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Preface
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1 | Introduction
Glass materials have become a key part of multiple consumer goods. Increasing consumer demands

have lead to an increase in complexity in the �nal products. Examples are smaller aspherical

lenses used in cellphone cameras, better optical components in the semiconductor industry for

producing smaller microchips and the development of �at phone screens to fully 3d formed

phone screens. Traditional methods of making lenses by grinding, polishing, and lapping are too

time-consuming, expensive, and di�cult to achieve with more advanced shapes [Zhang and Liu,

2017; Chao et al., 2013b]. Developed by the Eastman Kodak Company in the 1940s, Precision

Glass Molding (PGM) has been proved to be an e�cient manufacturing technique able to produce

optical components rapidly. In essence, a glass ball is placed in the mold and heated to above its

glass transition temperature (Tg) to ensure it can become more plastic and �ll out the mold cavity,

then when released from the cooled mold the glass will have the desired shape. The method has

been traditionally used for optical components such as lenses, however, due to an increase in

demand and the increased e�ciency of PGM, the method is also used for 3D cover glasses for

smartphones. The complexity of glass structures in smartphone architecture is likely to increase

due to the advent of 5g smartphones [Chao et al., 2013a; Hong, 2017; Zhang et al., 2016].

The glass molding process occurs under high thermal and mechanical cyclic loads. As modern

smartphone screens require the use of high Tg glass the thermal and mechanical load are further

increased. Thus, the range of materials that can be used for glass molding is rather narrow.

A common material used to make molds is tungsten carbide, but it has the disadvantage of low

machine-ability and a tendency to react upon contact with the glass.

Another material is that of �ne grain graphite, which is easily machinable but is susceptible to

oxidation at higher temperatures.

At high molding temperatures, the mold surfaces can react with the glass leading to glass sticking,

thus, causing defects in the products and requiring the exchange of molds, strongly a�ecting the

production cost.

Therefore, a thin protective coating is used to improve the lifetime of the molds.

The coating materials can be grouped into three categories: ceramics such as TiALN and CrN,

amorphous carbon or diamond-like carbon and noble metal-based alloys. Out of these noble metal

alloys are usually chosen for their chemical inertness and thereby anti-sticky properties. However,

they do have a downside of having lower strength and high cost associated with them. Whereas

ceramic coatings are widely used in di�erent industries, and is a cheaper alternative. Yet, noble

metal coatings outperform them at higher temperature [Ma et al., 2008; Klocke et al., 2010].

In a recent patent[Scoggins and Sheppard, 2019] (March 2019), a titanium-based coating is

suggested for a graphite mold, which shows good results upon use with Gorilla Glas® .

Thus, this type of coating/mold system seems like a viable candidate to produce common consumer
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Group 2.215 1. Introduction

goods such as smartphone screens. Yet, this type of coating is not well investigated and further

research is warranted.

The goal of the project is to develop an approach on the formation of thin thermally stable

titanium-based coatings on graphite to be used for glass molds. The research will include the

study of structure and morphology of titanium �lms sputtered on graphite and the evolution of

the �lm properties under thermal annealing.
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2 | Thin Film Coatings for Glass
Molding

This chapter will cover the basics of the process of glass molding and cover in detail the usage of

coating within the technology.

2.1 Glass molding

PGM is a thermal forming process that needs to be carried out in a controlled environment. A

typical forming process includes distinct steps, that are illustrated in Figure 2.1 and 2.2.

The process cycle begins by placing a glass preform into the mold. The preform can be in the form

of a ball, �at or near-net shape. Ball preforms are often used since they are cheap and are close

to common lens shapes. Diverging from standard sizes such as large or very small preforms is a

challenge. Flat preforms are easier to polished to high surface �nish and are suited for molding

micro/nano lens arrays and other thin components. They are also used for diverging lenses.

Near-net shape preforms are used for complex geometry of larger dimensions. The production of

near-net shape preform are costly.

Once the preform is placed in the mold, the chamber of the PGM machine is evacuated with an

inert gas to ensure less sticking.

The �rst steps involve heating the mold and preform to the desired molding temperature which is

above theTg. There is no force applied to the system at this stage.

To ensure that the preform and mold have the same temperature, the temperature is held constant

for some time. This is done because the temperature for the mold is the only thing that can be

measured. This step is known as soaking, in some publications, this is included in the heating

step.

Once the same temperature has been reached, the molding begins by applying force to mold and

thereby deformation of the glass. Depending on the process, the parameters force, velocity, and

position control are altered.

After reaching their �nal position, the molds are kept at lower force and a controlled cooling rate,

this step is called annealing. This step is done until a temperature corresponding to the strain

point of the glass is reached.

Lastly, the force is removed and the molds are separated and the lens and molds are cooled down.

They are then removed from the machine and a new batch is prepared. [Zhang and Liu, 2017;

Klocke et al., 2012].

