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Chapter 1 Introduction and background

1.1Glass lenses with complex shape

1.1.1 Diffractive optical element

Along with the development of new technology, optical elements
with precise microstructures occupy an increasingly important role in
industry. Optical elements with microstructures can realize multiple
optical functions which make it possible to miniaturize and optimize the
design of optical components for systems and devices with small
dimensions. Diffractive optical elements are usually designed to produce
predetermined distribution of light by means of interference and
diffraction or to optimize and miniaturize optical systems since they can

perform many optical functions simultaneously.

Diffractive optical elements can also be applied in glass lens to
mitigate chromatic aberration since they have opposite dispersion
properties to that of ordinary convex lens. When a beam of parallel light
comes pass a glass lens with diffraction gratings presented as Figure 1.1,
the refractive index increases with the wavelength, which means that light
with longer wavelength will focus closer to lens, meanwhile light with
shorter wavelength will focus further from lens. However, this is totally
contrary to the refraction condition of ordinary convex lens. Therefore,
combining these two optical elements can lead to cancel out each other’s

chromatic aberration and lights with different wavelength can focus at



same point. According to this, glass lenses with diffraction gratings can be
applied not only to the optical system in disk player which is able to read
data written by different wavelengths of light, as well as camera lenses to

optimize the optical system and improve image quality.

Wavelength
Tishtiay Longer
————— Red ray
R ———— Green ray
W e Blue ray
s Short
ahial e >y orer
o =
Aspheric lens — = = E
K“%"}.,_
e s Wil s it o Combined system
A:.-'(".
M\J/"/
DOE

Fig.1.1 Application of DOE

However, conventional glass grinding and polishing method
becomes unsuitable to produce optical components with precise
microstructures due to time consuming and high cost. Therefore new
molding method needs to be developed for glass lens with diffraction

gratings.



1.1.2 Molding method for glass lens with diffraction gratings

For glass lens with diffraction gratings, precision glass molding
process, as no post-processing such as grinding or polishing is necessary, is
much more suitable than conventional glass grinding and polishing
method, which makes it possible to fabricate high volume, high precision

optics elements with complex shape [1-2].

Compression glass molding is a promising manufacturing process with
high precision which is shown as Figure 1.2. At first, the lower mold with
prefabricated diffraction gratings is heated to certain temperature. Then
melt glass drops into the lower mold and is pressed by the upper mold.
After being cooled for a predetermined time, glass lens with diffraction

gratings is blown away from the mold.

Aspherical
Melting glass and

Diffraction diffraction
grating ‘ ‘ ‘ grating
lens

Amorphous
alloy ~

Base

(a) Drop (b) Press (C) Demolding

Fig. 1.2 Glass lens molding process

Although this method can save the post processing, it requires that
the mold materials can withstand extremely harsh molding conditions,
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such as, high temperature up to 723 K (723 K for commonly known glass
material BK7 (Schott AG))[3], long time contact with inorganic glasses and

high compression force during molding process.

1.2 Mold materials for glass lens with gratings

1.2.1 Requirements for mold materials of glass lens with gratings

As mold material for glass lens with microstructures, it requires not
only excellent mechanical properties, high thermal stability and oxidation

resistance, low adherence to glass, but also satisfying machinability.
1) Mechanical properties

In order to make sure that microstructures on the surface of mold
will be not tore or wore during molding process, mold material is
demanded to possess high strength and hardness, which, referring to the
mechanical properties of Pd-Cu-Si system as mold material for plastic lens
(of: 1 GPa, H: 6.7 GPa [4]), is determined to be tensile strength over 1GPa;

hardness over 7 GPa.
2) High thermal stability and oxidation resistance

In this research, BK7 (Schott AG) is chosen as the material of glass
lens, which is currently widely applied as common lens material. As said
before, during molding process, mold should be isothermally heated at

some temperature, which is 723 K for BK7. For the application in real



industry world, a mold should, at least, be able to produce 10,000 pieces
of glass lens to fulfill its value, which means mold materials need to
withstand high temperature totally for 100 h. Moreover, during molding
process at high temperature, oxidation as well is expected not to appear,
which might bring about shape error of microstructures on mold. So the
materials we search for glass lens mold are required with the capability to

resist oxidation, even after being heated for 100h at temperature 723 K.
3) Low adherence to glass

The sticking behavior between glass and mold could result in surface
guality deterioration of mold and potentially destroy the mold during
demolding step, which is harmful especially to the mold with

microstructures. Mold materials need to have low adherence to glass.
4) Machinability

Due to the optical characteristics, mold materials are required not
just to be able to fabricate diffraction gratings, but as well to be with low
surface roughness (Ra) less than 5 nm in our case. Machinability is a quite

important requirement for mold material for glass lens with gratings.

1.2.2 Common mold materials

Ceramics, metals cermets and composites have all been used as
molding tool materials over the years [5-7]. The most commonly used

material for precision glass molding tools is still the cemented tungsten



carbide. Unfortunately, due to the high hardness, it is pretty difficult to
fabricate microstructures on those materials. What’s more, the cobalt
binder in cemented tungsten carbide is easy to fall off, which brings about
shape errors in manufactured microstructures. For its good machinability,
nickel also has been using as mold material. However, its application is
limited to the material with low molding temperature, because nickel

mold cannot withstand the high temperature for common optical glass

[8].

Therefore, our group is devoted to search for special materials

which meet all the requirements for glass lens mold with microstructures.

1.2.3 Amorphous alloy

Recently, amorphous alloys are commonly regarded as promising
candidate for glass lens mold materials, due to their homogeneous and

isotropic structure with high machinability.

An amorphous metal is non-crystalline metallic material with no
long-range ordered atomic-scale structure, as shown as Figure 1.3(a), in
contrast to the highly long-range ordered arrangement of atoms of

crystalline metals, as shown as Figure 1.3(b).
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(a) Amorphous phase (b) Crystalline phase

Fig.1.3 Amorphous and crystalline phase

The disordered structure of amorphous metal can be produced
directly by cooling the liquid state materials with a steep cooling rate so
that atoms cannot travel to their lattice sites before they lose their
mobility. In order to obtain amorphous phase instead of crystalline phase,
the cooling rate should be larger than a certain value regarded as critical
cooling rate which depends on the composition of the alloys. The phase

conversion process is explained in Figure 1.4
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Fig. 1.4 Phase of amorphous alloy

However, there are several ways besides extremely rapid cooling by
which amorphous metals can be produced, including physical vapor
deposition, solid-state reaction, ion irradiation, melt spinning, and
mechanical alloying. In this research, amorphous alloys are obtained by

arc plasma deposition.

1.2.4 Advantages and disadvantages of amorphous alloy

Without long-range orderly repeating pattern, amorphous alloys
possess homogeneous and isotropic structure, without grain boundaries
which tend to decrease electrical and thermal conductivity of material.
These features endow amorphous alloys with good mechanical properties
[9-10], functional physical properties and excellent corrosion and

oxidation resistance and high machinability.

Advantages of amorphous alloy are listed as following:
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1) Mechanical properties

Generally, amorphous alloys are considered as materials with high
tensile strength, low Young’s modulus and high elastic strain about 2% [11]
which enable them to be potential die materials for compression glass
molding. Comparing to crystalline metals, most amorphous alloys have
high compression and tensile strength over 1GPa. Recently, Co-Fe-Ta-B
alloy system has been found out with high compression strength about

5GPa [12].
2) Machinability

In contrast to crystalline materials with different types of crystalline
lattices to which many fundamental mechanical properties can be
attributed, amorphous alloys with homogeneous structure can be able to
be cut with high precision without effect of grain boundaries existing in
crystalline materials, which usually lead to strength varying. This strength
variety induced by grain boundaries, referring to Hall-Petch relationship
[13-14], makes an unfavorable impact on machining accuracy during
cutting process. As a result, amorphous alloys are much more appropriate

as the mold materials for glass lenses with microstructures.

In spite of those advantages, amorphous alloys, of course, bear

some disadvantages as following when acting as mold materials:

As demonstrated as Figure 1.4, if the temperature over Tx

(Crystallization temperature), amorphous materials will turn into
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crystalline materials, which indicates that amorphous materials cannot be
applied under high temperature condition. Even at the temperature lower
than Tx, as long as being heated for a long time, crystallization can take
place as well. Once the thermal energy increases above activation energy
caused by the long-time heating, amorphous materials in nonequilibrium
state will be transformed to crystalline materials in equilibrium state.
Consequently, in order to avoid this transformation and maintain excellent
properties presenting in amorphous phase, it requires that amorphous
alloys as glass lens mold materials should possess high thermal stability to

withstand long time heating.

1.2.5 Previous research in our laboratory

Serving as molding die materials for glass lens with precise
microstructures, amorphous alloys are demanded to possess not only
excellent mechanical properties which can prevent molding die from
breaking during whole molding process, high thermal stability which
enables it to maintain amorphous state at molding temperature, high
oxidation resistance which prevents amorphous alloy from oxidation even
being heated in the air at molding temperature 723 K, but also good
machinability which makes sure that microstructures can be fabricated
[15-16]. Our laboratory has conducted a lot of experiments to search for
the suitable amorphous alloys for glass lens mold materials, and results

are summarized as following:
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1) Pt-based system
i. Pt-Hf-Zr-Ni system

In this system, composition of Pts;Hf,0Zry;Niy, at.% demonstrated
satisfying properties, Tx temperature 992 K, tensile strength 0.9 GPa,
hardness 9.9GPa[17]. Unfortunately, when being heated in a vacuuming
chamber, 10 hours later, crystallization came into being, which displayed
its disappointing thermal stability. Moreover, it is unable to be cut as

expected.
ii. Pt-Zr-Ni system

Composition of PtsoZrsgNis at.% in this system manifested excellent
mechanic properties, Tx temperature 985 K, tensile strength 2.12 GPa,
hardness 8.2 GPa[18], as well as low adherence to glass and good
machinability. As shown in Figure 1.5, it can be successfully fabricated to
glass lens mold with diffraction gratings. However, the thermal stability of
this composition was not good enough and application of Pt, a very
expensive material, sharply increases manufacture cost. Then another

element was considered to substitute Pt to decrease the cost.
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Cutting surface
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Fig. 1.5 Pt-Zr-Ni glass lens mold

2) Ni-Nb-Zr system

Our research on Ni-Nb-Zr alloy system found out that one
amorphous alloy composition (NissNbsoZr,s at.%) met almost all the
requirements for glass lens mold material: high thermal stability,
maintaining in amorphous state even being heated for 100 hours in

vacuuming chamber at temperature 723 K; suitable tensile strength, 1.71
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GPa; high oxidation resistance, without oxidation even be heated for 100
hours in the air at temperature 723 K. Unfortunately, when fabricating
gratings on the mold, the immense wear of bit which might be caused by
high hardness (10 GPa) made it impossible to cut precise gratings.
Consequently, the forth element Ti was considered to be added to

decrease the hardness, in order to improve machinability [19].

1.3 Combinatorial research method

Along with the development of technology, the requirements on
material become extremely high. A lot of properties have to be measured
and compared. Search for the material which meets all the requirements
is @ huge project. As a result, combinatorial approach with high efficiency

becomes the center of attention especially in the scientific research.

The combinatorial approach applied in this research is
demonstrated as Figure 1.6. Multiple samples are integrated onto one
substrate to do the experiments. The results of many samples can be
obtained just by one time experiment. In this research, the amorphous
samples are fabricated by arc plasma deposition. The combinatorial arc
plasma deposition method (CAPD) is adopted to make thin film library for
the composition measurement, thermal stability test and others.

