD results intensities of [111], [220] and [311] Zn peaks at 29o,48o
and 57o for 2θ were increased with boron doping and thermal annealing. Samples are
amorphous at the lowest doping rate. The intensity of the reflection increased as the
doping rate increased before any new reflection appeared. Thus, no other phase was
formed, but only the crystallization of the formed phase was improved.
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Fig. 2 XRD patterns of boron doped non-annealed ZnS films
A well-crystallized film was obtained with 15% boron doping. The phase identification
revealed that only cubic ZnS was formed. Therefore, the preparation conditions of a given
technique greatly affect not only the number of phases formed but also its microstructural
properties such as crystallinity. These results are in agreement with Muraliet al.[14]. The
crystallite size was measured using Debye Scherrer's formula [11].
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Fig. 3 XRD patterns of boron doped annealed ZnS films
Some differences observed in optical transmission spectra of ZnS films due to boron
doping (Fig. 4 and 5). Band gap energies of the films were in the range of 3.37-3.82 eV (Fig.
6 and 7). This wide range is very important for different working requirements and design
of optoelectronic devices. Band gap energy values of the films were given in table 1
according to boron doping and thermal annealing. An ohmmeter was used to measure the
surface resistances of boron doped ZnS films and the measurements were made 10 times
from 10 different locations of the films and the average resistance values were calculated.
It was also seen that surface resistivity of annealed films were changed from 257.2MΩ to
86.3MΩ with boron doping while this change was from 189.5MΩ to 12.5MΩ for nonannealed films.

Fig. 4 Optical transmission spectra of boron doped non-annealed ZnS films.
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Fig. 5 Optical transmission spectra of boron doped annealed ZnS films.

Fig. 6 Absorption spectra of boron doped non-annealed ZnS films.

Fig. 7 Absorption spectra of boron doped annealed ZnS films.
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Table 1Band gap energy values of ZnS films.
ZnS(Eg)

Undoped

1% Boron

5%Boron

10%Boron

15%Boron

Non-annealed

3.48eV

3.62eV

3.63eV

3.73eV

3.82eV

Annealed

3.69eV

3.68eV

3.52eV

3.48eV

3.37eV

4. Conclusions
XRD results of the spray pyrolysed ZnS thin films showed that the positions of [111], [220]
and [311] Zn peaks did not change by boron doping or thermal annealing. Furthermore, no
new peak was seen in the spectra. Therefore, it can be concluded that no new phase was
formed in film and compound remained as ZnS. More beneficiary, intensities of these XRD
peaks were increased by boron doping and more increase was observed after thermal
annealing. Band gap energy values of spray pyrolysed ZnS thin films were changed by
boron doping and thermal annealing. Band gap widening in doped ZnS thin films can be
attributed to the Burstein–Moss effect. According to mentioned effect Fermi level moves
upward with increasing donor concentration. This also causes the shift of unoccupied
levels in the conduction band. Therefore, the energy gap between the valence band and the
conduction band widens and higher energies are needed for electrons to reach from the
valence band to the shifted conduction band. Surface resistivity of the ZnS thin films were
decreased with boron doping and also with thermal annealing which was a preferred
result for increasing the performance of fabricated devices. Surface resistivity of annealed
ZnS films were changed from 257.2MΩ to 86.3MΩ with boron doping while the change in
surface resistivity was from 189.5MΩ to 12.5MΩ for doped but non annealed ZnS films. All
results and obtained data show that it is possible to tune the band gap energy of ZnS thin
films by boron doping and thermal annealing which are easy and cheap processes. In our
doping range band gap energies of the ZnS thin films had a wide range of 3.37-3.82 eV. This
wide range makes doped ZnS thin films applicable for fabrication of different
optoelectronic devices such as sensors, solar cells, photodiodes etc. with different band gap
requirements.
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Abstract
Many studies are being carried out on factors such as casting temperature,
cooling rate, mold design and, so on due to the effects of casting and
solidification conditions on the mechanical properties of the final product.
However, given literature, there appears to be no comprehensive study on the
effect of casting mold sand components on the mechanical properties of cast
iron. From this point of view within the scope of this study, the effects of casting
mold sand and binder on the cast iron were investigated. By using silica and
olivine as foundry sand at different ratios, bentonite and perlite as binders, the
effects of them on the microstructure and the mechanical properties of casting
were investigated. The microstructures of the products show that as the cooling
rate slows down, the distribution of graphite particles in the structure changes
from flakes to nodules. These structural changes are very matched with the
results of mechanical properties. Therefore, when the cooling rate decreases,
the hardness decreases from 310 HV to 239 HV in all of the groups. Also, the
bending strength is going from 971.53 MPa to 487.42 MPa, like in the hardness
results. On the contrary, the deformation increases from 13 % to 24 % when
cooling rates decreases. This study clearly demonstrates that the products can
be obtained by changing the heat conduction coefficient of the casting mold
with different mechanical properties from the same molten metal.
© 2019 MIM Research Group. All rights reserved.

1. Introduction
The alloy of iron in which the carbon ratio is 2- 4 %, is usually called cast irons. They are
hard and brittle. Because of the brittle character, they can be produced by the method of
casting [1]. They include much more silicon (max 3.5 %) and phosphorus (max 2 %)
content than steels do. The microstructure (containing phases and the distribution of
these phases) and mechanical properties of cast iron depend on chemical composition
(especially carbon and silicon content) and cooling rate. Cast irons have many advantages
in terms of both castings and finished parts. They have 20-40% lower production cost
than steels, good fluidity (increases when approaches eutectic composition), good
vibration damping, high compression strength, low volume shrinkage during
solidification, high corrosion and wear resistance. Cast irons are used especially in the
automotive industry as crankshaft, piston ring and, the parts of brake system.
The gray cast iron of which the fracture surface seems gray is one of the kinds of cast
iron. It is a widely used cast material. The carbon in its composition is in the form of free
graphite flakes or iron carbide (cementite) after solidification. The size, distribution, and
shape of the incorporated graphite particles in gray cast iron significantly affect the
mechanical properties of product. They can be controlled by adding a large number of
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alloying elements (Ni, Cr, Mo, Al, Cu, Mg, S, etc.), [2-5] or by changing the cooling rate of
the molten metal [6].
Many casting methods and different molding materials are also used in the iron casting
industry, depending on the size and mechanical properties of the desired product. Among
the techniques used, the sand molding method is irreplaceable due to its suitability to
different product sizes and compositions, the reuse of the molding sand, and its low cost
[7].
In the sand-casting method, first molten metal is poured to sand mold, then waited for a
while to permit the metal to solidify in the mold. There are two major factors that
determine to great extent the soundness of the final casting produced in this method. The
first factor, graphitization, is the process in which free carbon is precipitated in iron, or
the chemically bonded carbon (Fe3C) is replaced by free carbon (or graphite). The second
factor that significantly influences the microstructure of cast iron is the cooling rate
during solidification. It is also a very useful parameter in the graphitization process.
The cooling rate defines the solidification time of molten metal and varies depending on
the heat conduction coefficient of the mold. At an industrial level, the quality of the
molding sands is crucial to provide high- grade castings. Because the heat conduction
coefficient of the mold changes as the mold components change. The cooling rate can be
controlled by using molding components of different types or compositions to obtain the
product with the desired mechanical properties. So, the most important point in this
technique is the adjustment of sand components.
When the studies done to date are examined, it is seen that many factors mentioned
above affect the microstructure and mechanical properties of cast iron.
In the study of Gupta et al., the distribution of graphite clusters in the product was
investigated by using three different mold systems, which include green sand mold, dry
sand mold, and CO2 sand mold. The methods used in production are effective on
microstructure and mechanical properties (such as tensile strength, Brinell hardness, and
Charpy impact test) [8].
Górny and Tyrala investigated the effect of cooling rate on microstructure and
mechanical properties as determined by changing molding media and section size. Thinwalled iron castings with 2-5-mm wall thickness and different molding materials (silica
sand and insulating sand ‘‘LDASC’’) were used to obtain various cooling rates. In the
study, the gray cast iron used was hyper-eutectic, with a Ceq value of 4.58 [9].
In his studies, Sjogren changed the shape of the graphite in the microstructure by
adjusting the amount of magnesium in eutectic cast iron. In the report, experiments
confirmed the importance of micro-yielding of the matrix at the tip of the graphite
particles on the macro-elastic behavior of the studied cast irons. It was determined that
the macro-stress and macro-strain values of the flake graphite cast iron are very lower
than in the case of the compacted graphite cast iron [4].
The researches given above showed that the main factor underlying the change in
properties of the product is the change of cooling rate. As is known, the heat conduction
coefficient of the mold also depends on the casting mold components. To our knowledge,
there is only one systematic study in the literature that shows the effect of mold
components on the microstructure and mechanical properties of the product obtained
from cast iron.
An experiment was done by Adedayo to investigate the effects of additions of iron fillings
to green molding sand on the microstructure of gray cast iron. For this experiment, five
sand samples were prepared with different Fe content ranging from 1 wt% to 5 wt%. The
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properties of the sand samples were tested and used to cast some grey cast iron samples
whose microstructure was observed by optical microscopy. The results show that the
addition of Fe filing does not have any adverse effects on the properties of green molding
sand; however, the microstructures show a dependence on the heat storage capacity of
the mold [10].
In the present study, it was examined how mold sand and binder used in the production
of cast iron affect the microstructure and mechanical properties of the final product. For
this purpose, two different foundry sands (olivine and silica sand) and two different
binders (bentonite and perlite) were used in our study.

2. Materials and Methods
2.1. Casting Process
The different kinds of metallic scraps were used to prepare molten metal (in Fig. 1a).
Melting was performed in an intermediate frequency electric induction furnace in a 100
kg crucible (in Fig. 1b). After the scrap metal was heated to 1490 oC, the molten cast iron
was poured into the sand mold at 1450 oC (in Fig. 1c). Three samples were poured for

every sub working groups.

(b)

(a)

(c)

Fig. 1 Casting process
The chemical composition analysis of the investigated gray cast iron was made with
Foundry Master Spectrometer by measuring from five different regions to determine the
homogeneity of the castings and reported in Table 1.
Table 1. The chemical compositions of the investigated cast iron
Fe%

C%

Si%

Mn%

P%

Si%

92.950

2.717

3.085

0.595

0.154

0.025

2.2. Mold preparation process
In this study, two different sands were used as mold sands. The first is silica; the other is
olivine. Also, all molding sand components were prepared to contain approximately 8.8%
binder. Two different binders (bentonite and perlite) were added to each group.
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Bentonite, which is a kind of clay, can be used as a binder material in sand molding
process. It includes montmorillonite and volcanic ash predominantly, and it is in the
mineral group of aluminosilicates. It provides mold sands good flowability, compatibility,
and thermal stability for the production of high-quality castings [11]. In this study,
CANDOK foundry grade bentonite is used as a binder (in Fig. 2a).
Perlite is importantly useful material for heat insulation. It is also known as a lightweight
material [12]. Turkey has 70 % of world reserves. Therefore, expanded perlite was
selected as the other binder and provided by AKPER (in Figure 2b).

(b)

(a)

Fig. 2 Used binders (a) bentonite and (b) perlite
In the first working group, the amount of silica sand and coke powder was kept
approximately constant. But the amount of bentonite and perlite used as the binder in
sand mold were changed (in Table 2). For second working group was used olivine instead
of silica sand, and other ingredients remained the same. For each group the effects of the
change in the ratio of bentonite and perlite at all composition were investigated
individually on the quality of castings.
The composition of the mold sands and the sample code in experimental working groups
can be seen in Table 2 and Fig. 3, respectively.
Table 2. Mold compositions (*WG: working group)

II.WG * I. WG *
(olivine) (silica)

Samples Mold sand (%) Coke powder (%)
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1.1
1.2
1.3
2.1
2.2
2.3

78.89
78.82
78.82
78.89
78.82
78.82

8.87
8.78
8.78
8.87
8.78
8.78

Bentonite (%)

Perlite (%)

8.87
3.90
None
8.87
3.81
None

None
4.97
8.78
None
5.06
8.87

Water
(%)
3.37
3.53
3.53
3.37
3.53
3.53
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Fig. 3 The sample code in experimental working groups
The samples with dimensional 40 x 40 x 40 mm and 40 x 40 x 150 mm were produced in
the foundry. The prearranged model (in Fig. 4a) and feeder were put into mold sand for
the casting process (in Fig. 4b). Mold sands that were mixed in specific proportions
according to their recipes were supported and pressed. Then the molten metal was
poured to mold sands by ladle. The pictures for mold preparation are shown in Fig. 4.
Some parameters, the chemical composition of castings and molding time, were held as
constant as possible during the casting process.

(a)

(b)

Fig. 4 Mold preparation process
2.3. Characterizations of the sample
After the casting process, the sample was mounting with bakelite for the optical
microscope. Then the surface of the samples was ground and polished to observe the
microstructure of samples (in Fig 5). The etching was made by using of 5 % nital solution.

