ABSTRACT
CHEN, WEI-TING. Laser-Processed Directionally Solidified WC-W-C Eutectoids. (Under
the direction of Dr. Elizabeth C. Dickey.)

Directionally solidified WC-W-C ceramics containing 40 at % carbon, corresponding to
the WC-W>C eutectoid composition, were produced by laser surface melt processing. The
resulting microstructures showed a lamellar-type eutectic/eutectoid microstructure with the
WC minor phase embedded in the W»>C matrix phase. The interlamellar spacing (1) in the
eutectoid regions followed the relationship V138 = constant, with the smallest spacing of
331+£36 nm achieved in the 3.24 mm/s processed sample. The indentation hardness increased
with decreasing interlamellar spacing, and a Vickers indentation hardness of 28.5 GPa was
achieved in the sample with the smallest interlamellar spacing. The directionally solidified
WC-W-,C materials show enhanced indentation mechanical properties in comparison to
previously reported WC-Co composites and WC-based materials.

Crystallographic orientation relationships and interfaces in directionally solidified WC-
W-C eutectoids were investigated by electron microscopy and electron backscattered
diffraction. A preferred nominal growth directions of [1210] WC// [1210] W-C or
[0110]WC//[0110]W-C along the solidification direction was observed. The majority of
interface habit planes are found to be (0001)WC//(0001)W-C. The interfaces were found to
be semicoherent, with a misfit Burger’s vector of 1/3[2110]. An intermediate layer
associated with a change in the stacking sequence of the close-packed (0001) tungsten planes
was found at the interface.

Indentation-induced deformation mechanisms in directionally solidified WC-W,C

eutectoids were investigated via scanning electron microscopy and transmission electron



microscopy. Palmquist crack profiles were observed at indentation loads equal or higher than
4.9 N in all samples. Distinct deformation mechanisms were observed in W>C-rich regions,
primary WC regions, and WC-W-C eutectoid regions. Shear banding dominates in deformed
W>C-rich region, whereas dislocation-stacking fault networks were found in deformed
primary WC region. In the eutectoid regions, deformation was primarily observed in the WC

lamellae, where majority of dislocations had the Burger’s vector of <0001>.
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Chapter 1

Introduction

1.1 Material requirements for cutting tool applications

Ceramic materials are utilized in a variety of mechanical applications that require high
hardness, high wear resistance, and high fracture toughness. For example, cutting tools have
been used for cutting, shaping, and drilling metal materials in industry[1-3]. Cutting tools
generally refer to the parts that have direct contact with the metal work pieces and perform
the actual removal of the materials in the manner of shear action. The preference of ceramic
cutting tool is subject to the mechanical properties of the materials, including high hardness,
high wear resistance, and high fracture toughness[1,3]. Cutting tools must have higher
hardness than metal work piece in order to remove materials. Wear resistance is the important
requirement for the lifetime of the cutting tools. Furthermore, fracture toughness provides the
resistance to fracture behaviors.

Based on the requirements mentioned above, ceramic materials such as oxides,
carbides, and borides, that have high hardness and wear resistance have been considered and
utilized as the materials for cutting tools. For example, Al2O; and ZrO, are commercially
available for some cutting tool applications, because they both have high hardness, excellent

wear resistance, exceptional oxidation resistance, and outstanding thermal stability[2,4]. On



the other hand, carbides and borides such as WC, SiC, and ZrB> are of great interest, because
the covalent bonding within the material leads to higher hardness relative to oxides, although
the oxidation resistance of those materials may be lower than oxides.

Monolithic oxides, carbides, and borides usually suffer from low fracture toughness,
which may lead to cracking and chipping at corners and edges, which is one of the failure
modes for cutting tools[1,3]. Therefore, composite materials processed by a variety methods
have been developed, because high interface density within composites may change the
fracture behavior, and hence, increase overall fracture toughness. For example, TiB> and
ZrB> were added to SiC to form TiB2/SiC and ZrB2/SiC composites by sintering or reactive
hot pressing to improve fracture strength over monolithic SiC[5-8]. However, sintering and
hot pressing of the TiB2/SIC and ZrB2/SiC composites require high temperature (> 1700
°C)[5-8]. Moreover, it was reported that an amorphous phase was usually found at interfaces
in the sintered composite. The amorphous phase and voids at interfaces may reduce flexural
strength at high temperature due to interface boundary sliding as reported by Waku, et al[9].

In recent years, a renewed interest has developed in WC-based composites. Most
research has focused on developing processing methods, measuring mechanical properties,
and understanding deformation mechanisms of WC-Co composites. Cobalt is added to WC
to form metal-carbide composites to improve the sintering kinetics and fracture toughness
over monolithic WC[1,10,11]. Various processing techniques for WC-Co composites have
been developed, for examples, hot pressing[12,13], hot isostatic pressing[14], spark plasma
sintering[15], and pulse plasma sintering[16]. The WC-Co composite with the highest

reported indentation hardness (22.07 GPa under 294 N load) and fracture toughness (15.3



Mpa.m*2) was produced via pulse plasma sintering and sintered at 1100°C[16]. Although the
fracture toughness increases with increasing cobalt content, WC-Co composites have
relatively low hardness, thermal stability, and oxidation resistance compared to monolithic
WC.

An alternative route to forming WC-W,C composites has also studied[17-19]. In 1965,
the WC-W-C eutectoid was firstly explored by Sara, et al[18]. The eutectoid reaction follows
Y—WCi_, = B —W,C+6—WC at the composition of ~38 at% carbon and eutectoid
temperature of 2527°C. WC-W,C eutectoids offer a naturally formed composite
microstructure[17,18], which may be a potential path for enhancing fracture toughness over
monolithic WC and W>C while maintaining hardness and oxidation resistance, which are

compromised with metallic phase additions.

