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Abstract

In current study, titanium dioxide (TiO;) and clay reinforced polypropylene (PP) composites were produced
by using melt compounding method in a twin-screw extrusion machine. Composite pellets were then
subjected to injection moulding by using a microinjection moulder. Tribological properties of the
composites were investigated using a ball-on-disc tester. Tribo-tests were performed at ambient temperature
and dry sliding conditions. Full-factorial experimental design was used to find the main factors on the
tribological characteristics of the samples. Filler type, filler content, applied load and turning speed were
studied as main factors. It was seen that the wear rate increases, and the coefficient of friction (CoF)
decreases by increasing the load and turning speed. The wear rate and the CoF decreases by using clay
instead of TiO. 5% (wt) was found to be optimum clay concentration for minimizing the wear rate and
CoF.

Keywords: Polypropylene, Titanium dioxide, Clay, Wear, Experimental design.

PP / TiO»-Kil Kompozitlerin Tribolojik Ozelliklerinin
Tam-Eslendirmeli Deney Tasarimi ile Arastirilmasi

Oz
Bu ¢alismada, titanyum dioksit (TiO») ve kil katkil1 polipropilen (PP) kompozitler ¢ift vidal bir ekstriizyon
makinesi kullanilarak ergiyik harmanlama yontemi ile iiretilmislerdir. Kompozit peletler ardindan bir

mikro-enjeksiyon kaliplama makinesi kullanilarak enjeksiyon kaliplamaya tabi tutulmuslardir.
Kompozitlerin tribolojik 6zellikleri bir ball-on-disk test cihazi kullanilarak arastirilmistir. Tribo-testler oda
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sicakliginda ve kuru kayma sartlarinda gergeklestirilmistir. Numunelerin tribolojik 6zellikleri tizerindeki
ana faktorleri tespit etmek icin tam-eslendirmeli deneysel tasarim kullanilmistir. Takviye tipi, takviye
igerigi, uygulanan yiik ve donme hizi ana faktdrler olarak segilmistir. Yiik ve donme hizinin artmasiyla
asinma oraninin arttigi, siirtlinme katsayisinin (CoF) ise azaldig1 goriilmistiir. TiO; yerine kil kullanarak,
asinma orani ve CoF’nin azaldigi tespit edilmistir. %5 kil miktarinin aginma orani ve CoF’yi azaltmak i¢in
optimum konsantrasyon oldugu tespit edilmistir.

Anahtar Kelimeler: Polipropilen, Titanyum dioksit, Kil, Asinma, Deneysel tasarim.

1. Introduction

Polymers are being used as one of the alternatives to metallic materials owing to their high
strength/weight ratio and adequate mechanical and wear resistance properties. Nevertheless, polymers have
lower strength, wear and creep resistance than metals. The wear resistance properties of polymers can be
improved with the incorporation of reinforcing and/or lubricating organic/inorganic fillers. Polypropylene
(PP) is vinyl polymer with methyl group (-H.C—-CRH-), and characterized by good mechanical and
chemical features. PP was selected because of its advantageous properties like good mechanical resistance
and being suitable for melt based production methods [1-3]. The montmorillonite clay and titanium dioxide
(TiOy) are the most demanding reinforcements for polymer matrix composites and numerous studies can
be reached in the literature [4-6]. They found that the reinforcement phase was a beneficial effect on the
mechanical properties of the composite materials in the studies carried out. Aydemir et al. [7] was found
that the mechanical characteristics of PP were also improved with the addition of nano-TiO; into the PP
matrix. In current study, a systematic approach (2* full-factorial design) was conducted for critical
parameter determination for wear testing of PP / TiO.-clay based composites. After that, the wear
mechanisms of the test samples were discussed. Following the study, it is hoped that this will pave the way
for further works on different properties of PP / TiO,-clay based composites.

2. Experimental Setup

2.1. Synthesis of PP / TiO2-Clay Composites

Polypropylene (PP) pellets were from Rabigh R&P Co. (Rabigh, Saudi Arabia) with a MFI (melt flow
index) of 1.1 g/10 min (ASTM D1238), density of 0.921 g/cm?* (ASTM D792 Method A) and melting point
(DSC) of 122 °C. Natural montmorillonite clay (Nanomer 1.44P) surface-modified with dimethyl dialkyl
ammonium was supplied by Nanocor Inc., and TiO, powder was purchased from Sigma-Aldrich Co. Firstly,
PP pellets, TiO, and montmorillonite were dried in a low temperature oven at 80 °C for 12 h to remove
adsorbing water. Composites were produced by melt blending method using a twin screw (co-rotating)
extruder machine (Gulnar, Turkey) (screw dia. D=16 mm, and length/dia. (L/D) ratio 40). The temperature
zones was controlled at 50 °C, 180 °C, 190 °C, 195 °C, 200 °C and 205 °C, respectively, from the feeding
to the mold exit. The first step was to feed the PP pellets into the extruder and then feed the reinforcements
downstream into the fully melted polymer to prepare composites. The rod-shaped composite was hardened
in a water bath and chopped by an in-situ pelletizing unit. Before injection molding, chopped composites
were dried again at 60 °C for overnight. The composite pellets were then injection molded into the
cylindrical samples (about 8 mm thick and 29 mm in diameter), using a micro-injection moulder (12 ml,
Xplore IM 12, The Netherlands). The mold and barrel temperatures and injection pressure were 25 °C, 225
°C and 6 bars, respectively. The molded samples were then polished to about 7.5 mm thick with SiC
abrasive papers (up to 2000 mesh). The surface of the polished composite was cleaned with distilled water
and dried before tribo-tests.

2.2. Friction and Wear Tests

Tribo-properties of the composites were investigated using a ball-on-disc tester. The composite discs
were fitted on a horizontal turntable driven by a motor of variable speed. The counterpart ball was loaded
horizontally by adding weights to a cantilever as shown in Fig. 1. This is different from classic pin-on-disc
testers where disc was located in a horizontal position. Similar test configurations like used in this study
can be found in the literature [8-10]. The foremost advantage of the test rig is reducing the wear debris in
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the track that can be change the wear mode and resistance [11]. The counterpart used in the wear tests was
25 mm Al;O3 ball (hardness of 17.2 GPa). The Al.Os ball was chosen because of its high hardness and non-
reactive characteristic to the samples used in this work.

Load cell

Frictional
Composite force

disc ’

N - - Normal load
=1 Y. i
7777 icti
‘ Ball holder 0 ::)':ftf'l‘:'l‘em

_____________________________ > 0 Wear rate

Figure 1. Schematic of tribo-tester

The coefficient of friction (CoF) values of the composites were obtained from a load-cell sensor. A
digitiser module (Mantracourt DSC-SUEASC) and a software (Instrument Explorer 1-6.8) were used for
getting data. The steady-state coefficient of friction (us) was calculated as the average of all CoF values
from steady-state point until the end of wear test. Applied normal loads ranged from 2.5 to 5 N, the sliding
speeds in the center of the wear track ranged from 0.275 to 0.550 m/s (disc rotations of 500 and 1000 rpm),
and the test duration was kept at 10 min. The wear track diameter was 10.5 mm in the tests. Tests were
conducted at room temperature (20 + 2 °C, humidity 28 + 2%). Firstly, the counterpart balls were cleaned
using alcohol and dried carefully. F; frictional force was recorded during the wear tests. The wear track
widths obtained from optical images of the samples were considered as the wear rate values of the
composites.

2.3. The Design of Experiment Method

This method is a good way to optimize a complex study, which helps to get data about the optimum
levels of different variables. Factorial design is used to find the main effects and interactions of different
test parameters. In a full-factorial experimental design analysis each setting of each parameter appears with
each setting of each other parameter. Most common test design is one with all input factors set at two levels
each. The levels are called +1 and —1 or high and low, respectively. If there are z factors each at two levels,
the design has 27 runs. In this study, two-levels and four-factors, (2* = 16 tests) full-factorial experimental
design was used to determine the tribological properties of the composites. MINITAB software was chosen
to analyze the results on the effect of different factors and their interactions on wear track width and CoF
using “smaller-the-better” method below. Where, y is the respective characteristic, n is the observation
number and S/N is the signal-to-noise ratio.

S
v =—101og i & yz) ™)

3. Experimental Results

The factors and the levels used in this work are listed in Table 1. All the tests were done in a random
order for eliminating the effect of experimental errors on the test results. The results of 2* experimental
design are listed in Table 2, and coefficient of friction values of selected samples against sliding distance
is given in Fig. 2.

Table 1. Levels of the parameters for L16 full-factorial design

Symbol Factor / Parameter Level 1 Level 2

A Normal Load (N) 2.5 5

B Sliding Speed (rpm) 2500 1000

C Reinforcement TiO, Montmorillonite
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Figure 2. CoF values of the samples against sliding distance

Optical microscope images of the wear track on different samples are shown in Fig. 3, 4 and 5.
Abrasion, adhesion and fatigue (wave formation) are the main wear types seen in polymeric materials
[12,13]. Because of the abrasion, all sample worn surfaces showed macroscopic scratches. The stuck wear
debris particles were found in the wear tracks despite the vertical style of the tribo-tester. In the case of clay
(%5) reinforced PP composite (at 2.5 N and 1000 rpm) fatigue wear mode was also found. Such findings
are often seen due to fatigue wear caused by repeated cycles of an asperity of the counter material on the
worn surface. Fatigue wear also increases with increasing stress or defect concentration on the sample [12].

Figure 3. Optical microscope image of the wear track on clay (%1) - PP composite, 2.5 N, 1000 rpm
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Figure 4. Optical microscope image of the wear track on clay (%5) - PP composite, 2.5 N, 1000 rpm

Table 2. Experimental results

Experiment | Normal Sliding | Reinforcement | Content | Wear Track | Coefficient of
No Load (N) |Speed (rpm) Type (wt.%) | Width (um) Friction
1 2.5 1000 Clay 5 897.1 0.202
2 5.0 500 TiOs 1 972.7 0.318
3 5.0 1000 Clay 1 1057.7 0.308
4 2.5 1000 Clay 1 894.9 0.328
5 2.5 500 TiOs 1 829.0 0.398
6 5.0 1000 Clay 5 967.3 0.245
7 2.5 500 Clay 1 780.5 0.415
8 5.0 1000 TiO, 1 1091.5 0.267
9 2.5 1000 TiO, 5 867.2 0.307
10 2.5 500 TiO, 5 736.7 0.441
1 2.5 1000 TiO, 1 934.9 0.295
12 5.0 500 Clay 5 829.5 0.247
13 5.0 500 TiOs 5 885.7 0.365
14 2.5 500 Clay 5 737.4 0.336
15 5.0 500 Clay 1 853.2 0.393
16 5.0 1000 TiO, 5 1199.6 0.262
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Figure 5. Optical microscope image of the wear track on TiO (%1) - PP composite, 2.5 N, 500 rpm

The pareto charts of the effects for wear track width and CoF are given in the Fig. 6. The factors and
the interactions that extend past a specific line are accepted as important. The basis of the graphs is outside
the goal of current work, but can find more in the reference [14]. From the results, the most important
factors on the wear rate are as follows: Sliding speed, normal load, reinforcement and content, respectively.

The factors that have the important effect on the CoF are as follows: Sliding speed, normal load,
content, and reinforcement, respectively, as seen in the Fig. 6. Furthermore, interaction of reinforcement
and content (CD) was found potentially important for CoF. But sliding speed seems to be most effective
factor among them.

The main effects plots for wear track width and CoF are given in the Fig. 7. The main effects plot
shows the relative influence of the effects of the factors. The effect’s sign shows the directions of the effect.
The wear rate increases and the CoF decreases by increasing the sliding speed and the normal load. The
reinforcement type and the reinforcement content had the same effect on both the wear track width and the
CoF. The wear rate and the CoF decreases by using clay instead of TiO.. 5% (wt) was found to be optimum
clay concentration for minimizing the wear rate and CoF.



Journal of Characterization

(a) Pareto Chart of the Effects
(response is Wear Track Width, Alpha = 0.05)
116.2
B |
A I
CH |
ACH |
D4
ABCD +
E AB -
9 :gg: Factor Name
8D A Normal Load
ABC B Sliding Speed
A‘;g § c Reinforcement
e D Content
co
0 20 40 60 80 100 120 140 160 180

Effect

Lenth's PSE = 45.2062
Pareto Chart of the Effects

(b) (response is Coefficient of Friction, Alpha = 0.05)
0.06266
6 ’ |
CD— |
A
D_
AB]

Term
p3
0

onoom>

C_
ABCD
BCD Factor Name
ABD ~ Normal Load
Agg: Sliding Speed
80 Reinforcement
AD | Content
ACD |

T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.0/ 0.08 0.09
Effect

Lenth's PSE = 0.024375

Figure 6. Pareto chart of the effects for (a) wear track width and (b) CoF

The interaction effects plots for wear track width and CoF are given in the Fig. 8. This plot gives the
mean response of the factors at all combination of the settings. When the lines are not parallel, it shows an
interaction between the two factors. From the graphs, as seen in the Fig. 8, no interaction was found between
the factors. From the interaction effects plots for CoF, as seen in the Fig. 8, one interaction comes to the
front: The reinforcement type and the reinforcement content. In the case of the reinforcement type and the
reinforcement content interaction, the concentrations of 1% for TiO2 and 5% for clay were found to be the
optimum selection to minimize the CoF.
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This situation is seen as a requirement to obtain the lowest CoF value. When other parameters are
examined, it will not be possible to talk about any interaction since there are no intersecting lines. Clay also
has a similar structure like graphene nanoplatelet [15] and also boron nitride nanoplatelet [16] and can offer
improvements in composite properties.
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Figure 7. Main effects plots for (a) wear track width and (b) CoF




Journal of Characterization

(a) Interaction Plot for Wear Track Width
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Figure 8. Interaction effects plots for (a) wear track width and (b) CoF

4. Conclusions

PP / TiO2-clay based composites were prepared by melt extrusion method and the effect of different
factors on the wear properties of the composites was characterized. The following results were obtained
from the study.

1. The important factors on the wear rate are as follows: Sliding speed, normal load, reinforcement,
and content, respectively.

2. The factors that have the important effect on the CoF are as follows: Sliding speed, normal load,
content, and reinforcement, respectively.

3. The wear rate increases and the CoF decreases by increasing the sliding speed and the normal load.

4. The wear rate and the CoF decreases by using clay instead of TiO2. 5% (wt) was found to be
optimum clay concentration for minimizing the wear rate and CoF.

