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Abstract

In this study, the synthesis of folic acid-conjugated silver nanoparticles (FA&AgNPS) was optimized.
FA&AgNPs were synthesized by reduction of silver nitrate with folic acid, which is widely used to target
folate receptors in cancer cells. Five independent variables (stirring speed, AgNO3z concentration, folic acid
concentration, AgQNOs volume/folic acid volume, and temperature) that were effective on silver nanoparticle
synthesis were determined. Based on the independent variables, an experimental plan consisting of 46
experiments was created using the Box-Behnken design (BBD). Nanoparticle formation, physical color
change, UV-Vis absorption spectroscopy, Dynamic Light Scattering (DLS) analysis, and Fourier Transform
Infrared (FTIR) analysis were evaluated. The mean particle size and zeta potential of FA&AgNPs produced
under optimized conditions were measured as 207+4.3 nm and -51.6 mV+2.5, respectively. Cytotoxicity
tests were performed to evaluate the anticancer activity of FA&AgNPs in breast cancer cell lines. The ICso
values for MDA-MB-231 breast cancer cells at 24 hours and 48 hours were 20.0 pg/mL and 16.9 pg/mL,
respectively, and 26.3 ug/mL and 31.5 pg/mL for MCF-7 cells. The findings indicated that FA&AgNPs have
the potential to be an effective anticancer agent in breast cancer cells.

Keywords: Folic acid, Silver nanopatrticles, Breast cancer, Cell targeting, Optimization

Meme Kanseri Hiicrelerini Hedeflemek igcin Box-Behnken Tasarimiyla Folik Asit
Konjuge Giimus Nanopartikiillerin Sentezinin Optimizasyonu

Ozet

Bu calismada, folik asit konjuge gumus nanopartikillerin (FA&AgNP'ler) sentezi optimize edilmistir.
FA&AgNP'ler, kanser hiicrelerinde folat reseptdrlerini hedeflemek igin yaygin olarak kullanilan folik asit ile
glimus nitratin indirgenmesiyle sentezlenmistir. Gumuis nanopartikil sentezi Uzerinde etkili olan beg
bagimsiz degisken (karistirma hizi, AQNOs konsantrasyonu, folik asit konsantrasyonu, AgNOs hacmi/folik
asit hacmi ve sicaklik) belirlenmistir. Bagimsiz degiskenlere dayanarak, Box-Behnken tasarimi (BBD)
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kullanilarak 46 deneyden olusan bir deney plani olusturulmustur. Nanopartikil olusumu, fiziksel renk
degisimi, UV-Vis absorpsiyon spektroskopisi, Dinamik Isik Sagilma (DLS) analizi ve Fourier Déntisumi
Kizilétesi (FTIR) analizi ile degerlendirilmistir. Optimize edilmis kosullarda Uretilen FA&AgNP'lerin ortalama
partikll boyutu ve zeta potansiyeli sirasiyla 207+4.3 nm ve -51.6£2.5 mV olarak élgulmustir. Meme kanseri
hicre hatlarinda FA&AgNP'lerin antikanser etkinligini dederlendirmek igin sitotoksisite testleri yapilmigstir.
24 saat ve 48 saatte MDA-MB-231 meme kanseri hiicreleri igin ICso de@erleri 20.0 ug/mL ve 16.9 uyg/mL,
MCF-7 hicreleri igin ise sirasiyla 26.3 ug/mL ve 31.5 yg/mL olarak bulunmustur. Bulgular, FA&AgNP'lerin
meme kanseri hlicrelerinde etkili bir antikanser ajan olma potansiyeline sahip oldugunu géstermistir.

Anahtar Kelimeler: Folik asit, GimUs nanopartikuller, Meme kanseri, Hicre hedefleme, Optimizasyon

1. INTRODUCTION

Cancer is an important public health issue that ranks second among worldwide causes of mortality [1].
Developing novel nanoscale chemotherapy agents is increasingly significant in addressing the adverse
effects of conventional chemotherapy approaches [2]. Nanoparticles have become highly attractive due to
their numerous advantages, such as drug delivery and targeting capabilities [3]. Metallic nanoparticles,
nanostructured materials composed of pure metals or their compounds, offer a novel platform for targeted
drug delivery, enabling the treatment of diverse diseases within a specific and controlled environment [4].
As one of the metallic nanoparticles with chemical stability, silver nanoparticles (AgNPs) have distinctive
features such as strong electrical conductivity, catalytic activity, and antibacterial activities [5,6]. There has
been a surge of research investigating the utilization of AgNPs in anticancer therapy in recent years [7-9].
AgNPs can interact with cells and cause cell membrane disruption, affect electron transport chains, generate
radicals, interfere with protein synthesis by interacting with ribosomes, affect enzyme function by
interacting with enzymes, and cause DNA damage by interacting with DNA [10].

Folic acid (FA), a recognized ligand for folate receptors, has been used to develop nanoformulations with
surface functionalization for specific targeting of breast cancer cells [11]. FA plays an important role in the
biosynthesis of pyrimidines and purines, which are necessary for DNA synthesis, methylation, and repair.
FA is a cofactor in synthesizing purines and pyrimidines in amino acids and DNA/RNA structures [12].
Most cancer tissues overexpress folate receptors, including lung, ovarian, colorectal, brain, breast,
epithelial, renal, and cervical malignancies. This expression can target chemicals and medicinal substances
directly to malignant cells [13]. Targeting folate receptors is appealing due to their restricted overexpression
in healthy tissues and organs. The harmful effects of chemotherapeutic medicines can be decreased by
employing folate as a targeting ligand for chemotherapy because folate will preferentially bind to cancer
cells overexpressing folate receptors while binding to normal cells at a lower amount [14]. The use of folic
acid-conjugated nanocarriers is a preferred method to achieve selective delivery of chemotherapeutic drugs
in malignancies that overexpress folate receptors. In this way, many folic acid-conjugated nanoparticles
based on polymeric [15], lipid [16], dendrimer [17] and metallic [18] carriers have been designed.

This study focused on optimizing FA&AgNPs synthesis using the Box-Behnken design (BBD). Response
surface analysis was used to evaluate the independent variable-response relationship based on particle size
and size distribution analysis, and optimal synthesis conditions were determined. UV-Vis
spectrophotometry, Dynamic Light Scattering (DLS), and Fourier Transform Infrared (FTIR) analyses were
used to characterize the FA&AQNPs. In addition, the effect of FA&AgNPs synthesized under optimal
conditions on cell viability in breast cancer cell lines (MDA-MB-231 and MCF-7) was analyzed using the
MTT assay. MCF-7 and MDA-MB-231 cell lines are well-known and widely used models representing
breast cancer [19]. The expression levels of folate receptors in these two cell lines are different. MDA-MB-
231 cells express higher levels of folate receptors than MCF-7 cells [20]. In this respect, these two cell lines
were chosen to examine the comparative cytotoxic effects of the FA&AgNPs.
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2. MATERIAL AND METHOD

2.1 Material

Silver nitrate  (AgNOs) was obtained from Carlo Erba, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and Folic acid (C9H1sN7Og) were purchased from Serva. Dulbecco's
Modified Eagle Medium (DMEM) High Glucose, fetal bovine serum (FBS, heat-inactivated), penicillin-
streptomycin solution, L-glutamine, phosphate-buffered saline (PBS), and trypsin-EDTA were obtained
from Biological Industries. The American Type Culture Collection (ATCC) provided the MDA-MB-231
and MCF-7 cell lines.

2.2 Method
2.2.1 Optimization of synthesis of FA&AgNPs using Box-Behnken design

The synthesis of FA&AgNP was accomplished through a green synthesis approach, eliminating the need
for harsh chemicals. It involved mixing a solution of AgNO; with a solution of FA in specific proportions
and at a certain temperature, resulting in the reduction of Ag* ions by FA molecules. A graphical summary
of the study, including the physical and chemical characterization of FA&AgNP, is depicted in Figure 1.

] T
A g L I®
g’ ) R T W -
o So “’71\:47\"1

AgNO; Folic acid

— UV-Vis

I~ —4 _
- e

\ FTIR

Figure 1. Synthesis and characterization of FA&AgNPs

Five independent variables that could affect the green synthesis of FA&AgGNPs were determined. These
independent variables are as follows: stirring speed, AgNOs3 concentration, FA concentration, V(AgNQO3)
/V(FA) volumetric ratio, and temperature. The ranges in which the independent variables were determined
(Table 1). FA&AgNPs were optimized by Box-Behnken design using Design Expert® 11.0 software.

Table 1. Independent variables

Factor Name Unit Min  Max  Mid.
A Stirring Speed rpm 250 1000 625
B AgNO;3 concentration mM 1 5 3

C Folic acid concentration mM 1 5 3

D AgNOs3 volume/folic acid volume - 0,1 0,5 0,3
E Heat °C 25 60 42,5

102



Optimizing the Synthesis of Folic Acid Conjugated
Silver Nanoparticles by Box-Behnken Design to
ALKU Fen Bilimleri Dergisi 2023, Say1 5(3):100-117 Target Breast Cancer Cells

2.2.2 Synthesis of FA&AgNPs

To perform the synthesis of FA&AgNPs, 1 and 10 mM AgNO; stock solution and 20 mM FA stock solution
were prepared. AgNO; and FA concentrations required for each experiment were diluted from stock
solutions. AgNO; with the concentrations given in Table 2 was taken into beakers with a volume of 10 mL.
AgNO:s solution was taken on a magnetic stirrer, and the temperature and stirring speeds were adjusted
according to the values given in Table 2. Then, FA solutions were added dropwise into AgNQO3; solutions
and waited for one hour to complete the reaction. DLS analysis was performed for each of the synthesized
FA&AQNPs, and the most suitable one was determined according to size, size distribution, and zeta
potential FA&AQGNPs were centrifuged for 15 minutes at 13000 rpm. Free silver and FA molecules in the
supernatant were eliminated, and FA&AQNPs in the pellet were washed twice with distilled water before
being used in the next steps.

2.2.3 Characterization of FA&AgNPs
2.2.3.1 UV-Vis analysis

For proving the synthesis of FA&AgNPs, a UV-Vis spectrophotometer (DeNoVI1X) was used to measure
the wavelength range of 200-800 nm. Ultra-purified de-ionized water was used as a blank.

2.2.3.2 FTIR analysis

FTIR shows the presence of various functional groups (such as proteins, amino acids, and aldehydes)
around the synthesized FA&AgNPs. FA&AgNPs were scanned in the range of 400-4000 cm™ using the
Jasco FT/IR 4700 instrument to obtain a good signal-to-noise ratio.

2.2.3.3 DLS analysis

DLS (HORIBA-SZ-100) was used to assess the size, polydispersity, and zeta potential of FA&AgNPs. The
measurements were carried out by loading FA&AgNP samples into the electrode cells and under computer
control. The cell was washed with deionized water before each measurement.

2.2.4 Biological activity determination of FA&AgNPs
2.2.4.1 Cell culture

The cytotoxic effects of FA&AgNPs on MDA-MB-231 and MCF-7 breast cancer cell lines were
investigated. First, MCF-7 and MDA-MB-231 cell lines were cultured in T75 flasks in DMEM High
Glucose medium containing 10% FBS, 1% L-glutamine, and 0.1% gentamicin. Cells seeded in T75 flasks
were incubated in a 37 °C incubator with 5% CO; until they reached 90% confluency.

2.2.4.2 Cell viability analysis

For cell viability analysis, cells were first seeded into 96-well plates at a concentration of 5 x 10* cells/mL
in each well. Then, these plates were incubated for 24 hours in an incubator at 37 °C containing 5% COa.
Following the incubation, these cells were treated with FA&AQNPs in the concentration range of 100
pug/mL-1.56 ug/mL and left to incubation (at 37 °C containing 5% CO5) for 24 and 48 hours. Since viable
cells form formazan salts using MTT, the number of viable cells in each well was determined by adding
MTT dye to each well. The absorbance value of each well in the plates at a wavelength of 570 nm was
measured using a Microplate Reader Spectrophotometer. Cell viability was calculated with the GraphPad
8.1 program. Statistical analysis and comparable data sets were analyzed using GraphPad Prism 8.0
software and a two-way ANOVA with the Sidak test. Statistical significance was determined as a
probability value of 0.05.
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3. RESULTS AND DISCUSSION

3.1 Optimization of FA&AgNP Synthesis with Box-Behnken Design

The experimental results yielded the size and distribution outputs presented in Table 2.

Table 2. Size and size distributions of FA&AgNPs

Stirrin AgNOs FA .
Std speed(r?:) c%ns. cons. V;C(gli\l A(j ) ';,?)t s?ziracrlr?) PDI
m) (mM) (mM)

1 250 1 3 0.3 425 778 0.664
2 1000 1 3 0.3 42.5 1151.2 0.592
3 250 5 3 0.3 425 443.7 1.198
4 1000 5 3 0.3 42.5 234.4 0

5 625 3 1 0.1 425 417.5 1.834
6 625 3 5 0.1 425 294.8 0

7 625 3 1 0.5 42.5 371.2 2.359
8 625 3 5 0.5 425 295.2 1.688
9 625 1 3 0.3 25 784.5 0.662
10 625 5 3 0.3 25 175.3 0
11 625 1 3 0.3 60 940.3 0.655
12 625 5 3 0.3 60 0 0
13 250 3 1 0.3 42.5 406.1 1.987
14 1000 3 1 0.3 425 190.9 4.28
15 250 3 5 0.3 42.5 1894.7 1.421
16 1000 3 5 0.3 425 250.5 2.863
17 625 3 3 0.1 25 3725 2.326
18 625 3 3 0.5 25 316.8 0
19 625 3 3 0.1 60 378.5 1.82
20 625 3 3 0.5 60 128.8 0
21 625 1 1 0.3 42.5 590.1 1.371
22 625 5 1 0.3 42.5 9366.4 5.844
23 625 1 5 0.3 425 615 0.655
24 625 5 5 0.3 42.5 9154.6 0.444
25 250 3 3 0.1 42.5 297.4 2.657
26 1000 3 3 0.1 42.5 238.5 3.181
27 250 3 3 0.5 42.5 1345.2 0
28 1000 3 3 0.5 42.5 333.2 1.659
29 625 3 1 0.3 25 345.5 2.626
30 625 3 5 0.3 25 349.9 2.102
31 625 3 1 0.3 60 1199.1 0
32 625 3 5 0.3 60 4320.6 1.595
33 250 3 3 0.3 25 961.1 0.722
34 1000 3 3 0.3 25 208.5 2.578
35 250 3 3 0.3 60 1213.2 0.681
36 1000 3 3 0.3 60 372.2 3.041
37 625 1 3 0.1 425 539.8 0.96
38 625 5 3 0.1 42.5 0 0
39 625 1 3 0.5 425 668.2 0.638
40 625 5 3 0.5 42.5 2559 1.139
41 625 3 3 0.3 42.5 181.8 2.8
42 625 3 3 0.3 42.5 230.5 3.222
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43 625 3 3 0.3 425 400.7 1.861
44 625 3 3 0.3 425 428.2 0
45 625 3 3 0.3 425 363.5 1.326
46 625 3 3 0.3 42.5 89.1 0

3.1.1 Optimization results based on particle size output

Size and size distribution data were entered as output for BBD analysis. Outputs depending on particle size
were obtained. The polynomial equation for the response factor was created. The correlation coefficient
(R?) was calculated as 0.9943 based on the obtained data.

Particle Size = 294.125 + 997.54293379686*A + 2893.2610338573*B + 1584.5853083434*C-
1923.1442563482*D + 1776.186766928*E + 4865.6142911125*AB + 970.80808645707*AC +
1970.4942563482*AD - 2655.2392004232*AE - 1541.1424652358*BC - 1994.1145329504*BD +
3197.8610338573*BE - 1786.3225665054*CD + 121.08188482467*CE + 1773.1867669287*DE -
590.56795646916%A? + 3710.0391475212*B* + 2306.2389737001*C* - 407.62583887545*D? -
1647.9462439541*E>

Graphics showing how the size changes according to the independent variables are given in Figure 2.

3D Surface Size (nm)
a) s

250 400 550 700 850 1000
X: A Stiring speed (rpm)
Y: B: AgNO= Concentration (mM)

b) 3D Surface = Size (nm)

X: C:Folic acid concentration (mM)
Y: B: AgNO:z concentration (mM)
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Figure 2. Projection and 3D response surface plots of the parameters affecting the particle size of
synthesized FA&AQgNPs. (a) AgNO; concentration and Stirring speed. (b) AgNO; and FA concentration.
(c) AgNOs; concentration and V(AgNQO3) /V(FA). (d) AgNO; concentration and temperature.

According to the graphs given in Figure 2, a) It was observed that increasing both the stirring speed and
AgNO; concentration simultaneously increased particle sizes. Similarly, when the stirring speed and
AgNO; concentration were reduced simultaneously, a decrease in particle sizes was observed. b) The size
of the particles was found to increase with higher concentrations of AGNOs and folic acid (FA). Conversely,
when AgNO;zand FA concentrations were kept low, nanoparticles with nano-scale sizes could be achieved.
c) It was found that an increase in the V(AgNO3)/ V(FA) ratio led to larger particle sizes. Particularly,
particle sizes close to the desired target were obtained when the AgNO3 concentration was below 3 mM,
and the V(AgNOs)/ V(FA) ratio approached its upper values. d) Box-Behnken design (BBD) results showed
that the AgNOs concentration should be kept at the lowest levels while increasing the temperature to obtain
nano-sized particles. Theoretical considerations suggested particle sizes would be at the desired levels when
the temperature and AgNOs concentration were low. In summary, these findings demonstrate that the
particle size of FA&AgNPs can be influenced by the Stirring speed, AgNO;3 concentration, V(AgNOs)/
V(FA) ratio, and temperature. By optimizing these variables, it is possible to control the particle sizes,
especially by employing lower AgNOj; concentrations and temperatures.
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3.1.2 Optimization results based on output-to-size distribution (PDI)

A polynomial equation was formulated to represent the response factor. After analyzing the data, the
correlation coefficient (R?) was calculated as 0.9148.

PDI = 256055252263 + 0.29602641919865*A + 2.1877807522279*B -0.44682453862887*C -
0.50984250228054*D + 0.22764286716722*E

Figure 3 presented graphical representations illustrating the size variations corresponding to the
independent variables. Additionally, in Figure 3, the PDI values showed an increasing trend from blue to
red. During the evaluation of the PDI results, it can be concluded that the size distribution within the range
of 0-0.7 is predominantly monodisperse. Hence, PDI values falling within this range were deemed the most
favorable for nanoparticle synthesis. On the other hand, PDI values outside this range were characterized
as polydisperse, indicating a broader size distribution.
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Figure 3. Projection and 3D response surface plots of the parameters affecting the PDI values of
synthesized FA&AgNPs. (a) AgNOs concentration and Stirring speed. (b) AgNOs and FA concentration.
(c) AgNOs; concentration and V(AgNQ3) / V(FA) (d) AgNO; concentration and temperature.

Based on the observations made in Figure 3, a) Simultaneously increasing the stirring speed and AgNO3
concentration resulted in an undesired size distribution in the particles. However, by maintaining a flexible
Stirring speed range of 250-1000 rpm and employing low AgNOs concentrations (1-2 mM), the PDI value
can be maintained at desired levels. b) The PDI value tended to increase with higher FA concentrations and
lower AgNO; concentrations. It was determined that the PDI value might be kept within the required range
by reducing the FA concentration to 1 mM and keeping the AgNOs values between 1-2 mM. c) Increasing
both the V(AgNOs)/V(FA) ratio and the AgNOs concentration raised the PDI value. However, the
appropriate PDI values were obtained by maintaining a low V(AgNO3)/V(FA) ratio and keeping AgNOs
concentrations within the range of 1-2 mM. d) The Box-Behnken design (BBD) findings showed that
raising the temperature while retaining low AgNO3 concentrations can achieve the appropriate PDI values.
In summary, the data revealed that regulating the Stirring speed, AgNO; concentration, V(AgNO3)/V(FA)
ratio and temperature were the best conditions for reaching desirable PDI values. It is feasible to generate
nanoparticles with the required size distribution by carefully modifying these factors.
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Figure 4. Graph showing the optimized region in yellow and the marked point as
selected FA & AgNPs

The optimization of FA&AgNPs using the BBD was carried out as previously reported [21,22]. The
desirability function neared a value of one, indicating that the goal response variable was successfully
achieved. The optimal conditions for FA&AgNP synthesis were determined based on the yellow region
depicted in Figure 4. This region was determined by setting target values for specific independent variables
while considering relevant laboratory conditions. The target values for the optimization were as follows:
AgNOs; concentration of 1 mM, V(AgNOs3)/V(FA) ratio of 0.3, temperature of 40°C, stirring speed of 625
rpm, and FA concentration of 2.4 mM.

3.2 Characterization of FA&AgNPs

UV-Vis spectrophotometry was used to characterize the FA&AQNPs synthesized under optimal conditions,
and the results were presented in Figure 5. The spectrum of FA&AgNPs exhibited a peak at 419 nm.
Additionally, the maximum absorbance wavelength for FA was determined to be 300 nm. Notably, the
presence of a peak in the 300-500 nm range for FA&AgNPs, distinct from the peak of FA, serves as
evidence for the successful synthesis of FA&AgNPs. As stated in previous studies, the absorption peak in
the 300-500 nm region was observed when silver nitrate was reduced to silver nanoparticles. [23,24]. In
this study, FA was employed as a reduction agent for silver ions. The prominent bright yellow coloration
further confirms the formation of AgNPs. Chowdhuri et al. have demonstrated that FA is an effective
reduction agent, providing stability to AgNPs and preventing their aggregation. Consequently, AgNPs
synthesized using this approach have exhibited enhanced stability for a period exceeding one year [25].
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Figure 5. UV-Visible spectra of FA&AgNPs

FTIR analysis was performed to characterize the chemical reduction of silver ions by FA. FTIR analysis
results of FA were compared with FTIR analysis results of FA&AgNPs (Figure 6).
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Figure 6. FTIR analysis of FA&AgNPs
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Peaks expressing specific information regarding folic acid conjugation were analyzed. In the free folic acid
spectra, the distinctive IR absorption peaks at 1633 cm™ and 1487 cm™* were found due to the N-H bending
vibration of the CONH group and the absorption band of the phenyl ring, respectively [25]. A prominent
peak around 3293 cm was characterized as an O-H stretching vibration. The same peaks may be detected
in FA&AQgNPs, proving chemically that FA binds to Ag* ions.
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Figure 7. a) DLS of FA&AgNPs, b) Zeta potential of FA&AgNPs

The size of FA&AgNP was determined using DLS, as shown in Figure 7. The FA&AgNPs had an average
size of 207+4.3 nm. The polydispersity index (PDI) values are indicative of the uniformity of nanoparticle
distribution, and a PDI value exceeding 0.7 suggests a non-uniform distribution of nanoparticles [26]. The
nanoparticles were distributed uniformly (polydispersity index: 0.655). In addition, the zeta potential value
of the FA&AgNPs was found to be -51.6+2.5 mV. A zeta potential value ranging from -30 mV to +30 mV
signifies the excellent dispersion and long-term stability of nanoparticles, reducing the likelihood of
aggregation [26]. The presence of a negative charge on the surface of the nanoparticles implied that they
are highly stable.