Parallel-plate sputtering system is used to make thin film samples with

17



grading compositions by a special target for machinability test. These will

be specifically explained in the later chapters.

Desired
material

Material
elements

Synthesis
(Multi-sample)

Evaluation

l Success I | Failure l

Fig. 1.6 Combinatorial approach

1.4 Objective of this research

As mold materials for glass lenses with diffraction gratings, it
requires not merely excellent mechanic properties, like tensile strength
over 1 GPa, hardness over 7 GPa, high thermal stability to endure to be
heated for 100 h at temperature 723 K, but even eligible machinability to
process gratings. Among those requirements, experiments to evaluation
machinability and thermal stability are time-consuming and costly. As a

result, the main objective of this research is to develop combinatorial

18



evaluation method to efficiently find out desirable composition which can
best meet those described requirement. Moreover, it is to apply the

method to the search for glass lens mold material candidate.

The structure of this thesis is explained in Figure 1.7. Ni-Nb-Ti
amorphous alloy is chosen as research subject, based on the evaluation
results demonstrated in Chapter 2. The machinability of Ni-Nb-Ti
amorphous alloy is going to be measured by the novel high-throughput
evaluation method explained in Chapter 3, and results are shown in
Chapter 4. The crystallization property of material with good machinability
is examined in Chapter 5 to confirm it is qualified as mold material or not.

The summary of each chapter is displayed as following.

Candidate of amorphous alloy in Chapter 2

1.Ni-Nb-Zr-X(X: Ti, Si, Al); 2.Ni-Nb-Ti
ne || 1 oK
Ni-Nb-Ti amorphous alloy

]

High-throughput evaluation machinability in Chapter 4
Inve J ok
Evaluation of crystallization in Chapter 5

|g< . .
Desired material

Novel high-throughput
evaluation method for
machinability in Chapter 3

Fig.1.7 The structure of thesis

In Chapter 2, based on the result of research on NissNbyoZr,s at.%, Ti
is added to substitute Ni-Nb to make thin film samples. Among them, for

the sample with composition NiygNbs,Zr,5Tiqs at.%, machinability improves
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but not enough, and it tends to increase with Ti’s content level. However,
when Ti’s content level increases to 20%, crystallization begins to appear
during thermal stability test, which may be induced by the great decrease

of Ni-Nb.

In order to improve the machinability, meanwhile preserve the high
thermal stability, in this research, instead of Ni-Nb-Zr system, Ni-Nb-Ti
system is determined as the research subject, which can provide the
possibility to fabricate thin film samples with high Ti content level without

decreasing Ni-Nb to exceed the desired range.

The thin film libraries of Ni-Nb-Ti were made by CAPD for the
thermal stability test. According to the results, thin film samples exhibit
high thermal stability when compositions belong to this area, Ni,40-58
at.%; Nb, 24-46 at.%; Ti, 5-20 at.%, which can withstand high temperature

723K for 100h. This area becomes the research subject.

Chapter 3 proposes a novel combinatorial evaluating method for
machinability, in the concept of which, a sample with grading composition
is indispensable. New special targets for parallel-plate type sputtering
machine were designed to obtain samples with grading composition. At
first, Zr was applied for trial experiment, instead of Ni-Nb, due to the
nearly same sputtering rate and lower price. This trial experiment was
carried out to determine the relationship between two factors, size of

target, distance from target to substrate, and compositions of sample.

20



Finally, a sample made by inner target Ni;sNbyTigs and outer target
NigogNbso was fabricated for cutting test. Although the lowest roughness
value of this sample is still higher than the requirement, it confirms the
feasibility of this novel combinatorial method of machinability. Moreover,
based on the composition results, the inner targets were decided to be

Nb-Ti alloy.

In Chapter 4, the results of experiments using Nb-Ti inner targets
were explained in detail. Using the designed targets, the samples can
almost cover the entire target area with high thermal stability. The sample
made by inner target NbsyTiso and outer target Ni;oNbs, was used for
cutting test. However, the roughness of surface is larger than the
requirement. In order to further improve the efficiency, a cover mask was
designed to integrate three samples onto one substrate. The results for
three samples can be attained by one cutting test. The samples made by
using this cover mask were cut and roughness of surface was measured.
Finally, a composition with roughness less than 5nm was found to be

Nis;Nb33Tige.

In Chapter 5, another property of Nis;Nbs3Ti;e was examined. As
mentioned before, the mold material for glass lens with gratings has to be
not only with good machinability but also high thermal stability which can
withstand high temperature during molding process. The crystallization

temperature of Nis;NbssTi;gwas found to be 865K which was higher than

21



723 K as required and it can also maintain the amorphous state for a long

time at high temperature.

Chapter 6 draw a conclusion of this research and proposed the

future work.
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Chapter 2 Selection of the research subject

2.1 Evaluation on Ni-Nb-Zr-X(X: Al, Si and Ti) alloys

We have been searching for suitable materials for glass lens molds
by applying a combinatorial method [3, 20]. Until now, two alloy systems
had been evaluated and used to fabricate molding dies: a Pt-based
amorphous alloy [3, 20-22] and a Ni-Nb-Zr alloy [23-25]. The problem with
the PtsoZrigNiys at.% was the insufficient thermal stability. Additionally, the
manufacturing cost was increased because of the use of Pt. Our previous
research on the Ni-Nb-Zr alloy system suggested NissNbyoZrys at.% as a
potential glass lens mold material. However, for NissNbsoZrsat.%, the
significant wear on the bit caused by its high hardness affected the
roughness of the mold surface [24]. As a result, the addition of a fourth
element was considered to decrease the hardness without destroying the

other properties.

Generally speaking, for metal alloys the greater the number of
delocalized electrons it has, the stronger the bonding tends to be [26]. By
substituting Zr with other elements which have fewer valence electrons, it
should be possible to obtain alloys with lower hardness. Another
consideration is that the hardness of alloys tends to reduce with the
alloy’s melting temperature. Based on the values of these two factors, as
shown in Table 2.1, Al, Si and Ti were selected as candidates to decrease

the hardness while not destroying the other properties .
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Table 2.1 Properties of the additional element candidates

Atomic Melting Number of valence
Element radius(nm) point(-C) electrons
Ni 0.125 1453 10 (3d84s2)
Nb 0.143 2468 5 (4d45s1)
Zr 0.16 1852 4 (4d25s2)
Ti 0.145 1660 4 (3s23p2)
Al 0.143 660 3 (3s23pl)
Si 0.117 1410 4 (3s23p2)

In our previous research on the Ni-Nb-Zr system, when the Zr
content was in the range of 9% to 25%, the corresponding thin film
samples showed excellent thermal stability. Accordingly, the fourth
element was considered as a substitute for Zr. As a result, NissNbsgZri5X10
(X: Al, Si, Ti) at.% target alloys were made, and thin film samples were

fabricated for testing.

Ni-Nb-Zr-X alloy targets were fabricated in an arc furnace
(ACM-SO1T, Diavac Limited). Those targets were assembled to a

conventional parallel-plate sputtering system which is shown in Figure 2.1

24



respectively to make thin film samples for evaluation of their properties,

such as tensile strength, thermal stability, hardness, machinability, etc.

Substrate

/

=k

Target |

Fig. 2.1 Parallel- plate sputtering system

The nano-indentation method was applied to do the hardness test
using the equipment with atomic force microscope (SPI-3000, Seiko
Instruments) and a nonoindenter (Triboscope, Hysitron). Figure 2.2
displays the result of hardness test. It becomes apparent that only the

sample with Ti successfully attained the goal to reduce hardness.

12

11.2 GPa
10.6 GPa

9.5 GPa 10.0 GPa

@

Hardness GPa

NissNb4oZrisAlio  NissNb4oZrisSito  NissNbaoZrisTito NizsNb4oZr2s
at.%

at.% at.% at.%

Fig. 2.2 Hardness of NizsNbsoZrisXio (X : Al, Si, Ti) samples
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Besides the hardness test an ultra-precision diamond machining
system (Nanoform 350, Precitech) was used for the cutting tests to
characterize the machinability of the alloy samples. First, as shown in
Figure 2.3, the sample with the substrate was fixed to the work holder,
which rotated at a speed of 200 rpm. Then, the cutting tool with a single
crystal diamond radial bit (radius=0.5 mm) was used to cut the sample
into a taper shape, with a radial feeding rate of 1 um/rev and a axial
feeding rate of 1 nm/rev. The radial feeding distance was 2 to 3 mm.
Subsequently, the cutting surface was examined, and the cutting removal

rate was calculated.

Work holder Sputter-deposited
sample Cutting tool with

rounded corner

Work

1,/ Cutting tool

Fig. 2.3. Concept of the taper cutting test

In addition to the above taper cutting test, the material for the glass
lens mold with gratings needs to be compatible with micro-cutting. The
concept for the micro-cutting test is shown in Figure 2.4. Firstly, a plane

was roughly cut using a diamond radial bit (Fig. 2.4 (a, b, c)). Secondly, a
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sword bit was applied for the micro-cutting on this plane with a constant
axial feeding distance of 0.1 um and a radial feeding rate of 0.1 mm/min.
The cutting process did not cease until the radial feeding distance reached
1 mm. The same cutting movement was then repeated 50 times. Finally,

the cutting surface was examined to measure the cutting depth.

(a) _ (b)
5 D_gluttin g l Q:_S g;t;le:deposmed N C:.S
Substrate \: A \';\ o

(©) s (d) ,

: Sword- cuttlng C.j
g : tool

e . '

(e) s (f) s

—_— i
N \! \\ AN . \|.\

Fig. 2.4 Concept of the micro-cutting test with the sword tool

During taper cutting tests, the samples with Al and Si could not be
cut at start points, shown as Figure 2.5, which denied their capabilities for

micro-cutting. Therefore, our research was focused on Ni-Nb-Zr-Ti system.

27



However, cutting removal rate of NissNbsoZrisTieat.% (67%) was lower

than that of Ni35Nb4oZr25at.% (94%)

However, the micro-cutting test’s result of NissNbsoZrisTigat.%
presented in Figure 2.6, failed. If Ti content would be increased, better
results of micro-cutting test may be expected. But the thermal stability of
sample may be destroyed if Zr content would be further decreased.
Consequently, Ti was considered to substitute for Ni-Nb system instead of

Zr.
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2.2 Evaluation on Ni-Nb-Zr-Ti alloys

Three different Ni-Nb-Zr-Ti target alloys were used to sputter thin
film samples for testing: Ni3gNbssZrysTiig at.% , NigNbs,Zr,sTiis at.% and
NiysNbspZrasTisg at.%.

In order to measure the tensile strength, alloy samples were
sputtered on Cu foils, which were dissolved in HNO,+H,0 (1:1). Left
samples were cut into 1 mm x 7 mm shape by a diamond wire saw
(Musashino Electron) for tensile tests which were performed using a

thermal mechanical analyzer (TMA; TMA-60, Shimadzu) with a strain rate

of 1.42x10™/s.
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From the tensile test results, stress-strain curves were drawn and
are shown in Figure 2.7. All the samples fractured during the tests, and the
fracture stresses of the samples are higher than desired (1.0 GPa) for glass
lens mold materials. Moreover, from this figure, we can deduce that
further increasing the Ti content to over 20% may lower the stress to the
desired value (1.0 GPa).