5. Inthe case of the reinforcement type and the reinforcement content interaction, the concentrations
of 1% for TiO, and 5% for clay were found to be the optimum selection to minimize the CoF.
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Oz

Bu calismada, agirlik¢a farkl yiizdelerde (%5-10-20-30) cam fiber igeren poli(metil metakrilat) (PMMA)
matrisli kompozitlerin mekanik ve asinma direnci 6zellikleri arastirilmistir. Uretimde ¢ift vidali bir
ekstriider kullanilarak ergiyik harmanlama yontemi tercih edilmis olup, test numunelerinin {iretiminde ise
enjeksiyon kaliplamadan faydalanilmistir. Kompozitlerin mekanik 6zellikleri 3-nokta egme ve Shore D
sertlik Ol¢limleri ile, asinma 6zellikleri ise 6zel iiretim bir ball-on-disk kuru kayma asinma test cihazi
kullanilarak incelenmistir. Benzer sartlarda sekillendirilen saf PMMA da ayni testlerde kontrol numunesi
olarak kullanilmis ve cam fiber konsantrasyonuna bagli olarak bahsedilen testlerin sonuglari
yorumlanmustir. En yiliksek egme gerilmesi ve elastiklik modiilii degerlerine (sirasiyla 121 MPa ve 7354
MPa) %30 cam fiber iceren PM30 numunesi ile ulagilmistir. Benzer sekilde, yliksek sertlik, diisiik siirtiinme
ve diisiik aginma orani gibi 6zellikler %20 ve %30 cam fiber igeren kompozitlerde gozlenmistir. Bu durum,
cam fiber icerigindeki artisin kompozit rijitligini arttirmasi ayrica yorulma asinmasi direncinin de
iyilestirmesi ile iliskilendirilmisgtir.

Anahtar Kelimeler: Poli(metil metakrilat), cam fiber, mekanik 6zellikler, aginma direnci.

Investigation of Tribological and Mechanical
Properties of Poly(methyl methacrylate) (PMMA)/
Glass Fiber Composites Prepared by Melt Blending
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Abstract

In this study, mechanical and wear resistance properties of poly(methyl methacrylate) (PMMA) matrix
composites containing glass fiber in different weight percentages (5-10-20-30%) were investigated. Melt
blending method was preferred using a twin screw extruder in production, and injection molding was used
in the production of test samples. The mechanical properties of the composites were investigated by 3-point
bending and Shore D hardness measurements, and the wear properties were examined using a custom-made
ball-on-disk dry sliding wear tester. Pure PMMA shaped under similar conditions was also used as a control
sample in the same tests and the results of the mentioned tests were interpreted depending on the glass fiber
concentration. The highest bending stress and modulus of elasticity values (121 MPa and 7354 MPa,
respectively) were obtained with PM30 sample containing 30% glass fiber. Similarly, properties such as
high hardness, low friction and low wear rate were observed in composites containing 20% and 30% glass
fiber. This situation was associated with the increase in the glass fiber content, increasing the stiffness of
the composite and also improving the fatigue wear resistance.

Keywords: Polymethylmethacrylate, glass fiber, mechanical properties, wear resistance.

1. Giris

Poli(metil metakrilat) (PMMA), sert, rijit ve seffaf bir polimer olup farkli uygulamalarda kullanim alani
bulan bir malzemedir [1]. Diger termoplastiklere gére atmosfer direncinin yiiksek olmasi1 ve biyomedikal
uygulamalarda kullanilabilmesi bir diger avantajidir [2]. Sera tavanlari, otomotiv sanayi, gosterge
mubhafazalari, riizgarlik ve ayna yuvalari, direk kaplamasi, polimer beton, ¢at1 yalitim sistemleri, elektronik
devre kartlar1 ve tesisatlarda kullanim alani bulan bir polimerdir. Stvi monomerle karistirilarak daha ¢ok
dis hekimliginde protez kaide iiretiminde de kullanim alani bulmaktadir [3,4,5]. Bu tiir uygulamalarda cam
fiber takviyesi ile birlikte mukavemet ve yorulma direnci artis1 elde edildigi rapor edilmistir [3,5-7].
Garoushi ve ark. [6] yaptiklar1 ¢alismada 3 mm boyunda cam fiberlerle takviyelendirdikleri PMMA regine
esaslt kompozitlerde standart {iriinlere gore yiiksek egme mukavemeti, egme modiilii ve tokluk degerlerine
ulagsmiglardir. PMMA ’nin cam fiberle birlikte yiiksek modiil ve mukavemet avantaji elde ettigini Cousins
ve ark. [8] da gostermistir. E-cam fiberinin 70 GPa’lik ¢ekme modiilii, kompozitlerinin mukavemet
artisinda 6nemli olan bir parametredir [9].

Uzun cam fiberlerle elde edilen mukavemet 6zellikleri de (6rnegin pultriizyon isleminden elde edilen)
kisa fiber takviyeli kompozitlere gére daha yiiksek bulunmustur. Bir polimer matris ile cam fiber gibi
inorganik dolgu maddeleri arasindaki arayiizey Ozellikleri kompozitlerin performansinda kritik bir rol
oynamaktadir [2]. PMMA’nin mekanik O6zelliklerinin iyilestirilmesi icin farkli takviyelerden de
faydalanilmaktadir. Tek ve c¢ok duvarli karbon nanotiiplerin takviye olarak kullanildigt PMMA
nanokompozitlerinde mekanik ve elektriksel 6zelliklerde gelismeler elde edilmistir [10]. Threepopnatkul
ve ark. [11] yaptiklar ¢aligmada ise poliiiretan ile katkilandirilmig ve alkali ve silan yiizey islemine tabi
tutulmus sisal fiberle takviyelendirilmis PMMA matrisli kompozitlerde saf karisima gore egme
mukavemeti, egme modiilii ve darbe mukavemetinde iyilesmeler tespit etmislerdir. Polietilen fiberlerin
(PEF) cam fiberle birlikte PMMA matrisli kompozitlerde ayni anda kullanildigi bir galisma da ayrica
mevcuttur [12].

Jang ve ark. [1] yaptiklar1 ¢calisgmada PMMA reg¢ine ve cam fiber mat kullanarak fonksiyonel olarak
kademelendirilmis malzeme (fgm) yapisinda kompozit iretmislerdir. Cam fiber takviyeli epoksi
kompozitlerde PMMA’nin matris karigimi olarak kullanildigi bir ¢aligma da mevcut olup, PMMA nin
molekiil agirhiga gore farkli matris ve ara yiizey yapilart elde edilmistir [13]. Cousins ve ark. [14]
PLA/PMMA polimer karisimlarina cam elyaf ilavesinin malzeme &zelliklerini iyilestirdigini
gostermiglerdir. Karigim sistemine cam elyaf ilavesi ile darbe dayanimi %110, ¢cekme modiilii ortalama
%210, kopma gerilimi %82 ve tokluk %63 artmistir. Sonug¢ olarak cam fiber, PMMA matrisli
kompozitlerde iistiin mekanik 6zellikler sunmakta olup, asinma direnci i¢in de iimit vadetmektedir.

Yapilan literatiir arastirmasinda ergiyik harmanlama yontemi ile {iretilen PMMA/cam fiber
kompozitlerin tribolojik 6zelliklerinin incelendigi bir ¢alismaya rastlanilmamustir. Kullanilan PMMA daha
¢ok recine formunda olup, bu tiir malzeme daha ¢ok dis hekimliginde protez kaide yapiminda
kullanilmaktadir. Bu ¢alisma kapsaminda agirlik¢a farkli yiizdelerde (%5-10-20-30) cam fiber igeren
PMMA matrisli kompozitler, saf PMMA peletlerin ve cam fiberin bir ekstriider makinesinde
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karigtirilmasiyla tiretilmistir. Mekanik ve tribolojik testlerde kullanilacak numunelerin iiretilebilmesi i¢in
kompozit peletler ilave bir enjeksiyon kaliplama islemine tabi tutulmuslardir. 3-nokta egme, Shore D ve
ball-on-disk asinma testi sonuglari, cam fiber konsantrasyonu ve ayrica birbirleriyle de mukayese edilerek
yorumlanmus, iiretilen kompozitlerin kullanimu ile ilgili 6nerilerde bulunulmustur.

2. Materyal ve Metot

2.1. Malzemeler

Calismada kullanilan poli(metil metakrilat) (PMMA) peletler UltraPolymers’den (Diakon CLG356)
temin edilmislerdir. Yogunlugu 1.18 g/cm?, kiitle akis hiz1 (MFR) 15 g/10 dak ve ¢ekme gerilmesi 75.0
MPa’dir. Cam fiberler 5 mm boyunda kirpilmis halde temin edilmistir. Karistirmadan énce PMMA peletler
ve cam fiber etiivde 90 °C’de 24 sa kurutulmus ve icerdikleri nem yapidan uzaklastirilmistir. PMMA/cam
fiber kompozitler ergiyik harmanlama y6ntemi ile vidalar1 ayni yonde donen (100 dev/dak) cift vidali bir
ekstriizyon makinesi kullanilarak (Giilnar; Tiirkiye) iretilmislerdir. Ekstriizyon makinesinin vida ¢ap1
D=12 mm, vida boyu/vida ¢ap1 L/D orani ise 24’tiir. Makinenin kontrol edilebilen 6 adet sicaklik bolgesi
cihaz girigsinden kalip ¢ikisina dogru 40, 180, 185, 190, 210 ve 215 °C olacak sekilde ayarlanmistir. Kaliptan
¢ubuk formunda ¢ikan viskoz kompozit kalip ¢ikigina yerlestirilmis oda sicakligindaki bir su banyosundan
gecirilerek katilastirllmis ve ardindan freze bicakli bir kirpicidan gegirilerek tekrar pelet formuna
getirilmistir. Kompozit peletler kaliplamadan once tekrar etiivde 90 °C’de 24 sa kurutulmus ve hemen
ardindan 12 mL masa iistii bir mikro-enjeksiyon kaliplama makinesi kullanilarak (Xplore IM 12, Hollanda)
standart test numuneleri haline getirilmislerdir. Enjeksiyon kaliplama makinesinde kullanilan kovan ve
kalip sicakliklari sirastyla 220 °C ve 25 °C’dir. Enjeksiyon i¢in basing 7 bar’da sabit tutulmugtur. Saf
PMMA peletler de kontrol numunesi olarak kullanmak amaciyla ayni islemlerden gecirilerek numune
formunda kaliplanmis olup bundan sonra PMO olarak adlandirilacaktir. PMx olarak ifade edilen numune
kodlarinda kullanilan “x” degeri cam fiber bilesimini (5-10-20-30) gostermektedir (Tablo 1).

Tablo 1. Calismada kullanilan numunelerin bilesimi

Numune Kodu PMMA (ag.%) Cam fiber (ag.%)

PMO 100 0
PM5 95 5
PM10 90 10
PM20 80 20
PM30 70 30

2.2. Mekanik Testler

Kompozit numunelere mekanik test olarak 3-nokta egme ve sertlik testleri uygulanmistir. 3-nokta egme
testleri ASTM 790 standardina uygun olarak 5 kN yiikleme kapasiteli bir ¢ekme-basma test cihazinda
(Devotrans GP/R/DNN/CKS III, Tirkiye) gergeklestirilmistir. Kullanilan dikdértgen kesitli numune
olgiileri 12.7 x 125 x 3.2 mm? olup, mesnetler aras1 mesafe 55 mm olacak sekilde ayarlanmistir. Egme hizi
tiim testler i¢in 2.5 mm/dak olarak secilmistir. Testler 25 + 2 °C’lik sicaklikta gerceklestirilmis olup 3
Olciimiin ortalamasi alinarak sonuglar grafik halinde sunulmustur. Kompozit sertlikleri dijital bir Shore D
sertlik dl¢im cihazi (Bareiss HPE II, Almanya) kullanilarak ASTM D2240 standardina uygun sekilde
Olciilmiistiir. Numunelerin farkli bolgelerinden en az 7 61¢tim alinarak ortalamalar1 alinmig ve bilesime gore
degisimleri grafik halinde ilerleyen bolimlerde paylasilmistir.

2.3. Asinma Testleri

Asinma testleri 6zel iiretim bir ball-on-disk asinma test cihazi kullanilarak kuru kayma sartlarinda
ASTM G99 standardina uygun olarak gergeklestirilmistir. Sekil 1’de goriildiigii gibi test numunelerinin
yiizeyleri yere dik olarak konumlandirilmisg ve yiikleme ise yere paralel olarak gergeklestirilmistir. Bu
sekilde asinma iriinlerinin aginma yolu iizerinde kalmamasi ve igiincii eleman olarak abrazif etkide
bulunmasinin azaltilmasi amaglanmistir. Bu sekilde ¢alisan benzer aginma test sistemlerine literatiirde
rastlamak miimkiindiir. 30 mm ¢ap ve 8 mm kalinliga sahip silindir seklindeki test numuneleri enjeksiyon
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kaliplama ile iiretilmistir. Numunelerin asinma testine tabi tutulacak yiizeyleri R,~0.20 pum piiriizlilige
ulasilincaya kadar su zimparasinda kademeli olarak parlatilmistir. Calismada yiiksek sertlik ve kimyasal
kararlilik avantajlarindan dolay1 ¢5 mm silisyum nitriir (SisN4) bilyeler asindiric1 olarak kullaniimustir.
Bilyeler, Sekil 1’de goriildiigii gibi bir tutucuya baglanmis ve temas esnasinda donmeleri engellenmistir.
Bu sekilde kayma siirtiinmesi elde edilebilmistir. Tutucuya dik olarak baglanan bir yiik dlger ile siirtiinme
kuvvetleri anlik olarak kaydedilmis ve kararli hal siirtinme rejimi igerisindeki siirtinme kuvvetlerinin
ortalamasi alinarak ve bu deger uygulanan dik kuvvete boliinerek her bir numune igin siirtiinme katsayisi
degerleri hesaplanmistir. Testlerde kullanilan dik yiik 5 N ve kompozit disklerin doniis hiz1 1100 dev/dak
olarak segilmistir. Doniis hiz1 kayma yolu icerisinde yaklasik olarak 0.69 m/s kayma hizina karsilik
gelmektedir. Asinma testleri 400 m iizerindeki kayma mesafesinde sonlandirilmis olup bu mesafe her bir
numune i¢in 10 dak’lik test siiresinde elde edilmistir. Numunelerin aginma yolu iz merkezleri dikkate
alinarak hesaplanan ortalama asinma izi capi yaklasik olarak 12 mm’dir. Asinma testleri 25 = 2 °C’lik
sicakliga sahip atmosferde ve yaklasik %25-30 nemli ortamda tamamlanmustir. Testlerden dnce numune ve
bilye yiizeyleri alkolle silinmis ve dikkatlice kurutulmustur. Asinma test geometrisi sematik olarak Sekil
2’de goriildiigii gibidir. Burada, ¥ (mm?®) asinma hacmi, K (mm? N-! m™!) asinma orani1 olup, formiil (1) ve
(2)’den hesaplanmaktadir. Formiillerdeki, b ve d sirasiyla asinma iz genisligi ve ¢ap1 (mm), 7 Si3Ny bilyenin
yari ¢apt (mm), F dik kuvvet (N) ve S bilyenin kayma mesafesi (m)’dir. Ortalama asinma iz genislikleri
“trapezoidal area model” ile hesaplanmis olup detaylarina [15] no’lu referanstan ulasilabilir. Asinma
testlerinin ardindan numune yiizeyleri optik mikroskop ile incelenmis ve asinma mekanizmalar1 bilegime

gore yorumlanmigtir.
Yiik hiicresi
&
Sirtiinme

-

Kompozit kuvveti <~

disk ZA

- _ Normal yiik

o Sirtiinme
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Asinma izi

Kompozit disk

Sekil 2. Asinma test geometrisinin sematik gosterimi
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3. Bulgular ve Tartisma
3.1. Mekanik Ozellikler