Fig. 5 Preparation of the samples for optical microscope.

131

Alisir and Cevik. / Research on Engineering Structures & Materials 6(2) (2020) 127-140

To evaluate the microstructure of the castings and to observe surface defects, Leica
DM2500P model light microscope connected to computer equipped with image analysis
software was used.
The tensile tests were conducted 10 tone universal MARES tension-compression test unit
(in accordance with ASTM E9 standard). The cube-shaped samples with dimensions 25
mm x 25 mm x 25 mm was used for compression tests.
The hardness test was performed using TMTECK HV-1000B model hardness tester at the
load of 200 gf. In order to obtain an average hardness value, measurements were taken
from at least 10 different regions.
Three-point bending tests were performed (in accordance with ASTM E855) by GUNT,
Wp300 model device. During test, bearer length was adjusted as 100 mm, and test
maintained until samples were broken (in Fig. 6).

Fig. 6 Three-point bending test samples

3. Results and Discussion
The effects of used mold sand and binder on the microstructure and mechanical
properties of cast iron are the main objectives of the present study. Therefore, working
groups were formed in order to observe the mold sand and binding effect on the product
more clearly (as seen in Fig. 3).

3.1. Analysis of Chemical Compositions
After spectral chemical analysis, to define the type of final castings, the results were
compared to cast iron compositions, and carbon equivalent was calculated by helping
Equation 1 [11].
Ceq= % C + (% Si +% P)/3

(1)

The carbon equivalent value (Ceq= 3.79) was found, and from these findings, it is clear
that the final cast product is solidified as a gray cast iron. It is evaluated as hypoeutectic
gray cast iron since Ceq value is lower than 4.25 % [13].
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3.2. Mechanical Properties
The stress-strain diagrams for the samples according to their codes have been shown in
Fig. 7. It is seen that in both of the sample groups, provided cast iron molded by bentonite
addition has got a positive effect on the strength of the cast iron. Perlite addition to mold
sand decreases the max strength of castings. It is concluded that cast samples prepared
by the molds with only perlite addition have the lowest max strength. However, the
castings produced in silica sand mold has more max strength than the others molded by
using olivine sand shown in Fig. 8. In Table 3, it is seen the thermal conductivities of some
of the different kinds of sands and clays. Among these silica sand has the highest thermal
conductivity with 7.7 W/m. K. Therefore, its thermal conductivity is almost twice
olivine’s sand. The produced gray cast irons molded with silica sand has got a high
cooling rate.

(a)

(b)

Fig. 7 Stress-strain diagram of produced sample (a) first, (b) second working group.
As seen in Fig 7a, the increasing cooling rate leads to rising max compression strength.
Bentonite has a higher thermal conductivity than perlite (as seen in Table 3). It was
determined that compressive strength decreased from bentonite (presented with 1.1

133

Alisir and Cevik. / Research on Engineering Structures & Materials 6(2) (2020) 127-140

sample code, 660.70 MPa) to perlite (presented with 1.3 sample code, 526.03MPa) in the
same working group. However, ductility was observed to increase.
Table 3 Thermal conductivities of some of the different kinds of clays and sands
Various clays and sands
Silica sand (Quartz)
Olivine
Bentonite
Perlite

Thermal conductivity (W/m.K)
7.7
4.6
1.15
0.0547

References
[14]
[14]
[15]
[15]

A similar change was observed in the second working group (in Fig 7b). It was
determined that the compressive strength decreased from 622.5 to 445.5 MPa (sample
2.1 and 2.3, respectively).
Moreover, a similar effect was observed in molding sand exchange. The compressive
strength of the product obtained from the mold of silica sand with rapid cooling was
found to be 660.7 MPa, while the compressive strength of the product obtained from the
slower cooling olivine was determined to be 622.5 MPa (presented with 1.1 and 2.1
sample codes, respectively). The same binder (bentonite) was used in the preparation of
mold of these two samples.
So, the gray cast irons molded by high bentonite addition have higher maximum
strengths in the two working groups (in Fig 8). It is concluded that perlite (low thermal
conductivity) addition to mold sand has a negative effect on the maximum compression
strength of the provided cast irons.

Fig. 8 Maximum strength of castings prepared in molds by silica and olivine sand
Similar results were observed in Ref. 16. In there, Adedayo shows that the heat storage
capacity (HSC) of the mold has significant effects on the microstructure and properties of
gray iron. He suggests that HSC of mold could be varied as required to effect changes in
the microstructure, tensile strength, elongation, hardness, and toughness of gray iron.
It is also observed that after tensile- compression test, the samples are fractured at 45°
(in Fig. 9).
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Fig. 9 Fractured samples after tensile- compression test
Hardness is a measure of a material’s resistance to localized plastic deformation (e.g., a
small dent or a scratch). Hardness tests are usually made to evaluate the materials’
mechanical properties. It is also clearly known that when the cooling rate decreases, the
hardness decreases, so there is a direct relationship between the hardness, cooling rate,
and max strength [17]. In Fig. 10 demonstrates the hardness test results of sample
groups. In the first study groups (silica sand) due to the fact that the binder, bentonite,
with a higher thermal conductivity coefficient has a faster cooling, the harder material
was obtained. In the second study group (olivine sand), similar results are observed.

Fig. 10 Hardness values of castings prepared in molds by silica and olivine sand

Fig. 11 Three- point bending test results of castings prepared in molds by silica and
olivine
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The results of three- point bending test show that increasing hardness (increasing
cooling rate) leads to increasing bending strength (Fig. 11). The provided three- point
bending test results for both of the study groups are very consistent with the
compression and hardness test results (Fig. 12).
As a result, for working group 1, as seen in Fig. 12 the cooling rate decreased, bending
stress and hardness decreased while ductility increased. Also, for the second group, the
cooling rate decreased, bending stress and hardness decreased while ductility increased
(in Fig. 13).

Fig. 12 The comparative mechanical properties for the first working group

Fig. 13 The comparative mechanical properties for the second working group

3.3. Microstructural Characterization
It is well known that the mechanical properties of cast irons at room temperature are
very dependent on lots of different parameters. These are solidification microstructure,
consisted phases in the matrix, chemical composition and size, shape, and distribution of
graphite. There are other factors also affecting the microstructure of gray cast irons such
as inoculants and thickness of sections. However, the most important is the cooling rate
applied during the solidification of the molten metal [16, 17].
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(a) For the sample 1.3. from first

(b) For the sample 2.3. from second
working group
working group
Fig. 14 The microstructure of products

In Fig. 14 (a), it is seen the microstructure of provided gray cast iron from group 1.3. For
this sample, the silica sand and perlite mixture were used as a mold. The microstructure
demonstrates that graphite flakes dispersed heterogeneously on the matrix. It is known
that foundry practice can influence nucleation and growth of graphite flakes [18]. The
amount of graphite and size, morphology, and distribution of graphite flakes are critical
in determining the mechanical properties of gray cast iron. The appearance of graphite
flakes is like a rosette group. Since as is known, silicon is an element that facilitates
graphitization in the solidification of cast iron, high Si content is thought to be effective in
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the formation of rosette- like graphite without heat treatment. So that the size and type of
graphite flakes is important to determine the mechanical properties of castings. The
effect of high cooling rates in producing fine microstructures results in the development
of high strength cast [17].
Lamellar graphite is classified into five types for foundries and they are designated by
capital letters A through E. A lamellar graphite shows random orientation, and it is very
suitable for lots of applications. In Fig.14 (b) it is clearly seen A- type [18] graphite
structure was formed in produced gray cast iron molded in olivine + perlite mixture.
Because of the low thermal conductivities of olivine and perlite, low cooling rate results.
These results are very well correlated with the microstructure. In this case, the
solidification time is long, the growth rates of the graphite cells are high. This structure
gives maximum ductility and toughness [15].
The microstructures of gray iron can be evaluated by cooling rate, composition,
nucleation and growth conditions existing during solidification. So, as the undercooling
decreases (by a decrease of cooling rate), diffusion rate increases, and the carbon atoms
can diffuse more extensively by the time. This results in coarse grains. Rapid cooling
produces fine dendrites, while slow cooling results in large and coarse dendrites. Thus,
solidification over a temperature range is the primary requirement for dendrite growth
[17]. In all samples, it is observed that some porosities and all distributed
heterogeneously in the dimension of different sizes. It is not unexpected to see them on
the surface because some thermal decomposition of organic components of mold sands
can occur during the casting process. This leads to a large emission of gases, and some
gas bubbles traps on the surface of the cast. This is a disadvantage for the quality of
castings [19].

4. Conclusions
The effects of casting mold sand, and binder on the cast iron were investigated. By using
silica and olivine as foundry sand at different ratios, bentonite and perlite as binders, the
effects of them on the microstructure and the mechanical properties of casting were
determined. The results are evaluated based on the thermal conductivity of sands and
binders. As a result, the mold sand and binder used in the casting process affects on both
the microstructure and the mechanical properties of final castings importantly. Based on
this study, the following conclusions are obtained;
•

The microstructures of the products show that as the cooling rate goes up, the
distribution of graphite particles in the structure changes from nodules to flakes.

•

The microstructure of sample 2.3., which olivine and perlite were used as the
molding component, show that spherical graphite nodules were obtained
without any heat treatment or additive in the lower cooling rate. Especially, this
is very important in the manufacturing of products which must have high impact
resistance and damping properties. If the casting mold is prepared according to
these molding components, the produced part will not need heat treatment
again.

•

When the cooling rate decreases, the hardness decreases from 310 HV to 239 HV
in all of the groups. Also, the bending strength is going from 971.53 MPa to
487.42 MPa, like in the hardness results. On the contrary, the deformation
increases from 13 % to 24 % when cooling rates decreases.
In summary, cast iron is used as a raw material for many productions in the
industrial applications because of its high carbon content and relatively low
mechanical properties. With any probable improvement which can be made in its
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mechanical properties, it will provide pig iron opportunity to be used directly in
many more industries. Therefore, a change that will be done in the casting method
will provide the desired properties to be obtained at a lower cost.
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In this presented experimental research, composites of phase change materials
(PCMs) were prepared by impregnating glycerol and nickel salt into the
expanded perlite pores (EP). In this study, vacuum impregnation and wet
impregnation methods were used. Glycerol and nickel salt were inserted to the
pores of EP and during the phase transition the leakage of the glycerol and nickel
salt were prevented. The characterization study of chemical structure and
surface microstructure of the composite PCMs were performed by Fourier
transformation infrared spectroscopy (FTIR) and scanning electron microscopy
(SEM). Thermal properties were determined by differential scanning
calorimeter (DSC) instrument. The melting temperature and latent heat were
determined for prepared composite, as -8.3°C and 136 J/g for vacuum
impregnation method. For wet impregnation method the melting point could not
be measured because of the PCM mixture could not deposited into perlite by
using this method. The FTIR analysis presented that no chemical reactions take
place between the EP and prepared PCM mixture. SEM images showed that the
glycerol nickel salt mixture dispersed uniformly into the EP pores. During the
heating and cooling processes, leakage and impairment of the composite PCM
were not detect. Consequently, the PCM composite obtained by vacuum
impregnation method, can be used for thermal energy storage applications.
© 2019 MIM Research Group. All rights reserved.