3.3 Cytotoxic Effect of FA AgNPs on Breast Cancer Cell Lines

MTT analysis was used to assess the cytotoxic effects of FA&AgNP on MDA-MB-231 and MCF-7 cell
lines. Graphs of concentration-dependent cell viability determined by MTT analysis are shown in Figure 8.

Figure 8 was plotted by calculating the data obtained after 24 and 48 hours for both cell lines with the
GraphPad 8.1 program.
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Figure 8. Cytotoxic effect of FA&AgNPs on MCF-7 (A) and MDA-MB-231 (B).
The results are shown as the mean SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
and ****p < 0.0001 represent statistical significance
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The concentration value at which cell viability is reduced by 50% corresponds to the concentration value
at which 50% of the cells are inhibited. This value is called 1Cso in this study; it was calculated using
GraphPad 8.1 software and presented in Table 3.

Table 3. ICsq values of FA&AQNPs after 24 h and 48 h on MDA-MB-231 and MCF-7 cell lines
Cell lines MCF-7 MDA-MB-231

Time 24 h 48 h 24 h 48 h

I1Cso
(ng/mL)

26.30 +0.003 31.50 £ 0.002 20.00 = 0.004 16.99 = 0.003

Two distinct cell lines derived from breast cancer were selected to assess the cytotoxic potential of folic
acid-functionalized AgNPs. The MDA-MB-231 and MCF-7 cell lines exhibit contrasting responses to
hormone therapies. MCF-7 cells possess both estrogen receptor (ER) and progesterone receptor (PR) while
lacking human epidermal growth factor receptor 2 (HER2) [27]. Conversely, MDA-MB-231 represents a
triple-negative breast cancer (TNBC) cell line devoid of all three receptors (ER, PR, and HER2), rendering
hormone therapy ineffective. MDA-MB-231 and MCF-7 cells express folate receptors, although MDA-
MB-231 cells express higher levels of FR-o than MCF-7 cells [20]. In this study, FA&AgNPs showed
relatively more cytotoxic activity against MDA-MB-231 cells than MCF-7 cells. This result was attributed
to MDA-MB-231 cells expressing higher levels of folate receptors.

Folate receptor-targeting nanoparticles have been studied to treat different cancer therapies, including breast
cancer. EI-Hammadi et al. developed PLGA nanoparticles with PEG coating and folic acid decoration.
These 5-FU loaded-nanoparticles showed superior cytotoxic effects over non-targeting PLGA-based NPs
in both HT-29 colon cell lines and MCF-7 breast cancer cell lines [28]. In another study, Erdogar et al.
designed folate-conjugated B-cyclodextrins loaded with paclitaxel. Conjugation of paclitaxel with folate-
conjugated cyclodextrin showed that it increased the sensitivity and cellular uptake efficiency of breast
cancer cells towards the developed NPs, thus reducing the side effects of paclitaxel[29].

Karuppaiah et al. synthesized folic acid-conjugated silver nanoparticles and investigated their combined
effect with gemcitabine (GEM) on breast cancer cells. It has been demonstrated that FA serves as a potent
reducing and coating agent for cancer cells with folate receptors. FA-coated GEM-AgNPs exhibited
synergistic effects and increased selectivity against MDA-MB-453 cells. FA-coated GEM-AgNPs
demonstrated increased cytotoxicity (ICsc=35.34 uM) compared to the individual use of GEM and AgNPs,
resulting in reduced dose-dependent toxicity. Furthermore, the induction of apoptotic cell death by FA-
GEM-AgNPs in the MDA-MB-453 cell line was observed [30]. Banu et al. synthesized folic acid
conjugated polymer-gold composite nanoparticles (GNPs) that combined doxorubicin (DOX) with laser
photothermal treatment. The surface of GNPs was changed with folate, and polyethylene glycol (PEG) was
designed to carry DOX to the targeted breast cancer cells. The folic acid-conjugated DOX-loaded polymeric
GNPs and laser photothermal treatment outperformed DOX alone, notably against breast cancer cells with
high folate expression (MDA-MB-231) [31,32]. DOX conjugated with N-acetyl glucosamine or folate-
functionalized mesoporous silica nanoparticles (DOX-NAG-MSNP or DOX-FA-MSNPs) has been
synthesized by Pramod et al. DOX-NAG-MSNPs had stronger cellular absorption and cytotoxicity than
DOX-FA-MSNPs, particularly in MDA-MB-231 and MCF-7 cells. DOX-FA-MSNPs and DOX-NAG-
MSNPs demonstrated better DOX transport to specific breast cells as compared to free DOX [33,34].
Considering the previous studies and the data obtained in our study, using folic acid-conjugated
nanoparticles for targeting the folate receptor is considered a promising approach to treating breast cancer.
It has been reported that folic acid-conjugated nanocarrier systems can bind selectively to the folate receptor
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on the surface of cancer cells and be carried into the cell via clathrin-mediated endocytosis [35,36].
Circulating folic acid-conjugated transporters bind to folate receptors on the surface of cancer cells,
resulting in invagination, internalization, and vesicle formation. When the pH within the vesicle decreases,
the folic acid-conjugated chemotherapeutic drug is released into the cytosol, causing the desired
pharmacological action in cancer cells. This impact either stops cell division or causes apoptosis [37]. As a
result, the FA&AQNPs synthesized in this study may be delivered to the cells via clathrin-mediated
endocytosis by binding to the folate receptor in breast cancer cells. It has been shown in humerous studies
that silver nanoparticles exhibit cytotoxic effects on cancer cells through mechanisms such as disrupting
cell membranes, interfering with electron transport chains, creating radicals, disrupting protein synthesis
through ribosome interaction, affecting enzymes, and triggering DNA damage [7,10]. Therefore,
FA&AQNPs that can specifically bind to the folate receptor may have a cytotoxic effect on cells through
these mechanisms.

In recent years, investigations have been carried out to investigate the green synthesis of silver nanoparticles
using plant extracts and their anticancer effects on breast cancer. Santhoshkumar et al. synthesized silver
nanoparticles from the liquid extract obtained from Gymnema sylvestre leaves by green synthesis and
determined the ICsy value as 44+0.8 pg/mL on MDA-MB-231 cells after 24h. Darvish et al. silver
nanoparticles were synthesized using Ducrosia Anethifolia aqueous extract and investigated the cytotoxic
effect of these nanoparticles on MDA-MB-231 and MCF-7 cells. After 24 h, 1Cso values were calculated as
45.24+2.96 ng/mL and 33.78+3.54 pug/mL, respectively [38]. The metabolite content of the extract used in
the synthesis of FA&AgNPs and the size, zeta potential, and particle size distribution of FA&AgNPs are
the factors affecting the toxicity of the FA&AgNPs produced in this study on breast cancer cells. The ICso
values of the FA&AgNPs obtained in this study on MDA-MB-231 and MCF-7 cells after 24 h were
calculated as 20.0 pg/mL and 26.3 pg/mL, respectively. After 48 hours, 1Cs, values on MDA-MB-231 and
MCEF-7 cells were found to be 16.99 pug/mL and 31.50 pg/mL, respectively. While FA&AgNPs showed a
dose- and time-dependent cytotoxic effect on the MDA-MB-231 cell line, the time-dependent cytotoxic
effect did not increase on MCF-7 cell lines. FA&AgNPs exhibited higher cytotoxicity than MCF-7 in
MDA-MB-231 cell lines, indicating that they may be more effective in this cell line. The possible reason
for this effect is that MDA-MB-231 cells express higher levels of folate receptors than MCF-7 cells.

4. CONCLUSION

In this study, FA&AgNPs were synthesized using AgNOs salt and FA as a reducing agent. The synthesis
of FA&AgNPs was systematically optimized using the Box-Behnken design. The experimental design
consisted of 46 different trials generated theoretically based on five independent variables (Stirring speed,
AgNO; concentration, FA concentration, V(AgNOs)/V(FA) ratio, and temperature). Nanoparticle
formation was physically detected by monitoring the color transformation and absorption band based on
the surface plasmon resonance of the nanoparticles. FTIR analysis revealed the binding of FA to Ag* ions.
The AgNOs; concentration was found to be highly influential in nanoparticle formation efficiency. The
optimal conditions were determined as a stirring speed of 625 rpm, AgNO; concentration of 1 mM,
V(AgNO3)/V(FA) ratio of 0.3, and FA concentration of 2.4 mM. The average size and zeta potential of the
synthesized FA&AQNPs were measured as 207+4.3 nm and -51.6+£2.5 mV, respectively. Cytotoxicity
results on breast cancer cell lines MDA-MB-231 and MCF-7 showed that FA&AgNPs could potentially
serve as agents with anticancer activity. In conclusion, the synthesized and optimized FA&AgNPs in this
study hold promise as a novel agent for potential use in breast cancer treatment in future studies.
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Abstract

Heat exchangers are highly popular in engineering and industrial applications. Numerical studies on heat
exchangers to investigate the performance of heat transfer have been carried out widely by Computational
Fluid Dynamics (CFD) in recent years. In this study, a circular pipe with hot water in cross flow is
investigated in different Reynolds (Re) numbers. Flow is turbulent flow and the Re number varies from 3165
to 4643 in the circular pipe. The air is at a temperature of 303 K and the water is at 333 K. Variation of flow
characteristics and thermal performance is observed according to an increase in Re numbers such as Wall
Shear Stress (WSS), Skin Friction Coefficient (Cr), Nusselt Number (Nu), heat transfer coefficient (h) and
surface temperature of the circular pipe. Results show that there are no significant changes for the WSS
and Cr values in the specified range of the Re number. However, when the thermal performance is
evaluated, the temperature of the surface of the circular pipe, heat transfer coefficient, and Nu number
values are increased by an increase in the Re number. Here, the increase is approximately 2% for the
specified range of Re number, and it is shown that it can be increased by the flow conditions. The maximum
Nu number is 4482.37 at the Re number of 4643. As a result, the Re number is highly effective in controlling
the heat transfer performance of a heat exchanger.

Keywords: Heat Exchanger, Cross-Flow, Computational Fluid Dynamics (CFD), Heat Transfer

Farkli Reynolds (Re) Sayilarinda Capraz Akish Bir Isi Degistirici Uzerine Niimerik
Bir Calisma

Ozet

Is1 degistiriciler mihendislik ve endistriyel uygulamalarda oldukga poptulerdir. Isi degistiriciler (izerindeki 1si
transferi performansinin arastiriimasina yonelik sayisal ¢alismalar son yillarda Hesaplamali Akigkanlar
Dinamigi (HAD) yéntemiyle yaygin sekilde gerceklestiriimektedir. Bu calismada farkli Reynolds (Re) sayilari
ile gcapraz akigli sicak su igeren dairesel bir boru incelenmigtir. Turbllansh bir akista, dairesel boru igin Re
sayisl 3165 ile 4643 arasinda degismektedir. Hava 303 K, su ise 333 K sicakliktadir. Akis karakteristikleri
ve termal performans agisindan Duvardaki kayma gerilmesi, Ylzey surtinme katsayisi (Cf), Nusselt sayisi
(Nu), Isi transferi kaysayisi (h) ve yluzey sicakliyi Re sayisindaki artisa goére incelenmistir. Sonuglar,
belirtilen Re sayisi araliginda kayma gerilmesi ve Cf degerleri icin 6nemli bir degisiklik olmadigini
gOstermektedir. Ancak isil performans degerlendirildiginde, Re sayisinin artmasiyla dairesel borunun yiizey
sicakligi, 1si transfer katsayisi ve Nu sayisi de@erleri de artmaktadir. Burada, belirtilen Re sayisi araligi igin
artis yaklasik % 2 olup, akis kosullariyla artirilabilecedi gosteriimektedir. Re sayisi 4643'te maksimum Nu
sayisi 4482.37 olarak hesaplamistir. Sonug¢ olarak Re numarasi, bir 1si degistiricinin 1s1 transfer
performansinin kontroliinde oldukga etkilidir.

Anahtar Kelimeler: Isi Degistirici, Capraz Akis, Hesaplamali Akigkanlar Dinamigi (HAD), Isi1 Transferi
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1. INTRODUCTION

Heat exchangers are popularly utilized in industrial and engineering applications. In the design of heat
exchangers, cross-flow in tubes is widely used in engineering and industrial applications such as flow across
over the tubes, cooling systems, electronic types of equipment, production process, boiler economizers, air
preheater, air conditioning, and automotive radiator, etc. Therefore, various studies have been performed
to observe the heat transfer in such flow [1]. Due to the increasing demands for energy saving in recent
years, the need for efficient design of heat exchangers with low pressure drop and high heat transfer increase
has increased [2].

The procedure of design for the heat exchanger is highly complicated. The analysis of heat transfer is needed
to perform efficiently in terms of long-term performance and economy. While new technologies are
integrated to increase the heat transfer by the improvement in the heat transfer rate, the pressure drop also
increases, resulting the a higher pumping cost. Cross-flow exchangers are generally used by fins or without.
Here, the high difference between the heat transfer coefficient for fluids such as gas and liquid, the heat
transfer rate will be limited with lower heat transfer coefficient for gas. Here, fins are not mandatory for
installation but fins increase the heat transfer area [3,4]. The heat transfer enhancement can be performed
by various techniques for the heat exchangers. Here, these techniques are divided into two methods they
are passive and active. In the active methods, an external method is needed such as electric, mechanical
equipment, and vibration. On the other hand, in the passive methods, external power is not needed but
surface geometry or additive fluid causes the heat transfer phenomenon. However, passive ones are
commercially interested in heat transfer enhancement. Heat exchangers can be classified primarily
according to flow types they are counter, parallel, and cross-flow. Cross-flow as in this study, the fluid flow
is perpendicular to each other [5].

In a study, a tube exchanger is studied both numerically and experimentally. Large eddy simulation (LES)
is also integrated to study to investigate the fluid flow and heat transfer. Small tubes with a diameter of 5.2
mm are used as flow channels. It is concluded that small tubes increase the heat transfer coefficient
compared the large tubes and the LES method is highly effective in predicting fluid mechanics and heat
transfer for the heat exchangers [6]. In a study, a steady, laminar, and two-dimensional incompressible flow
is investigated for the tube bundles for a heat exchanger. The effects of Reynolds number, Prandtl number,
and aspect ratio are studied to observe pressure drop and heat transfer performance. They reported that the
Nu number increases with an increase in the Reynolds number. A higher length for the aspect ratio is more
efficient in increasing the heat transfer ratio. Equivalent circular tubes perform better heat transfer according
to flat tube banks. When the pressure drop is investigated, flat tube banks are better according to circular
tubes [7]. In a study, the effect of the longitudinal pitch on heat transfer performance in a cross-flow is
investigated over an inline tube heat exchanger. A geometry with symmetric and periodic boundary
conditions is implemented for analysis. A single phase and turbulent flow are studied to examine the
turbulent flow. In the study by Zukauskas, it was reported that the heat transfer coefficient can be reduced
by correlation with a decrease in the longitudinal pitch [8]. The heat transfer performance can be estimated
with the empirical correlations in the literature [9].

In this study, a cross-flow heat exchanger is studied with different Re numbers under turbulent flow
conditions. The geometry is constructed as a one-way hot water to air that is perpendicular to water flow.
Analysis is performed by the CFD and uniform mesh generation is aimed before the studies. Flow is three-
dimensional, incompressible, and transitional flow is also taken into account during the flow. The Re
numbers are 3165, 3587, 3904,4221, and 4643 for the turbulent flows. Air is at a temperature of 303 K and
water is at 333 K. So the temperature difference is 30 K between water and air. The variation of WSS, C;,
Nu, h, and temperature on the pipe surface is investigated for comparison. In the given range of the Re
numbers, the increase in heat transfer is approximately 2%. For the case of Re number is 4643, the
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maximum Nu number is 4482.37 obtained by CFD studies. CFD calculations are highly effective in guiding
heat transfer enhancement for heat exchangers.

2. MATERIAL AND METHOD

In this section, the definition of the geometry for the heat exchanger, generation of mesh and mesh
independency test, boundary conditions for the flows for air and water, governing equations for the fluid
flow and heat transfer, and the numerical approach are shown.

2.1 Geometry, Generation of Mesh and Mesh Sensitivity Test

The geometry with mesh is shown in Figure 1. It is seen in the figure that L is the length of the pipe with
50 mm, H is the height with 50 mm, and W is the width with 50 mm. So, the heat exchanger is constructed
as 50 mm x 50 mm x 50 mm. Here, developing flow effects are also considered for the flow, and pipe length
is not provided ten times the pipe diameter. In a turbulent flow, the length needs to be a minimum ten times
of the pipe diameter [10]. Here, while the air inlet as in the seen figure is through the Y direction, the water
inlet is through the Z direction. The pipe is constructed in the center of the XY plane at the coordinate
system. The blue regions are the inlets of air and water in the figure.

W

Air Inlet
Water Inlet E"jz.

Figure 1. Meshed geometry for the heat exchanger

The hexahedral structured mesh is generated during meshing for the airflow and water flow separately by
using the Ansys Fluent meshing tool. The meshing is an important stage during the numerical analysis and
uniformity and adequate mesh number are needed to be supplied [11-17].

Detailed mesh views are shown in Figure 2. The general mesh is shown in Figure 2 (a) and a detailed view
of the fluid domain is shown in Figure 2 (b). The hexahedral mesh is also used for the circular pipe. The
mesh closed the pipe has small elements and it increases from the pipe wall to outward. Also, the mesh in
the fluid domain is quite dense to solve the boundary layer. Here, y* value and WSS are used to obtain
sufficient element numbers.
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50,00{rnm)

12,50 37.50

Figure 2. Detailed mesh view of the water inlet side of the heat exchanger

The mesh independency test is shown in Figure 3. This test is performed according to WSS and y* values.
Blue bars indicate the y* values along the pipe surface in turbulent flow, and orange bars indicate the WSS
values along the pipe surface. The mesh independency test studies are started by 103268 the element
number to 8495087. It is increased within the element size and WSS and y* values are reported. In the first
mesh, the y* value is 3.56 and the WSS value is 7.5 Pa. However, these values decrease to 1.183 and 10.37
Pa with the decrease in the element size. The 7-layer inflation method is constructed in the fluid domain to
investigate the boundary layer in detail with the 1.2 growth rate. The dense mesh is generated by the
inflation method. Here, the mesh with y* value for 1.2 and 10.35 Pa for the WSS is determined for the
numerical analysis. The element number is 0.75 mm. Thus it is avoided to perform the numerical calculation
with the insufficient mesh element number and it is also avoided the computational cost with large mesh
element numbers. y*is a nondimensionalized variable with the same formulation of the Re number except
for velocity, the velocity is friction velocity for the velocity y*.

. my+ mWSS (Pa)

103268 205619 395409 509713 1205167 2479083 570941 8495087
Mesh Element Number

Figure 3. Mesh independency test

WSS [Pa]
v+
B [ [--]
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2.2 Boundary Conditions, Numerical Methods and Governing Equations

In this study, an incompressible, fully developed, and steady-state flow is studied. The no-slip boundary
condition is applied at the pipe and heat exchanger walls. The pipe's inner wall is the heat transfer interface
surface for the flows. So heat transfer occurs from hot water inlet to air by this surface.

Table 1. Thermophysical properties of the water

Density (p) 983.3 kg/m?3
Viscosity (1) 0.467 x 10’ kg/m.s
Thermal Conductivity (k) 0.654 W/m.K
Specific Heat (cp) 4185 J/kg.K

Table 1 presents the thermophysical properties of the water at the temperature of 333 K. The inlet
temperature is 333 K for the hot water. Table 2 presents the thermophysical properties of the air at the
temperature of 303 K. The inlet temperature is 303 K for the air in this study.

Table 2. Thermophysical properties of the air

Density (p) 1.164 kg/m?®
Viscosity () 1.872x 10° kg/m.s
Thermal Conductivity (k) 0.02588 W/m.K
Specific Heat (cp) 1007 J/kg.K
Re = % (1)

Reynolds Number (Re) was used to predict the fluid motion whether it is laminar or turbulent flow in fluid
mechanics. Re is the ratio of inertial forces to viscous forces. It is an important dimensionless number. p,
Dy,, U and p are density [kg/m3], characteristic length [m], velocity [m/s], and dynamic viscosity [Pas] in
Equation 1.

The fluid motion was expressed by the governing equations for Newtonian, steady-state, and
incompressible, flow. The continuity (conservation of mass) and momentum Equations (2) and (4),
respectively [18].

V.V =0 @)

il ®3)

>0 -
V=15 15 tky;

The above Equation (2) is known as the Continuity Equation. V denotes the velocity vector. In this study,
fluid is incompressible, hence, density was constant. Newtonian, incompressible, steady-state momentum
equation is governed by Equation (4) for the flow.

p(V.V)V = — VP + pg + uv?v (4)

p, wand g are pressure [Pa], dynamic viscosity [Pas], and gravity vector above, respectively.

pc, (V.V) 7=k (V2T) (5)
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aT aT aT 92T | 90°T | 0°T
pCp(UE-l'V%-l'WE)—k ﬁﬁ'ﬁ‘l‘@ (6)

The energy equation is given in Equation (5).
Ty = p (7)

In Equation (7); t,,, 1 and % are the shear stress, dynamic viscosity, and shear rate along the r direction
perpendicular to the pipe surface respectively.

Nu= "2 8)

where k is the thermal conductivity of fluid [W/m.K], D is the diameter of the tube [m], and h is the local
heat transfer coefficient [W/m?K] respectively, and the Nusselt number is defined by Equation (8).

The SST k-0 model was used to predict the turbulent flow in this study. Transport equations of the SST k-
® model are given by Equation (9) and Equation (10);

a(pk) + 0 (pkuj) - a ok

oL ox 0%, [rka_xj + G- Yi + Sk 9)

d(pw) , 2 (poup) _ 0 [ 9w )

bl 20 - 2 [rw e ] + Gy Y, +D, + S, (10)
k and o are the kinetic energy and specific dissipation rate in the SST k- ® turbulent model. Gy is defined
as the generation of turbulence kinetic energy. G, is the generation of w. I',, and I’y are the effective
diffusivity of ® and k, respectively. Y,, and Yy and are the dissipation of @ and k. Sy and S, are user-defined
source terms in Equation [19].