Kompozitlerin egme gerilmesi-% uzama egrileri ile 3-nokta egme test sonuglart 6zet olarak Sekil 3’°te
goriildiigii gibidir. Cam fiber icerigi arttikga maksimum egme gerilmesi de artmaktadir. Ozellikle PM20 ve
PM30 i¢in egme gerilmesi degerleri sirasiyla maksimum degerler olan 117 ve 121 MPa’a ulagsmaktadir. Saf
PMMA nispeten siinek yapisindan ve yavag egme hizindan dolay1 %4.93’lilk uzama degeri gostermis olup,
bu durum maksimum gerilme degerini arttirmis ve PM5 ile PM10’dan yiiksek dayanima ¢ikmasina neden
olmustur. Polimerler uzama yoniinde zincir yonlenmesi gostermekte olup bu durum dayanabilecekleri
mukavemetin artmasina sebep olur. 3-nokta egme testlerinde numunelerin alt ve {ist ylizeyleri sirasiyla
cekme ve basma gerilmelerine maruz kalmaktadir. Ozellikle gevrek yapidaki polimerler belirli bir tepe
noktasina kadar dayanim artis1 gosterirler ve geri doniis yani gerilmede azalma olmaksizin kirilirlar. Bu
durum test parametreleri ve 6zellikle egme hizindan da etkilenmektedir. Diisiik hizlarda polimerler daha
yiiksek gerilmelere dayanabilecek sekilde yukarida bahsedilen yapi diizenlemesine girerler. PMO igin
gerilmenin artist bu durumla iliskilendirilebilir. Elastiklik modiillerine bakildiginda cam fiber
konsantrasyonu ile birlikte lineer bir artis dikkat gekicidir. Fiberlerin takviye edici etkisi, polimer matristen
fiberlere stres transferine ve ayni zamanda bir catlak durdurucu olarak hareket eden her bir fiberin
davranisina dayanmaktadir [4]. En yiiksek elastiklik modili 7354 MPa ile %30 cam fiber
konsantrasyonuna sahip kompozitte elde edilmistir. Uzama degerlerinde ise artan sertlikle de orantili olarak
bir azalma s6z konusudur. Jang ve ark. [1] PMMA regine ve cam fiber mat kullanarak fonksiyonel olarak
kademelendirilmis malzeme (fgm) yapisinda tirettikleri kompozit egme testi sonuclarinda da benzer sekilde
cam fiber igeriginin artmasiyla egme modiiliiniin arttigini bulmuslardir. Bununla birlikte maksimum egme
gerilmesine ise hacimce %30 cam fiber iceriginde ulagmislardir. Bosluk oranina baglansa da bu durum,
egme mukavemeti acisindan bir sinir olabilecegini ve bu calismada da daha yiiksek konsantrasyonlara
cikilsa idi bu sinirin izlenebilecegini gdstermektedir.

[
[-™
s Nunume | Gerilme, | Elastiklik | Uzama
- no (MPA) Modiilii (%)
E (MPa)
g PMO 114.808 3323 4.93
2 PM5 94,682 4183 2.38
% PM10 96.655 4621 2.34
PM20 117.524 6458 2.35
PM30 121215 7354 2.03
0% . . . . .
1] 1 2 3 4 5
% Uzama

Sekil 3. Kompozitlerin egme gerilmesi-% uzama egrileri ile 3-nokta egme test sonuglart

Kompozitlerin Shore D sertlik degerlerinin cam fiber konsantrasyonuna gore degisimi Sekil 4’te
gorildiigii gibidir. Saf PMMA nin sertliginin 81.9 olarak en diisiik oldugu goriilmektedir. Genel olarak
artan cam fiber igerigi ile de kompozitlerin sertlik degerlerinin arttig1 goriilmektedir. PM20 ve PM30’un
diger konsantrasyonlara gore daha yiiksek degerleri verdigi anlagilmaktadir. Genel olarak sert bir fazin
matris yapiya dahil olmasi kompozit sertliginde de artis meydana getirmektedir. Sertlik degerlerindeki
artisin kompozitlerin aginma ve mekanik 6zellikleri iizerinde olumlu sonuglar olusturdugu da bilinmektedir.
Asinma sonuglarinda bahsedilecek olan PM20 ve PM30’un asinma oranlarindaki diigiis ile bu durum
iligkilendirilebilir.
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3.2. Asinma Ozellikleri

Kompozitlerin siirtinme kuvveti degerlerinin zamana gore degisimi Sekil 5°te goriildigii gibidir. 10
dak’lik testler yapildigi i¢in toplam 600 sn’de (400 m iizerinde) testlerin tamamlandig1 grafik iizerinde
goriilmektedir. Dogruluk paymi arttirmak igin her bir izin ¢ap1 ayri olarak 6l¢iilmiis ve buna goére aginma
oranlar1 tespit edilmistir. Grafikte belirli bir siire sonunda siirtiinme kuvvetlerinin sabit bir degerde kararl
hale geldigi goriilmektedir. Siirtiinme katsayilarinin hesaplanmasinda, kararli hale gegildikten sonra test
bitimine kadar tim degerlerin ortalamasi alinarak tespit edilen siirtinme kuvvetlerinin dik yiike
boliinmesiyle sonuca gidilmistir. u=Fs/Fn formiilii ile ifade edilen siirtiinme katsayilarinin hesabinda Fs

stirtiinme kuvvetini, Fn (5 N) dik yiikii ifade etmektedir.
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Sekil 4. Komporzitlerin Shore D sertlik degerlerinin bilesime gore degigimi
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Sekil 5. Kompozitlerin siirtiinme kuvveti degerlerinin zamana gore degisimi

Sekil 6’da kompozitlerin siirtiinme katsayisi (¢) degerlerinin bilesime gore degisimi goriilmektedir.
Sekil 5 ve Sekil 6’da goriildiigii gibi siirtinme katsayis1 degerlerinin saf PMMA’ya gore arttigi
goriilmektedir. Ozellikle %10 cam fiber konsantrasyonuna sahip kompozitte dalgali bir siirtiinme kuvveti
degisimi ile yiiksek bir siirtinme katsayist degeri dikkat ¢ekicidir. Bilindigi gibi polimerlerin ve
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kompozitlerinin siirtiinme ve asinma davranislar: metal ve seramiklere gore farkliliklar gosterebilmektedir.
Cam fiber igeriginin artist ile SisN4 bilye ile fiberler arasindaki etkilesimin siirtiinme katsayisini arttirdigi
diigiiniilmektedir. %10 cam fiber konsantrasyonu burada kritik bir nokta olarak goriilmektedir.

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

Surtunme Katsayisi, #

0.1

0.05

PMO PM5 PM10 PM20 PM30
0.234 0.262 0.456 0.271 0.322

Sekil 6. Komporzitlerin siirtiinme katsayisi (1) degerlerinin bilegsime gére degigimi

Sekil 7’de verilen kompozitlerin asginma orani degerlerinin bilesime gore degisimi grafiginde de
stirtiinme katsayis1 yliksek oldugu i¢cin PM10’un aginma orani degerinde de bir artis gozlenmistir. Bununla
birlikte cam fiber igeriginin artmastyla genel olarak asinma direnci 6zelliginin iyilestigi goriilmektedir.
Ozellikle %30 cam fiber konsantrasyonuna sahip PM30 kompozitinin asinma oraninda saf polimere gore
%78 oraninda diisiis gozlenmistir. Kayma asinma direnci gerektiren uygulamalarda PMMA’dan iiretilen
pargalarin aginma direncinin gelistirilmesi i¢in cam fiber kullaniminmn uygun oldugu bu caligmadan
cikarilabilecek bir sonuctur. Burada o6zellikle %20 konsantrasyondan sonra basarili sonuglara
ulagilabilecegi goriilmektedir. Siirtinme katsayilarinin yiiksek olusunun ise uygulama esnasinda dikkate
alinmasi gereken bir konu oldugu diistiniilmektedir. Diisiik siirtiinmenin arzu edildigi uygulamalarda cam
fiber takviyeli parcalarda problemlerle karsilasilabilir.
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Sekil 7. Komporzitlerin asinma orant degerlerinin bilegime gore degigimi
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Sekil 8. Kompozitlerin aginma izi optik mikroskop gériintiileri: (a) PM0, (b) PMS5 (asinma izi digindaki
cam fiberlerin gériintiisii), (c) PM5, (d) PM10, (e) PM20, (f) PM30

Sekil 8’de kompozitlerin aginma izi optik mikroskop goriintiileri goriilmektedir. Polimerler daha 6nce
de bahsedildigi gibi metal ve seramiklerden farkli aginma karakteristiklerine sahiptirler. Viskoelastik
ozellikleri ve kars1 malzemeye kolayca malzeme transferi yapabilmeleri genel farklilig1 olusturmaktadir
[16]. Asinma yiizeyleri iizerinde bilyenin temas ettigi bolgelerin numunelerin asinmamis bolgelerine gore
daha piirlizli oldugu goriilmektedir. Burada abrazif asinmadan kaynakl bilyenin kayma ydniinde mikro ve
makro g¢iziklerin olustugu dikkat cekicidir. Ayrica deney diizenegi tanitilirken agiklanan dikey test
konfigiirasyonu kullanilmasina ragmen aginma izi icerisinde asinma {irlinlerinin bulundugu goriilmektedir.
Bundan bagka, adezif agmma ve plastik deformasyon belirtilerine de rastlanilmistir. Cam fiber
konsantrasyonuna bagli olarak farkli yapilar dikkat ¢ekicidir. PM20 ve PM30 kompozitlerinin aginma izi
icerisinde daha fazla cam fiber pargalar1 goriilmektedir. Bu kisimlarda bilyeye karsi koyan fiberlerin asinma
direncini iyilestirdigi diisiiniilmektedir. Saf PMMA’da adezif asinma ile birlikte plastik deformasyon
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belirtileri goriilmiistiir. Sertligi nispeten diisiik olan PMO, bilyenin basinci ile sivama seklinde malzeme
transferi gostermis ve ilerleyen ¢evrimlerde bu malzeme dokiilerek asinmay1 hizlandirmistir.

Polimer kompozitlerde adezif ve abrazif aginma tipleri ile birlikte “yorulma aginmasi” veya “yorulma
dalgalar1” ad1 verilen diger bir tip asinma mekanizmasi da goriilebilmektedir. Bu tip dalgalar genellikle
karsgi malzeme yani bilyede bulunan bir ¢ikint1 veya asinma iiriiniiniin aginma izi i¢erisinden tekrarli gegisi
esnasinda dalgalar meydana getirmesine dayandirilmaktadir. Yorulma asinmasinin ayni zamanda
numunedeki gerilme veya kusur konsantrasyonu ile de arttig1 bilinmektedir [17]. Kompozitlerin aginma izi
goriintiileri incelendiginde yorulma aginmasinin PM0, PMS5 ve PM 10 kompozitlerinde baskin oldugu dikkat
cekicidir. Bu durum, bahsedilen konsantrasyonlarda asmmma direncinin neden diisiik oldugunu da
aciklamaktadir. %20 ve %30 cam fiber konsantrasyonlarinda yorulma dalgalarina rastlanilmamis olup,
daha ¢ok abrazif asinma seklinde makro ve mikro ¢izikler goriilmektedir. PM20 ve PM30’un sert yapist ile
abrazif asinma mekanizmasina olan yatkinlik artmis olup, sert segmentler bu kompozitlerin asinma oranini
azaltmustir.

4, Sonuglar

Bu caligmada, agirlik¢a farkli yiizdelerde (%5-10-20-30) cam fiber igeren poli(metil metakrilat)
(PMMA) matrisli kompozitler ergiyik harmanlama yontemi ile basarili bir sekilde tiretilmis olup, mekanik
ve aginma direnci 6zellikleri aragtirilmigtir. Bulunan sonuglar asagida 6zetlenmektedir:

1. Kompozitlerde cam fiber igerigi arttikca maksimum egme gerilmesi ve elastiklik modiilii de
artmaktadir. Yiizde uzama degerlerinde ise azalma gériilmektedir. Ozellikle PM20 ve PM30 i¢in
egme gerilmesi degerleri sirasiyla 117 ve 121 MPa gibi yiiksek degerlere ulasmistir. PMMA
nispeten siinek yapisindan dolayr %4.93°liik uzama degeri goéstermis olup, bu durum zincir
yonlenmesinden dolay1 PMO0’in maksimum gerilme degerinin yiikselmesine sebep olmustur.

2.  Kompozitlerin sertlik degerlerinde cam fiber igerigi ile lineer bir artis oldugu goriilmektedir. Rijit
bir malzemenin yapiya dahil edilmesi ile sertlik degerlerinde belirli bir konsantrasyona kadar artig
beklemek de dogaldir. %30 cam fiber igeriginden sonra diisiis olabilecegi diisiiniilmektedir.

3. Kompozitlerde abrazif, adezif ve yorulma agimasi baskin olup, cam fiber konsantrasyonu arttik¢a
(6zellikle %20 ve %30°da) yorulma aginmasina karst direng iyilesmistir. Genel olarak siirtiinme
katsayilarinin saf PMMA’ya gore yiiksek olmasi ile birlikte asinma oranlarinda konsantrasyona
bagli ciddi bir diisiis oldugu tespit edilmistir. PM30 kompozitinin aginma oraninda saf polimere
gore %78 oraninda diisiis dikkat g¢ekicidir. Kayma asinma direnci gerektiren uygulamalarda
PMMA’dan iiretilen pargalarin aginma direncinin gelistirilmesi i¢in %20 ve tizerinde cam fiber
takviyesinin uygun oldugu goriilmektedir. Sonu¢ olarak, ergiyik harmanlama ile {iretilen
PMMA/cam fiber kompozitleri 6zellikle %20-30 konsantrasyonlarinda iimit vadetmekte olup,
asinma ve mekanik direng gerektiren farkli uygulamalarda kullanim potansiyeli sunmaktadirlar.
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Abstract

The purpose of this article is to offer a deeper perspective towards a topic, hastily considered trivial by
many engineers. The determination of principal axes and mass moments of inertia is regarded as an
eigenvector and eigenvalue problem. Some theoretical background is provided for the case when no axes
or planes of symmetry exist. The practical application is emphasized via example. Manual calculation is
conducted and a MATLAB code is provided as well.

Keywords: Principal Axes of Inertia, Principal Mass Moments of Inertia, Eigenvectors, Eigenvalues

Simetri Diizlemleri Yokken Asal Eksenlerin ve Asal
Kiitle Eylemsizlik Momentlerinin Belirlenmesi

Oz

Bu makalenin amaci, birgok mithendis tarafindan aceleyle 6nemsiz kabul edilen bir konuya daha derin bir
bakis acis1 sunmaktir. Asal eksenlerin ve kiitle atalet momentlerinin belirlenmesi, bir 6zvektor ve 6zdeger
problemi olarak kabul edilir. Herhangi bir eksen veya simetri diizleminin olmadig1 durum i¢in bazi teorik

altyap1 saglanmistir. Pratik uygulama 6rnek iizerinden vurgulanmistir. Manuel hesaplama yapilir ve bir
MATLAB kodu da saglanir.

Anahtar Kelimeler: Eylemsizligin Ana Eksenleri, Eylemsizligin Temel Kiitle Momentleri, Ozvektérler,
Ozdegerler

1. Introduction

In a variety of engineering problems the need of determining the inertial characteristics emerges [1].
Design of cross sections, assemblance of machine part and optimal usage of material are examples of such
problems. They all require the prediction of the behavior of objects or systems. Therefore, moments of
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inertia need to be obtained. While this is a simple task when the body we are interested in has planes of
material symmetry, the task becomes more complicated when no such planes exist [2]. Examples of such
problems include not only geometrically asymmetric bodies, but bodies with unevenly distributed mass as
well.