1.2 Eutectic ceramic composites

Eutectic ceramic composites, consisting of two or three phases formed in an invariant
liquid-to-solid phase transformation, allow for the in-situ formation of composite
microstructures in which the constituent phases are inherently thermodynamically
compatible[20-23]. A variety of boride and carbide eutectics have been explored for thermo-
mechanical and thermo-electrical properties. In 1979, Hong, et al[24], published the first
paper on this class of materials, which explored the microstructure, hardness, and wear
properties of the B4C-SiC DSE. Stubican, et al[25] provided some of the first investigations
of DSE borides and carbides, including ZrC-ZrB,, ZrC-TiBy, and TiC-TiB». After 2000, the

development of DSE borides and carbides largely focused on LaBe-based materials, for



example, LaBe-ZrB> and LaBe-TiB2[26-32]. In addition, B4C-based materials, such as B4C-
TiB2 and B4C-SiC3*28 were explored for their combination of low density and high hardness.
Some of these studies have shown that DSE composites can have advantageous mechanical
and thermal and chemical stability relative to their monolithic or traditional composite
counterparts [37,38].

A variety of methods have been utilized for producing eutectics/eutectoids composite
materials[23,39-41]. Arc melting is a convenient approach for preliminary studies of new
eutectic systems, as the electric arc can provide temperatures exceeding 3000 °C[42,43] and
the inert atmosphere is particularly well suited for non-oxide DSEs. Although the overall
processing is not directional, locally oriented microstructures align with the propagation of
the solid-liquid interface isotherms, and this approach can be quite useful for mapping out
new eutectics or refining eutectic compositions[42—44]. Non-directional eutectic
solidification has also been demonstrated in inert-atmosphere plasma spray processes[45],
and may be a potential path for large-scale production of ceramic powders containing a
eutectic composite microstructure.

For macroscopic control of the solid-interface propagation, forced velocity or
directional solidification methods are employed and result in highly oriented microstructures
over large length scales. In 1970s, processing of DSEs was mainly conducted by floating
zone[23] (FZ) and Bridgeman methods[40,46], which relied on resistance heating coil and
RF radiation as the heating sources. These methods typically obtain solidification rates of

around a few centimeters per hour and thermal gradient of 102 K/cm[41,46].



Over the past 15 years, laser beams, which can be focused to very small focal points or
lines with high beam intensities, have been used as the heating source in both laser float zone
(LFZ) and laser surface melting methods[47—49]. Later, A geometrical modification to the
LFZ method is capable of producing plate-shaped samples, where the thickness of the
resolidified layer depends primarily on the laser power, the material absorptivity, laser scan
rate and thermal boundary conditions[33,41]. The ceramic powders are usually hydraulically
pressed into a pellet and placed in a graphite crucible before laser processing. Because the
laser source can be highly focused, the laser-based methods offer larger thermal gradient
(103-10* K/cm) than traditional techniques (below 102 K/cm) and allow for higher processing
rates than traditional FZ and Bridgeman methods[41]. With the increased thermal gradient of
laser heating sources, the stability of coupled eutectic growth increases to larger
solidification rates, and the high processing rates provide the possibility of producing finer

microstructures.

1.3 Objectives

The dissertation research presented here is motivated by the hypothesis that the WC-
W-C eutectoid will exhibit properties advantageous for applications requiring high-hardness
materials. The research aims to produce laser-processed directionally solidified WC-W-C
eutectoids and investigate processing-microstructure-property relationships in the eutectoid
system. The research explores aspects of the solidification process of particular importance to
the WC-W->C eutectoid systems, the achievable microstructure control and the relationship

between microstructure and properties. Specifically, the microstructural scale is related to the



laser processing rate. Additionally, the Vickers indentation hardness as the function of
microstructural scale is investigated.

Chapter 3 introduces the processing technique for producing plate-shaped WC-W>C
DSEs. Experimental procedures of ceramic powder processing and parameters for laser
surface processing are presented. The design of the laser system is provided in Appendix A.
The safety plan of the laser system is provided in Appendix B. The sequential phase
transformation and microstructural evolution based on phase diagram and resulted
microstructure will be discussed. Load-dependent Vickers indentation hardness is studied in
all samples. Additionally, Vickers indentation hardness as function of microstructural scale is
investigated.

In forced-velocity (directional) processing of eutectic/eutectoid composites, the
microstructures tend to elongate anisotropically along the solidification direction, with the
microstructural morphology (e.g. lamellae or rod) largely governed by reduction of
interfacial energy[22,23]. Furthermore, most of DSEs grow along particular crystallographic
directions[32,36,41,50], and adopt low-energy crystallographic orientation relationships
between the two phases. Chapter 4 presents crystallographic orientation relationship between
two phases, which is characterized via electron backscattered diffraction (EBSD) and
transmission electron microscope (TEM). The interface analysis using EBSD data and
scanning transmission electron microscope (STEM) is presented.

In Chapter 5, the deformation mechanisms induced by indentation are studied.
Deformation mechanisms are investigated in primary WC, W>C-rich, and eutectoid regions

by TEM. Dislocations and stacking faults are characterized via bright-field imaging



technique under several two-beam conditions. SEM imaging is utilized to observe fracture
behaviors on the indentation surface, and subsurface damage. Microstructural scale

dependent indentation hardness is related to deformation mechanisms in Chapter 5.



Chapter 2

Background

2.1 Hard ceramic and ceramic composite materials

With recent and emerging developments in high-temperature energy and aerospace
technologies, interest in ceramic materials with exceptional thermo-mechanical and thermo-
electrical properties is increasing. For example in the field of hypersonics, the need for phase
stability, mechanical strength and toughness, oxidation resistance, and thermal shock
resistance in high-temperature and chemically aggressive environments has pushed the
development of ultra-high-temperature ceramics (UHTC) based on borides and carbides[51—
54]. The covalent bonding intrinsic to these materials leads to higher melting temperatures
and hardness in comparison to other classes of materials. Zirconium diboride (ZrB,), for
example, has been used in the aerospace industry because of its relatively low density (6.09
g/cm®), high mechanical strength (hardness: 22 GPa, flexure strength: 270-480 MPa[55]),
and high thermal stability (melting point: 3040 °C)[56]. In addition, carbides such as tungsten
carbide have extreme high strength and wear resistance, which are the crucial requirements
for the applications such as cutting tools and drilling parts[57-63]. However, as is the case

for many monolithic ceramics, borides and carbides suffer from their intrinsic brittleness, for



example, low fracture toughness (2.4-3.5 MPa.m'?) in ZrB2[56], which results in low
fracture toughness and low thermal shock resistance[51].