Numerical calculations are performed by all second-order upwind discretization to discretize the pressure,
momentum, turbulent dissipation rate, and turbulent Kinetic energy. The convergence criteria for residuals
is chosen 10°°. Flow is steady-state and the energy equation is enabled during calculations.

3. RESULTS AND DISCUSSION

In this study, the aim is to observe the effects of the Re number on the thermal performance of the heat
exchanger. The hot inlet is supplied by water at the temperature of 333 K, and the cold inlet is supplied by
the air at the temperature of 303 K. Wall Shear Stress (WSS), Skin Friction Coefficient (Cf), Nusselt
Number (Nu), heat transfer coefficient (h), and surface temperature are compared according to increase in
Re number range from 3165 to 4643. Results are presented for Wall Shear Stress (WSS), Skin Friction
Coefficient (Cf), Nusselt Number (Nu), heat transfer coefficient (h), and surface temperature by Re numbers
in this section.

Figure 4 presents the variation of velocity for the air passing through the pipe. Air enters the heat exchanger
with a velocity of 10 m/s and a temperature of 303 K. As it is seen, the velocity of air is nearly zero at the
point that contacts the pipe surface because of the stagnation point that occurs there. It increases on the
upper side and the lower side by the narrowing in the airway.
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Velocity
Streamline

22.010

16.507

11.005
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Figure 4. Velocity streamlines for the air passing through the pipe

Figure 5 shows the temperature distribution near the pipe surface for the air and water. The water enters the
pipe with 333 K. As seen in the figure the temperature of the air is 303 K closed by the heat exchanger wall.
But, the air temperature increases close to the pipe surface because of the heat transfer from the hot water
to the air. The temperature of the water is seen as 333 K in the pipe but it decreases to the wall that contact
with the air.

Static Temperature
333.00
32970
32640
32310
319.80
316.50
31320
309.90
306.60
303.30
300.00

[k]
Figure 5. Temperature contour for the air passing through the pipe

Figure 6 shows the variation of the Csvalues on the surface of the pipe along the flow direction. The Ct
values are similar for the specified Re number for the flows. Due to the range of Re number is in a limited
range. Cr values are presented to observe the transition from laminar flow to turbulent flow. Cs value is an
indicator to investigate the transition from laminar to turbulent flow [20, 21].
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Figure 7. Variation of WSS along the pipe

Figure 7 shows the variation of the WSS values on the surface of the pipe along the flow direction. As seen
in the Cr values, WSS values are also similar for the given Re numbers because of a limited range. The
transition from laminar to turbulent flow is also seen in the WSS values along the pipe. The WSS is nearly
0.04 Pa during the turbulent flow. In the transition region, it is between 0.05- 0.06 Pa. It reaches its higher
value when the flow is fully turbulent, and then it decreases [18].
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Figure 8. Variation of the surface temperature along the pipe

Figure 8 shows the variation of the surface temperature along the flow direction. Here the highest surface
temperature occurs for Re number 4643. The lowest surface temperature occurs for the Re 3165. As
expected the increase in Re number also increases the surface temperature along the pipe because of heat
transfer from water to the air [22-25]. Here, the increase is approximately 2% for the specified range of Re
number for the surface temperature for the specified pipe length. The difference decreases along the flow
direction. As seen in the figure temperature difference is higher in the transition region. Even though surface
temperature increases, the difference between the flow for specified Re numbers decreases.

Figure 9 shows the variation of the heat transfer coefficient along the flow direction. Here the highest heat
transfer coefficient occurs for Re number 4643. The lowest heat transfer coefficient occurs for the Re
number 3165. As expected the increase in Re number also increases the heat transfer coefficient because of
heat transfer from water to the air. Here, the increase is approximately 2% for the specified range of Re
number for the heat transfer coefficient for the specified pipe length. The difference decreases along the
flow direction. As seen in the figure heat transfer coefficient difference is higher in the transition region.
Even though surface temperature increases, the difference between the flow for specified Re numbers
decreases.
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Figure 9. Variation of the heat transfer coefficient along the pipe

Figure 10 shows the variation of the Nu number along the flow direction. Here the highest Nu number
occurs for Re number 4643. The lowest Nu number occurs for the Re number 3165. As expected the
increase in Re number also increases the Nu number because of heat transfer from water to the air. Here,
the increase is approximately 2% for the specified range of Re number for the Nu number for the specified
pipe length. The difference decreases along the flow direction. As seen in the figure Nu number difference
is higher in the transition region [26-29]. Even though the Nu number increases, the difference between the
flow for specified Re numbers decreases.
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Figure 10. Variation of the Nu number along the pipe
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4. CONCLUSION

In this study, a heat exchanger is studied numerically in terms of thermal performance according to the
variation of the Re number. The Re number has changed the range from 3165 to 4643 for the five different
values. The numerical calculations were repeated for all Re number values with the same boundary
conditions except for Re number. The inlet velocity of the air is 10 m/s at the temperature of 303 K and the
water temperature is 333 K so the temperature difference is 30 K.

According to the results, the following evaluations were reached:

When the thermal performance of the heat exchanger is assessed for different Re numbers, the
difference is highly low for the given limited ranger.

The low differences for the investigated results that Wall Shear Stress (WSS), Skin Friction
Coefficient (Cf), Nusselt Number (Nu), heat transfer coefficient (h), and surface temperature can
be increased by an increase in the Re number. Because of a low limited range for Re numbers
studied in the study, therefore differences are observed smaller than 2 %.

The thermal indicators observed in this study are higher in the transition region according to the
laminar and fully turbulent region.

The increase in Re number increases the heat transfer coefficient and Nu number.
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Ozet

Amorf polimerler, molekdllerin dizenli ve vyapilandiriimig bir dizenlemesine sahip olan kristalin
polimerlerin aksine, rastgele ve diizensiz bir molekil dizenlemesine sahiptir. Amorf polimerler, kristal
kristalli bir yapiya sahip olmadiklarindan daha esnektirler. Bu malzeme grubu; seffaflik, esneklik ve darbe
direncinin 6nemli oldugu uygulamalarda yaygin olarak kullanilir. Kristalli yapiya sahip olmadiklari igin 15131
dagitmazlar ki bu da onlari lensler veya ekranlar gibi optik netligin 6nemli oldugu uygulamalarda kullanim
icin ideal kilar. Amorf polimerlerin yapisal eksiklikleri (dizensiz molekuler yapi, dusuk sertlik, erime
noktasi ve mekanik dayaniklilik, yavas kristallenme egilimi gibi) islemede tekdizelik elde etmeyi
zorlastirabileceginden, islenmeleri kristal polimerlere gére daha zor olabilir. Ayrica kristal polimerlerden
daha disilk erime noktalarina sahip olduklarindan, ylksek sicakliklarda deformasyona veya erimeye
karsi daha duyarhdirlar. Teknoloji ilerledikge ve yeni malzemeler gelistirildikge, amorf polimerler,
ambalajdan elektronije ve tibbi cihazlara kadar uzanan endustrilerde buylk olasilikla énemli rol
oynamaya devam edecektir. Bu makale kapsaminda amorf ve kristalin polimerlerin yapisi ve cesitleri
arastinimis, kiyaslamali bir sekilde polimerlerdeki amorf ve kristalin diizen incelenmis, polimerlerin genel
olarak siniflandiriimasi yapilmis ve fiziksel 6zelliklerine de yer verilmigtir.

Anahtar Kelimeler: Amorf, Polimer, Amorf Polimerler, Kristalin Polimerler
Amorphous Polymers

Abstract

Amorphous polymers have a random and disordered arrangement of molecules, unlike crystalline
polymers, which have an ordered and structured arrangement of molecules. Amorphous polymers are
more flexible as they do not have a crystalline structure. This material group is commonly used in
applications where transparency, flexibility, and impact resistance are important. Since they do not have a
crystalline structure, they do not scatter light, making them ideal for use in applications where optical
clarity is important, such as in lenses or displays. Amorphous polymers can be more difficult to process
than crystalline polymers, as their structural deficiencies can make it difficult to achieve uniformity in
processing. Also, since they have lower melting points than crystalline polymers, they are more
susceptible to deformation or melting at high temperatures. As technology advances and new materials
are developed, amorphous polymers will likely continue to play an important role in industries ranging
from packaging to electronics to medical devices. Within the scope of this article, the structure and types
of amorphous and crystalline polymers were investigated, and they have been included in the article in a
comparative way. The amorphous and crystalline orders of the polymers were investigated. Polymers
have been broadly classified, and their physical properties have been studied.

Keywords: Amorphous, Polymer, Amorphous Polymers, Crystalline Polymers.
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1. GIRIS

Amorf polimerler, diizenli bir yapiya sahip olmayan tiirde polimerik malzemelerdir. Olduke¢a diizenli,
tekrar eden bir yapiya sahip olan kristalli polimerlerin aksine, amorf polimerler diizensiz, rastgele bir
molekiil yerlesimine sahiptir. Genellikle daha esnek ve seffaf olmak gibi kristal polimerlerden farkli
mekanik ve fiziksel 6zelliklere sahiptirler. Amorf polimerler, paketleme, elektronik, otomotiv ve tibbi
cihazlarin dahil oldugu cesitli endistrilerde yaygin olarak kullanilirlar. Cok ¢esitli sekil ve boyutlarda
kaliplanabilirler ve benzersiz 6zellikleri (seffaflik, esneklik, gelismis darbe mukavemeti ve elektriksel
yalitim, kolay islenebilirlik, diisiik yogunluk ve kimyasal diren¢ gibi) onlar1 belirli uygulamalar i¢in ideal
kilar. Ornegin, polikarbonat, darbelere kars1 yiiksek direnciyle bilinen ve yaygin olarak kullanilan amorf
bir polimerdir ve bu 6zelligi sayesinde giivenlik camlari, elektronik bilesenler ve dayanikliligin énemli
oldugu diger uygulamalarda kullanilabilmektedir [1, 2].

Molekiiler yapisi kristallere 6zgili periyodik ve diizenli bir yapidan olugsmayan biitlin maddeler amorf
olarak bilinir. Dolayisi1 ile amorf bir katida onu olusturan atom veya molekiillerde belirli bir diizen mevcut
degildir. Amorf katilar, bir siviy1 katilagma noktasmin altina sogutarak ve molekiiliin hareketliligini
engelleyerek/azaltarak elde edilebilirler. Ornegin silika, kristal bir katinin kafesini olusturan polar yapili
kovalent bir molekiildiir. Silikanin kristal yapisinin fiizyon islemi sirasinda yok edilmesi ve iyonlarmin
serbest¢e hareket etmesine izin verilmesi durumunda amorf hale donistiriilebilir. Erimis formun
sogumastyla, viskozite yiikselerek kristalin yeniden olusmasini engeller. Malzeme soguduktan sonra kati
hale geri doner ancak i¢ yapisi farklidir ve diizensiz hale gelmistir [1]. Amorfizasyon, kristal halin amorf
hale doniismesi olarak tanimlanabilir. Amorfizasyon cesitli yollarla gerceklestirilebilir (6rnegin, yiliksek
enerjili elektronlar veya iyonlarla bombardiman, kisa lazer darbeleriyle 1sinlama ve kati faz reaksiyonlar
vb. gibi). Kristal bir kati, malzemenin erime noktasinin altindaki bir sicaklikta sikistirildiginda, olasi
kristal faz degisiklikleri baslayamaz veya bitemez Ki bu durum, basinca bagli amorfizasyon (PTIA) olarak
bilinir [1]. Mevcut derleme makalesinde amorf polimerlerin yapist ve Ozellikleri kapsamli olarak
incelenmis ve polimerlerdeki amorf ve kristalin bolgelerin polimere sagladig1 avantaj ve dezavantajlar
yorumlanarak potansiyel kullanim alanlar1 konusunda bilgiler verilmistir.

2. POLIMERLER

Polimerler birden fazla molekiiliin bir araya gelerek olusturdugu monomerlerin tekrarlanir sekilde bir
zincir halinde dizilmesiyle olusan makromolekiiler yapilardir. Latince’de “poly” ¢ok ve “mer” pargacik
anlamina gelir. Bu sekilde birgok molekiiliin bir araya gelerek polimerik yapiyr olusturmasi
mekanizmasina polimerizasyon denmektedir [3]. Polimerler, yiiksek molekiiler agirliklarindan dolay1
diger malzeme tiirlerinden farklidir. Atomlarin farkl faz hallerinde nasil davrandiklar1 polimer boyutunun
onemli bir sonucudur. Daha kii¢iik molekiillii bilesikler, maddenin ii¢ durumuna (kati, sivi ve gaz)
sahiptir. Bir katinin tanecikleri birbirine yakin sekilde istiflenmis ve ¢ok az hareketlilige sahipken, bir
stvinin pargaciklari daha gevsek sekilde paketlenmistir ve birbirleri arasinda kolaylikla kayabilirler. Bir
gazin parcaciklari ise ¢ok daha gevsek bir sekilde paketlenmis olup, ¢ok biiyiik bir enerjiyle hareket
ederler. Polimerler sadece kati olarak diisiiniilmezler ve amorf ve kristalin olmak tizere iki tiire ayrilirlar.
Bazi polimerik katilar ayni anda hem amorf hem de kristalin (kismi kristalin yap1) olabilir [4]. Tamamen
kristalin yapida bir polimer olmamasina ragmen, bazi polimerler belli kosullar altinda %100 amorf
olabilir ve yine ayn1 sebeple, amorf bolgelerin yani sira kristalin bolgelere de sahip olan polimerlere yari
kristalin polimerler denir [5].

2.1 Polimerlerin Siniflandiriimasi

Polimerik malzemeler; elde edilislerine, kimyasal bilesimlerine, yapilarina, tiretim y6ntemlerine, bag
yapilarina, isleme sekilleri ve/veya ¢oziiciilere kars1 gosterdikleri tepkilere ve fiziksel durumlarina gére
farkli gekillerde simiflandirilabilir. Molekiil zincirlerinin dizilislerine goére diizenlenme sekilleri
polimerlerin fiziksel yapisin1 meydana getirir ki bu sebeple polimerler; amorf, kristalin ve kismi kristalin
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olmak tizere li¢ kisma ayrilirlar. Genel olarak termoplastikler, termosetler ve elastomerler olmak ftizere ti¢
farkli polimer ¢esidi bulunmaktadir.

Termoplastikler: Bu tiirdeki polimerler genellikle kristalin veya amorf halde bulunurlar. Genellikle
esnek olmalarina ragmen, dayanikliliklar diisiiktiir ve genellikle plastik tiretiminde kullanilirlar. Propilen
(CsHe), fosil yakitlardan elde edilebilen bir termoplastik polimerin monomeridir [1]. Termoplastik
polimerler 1sitildiklarinda sekillendirilebilen veya kaliplanabilen ve sogutuldugunda énemli bir kimyasal
degisime ugramadan kati duruma donebilen bir polimer kategorisi olup belli bir erime noktasina
sahiptirler. Bu ozellik, termoplastiklerin ekstriizyon, enjeksiyonlu kaliplama ve sisirmeli kaliplama gibi
yontemlerle iglenmesine ve farkli sekillerde iiretilmesine olanak tanimaktadir [6].

Termosetler: Termosetler, yiiksek sicaklikta bir kimyasal reaksiyonla sertleserek (polimerizasyon) 1sinin
etkisiyle kalict olarak sekil degistiren malzemelerdir. Bu reaksiyon sonucunda molekiiler zincirler
arasinda c¢apraz baglar olusur ve polimer daha yiiksek sicakliklara dayanikli ve mekanik olarak dayanikli
hale gelir. Bu nedenle, termosetler bir kez sertlestiklerinde, yeniden 1sitildiklarinda erimez veya sekil
degistirmezler. Termosetler, 6rnegin epoksi regineleri, fenolik recineler, poliiiretanlar ve bazi polyesterler
gibi bir¢ok farkli malzeme tiiriinii icerir. Termoplastiklere gére daha dayanikli olup, arag, yedek parga,
araba tamponlar1 ve camurluk par¢a iiretiminde kullanilirlar. Dayanikli olsalar da asir1 1siyla
karsilagmalar1 halinde ufak darbelerde bile pargalanabilirler. Termoset tiriinler dikkatli kullanildiklarinda
uzun yillar saglamligini koruyabilir [7, 8, 9].

Elastomerler: Elastomerler, elastik 6zelliklere sahip olan polimer malzemelerdir [10]. Molekiiller arasi
kuvvetleri kiigiik (elastomerlerin esnekligini saglayan zayif kovalent baglar veya van der waals
kuvvetleri), bag enerjileri diisik ve molekiillerinde esnek zincirler bulunmasi halinde bir polimer,
elastomer Ozellik gosterir [11]. Elastomerler, oda sicakliginda kuvvet uygulanmasi halinde uzama
gosteren ve kuvvet kalktiginda da eski haline donebilen malzemelerdir (paket lastigi, kauguk vb. gibi).
Arabalarin lastik, sasi siispansiyonu, motor ve sanziman pargalari, contalar ve sizdirmazlik elemanlari,
direksiyon gibi kisimlarinda biiyiik oranda elastomer bulunmaktadir [7, 12].

Polimerleri Sekil 1’deki gibi ¢esitli sekilde siniflandirmak (elde edilislerine, kimyasal bilesimine,
yapilarina, sentez yontemlerine, bag yapilarina, isleme sekillerine, fiziksel durumlarma gore)
mimkiindiir. Elde ediliglerine gore polimerler dogal, yari sentetik ve sentetik olmak {izere 3’e
ayrilabilmektedir. Dogal polimerlere seliiloz, nisasta, keratin ve lateks (kauguk) drnek verilebilir. Sentetik
polimerlere polietilen, polipropilen, polivinil kloriir ve naylon; yar1 sentetik polimerlere ise seliiloit, rayon
ve yari sentetik kauguklar 6rnek verilebilmektedir [13]. Polimerler kimyasal bilesimine gore organik (6rn.
polietilen, polipropilen, polivinil kloriir, polistiren ve poliakrilonitril) ve inorganik (6rn. silikon kauguk,
polisiloksanlar, fosfor, bor ve titanyum polimerleri) olarak da siniflandirilabilmektedir [14]. Yapilarina
gore smiflandirilabilen polimerler kapsamindaki alt gruplar homopolimerler, alternatif kopolimerler,
rastgele kopolimerler, blok polimerler ve as1 polimerlerdir. Homopolimerler, ayni tiirden tek bir monomer
biriminin zincir halinde birlesmesiyle olusurlar ve drnek olarak polietilen ve polipropilen verilebilir.
Alternatif kopolimerler, iki veya daha fazla farkli monomer tiiriiniin sirayla zincirde birlestigi polimerler
olup ornek olarak stiren-biitadien-stiren verilebilir. Rastgele kopolimerler, farkli monomer tiirlerinin
rasgele siralandigi polimerlerdir ve drnek olarak akrilonitril-stiren verilebilir. Blok kopolimerler, iki veya
daha fazla farkli monomer tiiriiniin ardisik olarak ayr1 bloklar halinde zincirde birlestigi polimerlerdir ve
polistiren-biitadien bir blok kopolimer Ornegidir. Asi polimerleri, bir ana zincir iizerine farkli bir
monomerin uygulandigi ve bu monomerin yan zincirlerle ana zincire baglandigi polimerlerdir ve
polistiren-graft-polietilen 6rnek olarak verilebilir [15]. Sentez yoOntemlerine gore siniflandirilan
kondenzasyon polimerleri, sentez sirasinda monomerlerin birlesmesi sonucu ¢esitli yan tirtinler (su gibi)
olusturan tiirde polimerler olup bu tiir polimerler, monomerler arasinda ¢ift baglarin veya reaktif gruplarin
bulunmasi nedeniyle olusmaktadir. Bunlara 6rnek olarak naylon, polyester, poliiiretan ve polikarbonat
verilebilir. Diger bir alt baglik ise zincir (katilma) polimerleri olup sentez sirasinda monomerlerin
birleserek polimer zincirlerini olusturdugu bir tiir polimerdir. Bu tiir polimerlerde reaksiyonlar sonucu yan
iiriinler genellikle olusmamaktadir ve 6rnek olarak polietilen, polipropilen ve polivinil kloriir verilebilir
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[16, 17]. Bag yapilarina gore dogrusal (lineer) polimerlere yiiksek yogunluklu polietilen (HDPE),
dallanmis polimere 6rnek olarak diisiik yogunluklu polietilen (LDPE), capraz bagli polimere ise vulkanize
kauguk Ornekleri verilebilir. isleme sekilleri ve/veya ¢oziiciilere karsi gosterdikleri davramslara gére
polimerler elastomerler, fiberler, termoset polimerler, termoplastik polimerler ve elastomerler olarak 5’e
ayrilir. Fiziksel durumlarina goére ise amorf, kristalin ve kismi kristalin olmak {izere 3’e ayrilmaktadirlar
[18].

Polimerler
1
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polimerler kopolimer Polimerler Polimerler Polimerler
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Sekil 1. Polimerlerin siniflandirilmasi [18]

2.2 Polimerlerin Fiziksel Ozellikleri

Polimerlerin kristalin, 1s1l, ¢oziiniirliik, akiskanlik direnci (viskozite), uguculuk, yiizey gerilimi, siirtiinme
ve mekanik Ozellikler olmak tiizere gesitli fiziksel ozellikleri mevcuttur [19]. Cogu fiziksel ozellik,
polimeri olusturan molekiiller aras1 kuvvetlere baghdir. Kuvvetli polar gruplara sahip bir molekiiliin
komgular1 tizerindeki ¢ekim kuvveti yliksektir ve bu durum, erime ve kaynama noktalarinin yiikselmesine
sebep olur. Bir polimerde molekiiller aras1 kuvvetler biiyiikse, bag enerjileri yiiksek ve kalabalik yan
gruplar mevcut ise tipik plastik 6zelligi gézlenir ki bu durum; polimerin bag enerjisinin yiiksek olmasina,
gerilmeye karsi direng gostermesine ve iyi mekanik 6zelliklere sahip olmasina yol agar [20]. Fiziksel
ozellikler; polimerin kristal, yar1 kristal ve amorf denilen yapilari, 1s1l iletkenligi, genlesmesi ve 1siya
karst dayanikliligi ile erime/sertlesme noktasi ve yanma oranmi gibi 1sil davraniglarinin yani sira
¢oziniirliikleri ile de ilgilidir [19].