Cases of symmetric 2D bodies (e.g. rods, disks, rings) are covered in every course of mechanics that
engineering students are required to take [3], [4]. However, problems involving 3D bodies with no planes
or axes of symmetry do not usually get much attention in textbooks. This is easily explained with the fact
that most of the elements (used in machines, building structures etc.) are produced as symmetric.

Solutions with experimental determination of inertial characteristics are known [5], but their accuracy
depends on the precision with which the experiment is conducted, as well as on the accepted prerequisites.
Moreover, nowadays the usage of analytical solutions that can be implemented numerically is preferred in
engineering design.

However, a numerical solution cannot be realized without a proper understanding of the basic concepts
which govern the calculation. The determination of moments and axes of inertia is not just a substitution in
pre-derived formulas. Therefore, here we will show how to determine the principal axes and mass moments
of inertia of a 3D body in general.

2. Material and Method
2.1. Theoretical Background

It is known that the problem of determining the principal axes and principal mass moments of inertia
can be stated as an eigenvector and eigenvalue problem [2], [6].

Let us consider the definition of angular momentum K fora rigid body:

K= J(F X B)dm (1)

, where 7 is the radius vector (or the position vector) of a particle, ¥ is the velocity vector of the particle
and m is the mass of the particle.

Velocity can traditionally be written as a cross product of the angular velocity vector (denoted as @ in
the following equations) and the radius vector [7]. Then the linear algebra relation among cross and dot
product of three vectors can be used [8]:

R = j (7 x (& x )dm = j (P8 — (F&)F]dm @)
, where for any three vectors a, b and c:
a X (bxc)=(ac)b— (ab)c 3)

After some mathematical transformations one can obtain the result [2]:

P _Ixy =y, Wy
K=|-Lx L —Iy (“)Y> (4)
=1, —Izy I, Wy

, where I, I,, and I, are axial mass moments of inertia and I, = Ly, Iy, = L4, I,;,, = I/, are products
of inertia with respect to x, y and z axes of a Cartesian coordinate system.
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It is also known that the angular momentum vector is collinear with the axis of rotation (I is the mass
moment of inertia with respect to that axis), which is represented with the equation:

K=1& (%)

If the angular momentum is to be described in system of principal axes of inertia, eq. (4) is written as:

/1 0 0\ /@
K=<0 I 0><wy> (6)
0 0 I/\w,

Equation (7) is obtained by equating equations (4) and (6). Such operation is valid for the angular
momentum is a vector that can be considered in different coordinate systems. A system of linear equations
is derived that has solutions if:

L—1 —L, -l
det||-Lx L,—1 -—L.|=0 (7
e P A

By solving the above determinant a cubic equation is given:

I?—AIP+BI-C=0 ®

, where the coefficients A, B and C are invariant with respect to the coordinate system in which they
are considered. These coefficients can be calculated as follows:

A=L+1L,+1, 9)
2 2
B =11, + L1, + L1,—(I,;)* — (I,)) —(I,x) (10)
Ix _Ixy _Ixz
C =det _Iyx Iy _Iyz (11)
_sz _Izy Iz

Equations (9), (10) and (11) can be used for checking the obtained eigenvalues. It is worth noting that
eq.(8) is similar to Cauchy’s equation of three-dimensional state of stress and eq. (9), (10), (11) are similar
to the stress invariants [9]. The solutions of eq. (8) are the principal mass moments of inertia of the rigid
body. The direction cosines A, p and v of the principal axes of inertia can be determined from the system:

A(Ix - Ii) + M(_Ixy) + V(_Ixz) =0

A(—Ly) +u(l, - L) +v(-1L,,) =0

A1) + #(_Izy) +v(, - ) =0
A+pu?+vi=1

(12)

System (12) is solved with 3 of its 4 equations as the last one (sum of the squares of the direction
cosines equals 1) is mandatory to use. This is done three times — once per eigenvalue I;.

116



Journal of Characterization

In essence, this is a problem of determining eigenvalues (principle mass moments of inertia) and
eigenvectors (principal axes of inertia) of a matrix (tensor of inertia). The matrix (13) is used to describe
the rigid body:

Ix _Ixy _[xz
Ly (13)
_sz _[zy Iz

3. Results and Discussion

3.1. Example

The example given below is of a body for which a plane of symmetry exists, for it is easier to
comprehend the steps involved in the solution of the problem and verify the results. The same procedure
holds true if we are considering a 3D body in general. The problem itself is stated with a Cartesian
coordinate system as shown at fig. 1.

135° )
/ y

X

Figure 1. Geometry of a rigid body and orientation of the selected coordinate system

The body itself lies in plane Oxy, it is composed of three rods and three point masses at the ends of
those rods. Length of rods is L = 2 m. Mass per unit length is m; = 2 kg/m’, while the point masses are
m = 3 kg. Using the well-known formulas for mass moments of inertia with respect to rotated axes one
can obtain matrix (tensor) of inertia (13) in Cartesian coordinate system as shown at fig. 1 [10].

1 1
Li=l,=5(2:2)-22+3:2°+3 - 1414* + 3+ (2-2) - 2° - 0,7071% = 26 kgm’ (14)

1
IZ:3-22-3+§-3-4-22:52kgm2 (15)
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Ly = L, =m - (=1-sin45°) - (=1 - cos45°) + f x + sin45° - x - cos45°dm =

" (16)
m 4 23 -03
=3-(-1,414) - (—1,414) + T -0,70712 - f x*dl =6+ E -0,5- = 8,666 kgm2
0
L =Ly 26  —8,666 0
[I] = _Iyx [y _Iyz = <—8,666 26 0) (17)
—I,, _[zy I, 0 0 52

Invariants A, B, C are calculated using (9), (10) and (11):

A=Ix+1y+lz=26+26+52=104kgm2 (18)

2 2
B =11, + LI, + Ll,—(I;;)* — (I;;) —(I,x)" = (19)
=26:26+26-52+26-52—0—0—(—8,666)> = 3304,9 kgm?

Ix _Ixy _Ixz
C=det||-Lx L, —l,||=26-26-52-52-8,666-8,666=3124683 kgm? (20)
_sz _Izy Iz

Equation (8) is composed and solved:

I3 — 1041% + 3304,9] — 31246,83 =0 @1
I, = 17,333 kgm?; 1, = 34,666 kgm?; I, = 52 kgm?

The invariants are verified, noting that the products of inertia for principal axes of inertia are 0:

A=1 41 +1I; = 17,333 + 34,666 + 52 = 104 kgm? (22)

B =Ly + Ll + LI;—()? = (Iy) = (I,x)" =

23

= 600,86 + 1802,63 + 901,32 — 0 — 0 — 0 = 3304,8 kgm? (23)
I —L, —l3 17,333 0 0
—I3; —Is I3 0 0 52

I, I, and I3 (eigenvalues) are the principal mass moments of inertia for the body in fig.1. It is also
required to determine the principal axes of inertia. This is done with the directional cosines using (12).

A(26 — 1) + 1(—8,666) +v(0) = 0
A(—8,666) + u(26 — 1) +v(0) = 0
200) + u(0) +v(52 -1) =0
A+uz+v?i=1

(25)
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For I =1, = 17,333 kgm2 (25) has solutions 4 = +0,7071; u = £0,7071; v = 0. Then the unit
vector for the axis for which I, = 17,333 kgm? is e;(0,7071; 0,7071; 0).

For I =1, = 34,666 kgm2 (25) has solutions A = ¥0,7071; u = £0,7071; v = 0. Then the unit
vector for the axis for which I, = 34,666 kgm? is e,(—0,7071; 0,7071; 0).

For I = I; = 52 kgm? (25) has solutions 1 = 0; 4 = 0; v = +1. Then the unit vector for the axis for
which I; = 52 kgm? is e5(0; 0; 1).
NB: Here we choose to work with the first sign of the projections of the unit vectors. Eigenvectors are

not unique.

The principal axes of inertia are perpendicular to one another and the unit vectors have length of 1, a
mathematical verification can be performed:

0,if i #j

a8 ={1ii 2] 20

The final result for the principal axes of inertia is shown at fig.2:

Z=Z

X
X1

Figure 2. Principal axes of inertia for the body

3.2. Steps of Analytical Solution:
Appropriate choice of Cartesian coordinate system.
Calculation of the mass moments and products of inertia in that coordinate system — matrix (13).
Determining the eigenvalues and eigenvectors of matrix (13).

The real difficulty actually is the determination of matrix (13). It is pedagogically justified to consider
the example given above as an analytical solution. However, it is often times the case that bodies have
significantly more complex geometry. Therefore, a numerical solution is to be implemented in practical
applications.

3.3. Numerical Implementation

An elegant solution of the considered problem can be obtained using MATLAB. There is a built-in
function in it that allows the determination of eigenvalues and eigenvectors of a matrix. The matrix itself is
the matrix of the inertial characteristics of the body we are interested in (13). The calculation of the elements
of the matrix is based on the geometry of the model. Of course, the model is the one used above, for a
comparison of results to be possible. The mass moments of inertia with respect to x, y or z axes are defined
using the length of the rods, mass per unit length and point-masses. Comments are added in the MATLAB
code for clarity. The code is shown at fig.3. The result of the implementation of the code is shown at fig.4
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\Desktop'doct\mlab\mass_moments_of_inertia.m

courseyoutube.m | chapter_7.m | mass_moments_of_inertia.m |+ |

|
1 %% Program for determining principal mass moments of :'lner't:'la.l O
2 - clear, clc
2lf= m=3;% Point mass [kg]
4 - 1=2;% Length of rod [m]
= ml=2:;% Mass per unit length [kg/m]
6 - Ix=(1/3)* (1*ml)* (1~2)+m* (1~2) +m* (1*0.7071) ~2+ (1/3) * (1*ml) * (1~2) * (0.7071) ~2;
= Iy=Ix;% Definition of mass moments of inertia with respect to axes X and y
B — Tz=3* (m*1*1)+{1/3) *3*ml*1* (1~2) ;% Moment of inertia with respect to z
= IXy=ml*0.7071*%0.7071% (1~3)/3+m* (1*0.7071)"2; % Product of inertia Ixy
1 = Iyx=IxXvy:
11 = Iyz=0;Izy=Iyz;Izx=Izy;Ixz=Izx;% Products of inertia when one coordinate is 0.
12 - A=[Ix -Ixy -Ixz;
13 -Iyx Iy -Iyz;
14 —Izx -Izy Iz]% Matrix of inertial characteristics
15 = [ei,Tli]=eig(A)% Determination of eigenvectors and eigenvalues

Figure 3. MATLAB code of the eigenvalue problem

Command Window

2=
25.9998  -3.6665 0
-£.6665 25,9938 [
[ 0 52.0000
ei =
-0.7071  -0.7071 0
-0.7071 0.7071 0 E
[ [ 1.0000
Ii =
17.3333 0 0
0 34.6663 [
[ 0 52.0000
f o> -

Figure 4. MATLAB Solution of the Problem

As seen from fig.4 and the manual calculation, there is no difference between the two. This is to be
expected, as the program code implements the same mathematical ideas. Of course, the rounding of the
results is a matter of convention. It is also worth noting that the MATLAB solution takes considerably less
time to perform which is an advantage of an engineering point of view. A matrix is formed, that contains
the results for the eigenvectors. Its columns are the right eigenvectors, so that A. e; = e;. [;[11]. The diagonal
of matrix I; gives the eigenvalues (principal mass moments of inertia).

4. Conclusions and Recommendations

The problem of determining the principal axes and principal mass moments of inertia is actually an
eigenvector and eigenvalue problem. A mathematical apparatus exists that is implemented in various
methodologies and programs. The real difficulty occurs when matrix (13) is to be calculated. Of course,
most of the shapes applied in engineering practice are well studied. However, sometimes it is required to
obtain the numerical values of inertial properties of bodies that are not widely used. In such a case, the
process described here can be of some use.

Software products such as Mathcad, MATLAB and Maple etc. provide the means to solve most
complex mathematical problems that may arise from any field of science or engineering. What these
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products cannot do, however, is to define a problem as such and to describe the physical reality with an
appropriate mathematical model. This is done by the scientist or the engineer. And that is why it is expected
from the scientist or the engineer to have a deep understanding for the considered physical phenomena.
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ATIF: Atabek L.S., Karbon Fiber ve Elvaloy ile Takviyelendirilmis Polipropilen/Poli(laktik asit)
Karisimlarmin Temas Agis1 ve Islanabilirlik Ozelliklerinin Arastirilmasi. Journal of Characterization, (1)3,
122-130, 2021.

Oz

Bu ¢alismanin amaci, polipropilen (PP)/poli(laktik asit) (PLA) karisimlarinin temas agisi ve yiizey enerjisi
ozellikleri lizerine karbon fiber ve etilen-biitil akrilat ilavesinin etkilerinin incelenmesidir. PP’ye PLA ilave
edildiginde mekanik &zelliklerde iyilesmeler beklemek miimkiindiir ve farkli uygulamalar igin potansiyel
kullanim alani olusmaktadir. Benzer sicakliklarda islenmeleri ergiyik harmanlama ile iiretimlerini de
miimkiin kilmaktadir. PP nonpolar, PLA ise polar yapiya sahip oldugundan {iiretimde uyumlastirici
kullanimi karigimin 6zelliklerini iyilestirmek i¢in tercih edilmektedir. Karbon fiber ilavesi ile mekanik
ozelliklerde artis beklemek de dogaldir. Kompozitler ergiyik harmanlama yontemi ile ¢ift vidali bir
ekstriider kullanilarak iretilmistir. PP/PLA karisimlart agirlikca %75-25 ve %25-75 olacak sekilde
ayarlanmistir. Karbon fiber agirlikga %5-10-20 ve 30 oranlarinda karigimlara katilmigtir. Elvaloy ise
uyumlastirici olarak tiim bilesimler igin 5 phr oraninda kompozitlere ilave edilmistir. Saf su ile yapilan
olciimlerde en yiiksek temas agis1 88,12° ile saf PP’de, en diisiik temas agisi ise 58,96° ile saf PLA’da elde
edilmistir. Uyumlastirici igermeyen P75-L25 karigimi ile de diger karisimlara oranla tiim sivilar i¢in en
yliksek temas agisina ulagilmistir.

Anahtar Kelimeler: Polipropilen, poli(laktik asit), Elvaloy, karbon fiber, temas agisi.

Investigation of Contact Angle and Wettability
Properties of Polypropylene/Poly(lactic acid) Blends
Reinforced with Carbon Fiber and Elvaloy

Abstract

The aim of this study is to examine the effects of carbon fiber and ethylene-butyl acrylate addition on the
contact angle and surface energy properties of polypropylene (PP)/poly(lactic acid) (PLA) blends. When
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PLA is added to PP, it is possible to expect improvements in mechanical properties and potential uses for
different applications. Processing at similar temperatures also enables their production by melt blending.
Since PP has a nonpolar structure and PLA has a polar structure, the use of compatibilizers in production is
preferred to improve the properties of the blends. It is also natural to expect an increase in mechanical
properties with the addition of carbon fiber. Composites were produced by melt blending method using a
twin-screw extruder. PP/PLA blends were adjusted to be 75-25% and 25-75% by weight. Carbon fiber was
added to the blends at 5-10-20 and 30% by weight. Elvaloy was added to the composites as a compatibilizer
at a concentration of 5 phr for all compositions. In the measurements made with pure water, the highest
contact angle was obtained for pure PP with 88,12°, and the lowest contact angle was obtained for pure
PLA with 58,96°. With the P75-L25 mixture, which does not contain compatibilizer, the highest contact
angle was achieved for all liquids compared to other mixtures.

