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ABSTRACT

The metallization process, which involves the coating of the surfaces of 3D (three-
dimensional) printed polymer structures with a metallic thin film, represents a convergence of the
advantages inherent to additive manufacturing technology, metals and polymers. Consequently, the
final product is a potential material for a range of structural applications. The metallization process
enhances the characteristics of polymer structures that are unfavourable, including low electrical
conductivity, poor mechanical properties, degradation under various environmental conditions,
such as ultraviolet (UV) radiation and moisture, and poor thermal properties. Therefore, more
functional polymer structures are produced. Recently, researchers have focused their efforts on the
metallization of 3D-printed polymer structures with the objective of enhancing their functionality.
In this thesis, 3D polymer structures were fabricated using polylactic acid (PLA) filament and
fused deposition modelling (FDM) technology. Prior to metallization, five distinct surface
treatments were employed to ensure optimal surface conditions. These included as-printed, dipping,
vapour, plasma, and abrasion. Subsequently, the polymer structures were metallised through the
deposition of aluminium and copper metallic thin films. The morphological, structural, optical, and
electrical properties of these structures were examined through the utilisation of a scanning electron
microscope (SEM), energy dispersive spectrum (EDS) analysis, atomic force microscopy (AFM),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) analysis, ultraviolet-
visible light and near infrared (UV-VIS-NIR) analysis, contact angle measurement, ellipsometry
analysis, and electrical resistance measurement. The results of the EDS and XRD analyses confirm
the presence of aluminium and copper in the polymer structure. The contact angles for aluminium
and copper coatings vary up to 91.728° and 88.309°, respectively. The electrical conductivity
values of 6.6x10° S/m for aluminium and 7.87x10° S/m for copper at 1000 nm were obtained.

Keywords: Surface Coating, Metallization, Additive Manufacturing, Sputtering, Thin Film.
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3B (Ug boyutlu) basilan polimer yapilarin yiizeylerinin metalik ince film ile kaplanarak
metalizasyon isleminin gerceklestirilmesi, eklemeli imalat teknolojisinin, metallerin ve
polimerlerin sahip oldugu avantajlar1 bir araya getirerek nihai {irlinii farkli yapisal uygulamalar igin
aday malzeme haline getirmektedir. Metalizasyon islemi polimer yapilarin, disiik elektrik
iletkenligi, arzu edilmeyen mekanik 6zellikleri, ultraviole (UV) radyasyon ve nem gibi farkli ¢evre
kosullarinda bozunma ve zayif termal stabilite dezavantajlarin1 ortadan kaldirarak daha islevsel
polimer yapilarin elde edilmesine olanak saglamaktadir. Bu sebeple son yillarda arastirmacilar, 3B
basilan polimer yapilari daha fonksiyonel hale getirmek i¢in, polimerlerin metalizasyonu iizerine
calismalarin1 yogunlagtirmislardir. Bu tez calismasinda polilaktik asit (PLA) filament ve eriyik
yigma modeli (FDM) teknolojisi kullanilarak 3B polimer yapilarin iiretimi gerceklestirilmistir.
Metalizasyon Oncesi ylizey optimizasyonunu saglamak amaci ile bes farkli (basildigi gibi,
daldirma, buhar, plazma ve agindirma) yiizey islemi uygulanmistir. Sonrasinda {iiretilen polimer
yapilarin yiizeyleri aliminyum ve bakir metalik ince film ile kaplanarak metalize edilmistir. Bu
yapilarin morfolojik, yapisal, optiksel ve elektriksel 6zelliklerini incelemek amaciyla taramali
elektron mikroskobu (SEM), enerji dispersiv spektrum (EDS) analizi, atomik kuvvet mikroskobu
(AFM), X-ismm1 kirmimi (XRD) analizi, fourier donisiimli kizilotesi spektroskopisi (FT-IR)
analizi, ultraviyole, goriiniir 151k ve yakin kizilotesi (UV-VIS-NIR) analizi, temas agisi dl¢iimii,
elipsometri analizi ve elektriksel direng dl¢limii yapilmistir. EDS ve XRD analiz sonuglari, polimer
yapisinda aliiminyum ve bakirin varligim1 dogrulanmaktadir. Aliiminyum ve bakir kaplamalar icin
temas agilart sirasiyla 91,728° ve 88.309°’ye kadar artmugtir. 1000 nm kalinlikta aliminyum igin
6.6x10° S/m ve bakir igin 7.87x10° S/m elektriksel iletkenlik degerleri elde edilmistir.

Anahtar Kelimeler: Yiizey Kaplama, Metalizasyon, Eklemeli imalat, Sactirma, Ince Film.



GENISLETILMIS OZET

Eklemeli imalat yani diger isimleri ile hizli prototipleme veya ii¢ boyutlu (3B) baski, her
tirlit karmagiklikta polimer, seramik, metal veya kompozit malzemelerin {iretilmesine olanak
saglayarak kullanicilara biiyiikk bir tlretim esnekligi olusturmaktadir. Bu iretim teknolojisi
giinlimiizde, elektronik, uzay, havacilik, tip, otomotiv, enerji, mimari ve askeri alanlar gibi ¢ok
yaygin uyglama alanlarina sahiptir. Eklemeli imalat yonteminde {iretim yapabilmek i¢in 6ncelikle
bilgisayar destekli tasarim (CAD) programi ile 3B model tasarlanmasi gerekmektedir. Tasarlanan
bu 3B katt model stl formatinda yaziyica aktarilir ve katman katman nihai {riiniin {iretimi
gerceklestirilmektedir. Eriyik yigma modeli (FDM), dogrudan metal lazer sinterleme (DMLS),
secici lazer sinterleme (SLS), Stereolitografi (SLA) ve malzeme jeti gibi teknikler eklemeli imalat
endiistrisinde siklikla kullanilan teknolojilerdir.

Erimis filament iiretimi (FFF) olarak da bilinen ekstriizyon tabanli FDM, basit imalat
stireci, giivenilirligi, boyutsal kararliligi, diisiik bakim maliyeti ve yiiksek ¢oziiniirliiklii nesneler
iretmedeki maliyet etkinligi gibi avantajlarindan dolayi, arastirmacilar, akademisyenler
tasarimcilar i¢in eklemeli imalat teknikleri arasinda en ¢ok tercih edilen teknik haline gelmistir.
FDM tekonolojisi ile iiretim yapmak igin farkli filament malzemeleri kullanilmaktadir. Bu
malzemeler arasinda polilaktik asit (PLA), akrilonitril biitadien stiren (ABS), polikarbonat (PC),
poliamidler (PA), polistiren (PS) gibi polimerler bulunmaktadir. FDM prosesinde, malzeme
katmanlarini olusturarak nihai iiriinii elde etmek igin, bir makara yoluyla siirekli bir termoplastik
polimer filament kaynagi kullanilmaktadir. Baski i¢in yeterli polimer filament temin edildikten
sonra, bu filament esktriizyon bagliginin igindeki 1sitma elemani tarafindan yari sivi bir faza
wsitilmaktadir. Bu yart sivi termoplastik polimer, baski platformu tizerindeki ekstriizyon nozulundan
ekstriide edilmesiyle tiretimi tamalanmaktadir.

FDM yontemi ile hazirlanan polimer yapilar, diisiik yiizey sertligine, gekme dayanimina ve
elastite modiiliine, yiiksek elektriksel dirence, diisiik termal ve erozyon direncine sahip olmasinin
yanisira ultraviyole (UV) hasarlara karsida oldukga hassastir. Polimer yapilarn ylizeyinde metalik
bir kaplamanin yapildig1 polimer metalizasyonu ad1 verilen bir proses, bu dezavantajlari minimize
etmektedir. Dolayisiyla 3B basilan polimer yapilarin uygulanabilirligini artirmaktadir. Polimer
yilizeylerin metalizasyonu isleminde c¢esitli metodlar kullanilmaktadir. Elektriksiz biriktirme,
daldirma, stereolitografi, elektrik ark piiskiirtme ve termal buharlastirma gibi malzemeleri
metallestirmenin ¢esitli teknikleri mevcuttur.

Metalik ince film olusturmak icin kullanilan, fiziksel buhar biriktirme (PVD), tribolojik
ozelliklerin iyilestirilmesi ve optik Gzelliklerin gelistirilmesi gibi avantajlarindan dolayr metalik
kaplamalarin olusturulmasi igin yaygin olarak kullanilan teknolojidir. Ayrica, bu yo6ntem,
halihazirda gesitli sektorler tarafindan kullanilmasi ile genis bir uygulama yelpazesine sahiptir.

Dogru akim (DC) magnetron piiskiirtme teknigi ve radyo frekansi (RF) magnetron piiskiirtme



teknigi ile diisiik sicakliklarda polimer yapilarin yiizeyleri basarili bir sekilde kaplanabildiginden
dolay1, PVD teknolojileri igerisinde polimer yapilara metalik ince film kaplama uygulamasi igin
onde gelen piiskiirtme yontemleri arasindadir. Birgok arastirmaci, metallerin ve polimerlerin
emsalsiz Ozelliklerini, 3B baski ile birlestirerek yeni bir konsept olusturmak amaciyla 3B polimer
yapilarin metalizasyonu iizerine ¢alismalarin1 yogunlastirmiglardir.

Bu tez calismasinda, eklemeli imalat ile firetilen polimer yapilarin dezavantajlarini
gelistirmek, onlar1 farkli yapisal uygulamalar i¢in fonksiyonel aday malzemeler olarak
kullanilmasin1 saglamak amaciyla, 3B basilan polimer yapilarin yiizeyleri aliiminyum ve bakir
metalik ince film ile kaplanarak metalizasyon islemi tamamlanmustir. 3B baskisi yapilan polimer
yapilarin tasarimlari SolidWorks bilgisayar destekli tasarim (CAD) programi ile hazirlanmistir.
Sonrasinda sahip oldugu avantajlarindan dolay1 FDM teknolojisi ve PLA polimer filament
kullanilarak 3B yapilarin iiretimi tamamlanmistir. Metalizasyon Oncesi ylizey optimizasyonunu
saglamak, kaplama malzemesi ve altlik polimer yap1 arasindaki arayiizey 6zelliklerini gelistirmek
ve kaplama sonrasi malzeme ozelliklerini iyilestirmek amaci ile islem yok, daldirma, buhar, plazma
ve agindirma gibi farkli yiizey islemleri uygulanmigtir. Yiizey islemi uygulanan polimer yapilara ilk
olarak aliiminyum ince film kaplamalar RF piskiirtme teknigi kullanilarak tamamlanmigtir.
Sonrasinda bakir ince film kaplamalar ise DC piiskiirtme teknigi kullanilarak polimer yapilarin
yiizeylerinde olusturulmustur. Son asamada ise kaplama Oncesi ve sonrasi polimer numunelerin
morfolojik, yapisal, optik ve elektriksel 6zelliklerini incelemek igin taramali elektron mikroskobu
(SEM), Enerji Dagilim Spektroskopisi (EDS) analiz, atomik kuvvet mikroskobu (AFM), X-1s1m1
kirmim difraktometresi (XRD), fourier doniisimlii kizilotesi spektrometresi (FT-IR) analizi,
ultraviyole, goriiniir 151k ve yakin kizilotesi (UV-VIS-NIR) analizi, temas agist dl¢timii, elipsometre
analizi ve elektriksel direng 6l¢iimii gibi analizler yapilmistir.

Aliiminyum kaplama yapilan polimer yapilar i¢in analiz sonuglarini inceledigimizde, SEM
goriintiileri, diklorometan dipping ve diklorometan buhar yapilan numunelerde ylizey
pliriizliliigliniin 6nemli olgiide iyilestigini gostermektedir. Ayrica, metalizasyon islemi sonrasi
diklorometan buhar yiizey islemi uygulanan numunelerde termal olarak indiiklenen artik gerilimin
neden oldugu dalgalanma benzeri bir yiizey morfolojisini gdzlemlenmistir. EDS analiz sonuglar
ise polimer yiizeyinde aliiminyum elementinin varligimi dogrulamaktadir. AFM sonuglarina
baktigimizda soguk oksijen plazma yiizey isleminin uygulandigi polimer yapilarda metalizasyon
Oncesi igneli bir yiizey yapis1 ortaya ¢ikarmistir. XRD analiz sonuglarina gore difraksiyon pikleri
20~38.380°, 44.162°, 64.928°, 78.014° ve 82.204°°de ortaya ¢ikmistir. Metalizasyon oncesi polimer
yapilarin FT-IR analiz sonuglar1 dort ana pikin varligin1 gostermektedir. Bu piklerden yaklasik
1750 cm™ dalga boyuna sahip pik C = O bagina, yaklasik 1078-1180 cm™ dalga boyuna sahip pik
C = O bagma, 1450-1380 cm™ dalga boyuna sahip pik C = O — H bagma ve yaklasik 3000 cm™
dalga boyuna sahip pik C = H baglarina karsilik gelmektedir. UV-VIS-NIR analiz sonuglari



metalizasyon sonrasi soguk oksijen plazma yiizey islemi uygulanan polimer yapilarin yansima
degerinde 6nemli artiglar oldugunu gostermektedir.