1. Introduction
Industrial development and rising population increase the energy consumption in the
world. It is a known fact that the primary used energy resources of the world are going to
exhausted rapidly and also the usage of traditional energy sources are main cause of the
environmental pollution. Energy storage seems as a good opportunity to solve the energy
problem in the world as well as to improve new renewable and clean energy sources. To
meet energy needs of the developed communities, the renewable energies can be used
conjunction with energy storage systems. Also, efficient and compact energy storage
systems seem to be important parameters to improve the use of renewable sources. [1].
Thermal energy could be stored as latent heat, sensible heat and thermo-chemical heat.
Various thermal applications may include the thermal energy storage systems. For
example; solar energy panels, heating and cooling systems and heat exchangers systems in
industry contains thermal energy storage systems [2,3].
Latent heat storage materials which are known as Phase change materials (PCM) have a
higher energy storage capacity with a small size of the systems. They absorb and release
the heat at approximately constant temperature range during the phase transitions [4].
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To control the temperature in many engineering applications, phase change materials
(PCM) are commonly used for thermal energy storage. According to their phase transition
states, phase change materials are categorized in four groups These categories are solidsolid, solid-gas, solid-liquid, liquid-gas PCMs [2, 5, 6]. Even though liquid–gas and solid-gas
phase transition have higher latent heat capacity, the volume change during the phase
transition is immoderate. This volume change makes the systems more complex and
ineffective [2]. Because of this reason, solid-liquid and solid-solid phase changes are
preferred and investigated from the many researchers. The solid liquid phase change
materials are categorised in three main groups according to their chemical structure:
inorganic, organic and eutectic. Although inorganic PCMs have more latent heat capacity
than the organic PCMs, phase separation and subcooling may happen during the phase
transition. The organic PCMs provide many advantages; for example, generally, they are
not toxic, noncorrosive, and crystallize with no super cooling and segregation. Organic
PCMs are examined in two group: paraffin and non-paraffin [3- 6]. An eutectic mixture
comprising two or more components forms as composition with a minimum melting point.
During the crystallization every component in the mixture melts and freeze and the
composition of the formed component crystals is compatible with each other [7]. The
eutectic mixture may melt and freeze without phase separation because of their crystal
structures. The components in the mixture melt at the same time without segregation [3].
Hydrate salts as inorganic PCMs, have some advantages of constant phase change
temperature, higher heat storage capacity (nearly 300 J/g) comparatively high thermal
conductivity (0.5 W/m°C) and moderate costs. They are also nonflammable and nontoxic.
Thus, it may be more suitable and safer than organic PCMs in energy storage processes.
The most researchers have studied with hydrate salts and eutectic mixture of the hydrate
salts [8].
To prevent liquid leakage during the solid–liquid phase change, the porous materials are
generally used as supports. Graphite, expanded graphite, aluminum powder, expanded
perlite, activated carbon, and carbon nanotubes are chosen to keep off the liquid leakage.
Expanded perlite (EP) is an amorphous glassy volcanic rock and having porous structure.
Because it has very low thermal conductivity (0.03 - 0.05W/m°C), low sound transition
property and nonflammability it is generally used as insulation material in buildings (9,
10). Also, some researchers reported that, EP have a good supporting matrix for preparing
composite PCMs. At the same time, PCM composites which are prepared by using expanded
perlite exhibit a reduced thermal conductivity [10, 11, 12]. Li et al. have studied shapestabilized PCMs by impregnating of paraffin into the expanded perlite pores. They used
vacuum impregnation method and produced heat storage boards by adding gypsum into
the prepared composite for use in buildings [13]. Z. Lu et al. prepared and examined formstable PCMs and using the direct impregnation method to absorb the paraffin into the
pores of the EP, their results showed that the leakage was prevented [14]. Karaipekli and
Sarı studied Capric-myristic acid/EP composite as phase change materials they used
vacuum impregnation method and the prepared composite PCM had good thermal
properties and stable for thermal applications [15].
Although PCMs prepared with organic-organic eutectics and inorganic salts and their
eutectic mixtures have been widely studied in the literature, there are not many studies
about the organic-inorganic eutectics. The aqueous salt solutions are used as PCM for low
temperature applications, but these may cause the erosion. In this research, an organicinorganic eutectic mixture of Glycerol-Ni (NO3)26H2O were studied for low temperature
applications and form stable Glycerol-Ni (NO3)26H2O /Expanded perlite composites were
prepared by using wet impregnation and vacuum impregnation methods. Both methods
are inexpensive and eco-friendly method for the composite PCM preparation. The
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prepared Glycerol-Ni (NO3)26H2O eutectic mixture was enclosed into the porous of the EP
and in this way the leakage was prevented during the phase transitions. Differential
scanning calorimeter (DSC) and thermo gravimetric analysis instrument (TGA) were used
to analyze thermal properties and stability of prepared composite. The surface area and
pore volume of the EP and composite were determined nitrogen adsorption analyses for
Brunauer–Emmett–Teller (BET). The structures and morphologies of the perlite and
Glycerol-Ni (NO3)26H2O composites were determined by Fourier transformation infrared
spectroscope (FTIR) and scanning electronic microscope (SEM). Heating and cooling cycle
tests were performed to define heat accumulation and heat release properties of PCMs.
2. Experimental Study
2.1 Materials
Glycerol and the metal salt of Nickel (Ni(NO3)26H2O) were purchased from Merck.
Expanded Perlite (EP) was supplied by the Batıçim-AS Company, Turkey. It was heated in
an oven at 110°C before using.
2.2 Methods
Before beginning the composite PCM preparation, the eutectic point of mixture of glycerol
and Ni(NO3)26H2O was calculated to decide the compositions which gives lower melting
point. The Schroder equation (1) was used for calculation of the eutectic point [7].
𝒍𝒏𝒙𝑩 = −

∆𝑯𝑩
𝑹

𝟏

𝟏

𝑻

𝑻𝒎𝑩

( −

)

(1)

where H is latent heat, Tm is melting temperature as K, subscript B indicates the one of
the components into mixture.
Then the PCM mixture was prepared in these compositions. The prepared PCM mixture
included 97 wt. % glycerol and 3wt. % Ni(NO3)26H2O. Evaluated melting point of mixture
at this concentration is -10 °C.
Initially, PCM mixture was prepared. Nickel salt was weighed and melted at 57°C in a
backer and weighed glycerol was added in the salt and mixed during 1 hour, at 1000 rpm
to obtain homogeny solution. To enclose the mixture into EP pore, two different methods
were used (Wet impregnation and vacuum impregnation). Firstly, wet impregnation
method was applied. EP was added to prepared mixture solution and the resulting slurry
was put in an ultrasonic bath at 50°C for 30 minutes to penetrate the solution into the EP
pores. Finally, the obtained composite was placed into an oven at 60°C for 10 hours.
Secondly, vacuum impregnation method was used. Weighed EP was placed in the vacuum
set and the prepared mixture was added it slowly under vacuum at 50°C. Then, the
obtained mixture was placed into an oven at 60°C for 10 hours.
The experimental set up of the vacuum impregnation is shown in Figure 1.
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PCM mixture

Vacuum pump

Expanded perlite
Heater

Figure 1 Experimental set-up for vacuum impregnation
To perform heating and cooling cycles, specific measure of prepared composite sample
was placed into a glass tube and for recording the temperature a thermometer was put in
the center of the tube. The tube was located in the hot water at 40°C for heating. When the
temperature of the composite in the tube was reached steady state, the sample tube was
carried into chilled water alcohol bath at -15°C for cooling. The temperature of the
composite sample in the tube was measured with time while the heating and cooling
process performed. 100 heating cooling cycles were performed to specify the prepared
composite reliability.
3. Results and Discussions
3.1 Leakage Tests
To determine the absorption capacity of the EP for the eutectic mixture, leakage test was
performed. Before the leakage test, PCM composite, containing 50 wt.% of perlite was
prepared. This prepared PCM composite was placed on the filter paper and allowed to
stand in an oven at 20°C for 30 min. The prepared PCM composite exhibits no leakage as
shown in Figure 2.

Figure 2. Images of the leakage test of the composite PCM
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3.2 Characterization of chemical compatibility between the eutectic mixture and EP

Figure 3. FTIR Spectrum of perlite, eutectic mixture and prepared composite PCM

The FTIR spectrum of expanded perlite, eutectic mixture and prepared PCM composite are
shown in Figure 3. In the FTIR spectrum of the EP, the absorption band nearly at 850-900
cm−1 represents to the vibrations of the Al-OH-Al and Al-OH-Mg groups, respectively. The
intense and deep peak at 1020 cm−1 is described the Si-O-Si symmetric vibrations. The
weak peak at 1625 cm-1 is described to the bending modes of the OH groups which are
appended to the surface of expanded perlite and the adsorbed water molecules on the
perlite [22]. In the FTIR spectra of PCM composite, which included perlite, glycerol and
nickel salt, a medium absorption bands around 1300 cm−1 and 1360 cm−1 confirm the C–O
stretching modes of glycerol. The symmetrical stretching vibration of CH2 group which is
stretching modes of glycerol is also shown at 2845 cm−1. Intense and broad band in the
range between 3000 and 3600 cm-1 shows the vibration of OH from coordinated those
strong hydrogen bonds of water. The peak at 1458 cm -1 confirms the presence of the NO3
from the nitrate salt in the composite. The band at 780 cm -1 can be assigned the Ni-O
stretching vibration.
According to the FTIR spectrum of the composite, only the expended perlite, glycerol and
Ni(NO3)26H2O peaks are seen, there are not observed new peaks. These specify that there
is no chemical reaction between the prepared PCM mixture and the expended perlite. The
FTIR results show that the prepared composite is only a physical combination of the
expanded perlite, glycerol and Ni (NO3)26H2O.
3.3 Microstructure of expanded perlite and PCM composite
The BET surface area and micropore volume of EP and prepared composite were
determined. According to the result the used expanded perlite BET surface area and pore
volume are obtained 112.3 m2/g and 0.63 cm3/g respectively. After vacuum impregnation
of eutectic mixture PCM into the EP pores, BET surface area and pore volumes were
decrease to 0.0345 m2/g and 0.000007 cm3/g, respectively These significantly decrease
shows that the PCM mixture was placed into the EP pores.
Figure 4 a and Figure 4 b show the SEM images of the expanded perlite and composite PCM
prepared by vacuum impregnation method, respectively. It can be seen from Figure 4-a,
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the expanded perlite has a highly porous structure having many micro-pores with different
sizes. These structures make the expanded perlite as a good supporting material to keep
the PCM mixture. As seen from Figure 4-b, PCM mixture were dispersed uniformly in the
porous and the sheets of the EP and the composite shows the most favorable homogenous
morphology.

a)

b)

Figure 4. SEM images of a) expanded perlite, b) PCM composite prepared by vacuum
impregnation method.

3.4 Thermal properties of eutectic mixture and PCM composite
The melting and freezing temperatures and latent heat values of the prepared PCM mixture
and composites are listed in Table 1. DSC curves of PCM mixture and prepared composite
with vacuum impregnation method before and after thermal cycling test are given in
Figure 5. According to the DSC analysis from the PCM prepared using two different
methods, there were observed no peaks in the wet impregnation method. It is thought that
the PCM mixture could not be enclosed into the EP pores by using this method.
Table 1. Thermal properties of PCM

PCM Mixture
Wet
Impregnation
Vacuum Impregnation
Vacuum Impregnation
(After100 cycle test)

146

Melting
Point
(°C)
-9.7

Melting Latent
Heat
(J/g)
165

Freezing
Point
(°C)
-9.8

Freezing
Latent Heat
(J/g)
163

-

-

-

-

-8.3
-8.4

134
130

-8.2
-8.1

136
136
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Figure 5. DSC curves for prepared composite PCM

According to DSC results, the phase transition temperatures of composite PCM which
prepared by using vacuum impregnation method were about 1.4°C higher than that of the
prepared eutectic mixture. On the other hand, the latent heats prepared composite PCM
were found to be lower than the latent heats of the PCM eutectic mixture. The changes of
the phase transition temperatures and the latent heat values are an indication of the force
of the interactions between the expanded perlite and PCM mixture. When there is a strong
relation between the PCM and pores of the support, the phase change temperature may
increase and the same results have been found by some researchers for different
composites [15, 16, 17 and 18]. The reduction of the latent heat value can be explained as
the physical relation between the EP pores and eutectic mixture. C. Wang et al. have
referred that the interaction between PCM and its support material cause the decrease of
latent heat value [16]. Karaipekli and Sarı prepared eutectic mixture of capric and myristic
acid and impregnated it into the EP by using vacuum impregnation method and they
obtained form stable composite PCM. According to their results, melting and freezing
temperatures of the eutectic mixture and prepared composite were determined as 22.61,
21.18 °C and 21.70, 20.70 °C, respectively [15]. Galazutdinova et.al. studied with inorganic
composite mixture includes 40% of MgCl2.6H2O and 60% of Mg(NO3)2.6H2O. The prepared
inorganic mixture, melting temperature and latent heat value were obtained as 62 °C and
120 J/g. Vacuum impregnation method was used to enclose the MgCl2.6H2O-MgCl2.6H2O
mixture into EP. The prepared composite PCM had melting temperature of 63.5 °C and
latent heat of 106.8 J/g [19]. Zang et all investigated MgCl2.6H2O-CaCl2.6H2O Eutectic/EP
composite PCM. The prepared eutectic mixture included 15% MgCl2.6H2O. The melting
temperature and latent heat were determined as 23.9°C, 151.9 J/g, respectively. Composite
PCM including 50 wt% of EP was prepared by using this eutectic mixture. The MgCl2.6H2OCaCl2.6H2O /EP composite had exhibited a melting point of 23.5 °C and latent heat of 73.55
J/g, and there was no leakage seen after leakage tests [20]. Yılmaz et al. developed binary
mixtures of tridecane and dodecane to be used as PCMs for thermal energy storage in
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cooling applications. The melting point and heat of fusion of their PCM was found as -9.1°C
and 145 J/g [21].
The thermal reliability is the important point to evaluate the PCM composite
performance. The thermal properties of the materials can change after many thermal
cycles and latent heat and phase change temperatures may change significantly. A suitable
composite PCM should have steady thermal properties with many phase changes cycles
without degradation [8, 10, 15]. DSC results show that, the latent heat value and phase
change temperatures of the prepared composite PCM remained nearly constant after 100
heating and cooling cycles.
3.5 Thermal stability of PCM composite
TGA is commonly used to determine the thermal stability of the composites, In Figure 6,
the TGA curves composite PCM is shown. The weight loss of the composite starts nearly
80 C. Due to the evaporation of glycerol the decomposition amount increased rapidly after
150°C this temperature and 58 % weight loss were measured at 350°C. Before 150°C, only
5 % decomposition is seen.