Keywords: Polypropylene, poly(lactic acid), Elvaloy, carbon fiber, contact angle.

1. Giris

Islanabilirlik, bir stvinin kati bir ylizey {izerinde yayilma egilimi olarak tanimlanabilir [1]. Bir ylizeyin
hidrofilik veya hidrofobik &zellikleri, bir su damlast ile bir yiizey arasinda yapilan temas agist ile karakterize
edilir. Temas agis1 degeri 90°'den kiiciikse yiizey hidrofilik, temas agis1 degeri 90°'den biiyiikse yiizey
hidrofobiktir. Temas agis1 150° ile 180° arasinda olan yiizeylere siiperhidrofobik denir. Temas agis1, ylizey
enerjisi, ylizeylerin 1slanabilirligi, stvinin viskozitesi, piirtizliiliik, yiizey hazirlama sekli ve ylizey temizligi
gibi gesitli faktorlere baghdir ve farkli uygulamalar i¢in 6nem arz etmektedir [2].

Poli(laktik asit) (PLA) bir ¢esit lineer alifatik polyesterdir ve misir ve seker pancari gibi bitkilerden elde
edilebilir [3-4]. Bundan dolay1 PLA, anti-mikrobiyal ve biyo-¢oziiniirliik gibi avantajli 6zelliklere sahip
olup ambalaj ve biyomedikal uygulamalarda kullanim alani bulabilmektedir [5]. Bununla birlikte oda
sicakliginda birgok termoplastige gore kirilgan olmasi ve hidrolize olabilmesi ise dezavantajlaridir [6,7].
Polipropilen (PP) ise bir poliolefin olup, kimyasal kararlilik, yiiksek ergime noktasi, islenme kolaylig1 ve
diistik maliyet gibi avantajlarindan dolay1 plastik ve kompozit sanayisinin birgok alaninda kullanim alani
bulan bir polimerdir [8]. PP, PLA gibi biyo-uyumlu veya biyo-¢oziiniir degildir, bununla birlikte tokluk ve
abrazif asinma direnci gibi iistiin yonleri mevcuttur [3,5]. Bu 6zellikler dikkate alindiginda PP ile PLA’dan
olusacak karigimlarin, saf PP’den daha yiiksek ¢ekme mukavemeti ve saf PLA’dan daha yiiksek tokluk,
abrazif asinma direnci ve kimyasal kararlilik gibi avantajlar sunacagi agiktir. Ayrica farkli uygulamalarda
kullanmak amaci ile saf PP’nin biyo-uyumluluk veya biyo-¢oziiniirliik gibi 6zelliklerinin iyilestirilmesi i¢in
de PLA ile alagimla yapilabilir [9]. PP nin PLA ile benzer sicaklik araliginda islenmesi ergime ile yapilacak
alagimlama yoOntemlerine uygunluklarint da arttirmaktadir [10]. Sonug olarak, uygun kompozisyonlarda
yapilacak PP/PLA karisgimlari ile farkli alanlarda kullanilabilme potansiyeli olan plastik malzemelerin
sentezlenmesi miimkiindiir.

PP nonpolar, PLA ise polar yapiya sahip oldugundan karistirilmalari esnasinda verimi diisiik ara yiizey
baglantilar1 olusabilmektedir [11]. Bu amagla kullanilan uyumlastirict kimyasallar ile daha iyi bir dagilim
ve ara ylizey bagina ulasilabilmektedir [12]. Bugiine kadar birgok uyumlastirict PP/PLA sistemi igin
denenmis olup basarili sonuglara ulasilmistir. Bunlar igerisinde etilen-akrilat kopolimerleri 1s1l kararlilik ve
isleme verimi anlaminda faydali sonuglar gostermektedir. Yiiksek polariteye sahip olmalarindan &tiirii de
PP ve polietilen (PE) gibi poliolefinlerle birlikte birgok miihendislik plastigi ile kullanima uygundurlar. Bu
¢alismada kullanilan etilen-biitil akrilat, polar ve nonpolar yiizeylere yapisarak birlesme verimini arttiran
bir uyumlastirici olarak kullanilabilmektedir. Boylece karisim ve kompozitlerin tokluk ve gerilme altinda
catlak direnci de iyilesmektedir. Literatiirde etilen-biitil akrilat ile yapilan uyumlastirma islemlerinde
faydali sonuglara ulagilmistir [13-15]. Bahsedilen avantajlarindan dolay: bu ¢alismada ticari ismi Elvaloy
3427AC olan uyumlastirict tercih edilmistir. Elvaloy, yiliksek polaritesinden dolay1 katki ilave verimini de
arttirmaktadir. Bu ¢alismada kullanilan karbon fiberler ile kullanilan uyumlastiricinin benzer bir etki ile
karigma verimini iyilestirdigi de diistiniilmektedir.

Literatiir incelendiginde, ergiyik harmanlama yontemi ile {iiretilen PP/PLA/karbon fiber/Elvaloy
kompozitlerinin temas agisi ve islanma o6zelliklerinin incelendigi bir ¢aligmaya rastlanilmamistir. Bu
calismada agirlikca farkli yilizdelerde (%5-10-20-30) karbon fiber ve 5 phr Elvaloy iceren PP/PLA
karigimlari1 ve kompozitleri, saf peletlerin ve ilave takviyelerin ¢ift vidali bir ekstriidderde karistirilmasiyla
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ergiyik harmanlama yontemi ile iiretilmistir. Ardindan enjeksiyon makinesinde kaliplama yapilarak temas
acis1 Olglimleri i¢in gerekli numuneler hazirlanmistir. Gonyometre cihazi yardimiyla temas agilar
Olciilmiis, ardindan yiizey enerjileri ilerleyen boliimlerde anlatilan prosediire uygun sekilde hesaplanmis ve
konsantrasyona bagli yorumlar yapilmistir. Calismayla birlikte, farkli polimer karisimlarinin temas agisi ve
karisma verimi iizerinde takviye fazi ve uyumlastirict kullaniminin énemi vurgulanmaya caligilmastir.
Literatiirde Elvaloy ile yapilan smirli sayida c¢alisma mevcuttur. Caligmayla, uyumlastiricinin
PP/PLA/karbon fiber kompozitlerinin ylizey 6zellikleri iizerine etkisi ilk kez vurgulanmis olmaktadir.

2. Materyal ve Metot

2.1 Kullanilan Malzemeler

Caligmada kullanilan PP (Petoplen MH 418) Petkim A.S. (Izmir, Tiirkiye)’den temin edilmistir. PP, 4.5
¢/10 dak ergiyik akis indeksi, 0.905 g/cm? yogunluk ve 163 °C ergime sicakligina sahiptir. PLA (Ingeo
6202D) NatureWorks LLC (Amerika)’dan temin edilmistir. Yogunlugu 1.24 g/cm?, 15-30 g/10 dak ergime
indeksi, 55-60 °C camsi gegis sicakligina sahiptir. Karbon fiberler Dowaksa (Yalova, Tiirkiye)’den 6 mm
uzunlukta kirpilmis ve tzerleri poliliretan recine kapli formda alinmistir. Karbon fiberlerin ¢ekme
mukavemeti 4200 MPa, yogunlugu ise 1.76 g/cm*’tiir. Etilen-biitil akrilat kopolimeri (EAC) DuPont
sirketinden (Amerika) pelet formada temin edilmistir. Ticari ismi Elvaloy 3427AC olan uyumlastiric1 0.926
g/cm® yogunluga, 4 g/10 dak ergime akis indeksine ve %27 biitil akrilat icerigine sahiptir.

2.2 Kanisimlarin ve Kompozitlerin Uretimi

Karisimlar ve kompozitler ¢ift vidali bir ekstriider (Giilnar, Tiirkiye) kullanilarak ergiyik harmanlama
yontemi ile iiretilmistir. Ekstriiderin vidalar1 ayn1 yonde donerek gerekli kesme gerilmesini liretmekte ve
karigim verimini arttirmaktadir. Ekstriiderin vida ¢ap1 16 mm ve vida uzunlugu/vida gap1 orant ise 40’tir.
PP/PLA karisimlar1 agirlikga %75-25 ve %25-75 olacak sekilde ayarlanmistir. Karbon fiber agirlik¢a %5-
10-20 ve 30 oranlarinda karigimlara katilmistir. Elvaloy ise uyumlasgtirict olarak tiim bilesimler i¢in 5 phr
oraninda kompozitlere ilave edilmistir. Karistirmadan 6nce PP, PLA, karbon fiber ve EAC 24 sa boyunca
80 °C’lik etiivde tutulmuslar ve igerdikleri nem uzaklastirilmistir. Ekstriiderin sicaklik bolgeleri kalip
¢ikisinda 210 °C’ye ulasacak sekilde kademeli olarak arttirilmigtir. Kaliptan ¢ikan karisim oda
sicakligindaki bir su banyosundan gegirilerek katilastirilmis ve ardindan bir pelet makinesinde freze bigagi
ile kirpilarak tekrar pelet formuna getirilmistir. Kaliplamadan 6nce peletler 80 °C’lik etiivde 12 sa boyunca
kurutulmuslardir. Ardindan masa iistii bir mikro enjeksiyon makinesi (Xplore IM 12, Hollanda) kullanilarak
temas agis1 testlerinde kullanilacak numune formunda kaliplanmuglardir. Ornek numune kirik kesit SEM
goriintiileri Sekil 1’de verilmektedir. Enjeksiyon makinesinde kalip sicakligi 25 °C, kovan sicakligi ise 210
°C olarak se¢ilmistir. Kaliplama basinci 7 bar’da sabitlenmistir. Kontrol amagli olarak saf PLA ve PP de
ayn1 asamalardan gegcirilerek kaliplanmistir. Numuneler 30 mm ¢apinda ve 8 mm yiiksekliginde silindirik
sekilli olacak sekilde kaliplanmistir. Temas agist dlgiilecek yiizeyleri kaliplamanm ardindan kademeli
olarak 2500 kum su zimparasina kadar parlatiimis ve yiizey piiriizliiligiiniin etkisi minimize edilmistir.
Numune bilesimleri 6zet olarak Tablo 1’de verilmektedir.

e

- -3 “Kafbon, =" &
© fiberler X%

Sekil 1. %30 karbon fiber iceren (a) %75 PP-%25 PLA, (b) %25 PP-%75 PLA numunelerinin kirik kesit
SEM fotograflari ve karbon fiberlerin goriintiisti

124



Journal of Characterization

Tablo 1. Calismada kullanilan numunelerin bilesimi

Karigim ve kompozitlerin tanimi Numune kodu Bilesim
PP-PLA-KF-EAC P75-L25-K5-E 75/25/5/5
PP/PLA-KF-EAC P75-125-K10-E 75/25/10/5
PP/PLA-KF-EAC P75-125-K20-E 75/25/20/5
PP/PLA-KF-EAC P75-125-K30-E 75/25/30/5
PP/PLA-KF-EAC P25-L75-K5-E 25/75/515
PP/PLA-KF-EAC P25-L75-K10-E 25/75/10/5
PP/PLA-KF-EAC P25-L75-K20-E 25/75/20/5
PP/PLA-KF-EAC P25-L75-K30-E 25/75/30/5
PP-PLA-EAC P75-L25-E 75/25/5
PP-PLA-EAC P50-L50-E 50/50/5
PP-PLA-EAC P25-L75-E 25/75/5
PP-PLA P75-L25 75/25
PP-PLA P50-L50 50/50
PP-PLA P25-L75 25/75

Saf PP PP100 100

Saf PLA PLA100 100

KF: Karbon fiber, EAC: Elvaloy AC
2.3 Temas Agis1 Olgiimleri ve Serbest Yiizey Enerjilerinin Hesaplanmasi
Temas agis1 Ol¢limii, katilarin yiizey enerjileri hakkinda bilgi edinmek i¢in en ¢ok kullanilan

yontemlerden biridir. Temas agis1 degerlendirmesi ile kati ylizey enerjilerinin hesaplanmasi igin kullanilan
temel denklem Young formiiliidiir [16]:

YL€osO =ys — Vs (1)
Denklem, bir kat1, bir siv1 ve bir gaz fazinin temas noktasinda olusan yiizey gerilimlerinin dengesinden
tiiretilmistir. Burada; ys, y;, ve ys, (mJ/m?) sirastyla kati, s1vi ve kati-sivi arasindaki yiizey enerjileri, 0 (°)
ise s1v1 ve kati ylizeyleri arasindaki temas agisidir. Bu denklemde, y; ve 0 6l¢iilebilir parametrelerdir, ancak

¥s ve Ys. yi elde etmek igin farkli yontemlere ihtiyag duyulur. Owens ve Wendt [17]’e gore bir kat1 veya
bir stvinin yiizey enerjisinin polar ve dispersif kisimlardan olustugu varsayilir ve su sekilde ifade edilebilir:

Ys=v$ +vs vey, =yl +vL ()

Burada; yP ve y{ sirastyla, dispersif ve polar kisimlarin yiizey enerjileridir. yg; su sekilde yazilabilir:

Vs =Vs+¥L—2 /Vs”n" -2 /Vs”n” €)

W,; kat1 ve s1v1 fazlar arasindaki “adezyon isi” (veya ara ylizey adezyon enerjisi) olarak tanimlanabilir
ve su sekilde formiile edilebilir:

Wy =ys+vy,— Vs, =v.(1+cosB) 4)

Denklem (3) ve (4)’ten bagint1 su sekilde yazilabilir:

Y, (1 + cos8) = 2_[yPyP +2 /Vs”n" )
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Kat1 yiizey enerjileri (y2 ve y&) kat1 ve farkli sivilar arasindaki temas acis1 degerleri ile dlgiilebilir. iki
bilinmeyen parametre bulundugundan, esitligi ¢c6zmek i¢in polar ve dispersif bilesenleri bilinen en az iki
stviya ihtiya¢ duyulur. Genelde, saf su, glikol ve formamid polar sivilar, diiyodometan ise dispersif olarak
kullamlabilir [18]. Farkli stvilarin y? ve yf degerleri literatiirden bilinmektedir. Zisman metodunda [19]
ise, serbest ylizey enerjisinden farkli olan ve dispersif veya polar kisimlara ayrilmayan kritik bir ylizey
1slatma gerilimi (y) tanimlanmaktadir. Zisman’a gore, cos 0’nin degisimi, bilinen bir sivinin yiizey
gerilimine karst ¢izdirilir. Cos =1 (6=0°) olarak tahmin edilen yiizey gerilimi degeri y olarak adlandirilir.