Composites of these classes of materials have been developed to improve
microstructure-engineered properties such as fracture toughness. For example, TiB2 and ZrB>
were added to SiC to form TiB2/SiC and ZrB,/SiC composites by sintering or reactive hot
pressing to improve fracture strength over monolithic SiC[5-8]. However, sintering and hot
pressing of the TiB2/SiC and ZrB,/SiC composites require high temperature (>1700 °C)[5-8].
Moreover, it was reported that an amorphous phase was usually found at the interface of
sintered composite. The amorphous phase and voids at interfaces may reduce flexural
strength at high temperature due to interface boundary sliding as reported by Waku, et al[9].
As another approach, metals are added to carbides such as WC to form metal-carbide
composites to improve and sintering fracture toughness Kkinetics over monolithic
WCJ1,10,11]. The WC-Co composites have been successfully utilized in industry as the
cutting tools and drilling bits, although WC-Co composites have relatively low hardness,

thermal stability, and oxidation resistance compared to monolithic WC.

2.2 Directionally solidification of eutectoid/eutectic (DSE) carbide and boride

Studies of carbide and boride DSE are of great interest due to their wide applications.
Most works have been focused on the investigation of eutectic systems. In this study, the
knowledge of directionally solidified eutectic boride and carbide are included as part of
background and discussion due to its profundity in the development of directionally

solidified WC-W-C eutectoid.



2.2.1 Eutectoid reaction

In Fig. 2-1, a simple binary phase diagram showed a eutectoid reaction from a y solid
phase to a and S solid phases. The driving force of the eutectoid reaction is supercooling
(AT), which is evaluated by the difference between eutectoid temperature (Tg) and growth
temperature (To). Eutectoid composition (Cg) indicates the atom fraction of each phase in

eutectoid. Eutectoid reaction is completely reversible and can be expressed as Equation (2-1):

Y (solid) = a (solid) + B(solid) (2-1)
\\\ Y //////
o |\ S\ Eutectoid point” //
2 \ \ ,/’///
8 Tg 2 \'\’ Yta \*é Y+p /ﬁ
0 .. | g \
& 10 ft i H
5 // ! I . \‘\
| I
“ |/ 0t p '\
| ‘
// I | : \
// ' ' b
| 1 |
0 C C, Cp 100

a

Composition (at. %)

Fig. 2-1 Schematic of a binary phase diagram showing a eutectoid reaction
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2.2.2 Eutectoid growth

As shown in Fig. 2-2, coupled growth of a eutectoid is based on the lateral boundary
diffusion of a and B atoms near the transformation front[64—68]. During coupled growth, a
phase tends to reject b atoms but consumes a atoms; 8 phase tends to reject a atoms but
consumes b atoms. The diffusion of atoms leads to concentration variant near the front. If the
concentration variant is very large (high growth rate) and thermal gradient between across
transformation front is small enough, constitutional supercooling will occur[69]. The
requirement for the eutectoid growth is evaluated by the ratio of thermal gradient (G) and
growth rate (R), G/R[23]. Planer coupled growth may be interrupted and the off-eutectoid
microstructure may formed when the value of G/R is small. It is noted that the eutectoid

growth is similar to eutectic growth, although the initial phase in eutectic growth is liquid.

Growth direction

+B

Fig. 2-2 Schematic of eutectoid growth showing rejection of B atoms by o phase
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2.2.3 Eutectoid microstructure

Since the 1970s, the kinetics of eutectoid growth has been studied and understood to be
a diffusion-limited coupled growth mechanism at the solid/solid interface[64,65,67,68]. As
shown in Fig. 2-3, the typical eutectoid microstructures are either lamellar or rod-like (fiber)
microstructures, which are similar to eutectic microstructures, and the morphology is largely
determined by the contribution of interfacial energy to the total free energy of the
system[22,23]. In eutectoids and eutectics, the microstructural scale can be defined as
interlamellar or interfiber spacing and denoted as A. Interlamellar spacing is the summation

of the widths of two phases. Interfiber spacing is the distance between the centers of two rods.

A O O
]

Fig. 2-3 Schematic of the typical microstructures in eutectoids and eutectics[41]
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2.2.4 DSE carbide and boride systems

With advances in processing techniques, a variety of classes of boride and carbide DSEs

have been discovered or demonstrated. Table 2-1 presents a summary of the boride and

carbide DSE composites that have been investigated to date.

Table 2-1 Temperature, composition, microstructure of developed boride and carbide eutectic

systens

Eutectic systems

ZrC-ZrB>[50]
ZrC-TiB2[50]
ZrBo-SiC[44,70]
EuBe-ZrBa[71]
EuBe-HfB2[71]
LaB6-(TixZrs.
x)B2[26]
LaBes-ZrB2[72]
LaBs-TiB2[28]
LaBe-HfB2[28,73]
LaBs-MoB22[74]
TiB»-SiC[5,42]
TiB2-TiCxN1x[75]

TiCo.2-TiB2[50]
TiC-TiB»-
SiC[43,76]

B4C-TiB2[33—
35,77-79]

B4C-SiC[24,35]
B4C-TiB:-
SiC[80,81]

Eutectic Composition
temperature (mol%)
(0
2830 + 15 527rCo., 482rB2
2660 * 40 58ZrCo., 42TiB2
2297 41.5ZrB», 58.5SiC
63EuBs, 37ZrB2
79EuBs, 21HfB>
66LaBs, 34(TixZrix)B2
63LaBs, 37(TixZr1-x)B2
2467 + 40 68.8LaBs, 31.2ZrB:
2977 66LaBs, 34TiB:
3347 70LaBs, 30HfB:
2160 75MoBz.2, 25 aBs
2190 + 40 40TiB., 60SiC
2327~2627 Multi-compositions
2650 + 15 65TiCo.92, 35TiB>
34TiC, 22TiB», 44SiC
2310 75B4C, 25TiB>
2300 47B4C, 53SiC
2047 + 20 51.2B4C, 8.1TiBy,
40.7SiC