3



Group 2.215 2. Thin Film Coatings for Glass Molding

Figure 2.1: Main stages of a typical PGM process. The red curve indicates the temperature
development during the process and the yellow curve represents the force development during the
process.

Figure 2.2: Schematics of a typical PGM process

It should be mentioned that this typical glass molding process (GMP) is known as an isothermal

glass molding. Another method is the non-isothermal molding approach.

First, the glass preform is heated separately in a preheating unit. Then the high-temperature

glass is moved to a molding unit where it is pressed together by the low-temperature molds. It is

then annealed in the molds to ensure the release of internal stress. Lastly, the glass lens is now

removed from the molds and moved to a cooling unit to return to room temperature.

This process has the advantage of a shorter cycle time as the next preform can be heated up while

another is being molded, in addition, the temperature change of molds is smaller in comparison

to the traditional method and thus, mold lifespan is improved. However, larger residual stresses

are found in this process in comparison to the isothermal. Also, the setup is more advanced due

to multiple units being required [Zang et al., 2014]. For both processes, only certain materials

can handle the thermal and mechanical stress applied.

4



2.1. Glass molding Aalborg University

2.1.1 Mold material

The demands for a mold material as described in [Zhang and Liu, 2017] are the following: Excellent

mechanical properties and wear resistance, a small coe�cient of thermal expansion, outstanding

thermal stability, and good machinability.

For so-called ultra-low Tg glass molding (process occurring below 400� C) electroless nickel-

phosphor is a commonly used material as it has high hardness, good wear resistance and corrosion

resistance at moderate temperature. In addition, the material is cheap and has high machineability

[Zhang and Liu, 2017]. However, above 400� C properties begin to deteriorate due to crystallization.

At higher temperature, a harder substrate is needed and thus, only a few particular materials

such as tungsten carbide and silicon carbide can withstand the thermal and mechanical stress

required. Some ceramics can also be used at higher temperatures. However, conventionally

tungsten carbide is the material used [Zhang and Liu, 2017].

Tungsten carbide is chosen due to its stability and hardness even at elevated temperatures. The

cons of using the material are the low machinability, due to its brittleness which increases cost as

diamond grinding is the principal method used to form the molds [Chao et al., 2013a]. Lastly,

due to interfacial reaction with the glass, the lifetime of the molds can be severely reduced [Zhu

et al., 2015; Wei et al., 2019].

Another researched material is amorphous glass/carbon molds which in theory can work up to a

temperature of 1500� C. However, research is inconclusive about its properties as investigation

shows that oxidation-induced deterioration of properties and thermal mismatch problems can

lead to instability in the mold [Maehara and Murakoshi, 2002; Liu et al., 2016].

Graphite can be also be used as a mold material. Graphite has the advantage of high machinability

and good anti-sticky properties to glass. Yet it is susceptible to oxidation at higher temperatures.

In addition, during machining pits can form on the mold [Scoggins and Sheppard, 2019].

Lastly per [Scoggins and Sheppard, 2019] the roughness margins are quite high for the graphite

system (preferably deviations from average surface plane is less then 10µm) in question compared

to other studies with tungsten carbide. Tungsten carbide is polished to have a surface roughness

of less than 5 nm to be within the tolerance needed for optical products [Klocke et al., 2016; Peng

et al., 2017]. Thus, if graphite is used as a molding material it should be used for a product with

lower requirements such as phone screens.

For all mold types available high temperature can quickly cause wear and reaction with the glass.

Therefore, to extend the lifetime of the mold and reduce cost a protective coating is used. [Zhang

and Liu, 2017; Ma et al., 2008]
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2.2 Coatings for glass molds

The primary function of coatings for glass molds is to extend the lifespan of the mold by providing

a thermal and chemical barrier to avoid the most common failures; corrosion and glass sticking.

Within the glass molding industry, three main types of coatings are used: noble metal coatings,

DLC, and ceramic coatings.

Several demands are applied to the coatings, they need to have adequate adhesion to the mold

material, good thermal stability, and a similar coe�cient of thermal expansion to match the mold

to avoid cracking. In addition, the �lm needs to be able to have a good smooth surface and high

hardness to ensure minimal loss of form accuracy. Protective �lms are also kept thin usually

in the range of sub 1µm to avoid cracks and to ensure the least amount of disturbance in the

form accuracy. Thus, Physical Vapor Deposition (PVD) is utilized as a deposition method as this

allows for better control with the composition, structure, and surface roughness of the coatings

[Ma et al., 2008; Klocke et al., 2011; Chen et al., 2006].

In general, for all coatings and molds, it should be mentioned that the glass type used will have

a large bearing on the performance of the coating for the speci�c task, as di�erent coatings

composition and/or combinations will work better in some situations than others [Chao et al.,

2010, 2013b; Bobzin et al., 2014].

2.2.1 Noble metal coatings

Noble metal coatings have become the industry standard due to their relatively low chemical

reactivity.