2.2.1 Polimerlerin kristallegmesi

Gergekte polimerlerin ¢ogu kristal kat1 ile viskozitesi yiiksek sivi amorf yapi (sekilsiz, diizensiz dizilim)
karigimlarindan olusur. Genellikle tekrarlanan birimleri 6zdes ve kiigiik olan zincirler bir kristal orgiisii
olusturabilirken, ¢esitli biiylikliikteki birimlerin rasgele baglanmasiyla elde edilen zincirler ise
kristallesemezler [19].

Kristalin yapi, polimere sertligin yan1 sira 1s1l ve mekanik dayaniklilik saglarken, polimerin ¢dztiniirliik,
yayillma, gegirgenlik, boyanabilirlik, plastiklestiriciyi kabul etme gibi 6zelliklerinde 6nemli oranda
azalmaya neden olur. Ornegin %35-10 kristalin bir polimerde hala yiiksek oranda esneklik vardir ve
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malzeme yumusak ve kaugugumsu iken; %20-60 kristalin yapidaki polimerik bir malzeme ise toktur ve
%70-90 kristalin yapil1 bir malzeme ise sert ve dayanikl bir yapidadir. Kisacasi bir polimerin kristallesme
derecesi molekiillerindeki yapisal birimlerinin kristal diizenine kolayca girebilmesine, zincirleri
arasindaki ¢ekim kuvvetlerine ve zincirlerinin sertligine bagli olup; 1sil, mekanik ve diger fiziksel
ozelliklerini de biiyiik 6lgiide etkiler [19].

Molekiil agirligi, sicaklik, sogutma hizi, basing ve c¢ekirdeklestirici ajanlar gibi faktorler polimerlerde
kristallesmeyi etkilemektedir [20]. Yiiksek molekiil agirligina sahip polimerler daha uzun zincirlere sahip
olduklart i¢in daha kolay kristallesme egilimindedir ve daha siki bir sekilde bir araya gelebilirler [21]. Bir
polimer eriyiginin veya bir ¢Ozeltinin sogutulmasi kristal bdlgelerin olusumunu tesvik ederek
kristallesmeyi tetikleyebilmektedir. Yavas sogutma hiz1 ile polimer zincirlerinin kristal yapilar halinde
diizenlemeleri zaman almaktadir. Yiiksek basing, Ozellikle yiiksek performansli malzemelerde
kristallesmeyi desteklemektedir. Cekirdeklestirici ajanlar olarak bilinen katki maddeleri, kristal yapilarin
ilk olusumu i¢in alanlar saglayarak kristalizasyon siirecini gelistirmek igin kullanilmaktadir [22].

Polimer ana zincirine bagli fonksiyonel gruplar, C-C bag: etrafindaki donmeyi engelleyerek zinciri
sertlestirir Ki bu da kristallesmeyi engeller. Polistiren (PS), poli (metil metakrilat) (PMMA) ve poli (vinil
kloriir) (PVC) gibi polimerlerde kristallesme egilimi ¢ok disiiktiir. Sert ve halkali gruplar ile esnek
olmayan zincirler kristallesmeyi giiglestirir. Ornegin poli (etilen tereftalat) ve seliiloz zincirlerinde
bulunan aromatik ve halkali gruplarla, yan zincirdeki polarite sertlik (politetrafloroetilen (teflon)’deki F
atomlar;, PVC’deki Cl atomlari, poliakrilonitril (PAN)’deki C=N yan gruplar1 esnekligi disiiriir)
olusturur. Dolayisiyla hareketliligi engelleyen gruplar ile sert ve halkali gruplar ve capraz baglar,
kristallesmeyi Onler. HDPE zincirinde yinelenen birimler kiicik ve 0Ozdes oldugundan kolayca
kristallesebilir. Zincirler arasindaki ¢ekim kuvveti zayif oldugu halde, zincirlerin esnek olmasi
kristallesmeye yardim eder. LDPE’de oldugu gibi kisa dallanma, diizeni azaltarak, kristal oranini diistirtir.
Dallanma diizenli ise (polipropilendeki gibi) kristalin yiizdesi artar. Bir polimerde kristal yiizdesi ve
kristallesme tiirii, deneysel olarak; yogunluk, X-1ginlari, ndtron kirilmasi, elektron difraksiyonu, kizilotesi
(IR) ve niikleer manyetik rezonans (NMR) yontemleri ile bulunabilirken, elektron mikroskobu ile de
kristalin ve amorf bolgeleri gozlenebilir [19, 23].

2.2.2 Polimerlerin molekiiler diizeni

Polimerler kat1, sivi veya ¢ozelti halinde bulunabilirler. Bu durumlardaki yap: farkliliklart mekanik, 1s1l ve
fiziksel oOzellikleri ile ilgilidir. Polimerlerin bu yapilardaki kimyasal formiilii ve morfolojisi énemlidir.
Morfoloji; polimerin kati halinde bulunan kristalin veya amorf bolgelerin varligi, yerlesme diizeni,
biytikligii gibi ozelliklerini kapsar. Kati haldeki bir polimerde iki temel diizen vardir ki bunlar, amorf
yapi ve kristalin yapidir [24]. Sekil 2’de bir polimer zinciri tizerindeki kristalin ve amorf bolgeler temsili
olarak gosterilmistir.

Kristal Amorf Kristal

Sekil 2. Polimer zinciri iizerindeki kristal ve amorf bdlgeler [18]

2.2.3 Polimerlerin 1sil davranigi

Amorf yapili polimerler isitildiklarinda aniden erimezler. Bunun yerine, malzemenin daha az camsi ve
daha ¢ok kauguga benzedigi veya tam tersi oldugu bir sicaklik araligina ulasirlar. Amorf polimerlerin bir
erime noktasi yoktur ve bir camsi gecis sicakligina (Tg) sahiptirler. Tg, uzun menzilli koordineli
molekiiler hareket nedeniyle polimerin yumusadig1r sicakliktir. Tg’nin altindaki sicakliklarda amorf
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polimer zincirlerinin uzayda hareket edemedigi soylenebilir. Bu durum sert ve kirilgan olan camsi
durumu ortaya ¢ikarir. Sicaklik Tg’nin {izerine ¢iktiginda birbirine dolanmig haldeki zincirler hareket
edebilir. Bu durumda amorf bir polimer yumusak ve esnek, kaugugumsu bir durum olusturur. Yiiksek
kristallige egilimli olan polimerler; sert, yiiksek erime noktasina sahip ve solvent (¢Oziicii)
penetrasyonundan (niifuziyetinden) daha az etkilenirken, yiiksek amorfluga egilimli olanlar ise daha
yumusak bir yapiya ve camsi gegis sicakligina sahiptir [4,25]. Kristal yapiya sahip bir polimer saglam bir
yapida iken, amorf yapidaki ise kolay sekil alabilen bir yapidadir. Bir polimer sogutulursa kristallesme ve
camsilagma olmak tizere birbirinden farkli iki mekanizma ile kristallenir [18].

Bazi polimerler tamamiyla amorf oldugu i¢in erime sicakligindan (Te) s6z etmek miimkiin degildir.
Teorik olarak, tamamen kristalin yapidaki polimerlerde de Tg yoktur. Ancak, genellikle, polimerler yari
kristal yapida oldugundan, ¢ogu polimerde bu iki sicaklik da gozlenir [18,26]. Polimerlerin hacim-
sicaklik davranisi Sekil 3’teki gibi olup, burada, erimis halde bulunan sicak haldeki polimer sogutulursa,
Te’nin altindaki sicakliklarda kristallesme baglar ve bir miktar sekilsiz madde iceren ¢ok kristalli bir kiitle
elde edilir. Sogutma hizli yapildiginda ise polimerin ¢ogu kristallesmeden Te’nin altina inebilir ve
termodinamik bakimdan yar1 kararl asiri-sogumus ve sekilsiz bir madde elde edilir. Molekiillerin dénme
ve biikiilme hareketleri siirdiigii i¢in polimer yumusak ve kaugugumsu bir haldedir. Sicaklik daha da
digiiriiliirse, molekiillerin donme ve biikiilme hareketleri yavaslar ve Tg’nin altinda da tamamen durur.

E_ kristal

Birim

o]
m\

_ B yari-kristal
hacim o - ————
T E D |/~ yari-kristalin polimer

Camsi-Kristal

Kristal

v

—» Sicakhk 7, T, sicaklik
(a) (b)
Sekil 3. (a) Bir polimerin hacim ve sicaklik egrisi ve (b) Amorf, yar1 kristal ve kristal maddelerin
sicaklik-6zgiil hacim degisimi [19]

Polimer zinciri farkli yap1 birimlerinden olusuyor ise, yani amorf yapida bir polimer séz konusu ise,
icin erime noktas1 gdzlenemez. Tiimiiyle kristal bir polimer ise ABH egrisini izleyip, sadece T°’e gecisi
gosterir. Diizensiz zincirleri olmadig1 i¢in Tg gozlenemez. Polimerlerin ¢ogu Te sicakliginda bir miktar
kristallestigi i¢in genellikle her iki gecis sicakligini da gosterir (ACFG egrisi) ¢iinkii hem kristalin hem de
amorf halleri bulunur (Sekil 3.a). Sekil 3.b’de amorf, yar1 kristal ve kristal maddeler i¢in 6zgiil hacim-
sicaklik iliskileri verilmistir. Kristal yapidaki maddelerin 6zgiil hacimleri erime noktasina kadar OB
dogrusundaki gibi belirli bir hizla artar. Erime noktasina ulagildiginda (B noktasi) kristal yap1 bozunarak
madde erir. Erime sirasindaki kati-sivi faz degisimi nedeniyle hacimde belirgin bir artis (BD dogrusu)
gozlenir [18].

2.2.4 Polimerlerin ¢ozunurlagu

Lewis asit gruplarimi iceren polimer molekiilleri, Lewis bazi niteliginde olan ¢dziiciilerde kolayca
¢ozliniir. Kristal yapili polimerlerin ¢6ziiniirliigii, amorf olanlarinkinden ¢ok daha diisiiktiir. Polar
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olmayan kristal yapili bir polimer ise Te’nin altinda higbir ¢oziiciide ¢oziinmez. Polimer ile ¢oziictiniin
kohezif enerji yogunlugu (KEY) degerleri ayni olsa bile, ¢éziinme olay1 yeterince 1s1 alan (endotermik)
oldugu igin, polimerin ¢éziinmedigi goriiliir. Bu durumda ¢6ziicii, amorf bolgelere niifuz ederek polimeri
sisirse de kristal yapiy1 ¢6zemeyeceginden polimerin ¢oziinebilmesi igin polimer/¢oziicii karigiminin
kristallerin erime noktasina kadar 1sitmak da gerekir [19].

Yapilan bir ¢alismada HDPE, polipropilen, polibiitadien ve polietilentereftalat kullanilarak ¢6ziiniirliik
iizerinde kristalin bolgelerin 6nemli bir parametre oldugu dogrulanmistir. Calismada yavas sogutulan yar1
kristal polimerlerin kristalligi daha yiiksek oldugu icin daha diisiik bir yayillma gostermistir. Ornegin en
diisiik ¢oziiniirliige sahip olan HDPE hizli sogutuldugunda 17,5 mg/g ¢oOziiniirliige sahipken yavas
sogutuldugunda 11,9 mg/g ¢oziiniirliige, en yiiksek ¢oziiniirliige sahip olan PET hizli sogutuldugunda
74,3 mg/g, yavas sogutuldugunda ise 37,7 mg/g ¢oziiniirliige sahip olmustur [27].

2.3 Mikromekanik Davranis

Yk altindaki amorf polimerler; catlaklar, deformasyon bantlar1 veya kayma bantlar1 gibi sekil degistirme
(deformasyon) cesitleri sergiler. Amorf polimerlerde goriilen tipik deformasyon tiirii craze olup, bunlar
genellikle yansiyan 1sikta ¢iplak gozle goriilebilir ve ¢atlak benzeri bir goriiniimii olusturur. PMMA ve PS
yiikkleme altinda catlaklar sergileyen tipik birer amorf camsi polimer 6rnekleridir. Bu ¢atlaklarin ince
yapisi elektron mikroskobunda yalnizca yiiksek biiyiitmelerde goriilebilir [28].

Yapilan bir ¢calismada polistiren homopolimerinin molekiiler agirli§ina ve karisim bilesimine bagl olarak,
cok cesitli morfoloji ve mikromekanik davraniglart ortaya g¢ikarmistir. Sabit bir molekiiler agirlikta
(yaklagik 100.000 g/mol) ve sabit bir bilesimde, diblok kopolimerlerde gozlemlenen tiim temel
morfolojilerin zincir mimarisindeki bir degisiklik yoluyla tiretilebilecegi goriilmiistiir. Dolayisiyla isleme
kosullarindaki degisiklikler, morfolojiyi ve mikromekanik davranisini 6nemli 6l¢iide degistirmektedir.
Ozellikle homojen plastik akisindan (mikro boyun olusturma ve ¢ekme), craze benzeri deformasyon
bolgelerinin olusumuna (deformasyonun lokalizasyonu) gegis, polistiren katmanlarinin kalinligi kritik bir
degeri astiginda ortaya ¢ikmaktadir. Gelecekteki c¢alismalarda, blok kopolimer mimarisinin ve isleme
kosullarinin morfoloji olusumu ve mikromekanik davranig tizerindeki etkisine odaklanmak gereklidir
[29].

3. AMORF POLIMERLER

Amorf polimerler, X-1s1nm1 veya elektron sagilma deneylerinde kristal yap1 sergilemeyen polimerler olarak
tanimlanir. Termoplastikler, recgineler (polyesterler ve epoksiler gibi) ve elastomerler (kauguk) amorf
polimerler ailesine aittir [28]. Amorf polimerler, molekiiler zincirleri rastgele birbiri igine gegmis yiin
yumaklart seklindedir. Molekiiller kendi aralarinda rastgele baglanmis durumda olup, kristallesme veya
capraz baglar mevcut degildir. Amorf yapidaki plastikler, cekme zorlamalar1 etkisi altindayken molekiil
zincirleri gekme yoniinde bir yonlenme gosterir ki bu nedenle, ¢gekme mukavemetleri yiiksektir [18].
Polimerler tamamen amorf olabilecekleri gibi hem amorf hem de kristalin bolgelere de sahip olabilirler.
Amorf polimerler, yapilar1 ve sicakliklari nedeniyle farkli mekanik ve fiziksel 6zelliklere sahip olabilir.
Tg’nin altinda, amorf polimerler camsi, sert ve kirilgan 6zellik gosterirler iken, sicaklik arttik¢a, amorf
polimerler ¢apraz baglar olusturur, yumusar ve elastik 6zellik gosterirler (poliizobiitilen, polibiitadien
gibi). Polimerin Tg tizerine 1sitilmas: devam ederse; polimer, kaugugumsu davranisi birakip, yeterince
yiiksek sicakliklarda sivi halini alir. Dogal kauguk (lateks) ve stiren-biitadien kaugugu (SBR) Tg’nin
altindaki amorf polimerlere iyi birer 6rnektirler [5,18]. Polimer zinciri iizerindeki gruplarin, 6rnegin metil
gruplarinin, rastgele yer aldig1 yapi ataktik yapi olarak adlandirthir. Amorf polimerler ataktik polimer
zincirlerinden olustuklart i¢in yapilart zayiftir. Sekil 4’te ataktik zincir yapisimin temsili gdsterimi
mevcuttur [30].
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Sekil 4. Ataktik zincir yapisinin gés‘terimi [24]

Polimerizasyon ve iiretim prosesinden etkilenen kristalinite derecesi amorf polimerlerde bulunmadig i¢in
bunlar, kristalin polimerlere kiyasla daha diisiik bir yogunluga sahiptirler ve bu nedenle, kimyasal
direngleri diisik olup, yapilar1 da seffaftir [31]. Amorf polimerler genellikle anizotropik O6zelliklere
sahiptir, ¢iinkii zincirlerinin diizenlenmesinde belirli bir yon yoktur ki bu da asagidaki durumlara sebep
olur;

* Hatal erime sicakhgi: Erime, molekiil ici baglarin kirilmasindan ziyade viskozitedeki azalmaya
bagl oldugundan, erime, genis bir sicaklik araliginda gerceklesir.

* Yanhs katilasma sicakh@: Katilasma da yine genis bir sicaklik araliginda gerceklesir. Sicaklik
yiikseldiginde bu polimerler elastik 6zellik gosterir.

* Yiiksek kirilma indeksi: Camlarin kirilma indeksi yiiksektir, bu sebeple seffaftirlar [1].

Amorf polimerler, goriiniiste rastgele ve sarmal bir molekiiler yapiya sahip olan ve isitildiginda hemen
erimeyen bir polimer tiirii olup, bunlarin islenmesi daha kolaydir. Ek olarak, amorf polimerler daha iyi
boyutsal kararlilik sunar ve akista izotropiktir, daha az biiziilme saglamak icin daha esit sekilde
erir. Amorf polimerler, camsi, kirtlgan polimerler (PS, PMMA, dongiisel olefin kopolimeri (COC), stiren
akrilonitril (SAN) gibi) ve siinek polimerler (PC ve PVC gibi) dahil olmak {izere genis bir malzeme
grubunu olusturur. Amorf blok kopolimerler ve polimer karigimlar1 da amorf polimerlerdir [28].

3.1 Polimetakrilat (PMMA)

PMMA, islenmesi kolay ve film, ¢ubuk, tiip ve levha gibi bir¢ok yar1t mamul iiriine doniistiriilebilen,
oldukga seffaf, amorf, sentetik, ticari olarak kolayca temin edilebilen termoplastiklerden birisidir. Yiiksek
Tg'ye (398 °K), iyi mekanik ozelliklere ve milkemmel hava kosullarina dayanikliliga sahip ve yiiksek
hacimli amorf bir termoplastiktir. Bunun yaninda, oldukga kirilgan bir yapida olan PMMA, diistik darbe
dayanimina ve yorulma direncine sahiptir. Dayanikliligin1 artirmak icin PMMA genellikle cekirdek-
kabuk yapisinda kauguk veya diger darbe diizenleyiciler ile modifiye edilebilir [31].

Su absorpsiyonu diisiik oldugu i¢in uzun siire neme maruz kalmasi ya da tamamen suya daldirilmasi ile
mekanik ve optik 6zelliklerinde 6nemli bir degisiklik goriilmez. Hava ve giines 1s18ina dayanikliligi
sebebiyle UV stabilizatorii olarak da kullanilir. PMMA'nin ITUPAC adi, poli (metil 2-metilpropenoat) olup
[32], Tablo 1’de bazi fiziksel 6zellikleri verilmistir.

Tablo 1. PMMA 'nin bazi fiziksel 6zellikleri [32]

Ozellik Ortalama Deger

Cekme Dayanimi (MN/m?) 55-80
Kopma Uzamasi <%10
Biikiilme Dayanimi (MN/m?) 100-150
Ozgiil Isis1 (kJ/kg/°C) 1,25-1,7

Is1l Genlesme Katsayist (°C)™* 5-10x1073
Ozkiitlesi 1,0-1,2

Su Absorpsiyonu %0,1-0,5
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Implant olarak dis hekimliginde ve sanatsal ve estetik olarak da farkli sekillerde kullanim alanlarina
sahiptir [32]. PMMA veya polikarbonat gibi yalnizca amorf yapiya sahip olan termoplastikler
saydamhigin 6nemli oldugu uygulamalarda 6zellikle tercih edilirler. Amorf termoplastikler genellikle
kimyasallara kars1 diisiik diren¢ gostererek kimyasal ortamlardaki ¢evresel faktdrler sebebiyle catlamaya
baglayabilirler. Yari-kristal termoplastikler ise ¢oziiciilere ve diger kimyasallara kars1 daha direngli olup;
kristalleri 15181n dalga boyundan biiyiik olmasi sebebiyle opaktirlar ve bu sebeple optik uygulamalarda
tercih edilmezler [33]. PMMA, metil metakrilatin organik peroksitler kullanilarak polimerizasyonu ile
tiretilir. Bu amagla ti¢ farkli tiretim siireci kullanilir ki bunlar; siispansiyon polimerizasyonu (organik
peroksitlerle), toplu (y1gin) polimerizasyon (organik peroksitlerle) ve emiilsiyon polimerizasyonudur [34].

3.2 Kauguk
3.2.1 Dogal kauguk

Kaugugun amorf bir polimer olmasi nedeniyle sarmal polimer zincirleri gerilerek diizlestirilebilir.
Gerilmis yapidaki daha yiiksek sirali zincirler entropik olarak kararsizdir ve gevsemelerine izin
verildiginde orijinal sarmal durumlarina geri donerler (Sekil 5).

e oo i

o S = o
RS et RV

Gerilmemis Kaucuk Gerilmig Kauguk Gevsemis Kaucuk

Sekil 5. Gerilmemis ve gerilmis kauguktaki uzun zincirli molekiiller [35]

Charles Goodyear tesadiif eseri kiikiirt ve kaugugun karigtirllmasiyla kauguk ozelliklerinin daha sert,
soguk-sicaga dayanikli ve elastikiyetinin daha da arttigin1 kesfetmisti ve bu durum vulkanizasyon olarak
adlandirildi. Kiikiirt vulkanizasyonu, kaugugu veya ilgili polimerleri kiikiirt veya esdeger iyilestiricilerle
isitarak daha dayanikli malzemelere doniistiiren ve kauguk zincirleri arasinda gapraz baglar olusturan
kimyasal bir islemdir. Bu islem, dogal kaugugun elastik 6zelliklerini gelistirir. Vulkanize edilmemis
kauguga (ham kauguk) bir kuvvet uygulandiginda gerilir ve ardindan kuvvet ortadan kaldirilirsa, kauguk
tamamen orijinal boyutlarima geri donemez. Yani, vulkanize edilmemis kauguk, basitce plastik gibi
davranir. Ancak vulkanize kauguk, bir kuvvet uygulandiginda esneyecek ve kuvvet kaldirildiginda
orijinal durumuna (veya orijinal durumuna ¢ok yakin bir hale) geri donecektir. Bunun nedeni vulkanize
kaugukta bulunan gapraz baglardir. Capraz baglamanin %2-3 civarinda ger¢eklesmesi, 1sitma ve sogutma
sirasinda gozlenen artik yapigskanlik ve kirilganlik sorunlari yasamayan kullanigli yumusak bir kauguk
yapisi elde edilirken, %25-35 ¢apraz baglanmada sert bir kauguk tiriin olusur [36]. Sekil 6, vulkanizasyon
islemiyle kiikiirtle gapraz baglanmis amorf kaugugun temsili kesitini gostermektedir.