Bakir kaplama yapilan polimer yapilar i¢in analiz sonuglarini inceledigimizde SEM
goriintiileri, diklorometan buhar ylizey islemi uygulanan numunelerde piiriizsiiz bir yiizey
morfolojisine sahip oldugunu gdstermektedir. EDS analiz sonuglari polimer yapidaki bakirin
varligmi dogrulamaktadir. Ayrica DC sagtirma teknigi ile basarili bir sekilde kaplamalarin
olusturuldugunu gostermektedir. AFM analiz sonuglari, islem olmayan, diklorometan daldirma ve
diklorometan buhar yiizey islemi uygulanan polimer yapilarin yiizeylerinde kirigiklar oldugunu
ortaya cikarmistir. Metalizasyon sonrast XRD analiz sonuc¢larina baktigimizda ise, dort baskin
karakteristik difraksiyon piki 43.14°, 50.09°, 73.93° ve 89.50°de konumlanmistir. Bu pikler (111),
(200), (220) ve (311) kristal diizlemlerine sirastyla atfedilebilir. UV-VIS-NIR analiz sonuglarina
gore, bakir kaplama sonrasi islem yok, diklorometan buhar ve soguk oksijen plazma numunelerde
yansima siddetleri yaklagik olarak 570 nm dalga boyunda tespit edilmistir. Diklorometan buhar
yilizey islemi uygulanan numunelerin elektriksel iletkenlik degerleri onemli bir artis gostererek
7.87x10° S/m degerine ulagmustir.

Elde edilen bulgular neticesinde, aliiminyum ve bakir kaplamalarin ile 3B basilan polimer
yapilara metalizasyon isleminin uygulanmasi, bu yapilarin yiizey oOzelliklerinde, optik
yansimasinda ve elektriksel iletkenlik degerlerinde Onemli iyilesmeler saglamaktadir. Buna ek
olarak, karmasik geometriye sahip agirlik olarak hafif yapilarin iiretilmesini de miimkiin
kilmaktadir. Havacilik, uzay tip, otomotiv ve elektronik gibi ¢esitli alanlardaki yapisal uygulamalar

i¢cin aday malzemeler olabilecegi diistiniilmektedir.
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1. INTRODUCTION

The term "additive manufacturing” (AM) has been defined as combining materials to create
objects from 3D model data, typically layer-by-layer, in contrast to the subtractive manufacturing
methodologies that are more commonly used. It is also known as three-dimensional printing and
rapid prototyping. This manufacturing method can be applied to all classes of materials, including
metals, ceramics, polymers, composites, and biological systems. For over two decades, AM has
likely been employed as a material processing tool. However, it has only recently begun to emerge
as a significant commercial manufacturing technology (Frazier, 2014; Singh et al., 2017). AM can
produce components with highly intricate and challenging geometries, utilizing specialized
materials with minimal material waste and post-processing requirements. Therefore, AM allows
designers and engineers to create unique products that can be economically manufactured in low
volumes (Bikas et al., 2016). AM is currently used in several important industries, including
aerospace, biomedical, automotive, energy, electronics, architecture, sports, artistic, and military
fields (Ngo et al., 2018). Figure 1.1 illustrates the global usage of additive manufacturing. Among
the advantages of additive manufacturing are the following:

e In contrast to conventional manufacturing techniques, which entail the removal of
significant quantities of material, AM employs the use of consumables more
efficiently, whereby parts are formed in a layered fashion. The produced components
can be subjected to recycling and subsequently reused in the production process,
should this be desired.

e In traditional manufacturing processes, additional components are required in
conjunction with the primary machine tool, including jigs, fixtures, cutting tools, and
coolers. However, AM does not require these supplementary parts, enabling
researchers to produce the necessary components rapidly. Consequently, there is a
notable enhancement in the efficiency of the supply chain.

e Since there is no necessity for supplementary machinery or apparatus in the AM
method, components exhibiting complex geometries can be readily manufactured in a
single piece. In other words, unlike conventional techniques, there is no loss of
functional capacity or ease of production. Furthermore, innovative structures with
enhanced mechanical properties can be produced by employing materials with
disparate mechanical properties in conjunction. Consequently, this facilitates the
fabrication of components exhibiting numerous advantageous characteristics.

e Additive manufacturing (AM) technology does not necessitate expensive installations,
making it a favorable option for small-scale production. The characteristics of 3D-

printed parts are contingent upon the selected AM process, allowing for



straightforward determination of the optimal production method based on the specific
requirements of the researcher or engineer. This technology enables the fabrication of
parts with intricate geometries in a single piece, eliminating the necessity for complex
production lines (Prakash et al., 2017).

I Motor vehicles

m Consumer products
Business machines
Medical

M Academic

M Aerospace

M Military

M Other
Figure 1.1. The global usage areas of additive manufacturing (Bikas et al., 2016)

In order to produce using any of the three main 3D printing technologies, it is first
necessary to create a 3D solid model with the help of computer-aided design (CAD). The prepared
3D model is then converted into the Standard Triangulation Language (.STL) file format and
transferred to the 3D printing device. Subsequently, the sample is produced in a series of layers on
the 3D printing device. This is a complex procedure, comprising a humber of distinct process steps.
This is due to the fact that a multitude of process parameters exert an influence on the quality of the
manufactured components. The various rapid prototyping technologies employ disparate
methodologies for the production of 3D printing. In some cases, metal or polymer powder is
sintered using thermal energy from laser or electron beams. In alternative processes, the binder is
meticulously dispensed onto the powdered ceramic or polymer. Furthermore, alternative techniques
involve the melting of the material and its subsequent production in layers. (Huang et al., 2013;
Singh et al. 2017; Blakey-Milner et al. 2021). Fused deposition modeling (FDM), selective laser
sintering (SLS), direct laser melting (DMLYS), selective laser melting (SLM), electron beam melting
(EBM), stereolithography (SLA), digital light process (DLP), 3D printing (3DP), laminated object
manufacturing (LOM), polyjet printing (PP), and laser engineered net shaping (LENS) are among
the frequently used additive manufacturing methods (Sun et al., 2021; Negi et al., 2013).

In the field of research, FDM has emerged as the most prominent method of 3D printing
due to its capacity to produce high-quality, complex products in a safe and controlled manner.
FDM is a rapid prototyping technology that enables the production of functional three-dimensional
prints using a variety of thermoplastic materials. In the field of FDM technology, the initial step
involves the creation of a 3D solid model. Subsequently, the print is produced in a series of layer-



by-layer increments. In this process, the thermoplastic material is fed into an extruder that has been
heated to a temperature sufficient to melt it. The molten material is then extruded through a nozzle,
forming the initial layer of the 3D solid model on the heated plate. Subsequent layers are then
deposited on the preceding layer, and the printing process is complete. If necessary, secondary
processes may be applied to the printed samples after 3D printing (Dhinakaran et al., 2020). Figure
1.2 illustrates the fundamental operation of the FDM process.
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Figure 1.2. The working principle of the FDM process (Mohamed et al., 2015)

The range of thermoplastic filaments available for FDM technology is currently extensive,
with applications in a number of diverse fields, including aerospace, medical, and automotive. The
most commonly utilised filament materials for the FDM process encompass a range of
thermoplastic polymers, including polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
nylon, polycarbonate (PC), polyamides (PA), ULTEM, polystyrene (PS), polyphenylsulfone
(PPSF), polypropylene (PP), polyethyleneimine (PEI), thermoplastic polyurethanes (TPU),
polyvinyl alcohol (PVA), polyethylene (PE), and polyetheretherketone (PEEK) (Boparai et al.,
2015; Rajan et al., 2022). Among the various filaments utilized in FDM rapid prototyping
technology, PLA filament is distinguished by its numerous advantageous characteristics. PLA is an
aliphatic polyester material produced by the conversion of starch derived from renewable vegetable
sources, including corn and potato, into glucose. The glass transition temperature of PLA is 55°C,
while its melting point is 180°C. PLA exhibits good biocompatibility and high durability.

Furthermore, PLA is completely biodegradable, with the end product after decomposition being



water and carbon dioxide. Therefore, it is non-toxic and does not cause environmental pollution.
PLA has excellent integral properties and high strength (Joseph et al., 2023).

Polymeric materials are typically not the preferred choice for engineering applications due
to their inferior structural properties in comparison to metals. Polymers have low strength and
modulus of elasticity, poor electrical conductivity, low thermal and erosion resistance.
Furthermore, polymer structures are highly susceptible to ultraviolet (UV) damage. The technique
of polymer metallization (PM), which involves the formation of a metallic layer on the surface of
polymeric parts, addresses these limitations. This process enhances the functional capabilities of
polymer structures, thereby expanding the scope of their applications (Melentiev et al., 2021). In
recent years, there has been a notable increase in interest among researchers in the field of
metallization, or the use of metal to coat structures. This is due to the fact that it improves the
structural and electrical properties of polymer structures produced by additive manufacturing.
Furthermore, the ability to obtain final structures with reduced weight and volume has contributed
to the growing popularity of this field of study. Various techniques may be utilized for metalizing
materials, including electroless deposition, immersion, stereolithography, electric arc spraying, and
thermal evaporation (Afshar and Mihut, 2016). Among these methods, physical vapour deposition
(PVD) is the most widely used technique for metallization due to a number of advantages. These
include the improvement of tribological behaviour, enhancement of optical properties,
improvement of decorative properties and a wide range of applications. Furthermore, the

advantages of PVVD make it suitable for use in many sectors (Baptista et al., 2018).



Figure 1.3. The schematic diagram of sputtering technique (Qadir et al., 2019)

The physical vapour deposition processes include sputter deposition, cathodic arc
deposition, electron beam physical vapour deposition, evaporative deposition, and pulsed laser
deposition (Shahidi et al., 2015). The sputtering technique enables the formation of large-area,
smooth coatings at relatively low temperatures. Furthermore, sputtering is the most preferred
technology due to its numerous advantages, including the fact that there are almost no limitations
on the target material (Deng et al., 2020). The source material or target material is cathodized in the
sputtering process. Furthermore, the target material is bombarded with ions produced from an inert
gas, and the process is kinetically controlled. In a variety of sectors, primarily utilising argon gas,
the generation of positive ions is achieved through the ignition of plasma between the base
material, the anode, and the target material, the cathode. As a consequence of the electric field's
influence on the target material's surface, electrons are directed away from the cathodic region.
This results in the transfer of kinetic energy to the target atoms, leading to the formation of a thin
film on the substrate's surface (Mehran et al., 2018). The sputtering technique's schematic diagram
is illustrated in Figure 1.3.

The most prevalent sputtering technologies include direct current (DC) magnetron
sputtering, radio frequency (RF) magnetron sputtering, DC-RF magnetron sputtering, microwave-
enhanced magnetron sputtering, reactive sputtering, ion beam magnetron sputtering, inductively
coupled plasma-magnetron sputtering and high power pulsed magnetron sputtering (Behera et al.,
2022). The DC magnetron sputtering technique is distinguished by its ability to control the
composition and stoichiometry of metallic thin films, facilitate high deposition rates across diverse



sectors, and produce thin films of a high degree of purity (Safi, 2000). The RF magnetron
sputtering technique offers a number of advantages, including high deposition rates, good adhesion,
uniform surface morphology, homogeneity, ease of use and the ability to obtain high-quality thin
films that can be economically applied even over large areas at room temperature without the need
for melting, as is required in thermal sputtering (Mandal et al., 2021).

The sputtering technique allows for the successful application of a variety of metal
coatings, including Al, Cu, Mo, Ti, Ag, and Cr, to polymer substrate materials (Melentiev et al.,
2022; Lin et al., 2005). Among the various metal coatings, aluminium (Al) and copper (Cu) have
emerged as the focus of research interest in a range of structural applications due to their unique
properties. Aluminium films, in particular, have been identified as potential materials for use in the
optical, microelectronics, telecommunications, and construction/building industries, given their
exceptional characteristics, including high conductivity, low resistivity, high reflectivity, enhanced
adhesion, and superior resistance to oxidation and corrosion (Mwema et al., 2018). Copper films
(Cu) are employed in a multitude of applications, particularly within the electrical industry. In
addition to superior electromigration performance, enhanced thermal, and electrical conductivity, a
higher melting point and improved mechanical strength, they also facilitate the formation of high
current density copper interconnects. Collectively, these properties render copper thin films a
distinctive contender for practical applications (Velicu et al., 2017).

The objective of this thesis is to enhance the functional properties of polymer structures
produced by additive manufacturing technology through the metallization process, whereby the
surfaces of these structures are coated with metal. The resulting metallised polymer structures are
therefore suitable for a range of structural applications. 3D solid model designs were created for the
3D-printed polymer structures using the SolidWorks computer-aided design software.
Subsequently, FDM technology and PLA filament were selected for the production of 3D prints,
given their advantageous characteristics. Prior to metallization, five different surface treatments
were applied to ensure optimal surface conditions. These included as-printed, dipping, vapour,
plasma, and abrasion. The objective was to enhance the interfacial properties between the coating
material and the underlying polymer structure, as well as to improve the material properties of the
structures formed after coating. Prior to metallization, the 3D-printed polymer structures with
surface treatment were divided into two groups. The first group was coated with aluminium using
the radio frequency (RF) sputtering technique, while the second group was coated with copper
using direct current (DC) sputtering. A range of analytical techniques were employed to investigate
the morphological, structural, optical, and electrical properties of the metallised polymer structures,
including scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) analysis,
atomic force microscopy (AFM), X-ray diffraction diffractometer (XRD), Fourier transform

infrared spectrometry (FT-IR) analysis, ultraviolet-visible light and near infrared (UV-VIS-NIR)



analysis, contact angle measurement, ellipsometer analysis, and electrical resistance measurement.