The relatively low chemical reactivity has become a more important property as glass manufactures

have started to use network modi�ers/additives which increases moldability. This can lead to an

increased risk for failure during molding, as these additives can di�use outwards onto the coating.

Yet, even with increased moldability some types of glass still require high working temperature

to be molded and there is still a strong need for coating with high hardness and strong oxidation

resistance. Because despite the process occurring in a low oxygen atmosphere, it is still hard to

avoid coating oxidation for some metal/alloys. [Liu et al., 2014; Tseng et al., 2011; Ma et al.,

2008; Chao et al., 2013b]

A common noble metal coating system is PtIr, which �ts well with the above requirements. Each

metal individually has excellent corrosion resistance with iridium being the most corrosion-resistant

metal known. Furthermore, it has the second-highest melting point of the platinum-group metal

and one of the highest known modulus of elasticity. Iridium is commonly used to strengthen

platinum elements and has a variety of uses in di�erent industries Smith [2005].

However, both materials are not easy to fabricate into targets used for sputtering systems, and

combined with the high price for raw material, the coast associated with this coating is its greatest
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2.2. Coatings for glass molds Aalborg University

weakness.

The PtIr system is often used for tungsten carbide molds, however, to ensure proper adhesion an

interlayer is needed, this is most commonly made using either Ni or Cr [Bobzin et al., 2010, 2012;

Klocke et al., 2011].

However, the breakdown of the �lm is not only the result of chemical reaction with the glass but

also due to di�usion from the mold and the adhesion layer.

Tungsten carbide is often sintered together with Co binders to improve mechanical properties.

However, Co can di�use outwards to the coating and start reacting with it causing cracks and

reducing form accuracy.

Even without Co binders, the material from the adhesion layer can also di�use into the coating

causing intermetallic particles and voids to form. Ni tends to di�use to the surface forming a

metallic layer, while Cr forms oxides scales on top of the coating when di�used to the surface.

The di�usion is strongly contributed to by the nanocrystalline columnar grain structure of the

coating that enables short and fast di�usion pathways [Chao et al., 2013b; Klocke et al., 2016;

Peng et al., 2017; Friedrichs et al., 2020].

A solution to this problem has been to use TaN as an adhesion layer. While it successfully creates

a barrier layer it has the disadvantage of an even higher cost [Chien et al., 2010]

The Ir-Re system has been considered an interesting substitution. However, this system is also

prohibitively expensive. Thus, alternatives have been sought after. Alternatives are usually Ru

based refractive metal coatings such as Mo-Ru or Ta-Ru. While cheaper and showing some

promising results this type of metal coatings is oxidized at around 600� C and there is a need

for further improvement before this type will be more e�cient than the common Pt-Ir coatings

[Chen et al., 2006; Liu et al., 2014; Chen et al., 2017].

2.2.2 Diamond-like coatings

DLC is a term that covers a wide array of carbon-based protective coatings. It is commonly

used for its high wear resistance and as a friction protection layer for cutting tools, and other

applications where low friction is needed.

It has been attempted to be utilized as a coating for GMP however, while studies suggested

it could be a potential candidate, it tends to oxidize at higher working temperature and thus

making it un�t for use of molding higher Tg glass.

Some positive results have been obtained where a highersp3 ratio has obtained by magnetron

sputtering which improves properties. However, coating failure was still observed during annealing

test at 650 � C.

It does have the advantage of being removable by etching process, making it easier to reuse

the molds compared to other coatings. As e.g. noble metal coatings needs to be removed by

7
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machining which requires re-machining to ensure proper form accuracy [Brand et al., 2004; Xie

et al., 2011; Kim et al., 2007; Park and Won, 2010; Min et al., 2015; Bernhardt et al., 2013].

2.2.3 Ceramic coatings

Ceramic coatings are commonly used in a variety of industrial processes, especially for tools.

They are characterized by high hardness and wear resistance.

In addition, they are resistant to thermal stress and thus, can be used for GMP. A disadvantage

is the low oxidation resistance at elevated temperatures, which can lead to a large increase in

surface roughness and reaction with glass surface resulting in glass sticking. Yet, the usage of

ceramic-based coatings is highly sought after due to their low cost.

Ceramic coating comes in a wide range of di�erent materials, a common feature is that they are

often nitrides. Examples include: CrN, TaSIN, WCrN, and TiALN. While most of them exhibit

good properties at lower working temperatures and, thus, are suitable for molding low Tg glass.

However, noble metal coatings still tend to be superior at higher temperatures.

Also of interest for ceramic coatings is the composition as a large variety of them are ternary or

higher-order alloys. Studies have shown that by precise control of the composition, the crystal

structure of the coating can be change from crystalline to amorphous. Due to lack of grain

boundaries, amorphous coatings can provide e�ective protection against oxidation of the substrate

and thus, avoid the common failure methods that can be seen in e.g. the PtIr/Cr/WC system

Suni et al. [1983]. It has also been suggested that the formation of oxide scales with an amorphous

structure could provide protection for the coating [Chen and Wang, 2014].