Figure 6. TGA curves of PCM composite

Heating and cooling cycles were performed to the PCM mixture and prepared PCM
composite. The recorded results were drawn as temperature versus time graphic that is
given in Figure 7. Each cycle of the heating and cooling were performed 20 min to obtain
the steady state temperature. Figure 7 shows that, the heating and cooling rate of the
prepared composite are lower than that of the PCM mixture.
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Figure 7. Heating and cooling processes for PCM mixture and PCM composites

4. Conclusion
In this work, Glycerol-Ni(NO3)26H2O / EP composite PCMs were prepared by using wet
impregnation and vacuum impregnation methods. The used both methods are
environmentally safe and economical therefore they are suitable to fabrication of PCM
composite for industrial applications. But, according to the DSC analysis, there were not
observed any phase change point by using wet impregnation method. It is thought that the
PCM mixture could not be enclosed into the EP pores by using this method. Before
preparation of the PCM mixture, eutectic point of the Glycerol-Ni(NO3)26H2O mixture was
determined as melting point at -10°C, with 97 wt.% glycerol and 3 wt.% Ni(NO3)26H2O
concentrations and the mixture were prepared at calculated composition, then it was
absorbed into perlite pores.
The melting point of PCM mixture and PCM composite which prepared by using vacuum
impregnation were found -9.7 and -8.3°C respectively. And phase change enthalpy values
were determined 165 J/g for PCM mixture and 134 J/g for PCM composite. The changes of
the melting and freezing temperatures are an indication of the force of the interactions
between the EP and PCM mixture. The decrease on the latent heat values depending on the
relation between the EP and PCM mixture. After heating and cooling cycles performed the
composite PCM retained its melting and freezing temperatures and latent heat values. SEM
images show that PCM mixture was distributed uniformly in the porous and the sheets of
the EP and the composite shows the most favorable homogenous morphology. The leakage
test show that the phase change process takes place in the pores of the EP. There were no
leakages obtained. According to the FTIR results the eutectic PCM mixture and EP keep
their original structure in the composite and the composite PCM was only the physical
combination of nickel salt, glycerin and EP. After the heating cooling cycle, there was no
leakage and degeneration at the composite PCM. TGA results revealed that the prepared
composite has good energy storage capacities, good thermal reliability and stability.
Based on the obtained results, the presented composite PCM provide many properties of
shape stabilization, moderate latent heat value and good thermal stability. In conclusion,
it can be said that the prepared composite PCM has a great potential for the use in low
temperature applications of thermal energy storage.
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In this study, highly flexible polymer nanocomposites that can be stretched more
than 9 times their original length were successfully fabricated by using poly
[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) and vapor grown carbon
nanofibers (VGCNFs). Two different polymers were used in order to investigate
the effects of the polymer molecular weight on viscosity, morphological and
mechanical properties of the samples. Mixing was carried out by a planetary high
shear mixer for various levels of VGCNFs and SEBS. Nanocomposites were
prepared by the combination of solvent casting and compression molding.
Viscosity measurements were carried out as a function of filler ratio for both
polymers. Higher molecular weight and higher filler ratio led to higher viscosity.
Morphological analysis showed homogeneous filler dispersion without any
dominant filler orientation throughout the composites with good filler-matrix
interface and absence of any pores or voids. Filler content and matrix molecular
weight were found significant for mechanical properties. The mechanical
strength and elastic modulus of the nanocomposites increased by the addition of
VGCNF regardless of the polymer molecular weight. Nanocomposites fabricated
by using higher molecular weight polymer showed better mechanical properties.
Above mentioned attributes those belong to both polymer composites meet the
requirements of flexible electronics and can be used for many applications
including
micro-electro-mechanical
systems,
conductive
coatings,
electromagnetic shielding applications, polymeric sensors and actuators.
© 2019 MIM Research Group. All rights reserved.

1. Introduction
Recent developments in technology, lead to the development of new materials and
electronic materials are one of the most popular areas. Since traditional electronic
materials are hard and brittle, over the last decades many of the efforts have been focused
on flexible electronics because of their potential to provide the multiple requirements.
Elastic and stretchable polymer-based materials with electronic capabilities have been
referred to as flexible electronics. Depending on the components, type, and application,
flexible electronics may be capable of sensing, data processing, actuation, and energy
storage or generation. In all these applications flexibility is particularly crucial for microelectro-mechanical systems (MEMS), sensors and actuators whose basic function is
depended on their electromechanical properties. For the flexible electronics various
polymers can be used as basic or auxiliary components including inherently conductive
polymers [1-5], thermoplastics [6-8], thermosets [9, 10], elastomers [11-13], and
thermoplastic elastomers [14-16] or polymer blends [17]. In this case, in addition to
electrical character, mechanical character plays an important role during the functioning
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and not only flexible but also stretchable, bendable, twistable materials are required with
high resilience and satisfying recoverability after unloading the mechanical effect [18].
Therefore, in the process of designing any the electro-mechanical system; analysis and
characterization of the mechanical properties of the materials should be in the first place.
As known, for electro-mechanical based systems such as sensors and actuators; electrical
property is mostly governed by mechanical properties and response under various
internal and/or external conditions [19, 20]. The group of polymeric materials that show
all those required functions is called thermoplastic elastomers (TPEs). TPEs are polymers
that combine the unique properties of thermoplastics and rubber. TPEs are compatible
with a wide range of technologies and they can be used for many applications for a variety
of purposes such as sealants, adhesives, rubber bands, protective films, airbag covers,
automotive panels, sensors, actuators, electro-mechanical components of MEMS and so
on. Processability, mechanical and end-use properties of the TPEs are the most important
reasons for being preferred in these applications. While they perform as rubber in terms
of elastic behavior; they can be melt-processed as thermoplastics. TPEs are copolymers
with two phases as the elastomeric phase and the rigid phase. While the elastomeric phase
represents the flexibility of rubber; the rigid phase represents the strength and
processability of thermoplastics. Depending on the chemical structure, the ratio of these
soft/rigid phases, the molecular weight of the polymer; physical, chemical and
morphological properties of the TPEs change. They are named based on the thermoplastic
block in the structure such as polyamide-based, olefin-based and styrene-based TPEs. In
all, styrene-based thermoplastic elastomers are one of the most common TPEs found in the
market due to their superior properties. In this group, poly [styrene-b-(ethylene-cobutylene)-b-styrene] (SEBS) stands out because of its superior properties such as higher
thermo-oxidative and UV resistance. In SEBS, the polystyrene blocks act as rigid blocks
because of physical cross-links between styrene blocks. As seen from Fig. 1, styrene blocks
tie the continuous elastomeric phase in a three-dimensional network and minimize the
deformation of the TPE system [21-25].

S

EB

S

Stretching

Releasing

Fig. 1 SEBS under stretch and release
As mentioned above, SEBS is a promising material for flexible electronics because of its low
elastic modulus, high degree of stretch ability and good resilience. In order to make it
mechanically stronger and electrically conductive, fillers are needed to be incorporated
into the structure. Since mechanical properties of the flexible electronics are very critical
in terms of stretch ability, bendability and recoverability; filler selection should be done
carefully. Surface area, surface properties, geometry and aspect ratio of the fillers have to
be considered. In addition to that, if high level of fillers is loaded into the structure,
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flexibility and resilience of the material will be destroyed. At this point, nanofillers become
more important.
Although, SEBS can be filled with various nanofillers [26-29], depending on our experience
and previous studies CNFs are one of the most suitable materials [16, 18]. Their
contribution to mechanical property improvement stemmed from their unique structure.
As known, CNFs are cylindrical, fibrous nanostructures that consist of arranged graphene
layers with high elastic modulus that is at least two orders of magnitude higher than the
polymeric materials. In addition to that high aspect ratio and high surface area enhance
the filler-matrix interface and improves the mechanical properties even at low filler
loadings. Since filler loading is relatively low, stretching limits and flexibility of the material
can be kept almost in the same range [30-32]. However CNFs have unique properties,
mechanical properties of the CNF filled composites might be affected by many factors such
as polymer properties, polymer-matrix interface, filler distribution, filler orientation,
mixing conditions and composite fabrication [32]. In all these filler dispersions is the most
critical one. In the case of nonhomogeneous filler dispersion, many problems might occur
including filler aggregation, insufficient filler wetting, decrease in the aspect ratio of fillers,
bad filler-matrix interface [32, 33]. As a result of these, stress transfer from matrix to filler
might not be sufficient enough and mechanical properties of the composites get worse. In
the literature, CNFs were mostly dispersed in the polymeric matrix in various ways such
as extrusion compounding [33-35] sonication [17, 36, 37] and so on.
In above-mentioned methods, extrusion compounding has some drawbacks such as filler
breakage and/or filler agglomeration. As reported by Al-Saleh [33], depending on the
process conditions fillers can break and/or agglomerate and aspect ratio of the filler
decreases that leads to change in various properties. Another common method for the
dispersion of the CNF is the sonication and in order to obtain good filler dispersion, the
viscosity of the solution or polymer-filler mixture has to be low enough. In other words,
sonication process cannot be used effectively for highly viscous solutions or mixtures. On
the contrary, planetary high shear mixing has no such problems. In this method, the aspect
ratio of the fillers is almost the same that is significant for the mechanical properties of the
composites. Also, it can be used for both low and high viscosity solutions/mixtures.
Another important advantage is relatively short processing time is (1-2 minutes) [18].
In the literature there is a very limited number of studies regarding CNF/SEBS
nanocomposites. In one of these studies, polypropylene/maleated SEBS (PP/SEBS‐g‐MA)
blends were reinforced with CNFs. Polymer and fillers were compounded by a twin-screw
Brabender extruder and granules were injection molded. Injection-molded samples were
analyzed in terms of morphological, thermal and mechanical properties. It was reported
that mechanical properties were enhanced by the addition of CNFs [30]. In another study,
CNF/PP/SEBS composites were fabricated; the toughness and ductility of the composites
were reported to be improved [38]. In another study, Huang et al, fabricated CNF
decorated flexible and super-hydrophobic polyurethane (PU)/SEBS composite nanofiber
membranes. In this study, the nanofiber mat was immersed into the CNF suspension in
order to cover the surface of the mat by the fillers. Although the aim of the study was to
develop a piezoresistive gas sensor, mechanical properties were also analyzed. Even
though CNFs were not compounded with the matrix, attachment of the CNFs on the mat
surface was reported to improve the tensile strength and elastic modulus of the flexible
nanofibers. This was attributed to the alignment of CNFs and nanofiber mat to the direction
of applied force and increase in interfacial area between both phases. As a result of this
load transfer and mechanical strength was found to increase [39]. However, in the studies
mentioned above, SEBS was not the only matrix and also it was used in order to modify the
impact resistance properties of thermoplastics or to tune the spinnability of other
thermoplastic elastomers. On the other hand, Dios et al. fabricated SEBS based composites
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by using various carbonaceous fillers including CNF. CNF/SEBS nanocomposites were
prepared by the combination of sonication and solvent casting. Unlike the studies
mentioned above, mechanical strength and elastic modulus of the samples were reported
to decrease after the addition of the CNFs. Even though the reason for that was not
mentioned in the study, this was probably caused by the solvent casting process. As known,
the thickness of the film is very crucial for this process and for thicker films there might be
some pores in the structure and those pores lead to the worsening of mechanical
properties. The mechanical characterization was also carried out after the annealing of
composites and as expected lower tensile stress values were obtained [17]. In another
study, Turgut et al., developed CNF/SEBS nanocomposites and investigated their
piezoresistive strain sensing behavior. In this study two different SEBS polymers with
different block ratios were used. Mechanical and electromechanical properties were
investigated. Mechanical properties were reported to increase by the addition of CNFs
[16].
In the present study, we have designed, fabricated and characterized the VGCNF filled SEBS
nanocomposites. Two different polymers were used in order to investigate the effects of
the molecular weight of the polymer on viscosity, morphological and mechanical
properties of the samples. VGCNFs at various concentration levels were mixed with SEBS
matrix by the high shear mixer in order to obtain good dispersion. Solvent cast samples
were compression molded in order to obtain a homogeneous film. Viscosity, morphology
and mechanical properties were found to be affected by VGCNF ratio, and matrix molecular
weight.
2. Materials and Methods
Two SEBS block copolymers (linear) with S/EB ratio of 30/70 were used. Low molecular
weight is shown as SEBS-1 (180 kDa), medium molecular weight is shown as SEBS-2 (250
kDa). White mineral oil (MO) manufactured as Merlot 261 with a molecular weight of 567
g/mol by Petroyag ve Kimyasallar San. Tic. A.Ş/Petroyag Lubricants (Gebze, Kocaeli,
TURKEY), was used as received. Toluene (Merck, Germany) was used as a solvent. VGCNFs
were purchased from Sigma–Aldrich, USA. The average diameter of VGCNFs is 130 nm and
the length of the fibers changes from 20 to 200 μm.
Nanocomposites were fabricated in 3 main steps as shown in Fig. 2. In the first step
polymer and mineral oil (MO) were mixed with a ratio of 30:70 (Polymer: MO). Then
toluene was added into this mixture with the ratio of 1:2 ((Polymer+MO): toluene). Stirring
was performed until complete dissolution was achieved with a magnetic stirrer at 200 rpm
for 12 hours at room temperature (25°C). In order to obtain nanocomposites, the relevant
amount of VGCNF solution was mixed by a planetary high shear mixer (KuraboMazerustar-KK250, Japan) for 90 sec. After that, the polymer solution was added and
mixed for another 90 sec. by a high shear mixer at 1600 rpm. Following that step, the
mixture was solution cast in a petri dish and placed in a vacuum oven at 50°C for 12 hours.
In the final step, cast films were compression molded into 0.8-0.9 mm thick films by using
a laboratory type hot press at 190°C for 15 min. under 0,3 MPa of pressure.
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Fig. 2 Preparation of nanocomposites
Viscosity measurements were carried out by a Brookfield DV2T viscometer just after the
high-shear mixing. All the measurements were done at 200 rpm with the spindle # 7 at
room temperature (25°C). The morphology of nanocomposites was analyzed by scanning
electron microscope (FESEM) (5 kV, METU Central Research Laboratory). The stressstrain behavior of the composite films was characterized by a universal load frame
(Devotrans, DVT GPU/RD). The test speed was 50 mm/min. For each composite type, 3
specimens with the dimensions of 25 mm x 5mm (length x width) were prepared and
tested for load-extension behavior. This test is a modified version of the ASTM 1708
Standard Test Method for Tensile Properties of Plastics by Use of Microtensile Specimens.
Since thermoplastic elastomers are highly stretchable, we have used small-sized samples.
Otherwise, the maximum jaw distance of the device will be exceeded and complete set of
data may not be obtained. The stress-strain graphs were given as true stress vs true strain.
Engineering stress and strain were calculated by using the Eq(1) and Eq (2), true stress
and strain were calculated by using the Eq (3) and Eq (4):
σE =F/ A0