Vulkanizasyon
a—

Gapraz baglar

Sekil 6. Vulkanizasyon islemiyle kiikiirtle capraz baglanmis amorf
kaucugun temsili kesiti [35]
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Dogal kauguga gerilim uygulandiginda, kauguk molekiilleri kuvvetin yonii boyunca diizenlenir Ki bu
nedenle, kaugugun bazi bolgeleri kristallesir ve bu duruma “gerilim kaynakli kristallesme™ denir. Dogal
kauguk, dolgu maddesi olmadan bile yiiksek ¢ekme 6zellikleri gosterir [37].

3.2.2 Polibiitadien kauguk (PBR)

Polibiitadien, asinmaya karsi direnci yiiksek olan ve lastik imalatinda kullanilan sentetik bir kauguktur.
Yiiksek elektrik direnci sayesinde elektronik kaplamalarda da kullanilabilir. Polibiitadien, 1,3-biitadien
monomerinin polimerizasyonundan olusan bir polimerdir. 1,3-Biitadien, basit bir konjuge dien
hidrokarbon olan organik bir bilesiktir (dienlerin iki karbon-karbon cift bagi vardir). Polimer zincirinin
baglanabilirligi ag¢isindan, biitadien cis-, trans- ve vinil olarak adlandirilan ¢ farkli sekilde
polimerlesebilir. Cis- ve trans- formlari, biitadien molekiillerinin ugtan uca baglanmasiyla ortaya cikar ve
s6z konusu polibiitadien izomerik formlarinin 6zellikleri birbirlerinden farklidir. Ornegin, "yiiksek cis-"
polibiitadien yiiksek bir esneklige sahiptir. Polibiitadienler dallanma ve molekiiler agirliklart agisindan da
farkliliklar gosterir. Polimerizasyon sirasinda olusan trans- ¢ift baglar (Sekil 7), polimer zincirinin
oldukca diiz kalmasma izin vererek, polimer zincirlerinin bdliimlerinin malzemede mikro kristalli
bolgeler olusturmak {izere hizalanmasini kolaylastirirken; cis- ¢ift baglari ise polimer zincirinde
biikiilmeye neden olarak, onlarin kristalin boélgeler olusturmak igin hizalanmasini 6nler ki bu durum da
daha biiyiik amorf polimer bolgelerinin olusumuyla sonuglanir [38].

S F 1, 2-addition

R 1,4-addition

i ) . (cis)

5 polimerizasyon FTUIETRE SR AT

4 ! : 2 £ 4 2@}

i1 3 it T 3 i1

1 4 addition T daddition . 4%

{trans) {trans) LEE

Sekil 7. 1,3-Biitadienin polimerizasyonu [38]

3.2.3 Etilen-propilen-dien monomer (EPDM)

Diger kristallesmeyen polimerik malzemeler gibi, dolgusuz EPDM kauguklarinin mekanik 6zellikleri de
cok zayiftir ve dolayisiyla takviye dolgu maddelerinin eklenmesi kauguga mukavemet kazandirmak igin
onemlidir. EPDM kauguklariin uygulama alanlar1 genellikle kimyasal ve asidik ortamlar1 ya da su ve
gaz sistemleri oldugundan, yiiksek degerlere sahip fiziksel ozellikler gerekli degildir. EPDM
bilesiklerinde genelde kolay islenebilen yar1 takviye edici karbon siyahi kullanilir. EPDM kauguklari,
galvanik kaplama endiistrisi gibi uygulamalarda nitrik asit ve kromik asit agindirici ortamlari isleyen
proses endiistrileri i¢in 6nemlidir. Piyasada yag ile genisletilmis baska EPDM cesitleri de mevcuttur ki
bunlar, darbe aginmasinin baskin oldugu alanlarda diisiik sertlikteki bilesikler i¢in kullanilabilir. EPDM,
yiiksek yirtilma direncine sahip oldugu i¢in “catlaksiz kauguk™ olarak da anilir. EPDM kauguklar igin
genel bir kiirleme sistemi, bir tiuram ve/veya bir ditiokarbamat i¢eren bir tiyazol (merkaptobenzotiyazol
veya MBTS) hizlandiricidan olusur. EPDM molekiiliiniin ana zincirlerinde ¢ift bag yoktur ve bu nedenle
EPDM, giines 15181na veya yiiksek ozon konsantrasyonuna uzun siire maruz kaldiktan sonra bile
molekiiler béliinme nedeniyle bozulmaz ve dolayisi ile ozon, 1s1 direnci, ultraviyole radyasyon ve nem
gibi diger atmosferik sartlara maruz kalma direngleri mitkkemmeldir. Molekiiler yapisindan dolay1 ve
uygun sekilde birlestirilirse, EPDM bilesikleri her tiirlii hava kosullarina karsi dayaniklidir. Mitkemmel
elektriksel yalitim oOzellikleri ve yiiksek dielektrik dayanimi nedeniyle EPDM, c¢elik endiistrisindeki
galvanik kaplama tanklarinda yaygin olarak tercih edilen bir kauguk kaplama bilesigidir [39].

EPDM yalnizca katalitik ekleme polimerizasyonu kullanilarak tiretilir. Monomerlerin rastgele birlesmesi,
EPDM'nin amorf, elastomerik karakterini agiklamaktadir. Klasik vanadyum bazli Ziegler—Natta (ZN)
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katalizorleri uzun yillardir EPDM {iretiminde kullanilmaktadir. Miikkemmel elastomerik 6zelliklere sahip,
homojen, tamamen amorf EPDM'ler iiretilebilmektedir. EPDM’in yiiksek uzun zincir dallanmasina sahip
olmasi, hizli karistirma ve yiiksek ekstriizyon oranlarma olanak taniyarak onu yogun otomotiv profilleri,
radyator hortumlari ve pencere contalarinin tiretiminde tercih edilen polimer haline getirmektedir. Yapilan
bir ¢aligmada yiiksek molekiil agirlikli, amorf 5-vinil 2-norbornen-EPDM'ler, bina ve insaat pencere
contalarinda karbon siyahi, beyaz dolgu maddesi, yag ve peroksitten olusan bir formiilasyonda
degerlendirilmistir [40].

3.2.4 Akrilonitril-butadien kauguk (NBR)

Akrilonitril biitadien kauguk (NBR), akrilonitril ve biitadien monomerlerinin bir kopolimeridir.
Fonksiyonel bir gruba (C=N) sahip akrilonitril nedeniyle, NBR yiiksek dielektrik sabitine sahip olan 6zel
bir polar kaucuktur. NBR; genis bir sicaklik uygulama araligi, baglanma performansi, miikemmel yag ve
solvent (¢oziicii) direnci ve nispeten diisiikk maliyet gibi faydali 6zelliklere sahip oldugu igin endiistriyel
ve otomotiv kauguk firiinlerinde yaygin olarak kullanilir. Bununla birlikte, rastgele kopolimerlerin
diizensiz molekiiler yapisindan dolay1 gerinim kaynakli kristallesme yapmadigindan, NBR kendi kendini
giiclendirme davranislart sergilemez ki bu da nispeten zayif mekanik ozelliklere sahip olmasi ile
sonuglanir. Bu nedenle, iyi mekanik 6zelliklere sahip yiiksek performansli iiriinler elde etmek tizere NBR
i¢in uygun bir dolgu maddesi segilmelidir [41].

3.3 Akrilonitril-Butadien Stiren (ABS)

Akrilonitril Biitadien Stiren plastik opak bir termoplastik olup, ABS, en yaygin olarak emiilsifikasyon
islemiyle veya tipik olarak tek bir {irinde bir araya gelmeyen birden fazla iiriin birlestirilerek polimerize
edilir [42,43]. Akrilonitril-bitadien-stiren kopolimeri, akrilonitril, biitadien ve stirenden olusan {i¢
monomerden olusur ve amorf plastiklere aittir. ABS, iyi darbe dayanimina, boyutsal kararliliga ve
dogruluga sahiptir. Bu amorf plastik, iyi bir 1s1 ve kimyasal direncine de sahiptir ve igslenmesi kolaydir.
Galvanizlenmesi, boyanmasi ve basilmasi kolaydir [44]. ABS, darbelere dayanikli amorf bir mithendislik
termoplastigidir. Akrilonitril, sentetik bir monomer olup, propilen ve amonyaktan iretilir. Bu bilesen,
ABS'nin kimyasal direncine ve 1sil stabilitesine katkida bulunur. Biitadien, buhar kiricilardan etilen
tiretiminin bir yan {iriinii olarak elde edilir. Bu bilesen, ABS’ye tokluk ve darbe dayanimi 6zelliklerini
saglar. Stiren, etil benzenin dehidrojenasyonu ile iretilir ve ABS plastigine islenebilirlik ve sertlik
ozelliklerini saglar. ABS, emiilsiyon veya siirekli kiitle teknigi ile iiretilir. ABS’ nin kimyasal formiili
(CsHs: C4Hg-C3HsN)q'dir. Dogal olarak opak fildisi rengindeki bu malzeme, pigmentler veya boyalarla
kolayca renklendirilebilir [45].

3.4PVC

PVC, molekiiler yapisindaki polar klor atomlari ile dogrudan iliskili olan amorf bir yapiya sahiptir. PVC,
molekiiler yap1 veya mekanik ozelliklerinde ¢ok az degisiklik gosteren ve kimyasal olarak kararli bir
malzemedir. Bununla birlikte, uzun zincirli polimerler viskoelastik malzemeler olduklarindan, uygulanan
kuvvet akma noktalarinin ¢ok altinda olsa bile siirekli dis kuvvet uygulamasiyla deforme olabilirler ki
buna siirinme deformasyonu denir. PVC'nin siirinme deformasyonu normal sicaklikta sinirli molekiiler
hareketi nedeniyle diger plastiklere kiyasla diisiiktiir. PE ve PPmin amorf boliimlerinde daha fazla
molekiiler hareketlilik vardir. PVC faz gegisi olmayan amorf bir plastik oldugu i¢in, yani soguma
sirasinda belirgin sekilde biiziilmediginden, kaliplarda tretilen PVC iriinler, kaliplanmis boyutlarini
korurlar. PVC; biikkme imalatinda, kaynakta, yiiksek frekansl birlestirmede ve vakumla sekillendirmede
ikincil islenebilirlik 6zelligine sahiptir. Slush kaliplama, serigrafi ve kaplama gibi macun regine isleme
yalnizca PVC ile miimkiin olan isleme teknikleridir. Bu isleme yontemleri déseme, duvar kaplama ve
astarlamada kullanilir [46].

Bir ¢alismada PVC’nin %15 civarinda kristalin bdlgeye sahip oldugu goriilmiistiir. PVC'nin kristallesme
davranisinin, benzer yiizde kristalin bolgeye sahip PET ile karsilastirildiginda, PVC'nin ¢ok daha hizli
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kristallesmesi acisindan farklilik gosterdi  goriilmistir. PVC, ortam sicakliklarinda  diklorlu
hidrokarbonlarda ¢6ziinmemektedir [47].

PVC'deki kristalin bolgelerin varligi, polimerin mukavemetine ve esnekligine 6nemli 6l¢iide katkida
bulunur. PVC’de bir trombosit veya diiz igne benzeri katmanli kristalit (birincil) ve eriyiklerden veya
cozeltilerden elde edilen sacakli misel kristalit (ikincil) olmak {izere iki farkli kristalit yapisi
tanimlanmaktadir. Her iki kristalit de gevsek ve c¢apraz baglar olusturmaktadir. Kristalitler reolojik
ozellikler tizerinde 6nemli bir etkiye sahiptir. Erime fazindaki birincil kristalit aglar, elastik modiilde bir
azalmaya neden olmaktadir. Birincil kristalitler ¢ok genis bir sicaklik araliginda (120-260 °C)
erimektedir. Polimer sogudukga, dayaniklilik ve esneklik saglayan fiziksel ¢apraz baglar olan ikincil
kristalitler olusur [48, 49].

3.4.1 Polistiren

Polistiren (PS), islenmesi kolay ve kopiikler, filmler ve levhalar gibi ¢ok sayida yari mamul iiriine
kolaylikla doniistiiriilebilen berrak, amorf ve polar olmayan bir termoplastiktir [50]. (CgHg)n formiiliine
sahip olan PS, uzun bir hidrokarbon zincirinin iizerinde her iki karbondan birine fenil grubunun
baglanmasiyla olusur. Vinil bazli bir monomerden sentezlendigi i¢in polimerizasyonu da serbest radikal
vinil polimerizasyonu ile gergeklesir. Sonugta olusturulan polimer, izotaktik polistiren (iPS) olsa da
endiistride iPS firetimine pek rastlanmaz c¢iinkii iPS sentezi, izotaktik polipropilen ya da polietilen
sentezinden daha maliyetlidir. Normal PS diye adlandirilan ataktik PS’nin tiretimi daha yaygindir. Bu
polimer, ataktik yapinin getirdigi diizensizlikten dolayir amorftur ve bu sebeple bir erime noktasi yoktur.
Yiksek sicakliklarda, diisiik molekiil agirlikli bilesiklerden olusan bir karisgima (¢ogunlukla stiren)
dontiserek bozunmaya ugrar. Metalosen-katalizorlii polimerizasyon yontemiyle sindiotaktik PS de
tiretilebilir. Kristal yap1 olusturabilen bu PS’nin erime noktasi 270 °C civarindadir [33].

3.5 Polikarbonat

Polikarbonat (PC) plastikler; dogal olarak, seffaf ve sekilsiz bir termoplastik olup, ¢esitli renklerde (belki
yar1 saydam ve belki de degil) ticari olarak temin edilebilmelerine ragmen, hammaddesi, 151g1n neredeyse
camla ayn1 kapasitede dahili olarak iletilmesine izin verir. PC polimerler, gesitli malzemeler tiretmek i¢in
kullanilir ve darbe direnci ve/veya seffaf bir iiriin gerekliligi oldugunda (6rn., kursun gegirmez cam
iretiminde) ozellikle yararlidir. PC genellikle gozliiklerde, tibbi cihazlarda, otomotiv bilesenlerinde,
koruyucu donanimda, seralarda, dijital disklerde (CD'ler, DVD'ler ve Blu-ray) ve dis aydinlatma
armatiirlerinde plastik lensler i¢in kullanilir. PC ayrica, ¢ok iyi 1s1 direncine sahiptir ve onemli dlgiide
malzeme bozulmasi olmadan alev geciktirici malzemelerle birlestirilebilir. Sekil 8, ABS, Polistiren (PS)
veya Naylon gibi yaygin olarak kullanilan diger plastiklerin darbe dayanimu ile karsilastirildiginda PC’nin
nispi darbe dayamimini géstermektedir [51].
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Sekil 8. Cesitli polimerlerin darbe dayanimlari [51]
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PC’nin bir diger 6zelligi de ¢ok esnek olmasidir. Oda sicakliginda catlama veya kirilma olmaksizin
olusturulabilir. Seffaflik gerektiren, iyi elektrik yalittimi o6zelliklerine sahip bir malzeme gerektiginde
kullanilabilir. Tipik olarak amorf plastikler, kristal polimerlerde oldugu gibi katidan siviya keskin bir
gecis sergilemek yerine kademeli olarak yumusama egilimi gosterirler (yani cam gecis sicakliklari ile
erime noktalari arasinda daha genis bir araliga sahiptirler) [51].

3.6 PET

Polietilen tereftalat (PET), sivilarin, yiyecek ve igeceklerin saklanmasinda ile tasinmasinda ve sentetik
liflerin yapiminda kullanilan termoplastik polimer bir regine olup, amorf veya yar kristalin yapida
olabilir. PET’in kristal yapist ile fiziksel ve mekanik ozellikleri, bilyiik oranda, islem sicakligi, sogutma
hiz1, gerdirme islemi gibi proses parametrelerine baglidir. Tiim polimerlerde oldugu gibi kristalizasyon,
PET’in fiziksel ve mekanik 6zelliklerini etkileyen 6nemli bir 6zelliktir. Tipik yar1 kristalin polimerler gibi
PET molekiilleri de kristalin ve amorf bolgelerden olusan karmasik yapiya sahiptirler (Sekil 9).

| Kristalin b6!ge§
L_Amorf bolge

Sekil 9. Amorf-kristalin makromolekiiler polimer yapisi [52]

PET, kimyasal ve geometrik yapiSindaki diizenlilik nedeniyle kristallesebilen bir polimer olup, bariyer
Ozellikleri ve mekanik mukavemetindeki smirlamalara ragmen, kristal PET hala yaygin olarak
kullanilmaktadir. Yiiksek kristallige sahip polimerler daha yiiksek bir Tg’ye sahiptir (Tg; amorf PET igin
67 °C ve kristalin PET i¢in 81 °C'dir) ve daha yiiksek modiil ile tokluk, sertlik, gerilme mukavemeti ve
solventlere (¢oziiciilere) kars1 daha fazla dirence sahiptir. Kristalizasyon islemi, ¢ekirdeklenme ve kiiresel
kristallesmeden olusur ve Tg'nin tizerindeki ve Tm’nin altindaki sicakliklarda meydana gelebilir. Eriyigin
hizli bir sekilde sogutulmasi tamamen amorf bir PET ile sonuglanir. Kristalin polimerler, molekiillerinin
arasina serpistirilmis amorf bolgeler nedeniyle heterojen bir yapiya sahipken, amorf polimerler tim
formlarinda (eriyikler, kauguklar, camlar vb.) homojen bir yapiya sahiptir. Yari kristalin bir polimerin
Tg’si, amorf polimerinkinden daha yiiksek ve daha genistir. Kristalin polimerler belli bir Tm degeri ile
karakterize edilirken amorf polimerler ise bir Tg degeri ile karakterize edilir [52].

Yapilan bir ¢alismada geri doniistiiriilmiis polietilen tereftalat (PET) polimerinin performansi iizerinde
kristalin, hareketli amorf ve sert amorf fraksiyonlarin rolii incelenmistir. PET polimerlerin kristalin
bolgeleri, molekiiler zincirlerin diizenli bir sekilde siralandigi bolgelerdir. Bu bolgeler, polimerin mekanik
mukavemetini ve sertligini etkileyebilir. PET polimerlerin mobil amorf bolgeleri, molekiiler zincirlerin
daha rastgele bir sekilde diizenlendigi, ancak hala hareket edebilen bolgelerdir. Bu bolgeler polimerin
esnekligini ve stinekligini etkileyebilir. PET polimerlerin rijit amorf bolgeleri, molekiiler zincirlerin daha
diizensiz ve sabit bir sekilde diizenlendigi bolgelerdir. Bu bdlgeler polimerin termal davranisini ve
kimyasal dayanikliligini etkileyebilmektedir [53].
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4. YARI KRiISTALIN POLIMERLER

Kristalin polimerler, iyi diizenlenmis bir yapiya sahip olan polimerlerdir [30]. Tiim kristalli polimerler
onemli miktarda amorf kisim igerir. Bu nedenle, kristalli polimerler genellikle yar1 kristalin polimerler
olarak adlandirilir. Kristal polimerlerin ¢ogu amorf bolgelere sahiptir, yani hicbir zaman tamamen
kristalin degillerdir. Kristallik, %0 (tamamen sekilsiz) ile %100 (tamamen kristal) arasinda degisebilir,
ancak ¢cogu polimer bu ug¢ noktalar arasinda bir yere diiser. Zincir esnekligi (hem tiim zincir boyunca hem
de atomlar arasindaki baglarda gozlenen esneme) polimer Kristalinin olusumunda biiyiikk rol oynar.
Zincirler birbirlerine karsi esneyip buiziildiikge, ¢esitli gekme ve itme kuvvetleri, polimer zincirlerinin
kendilerini nasil daha diizenli veya daha az diizenli bir hale geleceklerini etkiler. Kristallik derecesi, bir
polimerin tipik bir kat1 gibi eriyip erimedigi veya camsi ve kaugugumsu haller arasinda gecis yapip
yapmadig1 ile dogrudan iliskilidir. Yiiksek oranda kristalin polimerler bir erime noktasina sahip
olduklarindan 1sitildiklarinda, uzun zincirli yapilarinin diizenli, diizenlemesinin rastgele veya diizensiz bir
diizenlemeye gegtigi belirli bir sicakliga (Tm) ulasirlar [4]. Polietilen, polipropilen, PVC ve naylon gibi
yukarida bahsedilen polimerlerin amorf bdlgeleri oldugu gibi kristalin bolgeleri de mevcuttur. Dolayistyla
bu polimerler, farkli kristalin-amorf oranlarina sahip olabilirler ve bu nedenle farkli mekanik ve termal
ozelliklere sahip olabilirler.

5. AMORF VE YARI KRISTALIN POLIMERLERIN KIYASLAMASI

e Amorf polimerler, molekiiler zincirleri uzayda diizensiz bir sekilde diizenlenmis katilar olup,
kristalin polimerler ise bazi boliimlerinin kesin bir sirayla kristallestigi ve organize bir kati
birimin olugmasina izin verdigi polimerlerdir.

e  Amorf polimerler ataktik polimer zincirlerinden olusurken, kristalin polimerler sindiyotaktik veya
izotaktik polimer zincirlerinden olusurlar.

e Amorf polimerler, molekiillerin  rastgele diizenlendigi  bdlgeler igerirken,  Kristalin
polimerler, molekiillerin kismi bir diizende diizenlendigi bolgelere sahip olan polimerlerdir [5].

o Cekim kuvveti agisindan bakildiginda amorf polimerlerin zincirleri arasindaki ¢ekim kuvvetleri
zayif iken, kristalin polimerler, zincirleri arasinda giiclii kuvvetlere sahiptir.

e  Amorf polimerler diisiik bir yogunluga sahipken, kristalin polimerler yiiksek yogunluga sahiptir.

e Amorf polimerler yumusak, kristalin polimerler serttir.

e Amorf polimerler yiliksek gaz gecirgenligine sahipken, kristalin polimerler diisilk gaz
gegirgenligine sahiptir.

o Amorf polimerlerin aksine, kristalin polimerler hem Tm hem de Tg degerine sahiptirler [5].
Amorf polimerlerin kimyasal dayanimi diisiik iken, kristalin polimerler yiiksek bir kimyasal
dirence sahiptir.

o  Amorf polimerler seffaf, kristalin polimerler opak veya yari saydamdir.