Some studies highlighting the critical function of composition control during coating production

are [Lee et al., 2018] and [Chen et al., 2015a]. In [Lee et al., 2018] AlCrN coating was produced

and tested in a high-temperature environment. After annealing, it was seen that a distinctive area

of the coating had pinholes and after further investigation, it was found that the area containing

the pinholes had a di�erent atomic ratio of Al/Cr then the rest of the coating. By using X-ray

di�raction it could be seen that the area with pinholes contained oxides while the area without

pinholes did not contain any oxides after annealing. Thus, due to the uneven formation of the

coating, part of the coating was strongly oxidized.

In [Chen et al., 2015a] CrWN coating was produced by PVD. Several di�erent compositions were

made by varying sputtering power for the W and Cr targets and altering the Nitrogen �ow. After

mechanical testing four compositions were annealed in a low oxygen atmosphere. Here it was

observed that the composition had a great impact on oxide formation. The higher Cr containing

composition had either no apparent oxide formation or a small, but amorphous oxide formation

thus, both retain high hardness and low surface roughness. In contrast compositions with lower

Cr content had both thicker oxides and a severe decrease in hardness and a large increase in

surface roughness. In a normal atmosphere, all coatings regardless of composition had thick oxide

formation and a large increase in roughness and a drop in hardness. Furthermore, in [Chang et al.,

8



2.2. Coatings for glass molds Aalborg University

2017] by the same authors, other compositions were found to match the oxidation resistance but

with better mechanical properties.

Thus, it can be seen that composition has a large e�ect on the performance of the coating.

Ceramic �lms in general have issues with oxide formation as this can lead to scale formation and

thus increased roughness which strongly limits form accuracy and thus, making them unsuitable for

lens production. An illustration of the concept using examples i.e. Scanning Electron Microscpy

(SEM) images from [Chen et al., 2015a] where the high Cr contentCr37W31N32 composition sees

no oxide formation where as the low Cr contentCr8W69N23 forms a thick oxide can be seen in

Figure 2.3.

Figure 2.3: Schematics of oxide scale formation. SEM images are from [Chen et al., 2015a].

However, ceramic coatings could perhaps be a more a�ordable alternative for other consumer

9
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products such as phone screen protectors that do not require as high form accuracy [Lee et al.,

2018; Chang et al., 2017; Chen et al., 2015b].

2.3 Titanium-based coatings for glass molds

Titanium is a common base for ceramic coatings used in machining tools, examples include

TiALN, TiBCN, TiBC, and TiB2 [Nunes et al., 2017]. Here TiALN is the most widely seen

coating for the application in glass molding, its disadvantages are the aforementioned problems

with reaction with the glass and increase in surface roughness [Klocke et al., 2010; Wang et al.,

2019; Dukwen et al.].

2.3.1 Titanium-based coating patent

While titanium-based coating might not seem usable for higher Tg glass molding, a recent patent

(march 2019) describes a well-performing coating consist of a layer of titanium, that forms TiC

as the bottom layer and TiO2 at the top layer, which would be expected to form simply by

annealing the sample.

The major di�erence from the norm is the choice of substrate, in this case being graphite rather

than the usual tungsten carbide used in most other studies.

The patent further speci�es to use a �ne grain graphite to ensure proper mechanical and

machinability properties. The graphite should have a similar coe�cient of thermal expansion

(CTE) to titanium to ensure the stability of the material system.

The demand for surface roughness is in the order of microns. Thus, combined with the fact that

the testing glass of choice is that of Gorilla Glass® it indicates a usage more target towards

phone screens then optical components like lenses [Scoggins and Sheppard, 2019].

2.3.2 Formation of titanium-based coatings

PVD has become the most well-known and used method for applying titanium-based coatings.

Within industry, PVD coating has been the primary technology for coating tools with titanium-

based coating, such as TiAlN, since the 1980s. Chemical-based coating methods such as chemical

vapor deposition and powder immersion reaction assisted coating has also been used as a method

of applying the coating, but to a lesser degree [Erck and Maiya, 1998; Yin et al., 2005].

2.3.3 Observations regarding titanium-based coatings

In general, TiAlN is the most studied type of titanium-based coating but, there is a variety of

other coatings that are also utilized.

10
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The majority of studies focused on the wear and mechanical properties of the coatings [Nunes

et al., 2017].

In general, the substrate used for this type of coating is either steel or similar alloys, or in the

case of drilling tools carbides such as tungsten carbide. Therefore, a source of improvement of

coating properties has been pre-treatment of the substrate such as nitriding and carburizing. The

pre-treatment can be improved by applying a thin coating layer before to ensure, that the process

does not cause degradation of the substrate. [Sharif and Rahim, 2007][Dobrzanski et al., 2010]

[Marin et al., 2016] [Nunes et al., 2017] [Yumusak, 2019].