For the hardness test, using Ti (with 4 valence electrons) to
substitute Ni (10 valence electrons) and Nb (5 valence electrons), the
attraction between the nuclei and electrons will decrease, meaning the
cohesion inside of the alloy will also decrease [27]. As shown in Figure 2.8,
all the samples, as expected, displayed lower hardness values than
NissNbgoZrys at.% (10.0 GPa), as follows: NizgNbssZrysTig at.% (9.1 GPa),
NigNb3,ZrysTiss at.% (9.2 GPa) and NiypNbseZrysTig at.% (9.1 GPa).
Therefore, the goal of decreasing hardness was achieved. Because there
may be little impact on the hardness when the Ti content is low, the
samples with Ti content below 10% were not tested.

During the thermal stability test, the maximum annealing time was
fixed at 100 h, which is the desired lifetime for a glass lens mold. The test
results for the Ni-Nb-Zr-Ti samples isothermally heated at 723 K for
different times are displayed in Figure 2.9. Several sharp peaks in the XRD
profiles are attributed to the Al,O; substrate. The halo patterns due to the
amorphous phase in each XRD profile establish that the thermal stabilities

of the three samples are sufficient.
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Fig. 2.7 Stress-strain curves of the Ni-Nb-Zr-Ti samples
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Fig. 2.8 Hardness of the Ni-Nb-Zr-Ti and NissNbgsgZr,s samples
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Figure 2.10 shows the results of the taper cutting process. All the
samples can be cut into a tapered shape, and the cutting removal rates
were calculated, which were improved to78%, and 75% when the Ti

content was 15 at.% and 20 at.%, respectively.

Furthermore, two of the samples were able to be micro-cut. The
cutting profiles are presented in Figure 2.11. The Ni3gNbssZr,sTiig sample
cannot be micro-cut. For the other two samples, the cut surface of
Ni>sNbsgZrysTig is much smoother than that of NiygNbs,ZrysTiis; the
roughness values of these two cut surface are 18 nm and 53 nm,
respectively.

Although the hardness values of these three samples are almost the
same, as shown in Figure 2.8, the results of micro-cutting test differ
greatly. This is because the machinability does not depend on the
hardness alone. Other factors, such as the microstructure, composition,
modulus of elasticity, thermal conductivity, and so on, also have a great
impact on the machinability.

Although the max cutting depth in Figure 2.11 is 0.75 um, which is
smaller than the desired depth of 5 um, the addition of Ti makes
micro-cutting a possibility. Moreover, the cutting depth and machined
surface conditions improved with increased Ti content.

While not expecting to be held to any particular theory, it is
considered that the improvement of machinability of these samples is due
to the low heat conductivity of titanium, which causes temperature
accumulation in the cutting zone, combined with another property of

titanium, the fact that it loses material strength at elevated temperatures
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[28-29]. These properties make the material much easier to be machined.
This is also in accordance with the results of the tensile test presented in
Figure 2.7; the stress of the samples decreases with increasing Ti content.
Moreover, based on the results, it is possible to draw the conclusion that if
the Ti content is increased further, the machinability of the thin film
samples will improve even further. However, there is a limitation to the
increase of Ti, as pure Ti has a poor machinability [28]. This limit will be

investigated in future experiments.
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We evaluated several properties of the Ni-Nb-Zr-Ti system and the

results are summarized in Table 2.2. Some conclusions were drawn as

follows:

1. Adding Ti decreased the hardness of the amorphous alloy

thin films and made it possible for the samples to not only be taper cut

but also micro-cut

2. When the Ti content was increased to 20 at.%, the high

tensile stress and excellent thermal stability maintained the amorphous

state, and the machinability of the sample was improved. Moreover, if

the Ti content would be further increased, better machinability may be

expected. Meanwhile, to retain the other properties (e.g., tensile

stress), we will focus on the evaluation of Ni-Nb-Ti alloys with higher Ti

contents in the research.

Table 2.2 Properties of the Ni-Nb-Zr-Ti and Ni-Nb-Zr samples

Sample (at%) NigoNb352r25Ti10 NingbgzZFZSTiB Ni25Nb302r25T|20 Ni35Nb4OZr25
Thermal stability Amorphous Amorphous  Amorphous Amorphous
Tension strength

1.45 1.32 1.03 1.71

(GPa)
Hardness (GPa) 9.1 9.2 9.1 10.0
Removal rate (%) 58 78 75 94
Cutting depth
0 0.46 0.75 0

(um)
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2.3 Evaluation on Ni-Nb-Ti alloys

2.3.1 Fabrication of Ni-Nb-Ti thin film library

On the basis of arc plasma deposition, combinatorial arc plasma
deposition is developed in our laboratory to be able to fabricate thin film

libraries for evaluation [30].

Arc plasma gun (APG) is adopted in arc plasma deposition to make
thin film samples, the structure of which is displayed as figure 2.12.
Cathode, which is also the target material, and anode are connected by a
circuit with a capacitor. A large current pulse will be generated, which will
ionize and emit the cathode material, when the trigger turns on [31]. Then,
emitted plasma is guided onto substrate to deposit thin film of cathode
material, by magnetic field of the permanent magnet placed under
substrate. The thickness of thin film can be adjusted by the number of
current pulses (shots) and the value of current strength that is

proportional to the capacitance.
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Fig. 2.12 The schematic of the APG

In contrast to the thin film with single composition produced by
Arc plasma deposition, a thin film library with different compositions can
be obtained by combinatorial arc plasma deposition method, the principle
of which is presented as Figure 2.13. Tree APGs are adopted with various
materials, from which three elements’ atoms are emitted and mix to make
a thin film library with grading compositions. This thin film library lays the
foundation for our research to utilize a combinatorial approach with high

throughput, since one library contains so many different compositions.
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Fig. 2.13 The principle of CAPD

Combinatorial arc plasma deposition (CAPD) was applied to
produce thin film library, while MEMS process was employed to separate
thin film library, in order to record position information of each
composition by 5-bit method. Figure 2.14 demonstrates the specific
process of how to fabricate thin film library. First, a MEMS grid with a size
of 39.4 mm x 39.4 mm, which can provide 1089 small samples with a size
of 1 mm x 1 mm, was fabricated onto the surface of an Al,O5; substrate
with a diameter 3 inch, a thickness 500 um. Then, by using CAPD, thin film
library was deposited on MEMS grid, which would be lifted off later and

leave a group of samples with position marks as shown in Figure 2.15.
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2.3.2 Compositions and phases evaluation on Ni-Nb-Ti thin film libraries

Three Ni-Nb-Ti thin film libraries were deposited by CAPD, of which
depositing condition is presented as Table 2.3. Moreover, compositions of
these three thin film libraries were detected by Energy-dispersive X-ray
spectroscopy (EDX). The results of these three thin film libraries are shown
in Figure 2.16. Thin film libraries with a quite wide area of compositions

can be obtained using this deposition method.

Table2.3 CAPD shot conditions for thin film libraries No.1~No.3

Ni Nb Ti
Capacitance (WF) | 8,800 | 8800 | 4.400
Nol Moot eyele [Ni- Nb - Ti]
Total cycle 10,000
No 2 Capacitance (F) | 8,800 8.800 2,200
®= " Shot cvele [Ni- Nb - Ti]
Total cycle 10,000
.| Capacitance ()IF) | 8,800 8.800 6,600
St Shot cycle [N1x2 - Nb - Ti1 x2]
Total cvcle 7.500
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Fig. 2.16 Composition distribution of thin film libraries (No.1~No.3)

Since the research objective is search for amorphous alloy as mold
material for glass lens, the reason of which was described in Chapter 1, the
phase of deposited thin film libraries need to be confirmed at first, which
was evaluated by X-ray diffraction (XRD). The results of those tree thin film
libraries’ phase are demonstrated as Figure 2.17, from which we make a
conclusion that amorphous alloys with wide composition area can be

achieved, Ni 18-87%,Nb 7-72%, Ti 4-78%.
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Fig. 2.17 Phase and composition distribution of thin film library

(No.1~No.3) samples

2.3.3 Evaluation of thermal stability on Ni-Nb-Ti thin film library

Although amorphous alloys with wide composition area can be
achieved, as glass lens mold material, the desired amorphous alloy needs
to withstand high temperature during molding process. In order to

evaluate this capability, thermal stability test was performed.

Thermal stability tests were carried out in a vacuuming furnace with
gold IR reflector (MILA-300, Ulvac Technology). Samples were heated from

room temperature (RT) to 723 K with a heating rate 20K/s. When
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temperature reached to 723 K, samples were isothermally heated for 10h,
20 h, 50 h and 100 h, respectively. After that, X-ray diffraction (XRD;
RINT2200, Rigaku) was employed to investigate the phases of those

annealed samples.

Figure 2.18 manifests the results of thermal stability tests, (a) phase
of thin film libraries before thermal stability, (b) phase of thin film libraries
after 50h’s heating, and (c) phase of thin film libraries after 100h’s heating.
Many amorphous alloys began to crystallize after long-time’s heating. As
presented in the Figure 3.8, an area of amorphous alloys with composition
belonging to Ni 40-58 at.%, Nb 24-46 at.%, Ti 5-20 at.%, are endowed with
high thermal stability which is able to endure high temperature for a long

time.
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Fig. 2.18 (a) Phase of thin film libraries before thermal stability

(b) Phase of thin film libraries after 50h’s heating

(c) Phase of thin film libraries after 100h’s heating
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2.4 Summary

Our research on Ni-Nb-Zr alloys has shown that one amorphous
alloy composition (NissNbsgZrys at.%) met almost all the requirements for
glass lens mold materials. Unfortunately, when fabricating gratings on the
mold, the immense wear on the bit, which may be caused by the high
hardness of the alloy (more than 10GPa by the nano-indentation method),
made it impossible to cut precise gratings. Consequently, the addition of a
fourth element was considered to decrease the hardness. Al, Si and Ti
were selected as candidate for the fourth element due to their low melting
point and less valence electron. The experiment results showed that only
the sample with Ti successfully attained our goal of reducing the hardness.
Additionally, in the taper cutting tests, the samples containing Al and Si
could not be cut at the start points. Therefore, our research was focused

on the Ni-Nb-Zr-Ti system.

Three Ni-Nb-Zr-Ti thin film samples, NizgNbszsZrysTig at.%
Ni,gsNbs3,Zr,55Tiqs at.% and NisNbseZrysTing at.%, were fabricated to evaluate
their properties, including their tensile strength, thermal stability,
hardness, and machinability. The results demonstrated that adding Ti did
decreased the hardness of the amorphous alloy thin films and made it
possible for the samples to not only be taper cut but also micro-cut.
Moreover the machinability of sample improved with increasing Ti

content level. In order to maintain other properties such as tensile stress
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and thermal stability, Ni-Nb-Ti was considered to be our research subject

since higher Ti content can be achieved in this system.