A graphical summary of this thesis work is shown in Figure 1.4.

Figure 1.4. The graphical summary of the thesis work






2. LITERATURE REVIEW

In recent years, a significant number of researchers have concentrated their efforts on
investigating the potential of polymer structures and parts produced by additive manufacturing as
candidate materials for a range of structural applications.

The objective of Wang et al. (2023) was to develop a hybrid rapid prototyping technology
that combines a digital light process with a laser-activated electroless coating process for 3D-
printed electronic structures. A functional photocurable polymer for selective metallization doped
with 3 wt% antimony tin oxide (ATO) and 1 wt% TiO: nanoparticles was prepared for use in the
DLP. A 3D-printed LED circuit board has been developed to validate the feasibility of this hybrid
rapid prototyping technology for the customization of fully functional 3D-printed electronics. The
electrical conductivity values of the produced samples were 5.2x107 S/m, which is very close to the
electrical conductivity value of pure copper. The image of the produced circuits is shown in Figure
2.1.

Figure 2.1. 3D printed circuit boardimage (Wang et al., 2023)

Vasquez-Peralvo et al. (2022) designed, simulated, and fabricated three distinct prototypes
of dielectric 3D frequency selective structures operating in the millimetre wave band, employing
the technique of VAT photopolymerization. Subsequently, the prepared samples were metallized
using metallic dye atomization and electroplating techniques. The results demonstrated that

modified and reduced bandpasses were obtained for some structures. In contrast, copper



electroplating achieved a reduced loss bandpass for highly intricate structures, such as the torus.
Consequently, it can be inferred that inductive 3D frequency selective structures in the millimetre
wave band will facilitate the cost-effective production of such structures. The image of the
inductive 3D frequency selective structures prepared in the study is presented in Figure 2.2.

Figure 2.2. Inductive 3D frequency selective structures (Vasquez-Peralvo et al., 2022)

In a recent study, Liu et al. (2022) investigated methods for fabricating structural circuits.
The DLP rapid prototyping technique was employed to construct a substrate structure comprising
ultraviolet-curable resin and Cux(OH)PO, particles. Subsequently, the substrate structure was
metallized through laser activation and electroless plating. The copper layers demonstrated the
highest 5B level in the adhesion test, indicating good mechanical adhesion. The authors asserted
that the acceptable electrical conductivity value was 7.5x10°® Q.m. Furthermore, they proposed that
their work could be a reference for fabricating bespoke functional electronic products in various
industries, including consumer electronics, communication engineering, automotive and aerospace.

Figure 2.3 illustrates the polymer structures where the metallization process was performed.
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Figure 2.3. Metallized polymer structures (Liu et al., 2022)

Bachiller et al. (2023) studied the 3D printing and metallic film coating of high-frequency
devices. In this study, the researchers employed the VAT photopolymerization method and utilized
a range of resins. The printed devices were subjected to a two-stage coating process: electroless
metallization and galvanic coating. Using scanning electron microscopy, profilometry and contact
metrology, and the researchers performed dimensional analyses to evaluate the effect of the coating
on the manufacturing process. They reported that the electromagnetic response of the devices they
developed was excellent and comparable to that of commercial devices produced by inference

techniques. Images of the prototypes produced in the study are shown in Figure 2.4.
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Figure 2.4. 3D-printed antenna prototype (Bachiller et al., 2023)

In a study by Xiao et al. (2020), the correlation between the compressive crush strength of
3D-printed composite meshes and the expected stresses of the human mandible was investigated.
Furthermore, the lattice gradient porosity distribution was calculated under the lower jaw stress
distribution. In order to explore the potential applications of graded lattice prosthesis, they
proceeded to complete the production of lower jaw prosthesis by coating these 3D-printed
structures with a metallic layer. The titanium-coated polymer structures were produced using the
SLA method and subsequently coated using the PVD method. The compression test results
indicated a two- to three-fold increase in compressive strength for the titanium-coated samples. The
porosity of the maximum and minimum stress regions was 68.3% and 86.3%, respectively,
exhibiting a porosity difference of approximately 20%. Figure 2.5 illustrates the metallized

structures subjected to the compression test.
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L) 4
Figure 2.5. The specimens were coated with titanium using the compression testing method (Xiao
et al., 2020)

Juarez et al. (2018) conducted an experimental study on the metallization of 3D-printed
polymer microlattice structures. In their study, the researchers investigated producing metal-
polymer cages by coating epoxy-based micro-lattices with magnetron sputtering. The cage
structures were fabricated using a 3D direct laser writing (3D-DLW) process with epoxy-based
material. The coating materials selected were aluminium, Inconel 600 and Ti-6Al-4V. Their study
employed two different sputtering configurations: fixed and rotary substrate holders. The study
concluded that the potential application breadth is extensive, with an unprecedented combination of
material properties, including chemical activity, conductivity, and strength. It was also
demonstrated that applying metal coatings can alter the deformation mode of materials from node-
weighted damage to bond-weighted damage. An SEM image of the coated polymer structures is

presented in Figure 2.6.
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Figure 2.6. SEM image of coated polymer structures (Juarez et al., 2018)

Liu et al. (2016) investigated methods of enhancing the adhesion between the polymer
structure and the metal film. To this end, the surfaces of polymethylmethacrylate (PMMA) polymer
structures were subjected to UV-ozone surface modification. The researchers observed that the
process enhanced the adhesion between the metal film and the PMMA polymer substrate material.
They attributed this improvement to the rise in surface wettability and nanoscale surface roughness
resulting from generating polar oxygen functional groups. Furthermore, they asserted that metal
films in modified PMMA polymer structures exhibited resilience to liquid immersion. The

microsensors developed in the study are illustrated in Figure 2.7.
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Figure 2.7. Electrochemical microsensors (Liu et al., 2016)

Jiang et al. (2018) fabricated polymer lattice structures, including cylindrical simple cubic
(CSC), four square simple cubic (FSC) and mixed simple cubic (MSC), using DLP technology.
They then plated copper and nickel using the electroless plating technique to form metal coatings.
The compressive strength of the produced polymer structures was investigated experimentally and
numerically. 1t was found that surface metallization can improve mechanical properties.
Furthermore, it was demonstrated that Young's modulus increases linearly with the thickness of the
metal film. It was concluded that Young's modulus increases from approximately 31 MPa to 96
MPa in copper films and from approximately 31 MPa to 132 MPa in nickel films. The image of
copper and nickel-plated lattice structures is given in Figure 2.8.

15



‘v e

- V‘.
.
L

3

et

.

T f,.-r.“ N S
- ~ "..v\'

RO N S Rt
et B o b i A
...»b\.."",’- ey "-’ -

id

Figure 2.8. Copper and Nickel-plated lattice structures (Jiang et al., 2018)

Xiang et al. (2023) implemented an experimental investigation into the selective
metallization of copper phosphate and nickel phosphate as laser-active materials on the polymer
surface, utilizing direct activation with laser and electroless plating techniques. Polymer materials
PC, ABS, and PEEK were selected for analysis. The copper layers exhibited excellent electrical
conductivity and good adhesion strength. Additionally, it was observed that copper patterns
demonstrated high selectivity and solubility. The electrical conductivity value of the copper layers
was 7.6 uQ.cm for A thickness of 4.6 pm was observed. The SEM images revealed that the copper
particles exhibited continuous growth on the PC polymer structure surfaces, coated without current
for 40 minutes, forming large particles on the structure surface. The images of the coatings on
different polymer substrates are presented in Figure 2.9.
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Figure 2.9. Coatings on different polymer substrates (Xiang et al., 2023)

Credi et al. (2023) aimed to fabricate complex-shaped and functional polymer structures
directly and cheaply using selective electroless deposition. As an alternative to laser-assisted
surface activation, which is very time-consuming and costly, nickel powders were incorporated into
the resin from which the polymer structures were fabricated. The 3D polymer structures were then
printed in the SLA machine. The composite structures were immersed in an electroless bath at 45°C
for metallization for 20 minutes. It is believed that the structures produced could be candidate
materials for multilayer electronic circuits or sensors with magnetic and conductive properties. The

conductivity test demonstration of the samples prepared in the study is shown in Figure 2.10.
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Figure 2.10. The conductivity test demonstration of the samples prepared in the study (Credi et al.,
2023)

Romani et al. (2021) researched the metallization of thermoplastic polymer and composite
structures by PVD sputtering using the FDM technique. The coating material for metallization was
chromium, and the filament material for the production of polymer structures was PLA,
acrylonitrile styrene acrylate (ASA), PC-ABS, co-polyester filament, and composite co-polyester
filament. The researchers indicated that using different polymer structures would confer significant
advantages to the automotive and furniture industries. The prepared PLA and co-polyester filament
samples exhibited good homogeneity. The co-polyester filament samples demonstrated the most
favourable outcomes in terms of surface roughness following PVD metallization. Consequently,
this material is deemed a potential candidate for applications where superior thermal and
mechanical properties are sought. Figure 2.11 illustrates the metallization of PLA polymer
structures via the PVVD method.
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Figure 2.11. The metallization of PLA polymer structures via the P\VD method (Romani et al.,
2021)

Liao and Kao (2012) developed a novel method for depositing a copper layer on the
surface of a polymer substrate. They printed a particle-free silver nitrate ink on the polymer as an
activating agent for copper plating. The prepared structures were then subjected to electroless
plating, forming highly conductive copper patterns. The prepared copper pods' electrical
conductivity was 83, comparable to bulk copper's electrical conductivity value. The adhesion
strength of copper in polyethene terephthalate (PET) and polyimide (PI) polymer structures was
high. The image of the antenna structures produced by the electroless copper plating technique is
presented in Figure 2.12.

19



Figure 2.12. Plated copper antenna (Liao and Kao, 2012)

Rani et al. (2017) attempted to enhance the material properties of polyester-silk blend
fabrics by applying a copper coating and the plasma sputtering technique. Furthermore, the
investigation encompassed the analysis of copper thin film deposition parameters, including
assessing gas flow, deposition power, and deposition time. Scanning electron microscopy (SEM)
images revealed altered material morphology. At deposition times of 40 minutes, the most
significant copper weight percentage was detected. Water contact angles increased with increasing
deposition time, reaching 146° for samples deposited for 40 minutes. The results demonstrate that
the deposited samples display enhanced hydrophilic behaviour. The electrical resistance value was
7.78x107 Qm for the uncoated sample and 8.13x10°Qm for the sample coated for 40 minutes.
Furthermore, the copper-coated samples exhibited distinctive antibacterial properties against
certain bacterial species. The appearance of the polyester-silk blend before and after coating is
illustrated in Figure 2.13.
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Figure 2.13. The appearance of the polyester-silk blend before and after coating (Rani et al., 2017)

Srivastava et al. (2023) developed a novel method for coating polymer substrate material
with aluminium. Expanded polystyrene (EPS) substrates were coated with aluminium using a new
fluid-assisted bottom spray coater technique. The scanning electron microscope (SEM) analysis
demonstrated that the coating thickness was approximately 340 pum. Furthermore, the coated
samples' dielectric constant was 200 times higher at low frequency than the uncoated samples. The
findings suggest that aluminium-coated EPS polymer structures may be suitable for utilization in
various applications, including energy storage and electromagnetic interference shielding. An
image of the aluminium-coated expanded polystyrene spherical structures produced in the study is
presented in Figure 2.14.
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Figure 2.14. The aluminium-coated expanded polystyrene spherical structures (Srivastava et al.,
2023)

You et al. (2020) evaluated the efficacy of diverse surface roughening techniques on
composite structures' surfaces to enhance the surface quality of carbon fibre composite structures.
The researchers employed a range of surface treatments, including sand grinding, oxidation, air
plasma treatment, and combinations thereof, before electroless copper plating of carbon
fibre/cyanate ester structures. Subsequently, electroless copper plating was conducted. The Ra
value of the samples subjected to an oxidation process was 0.44 um, as indicated by the surface
roughness results. XRD analysis revealed that the copper coatings exhibited a surface-centred cubic
structure. The adhesion test results demonstrated that the oxidation sand grinding process resulted
in good adhesion strength, classified as 4B course. Figure 2.15 illustrates the image of the

conductive metal patterns.
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Figure 2.15. The image of conductive metal patterns (You et al., 2020)

Chen et al. (2023) developed a new simple and chromium-free method for electroless
copper plating on polyamide-6 (PA6) polymer substrates subjected to UV-induced graft
polymerization before metallization. Electrical resistivity measurements showed that the copper
coatings reached 3.47x10°® Q.m, approximately 50% of the electrical resistivity of bulk copper. The
3M tape test results show that the adhesion strength between the copper layer and the PA6 polymer
base material is excellent, i.e. level 4B. After polyacrylic acid grafting, the water contact angle
measurement is 14.1°, indicating that the structure's hydrophilicity has improved. This study shows
that PA6 polymer structures will increase the application areas, especially electronics. The circuit

showing the conductivity of the metallized samples is shown in Figure 2.16.
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Figure 2.16. The circuit showing the conductivity of the metallized samples (Chen et al., 2023)

Akin et al. (2023) implemented an experimental investigation into the metallization of 3D-
printed polymer structures via cold spray-assisted electroless copper plating. The polymer
substrates were printed using ABS and PLA filaments. The coating was completed using copper
particles with cold spray coating on the printed polymer structures. Subsequently, the metallization
process was completed by coating copper on the prepared samples using the electroless plating
technique. The electrical conductivity values were 6.47x10° S.m™* for ABS polymer structures and
5.27x10° S.m™ for PLA polymer structures. It was posited that the findings would prove
advantageous in many fields, including electronics, energy, and defence. Figure 2.17 illustrates the
conductivity of surface-coated polymer structures.
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Figure 2.17. The conductivity of surface-coated polymer structures (Akin et al., 2023)

White et al. (2018) completed the metallization process by coating the surfaces of 3D-
printed acrylonitrile butadiene styrene (ABS) polymer structures with 1000 nm copper. The
researchers selected physical vapour deposition as the coating technique to circumvent the potential
damage caused by substances such as toxic chromic acid. Among the processes employed for
surface preparation, using solvents proved effective in improving surface roughness. The coated
polymer structures were more aesthetically pleasing than the uncoated samples. The researchers
also observed that the samples with abrasive surface treatment demonstrated excellent adhesion
strength.