Bu c¢aligmada, temas agist dlglimleri, 22 °C’de ve atmosferik nem kosullarinda optik bir gonyometre
(Attension, Theta Lite 100, Isvec) iizerinde saf su kullanilarak gerceklestirilmistir. Temas agilar1, 30 saniye
boyunca (saniyede ~ 12 6l¢iim) gonyometre iizerindeki dijital kamera kullanilarak dinamik sesil damla
metodu ile 6l¢iilmiis ve toplanan verilerin ortalamast alinmistir. Yukarida bahsedilen Zisman ve Owens-
Wendt (OWK) metotlarina [17,19] gore serbest yiizey enerjilerinin hesaplanabilmesi i¢in temas agisi
ol¢timleri {i¢ farkli s1vi; etilen glikol (C2HeOz2), formamid (CH3NO) ve diiyodometan (CHl2) kullanilarak
tekrarlanmigtir. Her bir numune i¢in numune pozisyonu degistirilerek en az bes dl¢lim alinmis ve standart
sapmalar hesaplanmistir. Bu ¢alismada kullanilan test sivilarinin yiizey enerjileri Tablo 2°de verilmektedir.

Tablo 2. Kullanilan test sivilarinin yiizey enerjileri

Sive Ve v 4
(mJ/m?)  (mJ/m?) (mJ/m?)
Saf su [20] 21.80 51.00 72.80
Etilen glikol [20] 18.91 29.29 48.20
Formamid [18] 39.00 19.00 58.00
Diiyodometan [18] 50.80 0 50.80

3. Bulgular ve Tartisma
3.1 Temas Acilar1 ve Serbest Yiizey Enerjileri

Karisimlarin ve kompozitlerin dinamik sesil damla metodu ile elde edilen temas agilar1 Tablo 3’te
verilmektedir. Deneyde farkli sivilar kullanilarak elde edilen damla goriintiileri ise 6rnek numuneler igin
Sekil 2°de goriilmektedir. Saf su ve diger sivilar ile yapilan dl¢iimlerde temas agilarinin 90°’den kiigiik yani
amfifilik karakterde oldugu goriilmektedir. Saf su ile yapilan dl¢iimlerde en yiiksek temas agis1 88,12° ile
saf PP’ye aittir. En diisiik temas agis1 ise 58,96° ile saf PLA’da elde edilmistir. Bu ¢aligmada kullanilan
higbir bilesimde hidrofobik karakter (6>90°) tasiyan bir yiizey dzelligine rastlaniimamistir. Bununla birlikte
hidrofobik karaktere en yakin temas agilari saf PP ve %75 PP-%25 PLA ve karbon fiber igeren numunelerde
gdzlenmistir. Karbon fiber yiizeylerinin nonpolar yapisinin da burada etkili oldugu diisiintilmektedir [21].

Karisimlarin ve kompozitlerin ortalama temas agilarinin alagim bilesimlerine ve farkli test sivilarina ve
gore degisimi Sekil 3°te goriilmektedir. Bilesimde daha fazla bulunan polimerin yiizey 6zellikleri karigim
numunesinin 6zelliklerine de etki etmekte ve temas agisini karisim oraninda degistirmektedir. Buna gore
bilesimde daha fazla PP (%75) igeren kompozitlerin, daha az PP igeren (%25) kompozitlere gore daha
yiiksek temas acis1 verdigi goriilmektedir. Saf su dikkate alindiginda karbon fiber igeren P75-L25
numunelerinin temas agist degerlerinin, saf PP hari¢ diger tim numunelerden daha yiiksek temas agisi
degerleri verdigi de Sekil 2 ve Sekil 3’te goriilmektedir. Uyumlastirict igermeyen P75-L25 karisimu ile de
diger karigimlara oranla tiim sivilar i¢in en yiiksek temas agisina ulagilmigtir. Sekil 3’ten de goriilebilecegi
gibi, karigimlar igerisinde en diisiik temas agis1 ise tiim sivilar i¢in yine uyumlastirict icermeyen P25-L75
karigimina aittir. Kompozitler igerisinde ise saf su ile yapilan dl¢iimlerde en yiiksek temas agis1 degerine
P75-L25-K20-E numunesinde ulasilmistir. Karbon fiber konsantrasyonuna bagli ¢ok belirgin bir degisime
rastlanilmamigtir. Stvi 6zellikleri ve bilhassa ylizeylerde mekanik parlatma isleminden kaynaklanan mikro
cizikler gibi geometrik faktérler bu tiir dalgalanmalara sebep olabilmektedir. Ozellikle gozle goriilemeyen
bu ylizey piiriizliiliikleri, siv1 ile kati numune yiizeyi arasinda hava bosluklart olugsmasina ve sivi damlasinin
kat ile birlikte gaz tizerine oturmasina sebep olabilmekte ve sonuglar1 degistirebilmektedir.
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Tablo 3. PP-PLA-KF-EAC karisim ve kompozitlerinin temas agilary, kritik yiizey gerilimleri ve yiizey

enerjileri
Farkli stvilarla elde edilen temas agilart (°) Yiizey enerjisi parametreleri (mJ/m?)
Numune . . Zisman OWK metodu
kodu Saf su Diiyodo- Etflen Formamid metodu
metan glikol

tot

Ye s 123 ¥é

P75-L25-K5-E  8526+24 4688+41 66,55+09 7198+44 23276 32,421 1,672 34,093
P75-L25-K10-E 81,44+6,1 49,04+20 6592+24 6564+2,6 19,024 31,359 2,962 34,322
P75-L25-K20-E 86,18+43 47,50+2,6 6897+27 7328+4,7 21,770 31,588 1,407 32,995
P75-L25-K30-E 79,67+2,7 46,14+23 6590+33 69,75+2,1 16,615 31,203 3,157 34,360
P25-L75-K5-E 76,36 +£7,2 4029+20 60,54+38 6937+42 22,784 33,472 3,251 36,723
P25-L75-K10-E 80,21 +5,5 42,84+1,5 5937425 6825+24 27,179 33,710 2,593 36,303
P25-L75-K20-E 70,96 +2,5 4483+0,8 56,33+1,7 60,74+4,7 18272 32,480 5,885 38,365
P25-L75-K30-E 74,95+5,0 40,80+2,6 58,17+2,1 6577+2,9 22,644 33,578 4,176 37,754

P75-L25-E 72,87+4,2 49,55+2,6 63,51+4,1 6881+63 -1,100 28,516 5,811 34,327
P50-L50-E 75,52 +54 4342+1,6 6049+3,0 68,62+2,8 20,012 32,347 4,038 36,385
P25-L75-E 7548+5,9 37,74+2,1 5983+44 63,76+44 26,168 35,706 3,353 39,059
P75-L25 77,88 +3,3 4739+14 68,64+28 73,78+22 5,751 29,367 3,406 32,772
P50-L50 76,88 £6,0 3926+1,8 64,1644 6846+39 19,671 33,741 3,000 36,741
P25-L75 7121+3,6 37,67+2,0 4925+22 6332+4,6 30,675 35,532 4,911 40,443
PP100 88,12+4,7 49,03+1,1 71,64+49 73,80+3,9 19,190 30,684 1,260 31,944
PLA100 58,96 +£4,6 37,51+28 4845+25 52,76+3,9 15,567 34,642 9,695 44,338
Saf Su Diiyodometan Etilen glikol Formamid

(a) P75-L25-K5-E

49,72°  50,05°

84,88 3 84,53° 65,982 65,58° 65,85°  67,49°

(b) P75-L25-K20-E

44,65° 44,96°

79,89° . 79,37° 73,25°  73,14° 70,18°  69,65°

(c) P25-L75-K5-E

41,23° 41,03°

73,33° 74,11° 56,91° 56,95° 73,98°  76,05°

(d) P25-L75-K20-E

44,53° 44,48°

o 5 0 o ]
73,00° 73,13° 56,92 6,89° 63,83 62,73

Sekil 2. Farkli test sivilariyla elde edilen damlalarin %5 ve %20 karbon fiber iceren numuneler
tizerindeki kamera goriintiileri ve temas agilart
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Karbon fiber iceren kompozitlerin ve karbon fiber igermeyen karigimlarin ayrica saf polimerlerin
ortalama temas agilarinin konsantrasyona ve farkli test sivilarina ve gore degisimi Sekil 4’te goriilmektedir.
Sekil 4’ten de anlasilacagi gibi genel olarak temas agilarinin her bir numune i¢in, diiyodometan, etilen
glikol, formamid ve saf su siralamasi ile arttig1 goriilmektedir. Saf PLA ile elde edilen temas ag1s1 degerinin
bu c¢alisma kapsaminda iiretilen tiim numunelerden daha diisiik bir degere sahip oldugu goriilmektedir.
Kullanilan test sivisinin tiirline bagli olarak da bu durum degismemistir.

|8 PP100| [ PLA100|[€ P50-L50-E | E] P75-L25 | @ P50-L50 | [ P25-L75 | [ P75-L25-K-E | Bl P25-L75-K-E
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Sekil 3. Karisimlarin ve kompozitlerin ortalama temas agilarmin alasim bilegsimlerine ve farkl test
swilarina ve gore degisimi: (a) saf su, (b) diiyodometan, (c) etilen glikol ve (d) formamid.
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Sekil 4. (a) Karbon fiber iceren kompozitlerin, (b) karbon fiber icermeyen karisimlarin ve saf polimerlerin
ortalama temas agilarmmin konsantrasyona ve farkl: test sivilarina gére degisimi

PP yap1 olarak nonpolar, PLA ise polar karakter gdsteren polimerlerdir ve uyumlastirici kullanimi bu

yiizden gereklidir. Uyumlastiricilar her iki tiir polimer yiizeyine de yapisarak ara yiizey bag direncini arttirir
ve karisimlarda arzu edilen mekanik ve yapisal 6zelliklerin kazanilmasina yardimeci olurlar. PP nonpolar
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yapisindan dolay1, PLA’ya gore daha diisiik polar serbest yiizey enerjisi bileseni, yf verecektir. Ayrica %75
PP-%25 PLA-karisimlarinin %25 PP-%75 PLA karisimlarindan, igerdigi yiiksek PP miktarindan dolay1
daha diisiik polar bilesene sahip oldugu goriilmektedir. PLA, 9,695 mJ/m? ile en yiiksek polar bilesen ve en
yiiksek yiizey enerjisi degerini gostermistir. Tiim bilesimler igerisinde en yiiksek yiizey enerjisi ise P25-
L75 kanisiminda (y£°t=40,443 mJ/m?) bulunmustur.

4. Sonuclar

Bu calismada, agirlikga farkli yiizdelerde karbon fiber ve EAC iceren PP/PLA karisim ve kompozitleri
ergiyik harmanlama yontemi ile basariyla {iretilmis, temas agis1 ve ylizey enerjisi Ol¢iimleri yapilarak
bilesime gore ¢ikarimlarda bulunulmustur. Tiim test sivilari ile yapilan 6l¢iimlerde temas agilarinin 90°’den
kiigiik yani amfifilik karakterde oldugu bulunmustur. Bu durum, ¢alismada kullanilan tiim kompozit ve
karigim bilesimleri i¢in iiretilecek malzemelerin hidrofobik uygulamalarda kullanilamayacaginin kanitidir.
Genel olarak temas agilarinin her bir numune igin, diiyodometan, etilen glikol, formamid ve saf su
siralamasi ile arttig1 bulunmustur. Saf su ile yapilan 6lgiimlerde en yiiksek temas agist 88,12° ile saf PP’ye,
en diisik temas agisi ise 58,96° ile saf PLA’ya aittir. Bu durum karisim bilesimlerine de yansimis olup,
PP’nin yap1 olarak nonpolar, PLA’nin ise polar karakter gostermesinden kaynaklanmaktadir. OWK metodu
ile elde edilen polar bilesen degerleri ile de bu durum kanitlanmaktadir. Uyumlastirici igermeyen P75-L25
karigimu ile de diger karisimlara oranla tiim sivilar igin en yiiksek temas agisina ulasilmistir. Kompozitler
icerisinde ise en yliksek temas agis1 degerine saf su ile P75-L25-K20-E numunesinde ulagilmistir. Karbon
fiber konsantrasyonuna bagli ¢ok belirgin bir degisime rastlanilmamis olup, bu durumun ylizeylerde
mekanik parlatma isleminden kaynaklanan mikro ¢izikler gibi geometrik faktdrlerden kaynaklandigi
diistiniilmektedir. PP/PLA karigimlar1 6nemli avantajlar sundugundan, farkli takviye ve uyumlastiricilarla
yapilacak temas agis1 dlgiimleri ile yiizey 6zelliklerinin daha iyi anlasilabilecegi umulmaktadir.
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Abstract

POLICAM PMMA (polymethylmethacrylate) and polycarbonates (PC) sheet used in many sectors such as
furniture, decoration, building materials, lighting have optical properties. They are thermoplastic polymer
sheets with a maximum usage temperature of 80 ° C. Thermoplastic polymer with amorphous structure is
quite transparent and has the closest permeability to glass. Its density is half the density of glass and it is
light. Fabrication applications are very easy. It is preferred instead of glass. Surface scratches are seen in
areas of use in the environments where it is exposed. Surface improvement applications can be made with
functional coatings. Sol-gel method is one of the most widely used methods because it is easy and useful
in functional coating of ceramic, glass and plastic surfaces. In this study, the sol gel method was preferred
for coating PMMA and PC plate surfaces. The prepared functional coating is applied to PC and PMMA
sheet surface in certain thicknesses by means of an applicator. The improvements seen on the plate surface
after the coating has cured have been controlled. Surface scanning with SEM, anti-scratching of the surface
with pencil hardness test, and permanent properties on the surface were determined by artificial aging.

Keywords: Polycarbonate, Polymethylmethacrylate, Coating, Sol-gel, Silane.

Gelismis Cizilme Direnci icin PC ve PMMA levhalarin
Yiizey Modifikasyonu

Oz

Mobilya, dekorasyon, yap1 malzemeleri, aydilatma gibi bir¢ok sektorde kullanilan POLICAM PMMA
(polimetilmetakrilat) ve polikarbonat (PC) levhalar optik 6zelliklere sahiptir. Maksimum kullanim sicaklig1
80°C olan termoplastik polimer levhadir. Amorf yapiya sahip termoplastik polimer oldukg¢a seffaf ve cama
en yakin gegirgenlige sahiptir. Yogunlugu camun yogunlugunun yarisidir ve hafiftir. Fabrikasyon
uygulamalari ¢ok kolaydir. Cam yerine tercih edilir. Maruz kaldig1 ortamlarda kullanim alanlarinda yiizey
cizikleri goriiliir. Fonksiyonel kaplamalar ile ylizey iyilestirme uygulamalar1 yapilabilmektedir. Sol-jel
yontemi seramik, cam ve plastik yiizeylerin fonksiyonel kaplanmasinda kolay ve kullanisli olmasi
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nedeniyle en yaygin kullanilan yontemlerden biridir. Bu ¢alismada, PMMA ve PC plaka yiizeylerinin
kaplanmasi igin sol jel yontemi tercih edilmistir. Hazirlanan fonksiyonel kaplama, bir aplikator vasitasiyla
PMMA sac ylizeyine belirli kalinliklarda uygulanir. Kaplama kiirlendikten sonra plaka yiizeyinde goriilen
iyilestirmeler kontrol edilmistir. SEM ile yilizey taramasi, kalem sertlik testi ile yiizeyin ¢izilmemesi ve
ylizeyde kalic1 6zellikler suni yaslandirma ile belirlendi.