(1)

where σE : Engineering stress (MPa), F: Force (N), A0 : Initial cross sectional area (mm2)
εE = (L- L0) / L0 = ΔL/ L0

(2)

where εE: Engineering strain (mm/mm), L: Final length of sample (mm), L0 : Initial length
of sample (mm), ΔL : Change in length (mm)
σT = σE(εE + 1)

(3)

where, σT: True stress, σE : Engineering stress (MPa), εE : Engineering strain (mm/mm)
εT = ln(1+ εE)

(4)

where, εT : True strain εE : Engineering strain (mm/mm)
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3. Results and Discussions
3.1 Viscosity
The results of the viscosity measurements are given in Table 1 and Fig. 3 as a function of
VGCNF for both polymers. As seen from Table 1, SEBS-2 showed higher viscosity. While
SEBS-1 polymer solution had a viscosity value of 2.18 cP, SEBS-2 had a value of 16.76 cP.
As known higher molecular weight leads to higher molecular chain entanglements and
resistance to flow. In addition to that increase in filler concentration resulted in higher
viscosity for both polymers. As seen from Fig. 3, viscosity values are 2.26, 2.38, 2.76 cP for
2, 4 and 6 wt % VGCNF/SEBS-1, respectively. Similar to that, other set of samples showed
an increase in viscosity and 18.14, 18.9, 19.64 cP are the values for 2, 4 and 6 wt % VGCNF
containing SEBS-2 samples respectively. As known, VGCNFs are rigid fillers with high
elastic modulus. Addition of those rigid materials into the polymer solution increases the
rigidity of the system and causes an increase in the viscosity [40, 41]. In order to
understand the response of the two sample sets and to provide a better comparison,
normalized viscosity (NV) was also calculated for the samples by dividing the viscosity of
VGCNF filled sample to the viscosity of polymer solution (η/ η 0). NV of the samples are
1.036, 1.092, 1.26 for 2, 4 and 6 wt % VGCNF/SEBS-1, respectively and 1.082, 1.127, 1.171
for 2, 4 and 6 wt % VGCNF/SEBS-2, respectively. As seen in Fig. 4, while SEBS-2 showed a
linear fit, SEBS-1 showed a polynomial fit and 6 wt % VGCNF/SEBS-1 sample showed a
drastic change in NV around 27 %. This is explained as rheological percolation. Rheological
percolation is the value at which VGCNF bundles come very close to form the percolation
network. Similar to the electrical percolation, at this point fillers form a continuous
network throughout the sample and the change in viscosity is not linear anymore. Since
SEBS-2 has relatively high viscosity, rheological percolation was not observed at 6 wt%. It
will be probably observed at higher filler concentrations. In addition to that, as will be
explained in SEM results, agglomeration of the fillers and cluster formation might also
retard this region to higher filler concentrations [41].
Table 1. Viscosity and normalized viscosity values of the samples
Polymer

Filler Ratio (wt%)

Viscosity (cP)

Normalized Viscosity
(η/ η0)

SEBS-1

0
2
4
6
0
2
4
6

2.18
2.26
2.38
2.76
16.76
18.14
18.9
19.64

1
1.036
1.091
1.266
1
1.082
1.127
1.171

SEBS-2
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Fig. 3 Viscosity values as a function of VGCNF concentration for SEBS-1 and SEBS-2
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Fig. 4 Normalized viscosity values and the % increase in normalized viscosity as a
function of VGCNF concentration for SEBS-1 and SEBS-2
3.2 Morphological Characterization
In order to examine the morphology of the samples; both SEBS films and VGCNF filled
nanocomposites were cryo-fractured in liquid nitrogen and cross-sections of the samples
were analyzed by FESEM. Fig 5 a and e are SEBS-1 and SEBS-2 films, respectively. As seen,
both SEBS-1 and SEBS-2 showed classical fractured surface morphology. It can also be
inferred from the images that both samples were melted completely under determined
processing conditions. In order to understand the VGCNF dispersion, orientation and fillermatrix interface all nanocomposites were analyzed. SEBS-1 based nanocomposites (Fig. 5
b-d) showed homogeneous filler dispersion for all concentrations. In addition to these, no
pores, pulled out VGCNFs, or matrix discontinuity were observed. VGCNF/SEBS-1
composites were found to show a good filler-matrix interface. The good matrix-filler
interaction is probably due to well-dispersed fibers (high-shear mixing), high-temperature
processing (melt processing), and nanoscale surface roughness of the VGCNF particles.
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a)

d)

c)

SEBS-1

b)

5 µm

100 µm

e)
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h)

g)

SEBS-2

f)

100 µm

5 µm
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Fig. 5 Cross-sectional SEM images of a)SEBS-1 film b) 2 wt % VGCNF/SEBS-1 c) 4 wt %
VGCNF/SEBS-1 d) 6 wt % VGCNF/SEBS-1 e)SEBS-2 film f) 2 wt % VGCNF/SEBS-2
g) 4 wt % VGCNF/SEBS-2 h) 6 wt % VGCNF/SEBS-2
High shear mixing is a one-step, easy and effective way of dispersing nanofillers in a
polymeric matrix. Also, it lowers the matrix viscosity during the process by which the
matrix-filler interaction is enhanced [18]. SEBS-2 nanocomposites (Fig. 5 f-g) showed
almost same behavior as SEBS-1. On the other hand, at high filler concentrations such as 6
wt% VGCNF/SEBS-2 composite, some filler clusters were observed. In Fig. 5h one of those
clusters is shown. As obvious from the image the wetting of VGCNFs was not completed.
That was probably caused by not only high filler concentration but also higher solution
viscosity of SEBS-2 polymer. As previously mentioned in the viscosity analysis, the higher
molecular weight causes higher interaction between polymer macromolecules and
interlocking of the macromolecular chains will increase the viscosity of the polymer
solution [18]. In our case, as shown in Fig. 6, higher viscosity of the SEBS-2 polymer
solution led to nonhomogeneous filler dispersion throughout the matrix. This is also
parallel with the mechanical data shown in Fig. 8. In other words, under the same
processing conditions, solution of the low molecular weight polymer can be mixed more
efficiently with the fillers and that leads to better wetting and filler dispersion [18].

Low Molecular Weight (LMW) Polymer

Medium Molecular Weight (MMW) Polymer

Fig. 6 Dispersion characteristics of VGCNF in LMW and MMW SEBS
3.3 Mechanical Characterization
True stress-strain and elastic modulus values of SEBS films, VGCNF/SEBS-1, and
VGCNF/SEBS-2 nanocomposites can be seen from Table 2 and Fig.7 and 8.
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Table 2. Mechanical properties of the samples

Polymer
SEBS-1

SEBS-2

Filler
Ratio (wt%)

Maximum True
Stress
(MPa)

Maximum True
Strain
(mm/mm)

True Elastic
Modulus
(MPa)

0
2
4
6
0
2
4
6

4.558
4.887
6.095
7.770
8.847
10.369
12.255
11.626

2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3

0.164
0.241
0.341
0.534
0.197
0.254
0.407
0.726

All samples showed a linear elastic deformation behavior at low strain. As seen in Fig. 7-8,
SEBS-2 film showed better mechanical properties and elastic modulus compared to SEBS1. This is caused by the higher molecular weight of SEBS-2. Longer macromolecular chains
increase the interlocking and that leads to better mechanical properties. As clearly seen
from both figures, an increase in the VGCNF wt % content leads to an increase in stress
values. The incorporation of filler increases the load-bearing capacity of the composites.
As previously reported in the literature VGCNF has relatively high elastic modulus when
compared with polymeric materials. In the case of homogeneous mixing of VGCNF and
SEBS, the mechanical properties of the nanocomposites enhanced. VGCNF increases the
mechanical properties not only because of its rigid structure but also surface properties.
8

True Stress (MPa)

7
6

a)%0 CNF
b)%2 CNF
c)%4 CNF
d)%6 CNF

5
4
3
d)

2

c)

1

b)
a)

0
0,0
0.0

0,3
0.3

0,6
0.6

0,9
0.9

1,2
1.2

1,5
1.5

1,8
1.8

2,1
2.1

True Strain (mm/mm)
Fig. 7 True stress-strain graphs SEBS-1 film and VGCNF/SEBS-1 nanocomposites
As known, VGCNFs have a nano-scale surface roughness that helps to increase filler-matrix
interaction and mechanical interlocking that leads to a good filler-matrix interface [18, 30].
On the other hand, 6 wt % VGCNF filled SEBS-2 composite showed a decrease in stress
value at high level of strain. That is probably caused by the formation of some filler clusters
at this concentration which is consistent with the FESEM images included in Fig. 5 h. As
previously mentioned, that is probably caused by higher viscosity of the SEBS-2 polymer
solution. Viscosity of the SEBS-2 is around 8 times higher than SEBS-1 solution and the
viscosity of 6% VGCNF/SEBS-2 mixture is 6 times higher than of 6% VGCNF/SEBS-1.
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Incorporation of fillers led to higher viscosity that prevents effective mixing and filler
dispersion at a given time. This might be prevented by addition of more solvent or
increased mixing time.
14
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0,6
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1.5

1,8
1.8

2,1
2.1

True Strain (mm/mm)
Fig. 8 Stress-strain graphs of SEBS-2 film and VGCNF/SEBS-2 nanocomposites
In addition to stress values and mechanical strength, strain values can also be analyzed
from stress-strain curves. SEBS-1, SEBS-2 films can be more than 9 times their original
length. No difference was observed between two polymers in terms of strain levels. These
strain values are very high when compared to traditional vulcanized rubber or
thermoplastics. It is also obvious that the addition of nanofillers did not affect the strain
values. In other words, regardless of the polymer type, all nanocomposites can be stretched
more than 9 times compared to their initial length.
4. Conclusions
In this study, flexible polymer nanocomposites were prepared by using poly[styrene-b(ethylene-co-butylene)-b-styrene] and vapor grown carbon nanofibers that can be
stretched more than 9 times their original length. Nanocomposites were prepared at
various levels of VGCNFs 0, 2, 4 and 6 wt % by using two different SEBS. SEBS-1 and SEBS2 have the same block ratio ( S/EB : 30/70 ) and they have different molecular weights (
SEBS-1: 180 kDa; SEBS-2: 250 kDa ). In order to obtain homogeneous VGCNF dispersion, a
planetary high shear mixer was used. Composites were prepared by the combination of
solvent casting and compression molding. Morphological characterization showed
homogeneous filler dispersion without any dominant filler orientation throughout the
composites with good filler-matrix interface and absence of any pores or voids. That was
caused by two-step fabrication method. High shear mixing is a very effective method for
dispersion of the VGCNFs. In addition to that, pressure application during compression
molding led to the removal of the solvent completely and increase the filler-matrix
interface. Nanofiber clusters were observed for only 6 wt % VGCNF filled SEBS-2
nanocomposite. Mechanical properties were characterized by a mechanical testing system
as a function of VGCNF and polymer type. SEBS-2 film showed higher stress values
compared to SEBS-1. This is caused by the higher molecular weight of SEBS-2. For both
systems, incorporation of filler increases the load-bearing capacity of the composites.
VGCNF increases the mechanical properties of the composite system not only because of
its rigid structure but also its surface properties. As known, VGCNFs have nano-scale
surface roughness that helps to increase filler-matrix interaction and mechanical
interlocking that leads to a good filler-matrix interface.
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From the outcomes of the present study, the following conclusions can be drawn:
•
•
•
•
•
•
•
•