Avrias and Jaramillo (2020) employed a coating process on the surface of the polycarbonate
base material, utilizing aluminium with high reflectivity properties. Before coating, the surface of
the polycarbonate sheets was subjected to ultraviolet and ozone treatment for five minutes and ten
minutes, respectively. To investigate the impact of this UVO surface treatment, the researchers
employed FTIR, water contact angle measurement, and AFM analysis. They posited that the UVO
activation effectively resulted in a favourable surface modification of the polymer structure,
attributed to the formation of polar groups, including OH and C=0.

In a study conducted by Afshar and Mihut (2020), the durability of 3D-printed polymer
structures was investigated in response to exposure to a range of environmental conditions. The
surfaces of the 3D-printed polymer structures were initially coated with copper. Subsequently, the
prepared samples were subjected to environmental factors, including UV radiation and humidity. It
was asserted that if the surface of the 3D-printed polymer is adequately coated, microcracks will
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not form on the surfaces of the polymer structures due to harsh environmental conditions. Since
copper thin film coatings reflect UV radiation in many environmental applications, they were
proposed to provide adequate protection. Additionally, it was explained that polymer structures
offer protection against corrosion due to surface passivation.

Baligidad et al. (2021) fabricated polyamide 12 (PA12) structures using selective laser
sintering. Subsequently, a thin copper layer was deposited on the PA12 substrate at varying
deposition powers, specifically 70 W, 100 W and 120 W, via the RF sputtering technique. The
researchers observed that copper coatings function as a protective layer in environmental testing,
reflecting UV radiation and preventing its penetration. At a deposition power of 120 W, the
samples demonstrated satisfactory flexural strength, stiffness, flexibility, electrical conductivity,
and good adhesion between the base material and copper.

In a study by Afshar et al. (2019), an epoxy matrix was coated with a protective barrier
against ultraviolet radiation using aluminium, copper, titanium, and zirconium. The coatings were
applied using the high vacuum DC magnetron sputtering technique. It was demonstrated that
metallic coatings can be an effective method of protecting the mechanical properties of epoxy
samples that have been exposed to UV radiation. It was stated that ultraviolet radiation is a high-
frequency electromagnetic radiation that cannot penetrate deep into metallic layers. Therefore, it
was found that thin metallic films are practical barriers against ultraviolet radiation. It was found
that specimens coated with aluminium retained their bending strength, elasticity, and durability to a
greater extent than those coated with copper, titanium or zirconium.

Mihut et al. (2012) employed the thermal evaporation technique to deposit copper, silver,
and aluminium onto high-density polyethene (HDPE) and styrene-butadiene copolymer (SBC)
polymer structures containing carbon nanofibre (CNF) to enhance their electromagnetic
interference shielding effectiveness. The authors reported that metallic coatings demonstrated good
adhesion in undoped SBC structures. They stated that the SE value for copper coatings deposited
on 10 wt% CNF/SBC increased to 52 dB at 1300 MHz. This value was 7 dB for only CNF
reinforcement and 29 dB for only metallic thin film deposits at 1300 MHz.

In a study conducted by Vasconcelos et al. (2018), an experimental investigation was
undertaken into the silver coating of thermoplastic polyurethane materials via the electroless
coating technique. The silver coatings demonstrated excellent adhesion and low electrical
resistivity. The average film thickness was 12.5 pum, with a resistivity of 8.57 mQ.cm. The
researchers asserted that the coated TPU polymer structures exhibited 400% strain at a 10 mm/min
strain rate without compromising electrical conductivity.

Chen and Kang (2017) developed an efficient method to metalize acrylonitrile butadiene
styrene (ABS) polymer structures using covalent grafting and spray-assisted layer-by-layer

deposition. They investigated the interfacial adhesion between the coating and substrate. They
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found that the optimized adhesion strength was up to 20 N/cm, a significantly higher value than
that achieved in the conventional process.

Jachowicz (2021) conducted a study to enhance industrial helmets' mechanical and
physical properties. In this study, the coating materials employed were Cu, Al, TiN, and TiAl. In
his research, he employed magnetron sputtering as a coating deposition technique. The base
polymer structures selected were acrylonitrile butadiene styrene (ABS), polycarbonate (PC), high-
density polyethene (HDPE), and polyamide (PA). The results demonstrated that the TiN coating
provided the most effective protection against infrared radiation and scratch resistance.
Furthermore, the TiN coatings exhibited the highest surface hardness measurements across all
substrates.

In a study conducted by Rezzoug et al. (2016), the experimental investigation of applying
metallic coatings to carbon/epoxy polymer composites was undertaken. The surfaces of the
structures were coated with zinc using the arc spray technique. A layer of filler particles was
applied to the substrate surface before coating to prevent damage to the substrate structure during
coating. The results of the erosion test demonstrated that zinc coating enhanced erosion resistance.
The surface hardness was also determined to be 25.94 + 2.72 HVq1, while the average surface
roughness for the arc spray coating surface was 10.94 + 3.5 um.

Malachowska et al. (2017) employed a metallization process utilizing copper plating on the
surface of a polymer polyamide 6 substrate material through the low-pressure cold spray method.
The copper powders were subjected to a pre-treatment process in a hydrogen atmosphere to reduce
the critical velocity and remove the oxide layer on the surface. The prepared samples' adhesion
strength, electrical conductivity, oxygen content, and microstructure were determined. The findings
indicated that copper coatings were successfully deposited on the surface of the plastic substrate.
Electrical conductivity measurements were 26 uQ cm. It was stated that the copper plating process
on plastic surfaces is related to the powder morphology and oxygen content.

Lackner et al. (2014) attempted to determine the mechanisms underlying the formation of
micron-scale surface topography in carbon fibre polymer composite structures. To this end, they
employed a magnetron sputtering technique to create Cr-based single and multilayer coatings. The
researchers indicated that the film growth conditions, including thermal stresses, generated during
magnetron sputtering result in high intrinsic film stress, contributing to diverse surface
topographies. In their investigation, they observed that incorporating a multilayer Cr-CrNy structure
instead of a CrNy single-layer coating reduced the tendency to fracture due to enhanced plastic
deformation and toughness in the layer.

Sugavaneswaran et al. (2019) fabricated three-dimensional structures using ABS polymer
material via the fused deposition modelling (FDM) technique. Due to the elevated roughness of
these parts in comparison to those produced by conventional methods, they were metallized with

electroplating technology, thus meeting the requirements of diverse sectors. The effects of
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electroplating on the surface roughness and size of the produced parts at various surface angles
were analyzed. The experimental results demonstrated minimal surface roughness and dimensional
percentage change for 0°, 90°, and 180°.

Maciag et al. (2019) aimed to gather information regarding the surface characteristics of
ABS polymer structures produced via the FDM method before and after coating. Additionally, they
examined the coating parameters using copper plating with the galvanic technique. Subsequently,
the surface of the 3D-printed ABS parts was analyzed following copper plating with an optical
profilometer. Before coating, the 3D-printed polymer structures were subjected to acetone vapour
treatment for 30, 60, 90, and 120 minutes. The findings indicated that the surface parameters were
comparable to those obtained through traditional metal processing methods, suggesting that this
process could be an alternative to complex industrial processes.

Pedrosa et al. (2018) deposited a CrN thin film coating on plasma-activated ABS polymer
structures, employing reactive magnetron sputtering as the coating technique. The coating process
was carried out at varying nitrogen flow rates (0, 2, 3, 4, 6, 8 sccm) and coating times (10, 20, 30,
40, and 60 minutes). Subsequently, a series of analytical techniques were employed to examine the
morphological, microstructural, and chemical characteristics of the structures, including X-ray
diffraction (XRD), three-dimensional profilometry, open-circuit potential (OCP) measurements,
Raman spectroscopy, scanning electron microscopy (SEM), colorimetry, and cross-cut band
testing. The results demonstrated that high-quality surface coatings were obtained. At N, flow rates
of 4, 6, and 8 sccm, the films were susceptible to oxidation in ambient air, failing to meet other
end-user requirements such as gloss and reflectance. However, at 2 and 3 sccm N, flow rates, the
coatings exhibited reduced surface oxidation due to exposure to air, displaying glossy, and
reflective surfaces.

Khan et al. (2018) fabricated three-dimensional polymer structures utilizing the FDM
method with ABS printing material. Nickel was selected as the coating material due to its low cost
and aesthetic appearance. They elected to utilize electroplating as the coating method to complete
the metallization process by coating the surfaces of ABS structures, given its ease of process. The
findings indicated that the raster angle exerts the most significant influence on the surface
roughness and coating thickness of nickel-coated FDM parts, exceeding the impact of the two
FDM machine parameters.

The research conducted by Nigam et al. (2018) focused on developing a method for
making non-conductive polymer structures conductive, which involved the addition of a conductive
layer. A new technique was developed with a high deposition rate and no chemical hazards. An
ABS polymer structure was selected as the polymer base material, and copper was chosen as the
coating material for metallization. Scanning electron microscope (SEM) images revealed lamellar
structures in the copper coatings on the polymer surface. The standard tape test results

demonstrated that successful outcomes could be achieved with the selected method for copper
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coatings on ABS. However, it was observed that the pre-treatment before plating had a significant
impact on the plating process.

In a comprehensive experimental study, Vaneckova et al. (2020) investigated the copper
plating of 3D-printed composite electrodes. Given the advantages of 3D printing, including speed,
cost-effectiveness, and environmental compatibility, the researchers opted for this method over
traditional manufacturing techniques. The researchers employed copper-tempered PLA as the
filament material. They observed that the electrodes produced by the FDM method exhibited a
kinetic barrier for electron transfer. To remove this kinetic barrier, they enhanced the surfaces
through copper electroplating. One noteworthy outcome was that the faradaic peak separation value
(70-75 mV) surpassed all reported values in the literature for 3D-printed electrodes. Their work has
initiated new avenues for the fabrication of 3D-printed electrodes.

Kolczyk et al. (2018) set out to develop a two-step metallization process for polymer
structures produced by the stereolithography (SLA) process. The surfaces of these polymer
structures were first treated with copper plating by electroless deposition, followed by a second
step involving nickel plating on the copper surface through electrodeposition. All prepared samples
exhibited excellent tightness and adhesion to the copper substrate. The researchers observed
increased nickel plating time resulted in a decoratively shiny structure. XRD results demonstrated
that the nickel platings were amorphous, and no nickel oxide was detected in the cathode bed. The
researchers attributed this to the successful plating of nickel coatings.

Fontanot et al. (2020) studied the morphological and optical properties of aluminium-
coated thermoplastic polymer surfaces. Polymer substrates were obtained via an injection moulding
process initiated with polymer granules. The analysis showed that the ABS substrate exhibited a
more pronounced surface texture than the PC substrate. While metallic films on the ABS polymer
structure demonstrated effective diffusion properties, mirror-like characteristics were observed in
PC polymer structures. The findings indicated that an aluminium metallic film with a thickness
range of 80-115 nm optimizes surface reflection. Additionally, the protective layer was identified
as conferring a significant advantage in terms of resilience to factors such as surface oxidation and
mechanical damage while maintaining the desired optical properties.

Dixit et al. (2017) performed copper plating of ABS polymer structures produced using the
rapid prototyping technique by electroless plating. For this purpose, they prepared part surfaces in
cuboidal, cylindrical, pyramidal, and conical geometries. Two distinct strategies were employed for
the surface preparation of the parts. Initially, the ABS polymer structures were coated with
aluminium paste. Subsequently, the structures were prepared using chromic acid for etching. It was
observed that the conductivity value increased in conjunction with the coating time in all acidic
solutions. The results of the adhesion tests indicated that the polymer surfaces coated with
aluminium carbon black paste exhibited favourable adhesion properties between the deposited

copper coating and the underlying polymer.
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In an experimental study on the surface activation of biocomposites for electroless
metallization, Rytlewski et al. (2017) produced biocomposites containing PLA, polycaprolactone
(PCL), copper(Il) oxide, and copper acetylacetonate by the extrusion method. Before coating, the
biocomposite structures were irradiated with an excimer laser. The compositions of the composites
selected for laser irradiation and electroless metallization were 15% and 5% copper (1) oxide and
copper acetylacetonate, respectively. The PCL material was chosen as PLA with 0%, 5%, 10%, and
15% remainder by weight. The general optical evaluation and EDX analysis results indicated that
the increase in PCL content positively affected metallization, with more light-coloured copper
agglomerates occurring with higher PCL content.