Anahtar Kelimeler: Polikarbonat, Polimetilmetakrilat, Kaplama, Sol-jel, Silan..

1. Introduction

Poly(methyl methacrylate) (PMMA) and Polycarbonates (PC) are high performance amorphous
engineering thermoplastics with extremely superior impact strength, optical properties, heat resistance and
dimensional stability [1-5]. It is used in many areas, especially in the automotive, acrospace and aviation
sectors, due to its high impact resistance and moisture / UV rays resistance [6]. However, it also has different
applications such as golf ball, tennis racket, CD packaging, automotive headlights, lenses, helmets, vinyl
coatings [7]. Although PC and PMMA have superior optical properties, they are generally used in various
cleaning materials as well as scratching and abrasion caused by dust in the atmospheric environment. They
are also adversely affected by the chemicals and abrasives they contain and may lose their unique optical
properties over time. By using the UV-curable sol-gel coating method, the surface of such materials can be
minimally affected by external factors [8].

2. Material and Method

3 different solutions were prepared in this study. Solution-1 was prepared with 3-Glycidyloxypropyl)
trimethoxysilane, GLYMO (C9H2005Si, 99.8%, Sigma Aldrich), purity water, Isopropyl alcohol, IPA
(C3H60H, purity 99.7%, Supelco) and Diisopropyl ether, IPE (C6H140, 99.7%, Sigma Aldrich). Solution-
2 was prepared with 3-(Trimethoxysilyl)propyl methacrylate, TMSPM (C10H2005Si, 98%, Sigma
Aldrich), purity water, Isopropyl alcohol, IPA (C3H60H, purity 99.7%, Supelco) and Diisopropyl ether,
IPE (C6H140, 99.7%, Sigma Aldrich). Solution-3 prepared with Titanium(IV) butoxide, Ti(OB)4
(C16H3604Ti, 97%, Sigma Aldrich) and Methyl methacrylate, MMA (C5H802, 99%, Sigma Aldrich)
Solution-3 was divided into two and added slowly to solutions 1 and 2. It was stirred for 24 hours and left
to age for 15 days.

The characterization of PC and PMMA surfaces were obtained by using KSV Attension Theta Lite TL
101 Optical Tensiometer, Leo 1430 VP model scanning electron microscope (SEM) BYK-Gardner haze
gard dual Light Transmittance / Haze Meter, and Konica Minolta Multi Gloss 268 Gloss Pencil hardness
test was made to determine the hardness of coated samples. The cross-cut test was performed to determine
the resistance of coatings to separation from PC and PMMA substrates by utilizing a tool to cut a right
angle. Chemical resistance test was used to determine PC and PMMA surface's resistance to chemical
attack, which can include, acid, alkali, hydrocarbons. Artificial Ageing test method covers the monitoring
of the time-dependent performance of environmentally. Coatings were characterized by Perken Elmer FT-
IR Spectrometer Spectrum Two. Digital photos of PC and PMMA subsrates were taken with Inskam-315
(7 Inch IPS High Definition Screen Industrial Digital Microscope). Taber Abrasion Test was made to
determine the relative strength of materials against a mechanical abrasive effect such as friction, rubbing
or erosion.

3. Results and Discussion

As a result of the characterization tests, the data in Table 1 were obtained. As can be seen from Table
1, a slight decrease was observed when compared to uncoated PC and PMMA sheets. No significant effect
of coating thickness on light transmittance was observed. The Haze value is expected to be less than 1. This
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was achieved in the coatings in our study. Gloss value showed a significant increase with coating. These
values for PC and PMMA are 144-144 and 160-158, respectively.

Table 1. Test results

Uncoated PMMA surface | Uncoated PC | SOLID PC surface
PMMA
No Tests & Analysis Coating Thickness Coating Thickness
25 mic 50 mic 25 mic 50 mic
1| Light transmittance (%) 9242 91,6 91,6 89+2 87,9 87.9
2 | HAZE (%) <1 0,52 0,92 <1 0,86 0,84
3 | Gloss (20-60-85°) 86 144 144 85 160 158
4 | Pencil Hardness 2B 2B B 3B B B
5 | Cross-cut - OB OB - OB OB
6 | Chemical Resistance
7 cthanol 1 1 1 1 1 1
8 acetone 1 1 1 1 1 1
9 0,1M HC1 5 5 5 5 5 5
10 cologne 1 1 1 1 1 1
11 Cyclo hexane 5 5 5 5 5 5
12 | Artificial Ageing test(200h) 0,9 1,03 0,82 6,6 5,6 5,66
13 | Coating Thickness (dry film) - 24 pm 49pm| - 23 pm | 50 pm
14 | Contact Angle 60,87° 74,38° 73,27° 84,15° 67,65° 83,40°
15 | Taber50 cycle 35 mg 5,7 mg 12 mg 32 mg 15 mg 20 mg

In the pencil hardness test, the uncoated surface with 2B and 3B (PC and PMMA) hardness was
measured as 2D-B (PMMA) and B-B (PC) for 25 and 50 pm thicknesses, respectively. In the cross-cut
experiment, OB values were obtained for 25 and 50 pum on PMMA and PC sheets. In the chemical resistance
table, it was observed that it was resistant to other solvents (ethanol, acetone, cologne) except 0.1 M HCI
and Cyclo hexane. The artificial aging test results were 0.9 and 6.6 for uncoated sheets, 1.03 and 0.82 for
coated 25 and 50 um PMMA sheets, and 5.6 and 5.66 for PC sheets, respectively.

Coating thicknesses from the section measured with a digital microscope are 24 and 49 (PMMA) and
23 and 50 um (PC) for 25 and 50 pm film thickness.

When the contact angle of the coatings was measured, it was observed that the coating increased the
contact angle for PMMA and decreased for PC. Hydrophilic surfaces were obtained for all coatings.
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In the chemical resistance table, it was observed that it was resistant to other solvents (ethanol, acetone,
cologne) except 0.1 M HCl and Cyclo hexane. The artificial aging test results were 0.9 and 6.6 for uncoated
sheets, 1.03 and 0.82 for coated 25 and 50 pm PMMA sheets, and 5.6 and 5.66 for PC sheets, respectively.
Coating thicknesses from the section measured with a digital microscope are 24 and 49 (PMMA) and 23
and 50 (PC) pm for 25 and 50 pm film thickness. When the contact angle of the coatings was measured, it
was observed that the coating increased the contact angle for PMMA and decreased for PC. Hydrophilic
surfaces were obtained for all coatings. In the taber abrasion test, the weight loss of uncoated sheets is 35
mg (PMMA) and 32 mg (PC), while the weight loss of 25 and 50 pm thick films is 5.7 mg and 12 mg for
PMMA and 15 mg and 20 mg for PC.

25um PC 50 um PC

25 um PMMA 50 um PMMA
Figue 1. Cross section of PC and PMMA sheets.

25 um PC 50 um PC
25 um PMMA 50 um PMMA

Figure 3. Contact angle of PC and PMMA sheets.
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Figure 4. FTIR analysis of PC and PMMA sheets.

The strong band appearing at 1680 cm—1 in the spectrum (see Figure 4) of the PC and PMMA samples
can be attributed to the carbonyl (C=0) group [9]. It shows C-O stretch absorption at 1195 cm—1. The peak
at 3226 and 1300 cm—1 corresponds to hydroxyl groups (OH) [10].

For PMMA, the band around 2744 cm—1 (symmetric) is assigned to C—H stretching vibrations. The
bending vibration band of the methyl (~CH3) group appeared at 1474 cm—1 in the FTIR spectra, the sharp
and intense band at 753 cm—1 are attributed to the stretching and out-of-plane-bending vibrations of the
carbonyl (C=0) group [11].

4. Conclusions

In the study, the surfaces of PC and PMMA sheets were coated with a film applicator to form different film
thicknesses. In order to improve the properties of the surface, silane-based coating solutions have been
successfully applied to the surface.

The light transmittance, haze and brightness values were within acceptable limits. It was observed that the
coating thicknesses (25 and 50 micrometers) did not have much effect on the gloss. Likewise, it was noted
that the resistance to chemicals was not related to the coating thickness. In the Taber abrasion test, it was
observed that the coating had a significant effect on the scratch-proof property of the surface, and the
increase in the coating thickness negatively affected the improvement in the scratch-resistance property.
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Abstract

The novel coronavirus SARS-CoV-2, the pathogen responsible for the rapidly growing outbreak of
coronavirus disease (COVID-19), is causing widespread concerns and fear, due to its extremely high
contagiousness and the potential risk of developing pneumonia. Global research efforts have been devoted
to investigating the molecular mechanism of virus pathogenesis, in order to develop effective drugs or
vaccines to tackle the on-going pandemic. Several experiments related to SARS-CoV-2 proteins or for
testing potential drugs for the treatment of viral infections are currently being carried out. In the present
review, innovative approaches for advanced characterization based on large machines of physics, making
use of Synchrotron radiation and Neutron beams, are discussed.

Keywords: SARS-CoV-2; COVID-19; Synchrotron radiation; Neutron techniques

SARS-CoV-2 ve diger koronavirusler: biiyuk fizik
makinelerine dayah gelismis karakterizasyonun
yenilik¢i yaklasimlari
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Oz

Hizla biiyliyen koronaviriis hastaligi (COVID-19) salginindan sorumlu patojen olan yeni koronaviriis
SARS-CoV-2, son derece yiiksek bulasiciligl ve potansiyel pndmoni gelistirme riski nedeniyle yaygin
endiselere ve korkuya neden oluyor. Kiiresel arastirma ¢abalari, devam eden pandemi ile miicadele etmek
icin etkili ilaglar veya asilar gelistirmek i¢in virlis patogenezinin molekiiler mekanizmasini arastirmaya
adanmistir. SARS-CoV-2 proteinleriyle ilgili veya viral enfeksiyonlarin tedavisi i¢in potansiyel ilaglarin
test edilmesiyle ilgili ¢esitli deneyler su anda yiiriitiilmektedir. Bu derlemede, Synchrotron radyasyonu ve
Notron 1sinlarimi kullanan biiyiik fizik makinelerine dayali ileri karakterizasyon icin yenilik¢i yaklagimlar
tartistlmaktadir.

Anahtar Kelimeler: SARS-CoV-2; COVID-19; Synchrotron radyasyonu; Notron teknikleri.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the coronavirus causing the
coronavirus disease 2019 (COVID-19), was decoded closely after its detection and its complete genome
sequence was made available online. Such sequence, are at the origin of the kits employed to test for
COVID-19. The sequencing correspondingly allowed expression of several of the proteins that make up
the virus.

The spherical envelope of COVID-12 contains positive-sense single-stranded RNA. Its associated
nucleoprotein is within a capsid composed of matrix protein. The envelope is studded with club-shaped
glycoprotein projections, as shown in Figure 1.

Figure 1. Generic Coronavirus Model

After the discovery of SARS-CoV-2, the 3D structural information of these proteins was made
available to accelerate pharmaceutical research, with the main aim to find appropriate inhibitors to block
vital functions of the virus, thus impeding its reproduction.

In recent decades, scientific progress has provided unprecedented information on the molecular bases
of diseases and enabled new targets for drug discovery to be identified. In the majority of cases, this
knowledge has not been transformed into new therapies, due to the limitations of drug research and
development. This represents a costly, time-consuming and inefficient process that takes up to 15 years to
transfer a new drug to the market, with an average cost of USD 2.5 billion and a high risk of failure. Only
10% of compounds entering Phase 1 clinical development reach the next stage and the failure rate in Phases
2 and 3 is around 50%, unchanged for over two decades. Half of the failures are due to lack of efficacy, an
expression of the difficulty in selecting the right target for the disease under study.

There is an urgent need to screen selected molecules in short time in order to reduce the timing on drug
discovery. Modern analytical tools, such as synchrotron X-ray radiation and neutron techniques, are
essential for key insights into virus morphology and function..
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2. Advanced Characterization

2.1. Synchrotron radiation technique

A synchrotron is a large circular accelerator of charged particles, usually electrons, that produces light
with extraordinary properties. It is based on a circular accelerator of charged particles, generally electrons,
that move at a speed close to that of light (300,000 km/s) and with so much energy that they reach the order
of GeV (1 GeV = 1,000,000,000 eV). These machines are capable of producing high-intensity, polarized,
pulsed electromagnetic radiation with wavelengths ranging from X-rays to infrared light. It is well
established that every charged particle that is accelerated produces electromagnetic radiation and it is an
extensively studied and quite applied phenomenon in today's society. Everyday examples of this are the
antennas, which produce radio frequency waves thanks to the accelerated movement of electrons in a
conductive wire. Or the magnetron from the microwaves used to heat our food. Synchrotron light is
produced when centripetal acceleration is applied to an electron beam (Figure 2a). When a metal is heated,
the electrons inside are excited enough to escape from the surface in a process known as thermionic
emission. Once the electrons are released, they are directed by the linear accelerator or LINAC. This fits
into the Booster ring, which uses magnetic fields to force the electrons to travel in a circle. Here microwaves
are used to add even more energy to the electrons. However, it is in the Booster ring that the radiation is
actually produced. This ring is not completely circular, it is more like a multi-sided shape (similar an
octagon). A charged particle in motion subjected to a magnetic field perpendicular to its trajectory
experiences a force. If the field is constant, the particle describes a circular motion (Figure 2b). A series of
electromagnetic devices (dipole and wave) are placed around the storage ring, causing the beam to curve
or wave in a winding path, and this is where the key effect takes place: every time the beam passes through
a corner with these magnets, the electrons lose energy, which is released in the form of light. These magnets
are adjustable. If the intensity of the magnetic field increases, the forces in the electron stream increase,
creating tighter curves along its path. This change in the curve produces a modification in the wavelength
of the emitted radiation. A tight curve produces short wavelength radiation, like X-rays. While smooth
curves produce longer wavelength radiation, such as infrared [2].

Synchrotron light offers also the advantage of covering a wide range of frequencies through the
electromagnetic spectrum from the infrared, through the ultraviolet, to the X-ray region, allowing also time-
resolved experiments in the sub-nanosecond range [1,2].

Synchrotron is an exceptionally powerful source of hard X-rays, which are created by high energy
electrons as they are forced to accelerate around the synchrotron curved trajectories. These X-rays are
electromagnetic waves as visible light, situated at the high energy/short wavelength end of the
electromagnetic spectrum, between ultraviolet light and Y-rays. Their wavelengths of 0.10 to 0.01
nanometres are comparable to interatomic distances, thus they are suitable for the study of atoms and bonds.
Advanced imaging technologies based on Synchrotron Radiation (also known as "Magnetobremsstrahlung
Radiation") are available in different European Facilities - e.g., the European Synchrotron Radiation
Facility (ESRF) (Grenoble, France). They posses exceptional properties that make them very interesting
for studies of all kinds of chemical, biological and archaeological structures, as well as for medical and
industrial applications. Here follow some example of chemical application for the analysis of chemical
elements, proteins and their structures, as well as organic and inorganic chemical processes, in medicine
for the development of less invasive and more precise imaging and diagnostic techniques, allowing for a
lower net exposure to traditional X-ray radiation. It can also be applied in the development of therapies,
such as the MRT (microbeam synchrotron therapy), that can be used for the treatment of tumours that are
currently inoperable. Furthermore, these technologies can be employed in biology, in the field of
microscopy, since synchrotron light provides high-resolution images of cells in more detailed conditions
than those offered by conventional techniques. This has allowed us to understand mysteries of the human
body and the mechanisms of life that were previously impossible to observe.