Highly flexible polymer nanocomposites that can be stretched more than 9 times
compared to their initial length were successfully fabricated,
Molecular weight of polymer directly affects the solution viscosity and filler
dispersion,
Increased polymer molecular weight and filler ratio led to increase in viscosity,
Homogeneous filler dispersion was obtained for almost all nanocomposites,
At higher VGCNF concentrations, filler dispersion was not very homogeneous for
the polymer with higher molecular weight,
Films and nanocomposites fabricated by using higher molecular weight polymer
showed better mechanical properties,
Mechanical strength of the nanocomposites increased by the addition of VGCNF
regardless of the polymer molecular weight,
Depending on the requirements, both systems can be used for many applications
including, conductive coatings, electromagnetic shielding applications, flexible
electronics, wearable electronics and polymeric sensors.
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There has been widespread research and engagement in recent years on the
use of plant material in preparing porous carbon for wastewater treatment. In
this study, new biochars (BCs) impregnated with 0.1 M sulphuric acid (RTA)
and 0.1 M sodium hydroxide (RTB) were prepared. The BCs and raw seed
[RTR] were characterized using scanning electron microscopy (SEM), Fouriertransform
infrared
(FTIR)
spectrophotometer,
and
thermogravimetric/Differential thermal analyser. [TGA/DTA) to determine
their morphology, spectral bands and thermal behaviour respectively. RTR
showed a scattered aggregated surface microstructure, while both RTA and
RTB gave aggregated rough surfaces with high number of pores. The FTIR
analysis showed significant changes in term of band shift, bands
disappearances, and new band formations due to pyrolysis and activation of the
BCs. The results of the TGA/DTA revealed that RTA and RTB have better
thermal stability than RTR, with the maximum degradation temperature of
RTR, RTA, and RTB occurred at 3800C, 4250C and 4100C respectively.
Adsorption efficiencies ranged from 81.671 to 99.743% for performance
evaluation on the BCs using different adsorbent dosages and the initial
concentrations of methylene blue solutions. These preliminary investigations
suggest that biochars prepared from Raphia taedigera seed can be used for
methylene blue removal from wastewater.
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1. Introduction
In recent years, heavy metals and textile dyes have been considered the most
ubiquitous contaminants of water worldwide. Water pollution is a major concern in our
environment, and so providing a solution to this issue will be of obvious benefit to
humans [1]. Over the years, adsorption has been recognized as one of the most reliable
and efficient methods of removing organic and inorganic pollutants from industrial
wastewater. Activated carbon (AC) has been undoubtedly recognized as the most
common and widely employed adsorbent for wastewater treatment, given its simplicity
of use, low cost, renewable nature, availability, and non-toxicity; its porous structure
over large surface areas makes it a material of choice as an effective adsorbent [2 - 4].
With the introduction of stricter environmental regulations, the demand for porous
carbons has progressively increased [5, 6]. Recently, there have been reports on several
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treatment processes by which to remove contaminants from wastewater, including
degradation by photocatalytic processes [7–12]; the Fenton process [13]; photo–Fenton
processes [14]; sono-chemical degradation [15]; chemical coagulation/flocculation,
ozonation, cloud point extraction, oxidation, nano-filtration, chemical precipitation, ion
exchange, reverse osmosis, and ultra-filtration [16–20]; and modified processes such as
those combining ultrasound with adsorption–desorption processes [21–24]. However,
among these, adsorption techniques have gained favour, owing to their simplicity, costeffectiveness, and efficiency in removing pollutants that are too stable for conventional
methods [8, 25–29]. Recently, the idea of using locally sourced materials to prepare
adsorbent materials for water and effluent treatment has gained popularity among
environmentalists and material engineers. Given the exorbitant cost of commercial AC,
there is a need to develop a low-cost and high-performance adsorbent from readily
available and locally sourced alternative materials. Several agricultural waste products
have been utilized [30], including cotton stalks [31], cereal by-product [6], bamboo [32],
acorn shells [33], groundnut shells [34, 35], bagasse [36], cow bone powder [37], palm
oil stones [38], coconut shells [39], tobacco residues [40], olive stones [41], apricot
stones [42], nutshells [43], walnut shells [41], pine cones [44], and cherry stones [45].
Little information is currently available on Raphia taedigera, despite having been in
existence for centuries. The plant remains quantitatively and qualitatively untapped in
terms of their potential applications. R taedigera is native to Brazil, Cameroon, Costa
Rica, Nicaragua, Nigeria, and Panama [46–50], and grows in swampy forests along
streams. It produces egg-sized fruits of about 5–7 cm long and 3 cm in diameter, which
are covered by imbricate glossy reddish–brown scales; each fruit contains one seed. A
well-dried seed is hard and has a brown outer part and white shiny inner part.
In literature, no study has clearly evaluated the possibility of using R taedigera seed as
an adsorbent. With recent developments in the need to source locally for available
materials to prepare adsorbent, since metal ion and dye pollutants pose a serious threat
to biological and environmental sources, given their harmful effects on human health
and the environment [51, 52 hence; a need to check the potential of R. taedigera seed as
a useful adsorbent This present study is aimed at preparation and characterization of
adsorbent from Raphia taedigera seed considered as waste, for the recovery of
methylene blue dye from aqueous solution.
2. Materials and Methods
2.1.Sample collection and treatment
R. taedigera seeds were obtained locally from a farmland in Ise-Ekiti, washed and sundried for several days until moisture evaporation was completed. The dried samples
were crushed using 911MPE-24 laboratory crusher. The crushed sample was kept in an
airtight plastic container for further analysis.
2.2. Preparation of Raphia taedigera adsorbent
2.2.1. Carbonization of samples
The carbonization was done as reported by [53]. The dried and crushed R. taedigera
seeds were carbonized by placing 100 g of the seed in a muffle furnace (Carbolite,
Sheffield, England, LMF4) at 350oC for about 2 hours. During carbonization, an exhaust
pipe was used to remove steam to set the process oxygen-deficient. This made the
material to thermally decompose to porous carbonaceous materials and compounds of
the hydrocarbon. After the carbonization process, the carbonized biochars were
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allowed to cool to room temperature, washed with double distilled water to a pH of
about 7 and dried to constant weight in an oven at 105oC. The carbonized biochars were
sieved with 100-mm mesh Tyler sieve and kept in an airtight polythene bag.
2.2.2. Activation of the carbonized samples
The activation was done as reported by [53]. Both acidic and basic activations were
done on the material. 20 g carbonized material was carefully weighed and
quantitatively transferred into a clean and dry 500 mL beaker containing 200 mL 0.1 M
sulphuric acid for acidic activation and 200 mL of 0.1 M sodium hydroxide was used for
alkaline activation of another 20 g of the carbonized material. The contents of the
beakers were carefully homogenized and left to stand for about 24 hours. The
impregnated materials were diluted with 200 mL distilled water to rinse off the
sulphuric acid and sodium hydroxide used as activating agents respectively. The
process of washing continued until the pH of 7.0 was attained and transferred into an
oven and dried to constant weight at 105oC for about 4 hours. It was sieved with 100mm mesh to obtain a fine powder of Raphia taedigera activated biochars for both the
acid (RTA) and the base (RTB). The RTA, RTB, and RTR (raw Raphia taedigera seed
powder) were stored in a separate airtight plastic container for further use.
2.3. Material Characterization
The morphology of the samples was carried out using scanning electron microscopy
(SEM) to evaluate the microstructure characteristics. TGA/DTA was used to determine
the thermal behaviour of the samples using thermogravimetric Analyzer Perkin-Elmer
TGA 4000 at the temperature range of 30 - 900oC while Fourier-transform infrared
spectrophotometer (FTIR) was engaged to evaluate the molecular bonding present in
the materials.
2.4. Preparation of Methylene Blue (MB)
100 mg/L of methylene blue (MB) stock solution was prepared by quantitatively
dissolving 0.1 g MB in distilled water in 1,000 mL volumetric flask and made up to the
mark with distilled water. The maximum absorption wavelength was determined by UV
spectrophotometer. 0.1 M of HCl and 0.1 M NaOH solutions were also prepared to adjust
the pH. All reagents used were of analytical grade.
2.5. Evaluation of Effect some Parameters on the Adsorption
2.5.1. Effect of Adsorbent Dose
The effect of the adsorbent dose was experimented using different adsorbent dosages of
0.1 g, 0.3 g, 0.5 g, 0.5 g, 0.7 g and 0.9 g. 10 mL of 100 mg/L MB was introduced into a
beaker containing each of the adsorbent doses for 15 minutes at room temperature. The
solution was filtered, and the concentrations of the filtrates were determined using a UV
spectrophotometer and the amount of MB adsorbed was calculated using Eq 1.

𝑞𝑒 =

(𝐶𝑜 − 𝐶𝑒 )𝑉
𝑊

(1)

Where, qe is the amount of MB adsorbed per unit mass in mg/g, Co is the initial MB
concentration in mg/L, Ce is the MB concentration at equilibrium in mg/L, V is the
volume of MB solution in liter and W is the mass of the adsorbent in grams.
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The adsorption efficiency was calculated using the equation below:
Adsorption efficiency =

(𝐶𝑜 − 𝐶𝑒 )
𝐶𝑜

(2)

x 100

2.5.2. Effect of Initial Solution Concentration
The effect of initial concentrations of MB was evaluated using different concentrations
of 20 mg/L, 40 mg/L, 60 mg/L. 80 mg/L and 100mg/L. 0.5 g of the adsorbent was
introduced into a conical flask containing 10 mL of each of the solution and allowed to
stand for 15 minutes at room temperature. The solution was filtered, and the
concentrations of the filtrates were determined. The amount of MB adsorbed and
percentage efficiency of the adsorbents were calculated using equations 1 and 2
respectively.
3. Results and Discussion
3.1. Surface morphology studies.
The surface morphology studies of RTR, RTA and RTB were done using Scanning
electron microscopy and presented in Figures 1, 2 and 3 respectively. The
photomicrographs at a magnification of 300x, 500x and 1000x are given as A, B and C
respectively. As expected, pyrolysis and surface activation, altered to a noticeable level,
the surface morphologies of the biochars (RTA and RTB) compared to raw Raphia
taedigera (RTR). Figure 1 shows scattered aggregated surface, while figures 2 and 3
show aggregated and rough surface morphology with links between the surface
particles creating many more pores at the surfaces. The roughness and uneven nature of
the surfaces observed in figures 2 and 3 are due to the activation of the porous carbon
using H2SO4 and NaOH solutions respectively.

A

B

Fig. 1. SEM images of RTR at 300x (A), 500x (B) and 1000x (C)
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A

B

C

Fig. 2. SEM images of RTA at 300x (A), 500x (B) and 1000x (C).

A

B

C

Fig. 3. SEM images of RTB at 300x (A), 500x (B) and 1000x (C)
3.2. FTIR Spectral Analysis
Figures 4, 5 and 6 show the FTIR spectra of raw R. taedigera seed powder, acid activated
R. taedigera seed and base activated R. taedigera seed respectively. Again significant
changes were observed in the materials in term of band shift, band disappearances and
new band formations due to pyrolysis and activation of RTA and RTB. As shown in the
spectra, a strong and sharp band at about 3700 – 3500 cm-1 due to free OH group, a
broad band at 3600 - 3200 cm-1 representing bonded OH group, a band at about 3000 –
2850 cm-1 corresponding to aliphatic C–H group, a band at about 1820 – 1670 cm-1
indicating C=O stretch, a band in about 1385 – 1345 cm-1 indicating N-O stretch of nitro
molecule, a band at about 1300 – 1000 cm-1 corresponds to C-O stretch of ester and a
strong band at about 800 – 600 cm-1 indicating C-Cl of alkyl halide were observed in the
three materials. Comparing the spectra of RTA and RTB (Figures 5 and 6) with RTR
(figure 4), two new bands corresponding to free OH group at about 3700 – 3500 cm-1,
new band at about 1600 – 1400 cm-1 corresponding to C=C of aromatic and a band at
about 1354 cm-1 corresponding to C-N stretching of amine were observed. However, the
extra band at 2374 cm-1 indicating CN stretch of nitrile and a band at 1241 cm -1
corresponding to CN stretch of amine observed in RTA spectral were not found in RTB
spectral. The changes in the FTIR spectra of the materials may be due to the
introduction of activating agents for surface modifications [54, 53] of RTA and RTB.
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Undoubtedly, the shifts in the spectra indicated the prepared materials would be of
great use as adsorbents for heavy metals and dye removal. This is in line with reports of
previous studies as reported by [55, 56, 57].