Titanium is known for its corrosion resistance, and titanium-based coatings are often used for

corrosion protection. However, for optimum corrosion resistance, several parameters are needed

to ensure good protection. Mainly, the integrity and structure of the coating can be weak points.

As defects and pinholes in the coating can lead to di�usion of ions into the substrate which leads

to damage. Due to imperfect coating deposition, thicker coatings can be needed to minimize the

e�ect caused by defects in the coating [Liu et al., 2007; Yildiz et al., 2009; Matthes et al., 1991;

Chaudhry et al., 2018].

To overcome this issue, post-treatment such as annealing can be used which can alter the structure

to be denser, thus improving barrier properties by stopping either incoming or in the case of

medical implants outwards di�usion of ions [Poon et al., 2005].

Another method that was found successful is the use of interlayers within the coating system.

Interlayers have several advantages such as improving adhesion to the substrate and helping to

isolate the coating and the substrate [Huang et al., 2007; Liu et al., 2007; Chaudhry et al., 2018].

An example of this is found in [Chaudhry et al., 2018] where e�ective corrosion protection of a

silicon surface is shown by the usage of a titanium interlayer and a TiN top coating.

PVD applied TiN has a columnar structure that also can contain nanopores which can lead to

pathways for reactive ions. The introduction of a titanium interlayer can act as a barrier and

stop the deterioration of the substrate.

The concept is illustrated in Figure 2.4.
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Figure 2.4: Illustration of corrosive action of silicon with TiN coating with and without Ti
interlayer in 1 wt% NaCl solution. [Chaudhry et al., 2018]

Other industrial uses such as nuclear fuel cladding and high-pressure die-cast molds for aluminum

components require good thermal properties [Nunes et al., 2017].

When looking into titanium-based coatings usage in high-temperature environments, studies have

shown that TiALN has proven the best candidate with an oxidation resistance of up to 700� C

[Park and Kim, 2002].

Further improvements of oxidation resistance has been found using multilayer structures, even

the addition of thin nanolayers show improvements towards the thermal resistance [Zhang et al.,

2020; Yan et al., 2019].

In [Yan et al., 2019] a multilayer structure consisting of TiAlN with interlayers of AlN is

investigated. The interlayer thickness is varied from 1-5 nm. An optimum in surface roughness,

hardness, and coe�cient of friction is found when the interlayer of AlN is 3nm thick. Thus,

while multilayer structures provides an improvement in thermal properties, it also requires high

precision control of the composition.

Titanium-based �lms can have great variance in structure depending on deposition conditions.

Thus, sputtering power, substrate temperature and sputtering pressure (pressure of inert gas

during sputtering in the vacuum chamber) can a�ect the �nal �lm properties. The roughness of

the structure is seen to increase with sputtering power. Grain size can also be observed to increase

with an increase in sputtering power [Jin et al., 2009; Chawla et al., 2009; Einollahzadeh-Samadi

and Dariani, 2013].

In a similar manner to sputtering power, substrate temperature, and sputtering pressure both

also show an increasing trend towards grain size and surface roughness.

12



2.3. Titanium-based coatings for glass molds Aalborg University

Yet, while the same tendencies can be seen across similar studies, DC magnetron sputtering on

titanium of glass substrates, some di�erences are noteworthy. In [Jin et al., 2009] �lm thickness is

the range of approx. 100 to 250 nm whereas in [Chawla et al., 2009] and [Einollahzadeh-Samadi

and Dariani, 2013] the �lm thickness is the range of approx. 2-6µm. This thickness di�erence

signi�cantly a�ects the roughness, in the former, it is only about 5 nm, while the latter is about

10-100 nm.

In [Jin et al., 2009] the structure obtained at low sputtering power (sub 200W) is described

as amorphous-like due to the lack of obvious crystalline features, however in [Chawla et al.,

2009] titanium �lm deposited using the same power can be observed to give a clear XRD signal,

indicating crystallinity. It should be noted that in [Chawla et al., 2009] while the pressure is

close to the same (12 mTorr vs 10 mTorr), the substrate is kept at 100� C, compared to room

temperature in [Jin et al., 2009]. Figure 2.5 and 2.6 show the comparison between the Atomic

Force Microscopy (AFM) image of the �lm deposited at 100W and 150W from [Jin et al., 2009]

and the SEM images from Chawla et al. [2009]. SEM image is used from [Chawla et al., 2009], as

only the 3D AFM image is present in this paper, and it is easier to compare 2D images.

In [Jin et al., 2009] the sputtering power is increased up to 300W, and a crystalline structure is

observed. The same type of crystallinity can be observed in [Chawla et al., 2009] also at 100W

sputtering power, 100� C substrate temperature and 20mTorr sputtering pressure. AFM and SEM

image comparision can be seen in Figure 2.7.

Thus, it can be seen that while general trends can be observed e.g increasing trend in surface

roughness with increased sputtering power, individual parameters can not be decoupled.