Morphology

Lamellar
Lamellar
Lamellar
Rod
Rod
Rod
Rod
Rod
Rod
Rod
Rod
Lamellar
Lamellar/
Rod
Lamellar
Lamellar

Rod

Lamellar
Lamellar

Directional
Solidification

ZZzzZz<<< <X=<=<zZ<<

Z <

<< <
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Fig. 2-4 Summary of experimentally observed boride and carbide eutectic microstructures as
a function of the volume fraction of the minor phase. Most of the carbide and boride eutectics

obey the predicted morphology based on relative interface

As shown in Fig. 2-4, the intersection of interfacial area per unit volume for the two
types of microstructures, assuming isotropic interfacial energies, falls at a minor-phase
volume fraction of 31 %. As shown in Fig. 2-5(a), the LaBe-ZrB> DSE with 17 vol % of
minor phase (ZrB2) has a rod-like microstructure[32]. In Fig. 2-5(b), the B4C-SiC DSE with
38.7 vol % of minor phase (SiC) has lamellar-type microstructure[35]. Most of the explored
borides and carbides binary eutectics systems, summarized in Table I, had the predicted

microstructures based on the interface energy criterion. However, deviations from the
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calculated preferential microstructural model have been found in several eutectic systems due
to crystallographic anisotropy and orientation relationship[23,75]. For example, in TiBo-

TiCxN1x eutectic system, rod-like microstructure was maintained while the volume fraction

of the dispersed phase was 63 %[75].

(@)

(b)

O N o

D

|
{

Fig. 2-5 Two typical morphologies of directionally solidified eutectic microstructures: (a)

The LaBs-ZrB, DSE tends to form a rod-like microstructure[32] (b) The B4C-SiC DSE forms

a lamellar-type microstructure[35]
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2.2.5 Microstructural scale vs processing rate relationship

DSEs have a well-controlled microstructural scale, which can be used to tailor
mechanical properties[33,82,83]. The relationship between processing (transformation) rate
(V) and interlamellar spacing in eutectoids and eutectics usually maintains the following
relationship in Equation (2-2)[21,23,65,68]:

VAt =k (2-2)
where n is a constant depending on the predominant mechanism for diffusional control, and
k is a constant related to the thermal gradient across the solid-liquid interface. Values for n
have been derived theoretically and are usually found to be equal or greater than 2 in
eutectoid solidification[21,22]. Zener[84] considered a volume diffusion ahead of the
transformation front as the dominant mechanism for eutectoid solidification, which results in
n = 2, equivalent to eutectic transformation. Shapiro, et al[68] and Sundquist[66] derived the
A — V relationship based on boundary diffusion along the transformation front, which leads
ton = 3. Furthermore, Carpay, et al[65] introduced the influence of supercooling (A T) to
the A —V —A T relationship for boundary diffusion mechanism and derived n = 4. This
modified A —V —A T relationship in eutectoids, which arises from the fact that the
supercooling tends to be much larger in solid-state transport processes, as discussed in detail

by Carpay, et al[65].
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2.3 Processing techniques

Various methods have been utilized for producing eutectic and eutectoid ceramic
composites, as discussed and reviewed in several prior papers and reviews[23,39-41].
Particular concerns for carbides and borides are the very high eutectic temperatures (mostly
above 2100 °C) and the need for inert conditions to prevent oxidation. Additionally, as shown
in Fig. 2-6, the vapor pressures of elements in boride and carbide compounds increase
dramatically at high temperatures and should not be ignored during processing. The
volatilizations of materials may generate gas and lead to the formation of pores[85] and
difficulty in maintaining the eutectic composition[86]. Furthermore, the generated vapor
inside the chamber may induce thermal fluctuations, as reported in the electron beam

processed LaBe-ZrB, DSE [87].
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Fig. 2-6 Vapor pressures of the elements at various temperatures[88,89]
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Arc melting is a convenient approach for preliminary studies of new eutectic systems, as
the electric arc can provide temperatures exceeding 3000 °C[42,43] and the inert atmosphere
is particularly well suited for non-oxide DSEs. Although the overall processing is not
directional, locally oriented microstructures align with the propagation of the solid-liquid
interface isotherms, and this approach can be quite useful for mapping out new eutectics or
refining eutectic compositions[42—44]. Non-directional eutectic solidification has also been
demonstrated in inert-atmosphere plasma spray processes[45], and may be a potential path
for large-scale production of ceramic powders containing a eutectic composite microstructure.

For macroscopic control of the solid-interface propagation, forced velocity or
directional solidification methods are employed and result in highly oriented microstructures
over large length scales. In 1970s, processing of DSEs was mainly conducted by floating
zone[23] (FZ) and Bridgeman methods[40,46], which relied on resistance heating coil and
RF radiation as the heating sources. These methods typically obtain solidification rates of
around a few centimeters per hour and a thermal gradient of 102 K/cm[41,46]. As shown in
Fig. 2-7, a modified crucible-less floating zone method in an overpressure of helium (>1 atm)
was developed by the Loboda group to reduce oxidation and suppress the vapor pressures of
the melted materials, and successfully produced LaBs-TiB2[27] and BsC-MeB2[34,79,90]

(Me: Ti, Zr, Hf) DSEs.
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Fig. 2-7 Schematic diagram of crucibleless zone melting: 1-initial rod, 2-sintering zone, 3-
crystal, 4-front of crystallization, 5-melting zone, 6-inductor, 7-front of melting, 8-zone of

thermal influence[34]