A thin film library with different compositions can be obtained by
combinatorial arc plasma deposition method in our laboratory. This thin
film library made it possible to improve thermal stability test with high
throughput. As a result, thermal stability test was carried out at first to
narrow down the research area in the Ni-Nb-Ti alloy system. Three
Ni-Nb-Ti thin film libraries were made for thermal stability test which
almost covered the whole composition of Ni-Nb-Ti alloy system. From the
results an area of amorphous alloys with composition belonging to Ni
40-58 at.%, Nb 24-46 at.%, Ti 5-20 at.%, presented high thermal stability
which can endure high temperature for a long time. This area will be the
main research area for the machinability test. However, the conventional
research method for machinability is not suitable for our research. It will
have a high cost and take a lot of time to evaluate the compositions in the
target area one by one. A novel combinatorial method for evaluation of

machinability will be proposed in our research.
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Chapter 3 Introduction of novel combinatorial

evaluation method for machinability

3.1 The concept of novel combinatorial evaluation method

Conventional evaluation method for machinability becomes time
consuming and costly. As manifested as Figure 3.1, at first, a sample with
only one composition was made. Next this sample was used for cutting
test to cut the surface. Then the cutting depth and roughness (Ra) of
cutting surface were measured to determine the machinability. If the
result was not good, the same process would need to be repeated for
many times until a material with satisfying machinability was found.

Machinability? X Machinability? X Machinability\/

Cutting the surface Cutting the surface Cutting the surface

Fig.3.1 Conventional evaluation method for machinability

A novel combinatorial evaluation method for machinability is
proposed in this chapter. The key point of this combinatorial method is to
fabricate a sample with grading compositions which means that each
position on the surface of sample represents a particular composition.
Figure 3.2 displays one sample with grading compositions, of which in the

center Ti content is rich and becomes gradually decreasing from center to
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edge. The values of Ti content level on the concentric circle centered on
the center of sample were almost same which can avoid bad impact of
great composition difference on the cutting result. If using this sample for

cutting test, roughness (Ra) of many compositions can be measured.

It is clearly to see this new method is more efficient than
conventional method, which is able to measure a lot of compositions’

machinability at one time with one sample.

L L L Ll

Substrate
Thin film

sample

Ni-Nb
Ti

Target with two different materials

QU Ti rich

The sample with grading compositions

Fig. 3.2 Fabrication of the sample with grading compositions
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3.2 Design of combinatorial targets

A conventional parallel-plate sputtering machine was adopted in
this research to deposit thin film samples with grading compositions, for
which special combinatorial targets were designed which have two parts,

outer part made of Ni-Nb alloy and inner part made of pure Ti.

For the combinatorial targets, there is an important thing needing to
determine, the size of inner part. As we known, in parallel-plate sputtering
system, due to the effect of magnetic field, an area of target will have a
high erosion rate, which was calculated and presented as Figure 3.3.
According to this, three targets with different sizes of inner part, diameter
11mm, 23.5mm, 36mm respectively, were designed as displayed as Figure
3.4. Moreover, Zr and Al were utilized for trial experiments as outer part
of target instead of Ni-Nb alloy because of the lower price and similar

sputtering rate.

Eroded area

— ﬁ/

36
76.2

Fig. 3.3 Eroded target (unit:mm) Fig.3.4 The target with inner part
@ 23.5mm
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3.3 Trial experiments using Ti-Zr targets

3.3.1 Relationship among Ti content, size of inner part target and TS
distance

Ti-Zr target and Ti-Al target were both fabricated at first. However,
the thin film samples which were deposited using Ti-Al target were broken
due to the high residual stress. Then the trial experiments were carried

out only using Ti-Zr targets.

Based on the results from Chapter 2 that when Ti content belongs to
5-20%, thin film sample manifests high thermal stability, the desired area
of Ti content was selected as 5-30%, which can also provide a possibility to

research on machinability of samples with higher Ti content.

From Figure 3.2 it is clearly that at least there are two factors which
can bring important impact on the grading condition of Ti content in the
deposited samples, the size of inner part target, pure Ti, and the distance
between target and substrate, marked as TS distance. The minimum and
the maximum TS distance of the sputtering machine employed for trial
experiments in this research is 53.5mm, 91mm, which were chosen as TS
for trial experiments at first to determine the relationship between TS

distance and grading condition of Ti content.

After determining the sizes of inner part targets and TS distance,
trial experiments were performed under sputtering condition, plasma
power 300W, sputtering time 30min, to fabricate thin film samples.

Compositions of deposited thin film samples were detected by
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Energy-dispersive X-ray spectroscopy (EDX), and the result is listed as
Table 3.1. Ti content ranges of the samples deposited with a TS distance
53.5mm are more than twice that of the samples deposited with a TS
distance 91mm. Ti content level of the thin film sample deposited by using
the inner part target @11mm is less than 3% which is lower than the
minimum requirement for the target area 5%. This target was then

temporarily ceased for the trial experiments.

Table 3.1 Results for the TS 53.5mm and 91mm

TS=53.5mm TS=91mm

Ti size §23.5 Ti%:14.1% to 17% Ti%: 11.1% t0 12.3%
Content range: 2.9% | Content range:1.2%

Ti size @36 Ti %:47.3%t053.8% | Ti%:41% to 44.2%
Content range : 6.5% | Content range : 3.2%

The grading conditions of Ti content on the samples were measured
by Origin software based on those results from EDX. And they were
displayed as Figure 3.5 and Figure 3.6. The grading conditions of Ti on the
samples deposited with a TS distance 53.5mm are better than those of
samples deposited with a TS distance 91mm. From those results, we can
make an assumption that Ti content range increases with decreasing TS

distance, meanwhile the grading condition of Ti also improves.
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Figure 3.5 Grading condition, @ Ti= 23.5mm
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Fig. 3.6 Ti content grading condition ( @ Ti= 36mm)
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In order to further decrease TS distance, new jigs with different

thickness, presented as Figure 3.7 were designed to decrease TS distance

to obtain a larger Ti content range.

L

II'S distan<:|e

(a) The position of new jig

— Jig
— Substrate

Target

Thin film

(b) The schematic of new jig

Fig. 3.7 The new jig to decrease TS

Utilizing these jigs, new TS distances were decided as 41mm and

31mm to do the experiments. The composition analyzing results are listed

as Table 3.2. Figure 3.8 and 3.9 demonstrate Ti content’s grading

conditions of the samples made by targets with inner parts §23.5mm and

@36mm. Ti content range rapidly enlarges with decreasing TS distance.

Table 3.2 Results for the TS 31mm and 41mm

TS=31mm TS=41mm
Ti size ¢23.5 Ti%:13% to 23.4% Ti%:13.1% to 17.1%
Content range:10.4% Content range: 4%
Ti size @36 Ti%:44.1% t0 61.5% Ti%:44.7% to 55%

Content range: 17.4%

Content range:10.3%
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Fig. 3.9 Ti content grading condition ( @ Ti= 36mm)

From Table 3.2, it is clearly to see that the Ti content range of the
sample which was deposited under conditions, size of inner target @36, TS
distance 31mm, is relatively satisfying which is about 17.4%. Moreover,

the grading condition of Ti content of this thin film sample as displayed as
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Figure 3.9(a) is as wonderful as desired. However, Ti content level of this
thin film sample from 44.1% to 61.5% is much higher than desired one
from 5% to 30%. We figured out two ways which can decrease Ti content
level of the sample. One way is to use an inner target with a smaller size
than @36, and another way is to utilize Zr-Ti alloy inner target instead of

pure Ti. These two methods were carried out at the same time.

Based on those results, one more thing was taken into
consideration that the desired Ti content range from 5% to 30% is too
large to be possibly obtained in one thin film sample. Besides even if it is
possible, the Ti content of sample will change sharply within a small area.
During cutting test, some compositions with certain Ti contents in the
cutting area will be destroyed and unable to measure their machinability.
Therefore, the desired Ti content range from 5% to 30% was considered to

separate into three smaller ranges, 5% to 10%, 8% to 18%, 15% to 30%

Ti content: 5% to 10% Ti content: 8% to 18% Ti content: 15% to 30%

Fig.3.10 Three samples with target Ti content
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3.3.2 Design of new inner targets to decrease Ti content level

Two kinds of new inner targets were designed to decrease Ti

content level to the desired area:
1.  ZrTialloy inner target with a size @36(at first ZrsyTiso alloy)
2. Pure Tiinner targets with smaller sizes than @36

Based on the results in Table 3.2 a figure manifesting the
relationship among Ti content, size of inner part target and TS distance
can be drawn as shown as Figure 3.11. Pure Ti inner target @15 is
supposed to lead to a thin film sample of which minimum Ti content level
is 5%, meanwhile, #25.6 is supposed to result in a thin film sample of
which maximum Ti content level is 30%. Given the consideration of degree
of accuracy and the possibility to amend the size of inner target, finally the

sizes of new pure Ti inner target were decided as @17 and @27.
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Fig. 3.11 Relationship among Ti content, size of inner part target and TS distance

These three new inner targets were employed to do the trial
experiments and results were analyzed with same methods mentioned
before. Ti content level in the thin film sample by using ZrsgTiso alloy inner
target with a size @36, under sputtering condition: plasma power 300W,
TS distance 31mm, was from 17.9% to 29.6% which successfully decreased
to the desired area. Although the Ti content range also decreased from
17.4% to 11.7%, it was enough to match the third desired range from 18%
to 30% described in Figure 3.10. As shown in Figure 3.12, the grading
condition of Ti content in this thin film sample is acceptable except for the
offset between the center of sample and the center of grading, which is

induced by the offset between the centers of substrate and target. In
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order to solve this problem, a jig presented as Figure 3.13 was designed on

which substrate can slide to adjust the position.

Ti content at.%
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Fig.3.12 Ti content grading condition (@ ZrsTiso= 36mm, TS=31mm)

Axis of substrate stage

- 110 -—

Fig.3.13 Schematic of new jig
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Ti content level in the samples by using pure Ti inner targets with
sizes of @17 and @27, under sputtering condition plasma power 300W, TS
distance 31mm, were 5.05% to 8.88% and 18% to 28.9% respectively,

which are almost the same as expected results based on Figure 3.11

As a result, both these two methods can decrease Ti content level to
the desired area. However, if using pure Ti inner targets, three desired Ti
content ranges means it needs to make three sets of inner part targets
and outer part targets with different sizes of inner targets. On the contrary,
in the case of alloy inner target, only by adjusting the composition of inner
alloy target, thin film samples with different Ti content level can be
achieved. Besides, all the outer targets can be shared due to the same size
of inner part. Consequently, for the experiment adopting Ni-Nb-Ti target,
inner part target was determined to be Ni-Nb-Ti alloy instead of pure Ti

with a size of @36.

62



3.4 Trial experiments using Ni-Nb-Ti alloy inner targets

Ni-Nb-Ti alloy inner targets were fabricated in an arc furnace
(ACM-S01T, Diavac Limited). Based on the results of previous experiments
using Zr-Ti targets, three inner part targets and outer part targets were
made at first with compositions as: inner parts, Ni,gNbsgTizy, NizgNbssTisa,

NilSNbZOTiGSI and outer parts, Ni35Nb65, Ni40Nb60, NisoNb50.

By using those targets, thin film samples with grading compositions
were fabricated under the sputtering condition described in Table 3.3.The
compositions and the Ti grading condition of those thin film samples were
examined by EDX and the results are displayed as Figure 3.14, Figure 3.15
and Figure 3.16.

Table 3.3 Parameters for fabrication of thin film samples

RF power | Sputtering pressure | Sputtering time | TS distance

300 W 1Pa 30 min 31 mm
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It is clear that the grading condition of Ti content in those thin film
samples were not as good as trial experiments. Sputtering process for
three elements is more complicated than that for two elements. But from
these three figures, an assumption can be made that there is a tendency
that Ti content grading condition of thin film samples made by using inner
target NijsNbygTigs with less Ni content becomes a little better than that of
samples made by using other two inner targets. However compositions of
thin film samples are beyond the desired area with less Ni content as

shown in Figure 3.16.