Amorf polimerler diigiik bir kristallik derecesine, kristalin polimerler ise yiiksek bir kristallik
derecesine sahiptir ve bir polimerin fiziksel ve kimyasal 6zellikleri de buna baglidir [30].

e Amorf polimerlerde biiziilme diisiik iken, yar1 kristalin polimerlerde biiziilme ¢ok yiiksektir [5].

e Kimyasal temas veya yiiksek diizeyde mekanik etkiye maruz kalan bir ortamda yar1 kristalin
yapidaki polimerler daha iyi bir mekanik performans saglar [28].

e Yarn kristalin polimerler, asinmaya karsi Gstiin performans saglar [28], ki bu durum Tablo 2’de
kiyaslamali olarak verilmistir.
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Amorf Polimerler

Tablo 2. Amorf ve yar1 kristalin polimerlerin kiyaslamasi [1,3]

Amorf Polimerler

Yarn Kristalin Polimerler

Rastgele Dagilim (Diizensiz)
Genis Proses Sicakligi
Ataktik Polimer Zincirleri
Diisiik Yogunluklu

Zayif Cekim Kuvveti

Diisiik Hacimsel Cekme
Diisiik Mekanik/Kimyasal Dayanim
Transparan Yapi

Diisiik Biiziilme

Yiiksek Erime Noktasi
Ornekler: ABS, PS, ASA

Diizenli Dagilim

Dar Proses Sicakligi

Sindiyotaktik ve Izotaktik Polimer Zincirleri
Yiiksek Yogunluklu

Gii¢lii Cekim Kuvveti

Yiiksek Hacimsel Cekme

Yiiksek Mekanik/Kimyasal Dayanim
Opak/Yar1 Saydam

Yiiksek Biiztilme

Diisiik Erime Noktasi

Ornekler: PP, PA, POM, PBT

6. SONUC

Sonug olarak, amorf ve yart Kristalin polimerler onlar1 farkli uygulamalar i¢in daha uygun kilan farkli
Ozelliklere sahiptir. Amorf polimerler genellikle daha esnek, seffaf ve darbelere karsi direngliyken,
kristalin polimerler daha sert, opak ve sicakliga kars1 daha dayaniklidir. Amorf ve yari kristalin polimerler
arasindaki farklar1 anlamak, genis bir uygulama yelpazesi i¢in belirli 6zelliklere sahip malzemelerin
tasarlanmasinda esas teskil eder. Her iki polimer tiirliniin de kendine gore avantajlar ve dezavantajlari

vardir. Amorf polimerlerin yapisal eksiklikleri nedeniyle islenmesi daha zor olabilir ve ayrica, Kristalin
polimerlerden daha diisiik Tm’ye sahip olabilirler. Farkliliklarina ragmen, amorf ve kristalin polimerler;

ambalajlama, otomotiv, elektronik ve tibbi cihazlar dahil olmak tizere birgok endiistride temel malzemeler

olarak yaygin bir sekilde kullanilirlar.
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Abstract

In this study, analytical and computational analyses are performed to determine the dynamic properties of
an aluminum hollow beam, and an experimental analysis is also performed. The experimental model is
taken as a reference model and the computational model is updated accordingly using model updating
tools. The damping behavior inherent in all physical structures is measured experimentally. According to
the results of the cross-correlation modal assurance criterion, the experimental and computational results
match well. The average error between the computational and experimental results for the first five damped
natural frequency values is 1.5%.

Keywords: Hollow beam, Damping, Model update, Frequency response function.

Aliiminyum Kutu Kesitli Kirisin Dinamik Ozelliklerinin Deneysel Olarak
Dogrulanmasi

Ozet

Bu galigmada, aliiminyum bosluklu kirisin dinamik 6zelliklerini belirlemek igin analitik ve hesaplamali
analizler gergeklestiriimis ve ayrica deneysel bir analiz yapilmistir. Deneysel model referans model olarak
alinmis ve model guncelleme araclari kullanilarak hesaplamali model buna gére gincellenmistir. TUm
fiziksel yapilarda dogal olarak mevcut olan sénimleme davranisi deneysel olarak ol¢ilmustur. Capraz
korelasyon modal glvence kriteri sonuglarina gore, deneysel ve hesaplamali sonuglar iyi bir sekilde
eslesmektedir. ik bes séniimlii dogal frekans degeri icin hesaplamali ve deneysel sonuglar arasindaki
ortalama hata 1,5% olarak hesaplanmistir.
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1. INTRODUCTION

Aluminum beams are used in many industries such as aerospace, automotive, defense, construction, and
various industrial products. In the automotive industry, many load-bearing components of a body-in-white
have properties similar to hollow beams [1, 2]. Automotive components are stimulated by internal and
external influences that can cause fatigue, fracture, and damage. Dynamically induced vibrations can cause
unwanted acoustic emissions [3]. Vibration analysis of an airplane wing is one of the critical problems
during the design of the wing [4]. The vibration behavior of beams, which are components of various
structures, is part of the dynamic characteristics of systems [5]. Hollow beams are also used in the defense
industry. For example, tank barrels are composed of multiple hollow beams.

Hollow beams are often used in engineering structures because they are cheaper, lighter and easier to
assemble. The main goals when creating new designs are to use lighter structures and increase strength. In
addition to weight savings, material savings also provide a significant economic advantage. In a study,
analytical and computational modal analysis procedures were applied on a hollow Euler-Bernoulli beam
using Matlab and Ansys [6]. The researchers concluded that the error between the computational and
analytical results decreases as the slenderness ratio of the hollow beam increases. They used the finite
element method (FEM) to perform dynamic analysis on hollow cantilever beams of various diameters and
compared their findings with analytical results. Another study reported a good agreement between Ansys
Workbench results and theoretical results [7]. In the study, the researchers compared the natural frequencies
of hollow and solid beams of circular cross-sections made of different materials using Ansys Workbench.
They found that when the inner diameter of the circular beam is reduced, the transverse natural frequency
values increase. The researchers also showed a way to determine the natural frequencies and mode shapes
of a beam using a combined analytical and numerical method [8]. They concluded that it is better than the
conventional finite element method considering the computational cost. In another research, an analytical
modal analysis of aluminum and steel beams was performed.

The researchers performed a modal analysis of the cantilever beam using Euler-Bernoulli beam theory and
calculated the natural frequencies and mode shapes using FEM [9]. The theoretical and experimental results
were compared, and very close values were obtained [10]. In their study, the researchers obtained and
compared the results of dynamic analysis of steel, aluminum, and fiberglass cantilever beams by performing
analytical and experimental calculations using Ansys. By comparing the error rates, they concluded that the
error is less at low frequencies than at high frequencies [11]. Researchers are trying to reduce the severity
of vibrations that cause component wear and fatigue in vehicles. The severity of vibration problems
increases when the mass of the vehicle is reduced. An aluminum cantilever beam was studied for the
vibration reduction frame. Friction strips were used to reduce vibration, reduce the overall mass of the
structure, and regulate the vibration amplitude [3]. In the study, the researchers presented the natural
frequency variation of the beams to quantify the damage, the damaged area, and the magnitude of the
damage [12]. As a result of the experiments and calculations, the damaged areas were accurately estimated.

In the relevant literature, it is observed that analytical and computational studies on hollow beams have
been carried out, but studies on model updating and damping behaviors of the structures are limited. The
model updating procedure is necessary not only for validation but also to complement the model in terms
of damping properties. In this study, analytical and computational analyses are performed to determine the
dynamic properties of an aluminum hollow beam, and an experimental analysis is also performed. The
experimental model is taken as a reference model and the computational model is updated accordingly
using the model update tools available in Siemens Simcenter3D v2022.2.
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2. MATERIAL AND METHOD

The dynamic characterization study for the hollow aluminum beam is conducted using experimental and
computational modal analysis procedures. The finite element model is a deterministic numerical solution
model that facilitates the solution of complex problems in engineering fields [13]. The computational
analysis is conducted using Simcenter 3D. In the work, a 750 mm x 20 mm x 10 mm hollow beam with a 2
mm wall thickness is used (Figure 1). The material is Aluminum 6063. The mechanical properties of the
material are tabulated in Table 1. Four different methods were applied throughout the study. In Section 2.1,
the first five undamped natural frequencies are calculated analytically using the Euler-Bernoulli beam
equation. In Section 2.2, the structure is modeled in 2D and 3D using FEM, and the first five natural
frequencies and associated mode shapes are calculated. In addition, these procedures are also performed
using Matlab. Information about the experimental studies and results is given in Section 2.3. In Section 2.4,
a model update analysis is performed based on the experimental results.

(b)
Figure 1. Dimensions of the cantilever beam (a) isometric view of the beam, (b) cross-section

Table 1. The dimensions and material properties of the Aluminum 6063 hollow beam

Parameter Value
E: Young’s modulus (GPa) 68.9
v: Poisson’s ratio 0.33
p: Density(kg/m?) 2,755.4
[: Length (mm) 750
b: Width (mm) 20
d: Height (mm) 10
t: Wall thickness (mm) 2

2.1 Analytical Calculations
The equation of motion for isotropic cantilever uniform Euler-Bernoulli beam exposed to free vibration is
given as [14-16]:

4

a*w 2°w
2 - — 1
c pp (x,t) + 32 (x,t) =0 1)

where w is the transverse deflection, and c is
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c= |— )
pA

where E is Young’s modulus, I is the area moment of inertia, w is the circular frequency A is the cross-
sectional area. The initial lateral displacement and velocity are taken as zero. Four boundary conditions for
the cantilever beam are applied. The frequency equation and mode shape equation are given in Equation 3
and Equation 4, respectively.

cos B,l-coshp,l =—1 (3)
W, (x) = Cyu[sin B,x — sinh B,x — a, (cos B,x — cosh B,x)] (4)
where
sin 8,1 + sinh 8,1
an = (5)
cos Bl + cosh B,,1
The natural frequency of the cantilever beam can be calculated by
El
—p2 |Z_ 6
w=p A (6)

The values of 3,1 for the first five modes are 1.875, 4.694, 7.855, 10.996 and 14.137. Using Equation 6,
the first 5 natural frequencies are calculated, and the values are tabulated in Table 2.

Table 2. The first five natural frequencies of the hollow beam calculated analytically (in Hz)

wq wr w3 Wy Ws

18.1 113.5 317.9 622.9 1029.6

2.2 Computational Analysis (FEM)

For the computational analysis of the hollow beam, FEM is implemented in both Matlab and Simcenter 3D.
For the studies carried out in Matlab; first, the physical properties and the number of elements are assigned.
Mass and stiffness matrices are written (Equations 7 and 8). Discrete and continuous solutions are
performed in Matlab. For the discrete solution, the number of elements is taken as 150, which means that
the element size is 5 mm. The stiffness and mass matrices for the discrete solution are

12 6l —12 6l
_El'l 61 412 —6l 202
KI=% |12 61 12 —el (7)

6l 21> -6 4l*

156 221 54 —13l
_PAI| 221 412 131 302

[M]_420 54 131 156 —22I (8)
—131 =312 =221 4l?

The eigenvalues and eigenvectors are computed using the [V, D] = eig (K, M) command for the continuous
solution. The mode shapes are plotted in Matlab, and the first five mode shapes are shown in Figure 2. The
mode shapes shown are obtained only for transverse deflection.
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The calculations made so far have been done both discretely and continuously using Matlab. In continuous
solution the number of degrees of freedom is infinite. Eigenvectors and eigenvalues are used for continuous
solutions. In the discrete solution, the number of degrees of freedom is finite. In the discrete solution, the
finite element method is used, and the discrete solution is performed by assigning stiffness and mass matrix
equations.

To construct the FE model in Simcenter 3D, the element type, material properties, mesh structure, and
boundary conditions must be provided. First, geometry is drawn, and a mesh structure is formed on the
CAD. Afterwards, the material information is assigned. Then, 2D and 3D modeling are performed using all
these steps, and the results are compared and interpreted.

4 4
2
2 0
; \
0 0 500 1000
0 500 1000
a)First mode shape of the hollow beam b)Second mode shape of the hollow beam
4 5
2
0 0
-2
-5
0 500 1000 0 500 1000
¢)Third mode shape of the hollow beam d)Fourth mode shape of the hollow beam
4
2
V4

L 72
X 0 500 1000

e)Fifth mode shape of the hollow beam
Figure 2. The first five mode shapes of the hollow beam

For 2D modeling, the midsurface of the hollow beam is extracted. Then, since the material is isotropic, the
wall thickness value of the midsurface is assigned. A mesh structure is created using CQUAD 4 type four-
node, two-dimensional elements. The element size for the hollow beam starts at 9 mm and is decreased
until convergence in the results is achieved. Natural frequency values are determined with the Nastran
SOL103 solver. Natural frequency values converge at 5 mm element size. Cantilever beam boundary
conditions are used in the analysis. Additional boundary conditions are also specified for only the transverse
movement of the beam.

For 3D modeling, the entire volume of the model is used, and the mesh structure is created with CHEXAS8
eight-node elements. 2D mesh model results and 3D mesh model results are expected to be slightly different
because the 2D mesh model considers only a flat surface, while the 3D mesh model considers the whole
volume. 3D mesh models are known to be more accurate for complex geometries because they
automatically form mid-nodes which take into account certain motions such as rotation and bending in the
element level.
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After the computational modal analysis in FEM, the accelerometer locations need to be determined for the
experimental modal analysis. The accelerometer locations shown in Figure 3 are based on the computational
modal analysis solution performed in Simcenter 3D software. A mesh size of 5 mm is used to determine
the accelerometer locations. The maximum distance between accelerometers is determined to be 20 mm.
Eight locations have been identified and one of these locations is for excitation. The distance between the
nodes is measured in the software based on the fixed point for the placement of the accelerometers during
the experiment. Moreover, the software shows not only the position of the accelerometers but also the angle
of placement of the accelerometers. Figure 3 shows the sensor positions and angles determined by the
software.

In Table 3, the calculation results for both 2D mesh and 3D mesh and Matlab results are tabulated for
comparison. For FEM, mesh size is very important for processing time. To reduce processing time, the
convergence of the results should be taken as a basis and the convergence should be used for the operations.
The convergence value can be easily found by checking the convergence graph. The autocorrelation matrix
shown in Figure 4 is a measure of the degree of correlation between two mode shapes of the same mode
shape set. The results revealed a perfect correlation which means that the computation performed to
determine the optimal sensor locations is successful. The diagonal matrix values are perfectly 1 and all off-
diagonal terms are well below 0.1.

Hammer-
Exaction point

-

&
S
N
~
&
< .,

Figure 3. The optimal accelerometer locations and the optimal excitation location computed by the
algorithm built-in Simcenter 3D.

Table 3. The first five natural frequencies of hollow beam obtained by different types of analysis

Size w4 W, w3 Wy ws
Computational 2D 5 mm 188Hz 1173Hz 326.1Hz 632.1Hz 1031.0Hz
Computational 3D 5 mm 19.2Hz 120.2Hz 3348Hz 6509Hz 1065.0Hz
Matlab Discrete (5mm) 18.1Hz 113.5Hz 317.8Hz 6229Hz 1029.6 Hz
calculations Continuous 18.1Hz 1135Hz 317.9Hz 6229Hz 1029.6 Hz

In the study, 2D and 3D convergence graphs are examined, and it is seen that the analysis results are very
close since the experimental subject does not have a complex geometry. Therefore, the ideal mesh size is
chosen as 5 mm. If the structure used had a larger and more complex geometry, the analysis results would
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have shown more significant differences and consequently, the mesh size chosen would have changed
accordingly.

PreTest MAC Results - MODMAC 1
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Figure 4. The autocorrelation matrix
2.3 Experimental Analysis

The hollow aluminum beam is fixed to the fixture at one end to provide a fixed-free boundary condition.
An eight-channel Sinus™ mobile analyzer is used for data acquisition and recording. 7 Dytran™ uniaxial
accelerometers are employed for the measurements. Accelerometers are used to transfer the acceleration
signals caused by hammer strikes, i.e., the response of the structure to the analyzer. The specific
accelerometer brand used in the experiment is Dytran 3035BG. Seven accelerometers were used
simultaneously in the experiment. The beam is excited with an impact hammer, and an average of 3 impact
measurements are recorded to be analyzed through the measurement software, Samurai. The roving hammer
used during the analysis is a Dytran 5800B3 with a sensmwty value of 48.70 mV/LbF.

Figure 5. Experimental setup (Vibration & Acoustics Laboratory, Alanya Alaaddin Keykubat University)

The positions of the accelerometers and the location to be hit with the impact hammer were determined by
an algorithm in Simcenter 3D. The locations and channel numbers are shown in Figure 5. In the mobile
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analyzer, Channel#1 is reserved for the roving hammer, and other channels (#2 to #8) are employed for the
accelerometers. The results are compared with FEM results and interpreted. Based on the results, the model
is updated in Section 2.4.

The measurements are done to obtain the frequency response functions (FRFs), which are used to determine
the natural frequencies, damping ratios and mode shapes of the engineering structures. After processing the
raw data, the response can be obtained as displacement, velocity or acceleration [17].

The coherence function informs us about how well the measured data is in line with the actual response of
the engineering structure and whether there are any detrimental effects in the data that affect the response
i.e., nonlinearities, self-induced vibration, etc. In modal analysis, it is a measure of the correlation between
the input excitation and the measured response. In the cantilever beam experiment, the resulting high
coherence values indicate that the measured response is highly correlated with the excitation signal, and the
measured data are reliable for postprocessing [18]. To give an idea, an FRF function and its coherence
function obtained from Channel#6 are shown in Figure 6. The damped natural frequency values obtained
during the experimental study are tabulated in Table 5. The mathematical relation between the undamped
natural frequencies (w,,) and the damped natural frequencies (wy) is

Wg = wp/1-¢ 9)

where ¢ is the damping ratio.

13 | Averaged CHE vs CH1 FRF H1=24.2 m/sZ/N, 6.5

L1} Hz 250 500 THD 1000 1250

Figure 6. The FRF (top) and the coherence function (bottom) graphs obtained from Channel#6

Table 5. The first five natural frequencies of hollow beam obtained by the experimental modal analysis

(1)1 (1)2 (1)3 (1)4_ (1)5

16.6 Hz 101.5 Hz 283.1Hz 556.4 Hz 924.9 Hz
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2.4 Model Update

The data acquired from the experimental modal analysis study is compared with the results of the
computational modal analysis. The experimental data is taken as reference data and the computational
model is updated to minimize the difference between the two models. The mode shapes are compared using
the modal assurance criterion (MAC). It is observed that the mode shapes are similar, but the frequency
values associated with the mode shapes are slightly different. The reason is that the natural frequency values
(w,) obtained from the computational analysis are undamped, while the values obtained from the
experimental modal analysis are the damped natural frequencies (w,;). The damping ratio (¢) is measured
during the experiments to be included in the computational model. MAC compares the mode shapes in two
sets of modes and indicates the degree of consistency between the shapes. The MAC is computed using the
following equation:

N *|?

|21 WakPay”"|
N NN >
=1 PaPary 2j=1 Pai¥ay

where Wyy; and Wyy; are the jth value of the mode shape vectors {4} and {Wa,}, respectively. First, 7
accelerometers are placed on the FE model obtained from Simcenter 3D for the analysis using nCode. The
positions of the accelerometers are the same as in the experimental setup. The positions and measurement
directions of the accelerometers on the hollow beam are shown in Figure 7.

MAC(Ay, A) = (10)

Figure 7. Positions of the accelerometers on the hollow beam (nCode analysis)

Then, using nCode software, a MAC analysis is performed to compare the first 5 mode shapes obtained
from the computational analysis results. The first 5 experimental mode shapes are generated in nCode. A
comparison of the computational and experimental mode shapes is given in the next subsection.

3. COMPARISON OF RESULTS

Analytical, experimental, and computational results are obtained throughout the study. The analytical
calculations do not consider damping, which is inherent in all physical systems. The initial computational
model also does not include damping. The damping was measured experimentally using FRFs and
incorporated into the updated model by adding viscous damping elements. The viscous damping elements
added to the updated computational model are shown in Figure 8. The 1D viscous damping elements are
assigned a damping value of 0.32 N-s/mm (shown in orange in Figure 8).
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Figure 8. Viscous damping elements introduced the updated computational model (shown in orange)

Table 5. The first five mode frequencies of the hollow beam obtained by the analytical, computational and
experimental analysis (in Hz)

Analysis w1 Wy w3 Wy ws
Analytical 18.1 113.5 317.9 622.9 1,029.6
Matlab (discrete solution) 18.1 1135 317.9 622.9 1,029.6
Computational (initial model) 18.8 117.4 326.3 632.4 1,031.0
Experimental 16.6 101.5 283.1 556.4 924.9
Computational (updated model) 17.1 100.2 285.1 559.2 906.0

SRR 0.9925

0.8934

0.7942

- 0.6951
0.5959
0.4968

0.1002

FE Model (mode number)

1E-3
Figure 9. Cross-correlation of MAC matrix: comparison of experimental and computational mode shapes
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Computational mode shapes Experimental mode shapes

5th mode, 906.0 Hz 5th mode, 924.9 Hz
Figure 10. Computational (left column) and experimental (right column) mode shapes
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The results tabulated in Table 5 show that the updated computational model is the model that best fits the
experimental results in terms of mode frequencies. The cross-correlation MAC matrix compares the
computationally and experimentally derived eigenvectors (aka mode shapes). The color scale in Figure 9
represents correlation values ranging from 0 to 1. As the value approaches 1, the similarity increases and
as the value approaches 0, the similarity decreases. As a result of the study, values close to 1 are obtained
in the diagonally positioned cross-correlation MAC matrix. This diagonal arrangement can be interpreted
as a successful completion of the conducted analysis. The experimental and computational mode shapes
are compared in Figure 10.

4. CONCLUSION

Structural parameter estimation is affected by uncertainties which are present in the system. The relevant
literature reveals the importance of model updating. A technique is proposed to estimate spatially
distributed parameters of samples with regular geometry structure using Karhunen Lo¢ve expansion and
sensitivity based FRF model updating [19]. A model updating study is performed on an H-cross section
steel beam [20]. The model is updated using natural frequencies measured in an impact hammer test of the
beam structure and the validity of the updated model is confirmed by the strain responses measured from
the test. In a recent study, several model updating methods based on full-scale model tests of track beams
are compared [21]. The results of a model update study on a composite beam show that the uncertainties in
the simulated finite element model like the modulus of elasticity of the fibers and matrices, individual
densities, modulus of rigidity, and most importantly the fiber orientations can be effectively corrected by
using direct updating method [22].

In this study, the dynamic properties of an aluminum hollow beam are investigated using analytical,
computational, and experimental methods. An analytical solution is carried out according to the
assumptions of the Euler-Bernoulli beam theory. The assumptions of the theory negatively affect the
accuracy of the results as the frequency range increases. Discrete and continuous solutions for the structure
are realized using Matlab. The number of elements is taken as 150 for the discrete Matlab solution and
infinite for the continuous solution. The tabulated results in Table 5 show that the analytical and Matlab
solutions overestimate the mode frequencies compared to the experimental results.