Over the past 15 years, laser beams, which can be focused to very small focal points or
lines with high beam intensities, have been used as the heating source in both laser float zone
(LFZ) and laser surface melting methods[47—49]. As shown in Fig. 2-8, a geometrical
modification to the LFZ method is capable of producing plate-shaped samples, where the
thickness of the resolidified layer depends primarily on the laser power, the material
absorptivity, laser scan rate ,and thermal boundary conditions[33,41]. The ceramic powders
are usually hydraulically pressed into a pellet and placed in a graphite crucible before laser

processing. Because the laser source can be highly focused, the laser-based methods offer
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larger thermal gradient (103-10* K/cm) than traditional techniques (below 102 K/cm) and
allow for higher processing rates than traditional FZ and Bridgeman methods[41]. With the
increased thermal gradient of laser heating sources, the stability of coupled eutectic growth
increases to larger solidification rates, and the high processing rates provide the possibility of

producing finer microstructures.

laser beam
parabolic mirror
flat mirror
at 45°
stage / ‘ e-focused heam
movement ¢
v plate
.'//

; X-y stage

Fig. 2-8 Schematic diagram of laser surface processing method[48]

Although the thickness of the resolidified layer can be controlled to a certain extent by
the laser power, the volatility of the liquid phase may lead to internal porosity at higher
powers[85]. It is conceivable, however, that an overpressure of inert gas, as has been

demonstrated in the Bridgeman FZ growth system[27], could be implemented in laser-
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solidification systems to suppress internal porosity, as reported in laser surface processing of
B4C-TiB2 DSEs[33].

Another concern of laser surface-solidification techniques, which is of particular
concern to boride and carbide eutectics because of their very high eutectic temperatures, is
the generation of large thermal stresses within sample, which may lead to thermal shock
during cooling. An approach to minimizing these large thermal gradients is to back-heat
samples so that the temperature gradient between the resolidified layer and the underlying

substrate are reduced[91].

2.4 Indentation hardness testing

The hardness of the material is defined as the resistance to plastic (permanent)
deformation. In indentation hardness testing methods (Vickers, Knoops, Brinell, Rockwell,
Berkovich), the surface of a material is loaded by an indenter with a specific geometry.
Indentation hardness testing is not a measurement of a physical quantity, however, it
provides an easy way to characterize the materials of all kinds. Mechanical testing techniques
such as three pointing bending and tensile testing, require test samples in standard sizes and
shapes. However, indentation hardness, specifically microindentation hardness, has an
advantage of measuring the hardness of samples with small surface area.

The indentation hardness value can be calculate via specific load-dimension equations
depending on the geometry of the indenter. The size of the deformed region generated by
microindentation is small and indentation load dependent, usually within 10* m. With the

small destructed volume, multiple measurements of microindetation hardness can be
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performed on a small sample. However, the drawback of microindentation hardness may
come up in coarse microstructures, for examples, large grain size materials and composite
materials[92-94]. The indentation-induced destructed region at low load may not cover
enough area to estimate an accurate indentation hardness, and hence, the errors between
measurements may be large. Furthermore, the dimensions of the indentation imprints are
measured using optical microscope, which require huge amount of human operation. Thus,
human-induced errors may be generated during measurement and lead to the variation of the

indentation hardness.

2.4.1 Vickers indentation testing
As shown in the Fig. 2-9(a), a Vickers indenter has a pyramidal diamond with 136° face
angle on the tip. During loading, the tip is forced to a predetermined load into the surface of
test sample, which results in a square indentation imprint, as shown in Fig. 2-9(b). The
lengths of the indentation imprint diagonals (d1 and d2) are measured via a double crosshair
measurement system in an optical microscope. The Vickers indentation hardness can be

calculated by Equation (2-3)[95]:
Hv = 0.0018544 (P/d?) (2-3)
, Where P is the indentation load (N), and d is the average length of the two diagonals (mm).
The geometric factor of 0.0018544 relates to the measured indenter diagonal to the total

surface of the indent.
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Fig. 2-9 Schematics of Vickers (a) indenter tip and (b) indentation imprint[95]

In general, to compare indentation hardness values between different samples,
measurement should have the same load and same type of indenter. Indentation hardness
values should be the average of at least 10 qualified measurements from acceptable

indentation, as discussed in the ASTM standard[96].

2.4.2 Load-dependent indentation hardness

Load-dependent indentation hardness has been reported in some materials. As shown in
Fig. 2-10, the indentation hardness increases with decreasing load, and extremely high
hardness may be measured at low loads. Quinn, et al[97], made efforts on explaining the

empirical load-hardness curve by fitting with Meyer law, which is originally used in Brinell
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hardness testing to estimate work-hardening capacity of metals[98]. The Meyer law follows
Equation (2-4):

P=Cd" (2-4)
, Where P is the load, C is a constant, d is the measured indentation size, n is Meyer index,
which generally indicates the relationship between hardness and load. A load-dependent
hardness curve can be observed when n is less 2, while a constant hardness (plateau) region
when n is equal to 2. Although Meyer law has a good fit with empirical load-hardness curve,

there is no theoretical basis support for applying the law in Vickers indentation testing[97].

Plateau

Hardness (H)

Load (P)

Fig. 2-10 Indentation hardness as function of load: load-dependent hardness (n<2) and load-

independent hardness (n=2)

The deformation mechanisms corresponding to the regions in load-hardness curve is

discussed by Quinn, et al[97]. It is reported that the transition point between load-dependent
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hardness and load-independent corresponds to the onset of extensive fracture behavior
around and beneath the indentation. As shown in Fig. 2-11(a), the onset of indentation-
induced fracture (Fig. 2-11(b)) in NC 132 silicon nitride is found at the hardness-dependence
transition point (~50 N load)[97]. In an energy balance model, the total work provided by the
indentation is equal to summation of the plasticity-based deformation (indentation imprint)
and fracture-based deformation. At the transition point in the load-hardness curve, the
material reaches its maximum capacity of converting indentation work to surface
deformation and microcracking in the peripheral of the indentation. It is important to note
that the transition from plasticity-based deformation to fracture-based deformation does not
necessarily to occur at the transition point due to existence of extensive, but hidden

subsurface cracking in some materials[97].
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Fig. 2-11(a) Indentation hardness as function of load for NC 132 silicon nitride (b)

Indentation in NC 132 silicon nitride. The indentation imprint was generated uner 98 N load.