In order to further improve the Ti grading condition, Ni content in
inner targets was decided to reduce to zero. As a result, the inner targets
become to be two elements Nb-Ti alloy without Ni element, which is
expected to obtain thin film samples with good Ti grading condition as
trail experiments using Zr-Ti alloy inner targets. Meanwhile the outer
targets are decided to become Ni-Nb alloy with higher Ni content level to
make sure the compositions of samples are within the desired area. Based
on the results of trial experiments, the compositions of Nb-Ti inner targets
were calculated to be: NbsyTisg, NbggTisa and NbgsTii;, while Ni-Nb outer
targets to be NiggNbso, NizgNbszg, NiggNb,y and NiggNb,o. Those targets will

be used to fabricate thin film samples for machinability test.

Before that there is one thing need to be confirmed, the feasibility
of the novel combinatorial method of machinability. As shown in Figure

3.16 thin film sample made by the target with inner part Ni;sNb,Tigs and
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outer part NisgNbsg has best Ti grading condition even though some
compositions is with Ni content less than desired area. Outer part Niggbsg
with little higher Ni content was used to made sample for trial experiment
of cutting test of confirm the feasibility of combinatorial method of

machinability.

3.5 Trial experiment of cutting test using sample made by inner

target NiisNb,oTigs and outer target NiggNbao

Thin film sample was deposited on the cutting substrate as shown
as Figure 3.17 for cutting test by using the target with inner part
Ni;sNbyoTigs and outer part NiggNbsy under sputtering condition as TS

distance 31mm, plasma power 300W, sputtering time 13h.

Fig. 3.17 Schematic of cutting substrate
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In order to avoid the appearance of crystallization of thin film
sample which might be induced by the long-time sputtering and high
temperature, a cooling jig was design to place under cutting substrate,
presented as Figure 3.18. Composition result of the cutting sample was

measured and shown in Figure 3.19.

[/ |
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~ I

/ ///// 4 Water road
ing i —q e for cutt

Cooling jig Substrate for cutting test

Thin filmn

Target

cooling part
| 1

T l;'f
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Fig.3.18 Schematic of cooling jig
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An ultra-precision diamond machining system (Nano-100) was
adopted for cutting tests to measure the machinability of thin film sample.
The sample was cut by a cutting tool with single crystal diamond radius bit
(R=0.5 mm) with a constant cutting speed 4mm /s, a radial feeding rate
1um /rev, a constant axial feeding distance 0.1 um and feed direction
from the center to the outer. The rotation speed of main spindle was
controlled to make the cutting speed constant. The same cutting process
was repeated for 50 times to obtain a cutting depth 5 um. As we known,
the surface of thin film sample fabricated by conventional parallel-plate
sputtering system is arc-shaped. So the cutting sample was ground into
flat before cutting test. The sample after cutting test is shown in Figure
3.20. Some part around center peeled off which was assumed to be the
result of lack of sticking force between sample and cutting substrate. The
roughness (Ra) of cut surface was measured along X Axis drawn in Figure

3.20 and the result is displayed as Figure 3.21.

The area marked A is with a relatively less roughness (Ra) 18nm
which does not reach the requirement of glass lens mold material. Within
this thin film sample with grading composition, we have not found out a
composition qualified for glass lens mold material with high requirement
on machinability. However, the result demonstrates the advantage of this
novel combinatorial method for evaluation of machinability that it is able
to measure the machinability of plenty of compositions at one time using

one sample.
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Fig. 3.21 Result of roughness (Ra) measurement
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3.6 Summary

Since the conventional method for machinability test s
time-consuming and has a high cost, a novel combinatorial evaluation
method for machinability was proposed in this chapter. The feasibility of
this novel method relies on whether a thin film sample with grading

composition can be fabricated or not.

At first trial experiments were carried out to determine the
influence of two factors: the size of inner target and the distance from
target to substrate, on the grading condition of Ti of the thin film samples.
Zr was applied for trial experiment, instead of Ni-Nb, due to the nearly
same sputtering rate and lower price. The results are displayed in Table

3.1 and 3.2.

The thin film samples deposited under conditions: size of inner
target @36, TS distance 31mm, were found out to have satisfying results,
good Ti content range and grading condition. As a result, the size of inner
target and TS distance were decided to be @336 and 31mm for fabrication
of thin film samples with grading compositions. However, under this
condition Ti content level was higher than the desired one. Then Ti alloy
inner targets were adopted instead of pure Ti to decrease Ti content level

on the samples.

Three inner part targets were designed at first, NiygNbsgTiy,,

Niy1NbssTiszs, NiisNbyoTigs. The results of those targets shows that
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increasing Ni’s content level in outer part or decreasing Ni’s content level
in inner part, Ti content grading condition becomes a little better. As a
result, the inner targets are decided to become Nb-Ti alloy without Ni
element to fabricate thin film samples for machinability test by

combinatorial method.

Before the experiments using Nb-Ti alloy inner targets, the
feasibility of novel combinatorial method on machinability has to be
confirmed. As shown in Figure 3.16 thin film sample made by the target
with inner part Ni;sNbyoTigs and outer part NisgNbsg has best Ti grading
condition even though some compositions is with Ni content less than
desired area. Outer part Nigobsg with little higher Ni content was used to

made sample for trial experiment of cutting test.

The roughness of cut surface had been measured. Although the best
value of roughness is 21nm which is larger than the requirement for glass
lens mold material 5nm, the result had proved the feasibility of the novel

combinatorial method on machinability introduced in this research.
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Chapter 4 Evaluation of machinability for Ni-Nb-Ti alloys

using the novel combinatorial method

4.1 Experiments using Nb-Ti inner targets

As mentioned in chapter 3, inner part targets were decided to be
Nb-Ti alloy with Ni element in order to improve Ti grading conditions of
thin film samples which were finally designed as NbsqTisg, NbggTiza, Nbg3Tiy;
with diameter 36mm. While outer part targets were decided to be Ni-Nb
alloy with higher Ni content level to make sure Ni content within desired
area which were finally designed as NiggNbig, NiggNbyo, NizgNbsg and
NigoNb4g. 12 groups of targets can be obtained by combining those outer
targets with three inner targets mentioned above. Those targets were
assembled to a conventional parallel-plate sputtering system respectively
to make twelve thin film samples under the following conditions:
Sputtering pressure 1Pa, RF power 300W, Sputtering time 30 min, TS

distance 31mm.

The compositions of fabricated thin film samples were examined by
EDX. Based on EDX data, the composition and Ti grading condition of each

sample was analyzed and shown from Figure 4.1.to Figure 4.3
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Fig. 4.1 Results for inner part target NbgsTiy; , outer part targets: (a) NiggNbgo, (b)
NizoNbsg , (c) NigoNbyo and (d) NiggNb1o
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Fig. 4.3 Results for inner part target NbsoTiso , outer part targets: (a) NiggNbyo,

(b) NizoNbso, (c) NiggNb2g and (d) NigoNb1g

Ti content level and range of each thin film sample have been
summarized in Table 4.1, which reveals that the higher Ti content level is
in inner target, the larger is Ti content range in the thin film sample. Four

thin film samples made by using inner target NbsyTiso have larger Ti
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content range than that of thin film samples made by using other two
inner targets with lower Ti content level. The thin film sample 1 deposited
by inner target NbsgTiso, outer target Ni;gNbszg has the largest Ti content
range about 10.5%. In addition, Ti grading conditions of those thin film
samples shown in Figure 4.3 are better than that of the thin film samples

made by other inner targets.

According to the data from EDX presented in Table 4.1, Figure 4.4
can be drawn to demonstrate composition results of those twelve thin
film samples. The area marked by red line in Figure 4.4 is the desired area
which has high thermal stability acquired from previous research’s result
in our laboratory. These twelve samples’ compositions can cover most
part of the desired area. However, there is still some blank area uncovered.

New inner targets are going to be designed to cover the blank area.

Table4. 1 The Ti content level and range results of thin film samples

Inngr“ter NigoNbsg NigoNb3o NizoNbsg NigoNbag
NbsoTisg | Ti:16.8% t026.8% | Ti:13%t021.9% | Ti:15.5% to26% | Ti: 20% to 28%
Range: 10% (1) Range: 9.1% (2) Range:10.5% (3) Range:8% (4)
NbggTiza Ti:10%t017.7% Ti:9.2% t0 16.7% Ti: 8% to 15% Ti:11% to 17%
Range: 7.7% (5) Range: 7.5% (6) Range : 7% (7) Range :6% (8)
NbgsTiqy Ti:4% to 8% Ti:2.5% t0 6.5% Ti:2.7% t0 7.7% Ti:2.6% to 7.6%
Range: 4% (9) Range: 4% (10) Range: 5% (11) Range: 5% (12)
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Fig.4.4 The composition results of thin film samples

The compositions of thin film sample 3 are entirely within the

desired area. Besides that, it has largest Ti content range among those
twelve thin film samples as presented in Table 4.1. As shown in Figure
4.3(b), thin film sample 3 also owns great grading condition of Ti.

According to those, thin film sample 3 was considered to be first sample

for cutting test.
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4.2 Cutting test result for the sample made by inner target

NbsoTiso

Due to the largest Ti content range and good Ti grading condition,
thin film sample 1 deposited by inner target NbsoTiso and outer target
Ni;oNbso, was decided to be the first sample for cutting test. In this case,
sputtering time was extended to around 5 hours to make a cutting sample

with a thickness about 20um.

Figure 4.5 displays the composition result of this cutting sample.
The compositions of entire sample are within the desired area marked by
red line in the Figure 4.5. Ti content level of the sample is from 15.6% to
24.4%. Although it has a deviation about 1.7%, it is assumed that long-
time sputtering does not have a serious impact on the condition
distribution. Ti’s grading condition of this cutting sample is shown as
Figure 4.6. There is a deviation about 5mm between the centers of Ti
grading and substrate. However, on the concentric circles centered on the
center hole of substrate, there is only less than 1% change of Ti content

level. So this deviation is assumed to have little impact on cutting test.
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Fig.4.5 Composition of cutting sample  Fig.4.6 Ti grading condition of cutting sample

An ultra-precision diamond machining system (Nano-100) was
adopted for cutting tests to measure the machinability of thin film
samples. The sample was cut by a cutting tool with single crystal diamond
radius bit(R=0.5 mm) with a peripheral speed 4 mm /s, a radial feeding
rate 1 um /rev, a constant axial feeding distance 0.1 um. The same cutting
process was repeated for 50 times to obtain a cutting depth 5 um. As we
known, the surface of thin film sample fabricated by conventional
parallel-plate sputtering system is arc-shaped. So the cutting sample was

ground into flat before cutting test.

As demonstrated in Figure 4.6, Ti grading condition is round and
symmetric, which leads to that every diameter line can contain whole Ti
content range of the entire cutting sample. In other words, it only needs
to measure the roughness of a diameter line instead of entire surface to

acquire machinability of whole sample. Subsequently, surface condition of
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the sample after cutting test was evaluated along X axis as displayed in

Figure 4.7 by an optical metrology instrument.