Xie et al. (2024) conducted an experimental study to improve the material properties of
polyetherimide (PEI) composite structures, focusing on electromagnetic shielding and electrical
conductivity. To this end, Ni/Cu/Ni coatings were deposited on the PEI composite surface using
two distinct techniques: electroless and electrodeposition. The findings indicated that an increase in
the thickness of the copper interlayer in the surface-centred cubic crystalline structure resulted in
enhanced electrical resistance. Furthermore, this interlayer thickness influenced the adhesion
strength of coatings on PEI substrates. In samples with a 7.54 um copper interlayer thickness,
microhardness values reached up to 300 HVo 1.

Bragaglia et al. (2022) used SLA additive manufacturing technology to fabricate three-
dimensional thermosetting polymer structures. The resulting samples were then subjected to silver
plating via an electroless plating technique. Subsequently, the samples were treated with three
distinct surface treatments, namely acetone, ethanol, and sulphuric acid solution. The findings
revealed that the thickness of the silver coatings was approximately 200 nanometres. Additionally,
it was reported that the electrical resistance value of the ethanol-treated samples was 4.83 x 10-8
Qm. The contact angle measurements yielded 81.4°, 79.6°, and 80.3° for the samples treated with
acetone, ethanol, and sulfuric acid solutions.

In an experimental study conducted by Siddikali et al. (2022), the electroless metal plating
of PETG polymer structures and MWCNT (multi-walled carbon nanotube) reinforced PETG
composite structures was investigated. The results indicated that the electroless metal plating
process enhanced the polymer composite structures’ mechanical, tribological, and surface
properties. The composite structures were fabricated using the FDM method and subsequently
plated with copper and nickel by electroless plating. The micro Vickers hardness values of the
metal-plated composite structures exhibited an increase of 53%, reaching a hardness value of 92
HV. With the augmentation in coating thickness, the water contact angle demonstrated a
corresponding increase, reaching a value of 78° in PETG samples. In composite structures, this
value was determined to be 88.84°. The researchers posited that the electroless coating technique

would enhance the thermal and mechanical properties of the structures.
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Spacek et al. (2018) aimed to develop a new tubular daylighting system by metallizing
ABS polymer structures to reduce energy consumption. The metallization process of ABS plastic
structures was conducted using the PVD method. The adhesion test results demonstrated that the
samples coated with a metal film exhibited excellent adhesion strength, specifically grade 5B. The
findings indicate that structures coated with aluminium polymers may be a viable alternative to the
current silver structures. Additionally, the cost of these candidate materials is estimated to be
approximately 50% less.

Zhang et al. (2019) coated the polyester fabric surface with copper by sputtering technigque
to enhance the characteristics of metal-coated fabrics during synthetic perspiration. The metal-
coated samples were then subjected to a supplementary treatment with a benzotriazole solution.
The results demonstrated enhanced corrosion resistance by the samples treated with benzotriazole
solution. The sheet resistance of the solution-treated samples was 1.15 €/sq, nearly identical to the
sheet resistance of the copper film. The researchers concluded that the improvements in the
material properties of copper-coated fabrics treated with benzotriazole solution would expand the
range of potential applications for these materials.

In their experimental study on copper metallization of surface-modified polyamide films, Ji
et al. (2008) employed the electroless plating technique for copper plating. Before plating, the
structures were modified with a potassium hydroxide (KOH) solution. A silver activation layer was
also formed to enhance the adhesion between the polyamide. The FT-IR results indicated the
presence of peaks corresponding to the characteristic carbon and oxygen double bond and carbon
and nitrogen single bond at 1650 cm-1 and 1370 cm-1, respectively. A notable decline in peak
intensity was observed with increased copper coating thickness. The researchers posited that metal-
coated polymer films have the potential to be utilized in various applications.

Rytlewski and Zenkiewicz (2013) investigated the physical and chemical changes
following the metallization of laser-irradiated thermoset and thermoplastic composite structures.
The thermoplastic material was polyamide (PA6), and the thermoset material was polyurethane
resin (PU). Furthermore, copper (I1) oxide and copper (ll) acetylacetonate powders were used as
composite structure reinforcement materials. The prepared composite structures were irradiated
with laser pulses, and subsequently, copper metallization was conducted via the electroless plating
technique. The findings indicated that polyamide composite structures exhibited superior catalytic
properties compared to polyurethane resin composite structures. It was observed that laser
irradiation increased the amount of copper deposited on the surface across all polymer composite
structures.

Rahmatollahpur et al. (2010) coated the surface of biaxially oriented polypropylene plastic
material with aluminium and conducted a microstructural analysis of the aluminium layer. The
surface of the plastic structures was metallized in a roll-coater system, and the resulting coating

thicknesses were found to range from 20 nm to 60 nm. Additionally, the researchers indicated that
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the aluminium crystal grain size is approximately between 20 and 70 nm. They observed an
increase in the intensity of the EDX analysis results of the samples that underwent double coating
compared to those that underwent single coating. Upon analyzing the TEM images, the researchers
noted the presence of some pinholes, with dimensions ranging from 0.8 to 8 um.

Moraczewski et al. (2015) subjected the surface of PLA polymer structures to oxygen or
nitrogen plasma surface modification before metallization. Subsequently, the surfaces of the
samples were coated with autocatalytic copper plating. SEM images revealed the formation of
droplets on the surface of the structures following plasma modification. In contrast, AFM images
indicated that oxygen surface treatment resulted in more pronounced surface alterations. The
applied plasma surface treatments enhanced wettability and surface roughness while also
influencing the geometry of the PLA surface. Consequently, surface modification processes are a
viable approach for coating PLA structures.

The study conducted by Yu et al. (2016) aimed to create a controlled surface pattern on the
surface of polydimethylsiloxane (PDMS) structures. The coatings were produced using direct
current (DC) magnetron sputtering technology, with nickel selected as the coating material. Upon
analysis of the optical microscope images, it was observed that the thickness of the metal layer
impacted the pattern formed. A reduction in coating thickness results in the formation of ripple
patterns, whereas an increase in thickness leads to the emergence of cracks. In the case of varying
film thicknesses, the water contact angle demonstrated a rise in conjunction with an increase in film
thickness, enhancing surface roughness. This phenomenon can be attributed to an augmented
hydrophobicity of the metal layer. The materials produced have the potential to be employed in a
range of applications, including electronics, optics, and biology.

Equbal et al. (2015) studied the electroless plating of 3D-printed ABS polymer structures
using the FDM method. Initially, the surface of the polymer structures was treated with chromic
acid to facilitate copper metallic plating. In contrast to the chromic acid surface treatment,
sulphuric acid, and hydrogen peroxide were employed. Subsequently, the coating process was
conducted in different baths. The optimal electrical resistance of the samples that underwent
chromic acid, sulphuric acid, and hydrogen peroxide surface treatment was observed in the samples
coated for 48 hours in a sulphuric acid bath. The adhesion test results demonstrated that the coated

samples exhibited excellent adhesion strength, reaching the 4B or 5B level.
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3. MATERIAL AND METHOD

The thesis study comprises a number of distinct stages, which are illustrated in graphical

form in Figure 3.1.
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Figure 3.1. Graphical abstract of the experimental steps

3.1. Printing of the Samples with FDM

The 3D desings for the printing of polymer structures were created in the SolidWorks
program and transferred to the printer in .stl format. BASF Ultrafuse White PLA filament was used
for the printing of 3D polymer structures. The PLA used has a glass transition temperature of 61°C,
a melting temperature of 151°C, a Printed Part Density of 1248 kg/m?, and a Melt Volume Rate of
21.2 cm®/10 min. The printing of polymer structures was carried out using the Creality Ender3 Pro
3D printer. Figure 3.2 illustrates the Creality Ender3 Pro 3D printer. The printing parameters used
are provided in Table 3.1. The appearance of the completed polymer structures with dimensions of

20x20x10 mm? is shown in Figure 3.3.
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Table 3.1. Parameters of 3D Printing

Fixed Printing Parameters

Filament Diameter 1.75 mm
Nozzle Diameter 0.4 mm
Nozzle Temperature 210°C
Built Platform Temperature 60°C
Infill Pattern Lines
Infill Density 100%
Layer Height 0.2 mm
Print Speed 50mm/s
Wall Line Count 2
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Figure 3.3. 3D printed polymer samples, from left to right; as-printed, dipping, vapour, plasma,
abrasion.

3.2. Surface Modification of the Samples

To determine the optimal surface treatment for completed 3D polymer structures, five
different surface treatments were applied (As-printed, Dipping, Vapour, Plasma, and Abrasion).
Dipping involved immersing the 3D polymer structures in dichloromethane liquid for 60 seconds,
followed by air-drying at room temperature (Panda et al., 2020). Vapour treatment exposed the
polymer structures to dichloromethane vapour in a closed container at 90°C for 30 minutes,
followed by air-drying at room temperature (Jin et al., 2017). Plasma surface treatment was applied
using Optosense, OPT-PCO-02, with 100 KHz of radio-frequency energy, flowing oxygen (0.5
L/min), and 2000 W of radio-frequency power for 180 seconds. The oxygen purity was 99.99%.
This surface treatment is also referred to as the cold oxygen plasma process (Song et al., 2016). The
cold oxygen plasma process is illustrated in Figure 3.4. The final surface treatment involved
manually treating the polymer surfaces with 1000-grit sandpaper for 60 seconds (White et al.,
2018).
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Figure 3.4. The cold oxygen plasma process

3.3. Surface Coating of the Samples

For the metallization of 3D polymer structures, a Box type Physical Vapour Deposition
system, based on prismatic/cylindrical vacuum chambers was used, equipped with 2 thermal and/or
1-4 DC-RF sputter sources (NVTS) allowing full co-evaporation (Nanovak NVTS-400). Figure 3.5
and 3.6 illustrates the Physical VVapour Deposition system. The aluminium coating parameters were
set as follows: 120-watt RF power, coating pressure of 8 mTorr, base pressure of 2x10° Torr, and a
deposition rate of 2.2 A/s. The coating material used was a 2-inch diameter, 0.250-inch thickness,
99.99% purity aluminium target (purchased from Adesis, Turkey). The appearance of the 3D
polymer structures after coating is shown in Figure 3.7.
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Figure 3.6. The Physical Vapour Deposition system
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Figure 3.7. The appearance of the 3D polymer structures after aluminium coating

The copper coating parameters were 400 V, 200 mA DC power, 10 mTorr coating
pressure, 2x10° Torr base pressure, and a coating rate of 2.5 A/s. The coating process is shown in
Supplementary Figure 3. A 99.99% purity copper target with a diameter of 2 inches and a thickness
of 0.250 inches (purchased from Adesis, Turkey) was used as the coating material. The images of
the 3D polymer structures after coating are shown in Figure 3.8.
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Figure 3.8. The appearance of the 3D polymer structures after copper coating

3.4. Characterization of the Samples

After completing the metallization process on the 3D polymer structures, a comprehensive
analysis of their morphological, structural, optical, and electrical properties was conducted. The
following techniques and instruments were employed for the analysis. Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) analysis: The FEI Quanta 650
Field Emission SEM device was used. Atomic Force Microscopy (AFM): The Park Systems Park
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NX10 AFM device was utilized to gain information about surface topography and the 3D structure
of the surface. X-ray Diffraction (XRD) analysis: The PANalytical EMPYREAN XRD device was
employed to examine the crystal structure of the coated polymer structures. Fourier Transform
Infrared Spectroscopy (FT-IR) analysis: The Jasco FT/IR-6700 device was used to investigate the
molecular bond structures of the experimental samples. Ultraviolet-Visible-Near Infrared (UV-
VIS-NIR) analysis: The Agilent Cary 7000 Universal Measurement Spectrophotometer (UMS)
device was utilized for optical property analysis. Ellipsometry analysis: The J.A. Woollam
spectroscopic ellipsometer device was employed for ellipsometry analysis, providing information
about optical properties. Contact angle measurement: For obtaining information about material
properties such as liquid absorption, wettability, liquid retention on the surface, liquid spreading,
surface cleanliness, and surface heterogeneity, contact angle measurement on sample surfaces was
performed using the Biolin Scientific Attension — Theta Lite. Electrical resistance measurement:
The four-point probe method, using the Keithley Source Multimeter device, was employed for

electrical resistance measurement.
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4. RESULTS AND DISCUSSIONS

4.1. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The scanning electron microscope images of 3D-printed polymer structures before
metallization and after surface treatment are provided in Figure 4.1-4.5. Upon examination of the
images, it is evident that layer lines formed during the production stage of 3D polymer structures
are present in as-printed, plasma, and abrasion surface treatments. Additionally, the sample surface
treated with sandpaper exhibits an extremely high level of micron-scale surface roughness. In
contrast, for dichloromethane dipping and vapour treatments, the existing layer lines disappear, and
the surface roughness significantly improves with minimal protrusions observed. Previous
literature studies have also indicated the effects of dichloromethane usage on the surface of PLA
samples in a similar manner (Jin et al., 2017; Lavecchia et al., 2022; Puerta et al., 2019).

The Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
Analysis Results for 3D-printed polymer structures after aluminium coating are shown in Figure
4.6-4.15 and table 4.1-4.5. Figure 4.6-4.15 illustrates that surface morphologies are significantly
dependent on the surface preparation technique. Relatively more homogeneous distribution is
observed in dichloromethane dipping and vapour treatments. In the sandpaper-treated samples,
high roughness and micro-scale cavities resulting from sanding are observed (White et al., 2018).
In dichloromethane vapour samples, a morphology resembling fluctuation induced thermally is
observed due to residual stress induced thermally. The accumulated thermal stress is believed to
originate from both gas atoms striking the growing film and the significant difference in the
thermal expansion coefficients between Al and PLA (Pedroni et al., 2021; Slepicka et al., 2012).
Energy Dispersive Spectroscopy (EDS) Analysis also confirms the presence of a significant
amount of carbon (C) element in all metalized samples, indicating the existence of localized
polymer regions. Additionally, EDS analysis results confirm the presence of aluminium (Al)

elements on the polymer surface (Akin et al., 2023).
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Figure 4.1. SEM image of as-printed samples

Figure 4.2. SEM image of dipping samples
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Figure 4.4. SEM image of plasma samples
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Figure 4.5. SEM image of abrasion samples

Figure 4.6. SEM image of Al coated as-printed samples
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Figure 4.7. EDS analysis of Al coated as-printed samples
Table 4.1. EDS analysis of Al coated as-printed samples
Element Weight % Atomic %
CK 5.87 9.98
OK 36.21 46.20
AIK 57.92 43.83
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Figure 4.9. EDS analysis of Al coated dipping samples
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Table 4.2. EDS analysis of Al coated dipping samples
Element Weight % Atomic %

Figure 4.10. SEM image of Al coated vapour samples
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Figure 4.11. EDS analysis of Al coated vapour samples

Table 4.3. EDS analysis of Al coated vapour samples
Element

Weight %

6.44
45.17
48.39
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Atomic %
10.40
54.80
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Figure 4.13. EDS analysis of Al coated plasma samples
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Table 4.4. EDS analysis of Al coated plasma samples
Element Weight % Atomic %

F

gure 4.14. SEM image of Al coated abrasion samples

50



6000 T T T T T T T T T T
Al
5000 .

4000 - .

3000 .

Counts

2000 H -

®)

1000 ~ -

01 —
0.0 0.5 1.0 15 2.0 2.5 3.0

Energy (KeV)

Figure 4.15. EDS analysis of Al coated abrasion samples

Table 4.5. EDS analysis of Al coated abrasion samples
Element Weight % Atomic %

The scanning electron microscopy (SEM) images and Energy Dispersive Spectroscopy

(EDS) analysis results of the additively manufactured polymer specimens after copper coating are
provided in Figure 4.16-4.25 and Table 4.6-4.10. We observed that the surface of dichloromethane
vapour-treated specimens is mostly smooth with occasional delaminations. Similarly, the
delaminations are also present in other specimens intermittently. The polymer structures with
dichloromethane dipping surface treatment exhibit a micro-porous surface morphology. Similar
surface morphologies have been obtained in previous studies on copper coatings (Woskowicz et al.,
2020). These delaminations are believed to originate from the cohesive forces between the polymer
substrate material and the coating (Lee et al., 2011; Rats et al., 1999). The voids formed during the
dichloromethane surface treatment result from the evaporation of residual dichloromethane
remaining on the surface after the dipping process (Zerankeshi et al., 2022). Additionally,
dichloromethane, as a non-polar solvent, is highly reactive with PLA, causing excessive reaction
and crater formation when immersed, potentially resulting in voids formed as a result of excessive

etching from the solvent's reaction with the 3D printed surface (Jayakumar et al., 2023). In the
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mechanical abrasion process, wire-like (strands) pieces were removed from the outer surfaces of
3D printed parts. According to SEM images, the rough surface reveals the strands removed with
sanding, showing the outer layers. All sanded surfaces clearly exhibit scratches and protruding
particles. These are deformed particles that have not been completely removed (Kariz et al., 2021).

The copper layers were investigated by energy dispersive X-ray (EDX) analysis for further
characterization of elemental composition. As shown in Figures 17, 19, 21, 23, and 25, a
characteristic L peak belonging to copper appeared at 0.9 keV in the EDX spectrum (Zhang et al.,
2016; Zhang et al., 2019). The results demonstrated the pronounced presence of copper within the
coating. Therefore, it can be concluded that polymer substrates produced by additive manufacturing
were successfully copper-coated via DC sputtering. No foreign substances were observed within
the copper coating within the resolution limit of EDX. This indicates that the coating technique
used signifies high-purity copper coating. Additionally, substrate elements were observed due to
the thickness of the copper coating (Guo et al., 2009). These substrate elements, namely, carbon
and oxygen signals detected in the EDX analysis, confirm the presence of other elements such as
carbon and oxygen alongside copper on the polymer surface. Thus, it indicates that
macromolecules of polymer are still present in the copper areas (Rytlewski et al., 2017; Liao and
Kao, 2012). The EDX spectrum of Cu shows a small shoulder alongside the major peak energy of
~1 keV; this is attributed to a small amount of oxygen because of copper's tendency to rapidly
oxidize in the air (Bhuiyan et al., 2019).

Figure 4.16. SEM image of Cu coated as-printed samples
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Figure 4.17. EDS analysis of Cu coated as-printed samples

Element

Table 4.6. EDS analysis of Cu coated as-printed samples

Weight %
3.36
3.89
92.74
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Atomic %
1411
12.27
73.61
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Figure 4.18. SEM image of Cu coated dipping samples
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Figure 4.19. EDS analysis of Cu coated dipping samples
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Table 4.7. EDS analysis of Cu coated dipping samples
Elem Weight % Atomic %

Figure 4.20. SEM image of Cu coated vapour samples
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Figure 4.21. EDS analysis of Cu coated vapour samples

Table 4.8. EDS analysis of Cu coated vapour samples
Element Weight % Atomic %
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Figure 4.23. EDS analysis of Cu coated plasma samples
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Table 4.9. EDS analysis of Cu coated plasma samples
Element Weight % Atomic %

Figure 4.24. SEM image of Cu coated abrasion samples
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Figure 4.25. EDS analysis of Cu coated abrasion samples

Table 4.10. EDS analysis of Cu coated abrasion samples
Element Weight % Atomic %

4.2. Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) images and surface roughness values of 3D-printed
polymer structures before and after metallization are presented in Figures 4.26-4.37. To further
characterize surface morphology changes, AFM was performed. When examining the images of the
sample before metallization, the needle-like structure of the cold oxygen plasma sample is
noteworthy. Similar needle-like structures have been observed in previous studies as well (Wang et
al., 2016; Abdulkareem et al., 2021). Surface treatments lead to nanoscale surface roughness on
3D-printed polymer structures due to polymer degradation and associated polymer erosion (Jaidev
and Chatterjee, 2019). The most favourable surface roughness was achieved in polymer structures
that underwent a dipping surface treatment.

When examining the AFM images after aluminium coating provided in Figures 4.32-4.36,
wrinkles were observed in all samples compared to the pre-metallization state. The polymer

structures likely exhibit a certain residual stress responsible for the formation of these wrinkles,
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which is thought to be associated with the production process. The increase in material temperature
during the metallization process allows the release of internal stresses. In particular, it is believed
that when temperatures exceed 80°C, the sliding or flow of polymer chains may lead to the release
of stress. In comparison, the metal coating allows for another stress relief mechanism through
wrinkling. Local instabilities arise during coating due to the different thermal expansion
coefficients of PLA and aluminium, forcing the rearrangement of the polymer, and resulting in the
release of internal stress (Jufik et al., 2017; Ren et al., 2017; Rahmatollahpur et al., 2010).
Following metallization, no notable alteration in surface roughness values was recorded for the

different surface treatments.
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Figure 4.26. AFM image of as-printed samples
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Figure 4.27. AFM image of dipping samples
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Figure 4.28. AFM image of vapour samples
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Figure 4.29. AFM images of plasma samples
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Figure 4.30. AFM images of abrasion samples
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Figure 4.31. Surface roughness values of samples
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Figure 4.32. AFM image of Al coated as-printed samples
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Figure 4.34. AFM image of Al coated vapour samples
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Figure 4.35. AFM image of Al coated plasma samples
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Figure 4.36. AFM image of Al coated abrasion samples
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Figure 4.37. Surface roughness values of Al coated samples

The atomic force microscopy (AFM) images and surface roughness values of the copper
coated polymer structures are provided in Figure 4.38-4.43. We observed relatively large and high
wrinkles with AFM on the surfaces of untreated specimens, dichloromethane dipping treated
specimens, and dichloromethane vapour treated specimens. These wrinkles were not visible via
SEM and were not present on the surfaces of the cold plasma-treated specimen and mechanically
abraded sample. It is believed that such wrinkles result from deformation caused by any force
applied to a hard layer deposited on a softer underlying layer (residual stress, thermal expansion,
mechanical constraint) (Schweitzer et al., 2023; Rodriguez-Hernandez, 2015; Yu et al., 2016). The
coating process is carried out at a constant temperature. However, it has been assessed that the
coating wrinkles during cooling due to the different thermal expansion coefficients of copper and
polymer (Schweikart and Fery, 2009). The formation of depressions on the polymer surfaces
increases the surface area, thus creating a more suitable surface topography for various physical
and chemical interactions between the polymer structure and copper (Ge et al., 2003). There is a
greater amount of PLA degradation in plastic specimens treated with cold oxygen plasma. These
degradations formed as irregularly shaped accumulated large droplets depending on the power and
duration of the plasma process. When the specimens are subjected to intense power, degradation of
the products begins, resulting in rough structures. The increased roughness is believed to enhance
the adhesion area between the metal layer deposited on the polymer surface and the polymer

surface itself (Moraczewski et al., 2015; Junkar et al., 2009). It was concluded that the samples that
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exhibited a vapour surface treatment subsequent to metallization displayed the most favourable

surface roughness values.
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Figure 4.38. AFM image of Cu coated as-printed samples
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Figure 4.39. AFM image of Cu coated dipping samples
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Figure 4.40. AFM image of Cu coated vapour samples

Figure 4.41. AFM image of Cu coated plasma samples
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Figure 4.42. AFM image of Cu coated abrasion samples
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Figure 4.43. Surface roughness values of Cu coated samples
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4.3. X-Ray Diffractometry (XRD)

The XRD analysis results of Al coated 3D polymer structures are shown in Figures 4.44-
4.48. Diffraction peaks appeared at approximately 38.380°, 44.162°, 64.928°, 78.014°, and 82.204°
with corresponding Miller indices of 111, 200, 220, 311, and 222, respectively. These values can
be attributed to the International Center of Diffraction Data (ICDD) card number 98-004-3492 for
Aluminium. The sharpness of the XRD analysis peaks in the coatings provides information about
the crystallinity quality of the coatings. Additionally, oxide structures have been observed within
the phase compositions of the coatings. This implies that oxidation has occurred in the metal
coating either during or after the coating process. When compared to other surface treatments,
polymer structures sanded during the sanding process exhibit higher peak intensity, suggesting
higher crystallinity in the sanded samples (Guanhong et al., 2011; Farahmandjou and Nazafarin,
2015).
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Figure 4.44. XRD analysis of Al coated as-printed samples
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Figure 4.45. XRD analysis of Al coated dipping samples
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Figure 4.46. XRD analysis of Al coated vapour samples
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Figure 4.47. XRD analysis of Al coated plasma samples
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Figure 4.48. XRD analysis of Al coated abrasion samples

The X-ray diffraction (XRD) results of the treated specimen and untreated specimens after
Cu coating are provided in Figure 4.49-4.53. XRD analysis provides information about the

crystallinity of the coated specimens. Four dominant characteristic diffraction peaks are located at
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43.14°, 50.09°, 73.93°, and 89.50°. These peaks can be attributed to the (111), (200), (220), and
(311) crystal planes, respectively. All patterns confirm the presence of copper. The XRD patterns
indicate that the copper coatings have a face-centered cubic crystalline structure. This suggests that
the polymer specimens exhibit excellent conductivity. However, a peak indicating the formation of
Cu20 is observed at an approximate 26 value of 35. This situation indicates the formation of copper
oxide on the surface of the substrate and corresponds to the monoclinic orientation of the Cu.O
phase. This formation is believed to be due to environmental factors. Copper coatings tend to
passivate under environmental conditions and exhibit thermodynamically higher resistance. In
other words, copper becomes passivated in humid conditions, making the copper layer more
resistant to further corrosion. Thus, copper provides good protection to the substrate under humid
conditions. As a result, the metallization of polymer structures with copper yields positive results
under environmental conditions (Afshar and Mihut, 2016; Guo et al., 2009; Chen et al., 2023; You
et al., 2020; Baligidad et al., 2021).
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Figure 4.49. XRD analysis of Cu coated as-pinted samples
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Figure 4.50. XRD analysis of Cu coated dipping samples
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Figure 4.51. XRD analysis of Cu coated vapour samples
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Figure 4.52. XRD analysis of Cu coated plasma samples
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Figure 4.53. XRD analysis of Cu coated abrasion samples
4.4. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR analysis results of 3D-printed polymer structures before and after metallization

are presented in Figures 4.54-4.60. Upon examining Figure 10, four main peaks are observed.
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These peaks correspond to the C=0 bond with a wavelength of approximately 1750 cm™, the C-O
bond with a wavelength of approximately 1078-1180 cm™, the C-O-H bond with a wavelength of
1450-1380 c¢cm™, and the C-H bonds with a wavelength of approximately 3000 cm™. Samples
subjected to surface treatment and untreated samples exhibit similar peaks. However, vapour and
dipping surface treatments show significant increases in peak intensities. This is believed to
represent the density of species related to oxygen, representing surface oxidation resulting from the
applied surface treatments (Jorda-Vilaplana et al., 2014; Tengsuthiwat et al., 2019; Xia et al.,
2019).