2.4.3 Indentation-induced fracture profiles

A variety of research has been investigated the fracture behaviors, specifically cracking,
associated with hardness indentation[93,94]. The type of indentation cracks, e.g., radial,
median, and lateral, depends on the geometry and sharpness of the indenter[93,99]. In this

research, we focus on the Vickers indentation which produces half-penny like crack or
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Palmquist crack profiles. As shown in Fig. 2-12(a), half-penny like cracks have crack length
to indentation diagonal ratio of (2-5):

c/a = 2.5 (2-5)
where c is the crack length measured from the center of the indentation to the end of the
median-radial crack, and a is the half diagonal of the indentation. As shown in Fig. 2-12(b),
Palmquist cracks have crack length to indentation ratio of (2-6):

0.25 < l/a < 2.5 (2-6)
,where [ is the length of the radial crack measured from the corner of the indentation to the
end of the radial crack. In half-penny like crack profiles, the crack zone covers radial
(peripheral) and median (beneath indentation) regions. However, no crack is found in the

median region for Palmquist crack profiles.
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Fig. 2-12 Cross-section View of Vickers indentation induced (a) half-penny like crack (b)

Palmquist crack profile.

Vickers indentation has been used to measure a material’s fracture toughness based on
the lengths of cracks induced during deformation. Different models have been developed to
calculate indentation fracture toughness based on geometric features in different indentation
induced crack profiles. Anstist, et al[99,100], and Niihara, et al[101], developed a fracture
toughness model for half-penny like crack profile and Palmquist’s crack profile, repectively.
Empirically, Spiegler, et al[11], applied Niihara’s equation to WC-Co composites and the
results were found to agree with Charpy impact tests. Pena, et al[102], used Anstis’s and
Niihara’s equations to calculate indentation fracture toughness of a directional solidified

Al>03-Y3Als012-ZrO, ternary eutectic. In addition, Rios, et al[103], applied Niihara’s
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equation to measure indentation fracture toughness of directionally solidified AI-Nb-Ni
tenary eutectic.

However, the validity of indentation fracture toughness methods have been questioned
in a comprehensive study by Quinn, et al[104]. The comparison of fracture toughness via
standard measurement and Vickers indentation (Anstis, Niihara, and Miyoshi) showed
diverse values in fracture toughness, which are generated by the constants used in each
method. The study concludes that accurate and precise K;- values can be reached only if a

specific empirical calibration constant for a material is used[104].

2.4.4 Indentation hardness and hardness scaling in carbide and boride DSE

Because of the small size of most laboratory-processed DSEs, indentation hardness is
one of the most commonly measured mechanical properties. Most studies om eutectic
materials have been conducted by either Vickers or Knoop indentation testing under the
appropriate ASTM standards[95,96]. The indentation hardness of the DSEs should be
reported with indentation type and indentation load, since the indentation hardness may be
load dependent at low load, as found in B4C-TiB2 DSE (indentation load < 4 N and
interlamellar spacing = 1.0 um)[33,105]. Additionally, an acceptable value of indentation
hardness should be the value measured in constant indentation hardness (load-independent
hardness) region, as discussed by Quinn, et al[104].

Extremely high hardness in boride and carbide DSE has been measured in B4C-based
eutectic, with value of 31.4 + 2.1 GPa at 10 N load in B4C-TiB[33] and 30 £ 2.5 GPaat2 N

load in B4C-SiC[35]. Hardness in most of the boride and carbide DSEs are microstructural
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scale (interlamellar/interfiber spacing) dependent. As indicated in section 2.2.5, the
microstructural scale can be controlled and predicted by equation (2-2) in each eutectic
system under a reasonable growth rate (without constitutional supercooling). In general,
indentation hardness of boride and carbide DSEs usually increases with decreasing
increasing solidification rate and interlamellar/interfiber spacing. The microstructural scale
dependent indentation hardness of studied boride and carbide DSEs are summarized in Fig.
2-13. White, et al[33], reported that Vickers indentation hardness of B4sC-TiB: is proportional
to A~1. Sorrell, et al[82], reported that Knoop indentation hardness in ZrC-ZrB, and ZrC-
TiB, DSEs is proportional to A=%/2, which may suggest dislocation impedance at interfaces
as described by Hall and Petch[106,107]. Moreover, anisotropy of hardness in ZrC-ZrB;
DSE was observed in longitudinal and transverse surfaces, which may be due to the
difference in crystallographic orientations and the elongation of the colonies/grains[50,82]. In
B4C-SiC DSE, Hong, et al[24], reported that Knoop indentation hardness at 1.96 N load
increased with increasing solidification rate and decreasing interlamellar spacing. However, a
contradiction was found in Gunjishima’s study[35], in which Knoop indentation hardness of
B4C-SiC DSEs at 1.96 N load was microstructural scale independent. The contradiction in
B4C-SiC DSE may be caused by the ranges of interlamellar spacing in two studies (Hong[24]:
2-4 um; Gunjishima[35]: 4-12 um). A microstructural scale independent indentation hardness
was also reported in LaBe-ZrB, DSE at 9.8 N load, although the range of interfiber spacings
studies fell within the standard deviations and therefore statistically similar[29]. In some
cases,, hardness has been observed to decrease with decreasing microstructural scale due to

unstable eutectic growth front and the formation of off-eutectic microstructures such as
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dendrite and cell at high growth rate. For instance, a decrease of indentation hardness in ZrC-
ZrB, DSE due to the microstructure breakdown (formation of dendrites and cells) was found
in interlamellar spacing smaller than 1.85 um[82]. This points to the fact that not only the
length scale, but also the morphology and possibly the crystallography are important to the

hardness of the eutectics.
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Fig. 2-13 Interlamellar spacing dependent indentation hardness in DSE borides and

carbides[24,33,82,108]
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2.5 Crystallographic orientation relationships in carbide and boride DSEs