In this view, several structural biology experiments were performed at the ESRF in the last 17 years. A
first experiment (awarded with Nobel Prize) to be mentioned is the determination of the structure, at atomic
level, of the "large subunit" of ribosome (one of the most complex mechanisms of the cell) from Aloarcula
Marismortui and of the "small subunit" from Thermus Thermophilus [3]. The race to produce new
antibiotics to fight bacteria, which become progressively resistant, is well known. Researchers from various
pharmaceutical companies use knowledge of the ribosome structure to understand the action mechanisms
of antibiotics and develop new drugs. The diffraction of X-rays generated by Synchrotron has allowed, for
instance, the investigation of antibiotic molecules binding to the small subunit of a bacterium's ribosome.
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Figure 2. Synchrotron radiation technique: (a) schematic representation of a synchrotron; (b) a
charged particle in motion subjected to a magnetic field perpendicular to its trajectory experiences a force.
If'the field is constant, the particle describes a circular motion. Modified from Fundamentos de la radiacion
de sincrotron y algunas de sus aplicaciones. Available online:
https://soloesciencia.com/2019/09/19/fundamentos-de-la-radiacion-de-sincrotron-y-algunas-de-sus-
aplicaciones/ (accessed on 28 September 2021).

Membrane proteins play a fundamental role in every living thing. Synchrotron radiation (e.g., at ESRF)
helps the scientific community to progressively solve an ever increasing number of structures of membrane
proteins (more difficult to be elucidated than other types of proteins), composed of a hydrophobic part and
a hydrophilic one. The expression, purification and crystallization of these proteins are fundamental
research objectives. Many of the already investigated proteins come from the Escherichia Coli bacterium
and carry molecules into the cells, but in a number of pathologies this transport is altered. Cystic fibrosis,
indeed is caused by a malfunction of membrane proteins, which are expected to transport chlorine into
certain gland cells, including those that secrete mucus. Similarly, Crohn's disease, which is still incurable,
is caused by a defective transport of the important nutrient carnitine inside the cells. Synchrotron has
allowed the structure determination of the carnitine membrane transport protein, CaiT, which forms
trimmers in the membrane, consisting of identical monomers [4].

Other experiments can be mentioned, including the elucidation of the structure of G-protein-coupled
receptors [5]; structural and mechanistic studies of ion channels in cell membranes [6]; experiments related
to the area of neurodegenerative diseases and their therapies based on the use of stem cells [7].

The knowledge of the ribosome's structure is exploited to understand the action mechanisms of the
antibiotics and to develop new drugs: a molecule of antibiotic, indeed, is connected to the small ribosome
subunit of a bacterium [1].

A remarkable progress is currently being made by synchrotron X-ray facilities to map and solve the
SARS-CoV-2 structure, as a first step towards the development of drugs and vaccines.

The first target is to know the atomic structure of this virus. The 3D architecture offers concrete starting
points for developing active substances or inhibitors. These drugs could specifically dock to target points
of the macromolecule and impede its function [8].

A 3D visualisation of the building blocks of such structure at an atomic level would allow to understand
the SARS-CoV-2 functions, and the molecular machines that let the virus to replicate, the enzymes, which
are crucial to this development. A drug that binds to the active site of the enzyme would throw a chemical
spanner in the works, impeding the virus’ aptitude to reproduce and reducing the spread of the disease [9].

The X-ray structures of the unliganded SARS-CoV-2 main protease (namely the enzyme which
constitutes a possible target of antiviral drugs, because it is essential for processing the polyproteins that
are translated from the viral RNA) and its complex with an a-ketoamide inhibitor have been just reported
[10,11] (Figure 3). This derives from a formerly designed inhibitor, with the P3-P2 amide bond incorporated
into a pyridone ring in order to enhance the half-life of the compound in plasma. The lead compound has
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been developed, consequently, into a strong inhibitor of the considered virus, whose pharmacokinetic
characterization has revealed a definite lung tropism and suitability for inhalation route of administration.
The X-ray diffraction data sets were collected using synchrotron radiation of wavelength 0.9184 A at the
beamline BL14.2 of BESSY (Berlin, Germany) [11], at the Synchrotrons of PSI (Villigen, Switzerland) and
at the Synchrotron DESY (Hamburg, Germany).

Figure 3. Three-dimensional structure of SARS-CoV-2 main protease (Mpro) in two different views.
Figure from Zhang et al. [11].

The same technique of X-Ray diffraction was used [12] at the advanced Photon Source of the Argonne
National Laboratory (Chicago, USA) to understand the first steps of infection mechanism of SARS-CoV-2
receptor-binding domain in complex with the human cell receptor, namely angiotensin-converting enzyme
2 (ACE2).

These results allowed the elucidation of the structural and biochemical mechanism of the virus’s
receptor recognition mechanism, which constitutes a fundamental target for antiviral strategies including
vaccination.

A similar experiment [13] was performed at the Shanghai Synchrotron Research Facility (China).

Hilgenfeld, R. et al on their review [14] published in 2013 analysed 10 years of research on highly
pathogenic human coronaviruses, including structures and functions of individual proteins and their
complexes, together with coronavirus drug discovery and development [15].

2.2. Neutron techniques

Neutron methods constitute an essential and unique part of the science tool kit for exploiting
information about the properties and behaviour of matter at the atomic and molecular level, which is
indispensable to design novel drugs, materials, devices, and solve complex problems. Neutrons, as
subatomic particles each made of a quark up and two quarks down (Figure 4), with no net electric charge
and a mass marginally greater than that of a proton, can probe structure and dynamics of matter from
mesoscale to nanoscale and from seconds to nanoseconds [16]. Intense neutron beams are produced in
nuclear reactors or accelerator based neutron sources. Neutrons can provide significant insights into the
behaviour of the SARS-CoV-2 and other coronaviruses, contributing to the search for effective diagnostics
and therapies. In particular, the expertise in neutron structural biology, biophysics, chemistry, and nanoscale
materials science and engineering can be helpful in developing both physico-chemical and environmental
controls to virus infection, replication and transmission, and new diagnostics and therapeutics of disease.
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Figure 4. Atom structure (a) and the neutron (b) showing its quark content - 1 up quark, 2 down quarks.

Efforts are currently being deployed to obtain crystals for neutron crystallography studies, which can
provide essential information, e.g., concerning proteases or virus spike proteins, responsible for mediating
the attachment and entry into human cells that it affects. Such information is of huge relevance for
developing therapeutic defence strategies against the virus. Neutron crystallography can provide unique
information on the precise coupling mechanism of the virus and the receptor proteins of the cell membrane.

The adoptable techniques, in this case, include Small Angle Neutron Scattering (SANS) and Neutron
Reflectometry (NR), but also neutron imaging, neutron macromolecular crystallography and neutron
spectroscopy.

SANS allows to characterise materials at the micro- and nano- levels, providing statistical information,
averaged over a macroscopic volume. Parameters such as diameter, concentration, volume fraction and area
of interface can be monitored by measuring the scattering of the neutrons from the samples in angles smaller
than 5 degrees. In general, the low angle part of the SANS scattering curves (qQR<1) contains information
about the overall sizes of the scattering objects; the medium angle region characterizes the particle shape,
and at larger scattering vectors interface features can be deduced. The scattering vector q is defined by the
neutrons’ wavelength and the scattering angle, while R is the size of the scattering particle. The scattering
intensity curves are modelled by mathematical functions, involving parameters that reflect the structural
features of nanoscale inhomogeneities. For theoretical base of the SANS technique please refer to [16-19].

Application of large-scale neutron facilities to promote the problems of creating vaccines against
COVID-19 should be based on the methods of fine determination of subtle mechanisms of virus interactions
with cells and their organelles (membranes, nuclei etc.). The transport of viruses inside various human cells
has not been studied in detail so far, since the variety of peptides on their surface is extremely high and it
depends on the functions of the cells in organisms. In the study of the function of large biological
complexes, such as assembled viruses, SANS becomes an important analytical tool. Its capacity to
distinguish specific regions (RNA, proteins and lipids) of the virus, thanks to advanced deuteration
methods, allows to map out the arrangement of the various components, thereby contributing to structural
studies. While cryo-electron microscopy and nuclear magnetic resonance assess the atomic-resolution
structure of small biological assemblies, neutron scattering supplies a larger picture of full molecular
complexes at lower resolution. The goals of SANS and NR applications are:

» the use of undamaged living cells by soft neutron radiation during the experiment, whose duration
may be long to provide the observation of slow processes of virus reproduction at nano/microscales, that
could serve as a modelling of virus attack development on living organism;

*  to cast light on the processes of incubation, active reproduction and virus spread dependent on the
conditions by using drugs or other medical factors (procedures).

These real-time experiments cannot be carried out by other methods. Neutron large scale facilities
allow to perform the in-beam tests on new medicines in the conditions close to physiological ones, to get
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information on their behaviours dependent on concentration and presence of various biological molecules
(DNA, enzymes, etc.) in the solutions. These fine experiments could promote the development of new drugs
and make shorter their preparation for medical tests and transfer to final pharmaceutical technologies.

Neutron scattering methods should be applied together with complementary physical and chemical
methods especially to design nano-carriers for new drugs. This is a way to enhance their efficiency and
decrease the necessary doses. This is also related to the use of new nanoscale carbon structures in medicine
(fullerenes and derivatives, nanodiamonds and graphene), which must be characterized by neutron
scattering methods in solutions by modelling conditions. Such analysis could concern blood vessels with
gradients of flow velocities, may be probable and change substantially blood’s hydrodynamics. SANS
experiments, therefore, seem to be important for new drug design and certification. Several tasks to be
solved by SANS, consequently, include:

1. Preliminary characterization of drug behaviours in solutions, (aggregation, hydrodynamics at
nano/microscales).

2. Studies of nano-sized carriers of drugs: to analyse the structure of active layers covering the
particles, and the interaction of pristine and occluded particles; as well as to understand their hydrodynamic
behaviour.

3. Examination of the interactions of the aforesaid objects with viruses (model objects) in solutions
in systems with cells, to simulate living organisms’ medium.

The advantages of SANS are enhanced by the method of contrast variation changing the proportion of
light and heavy water in the solvent. This allows to find the structural parameters of single particles, such
as drug-carriers, and to build their model (e.g. globular core with surrounding shell of active antiviral
substance). These studies will enable to determine the optimal conditions for the formation of nanoparticles
complexes with the drug molecules, chemical structure, composition, solubility at different temperatures
and pH-factors. Knowledge of these characteristics is necessary to regulate the interactions of such
composite particles with viruses. Note, these particles having core-shell structure are considered as objects
which tend to be linked to the surface of the virus, blocking its activity. Therefore, it is fundamental to
analyse how intensively these particles interact with the viral surface, to predict the amount of particles
attached and to estimate the thickness of the formed layer. Such subtle structural details can be obtained
from the SANS data for the systems specially prepared to search the efficiency of drugs against viruses.

Modern SANS techniques, using cold neutrons produced by middle or high flux reactors, provide very
precise measurements of structural parameters of the systems with nano/microparticles. Their size, gyration
radius Rg, can be calculated with a high accuracy ~ 0.01 nm by the Guinier-approximation for scattering
data:

I =Toexp[-(qRg)2/3], (1)

where lo = I(q—0) is the forward scattering intensity computed in the limit of low scattering vectors.
In addition, the amount of adsorbed molecules on their surfaces is detected using the measured forward
scattering intensities:

Io ~ (AK)2NVdry2, )

where AK is the contrast factor for a particle having dry volume Vdry and the parameter N is the
number of particles in the sample. Here, we assume a fine variation of the contrast factor to observe
separately globular cores or the shells around them. The dry volume of the core or shell, therefore, can be
found unambiguously. It should be noted, in a chosen diapason of scattering vectors qmin<q<qmax, that it
is possible to detect the particles of desirable size R~2n/q between Rmin~2n/qmin and Rmax~2n/qmax.
The scattering experiments at low and ultra-low angles (SANS and USANS, respectively), thus, deliver the
structural information in a wide spatial scale, R~1-1000 nm, which gives the possibility to describe different
structural levels in the samples (drug molecules, particles-nanocarriers, pristine viruses and viruses covered
with these molecules/nanoparticles). Such information will be obtained in conditions close to the
physiological ones (isotonic solutions). These comments are only simplified illustrations of the
experimental abilities of SANS for microbiology. Much more expended procedures of data treatment using
computer modelling in reciprocal and direct space are developed to search in detail the spatial correlations
at molecular and supramolecular levels in microbiological systems.
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In connection with the problems above discussed, some kinds of semiconducting nanoparticles (TiO2,
ZnO) may serve as photocatalysts for cleaning air and water from contaminations (toxic substances, viruses,
bacteria). The activation of catalytic particles by UV radiation induces a formation of electron-hole pairs in
their volumes and at the surfaces that promotes chemical reactions of decontamination of toxins at the
surface of these catalysts. The other effective mechanism for the destruction (oxidation) of molecular and
microbiological contaminants is based on pumping the sensitizers by laser, followed by the generation of
chemically active singlet oxygen in the surrounding medium. Such sensitizers are various porphyrines,
diphthalocyanines, fullerenes and in medical practice also chlorine derivatives of porphyrins
(Photoditasine, Radachlorine) serving for photodynamic therapy. A relevant task, presently, is the synthesis
of complexes of these molecular catalysts with nanoparticles being chemically neutral and forming stable
aqueous dispersions. Our preliminary experiments, recently, have shown real opportunities to use
nanodiamonds as advanced carriers for photocatalysts (unpublished data). The SANS experiments and
optical spectroscopy data have confirmed a formation of stable complexes by sorption of catalysts on the
surface of nanodiamonds.

3. Perspectives and conclusions

Each protein, nucleic, and glycan component of the SARS-CoV-2 could be targeted for discovery of
small molecules that modulate their interaction with human biomolecules. This ‘human—virus biomolecular
interactome’ is likely to be massive and challenging to decipher. However, curating the interactome might
yield the discovery of novel agents that alter key pathways for infection. From the drug discovery
perspective, the dynamic features for i.e. of ACE2 and the knowledge accumulated throughout the years
support the possibility that ACE2 conformation and function could be modulated by allosteric drugs.
Allostery is a central widespread mechanism in all life forms, once defined as “the second secret of life”.
ACE?2 appears as a highly dynamic protein, for which allostery has been demonstrated to different degrees
between the active site (site 1), the hinge region (site 2), the claw-like/spike protein binding site (site 3),
and the Cl— biding site. Given that ACE2 appears as a highly dynamic protein with a complex allosteric
network between key sites, the development of compounds interacting at one site should ideally be tested
for their effects on the different distant sites [19-43].

Advanced characterization based on large machines of physics could be useful in research against
COVID-19 thanks to the possibility to analyse the atomic structure of this virus, to identify molecules
effective against COVID-19 providing to a rational design of novel molecules to be used as potential drugs
by applying structural biology tools to validate virtual models, to develop and consolidate an effective tool
to counter future viral epidemics, to fine define the subtle mechanisms of viruses’ through the interactions
with cells and their organelles.
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