Fig. 4. FTIR Spectra of RTR

Fig. 5. FTIR Spectra of RTA
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Fig. 6. FTIR Spectra of RTB
3.3. Thermal Behaviour
Thermogravimetric analysis (TGA) reveals the thermal stability of the materials while
Differential thermogravimetric analysis (DTA) gives the temperature of the maximum
decomposition rate. The TGA and DTA curves of raw R taedigera, acid and base biochars
are presented as Figure 7, 8 and 9 respectively. According to the results of TGA
presented in Figures 7, 8, and 9, there was slight loss of weight in the materials within a
temperature range of 50 – 130oC. The loss of weight can be attributed to the removal of
week-bonded water molecules within the materials. The second stage of weight loss
which was a major weight loss in the materials was observed at around 350 – 500oC for
RTR and at about 350 – 550oC for RTA and RTB. This second stage loss of weight was
due to decomposition of glycosyl units of cellulose or lignin followed by the formation of
char (Vilar et al., 2009). Also, as shown in the DTA Figures, the peaks corresponding to
maximum degradation temperatures of RTR, RTA and RTB were observed at 380oC,
425oC and 410oC respectively. This indicates the activated materials exhibited greater
thermal stability. This may be as a result of pyrolysis and the ability of acid and base
used as activating agents to further burn out more of organic compounds from the
carbonized material.
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Temperature (°C)
Fig. 9. TGA/DTG curves for RTB
3.4. Results of Parameters Evaluation
3.4.1. Determination of Maximum Absorption Wavelength.
Maximum absorption wavelength of the stock solution was determined using UV-1800
series spectrophotometer between the wavelength 200 and 900 nm. The scanning
revealed the maximum absorption wavelength of the methylene blue to be 659 nm as
obtained from the curve of absorbance against wavelength as presented as Figure 10.
The maximum absorption wavelength was used for subsequent determinations.

Fig. 10. Absorption Curve of Methylene Blue as a function of Wavelength
3.4.2. Effect of Biochar Dosage
The effect of adsorbent dosage on Methylene blue was determined at room temperature
(298 K), adsorbent concentration (100 mg/L) and time (15 minutes). The result, as
presented in Figure 11 showed an increase in adsorption as the dosage increases [58,
59, 60] up to 0.7 g. The increase may be due to the availability of a larger active surface
area [61] and pore size. Maximum adsorptions of 99.207% and 89.997% were observed
at 0.7 g for RTA and RTB respectively. Reduction in the adsorption was observed with a
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dosage above 0.7 g for both adsorbents. The reduction can be attributed to the initial
vacant sites on the adsorbents being quickly and completely filled with molecules of MB.
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Fig. 11. Effect of dosage on adsorption capacity of RTA and RTB
RTAa and RTBa are percentage of MB removed by RTA and RTB respectively, while
RTAb and RTBb are quantity of MB adsorbed per unit mass of RTA and RTB respectively
3.4.3. Effect of Initial Solution Concentration
The effect of initial methylene blue concentration was evaluated with 20.00 mg/L, 40.00
mg/L, 60.00 mg/L, 80.00 mg/L and 100.00 mg/L of methylene blue at constant
temperature (298K), time (15 min) and adsorbent dose (0.5 g). Figure 12 revealed that
adsorption increases with concentration. This implies that the diffusion of methylene
blue is accelerated with increasing concentration due to the increase in forces of
attraction of the concentration gradients [62] leading to effective interactions between
dye particles and adsorbent surface [63]. On the other hand, the continuous increase of
the initial concentration of MB reduces the adsorption capacity of the adsorption; this
may be due to the equilibrium between the MB particles and the surface of the
adsorbent.
.
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Fig. 12. Effect of initial concentration on adsorption capacity of RTA and RTB
RTAa and RTBa are percentage of MB removed by RTA and RTB respectively, while
RTAb and RTBb are quantity of MB adsorbed per unit mass of RTA and RTB respectively
4. Conclusion
In the present study, new potential acidic activated Raphia taedigera seed and alkaline
activated Raphia taedigera seed biochars were prepared from Raphia taedigera seed.
The biochars were prepared by carbonization and chemical activation using 0.1 M
sulphuric acid and 0.1 M sodium hydroxide to produce RTA and RTB respectively.
Scanning electron microscopy (SEM), Fourier-transform infrared (FTIR)
spectrophotometry, and thermogravimetric/Differential thermal analyses (TG/DTA)
were carried out on the prepared biochars and raw R. taedigera seed.
•
•
•
•

•

The results of the analyses revealed that acid and base activated materials
could be excellent adsorbents for removal of dyes from industrial and
agricultural wastewater.
Considering the results from scanning electron microscope, the activated
materials have aggregated and rough surface morphologies with links between
surface particles creating porous structure with greater homogeneity.
Results of thermal analyses, showed higher thermal stability of the biochars
with 380oC, 425oC and 418oC maximum decomposition temperatures for RTR,
RTA and RTB respectively.
Fourier-transform infrared spectrophotometry result revealved a large
number of peaks corresponding to different functional groups such as hydroxyl
group, ketonic group, carboxylic group, alkene group among others, which are
all capable of aiding adsorption process.
The adsorbents performance evaluations using different initial concentrations
of methylene blue and adsorbent dosage were evaluated. The results revealved
the percentage efficiencies of RTA and RTB to be within 98.245 % to 99.743 %
and 98.723 % to 99.632 % respectively for the methylene blue initial
concentrations range of 20 to 100 mg/L. Also, 84.542 % to 99.256 % and
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89.375 % to 99.851 % efficiencies were observed for RTA and RTB
respectively, for the effect of adsorbent dosages range of 0.1 g to 0.9 g.
The results of the preliminary investigations showed great potentials of the materials
being used as adsorbents. Further studies are required to investigate the mechanism
involved and the efficiencies of the prepared materials.
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Composites developed by combining bioactive glasses and biopolymers are
attractive materials for use in bone tissue engineering scaffolds due to their
bioactivity, biocompatibility, osteoconductivity and mechanical properties.
From this point of view, in this study, three-dimensional polymer/bioactive
composite scaffolds were fabricated by using polymer foam replication method.
To be able to achieve this goal, in the first stage new bioactive glass composition
in the system SiO2-CaO-Na2O-P2O5 were developed with the incorporation of
copper which have antibacterial and angiogenic properties. Scaffolds that mimic
the structure of the foams were obtained after the heat treatment process. Then,
the scaffolds were coated with gelatine at different percentages (1 and 3
weight%) in order to improve mechanical properties of the scaffolds.
Microstructural, physical, chemical and mechanical properties of the composite
scaffolds were investigated by using scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction analysis (XRD), compressive strength test
and porosity measurements. Furthermore, bioactivity and biodegradability
behavior of the samples were determined by in vitro simulated body fluid (SBF)
studies. The results showed that all scaffolds favored precipitation of calcium
phosphate layer when they were soaked in SBF; they can also deliver controlled
doses of copper toward the SBF medium. It was concluded that scaffolds coated
with gelatine may be promising candidates for bone tissue engineering
applications due to their porosity, bioactivity and appropriate biodegradation
rate.
© 2019 MIM Research Group. All rights reserved.

1. Introduction
Tissue engineering is an alternative approach to traditional methods for regeneration,
repair and replacement of tissues and organs damaged as a result of trauma, infections or
aging with the aid of scaffolds which have the ability to mimic the structure and function
of the native tissues. Scaffolds that optimize cell integration with surrounding
environment, cell migration and nutrient diffusion between the cells distributed within the
matrix and the surroundings, provide a temporary framework for cells in order to
constitute their own extracellular matrix (ECM) and degrade with the concurrent new
tissue formation [1-7].
By virtue of innovation in bone tissue engineering, design of a novel scaffold with welldefined architecture is essential to fulfil the requirements in this field. The suitable scaffold
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should (i) be bioactive, biocompatible and biodegradable which encourages cell
proliferation; (ii) has a highly porous three-dimensional (3-D) architecture with an
interconnected pore network; (iii) has sufficient mechanical properties comparable to the
host tissues permitting cell mechanoregulation to occur and structural integrity to remain
[7-9]. Pore size and overall porosity are thought critical factors influencing bone tissue
growth and nutrient transportation. However, mechanical strength is inversely related to
increasing porosity of the scaffold. Therefore, the design of a suitable scaffold with
optimum porosity and mechanical strength is a challenging issue [9-10].
Porous 3-D scaffolds were developed through utilizing a variety of materials including
metals, polymers, ceramics and composites. Natural bone framework is a composite
composed of organic components (25%) consisting mainly of collagen I and inorganic
components (65%) consisting mainly of hydroxyapatite. The composite scaffolds as hybrid
organic/inorganic biomaterials have hold great promise to mimic the natural bone
composition [2].
Bioactive glasses comprise of a silicate network integrating sodium, calcium and
phosphorus in various relative amounts are of great interest in biomedical applications
due to their high bioactivity. However, low mechanical properties of bioactive glasses
restrict their use in load-bearing applications. Bioactive glass/biopolymer composite
materials that manipulate the flexibility of polymers with the stiffness and bioactive
property of the bioactive glasses have enhanced mechanical properties, chemical stability
or biological reactivity [11]. Common methods for fabrication of bioactive glasses include
traditional melt quenching method and sol-gel method [12,13]. The foam replication
method used in scaffold fabrication draws attention because of its ability to controlling
pore size and distribution, not using toxic chemicals and simply adjusting the structure of
the foam template [14].
The composition of porous bioactive glasses widely accepted in the systems of SiO 2-CaO or
SiO2-CaO-P2O5, has been improved with controlled amounts of therapeutic ions such as
Cu2+, Co2+, Sr2+ and Ag+ due to their antibacterial activity, osteogenic and angiogenic
properties. Wu et. al. [15] explained the facility of released copper ions to induce
osteogenic and angiogenic response and promote bone regeneration. In this study, Cudoped bioactive glass/polymer composite scaffolds were fabricated by using polymer
replication method.
2. Materials and Methods
2.1. Preparation of Bioactive Glass
Bioactive glasses in the system of SiO2-Na2O-P2O5-CaO-CuO containing 0.5% copper oxide
by weight were produced by conventional melt-quenching technique. The nominal
composition of this glass is, in weight% 45 SiO2, 24.5 Na2O, 6 P2O5, 24 CaO and 0.5 CuO. For
this purpose, appropriate amounts of silicon dioxide (SiO 2, Sigma-Aldrich), di-sodium
hydrogen phosphate (Na2HPO4, Merck), calcium carbonate (CaCO3, Merck), copper (II)
nitrate (Cu(NO3), Sigma-Aldrich) and sodium carbonate (Na2CO3, Merck) were first placed
in a platinum crucible. The mixture was melted at 1623 K for 1 h and then quenched into
deionized water. As-prepared glasses were ground and kept at 1623 K for 2 h in order to
reduce the viscosity of the glass. The obtained bioactive glasses were ground (≤45µm) for
obtaining homogeneous structure.
2.2. Scaffold Fabrication
Scaffolds were prepared by using a polymer foam replication technique. Firstly, the
appropriate amount of polyvinyl alcohol (PVA) was dissolved in deionized water for 1 h at
343 K. Once the homogeneous solution was obtained, the temperature was reduced to 313
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K and glass powder was dispersed in the solution under constant stirring. The composition
of as-prepared solution is 6.28% PVA, 52.37% water and 41.35% glass powders.
Polyurethane foams (60 PPI, pore per inch-152 pores/cm) which were cut into 10 x 10 x
10 mm samples, were immersed in the prepared solution for 2 min in order that the foams
were coated with bioactive glass particles. Afterwards, as-coated foams were dried at room
temperature overnight and subjected to a controlled heat treatment process for 1.5 h at
1223 K and for 2 h at 823 K to remove the polymer and sinter the glass. The scaffolds were
then, immersed in the 1wt% and 3 wt% gelatine (50% Type A and 50% Type B) solutions
for 2 min. The coated scaffolds with gelatine were left to dry at room temperature
overnight.
2.3. Structural Analysis
FTIR spectra were collected using a Perkin-Elmer, Spectrum 100 Model spectrometer in
transmittance mode in the mid infrared region (650-4000 cm-1) for determination of
chemical structure of scaffolds before and after immersion in simulated body fluid (SBF).
X-ray diffraction (XRD) patterns of coated and uncoated scaffolds were recorded using
PANanalytical X’Pert Pro diffractometer to determine the characteristic phases and
amorphous structure of the scaffolds. Samples were ground and measured in powder form
for XRD and FTIR analysis.
2.4. Surface Morphology
Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS, JEOL 5410)
was utilized for morphological and elemental analysis of coated and uncoated scaffolds.
Prior to the SEM measurements, all of the samples were coated with platinum under
vacuum for 120 seconds by using sputter coater (SC7620, Quorum Technologies Ltd) in
order to reduce electron charging effects.
2.5. Assessment of Bioactivity
Biodegradability of coated and uncoated scaffolds and formation of bone-like apatite on
various surfaces were evaluated in vitro through immersion of samples in SBF, as
described by Kokubo et al. [16]. Each sample of dimensions 5 × 5 × 5 mm 3 was immersed
in 30 ml of SBF and was stored in an incubator at controlled temperature of 37 °C. Samples
were immersed in SBF for different soaking periods: 1, 7, 14, and 28 days. When samples
were removed from the SBF solution, they were rinsed with ethanol and water, and dried
at 37 °C for 30 minutes. The samples were then characterized using SEM and XRD.
2.6. Water Uptake and Weight Loss Measurements
Water absorption (%WA) and weight loss (%WL) of samples upon immersion in SBF were
determined over the 28-day period using equations (1) and (2). The initial weights (WI) of
the scaffolds were recorded before they were immersed in SBF. Afterwards, prepared
samples were immersed in 30 ml of SBF and incubated at 310 K for 1, 4, 7, 14, 21 and 28
days separately. Samples removed from SBF were dried at room temperature for 1 h and
then weighed (WW) to measure water absorption (%WA). Subsequently, samples were left
in an incubator at 310 K overnight and weighed (W D) to measure the weight loss (%WL).
Water absorption (%WA) and weight loss (%WL) of the samples were calculated using the
Eqs. (1) - (2) respectively.
𝑊𝑊 −𝑊𝐷
]
𝑊𝐷