T6mm

TO5mm

Fig.4.7 The sample after cutting test

The result of roughness measurement is demonstrated in Figure 4.8.
Ra of a sampling length 0.07mm is recorded as roughness value of center
point of this sampling area. In Figure 4.8, the area marked A has relatively
better surface condition with an average roughness 21nm, and the
average composition of this area measured by EDX is to be Ni3; ;Nb3zgsTiss.
Although the smallest value of roughness on the surface of this cutting
sample is higher than 5nm which is required as mold material for glass
lens with diffractive gratings, the results of this cutting test successfully
confirm the feasibility of the novel combinatorial method on machinability

proposed in our research.
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Fig.4.8 The roughness results of the cutting sample

4.3 Experiment using new additional Nb-Ti inner targets

As shown in Figure 4.4, there is still some blank area uncovered by
using exist inner targets. Therefore, new inner targets NbygTigg, Nb75Tiys,
were designed to cover it. Using these two inner targets, new thin film
samples were made under the following conditions: Sputtering pressure

1Pa, RF power 300W, Sputtering time 30 min, TS distance 31mm.

The composition of each sample was examined by EDX and the
results of Ti content level and range were summarized in Table 4.2. The

results also confirm the conclusion made before that the higher Ti content
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level is in the inner target, the larger is the Ti content range of thin film

samples.

Table 4.2 The Ti content level and range results of new thin film samples

Quter

NigoNb1o NigoNbyo NizoNbsg NigoNbag
Inner
NbsgTigo | Ti: 18.7% to Ti:18.4% to Ti:15.7% to Ti:17.8% to
33.6% (1) 29.1% (2) 27.2% (3) 30.1% (4)
Range:14.9% Range: 10.7% Range:11.5% Range:12.4%
NbssTirs | Ti: 6% to 12.3% Ti:5.2%t011.3% | Ti:4%t010.5% | Ti:4.1%to0 10.7%

Range:6.3% (8)

Range: 6.1% (7)

Range:6.5% (6)

Range:6.6% (5)

Figure 4.9 and Figure 4.10 present the composition results of thin

film samples made by inner target NbygTigo and Nby5Tiys respectively. In the

Figure 4.9 and Figure 4.10, the gray area is the composition results of thin

film sample made by previous three inner targets NbsoTisg, NbggTisa,

NbgsTiy7, same as in Figure 4.4. As we can see, by using the two new inner

targets, it can fabricate thin film samples to cover the blank area in Figure

4.4,

88



00/ N,
0 25 50 75 100

Ni at.%
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Fig.4.10 Composition results for the samples made by inner targets NbssTiys
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The grading conditions of Ti content for the thin film samples made
by inner target NbygTigop and Nb,sTiys are shown in Figure 4.11 and Figure
4.12. Since the composition of the thin film sample 1 fabricated by using
inner target NbyTigo and outer target NiggNb,qis almost out of the desired
area as shown in Figure 4.11(d), and the composition result of thin film
sample 7 fabricated by using inner target Nb,sTi,s and outer target
NigoNb,o coincides with that of other samples as shown in Figure 4.10,
these two thin film samples are no need to fabricate for cutting test.
Moreover, thin film samples made by inner target Nb,sTi 5 contain the
useful part of composition in thin film samples made by inner target
NbgsTis7 as shown in Figure 4.10. Thus inner target Nbg;Tiq; will be useless
for the following experiments. Only four inner targets NbssTiys, NbggTizg,
NbsoTisg, and NbygTigo, Will be used to make thin film samples for cutting

test.
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Fig. 4.11 Results for inner part target Nb4oTigo , outer part targets: (a) NiggNbyo, (b)

NizoNbso , (c) NigoNbao and (d) NiggNb1o
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Fig. 4.11 Results for inner part target Nb4oTigo , outer part targets: (a) NiggNbyo,

(b) NizoNbsg, (c) NigoNb,g and (d) NigoNb1g
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Fig. 4.12 Results for inner part target Nb;sTi,s , outer part targets: (a) NiggNbyo,

(b) NizoNbsg, (c) NigoNb,g and (d) NigoNb1g
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4.4 Experiments using a cover mask

4.4.1 Design of a cover mask

As mentioned above, Ti grading condition of the thin film sample
made by combinatorial targets is symmetrical. During the measurement of
surface roughness of cutting sample, it is only need to examine the surface
roughness along one diameter which can contain the entire Ti content
level of the whole sample. As a result, a cover mask was designed to
deposit cutting sample on two perpendicular diameters of substrate.
Meanwhile other cutting samples can be deposited on the blank area of

the same substrate.

By using a cover mask, three samples can be deposited onto one
substrate displayed as Figure 4.13. First, a cover mask with four slits is
used to cover the substrate. Then sample 1 is sputtered on the substrate
by target 1. Next, the cover mask is rotated and sample 2 is sputtered on
the substrate by target 2. The same process will be repeated until a library
with 3 samples has been sputtered on the substrate. Consequently
machinability evaluation of three samples can be done by just one cutting

test, which will further reduce experiment times and cut down the cost.

According to the dimension of the substrate and jigs, the cover mask
was designed as in Figure 4.14. Grooves with the depth 0.5mm were
designed in order to avoid destroying deposited samples on the substrate

while new samples were being sputtered by the other target.
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Covering substrate  Sputtering with  Rotating the  Sputtering with Cutting sample
with a mask target 1 mask target 2

Fig.4.13 Fabrication of a cutting sample using a cover mask

Al .y
depth 0.5 AA et

Fig.4.14 Schematic of the cover mask
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4.4.2 Composition results of thin film library samples made by using a

cover mask

As mentioned in last section, cover mask was designed to further
improve the combinatorial method of machinability which is able to
combine three samples onto one substrate. The slits on cover mask were
designed with a length 26mm, width 3mm. Since these dimensions are
relatively small, the thickness of cover mask cannot be too large or it will
have a great impact on the deposition of thin film samples. However,
cover mask is too thin to contact the substrate firmly, which makes
deposited sample shown in Figure 4.15 not as expected that some part of

thin film samples are overlapping.

le

Fig. 4.15 Sample by using only cover mask  Fig.4.16 sample by using cover mask and

without support jig support jig

As a result, a support jig was designed to make the cover mask
firmly in contact with substrate. In order not to bring bad impact on the
deposition of thin film samples, the width of slits on support jig is almost

three times that on the cover mask. Using this support make it to fabricate
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thin film sample as expected shown in Figure 4.16. The specific dimensions

of the support jig are explained in Figure 4.17.
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Fig.4.17 Schematic of the support jig

Thin film samples were fabricated by using cover mask and the
support jig, composition of which were evaluated to check the impact
induced by the use of cover mask. Based on the results explained in
previous sections, inner target NbyoTigg with less Nb element was
combined with outer targets with high Nb element, NiggNb,o, Ni;oNbspand
NigoNb,o to make thin film library. Meanwhile the rest inner targets were
combined with NiggNbip NiggNb,y and Ni;gNbsg to make thin film libraries.
The composition distribution of those thin film libraries were measured

and displayed in following figure from Figure 4.18 to Figure 4.22.
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Fig.4.18 Results for inner part target NbygTiso , outer part targets: (1) NigoNbaso, (2)

NizoNbsg, (3) NiggNbyo; (a) without using cover mask (b) using cover mask

75
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Fig.4.19 Results for inner part target NbsoTisg , outer part targets: (1) Ni;oNbszg , (2)

NigoNb,g and (3) NiggNb1g; (@) without using cover mask (b) using cover mask
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(2) 0 (b)
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Fig.4.20 Results for inner part target NbggTiz4 , outer part targets: (1) NizoNbsy , (2)

NigoNb,o and (3) NigogNbyg; (@) without using cover mask (b) using cover mask

(b)

50 7
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Fig.4.21 Results for inner part target NbssTiys , outer part targets: (1) Ni;oNbso , (2)

NigoNby and (3) NiggNb1p; (a) without using cover mask (b) using cover mask
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Fig.4.22 Results for inner part target NbgsTiy; , outer part targets: (1) NizoNbsy , (2)

NigoNb,o and (3) NigogNbyg; (@) without using cover mask (b) using cover mask

Composition range of thin film samples made by using cover mask is,
as expected, smaller than that of thin film samples made without cover
mask. However, the compositions of thin film libraries made by cover
mask are within desired area and the difference of composition caused by

the use of cover mask is acceptable.

As shown in Figure 4.20 (b) and Figure 4.21 (b), composition area of
thin film library made by inner target NbsTi,s almost coincide with that of
thin film library made by inner target NbggTizs . As a result, this inner target
is useless for the following experiments. Four thin film libraries made by
other four inner targets can almost cover the entire desired area as shown
in Figure 4.23. The results of Ti content level and range of these four thin

film libraries are displayed in Table 4.3.
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Due to the application of cover mask, it needs only four times

cutting test to evaluate the machinability of entire target area. Among

those thin film libraries, library 2 and library 3 are decided to be the first

two cutting samples for machinability test.

Table 4.3 The Ti content level and range results of four thin film libraries

NbyoTigo Ti ¢ 151% to | Ti : 19% to [Ti : 20.1% to
(D 31.9% 32.2% 36.2%
Range: 16.8% Range:13.2% |[Range:16.1%
NbsgTisg Ti : 196% to | Ti : 157% to | Ti : 17.7% to
(2) 36.3% 27.1% 28.8%
Range: 16.7% Range: 11.4% Range:11.1%
NbggTisa Ti : 11.7% to | Ti : 9.1% to | Ti : 10.8% to
(3) 17.5% 16.7% 19.2%
Range: 5.8% Range: 7.6% Range:8.4%
NbgsTiq7 Ti : 66% to|Ti : 56% to|Ti: 54% to
(4) 11.2% 9.2% 9.5%

Range: 4.6%

Range: 3.6%

Range:4.1%
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Fig.4.23 Composition results of four thin film libraries
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4.5 The result of cutting test for thin film library

As mentioned in the last section, library 2 and 3 shown in Figure
4.23 were chosen to be the first two samples for cutting test. The cutting
sample shown in Figure 4.24 (a) was fabricated by using inner target
NbsoTiso, outer targets NiggNb4o; NiggNb,gand NisgNbsg. Each strip of cutting
sample is with a width 3mm which is too thin and easy to be broken
during cutting process. Before applied to cutting test, fabricated cutting
sample was electroplated a layer of Ni to fill the gap between the strips of
cutting sample and ground into a flat. Since Ni is with good machinability,
the filling of Ni in our case was considered not to have serious influence

on the cutting result of sample.

An ultra-precision diamond machining system (Nano-100) was
adopted for cutting tests to measure the machinability of thin film sample.
The sample was cut by a cutting tool with single crystal diamond radius bit
(R=0.5 mm) with a constant cutting speed 4mm /s, a radial feeding rate
1um /rev, a constant axial feeding distance 0.1 um and feed direction
from the center to the outer. The rotation speed of main spindle was
controlled to make the cutting speed constant. The same cutting process

was repeated for 50 times to obtain a cutting depth 5 um.

Figure 4.24 (b) displays the cutting sample after cutting test. It is
clearly to note that sample 1 was completely peeled off and so did some
part of sample 2 and 3. The occurrence of this problem was regarded as

the lack of adhesion between cutting sample and substrate. In order to
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solve this problem, an adhesive layer of Cr was considered to be deposited
between cutting sample and substrate during the fabrication of

subsequent cutting samples.