(a) (b)

Figure 2.5: a) AFM image of titanium �lm deposited on glass substrate at 100W, the black outline
shows the zoomed area, presented in the original paper but skipped here [Jin et al., 2009] b) SEM
image of titanium �lm deposited on glass substrate at 100W with a granular microcrystalline
structure [Chawla et al., 2009]
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(a) (b)

Figure 2.6: AFM image of titanium �lm deposited on glass substrate at 150W, the black outline
shows the zoomed area, presented in the original paper but skipped here [Jin et al., 2009] b) SEM
image of titanium �lm deposited on glass substrate at 150W [Chawla et al., 2009]

(a) (b)

Figure 2.7: AFM image of titanium �lm deposited on glass substrate at 300W, the black outline
hows the zoom area, presented in the original paper but skipped here [Jin et al., 2009] b) SEM
image of titanium �lm deposited on glass substrate at 20mTorr [Chawla et al., 2009] both exhibit
crystal-like structures

2.3.4 Titanium-based coatings on graphite substrates

Graphite is widely used in industry due to its ability to withstand harsh high-temperature

environments. However, its disadvantages are its susceptibility for oxidation at elevated
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temperatures and its low wear resistance which severely limits its use as a structural material. To

overcome this problem refractory metal such as titanium is used to increase oxidation resistance

[Ameen and Wilayat, 2019; Mahmood et al., 2019; Rajput et al., 2018].

TiC and T iB 2 are examples of refractory metal coatings used on graphite. These coatings have

been deposited by a large variety of methods.

Using high heat and powder either directly or in a cementation process with added elements has

proven to be able to create coatings with good adhesion to the surface [Ameen and Wilayat, 2019;

Yin et al., 2005; Yang et al., 2017] .

While cementation processes are more suited for large scale production due to economic concerns,

good results have also been obtained by techniques more suitable for thinner coatings such as

CVD and PVD.

In [Erck and Maiya, 1998] TiN, TiCN,TiC and T iB 2 coating were deposited unto graphite

substrate using CVD. During pull testing, the coating/substrate interface never failed. The

fracture always occurred in the graphite itself. Similar behavior was observed when deposited

onto glass substrates. Thus, it could be seen that interfacial adhesion was excellent using CVD.

TiC coatings prepared by PVD deposition are well-studied [Fogarassy et al., 2018; Devia et al.,

2011; Kumar et al., 2017]. In [Kaipoldayev et al., 2017] a TiC coating is formed by sputtering a

graphite target unto a heated titanium substrate. The substrate temperature is varied from 700

to 1000 � C. In Figure 2.8 the Raman spectrum and XRD patterns for the di�erent samples can

be seen. It is observed that in the samples where deposition occured at substrate temperature

of 1000 � C stable T iC , T i3C2 and T i3C2O2 phases were formed. No amoruphous carbon and

T iO2 was observed. Thus, indicating Ti-C bondings between all the carbon atoms and titanium.

Furthermore, in Figure 2.9 the SEM images of the samples where deposition occurred at substrate

temperatures of 700 and 1000� C, along with the EDX histogram of the samples are presented.

This further indicates the full reaction of all the available carbon as it can be seen that the C

content is increased. Comparing this with the phase diagram it can be seen that within a certain

range of C/Ti atomic ratio only TiC is formed and no extra phase of Ti or C in the case of high

C/Ti ratio is observed.
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Figure 2.8: A) Raman spectrum of titanium samples coated with graphite at di�erent substrate
temperatures B) XRD pattern signal of titanium samples coated with graphite at di�erent
substrate temperatures [Kaipoldayev et al., 2017].

Figure 2.9: A) SEM image of titanium substrates coated with graphite at substrate temperature
of 700 � C. B) SEM image of titanium substrates coated with graphite at substrate temperature of
1000� C. C) binary phase diagram for Ti-C [Holt and Munir, 1986] D) Histrogram of EDX analysis
of titanium substrates coated with graphite at varying substrate temperature [Kaipoldayev et al.,
2017].
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Thus, it should be possible to use PVD as a deposition method to apply a thin titanium coating,

which then by annealing can be utilized to create a protective coating with good adhesion, while

maintaining low thickness to ensure good form accuracy.

To summarize: While graphite and titanium-based coatings are not commonly used as a basis for

high Tg glass molding, the literature supports the idea that they can be good candidates for the

glass molding process at elevated temperatures. Major concerns are the lack of details regarding

the �lm formation during deposition and subsequent annealing, and the breakdown of the �lm

during thermal cycles.

17





3 | Production and characterization
methods

This chapter covers the production of samples and the methods used to characterize them.

3.1 Sample production

The material used in this work is a G077 type arti�cial graphite provided by NGS Trading and

Consulting GmbH. It has an average grain size of 3µm and it has a CTE of approximately

7:10� 10� 6� C. Furthermore, it is a hard graphite and therefore suitable to be used as a molding

material as per Scoggins and Sheppard [2019].