%𝑊𝐴 = [

× 100

𝑊𝐼 −𝑊𝐷
]×
𝑊𝐼

%𝑊𝐿 = [

100

(1)
(2)

2.7. Mechanical Properties
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The compressive strength of samples (dimensions: 5 × 5 × 10 mm3) was measured using a
Shimadzu AGS-J servo-hydraulic testing instrument. The crosshead speed was 1 mm/min.
At least five specimens for each sample series were tested. Average values and standard
deviations were determined.
2.8. Porosity
Porosities of the coated and uncoated scaffolds were measured by using Quantachrome
Poromaster Model porosimeter. Experimentally measured raw data were evaluated
through a microcomputer data acquisition system and total pore volume was determined.
2.9. Copper Release Investigations
Release properties of scaffolds were investigated by measuring the changes in the
concentration of copper in the SBF solution as a result of the soaking of scaffolds for
predefined time steps (1, 4, 7, 14, 21 and 28 days) using inductively coupled plasma optical
emission spectrometry (ICP-OES). A Perkin Elmer Model Optima 2100 ICP operated at
13.56 MHz (using Ar and N2 gases) was used for the measurements.
3. Results and Discussions
3.1. Structural Analysis
FTIR analysis was performed to identify the functional groups in the samples. For this
purpose, the absorbance values of coated and uncoated samples recorded at 650-4000 cm1 were examined. Figure 1 shows the transmittance spectra of uncoated and coated
scaffolds. The characteristic absorption bands detected in the range 1000-1100 cm-1 were
attributed to Si-O-Si bending stress and the characteristic absorption peak at 900 cm -1
indicated the presence of Si-O-Si asymmetric stretching. FTIR results showed that regular
tetrahedron SiO2 structure is formed in the samples. Furthermore, the appearence of the
broad peaks in the range of 2900-3000 cm-1 are attributed to unsaturated asymmetric OH stretching vibration due to –OH group related to moisture of the sample. Furthermore,
it was determined that the absorption peak at 1600 cm -1 in the spectra of samples coated
with 1% and 3% gelatine can be assigned to the N-H bending vibration in the amine groups
in gelatine [17,18]. This result showed that the scaffolds were coated with gelatine and
gelatine was held on the surface successfully.
3.2. Microstructural Analysis
Figures 2, 3 and 4 show the SEM images and EDS results of uncoated and coated scaffolds
respectively. It is observed in Figure 2 that scaffold fabricated by the polymer replication
method has a three dimensional, open and interconnected macrostructure similar to that
of the used polyurethane foam. Moreover, it is seen that the pore walls are completely
formed and the thicknesses are in appropriate size that prevents the decay of the structure.
Figure 3 indicates that gelatine has attached onto the scaffold surface homogeneously
without blocking the macroporous structure. As seen in Figure 4, the pore structure of the
sample coated with 3% gelatine is not completely formed, however gelatine coating
covered the sample in a homogeneous manner. In addition, 3% gelatine solution causes
some of the pores to become clogged. Furthermore, according to the EDS results, it has
been observed that Ca2+, Si4+, P5+ and Na+ ions forming the glass composition were present
on the surface of the scaffolds. Since Cu2+ ion content in the glassy structure is too law,
copper cannot be detected in the samples due to the measurement limit of the EDS
instrument.
The porosities of the uncoated and coated (1% and 3% gelatine) scaffolds were measured
as 81%, 62% and 55%, respectively. According to SEM analysis results and porosity
measurements, it is concluded that scaffolds coated with 3% gelatine are not appropriate
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for bone tissue regeneration. On the other hand, samples uncoated and coated with 1%
gelatine may be suitable candidates for bone tissue regeneration due to higher porosity
values than the assumed minimum porosity requirement of 50% [1]. The pore size
distributions of uncoated and coated scaffolds are given in Figure 5.
3.3. Mechanical Behavior
The compressive strengths of the uncoated, 1% and 3% gelatine coated samples were
measured as 0.052, 0.062 and 0.61 MPa, respectively. The mechanical strength of the
scaffolds increased by coating with gelatine. Gelatine layer increases the mechanical
strength by covering some pores and filling the micro cracks.

Fig. 1 FTIR spectra of the scaffolds before immersing into SBF

Fig. 2 (a) and (b) SEM images of uncoated scaffold and (c) EDS result of the sample
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Fig. 3 (a) and (b) SEM images of 1% gelatine coated scaffold and (c) EDS result of the
sample

Fig. 4 (a) and (b) SEM images of 3% gelatine coated scaffold and (c) EDS result of the
sample
3.4. Bioactivity Assessment
Surface modification of the produced scaffolds after contact with SBF was analyzed using
SEM-EDS, XRD and FTIR analysis. Figures 6, 7 and 8 show the SEM images and EDS results
of uncoated and coated scaffolds after 28 days immersion in SBF, respectively. It was
observed that the hydroxyapatite layer was formed on the surface of the scaffolds from
SEM micrographs. As a result of EDS analysis, Ca/P ratio for scaffolds uncoated, coated
with 1% and 3% gelatine was determined as 1.53, 1.8 and 1.4, respectively. Ca/P ratio of
the scaffold coated with 1% gelatine is closer to HA crystal structure with Ca/P ratio of
1.667. The formation of hydroxyapatite on the surfaces of scaffolds after immersion in SBF
was confirmed both SEM and EDS analysis.
As seen in Figures 9, 10 and 11, peaks at 25°, 27°, 32° and 50° 2θ were detected in XRD
patterns of uncoated and coated scaffolds immersed in SBF for different time steps. These
peaks confirmed the formation of crystalline HA layer on the surface of the scaffolds after
one-day contact with SBF. It has been also detected that coating scaffolds with gelatine
improved the bioactive behaviour of the scaffolds due to the high bioactivity of the gelatine.
According to the XRD results, it is concluded that crystalline HA layer become evident with
the increase of soaking time in SBF. Scaffolds coated with 1% gelatine are highly bioactive
materials.
FTIR spectra of uncoated and coated scaffolds after immersion in SBF for 28 days is given
in Figure 12. P-O bonds, one of the most determinant indicators of formation of the HA
layer could not be observed due to the minimum wavelength 650 cm -1 of the FTIR used in
this study. After 28 days immersion in SBF, observed peaks at 875 cm -1 are attributed to
carbonate hydroxyapatite (CHA).

188

Unal et al. / Research on Engineering Structures & Materials 6(2) (2020) 183-195

Fig. 5 Pore size distributions of scaffolds uncoated (a), coated with 1% (b) and coated
with 3% (c) gelatine
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Fig. 6 (a) and (b) SEM images of uncoated scaffold after 28 days immersion in SBF and
(c) EDS result of the sample

Fig. 7 (a) and (b) SEM images of 1% gelatine coated scaffold after 28 days immersion
in SBF and (c) EDS result of the sample

Fig. 8 (a) and (b) SEM images of 3% gelatine coated scaffold after 28 days immersion
in SBF and (c) EDS result of the sample
3.5. Biodegradation Behavior
Water absorption and weight loss of scaffolds were investigated in order to determine
biodegradability of the samples immersed in SBF for different time periods. According to
water absorption analysis results given in Figure 13 (a), compared with the uncoated
scaffolds, the rate of water absorption was increased in the coated scaffolds. As seen in the
Figure 13 (b), weight loss analysis results showed that the rate of weight loss was
increased with gelatine coating ratio. It is concluded that coated scaffolds have higher
biodegradation rate.
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Fig. 9 XRD patterns of uncoated scaffolds before (a) and after (b) 1, (c) 14 and (d) 28
days immersion in SBF

Fig. 10 XRD patterns of 1% gelatine coated scaffolds before (a) and after (b) 1, (c) 14
and (d) 21 days immersion in SBF
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Fig. 11 XRD patterns of 3% gelatine coated scaffolds before (a) and after (b) 1, (c) 14
and (d) 28 days immersion in SBF

Fig. 12 FTIR spectra of scaffolds (a) uncoated (b) coated with 1% and (c) coated with
3% (c) gelatine after 28 days immersion in SBF
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Fig. 13 (a) water absorption and (b) weight loss values for uncoated and coated
scaffolds after immersion in SBF for 1, 4, 7, 14, 21 and 28 days
3.6. Copper Release
Copper release behaviour of scaffolds after immersion in SBF for different time periods
were evaluated by ICP analysis. In Table 1, cumulative concentration of Cu 2+ ions released
from the uncoated and coated scaffolds into the SBF solution is given. It is clear that copper
release from scaffolds increased with immersion time. Furthermore, Cu 2+ ion release from
uncoated scaffolds is higher than that of the release from coated samples because of the
rate of glass dissolution process. It is reported that toxic level of copper concentration is
accepted as 58 ppm. In addition, cell vascularization and rate of bone formation were
increased with copper concentrations higher than 5.6 ppm [19]. From this point of view, it
can be said that the obtained scaffolds have angiogenic properties without any toxic effects.
Table 1 Copper ion release from uncoated and coated scaffolds after immersion in SBF
Copper concentration (ppm)

Scaffolds
1 day
Uncoated
2.356
Coated (1%)
2.352
gelatine
Coated (3%)
1.826
gelatine

4 days
6.015

7 days
7.060

14 days
7.650

21 days
9.030

28 days
11.80

6.020

6.720

7.620

9.080

10.160

5.963

6.211

7.470

9.050

10.540

4. Conclusion
In the present study, 0.5% copper doped bioactive glass/gelatine composite scaffolds with
interconnected macropores were successfully fabricated by using foam replication
method. Porosity measurements and SEM analysis results indicated that produced
scaffolds have suitable microstructure for bone tissue engineering requirements. It was
found that microporous structure of scaffolds supports bone formation. Pore walls of the
scaffolds are completely formed and the thicknesses are in appropriate size that prevents
the decay of the structure; however, it was observed that coating with 3% gelatine solution
causes some of the pores to become blocked. Uncoated samples and coated samples with
1% gelatine showed higher porosity values than the assumed minimum porosity
requirement of bone. As a result of FTIR analysis, observed peaks related to Si-O-Si bonds
which are the basic vibration bands of glassy structure and peaks attributed to N-H amine
groups indicated that the scaffolds were coated with gelatine and gelatine was held on the
surface successfully. According to EDS analysis, Ca/P ratio of the scaffold coated with 1%
gelatine is determined as 1.8 which is closer to HA crystal structure with a Ca/P ratio of
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1.667. In addition, presence of copper in the glass system promoted the effective bone
regeneration. Mechanical strength of the scaffolds were improved by coating scaffolds with
gelatine. All analysis proved that the scaffolds immersed in SBF had hydroxyapatite
forming ability which is relevant to bone regeneration. The coated scaffolds exhibited
improved bioactive behaviour. XRD patterns of uncoated and coated scaffolds immersed
in SBF for different time intervals confirmed the formation of crystalline HA layer on the
surfaces of the scaffolds. Furthermore, XRD analysis showed that after heating process and
coating with gelatine, the amorphous structures of the samples were remained. This is the
result of the fact that scaffolds improve the bioactivity properties. According to
biodegradability studies, coated scaffolds showed enhanced biodegradability behaviour
compared with the uncoated sample. Copper release studies indicated that produced
scaffolds can release controlled doses of copper toward the SBF medium that is the
determinant for bone tissue regeneration. Within this respect, copper doped bioactive
glass/polymer scaffolds offer great perspectives and this results will be subject of further
studies.
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