The FT-IR analysis results of 3D-printed polymer structures after metallization are
presented in Figure 4.55-4.60. Peaks in the range of 500-600 cm™ can be attributed to stretching
vibrations (Amirshagagi et al., 2014). Peaks at 510 cm™, 780 cm™, and 950 cm™ are associated
with Al-O, Al-0O, and AI-OH bond vibrations, respectively. The functional groups in polylactic acid
facilitate the formation of internal bonds between the polymer and aluminium (Srivastava et al.,
2023; Zhu et al., 2010).
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Figure 4.54. FT-IR analysis of samples
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Figure 4.55. FT-IR analysis of Al coated samples
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Figure 4.56. FT-IR analysis of Al coated as-printed samples
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Figure 4.57. FT-IR analysis of Al coated dipping samples
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Figure 4.58. FT-IR analysis of Al coated vapour samples
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Figure 4.59. FT-IR analysis of Al coated plasma samples
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Figure 4.60. FT-IR analysis of Al coated abrasion samples

The Fourier Transform Infrared Spectroscopy (FT-IR) analysis of the polymer specimens
before and after copper coating is provided in Figure 4.61-4.67. FT-IR analysis was conducted to

evaluate the effect of surface treatments applied to the polymer structures on changes in the
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chemical structure of the surface. Despite having the same substrate material in all specimens, the
FT-IR spectra vary due to chemical changes on the surface of the polymer specimens (Rytlewski
and Zenkiewicz, 2013). As previously stated, peak intensities vary depending on different surface
treatments. These results indicate successful metallization of the polymer structure surfaces (Ji et
al., 2008). As seen in the figure, the surfaces of polymer specimens coated with copper reflect most
of the infrared light, hence no significant peak is observed (Zhang et al., 2019). This situation is
most likely related to the presence of a very small amount of surface oxides compared to the
relatively large metallic mass of these particles (Midander et al., 2009). However, vibrations
around 400-900 cm™ can be attributed to metal-oxygen vibration bands (Momeni et al., 2016).
Examination of these spectra clearly shows that the peak intensity and peak position slightly shift
to different wavelengths. In other words, the copper film forms an outer barrier regarding the
penetration of incident radiation into the polymer structure. However, short peaks are observed at
certain wavelengths. This result shows that the bond between copper and polymer structure is
strong (Rani et al., 2017). FT-IR analysis examines the outer surface layer of the specimens using
the ATR technique. Therefore, radiation did not penetrate the polymer specimen due to the

thickness of the copper coating (Cucchi et al., 2009).
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Figure 4.61. FT-IR analysis of samples
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Figure 4.62. FT-IR analysis of Cu coated samples
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Figure 4.63. FT-IR analysis of Cu coated as-printed samples

81



Transmittance (%T)

Transmittance (%T)

T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500

4000
Wavenumber (cm'l)
Figure 4.64. FT-IR analysis of Cu coated dipping samples
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Figure 4.65. FT-IR analysis of Cu coated vapour samples
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Figure 4.66. FT-IR analysis of Cu coated plasma samples
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Figure 4.67. FT-IR analysis of Cu coated abrasion samples

4.5. Ultraviolet-Visible-Near Infrared (UV-VIS-NIR)
The ultraviolet, visible light, and near-infrared (UV-Vis-NIR) reflectance analysis of 3D-
printed polymer structures before and after Al coating were recorded as a function of wavelength at
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room temperature, and the results are presented in Figures 4.68-4.69. According to the analysis
results, significant improvements in reflectance values were observed in the visible light range (380
nm - 760 nm) and the infrared radiation range (beyond 760 nm) for dichloromethane dipping and
dichloromethane vapour surface treatments before metallization. This indicates that reflection
occurs in the proposed material across the entire range of radiation, as well as in the infrared and
ultraviolet. This is because the polymeric material has almost no heat dissipation, so the entire
wavelength of light incident on the surface is reflected and scattered. After metallization, there
were substantial increases in reflectance values for polymer structures treated with cold oxygen
plasma. Additionally, reflectance values in the ultraviolet radiation range (pre-380 nm) were not at
the desired levels. This is characterized by the use of aluminium, which distributes heat in the
polymer structure without absorbing it, avoiding heat-induced excitations to the environment
(Spacek et al., 2018; Nilsson et al., 2014).
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Figure 4.68. UV-VIS-NIR analysis of samples
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Figure 4.69. UV-VIS-NIR analysis of Al coated samples

UV-VIS-NIR spectroscopy analysis of the treated specimen and untreated specimens after
Cu coating are provided in Figure 4.70. UV-VIS-NIR spectroscopy analysis was performed to
characterize the localized surface plasmon resonance (LSPR) of the specimens. Different
reflectance values were obtained for all specimens in the visible light region. Fringes were
observed in the ultraviolet radiation region. Typically, fringes are generated by consistent
reflections at the film interfaces. It is believed that the fringes observed in the reflection spectra are
indicative of good surface homogeneity and uniformity of enlarged films (Prasanth et al., 2019).
Reflection intensities were detected around 570 nm for the as-printed, dichloromethane vapour, and
cold oxygen plasma specimens with copper coating. Polymer specimens coated with copper exhibit
visible light absorption, making them beneficial for visible light utilization apart from UV light
(Sun et al.,, 2013). The metal oxides present on the polymer surfaces of the as-printed,
dichloromethane vapour, and cold oxygen plasma samples cause their reflection intensities to be
higher than those of the dichloromethane dipping and mechanical abrasion samples (Xiao et al.,
2011). The reflection within the range of 450 to 750 nm, i.e., the useful wavelength range of
visible radiation, has been increased. Spectral reflection near the infrared range has increased for all
specimens (Alami et al., 2014). Increases in reflectance values have been observed in previous

studies with different copper coating methods (Pana et al., 2022).
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Figure 4.70. UV-VIS-NIR analysis of Cu coated samples

4.6. Contact Angle Measurement

The contact angle measurement images and measured contact angles before and after Al
coating of 3D-printed polymer structures are provided in Figures 4.71-4.85. Before metallization,
the contact angles of polymer structures; as-pritned and subjected to dichloromethane dipping,
dichloromethane vapour, cold oxygen plasma, and sanding were 76.710°, 79.133°, 77.775°,
59.282°, and 87.098°, respectively. After metallization, the contact angles were respectively
changed to 87.263°, 68.716°, 78.679°, 91.728°, and 92.446°. The contact angle of 59.282° for
polymer structures treated with cold oxygen plasma surface treatment indicates that chemical
changes occurred on the polymer surface due to plasma treatment, and these changes made the
treated polymer surfaces more hydrophilic compared to their originals (Liu et al., 2016; Cheng et
al., 2006; Johansson et al., 2002; Karoly et al., 2018). Additionally, a contact angle less than 90°
may suggest a moderately hydrophilic behavior. This could be advantageous for multi-layer
coating after metallization [Bragaglia et al., 2022]. Generally, there is a significant increase in
contact angles after metallization. When adhesive forces exceed cohesive forces, the liquid droplet
wets the surface (0 is less than 90°), but when cohesive forces exceed adhesive forces, the surface
is only partially wetted. Water is commonly used as a reference liquid; therefore, when the contact
angle of a water droplet on a surface is small, the surface is said to be hydrophilic, whereas when
contact angles are equal to or greater than 90°, the surface is considered hydrophobic. The contact
angle (0) of a liquid droplet placed on a solid substrate is used to determine the wettability of a

specific liquid with a solid surface. The larger the contact angle, the less wettable the surface.
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Adhesive forces tend to optimize the solid-liquid contact area depending on the chemistry of the

underlying layer and its interaction with the liquid (Siddikali and Sreekanth, 2022; Zhao et al.,

F L

2019).

Figure 4.71. Contact angle measurement of as-printed samples
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Figure 4.72. Contact angle measurement of Al coated as-printed samples
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Figure 4.73. Contact angle measurement of as-printed and Al coated as-printed samples
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Figure 4.74. Contact angle measurement of dipping samples
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Figure 4.75. Contact angle measurement of Al coated dipping samples
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Figure 4.76. Contact angle measurement of dipping and Al coated dipping samples
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Figure 4.77. Contact angle measurement of vapour samples
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Figure 4.78. Contact angle measurement of Al coated vapour samples
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Figure 4.79. Contact angle measurement of vapour and Al coated vapour samples
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Figure 4.80. Contact angle measurement of plasma samples
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Figure 4.81. Contact angle measurement of Al coated plasma samples
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Figure 4.82. Contact angle measurement of plasma and Al coated plasma samples
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Figure 4.83. Contact angle measurement of abrasion samples
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Figure 4.84. Contact angle measurement of Al coated abrasion samples
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Figure 4.85. Contact angle measurement of abrasion and Al coated abrasion samples

To further investigate changes in surface properties, contact angle measurements were
conducted on the surfaces of polymer specimens coated with copper. The contact angle
measurement images and measured contact angles before and after copper coating of 3D-printed
polymer structures are provided in Figures 4.86-4.100. Contact angle measurement is an effective
method for understanding surface interactions between solid-liquid-gas. The terms hydrophilicity
and hydrophobicity are used to describe the relative affinity of water molecules to spread on the
surface of any substrate. This interaction analysis is referred to as the contact angle (), and the
obtained value is associated with the surface energy of materials. Generally, a value of § < 90
degrees is considered to represent a surface with an affinity for the liquid, and a water contact angle
less than 90 degrees is normally referred to as hydrophilic. A value of 8 > 90 degrees represents the
non-wetting property of the surface or its lesser affinity towards the liquid. Surfaces with such
characteristics are referred to as hydrophobic (Hebbar et al., 2017). The contact angle measurement
results were 78.570°, 80.314°, 75.974°, 88.309°, and 86.914°, respectively. The applied surface
treatments have increased the contact angles. Thus, the applied surface treatments tend to lead the
polymer structures to have hydrophobic behavior. It is evaluated that the increase in contact angles
in the specimen subjected to dichloromethane dipping was due to the pores on the specimen
surface. These are likely trapped air pockets within the pores. Therefore, it is evaluated that the
surfaces of the produced micro-porous polymer specimens exhibit Cassie-Baxter behavior (Onder
et al., 2018). On these surfaces, water droplets typically settle on the protrusions and roll easily

across the surface (Zhang et al., 2018). The contact angle of 75.974° in the dichloromethane vapour
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specimen is believed to result from the incorporation of chloride ions onto the polymer specimen
surface (Upadhyay and Bhat, 2003). In cold oxygen plasma surface treatments, it is observed that
the chemical structure of PLA changes with O, and thus indicating the presence of polar groups on
the surface, including hydroxyl, carboxyl, and other oxygen functional groups (Khorasani et al.,

2008).

Figure 4.86. Contact angle measurement of as-pinted samples
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Figure 4.87. Contact angle measurement of Cu coated as-printed samples
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Figure 4.88. Contact angle measurement of as-printed and Cu coated as-printed samples
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Figure 4.89. Contact angle measurement of dipping samples
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Figure 4.90. Contact angle measurement of Cu coated dipping samples
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Figure 4.91. Contact angle measurement of dipping and Cu coated dipping samples
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Figure 4.92. Contact angle measurement of vapour samples
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Figure 4.93. Contact angle measurement of Cu coated vapour samples
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Figure 4.94. Contact angle measurement of vapour and Cu coated vapour samples
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Figure 4.95. Contact angle measurement of plasma samples

Figure 4.96. Contact angle measurement of Cu coated plasma samples
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Figure 4.97. Contact angle measurement of plasma and Cu coated plasma samples
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Figure 4.98. Contact angle measurement of abrasion samples
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Figure 4.99. Contact angle measurement of Cu coated abrasion samples
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Figure 4.100. Contact angle measurement of abrasion and Cu coated abrasion samples
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4.7. Electrical Resistance Measurement

The electrical resistances and calculated conductivities of 3D-printed polymer structures
are provided in Figure 4.101 and Table 4.11. Equation 1 was used to calculate the electrical
conductivity (o) values, where p is the specific electrical resistance, L is the length, R is the
electrical resistance in ohm (Q), w is the width, and t is the film thickness. Previous studies have
indicated that PLA material exhibits conductivity below the range of 10*® S/cm, making it an
insulating material. It has been reported to have excellent and superior insulating properties when
compared to other petroleum-derived materials at room temperature, demonstrating high electrical

resistance.