The graphite was received as a small block, which then is cut into thin plates with dimension

10x10x1 mm to �t into the sample holder for PVD. The cutting is done by a Accutom 50 saw

(Struers). An aluminum-Oxide cut-o� wheel was used as well as a diamond saw. The cutting was

done with water lubrication.

3.2 Physical Vapor Deposition

PVD refers to a variety of di�erent thin �lm deposition techniques. Common for all of them

is that the process occurs in a high vacuum environment, where a solid material (target) is

vaporized, and the atoms/molecules are transported towards a substrate where the vaporized

material condenses to form a �lm.

Several advantages are found with the technique including but not limited to: A large array of

materials can be used for coatings, eco-friendly compared to chemical coatings, high purity of

coatings, good adhesion and ability to design detailed structures.

A large variety of processes exist that all can be classi�ed as PVD processes. Two common

processes are magnetron sputtering and E-beam evaporation.

Magnetron sputtering is illustrated in Figure 3.1 and E-beam evaporation is illustrated in Figure

3.2.

Magnetron sputtering utilizes inert gas ions, typically argon, to bombard the target and thus

vaporizing the material on the surface causing it to be released.

The process starts by forming an arc between two electrodes, one of the electrodes is the target.

As a plasma is formed by the ionization of the argon, electrons released from this event causes

more ionization to occur. Thereby creating a self-su�cient plasma generation.
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A magnet is placed behind the target and the magnetic �eld keeps the electrons entrapped which

helps stabilize the plasma. This allows for lower operating pressure during the sputtering.

As the argon ions hit the target (cathode) atomic size particles are released. Thus, as the sputtered

particles collide with the substrate surface they condense into a solid �lm.

In the case of E-beam evaporation, the target is heated by bombardment of electrons in a high

vacuum. Once the evaporated material, in the form of atomic size particle, is released they clash

with the gas molecules with the aim of increasing acceleration by creating a plasma. When they

reached the substrate, a �lm is formed.

Evaporation has the advantage of high deposition rate, however, due to higher vacuum the

deposited species energy is low which leads to less homogeneous �lm with lower adhesion. Thus,

for thicker �lms evaporation is preferred.

While sputtering has a lower deposition rate, it does allow for far better control and �lm that

have better adhesion and are more homogeneous.

Therefore, in this work sputtering is utilized as the method of �lm deposition as thin but highly

controlled �lms are sought after [Shi, 2018; Baptista et al., 2018; Fuentes et al., 2019; Mitterer,

2014].

Figure 3.1: Schematic of Magnetron sputtering process
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Figure 3.2: Schematic of E-beam evaporation process

3.2.1 Cryofox - thin �lm deposition system

The �Polyteknik Cryofox Explorer 600� PVD system can be seen in Figure 3.3.

Figure 3.3: Picture of Cryofox explorer 600

The cryofox is used to make thin �lms by DC magnetron sputtering in this project. The thin �lm
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is produced at di�erent thicknesses by increasing deposition time. For all depositions a reference

piece of silicon is also coated, see Figure 3.4 for a picture of the sample holder.

Figure 3.4: Sample holder with substrates for deposition

To check the thickness of the deposited �lms, a scratch is made down to the silicon substrate. It

is then measured by a XP 2 stylus pro�ler (AMBIOS technology). This is done as there can be a

discrepancy between the estimates provides by the microbalance crystal in the cryofox system

and the actual thickness of the deposited coating.

Four types of samples were produced with di�erent thicknesses. Samples with approx. thickness

of 30 and 60 nm were made using the same sputtering parameters (power of 200W and 50sccm

Ar), which corresponds roughly to a deposition rate of 0.7 Å/s. Samples with approx. thickness

of 80 and 130 nm had issues during sputtering. For the case of 130 nm samples, it was found to

be necessary to increase Ar �ow up to 60 sccm Ar to counteract the loss of deposition. For the

80nm samples, Ar �ow was further increased to 70 sccm. For 80nm and 130nm samples, a higher

deposition rate of 0.8 Å/s was obtained.
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3.3 Thermal annealing

A quartz tube furnace (Nabertherm) was used to anneal the samples. The coated samples were

annealed for 1 hour in 1000� C under nitrogen �ux. The quartz tube was �rst evacuated to a low

vacuum (around 1 Pa), the tube was then �lled with nitrogen gas. 1.5 hours were used to increase

the temperature to the expected temperature. The samples were kept in a nitrogen atmosphere

both during heating and cooling.

Since the �lms were developed for use in glass molding, it is of interest to study how the titanium

coatings will behave in contact with glasses. For that small pieces of borosilicate glass were put

on top of the samples and placed in the oven. The samples are then annealed for 20 minutes at

650 � C. Figure 3.5 shows the sample setup prepared for the annealing (contact test).

Figure 3.5: Picture of the setup used for contact test. Glass pieces on pure graphite (right) and
graphite coated with titanium. A silicon bar is used a supporting stage.