(a)

Fig.4.24 Cutting sample made inner target NbsoTiso: (a) before cutting test; (b)

after cutting test

Figure 4.25 (a) shows the cutting sample fabricated by using inner
target NbggTizs, outer targets NiggNbg; NiggNb,gand NizgNbsg. As shown in
Figure 4.2, Ti content in this cutting sample changes sharply in the edge
area of sample, which make the edge part more valuable since it contains
a large range of Ti content. As a result, the grooves in the cutting substrate
were removed in order to obtain more results of machinability test. The
cutting sample was cut under same cutting condition described before. As
shown in Figure 4.25 (b), the peeling off problem has been improved. Only

two strips of sample 3 have been broken.
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i _ )

Fig.4.25 Cutting sample made inner target NbggTis4: (a) before cutting test; (b)

after cutting test

After the cutting test, roughness of the surface of these two cutting
samples was measured and the result is demonstrated in Figure 4.26.
Roughness of each composition is distinguished by color. Red one
represents that the roughness is less than 5nm which is the requirement
for glass lens mold material. The specific result roughness is presented in
Figure 4.27. Finally, the average composition of those with good
machinability was measured to be Nis;Nbs3Tiis. The compositions with
good machinability locate around the edge area of the cutting sample
where the condition of bit was supposed to be worse than the beginning.

It makes roughness result of this composition more reliable.
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It is successful to find the amorphous alloy with good machinability
for glass lens mold material by the novel combinatorial method proposed
in this paper. However, as mold material for glass lens, there is another
important requirement which needs to meet, thermal stability. In the next
chapter, thermal stability of this composition will be evaluated to confirm

whether it qualifys for mold material for glass lens.

75

® Ra less than 5nm
Ra from 6 to 10 nm
Ra from 11 to 15nm

e Ra from 16 to 20nm

Ni (at.%)

Fig.4.26 The roughness results for the cutting sample
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Fig.4.27 specific result of roughness
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4.6 Evaluation of mechanical properties of Nis;Nb33Tis6

4.6.1 Evaluation of tensile strength

In order to measure the tensile strength, alloy samples were
sputterred on Cu foils, which were dissolved in HNO2+H20 (1:1). Left
samples were cut into 1mm x 7mm shape by a diamond wire saw
(Musashino Electron) for tensile tests which were performed using a
thermal mechanical analyzer (TMA; TMA-60, Shimadzu) with a strain rate

of 1.42x10-4/s.

From tensile test’s results, stress-strain curve was drawn as Figure
4.28. The samples fractured during the tests and the fracture stresses is

2.24 GPa higher than desired one (1.0 GPa) for glass lens mold materials.

3
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Fig.4.28 Stress-strain curve of Nis1Nbs3Tise
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4.6.2 Evaluation of hardness

For hardness test, the nano-indentation method was applied using
the equipment with atomic force microscope (SPI-3000, Seiko Instruments)

and a nonoindenter (Triboscope, Hysitron).

Figure 4.29 displays the result of hardness test. The hardness of
Nis;NbssTi;g is lower than NizsNbyoZrys as predicted in Chapter 2. It
becomes apparent that hardness of the sample is higher than desired one

(7.0GPa) for glass lens mold materials.

10GPa

9.1GPa

Hardness GPa

Ni51Nb33Ti16 Ni35Nb40Zr25

Fig.4.29 Hardness result of Nis1Nb33Tiie
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4.7 Summary

In this chapter, Nb-Ti alloy inner targets were designed to do the
experiments. Based on the results in last chapter, the composition of inner
targets were decided to be NbsgTisg, NbggTizs and NbgsTiy;, which were
combined with outer targets NiggNbg, NiggNbyg, NizgNbsg and NiggNbag to
fabricate thin film samples. These twelve samples can almost cover the
desired composition area with high thermal stability. The composition
result of these samples manifest a tendency that the higher Ti content
level is in inner target, the larger is Ti content range in the thin film sample.
The thin film sample deposited by inner target NbsTisg, outer target
Ni;oNbsg has the largest Ti content range and a good grading condition of

Ti, which was decided to be the first cutting sample.

The composition result of cutting sample confirmed that long- time
sputtering does not have a serious impact on the condition distribution.
Roughness of the sample was measured to be larger than the requirement
for glass lens mold material 5nm. Although the composition with good
machinability has not been found, it confirmed the feasibility of the novel
combinatorial method for evaluation of machinability proposed in this

thesis.

Ti grading condition of the thin film sample made by combinatorial
targets is symmetrical which means that only a few parts of sample can
cover the Ti content range of the entire sample. This makes it possible to

further improve the combinatorial method by a cover mask. By using a
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cover mask, three samples can be deposited onto one substrate. The
composition results of thin film libraries confirmed that the application of
cover mask did not have serious influence on the composition distribution

of samples.

Two cutting samples were fabricated for cutting test, by using inner
target NbsgTisp and NbggTiss, combined with outer targets NiggNbig;
NigoNb,o and Ni;gNbsy. After cutting test, surface roughness of cutting
samples was examined. Finally, a composition Nis;Nbs3Ti;g was found to be
with roughness less than 5nm which is the requirement for glass lens mold
material. Moreover, the mechanical properties of Nis;Nbs3Ti;g are
measured to meet the requirements for glass lens mold material. Thermal
stability of this composition will be evaluated in the next chapter to

confirm whether it qualifys for mold material for glass lens.
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Chapter 5 High-throughput evaluation of crystallization

properties

5.1 Measurement of crystallization temperature

In the chapter 4, amorphous alloy Nis;Nb33Ti;¢ was found to be with
good machinability. However, as mold material for glass lens with
microstructures, there are many requirements other than machinability,
the important one of which is thermal stability. Since the mold will be
heated up to the melt temperature of glass, it requires that amorphous
alloy as mold material can withstand the high temperature during glass
lens fabrication process.

As we known, amorphous materials, when heated up to the
temperature over T, (crystallization temperature), will turn into crystalline
materials. As mold material for glass lens, T, of Nis;Nbs3Ti;g is demanded to
be higher than melt temperature of glass. In this research, BK7(Schott AG)
with melt temperature 723K is chosen as glass lens material, which is
widely used as lens material.

Along with the crystallization, several optical properties of
amorphous material are changed. One of that is emissivity which is
applied to the measurement of T,. All matter with a temperature greater
than absolute zore emits thermal radiation. The emissivity of a material €
is the relative ability of its surface to emit energy by radiation. The amount

of radiation emitted by an object increases with temperature. The
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relationship among radiation energy W, temperature T and emissivity € is
demonstrated as Function 5.1 according to Stefan-Boltzman law. o is
Stefan-Boltzman constant.

W = eoT? (5.1)

According to Stefan-Boltzman law, the thermography is used to
make a temperature measurement of an object by setting an emissivity.
Since it can be difficult to determine the appropriate emissivity for a
subject, the temperature obtained by the set emissivity &’, is called
apparent temperature T, which is not the real temperature of the object.

The principle of the measurement is simply described as Figure 5.1.

Sanie Infrared radiation Thermography
Splins s iRdiEtionenergy: W 0 | Setting emissivity : &
Temw “| | Apparent temperature: T,

W=c&T*? W=c¢&T?

Fig.5.1 Principle of thermography

However, thermography actually can detect only the infrared
radiation with a certain wavelength area not the entire one. This problem
is considered and corrected in the software. According to the principle
demonstrated in Figure 5.1, Function 5.2 can be deduced.

'
—= O (5.2)

As it mentioned before, when amorphous materials crystallize, the
emissivity € will change. Based on Function 5.2, the change of emissivity €
can be detected on T- Ta curves as shown in Figure 5.2. The temperature
of change point is defined as crystallization temperature Tx. As a result, Tx
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of amorphous materials can be measured by T- Ta data.

}\rc / E ' . t gup
MISSIVI
Y & constant

Edown

T, T

Fig.5.2 Change of emissivity on T-T, curves

The crystallization temperature of Nis;NbssTiig which has good
machinability explained in Chapter 4 was evaluated by the same method.
Nis1Nbs3Tiig thin film sample was deposited on Alumina substrate. This
sample was heated in a vacuum chamber up to 1023K at heating speed
12K/min. The real temperature of sample was measured by thermocouple
while the apparent temperature of sample was measured by
thermography.

Based on the temperature data, the T-T, curve was drawn as Figure
5.3. It shows a clear change of emissivity when temperature reaches to
881K. The crystallization temperature of Nis;Nbs3Tig is 881K which is

higher the molding temperature of glass lens 723K.
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Fig. 5.3 T-T, curve of Nis;Nbs3Tiie thin film amorphous alloy

5.2 Principle of TTT test and results

As shown in section 5.1, the crystallization temperature of
Nis1NbssTiig is measured to be 881K which is higher than the molding
temperature of glass lens. However, even at lower temperature,
crystallization can also happen as long as the heating time is long enough.
Time is a very important factor other than temperature for the evaluation

of thermal stability.

For the TTT (time-temperature-transformation) test, a setup as
displayed in Figure 5.4 was used. Since a heater is set at one end of
sample while a cooling system at the other end, there is a grading
distribution of temperature on the sample. As a result, it can obtain

Time-T, results of different temperature by one sample which is explained
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in Figure 5.5. As shown in Figure 5.5 (b), the crystallization is displayed by
the change of apparent temperature measured by thermography since the
real temperature is constant. The real temperature of each position can
evaluate by the reference. Finally the TTT diagram can be made as shown

in Figure 5.5(c)[32].

Thermography
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Fig.5.4 Schematic of experiment setup of TTT test
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Fig.5.5 The principle of TTT test

The real temperature distribution of substrate was measured when
the controller’s temperature increased to 773K, 873K, 973K, 1023K and
1123K. The controller’s temperature is the surface temperature on the end
of sample near heater which is measured by thermocouple. As a result,
the controller’s temperature can be considered as the highest temperature
of sample. The temperature distribution result is shown in Figure 5.6. The
temperature distribution on the sample is linear no matter in the case of
low temperature or high temperature which meets the requirement for
TTT test. Other than that, it is clearly to see that the temperature range of
sample increases with the controller’s temperature which makes it quite

efficient in the case of high temperature test.
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Fig.5.6 Temperature distribution on the sample

The thin film sample for TTT test is shown in Figure 5.7. Nis;Nb33Tig
alloy was sputtered on Alumina substrate with grooves. Those grooves are
cut to avoid extension of crystallization which will have a bad impact on
the TTT result. The phase of thin film sample was measured by XRD and
the result displayed in Figure 5.8 shows that the sample made for TTT is
amorphous before heating. This thin film sample was set in the vacuum
chamber and heated at a speed around 12K/min until the controller’s
temperature increased up to 1023K and then maintain at this temperature

for 2 hours.
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Fig.5.7 Thin film sample for TTT test
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Fig.5.8 XRD profile of Nis;Nbs3Tig

The temperature of controller was measured by thermocouple and
demonstrated in Figure 5.9. It took around 4200s to increase to the set

temperature 1023K. The apparent temperature of thin film sample was
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recorded by thermography.

Figure 5.10 demonstrates the apparent temperature results of
several points on the thin film sample with real temperature over than
crystallization temperature 881K. The change of apparent temperature
increasing rate shows that the sample crystallized in the heating process as
expected. Figure 5.11 demonstrates the apparent temperature results of
several points on the thin film sample with real temperature lower than
crystallization temperature 881K. Even the real temperature of these
points were lower than T,, the change of apparent temperature marked by
the black dash lines shows the occurrence of crystallization. From the
results shown in Figure 5.11, the TTT diagram can be drawn as in Figure
5.12.