The initial computational model, which does not consider damping, also overestimates the results. The
computational model is updated regarding the experimental model. The damping behavior inherent in all
physical structures is measured experimentally and added to the updated computational model. It is then
observed that the experimental and computational results match well. The average error between the
computational and experimental results for the first five damped natural frequency values is calculated to
be 1.5%. In line with the former studies [19-22], this study shows the importance of model updating for
correct analysis and design. Differently, in this study, damping elements were also taken into account which
refines and improves the results in terms of suppressing the errors between the experimental and
computational results.
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Abstract

Layered Double Hydroxide-based nanopatrticles offer significant advantages in biological applications with
high biocompatibility and low cytotoxicity. In this study, nanoparticles (nMg/Al-NOs-LDH) were synthesized
by the co-precipitation method, and synthesis optimization of the nanoparticles was carried out by
hydrothermal treatment. The effect of hydrothermal treatment on Z-average and surface charge was
evaluated. Experiments were performed at 80°C and 100°C in the range of 2-48 h by using different stirring
rates (250, 1000, and 1500 rpm) and without stirring. Dynamic Light Scattering (DLS) was used to assess
the patrticle size (nm), polydispersity index (PDI), and zeta potential (mV) of the nanopatrticles. The chemical
structure of nanoparticles was characterized by Fourier Transform Infrared spectrometry (FTIR). As a result,
nanoparticles with an optimum particle size of 86.87 nm, a PDI of 0.132, and a zeta potential (mV) of
44 .4+8.74 were obtained at 80°C, 48h and 250 rpm. The data showed that Mg/Al-NOsz-LDH nanoparticles
have suitable physical properties for biological applications.

Keywords: Layered double hydroxide nanoparticles, Hydrothermal treatment, Particle size optimization,
Inorganic materials

Mg/Al-NOs Gift Tabakal Hidroksit Nanopartikiillerinin Hidrotermal islem ile
Optimizasyonu GCaligmalari

Ozet

Cift Tabakali Hidroksitler ylksek biyouyumluluk ve disuk sitotoksisite ile biyolojik uygulamalarda énemili
avantajlar sunar. Bu ¢alismada nanopartikiller (hnMg/Al-NOs-LDH) birlikte ¢dktirme yontemiyle sentezlendi
ve nanopartikillerin sentez optimizasyonu hidrotermal islem altinda gergeklestirildi. Hidrotermal islemin
partikil boyutu ve ylzey ylUki Uzerindeki etkisi degerlendirildi. Deneyler 80°C ve 100°C'de, 2-48 saat
araliginda ve gesitli karistirma hizlarinda 250, 1000, 1500 rpm gergeklestirildi. Nanopartikullerin partikl
boyutu (nm), polidispersite indeksi (PDI) ve zeta potansiyel (mV) degerleri Dinamik Isik Sagilimi (DLS) ile
saptandi. Nanopartikillerin kimyasal yapisi Fourier Donidsimi Kizildtesi spektrometresi (FTIR) ile
karakterize edildi. Sonu¢ olarak, 80°C, 48 saat ve 250 rpm'de optimum partikil boyutu 86.87 nm,
polidispersite indeksi (PDI) 0.132 ve zeta potansiyeli (mV) 44.418.74 olan nanopartikiller elde edildi.
Veriler, biyolojik uygulamalarda kullanima yoénelik Mg/Al-NOs-LDH nanopartikUllerinin uygun fiziksel
ozelliklere sahip oldugunu gésterdi.

Anahtar Kelimeler: Cift tabakali hidroksit nanopartikiller, Hidrotermal iglem, Partikil boyutu
optimizasyonu, Inorganik malzemeler
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1. INTRODUCTION

Layered Double Hydroxides (LDHs) are layered materials with a unique 2-dimensional structure and
biocompatibility. The alternating pattern of positively charged metal hydroxide layers and negatively
charged interlayer exchangeable anions characterizes them [1]. LDHs have recently gained popularity due
to their unique properties and versatile applications in various fields, including catalysis, drug delivery, and
environmental remediation [2]. LDH has superior properties such as good biocompatibility, low
cytotoxicity, high loading capacity, diverse functionality, tunable particle size, targeted delivery, and
protection of biomolecules from external chemical and biological attacks [3]. Numerous research has
focused on the utilization of LDH as a carrier of biomolecules such as vitamins [4], anti-inflammatory drugs
[5], anti-cancer drugs [6], neurodegenerative drugs [7] and genes [8,9]. In synthesizing LDH nanoparticles,
the co-precipitation method is a widely used technique known for its simplicity and efficiency in producing
well-defined nanostructures [10].

LDH possesses a general chemical formula of [M''1.x M""!' ,(OH)]** (A" )xn'mH,0, wherein M", M"" and
A" represent divalent a metal cation, a trivalent metal cation and an interlayer anion, respectively. LDH has
a layered crystal structure that varies widely depending on the structure of the cations M'"/M"' molar ratios
and anion type. The range 0.2 <x <0.33 (M" /M"" ratio between 2: 1 and 4: 1) is suitable for pure LDH
synthesis. In the case of x> 0.33, the formation of M(OH)s occurs; likewise, M(OH), is formed at x <0.2
[11,12].

Hydrothermal treatment is an important step in improving the properties of LDH nanoparticles, as it allows
fine-tuning parameters such as temperature, time, and stirring speed [13]. In this study, the synthesis of
nMg/Al-NO;-LDH was optimized for use in biological applications. nMg/AI-NOs-LDH was prepared by
the co-precipitation method, and the hydrothermal optimization of the nMg/Al-NO3s-LDH was examined.
It is well established in biological applications that parameters such as cellular uptake, biodistribution, and
biocompatibility are significantly influenced by particle size and surface charge [14].

In this regard, the effect of synthesis conditions such as temperature, time, and stirring rate on the particle
characteristics was investigated. The size (nm), PDI and zeta potential (mV) of nMg/AI-NOs-LDH prepared
under various conditions were revealed by Dynamic Light Scattering (DLS) analysis, while their chemical
structure was illuminated by Fourier Transform Infrared Spectrometer (FT-IR). Especially there is no study
on the nanoparticle size of stirring rate during hydrothermal treatment, but the data obtained with this
parameter created a meaningful and important result and brought innovation and originality to our study.

2. MATERIAL AND METHOD
2.1 Material

Mg (NOs)2.6H20 (>99%) and Al (NO3).9H0 was obtained from Merck. NaOH (>98-100) purchased from
Sigma-Aldrich.

2.2 Synthesis and Optimization of nMg/Al-NOs-LDH

nMg/Al-NO;-LDH were synthesized using a coprecipitation step followed by a hydrothermal treatment
process [15]. 10 mL aqueous solution of 3 mmole Mg (NO3)..6H-0, and 1 mmole Al (NOs).9H.0,
([AI/(IMg]+[Al]); 0.25) was added quickly in NaOH solution (0.15 M, 40 mL) under vigorous magnetic
stirring continued for 10 min. This acquired LDH suspension was separated by centrifuging for 5 min at
4500 rpm. LDH slurry was washed, dispersed in 50 mL of deionized water, and transferred into an autoclave
(Berghof Highpreactor BR-HS; Germany). Hydrothermal treatments were carried out at 80°C and 100°C,
in a range of 2-48 h and with different stirring rates (250, 1000, and 1500 rpm) and without stirring,
respectively. Figure 1 depicts the synthesis of Mg/Al-NO3-LDH nanoparticles.
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Figure 1. Schematic illustration of nMg/Al-NO3-LDH synthesis

After the co-precipitation process, the effect of hydrothermal treatment conditions was examined by
changing the temperature, stirring rate and time on nanoparticle characteristics. First, the hydrothermal
treatment process was examined for the different stirring rates (250 rpm, 1000 rpm, 1500 rpm). For this
purpose, samples were taken at different time intervals for different stirring rates, and then particle size
(nm), PDI, and zeta potential (mV) values were determined. Secondly, the effect of temperature (80°C and
100°C) was examined after determining the appropriate stirring rate. Finally, the effect of hydrothermal
treatment time (2h, 4h, 6h, 8h, 24h and 48 h) on particle size, PDI, and zeta potential value was also
examined.

2.3. Characterization of nMg/Al-NOs-LDH

2.3.1 FTIR analysis

The structure of nMg/Al-NO3s-LDH was identified on a Fourier transform infrared (FTIR) (Agilent Cary
630, USA) using a pellet prepared with 1 mg of the sample and 200mg of KBr. The absorption spectra were
obtained in the wavenumber range of 4000-650 cm™™.

2.3.2 Determination of mean particle size, PDI and zeta potential

Photon correlation spectroscopy (Nano ZS, Malvern UK) was used to determine the Z-average and PDI of
nMg/Al-NOs-LDH. The same instrument was used to determine the surface charge of nanoparticles. The
measurement results were repeated three times.

2.4 Colloidal Stability of nMg/Al-NOs-LDH

The colloidal stability of nMg/AIl-NOs-LDH was examined by storing dispersions at +4 + 1 °C. Particle
size, PDI, and zeta potential value were measured by taking weekly samples. Stability was checked over 5
weeks, and the measurement results were repeated three times.

2.5 Statistical Evaluation

Statistical analysis and similar data sets were analyzed using GraphPad Prism 8.0 software and a two-way
ANOVA with the Sidak test. Statistical significance was evaluated as a probability value of 0.05.
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3. RESULTS AND DISCUSSION
3.1 Synthesis and Characterization of nMg/Al-NOs-LDH

As aforementioned in section 2.2, nMg/Al-NOs-LDH was synthesized by the co-precipitation method using
the magnesium and aluminum salts. Afterward, the stable suspension containing nMg/Al-NOs-LDH was
obtained by hydrothermal treatment. To elucidate the resulting structure, the nMg/Al-NOs-LDH suspension
was lyophilized, and the structure was characterized by FTIR analysis using the dry sample.
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Figure 2. FTIR spectra of nMg/AI-NOs-LDH

As illustrated in Figure 2, FTIR spectra of nMg/AI-NO3z-LDH are taken for the range of 4000-650 cm™.
The broad absorption band in the 3250-3800 cm™ region (maximum appeared at about 3463 cm™) and the
broad shoulder appeared at about 3580 cm™ are related to the symmetrical and asymmetric vibrations of
the hydrogen-bonded O-H groups in lattice structure (Mg/Al-OH or Al-OH) and interlayer water molecules
surrounding the exchangeable anions [16]. The small sharp absorption band seen at 1624 cm™ is attributed
to the deformation and bending vibrations of the H.O molecules in the H.O-COs?> structure. The sharper
band at about 1383 cm™ was also assigned to the stretching vibrations of the NOs™ anions in the interlayer
region. The broad shoulder at about 1359 cm™was also assigned to the symmetric stretching vibrations of
the unidentate CO3% anions, which may have entered the structure during precipitation or purification.
Hence, COs? and NOs!anions in the interlayer of LDH are observed to be overlapped as the one sharp
absorption band at 1383 cm™ [4]. Absorption bands are seen as small sharp or small shoulders of
approximately 500-1000 cm™ caused by vibrations of the LDH lattice structure, which are Mg-O / Al-O /
0-Al-O/0-Mg-0, Al-OH, H,0 molecules [17]. Consequently, FTIR spectra of nMg/AI-NOs-LDH confirm
its molecular structure.

3.2 Optimization Studies of nMg/Al-NOs-LDH

Nanoparticulate systems are a very important developing field as drug or gene carrier systems [18]. It is
known that the key factor to achieve maximum therapeutic effectiveness in the applications of these systems
is the control of particle size, PDI and surface charge [14]. Additionally, some studies have revealed that
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the particle size and surface charge of nanoparticles are more important than the nanoparticle structure in
biological applications [14].

In optimizing the synthesis of nMg/Al-NOs-LDH, the effect of hydrothermal treatment conditions such as
time (2h, 4h, 6h, 8h, 24h), stirring rate (250 rpm, 1000 rpm and 1500 rpm) and without stirring on the
characteristics of the nanoparticles were investigated at the constant temperature 100°C, which indicated in
the literature [19-24]. According to the results (Figure 3), hydrothermal treatment conditions significantly
affect particle size and PDI. As known, hydrothermal treatment increases the kinetic energy and Brownian
motion that can overcome the adhesive effect and interaction between aggregates [19]. Thus, stable LDH
suspension is obtained due to electrostatic repulsion between positive particles. The obtained values in
Figure 3 show that the Z-average size varies between 77.47+0.150 nm and 133.8+3.195 nm due to the
stirring rate. Moreover, hydrothermal treatments were carried out with and without stirring in the autoclave
to observe the effect on particle size. All nMg/Al-NOs-LDH were obtained smaller than 200 nm particle
size at hydrothermal treatment conditions with variable stirring rate and time in the autoclave. This range
is considered small-sized for nanoparticular systems [25] and a suitable agent for drug/gene carrier systems
in target therapies [26-28]. Especially when the stirring rate is 250 rpm, it can be seen that all the results
are below 100 nm (Table 1). This situation creates a great advantage for nanoparticle systems that target
the blood-brain barrier, especially requiring small nanoparticle size (<200 nm) [29].

The PDI is defined as the level of non-uniformity in the size distribution of particles [30]. If the PDI value
of the nanoparticle system is <0.1, it is highly uniform, and if it is between 0.1 and 0.4, it is considered to
be moderately uniform. These two ranges are considered suitable for nanoparticular systems for drug/gene
delivery systems [27,28,31]. If this value is >0.4, it indicates a high level of nanoparticle size variation and
is unsuitable for drug/gen carrier systems [32]. Based on this, when we examined the PDI values, it was
observed that the measured values varied between 0.185+0.014 and 0.404+0.0122 (Figure 3). In fact, all
the obtained results have a good PDI value, of course, considering that specific values will be required
depending on the carrier system to be customized.

Zeta potential, also called electrokinetic potential, is measured by the movement of particles dispersed in a
liquid towards the positive or negative domain depending on the surface charge ratio when an electrical
field is applied to the liquid [32]. Zeta potential is a highly significant characteristic of colloids or
nanosuspension, and its value is strongly connected to suspension stability and particle surface shape. It is
evaluated as a parameter of the impacts of pH, ionic strength, and the kind of ions in suspension [33,34].
When we examined all the zeta potential results, the values (between 37.8+6.39 and 51.4+6.82) were close
to each other (Figure 3). The distribution is considered stable in colloidal systems where the zeta potential
is higher than +30 mV or lower than —30 mV [35]. Accordingly, the results show that LDH nanoparticles
with high cationic charge are stable.

According to Figure 3, the diversity in stirring rate resulted in a statistically significant change in particle
size and PDI values, while the change in zeta potential was statistically insignificant at all times tested.
However, when the stirring rate increased to 1500 rpm, particle size, PDI, and zeta potential value also
increased due to increasing the intraparticle interaction. The obtained results revealed that the optimal
stirring rate is 250 rpm.

Based on the literature, there are many studies on LDH [19,34]. Although there are different studies on
parameters such as anion type in the structure, temperature, concentration and time, no study has been found
investigating the effects of stirring speed on particle size, PDI and zeta potential in hydrothermal treatment.
When the data obtained is examined, it shows that stirring rate is a statistically significant parameter of
particle size in hydrothermal treatment. The stirring rate in the hydrothermal treatment on LDH nanoparticle
creates a unique value for this study and distinguishes it from other studies.
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Table 1. The zeta potential, particle size and PDI values of nMg/Al-NO;-LDH obtained hydrothermal
treatment conditions (250rpm, 100°C, 24h)

168

T(irr:;e Z—aveiaS%;z (nm) PD +SD Ze(trfwl \p/))oiaglt;al

3 2h 108,0+1,761 0,185+0,014 43,645,46
% 4h 105,0+0,5 0,2100,003 45,147,51
°g 6h 102,4+0,585 0,280+0,020 48,149,31
h 8h 100,041,217 0,245+0,004 42,445 .86
24 h 106,9+0,556 0,23120,009 37,846,39

o 2h 79,97+0,527 0,250+0,001 40,148,58
§ 4h 77,47+0,150 0,211+ 0,004 43,9+7,92
O§ s 6h 77,59+0,820 0,192+0,013 45,6+7,74
8h 85,040,686 0,211%0,007 45,1£7,15

24 h 95,10+0,707 0,201+0,004 44,846,87

3 2h 106,9+0,862 0,247+0,006 43,7453,8
% 4h 81,8240,841 0,254+0,010 433147
°§ s 6h 77,18+0,31 0,229+0,004 44,2+6,37
8h 81,07+0,520 0,237+0,008 42,945,49

24 h 86,340,839 0,208+0,011 42,748,62

£ 2h 93,68+0,826 0,404+0,0122 50,0+8,51
S 4h 99,02+2,933 0,378+0,006 51,248,42

9

o: 6h 99,741,065 0,382:0,006 50,043,6
= 8h 104,042,592 0,3800,005 51,446,82
24 h 133,843,195 0,3760,017 49,948,58
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Figure 3. The particle size (nm) (A), PDI (B) and Zeta potential (mV) (C) of nMg/Al-NOs-LDH in
various parameters 0 (without stirring), 250, 1000 and 1500rpm. The data is provided
as mean SEM (n = 3). The following statistical significance levels were used:
*p < 0.05, **p <0.01, ***p < 0.001, and ****p < 0.0001, ns: not significant.

To investigate the impact of temperature on the size and surface charge of nMg/AI-NOs-LDH the stirring
rate was kept constant at 250 rpm and the synthesis was carried out at 80°C. When the temperature was
changed to 80°C, particle size and size distribution decreased at 24h, with no significant change in surface
charge (Figure 4 and Table 2).
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Table 2. Effect of temperature on the particle size (A), PDI (B) and zeta potential (C)
Zeta potential

Time Z-average (nm)

() +SD PD +5D (MV) 8D
2h 93,92+0,382 0,238+0,0122 44,616,52
§ 4h 75,54+0,337 0,272+0,250 44,245 46
2
| 6h 73,860,864 0,208+0,0057 45,1+4,49
2
= 8h 77,72+1,130 0,224+0,005 45,3+3.95
24 h 88,35+1,751 0,173+0,012 47,546,25
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Figure 4. Effect of temperature on the particle size (A), PDI (B) and zeta potential (C)
The data is provided as mean SEM (n = 3). The following statistical significance levels were used:
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, ns: not significant.
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The particle size and PDI value of nMg/Al-NOs-LDH are positively affected depending on hydrothermal
treatment time (Table 3). Without hydrothermal treatment, LDH slurry has a glue effect causing
aggregation, distribution over a wide range and a large PDI value.

Table 3. Effect of hydrothermal treatment time on the LDH particle size,
PDI and zeta potential in 80°C temperature, 250 rpm stirring rate.

. Z-average Zeta potential (mV)
Time (h) (nm) PDI +SD
without

hydrothermal  358.8+4,747 0.513+0,027 -
treatment
24 88.35£1,75  0.173+0,019 47.5+6.25
48 86.87+0.320 0.132+0,018 44.4+8.74

When the hydrothermal treatment time reached 24 h, it was seen that the nMg/Al-NO3;-LDH was a stable
monodisperse nanosuspension with narrower size distributions i.e. lower PDI. However, a peak of about
1% is seen around 5000 nm of hydrothermal treatment time at 24 h. Therefore, the hydrothermal treatment
time was raised to 48 h. Thus, it was observed that the unwanted second peak (~5000 nm) disappeared and
the PDI value decreased significantly (Figure 5). According to the measurement results, the particle size
was close to 24 h, but the PDI value was further decreased, and the large particles around 5000 nm turned
into nanoparticular structure. In light of these findings, it was concluded that the most suitable hydrothermal
treatment conditions were 80 °C, 250 rpm and 48 h to obtain the nMg/Al-NOs-LDH.

Size Distribution by Intensity
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Mg/Al-NO;-LDH (48 h)
Mg/AI-NO:-LDH (24 h)

Figure 5. Effect of hydrothermal treatment time on the nMg/AI-NOs-LDH particle size

3.3 Colloidal Stability of nMg/AlI-NO3-LDH

A colloidal stability of nMg/AI-NOs-LDH was carried out to determine the change in particle size, PDI and
zeta potential in the duration of use depending on the time and +4 °C storage condition (Table 4). Results
were taken in triplicate. According to Table 4, the measurement results show that the Z average varied
slightly between 86.87+0.320 and 109.6+2.3 nm. Moreover, PDI values are located between 0.132+0.018
and 0.276+0.018. Although the results of zeta potential were very close to the value obtained in the first

synthesis of nMg/AI-NOs-LDH, it changed slightly within 5 weeks. nMg/AI-NOs-LDH remains stable for
5 weeks.
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Table 4. Colloidal stability of nMg/AI-NOs-LDH stored at +4 £1°C for 5 weeks.

Z-average Zeta potential (mV)

Time (Week) (nm) PDI +SD
After 86.87+0.32  0.132+0.018 44.4+8.74
preparation
1 97.2948.22  0.173+0,017 47.6+8.58
2 93.71+1.44  0.173+0.011 49.7+6.93
3 95.39+2.50  0.205+0.038 46.3+8.77
4 107.55+2.80 0.228+0.019 41.8+7.82
5 109.6+2.30 0.276+0.018 47.3+7.94

4. CONCLUSION

As a result, the synthesis of nMg/AI-NOz-LDH was optimized in this study. The effects of time,
temperature, and stirring rate on the size and zeta potential of nMg/AI-NOs-LDH were evaluated. The most
suitable condition for synthesis was 80 °C, 48 h and 250 rpm, and nanoparticles with the particle size of
86.87 nm, a PDI of 0.132, and a zeta potential (mV) of 44.4+8.74 were obtained. The colloidal stability of
nMg/Al-NO;-LDH was then monitored for 5 weeks. The prepared nanoparticles maintained physical
stability for up to 5 weeks under +4+1°C storage conditions. Insights from this study revealed important
data on tailoring nMg/Al-NOs-LDH for specific biological applications, from controlled release systems to
advanced catalytic materials. Future studies on drug loading and biodistribution will increase the
prospective importance of nMg/AI-NOs-LDH prepared under optimum conditions.
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Abstract

The DC buck converter plays a critical role in supplying unfluctuated DC load voltage, however, which is
exposed to various parametric uncertainties and disturbances operating under sensitive loads. This paper
proposes a composite backstepping control strategy with an extended state observer (ESO) for the buck
converter. Firstly, a backstepping control function is constructed to derive an inner current loop reference
assuming load disturbance is known, which renders the global stability of the system. An ESO is designed
to estimate the unmatched load current and collaborate with the backstepping controller to obtain
disturbance attenuation. Quantitative selection of control and observer gains are provided under the highly
nonlinear relationship of system dynamics. The rigorous stability of the proposed scheme is proved with an
analysis of robustness. Finally, simulation results illustrate the comparative performance of the proposed
control scheme against the disturbance caused by the load and uncertainties.