The choice of temperature for the contact tests is based on common approach Tg + 120� C [Wei

et al., 2019; Zhu et al., 2015; Chao et al., 2013b]. Per [Chen et al., 2015a] 600� C is common

during the production of most optical components. Thus, based on the aforementioned 650� C is

chosen as the temperature for this experiment.

3.4 Atomic Force Microscopy

AFM is a widely used technique to measure topography and surface roughness.

There is a strong linkage between surface topography and the functionality of the coating. Here

surface roughness is a signi�cant parameter as it a�ects surface properties like adhesion, friction,

and hydrophobicity. In general, the surface topography is a critical feature in various applications

such as electrical, optical, mechanical, and thermal.

A typical AFM setup is illustrated in Figure 3.6.
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Figure 3.6: Schematic of a typical AFM setup

The basis of AFM is the use of a probe with a sharp tip, mounted on a piezoelectric scanner. Due

to intermolecular force, the cantilever bends as it comes closer into contact with the sample. The

de�ection is monitored by a laser that is focused on the backside of the cantilever, and from there

it is re�ected onto a split photodiode. By tracking the de�ection, an electric signal is generated

that is converted by software into surface pro�les.

The high precision of the method stems from the position control gained by the feedback loop.

The cantilever scans over the sample line by line, whereby the topographic image is generated.

Thus, by combining multiple line pro�les a full 3D image can be generated.

3.4.1 Equipment

The AFM used in this project is a Solver Pro from ND-MDT. Tapping mode was used for the

measurements and commercial silicon cantilever with tip curvature radius < 10 nm were utilized

All data is processed using the Image Analysis 2.12 software (NT-MDT). Average roughness, Ra

(ISO 4287/1) is obtained using the roughness analysis feature of this software.

3.5 Scanning Electron Microscopy

Another method to gain insight into the morphology of a sample is SEM.

A schematic of a typical SEM setup is seen in Figure 3.7.
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Figure 3.7: Schematic of a typical SEM setup

A electron gun �res out electrons that are accelerated, the electron beam is then focused by

magnetic lenses into the scanning coils, which moves the beam in a rastering fashion thus allowing

the user to scan a speci�c area of interest.

As the electrons are injected into the sample, the interaction causes a release of electrons and

X-rays from the sample which are picked up by the detector.

The electrons are used to gain insight into the topography and di�erent phases in the material.

A technique often combined with SEM is Energy-dispersive X-ray spectroscopy (EDX) which is a

method used to gain insight into the chemical composition of the scanned material. This is done

by analyzing the X-rays released by the injected electrons in the sample.

A tool often used together with SEM is Focused Ion Beam (FIB). The ion beam removes material

in a controlled manner (milling), allowing for site-speci�c analysis. It can also be used in

combination with a gas deposition, allowing for site-speci�c material deposition [Giannuzzi et al.,

2004].

3.5.1 Equipment

A Zeiss XB1540 is used to take SEM images of the samples. It is also equipped with EDX and

FIB which is used to gain insight into the composition of the samples and make a cross-section of

samples. The FIB is also used for gas deposition of platinum for tracing purposes.
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3.6 Optical spectroscopy

A LAMBDA 1050+ UV/Vis/NIR Spectrophotometer (Perkin Elmer) is used to analyze the glass

samples after the contact test to see if there are changes in transmission due to possible sticking

of the titanium �lms. The spectrophotometer was used in a standard double-beam con�guration

for transmission measurements in a wavelength interval between 320-850 nm. The spectra of the

samples not subjected to the contact tests were used as a reference.
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4 | Results and Discussion
This chapter covers the results obtained from the characterization of the samples after the di�erent

processing steps.

4.1 Morphology and �lm structure

SEM and AFM were used to investigate the morphology and �lm structure of the samples. Figure

4.1 shows the SEM images of graphite samples under di�erent magni�cations.

It can be seen that the graphite has a "�aky" structure, which is especially well pronounced in

Fig. 4.1b. It must be noted that such a surface morphology is an unexpected one, as it might

create di�culties for homogeneous metal coatings.

27




	Title Page
	Indholdsfortegnelse
	Introduction
	Thin Film Coatings for Glass Molding
	Glass molding
	Mold material

	Coatings for glass molds
	Noble metal coatings
	Diamond-like coatings
	Ceramic coatings

	Titanium-based coatings for glass molds
	Titanium-based coating patent
	Formation of titanium-based coatings
	Observations regarding titanium-based coatings
	Titanium-based coatings on graphite substrates


	Production and characterization methods
	Sample production
	Physical Vapor Deposition
	Cryofox - thin film deposition system

	Thermal annealing
	Atomic Force Microscopy
	Equipment

	Scanning Electron Microscopy
	Equipment

	Optical spectroscopy

	Results and Discussion
	Morphology and film structure
	As-deposited film
	Annealed samples
	After contact test

	EDX analysis
	Optical spectroscopy measurements

	Conclusion
	Future Investigation
	Bibliography