The fitted time-temperature curve indicates that the lower the
temperature is, the more time is needed for crystallization. The thermal

stability of Nis;Nbs3Tig is satisfying as mold material for glass lens.
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Fig 5.9 Temperature of controller measured by thermocouple
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Fig 5.12 TTT curve of Nis;Nbs3Tisg thin film sample
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5.3 Experiments of oxidation resistance and adherence to glass

5.3.1 Experiment of oxidation resistance

In the production of glass lens, the molding process is operated in
the air that requires mold material has high oxidation resistance. In our
research, oxidation resistance experiment was carried out at temperature
723K in the air. The Nis;Nbs3Tii¢ alloy sample was heated to 723 K and the
temperature was maintained for 20h and 40h. After that, XRD was using to
measure the occurrence of oxidation.

The result of Nis;Nbs3Ti;g was shown in Figure 5.13. The peak around
26=26° is believed to be caused by oxidation product TiO,. However, the
oxidation condition does not enhance even when the heating time
increase from 20h to 40h. It is considered that the formation of oxidation
product TiO, provides a protective layer to prevent further oxidation. As a

result, this peak is not a problem for our research.
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Fig.5.13 XRD pattern for Nis;Nbs3Ti;g sample
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5.3.2 Experiment of adherence to glass

The mold material for glass lens is required not to react with glass
products. The adherence of Nis;Nbs3Tiig to glass was evaluated by the
following experiment. A layer of Nis;Nbs3Ti;g amorphous alloy was
deposited on the surface of mold with a thickness around 10um. At first, a
piece of glass material (K-PSFn3) was placed on the surface. Next, the
mold was heated up to temperature 723K and the temperature was kept
at 723K. After that, the glass material was pressed at pressure 0.82MPa
for 600s. Finally, the glass product was removed from the mold. The same
experiment was repeated for ten times. The glass product and mold after
ten times molding are shown in Figure 5.14 and 5.15. There is no
occurrence of discoloration or peeling off which proves that no reaction

happens between glass and Nis;Nbs;Ti;g amorphous alloy.

Fig.5.14 Molded glass
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Fig.5.15 Mold after ten times molding test

5.4 Summary

The thermal property of Nis;NbssTiig with good machinability was
evaluated. NisiNbs3Tiig thin film sample was deposited on Alumina
substrate. This sample was heated in a vacuum chamber up to 1023K at
heating speed 12K/min. The real temperature of sample was measured by
thermocouple while the apparent temperature of sample was measured
by thermography.

The crystallization temperature of Nis;Nbs3Ti;g was measure to be
881K which is higher the molding temperature of glass lens 723K. However,
even at lower temperature, crystallization can also happen as long as the

heating time is long enough. Time is a very important factor other than

126



temperature for the evaluation of thermal stability. For TTT test, the
temperature distribution of sample makes it possible to obtain TTT data
with high throughput. The TTT curve of Nis;NbssTiig thin film sample
explains that this material is with satisfying thermal stability.

The oxidation resistance experiment was carried out at temperature
723K for 20h in air. Moreover, another experiment was also carried out to
measure adherence of Nis;NbssTiigto glass. The good results of those two

experiments show that Nis;Nbs3Tiqgis qualified as glass lens mold material.
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Chapter 6 Conclusions and future works

6.1 Conclusions

The objective of this research was to develop a combinatorial
evaluation method to find out an amorphous alloy suitable for the mold
material of glass lens which has diffraction gratings on the surface. The
requirements of mold materials for glass lenses with diffraction gratings
are listed as following: tensile strength over 1GPa which can prevent mold
from breaking during cooling process, hardness over 7GPa which can
make sure that the mold is able to withstand high compressing force
during molding process, high thermal stability to endure to be heated for
100 h at temperature 723K which can guarantee no appearance of
crystallization of mold material, excellent machinability = which can
provide the possibility to process gratings with high accuracy. Among
those requirements, machinability and thermal stability are very difficult
to meet. As a result, in this research, a novel combinatorial evaluation
method of machinability was proposed and applied in the search for

suitable glass lens mold material.

The experiments which were carried out using proposed
combinatorial evaluation method to search for the glass lens mold
material are described in this thesis. The specific content and results of

each chapter are explained as following:
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Based on the results of previous research on Ni-Nb-Zr, a fourth
element was decided to add in order to reduce hardness and improve
machinability. As explained in Chapter 2, the addition of Ti did succeed to
reduce the hardness. Three Ni-Nb-Zr-Ti thin film samples, Ni3gNb3zsZr,sTisg
at.% , NiygNbs,ZrysTis at.% and NiysNbsgZrysTing at.%, were fabricated to
evaluate their properties, including their tensile strength, thermal stability,
hardness, and machinability. The results demonstrated that adding Ti did
decreased the hardness of the amorphous alloy thin films and made it
possible to not only be taper cut but also micro-cut. Moreover the
machinability of sample improved with increasing Ti content level. In
order to maintain other properties such as tensile stress and thermal
stability, Ni-Nb-Ti was considered to be our research subject since higher

Ti content can be achieved in this system.

Ni-Nb-Ti thin film libraries were obtained by combinatorial arc
plasma deposition method for thermal stability test which was carried out
at first to narrow down the research area in the Ni-Nb-Ti alloy system.
Three Ni-Nb-Ti thin film libraries were made for thermal stability test
which almost covered the whole composition of Ni-Nb-Ti alloy system.
From the results an area of amorphous alloys with composition belonging
to Ni 40-58 at.%, Nb 24-46 at.%, Ti 5-20 at.%, presented high thermal
stability which can endure high temperature for a long time. This area will

be the main research area for the machinability test.
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Since conventional evaluation method for machinability becomes
time-consuming and costly, novel evaluation method with high
throughput was proposed in Chapter 3. A combinatorial target composed
of two parts was designed to deposit a thin film sample with grading
compositions of which in the center Ti content is rich and becomes
gradually decreasing from center to edge. After cutting test, the
roughness (Ra) of cutting surfaces will be measured. It is clearly to see this
new method is more efficient than conventional method, which is able to

measure a lot of compositions’ machinability at one time with one sample.

In the trial experiment, two factors, the size of inner target and TS
distance, which have great influence on the grading condition of Ti
content in the thin film sample, were finally decided to be #36 and 31mm.
But Ti content level was 44% to 62% higher than desired one 5%-30%. As a
result, Ni-Nb-Ti alloy was made as inner part target instead of pure Ti.
Although, at first, Ti content grading condition were not as good as trial
experiment, there was a tendency that when increasing Ni’s content level
in outer part or decreasing Ni’s content level in inner part, Ti content
grading condition becomes a little better. New inner part targets NbsgTisg,
NbggTizs, NbgsTi;; and outer part targets NiggNbsg, Ni;gNbsg, NiggNby,
NigoNbo, were designed which would be adopted for the continuing

experiment.

Finally, the target with inner part Ni;sNbyoTigs and outer part

NigopNbso was determined to deposit thin film sample for cutting test. The
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roughness of cut surface had been measured. Although the best value of
roughness is 21nm which is larger than the requirement for glass lens
mold material 5nm, the result had proved the feasibility of the novel

combinatorial method on machinability introduced in this research.

In Chapter 4, Nb-Ti alloy inner targets NbsgTiso, NbggTizs and NbgsTiy7,
were combined with outer targets NiggNb;g, NiggNb,y, NizgNbzg and
NigoNb,o to fabricate thin film samples. These twelve samples can almost
cover the desired composition area with high thermal stability. The
composition result of these samples manifest a tendency that the higher
Ti content level is in inner target, the larger is Ti content range in the thin
film sample. The thin film sample deposited by inner target NbsgTisg, outer
target Ni;gNbsy has the largest Ti content range and a good grading

condition of Ti, which was decided to be the next cutting sample.

The composition result of cutting sample confirmed that long- time
sputtering does not have a serious impact on the condition distribution.
Roughness of the sample was measured to be larger than the requirement
for glass lens mold material 5nm. Although the composition with good
machinability has not been found, it confirmed the feasibility of the novel
combinatorial method for evaluation of machinability proposed in this
thesis.

Ti grading condition of the thin film sample made by combinatorial
targets is symmetrical which means that only a few parts of sample can

cover the Ti content range of the entire sample. This makes it possible to
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further improve the combinatorial method by a cover mask. By using a
cover mask, three samples can be deposited onto one substrate. The
composition results of thin film libraries confirmed that the application of
cover mask did not have serious influence on the composition distribution
of samples.

Two more cutting samples were fabricated for cutting test, by using
inner target NbsoTisgand NbggTiss, combined with outer targets NiggNbi;
NiggNbyg and Ni,gNbsg. After cutting test, surface roughness of cutting
samples was examined. Finally, a composition Nis;Nbs3Ti;g was found to be
with roughness less than 5nm which is the requirement for glass lens mold
material.

Mechanical properties of Nis;NbssTi;¢ were also measure. Hardness
and tensile strength of it were evaluated to be 9.1GPa and 2.24GPa which
meet the requirements for glass lens mold material.

In Chapter 5, the thermal property of Nis;NbssTiig with good
machinability was evaluated. Nis;Nbs3Tijg thin film sample was deposited
on Alumina substrate. This sample was heated in a vacuum chamber up to
1023K at heating speed 12K/min. The real temperature of sample was
measured by thermocouple while the apparent temperature of sample
was measured by thermography.

The crystallization temperature of Nis;Nbs3Ti;g was measure to be
881K which is higher the molding temperature of glass lens 723K. However,
even at lower temperature, crystallization can also happen as long as the

heating time is long enough. Time is a very important factor other than
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temperature for the evaluation of thermal stability. For TTT test, the
temperature distribution of sample makes it possible to obtain TTT data
with high throughput. The TTT curve of Nis;NbssTiig thin film sample
explains that this material is with satisfying thermal stability.

The oxidation resistance experiment was carried out at temperature
723K for 20h in air. Moreover, another experiment was also carried out to
measure adherence of Nis;NbssTiigto glass. The good results of those two
experiments show that Nis;Nbs3Tiqgis qualified as glass lens mold material.

Finally, as explained before, the combinatorial evaluation method on
machinability proposed in this thesis is feasible and an amorphous alloy
Nis;NbssTi;g was found to be with good machinability by using the
combinatorial evaluation method. A high-throughput evaluation method
was used to measure crystallization property of Nis;NbssTiig. The result
shows that Nis;NbssTi;g has high thermal stability. The results of
mechanical properties, oxidation resistance and adherence to glass prove
that Nis;Nbs3Tiyg is qualified as glass lens mold material. Properties of it is

shown in Table 6.1
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Table 6.1 Properties of Nis;Nbs3Ti;e amorphous alloy

Machinability | Thermal stability Tensile Hardness | Oxidation | Adherence
(Ra< 5nm) (723K for 100h in strength (> 7GPa) | resistance | to glass
vacuum) (>1 GPa) (723K for
20h, in air)
OK OK OK OK OK OK
(Ra=3nm) (Amorphous) (2.24GPa) | (9.1GPa)

6.2 Future works

By using the novel combinatorial evaluation method proposed in

this research, it is efficient to find the material Nis;Nbs3Tiig alloy which is

gualified as glass lens mold material. In the future, the mold of glass lens

with diffraction gratings will be fabricated by using Nis;Nbs3Ti;gamorphous

alloy. Moreover, the TTT test explained in Chapter 5 will be improved in

the future research to be able to detect the minor change of emissivity

during crystallization.
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