1 L
oO=—-—=—
p  Rwt

1)

Surface coatings' electrical resistance is inversely proportional to electron mobility,
therefore, the lower the resistance, the higher the conductivity. The electrical properties of thin
aluminium films depend highly on thickness when in the nanometer range (Bragaglia et al., 2022).
With the metallization process, the electrical properties of 3D-printed PLA polymer structures have
significantly improved depending on the coating thickness. The metallization of 3D-printed
polymer structures is a promising method for electrical conductivity compared to traditional
polymer metallization methods such as acid etching and material extrusion with conductive
filaments (Akin et al., 2023; Quan et al., 2012; Oi et al., 2012).

In physiological environments, the electrical conductivity is affected by the corrosion that
occurs in aluminium. In physiological environments, organisms have a tendency to adhere to and
grow on the surface of aluminium material. This results in the formation of a biological film or
biofilm. Biofilms formed on the surface of almost all structural metals and alloys in liquid
environment have the capacity to affect the corrosion of these metals and alloys. This effect arises
from the ability of organisms to modify environmental variables such as oxidative power,
temperature, speed, and concentration. Corrosion causes non-conductive surfaces that affect the
electrical performance of the material. However, there is an advantage to this in aluminium
materials. When aluminium comes into contact with oxygen, an oxide layer forms on its surface.
The XRD results in our study show the oxide layer formed on the surface. This layer acts as a
protective barrier in preventing the material from further corrosion. Thanks to this barrier, it is
believed that the coating material will maintain its electrical conductivity by protecting the internal

structure even if an oxide layer forms on the surface in the external environment [Davis, 1999].
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Figure 4.101. Electrical conductivity values of Al coated samples

Table 4.11. Electrical conductivity values of Al coated samples
Specimen Thickness Width (m) Length  Resistance Conductivity

() (m) (9)) Qtm?

1x10° 2x102 2x1072 3.10 3.22x10°
1x10°® 2x10? 2x107 6.90 1.44x10°
1x10° 2x102 2x1072 12.20 0.81x10°
1x10° 2x1072 2x1072 6.40 1.56x10°

The electrical resistance measurement results of the polymer structures after copper coating
are presented in Figure 4.102 and Table 4.12. Equation 1 was used to calculate the electrical

2x10? 2x1072 6.06x10°

resistance values, where p is the specific electrical resistance, L is the length (m), R is the electrical
resistance (€2), w is the width (m), and t is the film thickness (Xie et al., 2024). When looking at the
electrical conductivity values, approximately a 50% increase was observed in the specimens treated
with dichloromethane vapour surface treatment. Electrical resistance of PLA is 1x10'2 Q/m?. The
electrical conductivity of PLA structures alone is quite low. The copper film coatings applied
demonstrate that, due to copper's excellent electrical conductivity, they can facilitate the formation
of conductive pathways, thus promoting charge distribution on the polymer structure's surface
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(YYang et al., 2019). Additionally, this improvement in conductivity levels is believed to stem from
the dense and continuously extending microstructures such as micro-porous observed in SEM
images. The varying levels of conductivity in different surface treatments may be attributed to
incomplete coverage of the coatings on the coated polymer structures. During coating, the growth
of copper films leads to a more compact grain packing. This reduces the electron transfer barrier
(Zhang et al., 2019; Liao and Kao, 2012; Zabetakis et al., 2009].
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Figure 4.102. Electrical conductivity values of Cu coated samples
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Table 4.12. Electrical conductivity values of Cu coated samples
Specimen Thickness Width Length Resistance ~ Conductivity

(m) (m) (m) () otmt

As-Printed 1x10°® 2x1072 2x1072 1.90 5.26x10°
Dipping 1x10° 2x10% 2x10? 3.60 2.77x10°
Vapour 1x10® 2x107? 2x107? 1.27 7.87x10°
Plasma 1x10°® 2x1072 2x107 3.40 2.94x10°

Abrasion 1x10°® 2x1072 2x1072 2.45 4.08x10°

4.8. Ellipsometry Analysis

The change of refraction index and extinction coefficient of the Al coated specimens were
given in Figure 4.103 and 4.104. The sensitivity of noise in emerging optical constants is believed
to be associated. There is a strong correlation between optical constants and surface processes. This
correlation can be demonstrated by repeating the -nk match with different surface processes.
Increasing film thickness is thought to carry the features caused by thickness to longer
wavelengths. Thicker films have more maxima and minima points compared to thin films. A
resonant combination can occur between film thickness and wavelength in thick surface films.
Aluminium film coatings are crucial for the semiconductor industry and are widely used (Hilfiker
et al., 2017; Tompkins and Hilfiker, 2015; Tompkins and McGahan, 1999).
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Figure 4.103. Refraction index of Al coated samples
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Figure 4.104. Extinction coefficient of Al coated samples

The ellipsometer analysis results of the polymer structures after Cu coating are presented in
Figure 4.105 and Figure 4.106. Ellipsometer analysis has been applied as a standard technique in

microelectronics since the 1960s for determining film thicknesses and optical constants.
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Ellipsometer analysis is recommended as a suitable and powerful inspection technique for copper
layers. It is known to be highly sensitive and non-destructive to the surface (Haidu et al., 2012).
Ellipsometer analysis can be highly effective in predicting the plasmonic properties of metallic thin
films, and specially designed films can be created for various applications such as plasmonic chips,
solar cells, optical limiters, and surface-enhanced Raman scattering (SERS) substrates (Kesarwani
and Khare, 2019). The refractive index 7 is related to the phase velocity. At an interface between
two materials, the difference in refractive index determines both the direction of transmitted light
and the division of light amplitudes between reflection and transmission. The extinction coefficient
#is related to the absorption of light as it passes through a material (Fujiwara and Collins, 2018). It
is assumed that the measured deviations are due to surface roughness effects of 3D printed polymer
structures and some variations in film thickness (Schmiedova et al., 2015). Rapid fluctuations in
the values of the refraction index and extinction coefficient are thought to originate from the
thickness of the copper film (Hu et al., 2000). Additionally, reaching micron-level thicknesses with
copper films may lead to the coating behaving like a substrate material (Srivatsa and Ygartua,
1999). Moreover, the surface roughness of the coated polymer structures also contributes to these
fluctuations. This is because surface roughness causes non-specular reflection of incoming light.
Additionally, the surface roughness of the sample leads to depolarization of the reflected light
beam (Tompkins and McGahan, 1999). These fluctuations do not pose a problem for practical
applications. This is because it is well known that surface roughness improves the adhesion
between the coating and the substrate material. The coatings applied at the micron level allow also
the material to achieve high performance and an aesthetically pleasing appearance (White et al.,
2018).
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Figure 4.105. Refraction index of Cu coated samples
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Figure 4.106. Extinction coefficient of Cu coated samples
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5. CONCLUSIONS

The aim of this thesis is to enhance the morphological, structural, optical and electrical
attributes of polymer structures produced using additive manufacturing, also known as 3D printing
technology. In order to achieve this, an investigation was conducted into the process of coating the
surfaces of polymer structures with aluminium and copper metallic thin films, i.e. metallization of
polymers. FDM technology and PLA as filament material were selected for the production of 3D
polymer structures. In order to ensure optimum surface quality and to enhance the functionality of
the post-coating metallised samples for a range of structural applications, five different surface
treatments were applied to the surfaces of the polymer structures prior to metallization. These
included as-printed, dipping, vapour, plasma, and abrasion. Subsequently, aluminium and copper
thin film coatings with a film thickness of 1000 nm were formed on the surfaces of the polymer
structures via the physical vapour deposition technique of sputter deposition. The morphological,
structural, optical, and electrical properties of the metallised 3D polymer structures were
investigated by a comprehensive range of analytical techniques, including scanning electron
microscopy (SEM), energy dispersive spectrum (EDS) analysis, atomic force microscopy (AFM),
X-ray diffraction (XRD) analysis, Fourier transform infrared spectroscopy (FT-IR) analysis,
ultraviolet-visible light and near infrared (UV-VIS-NIR) analysis, contact angle measurement,
ellipsometry analysis, and electrical resistivity measurement.

Upon examination of the SEM images, it became evident that the layer lines resulting from
the layer-by-layer production of polymer structures were no longer discernible in the samples that
underwent dipping and vapour surface treatment prior to metallization. Furthermore, it was noted
that the surface roughness exhibited a notable improvement in these surface treatments. Following
the aluminium coating, a ripple-like surface morphology was identified in the samples treated with
steam surface treatment. This was attributed to the considerable disparity in the coefficient of
thermal expansion between aluminium and PLA. It was noted that the surface morphology of the
samples subjected to vapour surface treatment after copper coating was predominantly smooth, and
delamination caused by cohesive forces between the polymer substrate material and the coating
material was observed. The EDS analysis confirms the presence of localised polymer regions in all
metallised samples, with the presence of significant amounts of carbon elements. Furthermore, the
EDS analysis results demonstrate the presence of aluminium and copper elements on the polymer
surface. AFM images revealed the presence of a needled surface structure in the samples that had
undergone plasma surface treatment prior to metallization. Following the application of an
aluminium coating, the formation of surface wrinkles, resulting from the stress relief mechanism,
was observed in all samples. In the case of the coated copper samples, the plasma surface treatment
of the polymer structures gave rise to a surface topography that resulted in the degradation of a

greater quantity of polymer products, which combined to form irregularly shaped large droplets,
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dependent on the power and duration of the plasma. Upon examination of the XRD analysis results
for aluminium coatings, the dominant characteristic diffraction peak was observed to occur at
38.380°, 44.162°, 64.928°, 78.014°, and 82.204°. These peaks can be attributed to the crystal
planes (111), (200), (220), (311), and (222), respectively. The dominant characteristic diffraction
peak of the copper coatings is located at 43.14°, 50.09°, 73.93°, and 89.50°. These peaks can be
attributed to the crystal planes (111), (200), (220), and (311), respectively. Prior to metallization,
FT-IR analysis revealed the presence of four principal peaks within the polymer structures. The
peak with a wavelength of approximately 1750 cm-1 is attributed to the C = O bond, while the peak
with a wavelength of around 1078-1180 cm-1 is associated with the C - O bond. The peak with a
wavelength of 1450-1380 cm-1 corresponds to the C - O - H bond, while the peak with a
wavelength of about 3000 cm-1 corresponds to the C - H bond. Following metallization, although
the substrate material is identical across all samples, the FT-IR spectra demonstrate variations due
to chemical alterations on the surface of the polymer samples. Prior to metallization, the contact
angles of the polymer structures were observed to be 76.710°, 79.133°, 77.775°, 59.282°, and
87.098° for the samples that had undergone surface treatments by the methods of as-printed,
dipping, vapour, plasma, and abrasion, respectively. Following the application of the same surface
treatments, the contact angles after aluminium coating were observed to be 87.263°, 68.716°,
78.679°, 91.728°, and 92.446°. Subsequently, the contact angles after copper coating were 78.570°,
80.314°, 75.974°, 88.309°, and 86.914°, respectively. At a thickness of 1000 nm, the electrical
conductivity values for aluminium and copper thin films were 6.6x10° S/m and 7.87x10° S/m,
respectively. The results of the ellipsometry analysis suggest that the rapid fluctuations in refractive
index and extinction coefficient values are attributed to the thickness and surface roughness of the
thin metallic film.

The metallization of 3D-printed polymer structures has the potential to provide solutions
for a multitude of applications across various sectors, including aerospace, space, electrical, and
electronics, automotive, medical, military, marine, and art. To illustrate, copper coatings can be
employed in the fabrication of space research equipment and electromagnetic shielding in the
aerospace industry, circuit boards, antennas, and electrochemical sensors in electronics, and control
units, contact elements, door handles, emblems, and front grilles in automotive applications.
Examples of applications where aluminium coatings are already used include the coating of steels
for solar concentrating technology in the electricity sector, corrosion protection in marine
applications and energy absorbing structures in the energy field. The metallization process thus
combines the unique advantages of polymer, metal and additive manufacturing technology.

It is believed that this thesis study will provide researchers with insights for many future
studies. Considering the results obtained, it is possible to combine different material properties in
the final product by applying different metal, polymer, and ceramic coatings to polymer, metal,

ceramic, and composite structures produced by additive manufacturing technologies. The

112



metallization process can be applied to 3D polymer structures produced using commonly used
polymer filaments such as ABS, PC, PA, ULTEM, PS, PE, PPSF, PP, PEI, TPU, PVA, and PEEK
and compatible combinations of these filaments. In addition to metal coatings, ceramic coatings on
the surfaces of polymer structures have become the focus of interest for many researchers in recent
years due to the properties of ceramics such as high wear and corrosion resistance, high hardness,
high melting point, and low thermal conductivity. In addition to the use of 3D printed polymer
substrates, 3D printed metal substrates can also be considered for coating studies due to the
advantages of metals. Currently, materials such as 316L, AlISi1lOMg, Inconel 718, Ti6Al4V, and
CuSn10 are widely used to successfully produce metallic structures using additive manufacturing
techniques. By coating these structures with different polymers and ceramics, different materials
can be developed for the required applications. Finally, studies of ceramic materials such as Al.Os,
Zr0O,, and SiO; can be intensified. This is because additive manufacturing technology has made it

possible to produce ceramic structures in complex shapes.
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