Directionally solidified eutectics, in general, tend to be highly textured (see the x-ray

pole figures of LaBs-ZrB, DSE in Fig. 2-14[32]) with preferred crystallographic orientation

relationships (ORs) between the constituent phases. The ORs are believed to result in minima

in the interfacial free energies. Although no rigorous methods have been developed for a

priori prediction of these low-energy ORs, they nonetheless remain important to the overall

anisotropic properties of the eutectic. Consequently, the crystallographic ORs have been

characterized in most of the boride and carbide DSE, as shown in Table 2-2. Most of these

eutectic systems are found to grow along low-index crystallographic directions and the

interface plane orientations tend to also be low index.
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Fig. 2-14 X-ray pole figures of the LaBs-ZrB> DSE[32]
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Table 2-2 Crystallographic ORs of DSEs

Systems Orientation relationships

B4C-SiC[35] ORI : B4C[003]//SiC[111]
B4C(003)//SiC(220)//interface
OR II: B4C[-1-21]//SiC[12-1]
B4C(012)//SiC(3-11)//interface

B4C-TiB,-SiC[81] B4C[104]//TiB2[100]//SiC[111]//growth direction

B4C-TiB2[35,36] OR I[35]:
B4C[2-12]//TiB2[010]
B4C(101)//TiB (001)//interface
OR I1[36]:
B4C(10-1-2)//TiB2 (11-20)
B4C(-12-10)//TiB2(0001)//interface

LaBe-ZrB2[26,30,32] OR I (major):
LaBs[001]//ZrB>[0001]
LaBe(110)//ZrB2(11-20)//interface
OR Il (minor):
LaB6[111]//[0001]ZzrB2
LaB6(1-10)//ZrB2(1-100)

TiB2-TiCxN1x[75,109] TiB2[0001]//TiB2-TiCxN1x[111]
TiB2(11-20)//TiB2-TiCxN1x (-202)
TiC-TiB2[50] TiC[01-1)//TiB[01-10]
TiC(111)//TiB2(0001)//interface
TiC-TiB2-SiC[76] TiC[011]//TiB2[-12-10]//SiC[112]
TiC(200)//TiB2(0001)//SiC(40-2)
WC-W-C eutectoids[108] WC[1210]//W,C[1210]//growth direction
WC(0001)//W-.C(0001)//interface
ZrC-ZrB2[50] ZrC[01-1]//ZrB2[01-10]//growth direction
ZrC(111)//ZrB2(0001)//interface
ZrC-TiB2[50] ZrC[01-1]//TiB2[01-10]//growth direction

ZrC(111)//TiB2(0001)//interface

Numerous criteria have been utilized to predict the preferred ORs in DSEs. Hay, et al,
attempted to predict dominant ORs in the oxide DSE yittrium-aluminium perovskite (YAP)-
yittria-alluminum monoclinic (YAM) and Y AM-yittria systems via various geometric criteria,

for example, near coincidence site lattice (NCSL) theory, and symmetry overlap
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criteria[110,111]. Additionally, edge-to-edge matching model and plane-on-plane matching
model have been reported for crystallographic orientations with low interfacial
energies[112,113].However, the prediction of preferred ORs via any of these geometric
methods is found to not be rigorous. Low degree of coincidence resulting from the
differences of the crystal symmetry and lattice parameters between two phases may lead to
little potential for low energy interfaces. Thus, geometric methods may not be able to explain

all of the observed preferred ORs.

Table 2-3: OR Matching models in DSE carbides and borides

Edge-on-edge matching Plane-on-plane matching Neither
TiC-TiB> WC-W-C B4C-SiC
ZrC-TiB> B4C-TiB,-SiC
ZrC-ZrB: B4C-TiB>

LaBs-ZrB>
TiC-TiB,-SiC

The crystallography of the LaBs-ZrB> eutectic was analyzed by near coincident site
lattice (NCSL) theory, which showed that the observed orientations resulted in high
translational symmetry. Hence, low grain boundaries energies between the overlapped
lattices of the two phases, i.e. they were in a low-X orientation (ORI: £=5, ORII: £=3)[29]. In
the case of LaBs-ZrB, DSE, the nominal OR had a higher X value compared to that of the
second OR, which may be due to higher strain between the NCSL referenced to the lattice in
the second OR[29]. As shown in Table 2-3, the preferred interface orientations in ZrC-ZrBa,

ZrC-TiB2, and TiC-TiB, DSEs were found to follow the edge-on-edge matching model,
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which had the close-packed planes in two phases (ZrC: (111), ZrB»: (0001), TiC: (111), TiB::
(0001)) parallel to each other and perpendicular to the interface plane. Detailed
characterization of crystallographic orientation in LaBs-ZrB, DSE has been conducted and
reported by several works[26,30,32], although the contradictions are presented in the crystal
growth direction. Chen, et al[30], reported the growth direction of the eutectic had the
crystallographic relationship of LaBg[001]//ZrB2[0001]; however, Deng, et al[32], performed
pole figure analysis and reported that LaBe[001] is 29° and ZrB2[0001] is 25° off from growth
direction, respectively. Deng further explained the difference may be due to a better
homogenization by maintaining initial melt zone for several minutes before solidification in
their processing[32]. Moreover, the geometry of the melt pool during solidification may
result in discrepancy between local solidification direction and macroscopic crystal growth
direction, which may lead to the difficulty in determining of the local velocity of the solid-
liquid interface.

The preferred orientation relationships in DSE carbides and borides may be predicted
and explained via one (or more) of the methods mentioned above, however, the reasons for
utilizing a specific method are still unknown. In addition to the discussed ORs in some DSE
carbides and borides above, most DSEs had the ORs in low index directions and interface,
although they may not be predicted via analysis methods. The analysis of the ORs in tri-

phase systems is still limited in current research.
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2.6 WC-W2C eutectoid

2.6.1 Phases and equilibria in W-C system

The W-C binary phase diagrams have been reported by a variety of pioneer works.