Keywords: Backstepping, Buck converter, Uncertainty, Observer.

DA-DA Algaltan Donusturuciilerin Uyumsuz Bozucu Yuk Altinda GDG Tabanli
Geri Adim Kontrolu

Ozet

DC algaltan donustirtculer dalgalanmayan DC yik gerilimi saglamada kritik bir rol oynar, bununla birlikte
hassas yukler altinda caligirken gesitli parametrik belirsizliklere ve bozucu etkilere maruz kalmaktadir.Bu
calismada algaltan tip dontstiriculer igin genisletilmis durum gézlemleyicisi (GDG) ile birlikte geri-adim
kontrol stratejisini iceren tiimlesik bir kontrol yapisi dnerilmektedir. ilk olarak, sistemin genel kararliligini
saglayan ve ylik bozulmalarinin bilindigi varsayilarak i¢ akim déngusu referansi Gretmek amaciyla bir geri-
adimlama kontrol fonksiyonu olusturulur.Daha sonra, eslesmeyen ylk akimini tahmin etmek ve bozulmayi
azaltmak i¢in geri adimlama denetleyicisi ile isbirligi yapmak lzere bir GDG tasarlanmistir.Kontrol ve
g6zlemci kazanclarinin secimi, sistem dinamiklerinin dogrusal olmayan iligkileri altinda saglanmistir.
Onerilen kontrol yapisinin kesin kararliigi, giirbiizliik analizi ile birlikte saglanmistir. Son olarak, dnerilen
kontrol yontemi i¢in yUkin ve belirsizliklerin neden oldugu bozulmalara karsi karsilastirmali performansini
gOsteren simllasyon sonuglari verilmistir.
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1. INTRODUCTION

DC buck converter is one of the most popular power processing units to change the input/output voltage
ratio of DC sources, which are widely applied in photovoltaic panels, renewable energy conversion,
portable equipment, electric vehicles, HYDC, motor drives, and industrial processes [1-6].

The DC buck converter is modelled with unmodelled dynamics such as parametric uncertainties and
disturbances. These unknown dynamics consist of time delay, parametric variation of passive elements, and
unmodelled effects of no-ideal switching elements. Besides, input voltage and load variations are
commonly encountered disturbances in the operation of DC buck converters. The main control objective
in power circuits is to reach the desired voltage level on the output under source voltage variation and load
resistor. To obtain satisfactory control performance, some of the linear approaches have been studied such
as cascade proportional—integral (PI) control [7], and proportional-integral-derivative (PID) [8].

However, linear approaches are designed on the small-signal model of the converter around the desired
operation points. Thus, only the local stability of the closed-loop system can be provided. When the DC-
DC converter system is subjected to large fluctuations far away from the operating point, system stability
may deteriorate. Furthermore, this leads to limited dynamic response of the closed-loop system.

To achieve a better dynamic response, various nonlinear control methods have been developed, such as
robust control [9-11], adaptive control [12—-14], sliding-mode control [15-17], intelligent control [18-20],
and disturbance rejection control [21-23].

Predictive control has excellent dynamic response at the expense of relative computational load [24].
Except, predictive control has the disadvantage of adjusting the weighting factor. Although sliding mode
control is robust to model uncertainties, it lacks the chattering phenomenon [25]. Repetitive control rejects
periodic disturbance, but it has a relatively long internal time delay [26].

The above nonlinear approaches are evaluated from different perspectives according to advantages and
sufferings, while they have two limitations in common. In one respect, they are insufficient to rigorously
provide the large signal stability of the system. For another, it only focuses on uncertainty and disturbances,
which take action on the same channels as the control law.

The large-signal stability of the system can be ensured with Lyapunov’s direct method theory, which is
designed based on a candidate Lyapunov function (V). In the conventional approach for Lyapunov’s, the
control law and pseudo-variables are designed to ensure dV/dt < 0 [27]. However, control law constructed
merely has a single current control loop [28]. When extended for the DC-DC converter regulation, the
output voltage is accompanied by steady-state error, which causes a slower dynamic response.

To solve this problem, [29] a virtual filter capacitor voltage is imported to the loop so that a two-loop control
stability can be implemented. However, with this approach, the negative definiteness of dV/dt fails, which
means the large-signal stability cannot be always guaranteed. It also makes load-current sensors mandatory
for practical application.

Adaptive control is developed in [30], which has dual control loops to obtain satisfactory steady state and
transient performance and also guarantee large-signal stability. Meanwhile, it obviates the use of load-
current sensors. However, to construct the Lyapunov function systematically, backstepping control
provides explicit rules that contribute to deriving the virtual reference states and control law within
simplified design steps [31].

Most of the previous work only considers disturbances and uncertainties that take on the same channel as
the control input which is called matched uncertainty. However, the output voltage of DC buck converters
is also disturbed by the so-called unmatched variations like output current, which causes great difficulty for
the robust controller design.

To address the mismatching problem, some variable structure schemes have been proposed such as sliding
mode control (SMC), adaptive SMC [32], and SMC with integral action [33]. However, these studies
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require definite disturbance bounds or first-time derivatives, which are hard to obtain due to the nonlinearity
of DC buck converter systems.

Extended state observer (ESO) could achieve an estimation of the variations and disturbances without the
knowledge of their boundary limits [34], which originally differs from the classical observers. It constitutes
an integrator's chain to make the system canonical form and separate the actual plant from the nominal form
plus a lumped disturbance. It lumps a wide range of uncertainties, including unmodeled dynamics,
parametric variation, and external unknown disturbance. Thus, it provides a model-independent framework
and a strong robustness and anti-disturbance ability.

Considering the limitations of the aforementioned approaches, this study proposes an ESO-based composite
robust control approach to regulate buck converter voltage, whose main contribution is summarized as two
points:

e The composite backstepping controller has a separate control structure, that could provide the large-
signal stability of the system.

e To compensate for mismatched load current disturbance, ESO is designed to feedforward it to the
backstepping controller, resulting in accurate tracking and rigid robustness.

2. SYSTEM DESCRIPTION AND MODELING

A basic pulse width modulated (PWM) DC buck converter is shown in Fig. 1. Where v, i, i,, v, and u
are input voltage, inductor current, load current, output voltage, and PWM input respectively. Mosfet (Q)
and diode (D) are used as switching devices for the converter. The resistor of the load, inductor, and
capacitor, which are the passive components of the circuit, are denoted by R, L, C respectively. The values
of the components are given in Table 1.

Table 1. Parametric values of DC-buck converter

L

}_H_I N Elements Parameters Values

= 0 T’ Dc source voltage Vs 20V

* Reference voltage v, 0oV
VT D  C== RV Filter inductor L 4.3 mH
- Filter capacitor C 1000 uF

Load resistor R 100
Switching frequency fs 10 kHz

Figure 1. DC-DC Buck converter

Ignoring the high-frequency dynamics of switching devices, the mean model of the DC buck dynamics is
derived as follows:

L di,
E = Uvs — Vg (1)
dv, . v,

C@H TR @)

The load resistance R is a major source of uncertainty and the variation in R causes the change of load
current lo, which is described as a disturbance for converter dynamics. For ease of representation and
derivation, the following equivalent substitution is carried out, given by

. VO .
X1 = Vo, X2 =1L, E =lg (3)
where (1) can be rewritten as
Ck; = X3 — 1 4)
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Lx, = uvg — x4 5)
The control aim is to keep the load voltage v, to a reference DC value. With the tuning of the PWM duty
ratio p, x; is forced to track its reference x;.

3. BACKSTEPPING CONTROLLER DESIGN
3.1 Derivation of Inductor Current Reference
Load voltage error is expressed as

71 =X — X (6)

The Lyapunov candidate function for the load voltage error can be selected as
1

Vl = EZ% (7)
Differentiating the Lyapunov function (7) alongz,, yields out that
Vl == lel (8)

According to (4) and (6), the full derivation of (8) can be derived as

. e . X1 9
V1=21(X1—X1)=Z1(X1——2C o) ®

The pseudo-inductor current-reference x; is chosen to ensure V; < 0, given by

x; = I, + k;Cz; + CX] (10)
where k- is a positive constant, which is used for the controller parameter (k,>0).
If x,is regulated to track x3, (9) will be reformulated as

Vi =—-kzZ<0 (11)
which becomes a negative semi-definite.
3.2 Derivation of Control Law
The pseudo-tracking error for inductor current is expressed as

Z; = X3 — Xy (12)

The second Lyapunov candidate function is composed of V; and quadratic inductor current tracking error,
defined as

1 1
V2 = EZ% + EZ% (13)
The time derivative of (13), is given as follows:
VZ = lel + Zzzz (14)
According to (9) and (12), a detailed derivation of (14) can be formulated as
. Xy —Zy) —1
¥ = [ - 2 - 5) (15)
To guarantee V, < 0, the control function can be chosen as
1 . L
u= V—S<X1 - LXZ + Ezl + kZZZ) (16)
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Where k, is a positive constant, which is used for the controller parameter (k, > 0). Substituting (16) into
(15), the second Lyapunov function becomes negative semidefinite, given by

2
. Z
V, = —k;z2 — k, TZ <0 (17)

4. DESIGN OF THE ESO TO ESTIMATE AND FEEDFORWARD THE LOAD CURRENTS FOR
LOAD DISTURBANCE REJECTION

Eqg. (10) shows that I, is needed to generate a pseudo reference x5 on the aim of load disturbance rejection.
Also load current sensor can be used to sense 1,,, however, it increases the cost and deteriorates the system
reliability. A better alternative, an ESO can be designed to observe I,for control input [12]. With the help
of the ESO observer, the proposed backstepping control law builds a nonlinear composite structure. Since
I, is unmeasurable in practice, an ESO for this type of control system can only be built using inductor
current I, as input and output v, of the system assuming that I, is differentiable w.r.t time and /, is bounded
[22].

In the proposed control aim is to implement an ESO to estimate /,, so that disturbance effect of I, can be
rejected. To design the observer, output voltage dynamics in Eq. (1) is augmented with I, and reformulated
as in the following state space form:

% = Ax(0) + Bu,(©) + Ef()
{ o) = Cpx(® (9
where,
0 1 1 0
an=ly o Bp—H G=[1 o E=[]
0
Yp = Vo up =1,

The corresponding ESO can be configured as follows:
R(t) = ApR(D) + By, (0) + L[y, (0 — 9,(0)]
= (Ap — LpCp)R(D) + Bpuy (D) + Ly, (D) (19)
Ip(0) = CpR(D)

where &(t) = [V, 1,] denotes the estimated state variable v, and I, and L, =[l 1,]T is the observer
gain matrix. The observation error x,(t) = [Xe1 Xe2]T of the ESO is

Xe = X(t) — X(t) (20)
and subtracting (19) from (18), we have

%o () = Dx,(t) + Ef(t)

o=[2 o} =[]
Observer parameters are selected such that D is Hurwitz with desired eigenvalues. Bandwidth
parametrization is a frequently used method for the observer gains [17],

s+ s+, = (s + wy)? (22)
with w, being the observer bandwidth. According to equation (20), observer parameters can be chosen as:

(21)
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11 = 2(1)0 ,12 = (DCZ) (23)

A common rule of thumb is used to select the observer bandwidth as w,= (2~5) w,,, where w,, is controller
natural frequency.

—SCNSOr

— lw,
0.2w,
E 0.1w,

Figure 2. The tracking performance of the ESO as w, varies

The tracking performance of ESO is shown in Fig. 2. It shows that choosing w, needs a trade-off between
controller bandwidth and disturbance sensitivity. When w, = 2w,, the estimated load current is almost the
same as the sensor output, however, when w, = 0.1w,, it takes a very long time to reach the sensor value.

4.1 Formation of ESO Based Backstepping Control

Then the estimated variables can be used to feedforward I, to generate inductor current reference x; as
follows:

x3 =1y + k;Cz; + CX} (24)

The designed control law, including the disturbance rejection term and the backstepping controller, can be
formulated as:
1 d .. L
u= V_S [Xl + EL(IO + Cklzl) + EZl + kzZz (25)

It has two dual control loops, which are the outer voltage loop z; and pseudo-inductor-current loop z,.
Voltage-loop control gain is k; and current-loop control gain k. A block diagram of the buck converter
controlled by the proposed control law is depicted in Fig.3.

PWM modulator compares the control signal u(t) with the triangle carrier wave to produce the switching
gate signal mosfet. Inductor current i; and output voltage v,are measured by sensors. Besides, there is no
need to measure load-current I, due to estimation.
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m
3 A il
£ _g —{L/C g Buck Converter
U L dij, T
—_— dt = Ubs o
% — IL _ E Vo
dt R
iL

Backstepping controller &

Figure 3. Blok diagram of ESO-based backstepping control for buck converter

To obtain quantitative controller gains, closed-loop error (z;, z,) dynamics should be constituted.
Substituting (16) to (4), it yields

Cxy =% — 2, — I, (26)
The inductor current-loop reference (10) is substituted into (26), which gives out that

7z, = —Kky2; +2,/C (27)
Similarly, the switching functions (16) is substituted to (5), which gives

z; = —21/C—kyz,/L (28)
Error dynamics in (27), (28) can be written in compact form as

z. = Kz, (29)

where z, = [z21 Z2]7, and

[k 1/C
K‘[—1/1c —k,/L

The characteristic equation of matrix K is derived as

k, >0, k,>0

k k;k
det(sI—K)=52+<k1+f)s+ 1L2+1/c2 (30)
Equation (30), demonstrate that closed-loop error dynamics turned into a typical second-order system. So,
the damping ratio () and the natural frequency w,, can be used as main indicators for tuning the controller
gains.

The parameters ¢ and w,, directly indicate the steady-state and dynamic characteristics of the controlled
system. The faster dynamic response can be obtained with larger w,,, which implies that state variables will
be regulated to reach their references with less time. While larger & provides more damping for the system,
which leads small overshoot while transient response.
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Initially, (30) equates to the second-order characteristic equations, given by
det(sl — K) = s? + (2&wy)s + w2 = (31)
Eq. (31) has two solutions for, described as sy :

S12 = —fwnt wyy/8 -1 (32)

where & and w,, are derived as

_ CLk; + Ck,
2,/k;k,LC? — 12

(33)

TSOSSSS SOSSSSTSSS
SOCSICITSIC SIS ITSICS S
SIS SSIOSICSISISSITSS SISO
SOOI CSSICS IS SOSSOSITS TSI
DS S PSS S SSISS IS IS S S TS
o oS

T2 x 10
0 0 1 kl

Figure 4. Natural frequency w,, as k; and k, increases

1.5 .

0.5

sl
100

Figure 5. Damping ratio & as k; and k, increases
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Fig. 4 and 5 depict the variation of ¢ and w,, with the increase of k; and k, according to (33). It shows that
¢ and w,, have a highly non-linear relationship with k; and k,. Although, control parameters k; and k,
can be estimated from Fig. 4 and Fig. 5 it is hard to select ¢ and w,, simultaneously. A better alternative is
making a trade-off between settling time and overshoot during transients, where ¢ is the fixed optimal
damping ratio.

CLk, + Ck, V2

= =—=10.707 34
2/k.k,LC2—12 2 349

After mathematical transformation (34) can be rewritten as,
k? k3
1 _+ 2 =1
(z/¢)"  (vaL/c)

Where k; > 0 and k, > 0. Certainly, an equivalent parametric Eq. (36) can be expressed in the
trigonometric aspect as,

(35)

V2
k, = Tcose k,
Where, 6 € [0, 1t/2 36
VL . [0, /2] (36)
=Tsm6

Under this condition, the controller parameters (k4, k,) can be determined optimally,

1
k, = \/ECOSG/C'G_E ==
- C (37)
L
k, = V2Lsin8/C|,_n = -
4

C
5. STABILITY

In this section, the stability of the ESO and the controlled system is analyzed. From (21), it can be seen that
it is always possible to choose the observer constants I; and I, such that the eigenvalues of D can be placed
in the left half plane. Thus, we can always define a positive definite matrix P such that.

DTP+PD = —Q (38)

for any given positive definite matrix Q. Assume that, Am is the smallest eigenvalue of Q. Defining a
Lyapunov candidate

Vo = xe' Pxe (39)
Then derivating along V, along (21)

Vo = X T(DTP + PD)x, + 2%, TPEf

< —Xe Qxe + 2IIPE[|lIxlln

< —Amllxell? + 2[IPE[l]xe[ln

< —lIxellAmllIxell + 2||PE[|p)

(40)

It can be concluded from (40) that as time goes to infinity, the estimation error is ultimately bounded by

lIxell < 24 (41)
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Where,
2||PE|
M =—— (42)
Am

Lyapunov function for the controller V, is evaluated to prove the stability of the closed-loop system around
(27), which is given by

V. = 2.z, (43)
The time derivative of (43) is given by

V, = ZCTZC + 217,

= ZCT(KT + K)ZC

-2k 0
_ T 1
‘ZC( 0 —2k2/LDZC

which proves that system stability is not affected by L, C if k,, k,>01.

(44)

6. SIMULATION RESULTS

In this section, the performance of the designed control law is simulated in Matlab in Fig 6. The
conventional backstepping strategy, the ESO-based backstepping, and Pl control methods are compared in
terms of transient and steady-state response. The classical PI control unit is demonstrated by Eq. (45). For
the ESO-backstepping, an extended state observer collaborates to estimate the unmatched uncertainties and
load current. Control performance may vary concerning the parameters for many controllers. Therefore, to
obtain a fair comparison between test controllers, the parameters of the three controllers have been tuned
for their optimal response. The simulation aims to control the output voltage of the buck converter at
reference in the condition of uncertainties and also to ensure the controllers track a desired reference
voltage. The converter component and controller gains of the buck converter are summarized in Table 2.

Upi = kpzq +k; j Zq (45)

Software PWM Module (Hardware)

PWM Output
Comparator

1

1

1

1

1

» 1
TOP x d write { Register | ﬂ_l_l_ 1
!
1

1

1

1

1

!

TOP ——=
J_J_r,-‘-LLL(‘nunlcr\‘.lluu
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1

1
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1
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Figure 6. Block diagram of simulation setup
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Table 2. Controller gains for buck converter

Control methods Parameters
Backstepping k, =103 k, = 4.7
ESO 1, = 5x10* 1, = 8x10°
PI k, = 10, k; = 5000

6.1 Case 1: Variation of the Load

To evaluate the robustness against load variation, the resistance R is dropped from full load to half load at
t = 3 s, and the results are simulated in Fig. 7. while keeping nominal source voltage v, at 24 V and Vref
at 10 V, It can be seen that both ESO-backstepping and backstepping achieve good robustness against the
load changing compared to the backstepping, the ESO-backstepping dynamic performance is better with
fast transient response and less overshoot. However, in the classical Pl, a large steady tracking error
prevents it from reaching the desired output voltage. In addition, the ESO-backstepping is observed superior
disturbance reduction compared with the other schemes. Both the ESO-backstepping and backstepping
achieve a true estimation of the unmatched uncertainties, but the ESO-backstepping response is faster than

other schemes.

=g 110

o PI §

5 backstep

— ESO-backstep

0 1 2 3 4 5

Time (s)
0.6
0.4
= e — Pl
:2 backstepping
=02 ——— ESO-backstep
0 [ A A A A
0 1 2 3 4 5
Time (s)
S 100
= 50f
Q
~ 0

0 1 2 3 4 3
Time (s)
Figure 7. Buck converter with half load change

6.2 Case 2: Variation of Source Voltage

The input voltage v, is changed in a step and drop fashion from 20-24-16 V while keeping load resistance
as nominal and setting Vref voltage at 10 V. Keeping the controller configuration constant, simulated
controller results are shown in Fig. 8. Until t = 4 s, it is observed that the backstepping and PI reach the
reference output voltage, which means the robustness against to the matched uncertainties is verified.
However, at t = 4 s, the output voltage of backstepping and Pl have a large steady-state error because the
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control gains of the two controllers are insufficient to prevent the magnitude of disturbance. In the condition
of input voltage variation, the ESO-backstepping achieved a 10 V output voltage again with a short-term
transient.

15
e 10 s
= -y B
v 8 backstepping
—— ESO-backstepping
0 . .
0 1 2 3 4 5
Time (s)
0.6
- PI
= 0.4 backstepping
= —— ESO-backstepping
=02 L 1
[ v
0 i ” ; .
0 1 2 3 4 5
Time (s)

Figure 8. Buck converter with step change of input voltage

6.3 Case 3: Reference Voltage Variation

Next, the desired voltage is changed between 10 and 15 V in step, ramp, and sinusoidal form. Starting with
15V reference voltage and then it is dropped to 10V at t=0.5s. Also, ramp and sinusoidal reference voltage
are changed between 15 and 10V. From the results shown in Fig. 9, it can observed that the ESO-
backstepping and backstepping could exactly track the variable voltage while it has a steady state error in
the order of 0.13 V. Compared with the backstepping, the ESO-based backstepping oscillates with small
magnitude and has shorter transient response.

6.4 Case 4: Continuous Load Resistance

To evaluate the performance of the proposed control method with time-varying disturbance in continuous
variation, the load resistor is set as R = 20 sin (0.5xt). The controller configurations remain the default
value, the simulation results are given in Fig. 10. It can be seen that ESO-backstepping achieves high
disturbance rejection against the continuous variation of load with faster dynamic response and zero steady-
state error. However, backstepping has a 2.3% steady tracking error. The Pl is insufficient to track the
reference output voltage due to the high oscillation and 27% steady-state error.

187



ESO-Based Backstepping Control of DC-DC Buck

ALKU Fen Bilimleri Dergisi 2023, Say1 5(3): 176-191 Converter Under Mismatched Load Disturbance
15
10
A IR M T ittt st
OD 012 014 0.‘6 018 1
time (sec)
(@)
10}
5 -
0 1 I
0 0.2 0.4 0.6 0.8 1
time (sec)
(b)
15
10} :
5 L [FesEEsEes e 4
o ‘ . i i
0 0.2 0.4 0.6 08 1
time (sec)
()

Figure 9. Buck converter with step change of reference
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Figure 10. Buck converter with time-varying load

7. CONCLUSION

In this paper, an extended state observer-based backstepping control approach is implemented to a buck
converter, to provide a steady DC bus voltage. The ESO-backstepping is designed for the estimation of
unmatched load current. Then, a backstepping control law is consolidated with the estimated load current,
which makes the robust control law. Simulation results display the performance of the proposed control
scheme, with a fast transient response, zero steady-state error, and robustness against uncertainties and

disturbances.
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