However, different designations used in the phase diagrams lead to the confusion in the

descriptions of the phases. A recently published generalized phase diagram constructed

according to the results in the earlier literature[18,19,114,115] is showed in Fig.2-15[116].
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Fig. 2-15 W-C binary phase diagram[116]
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As shown in the W-C binary phase diagram, all the WC compounds have high melting

temperature (at least ~3000 K). The important tungsten carbide compounds are §-WC, -
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WCi.x, B-W2C, B'-W-C, and B"-W>C. It is noted that B’’-W-C shown in Fig. represents o-
W?2C, which is used in the earlier literature[114]. The structural data of those compounds are
showed in Table 2-4. Among all the compounds, §-WC and B'’-W-C are room temperature

phases, and y-WCi.x, B-W-C, B’-W-C are high temperature phases.

Table 2-4 Structural data of tungsten carbide compounds[19,114,115]

Phase Lattice parameter Space group Structure
(hm)
§-WC a=0.2906, P6m2 Hexagonal
c=0.2837
v-WC1.x a=0.4252 -0.4266 Fm3m Cubic
B-W>C a=0.3002, P65 /mmc Hexagonal
c=0.475-0.476
B'-W2C a=0.4728, b=0.6009, Phcn Orthorhombic
c=0.5193
a=0.3001,
B'"-W2C c=0.4728 P3mi1 Trigonal

2.6.2 Tungsten carbide (8-WC)

Tungsten carbide is a hard material (hardness: 18.0 ~ 26.7 GPa at room temperature)
with refractory nature (melting point: ~2800 °C)[57,117]. The hardness of pure WC varies
with grain size, density, and processing methods. The highest indentation hardness of pure
WC is 26.7 GPa (grain size: 295 nm, relative density: 99.3 %, spark plasma sintering[57]).

W(C has high thermal stability and the hardness of WC is stable up to 930 ~ 1030 °C[118].
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Furthermore, WC has a high Young’s modulus (~ 700 GPa), which is higher than other
transition metal carbides[118]. Compared to other transition metal carbides, WC has
relatively low thermal expansion coefficient (~5.5 x 10° K1)[118]. As the properties
mentioned above, the advantages of WC make it a potential candidate material for using in
wear-resistant application such as tool materials. However, the use of monolithic WC in tool
materials is impossible due to its brittle nature.

The first WC was synthesized in the formed of powder in 1890s[118,119]. The process
in the synthesis of WC includes the use of oxides and reactants, such as calcium carbide[119].
The development of the WC-based industrial material products began between 1910s ~1920s,
which is ~ 20 years after the first discovery of synthesized WC. In recent decades, WC is of
great interest in fields of science research and industrial applications, which are mainly
focused on the development of new processing techniques for enhancing the mechanical
properties. For example, the recently developed nanocrystalline WC-based materials showed
excellent hardness and fracture toughness[16,120].

8-WC is the most common form of tungsten carbide at the tungsten and carbon ratio of
1. -WC has excellent thermal stability, and is stable from room temperature to 2790 °C. As
shown in Table 4, §-WC has the space group of P6m2 (D3,), which is a hexagonal crystal
structure with the lattice parameter of a = 0.2906 nm and ¢ = 0.2837 nm. In 3-WC
structure, tungsten and carbon atoms occupy the positions with coordinates (0 0 0) and (0.333

0.667 0.500), respectively, as shown in Fig 2-16
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Fig. 2-16 Crystal structure of 6-WC[118]

Pure WC has high hardness due to the covalent bonding within the materials. However,
pure WC may not be a good candidate for wear-resistant materials due to its low fracture
toughness (3 ~ 7.1 MPa.m*?)[57,118,121]. Recently, most studies of monolithic WC focus
on producing nano-grain WC powder and sintering methods[118,120]. High energy
mechanical ball millings, such as attrition mills[122] and planetary mills[123], are straight
forward methods to produce nano-grain WC powder with the grain size smaller than 20
nm[120]. The milling process can also introduce chemical reactions, which is termed
mechanochemical synthesis. For examples, Tan, et al[124], reported that milling with a
magnesium containing graphite mixture can produce 4-20 nm WC powder. Additionally, the
fabrication of nano-grain WC powder via high energy milling of elemental tungsten and

carbon powder can produce the WC powder in the grain size of less than 5 nm[12].
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Pure WC has slow sintering kinetics. Thus, WC powder has to be sintered at very high
temperature (> 1800 °C). Traditionally, fully dense WC ceramics can be pressure-sintered
through hot pressing or hot isostatic pressing[125]. The sintering process is conducted at high
temperature, which leads to grain growth, and hence, decrease the hardness of the ceramics.
Recently developed spark plasma sintering combining high heating rates at the temperature
ranged between 1200 °C ~ 1400 °C has successfully limited grain growth and produced WC

ceramic in submicron- to nano- grain size (84 ~ 295 nm)[57].

2.6.3 Ditungsten carbide (B’-W-C)

B"'-W-C as a kind of lower tungsten carbide has the tungsten to carbon ratio of 2. B"'-
W.C is a room temperature phase and is stable up to 1250°C. B"’-W-C has the space group of
P3m1, which is a trigonal crystal structure with the lattice parameters of a = 0.3001 nm and
¢ = 0.4728 nm. In the B"-W-C structure, tungsten atoms occupy the coordinates of (0.333,
0.667, 0.250) and (0.667, 0.333, -0.25), the carbon atoms are located at the coordinates of (0,

0, 0), and the vacant sites occupy the coordinates of (0, 0, 0.500), as shown in Fig. 2-17.
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Fig. 2-17 Crystal structure of the B''-W-C[118]

The sintering kinetics of W>C powder is low, which requires high sintering temperature
of at least 1600 °C. As shown in Fig. 2-18, Taimatsu, et al[126], reported that fully dense
W:C can be sintered by hot reactive pressing method at temperature ranged between 1900 °C,

according to the reaction of W + WC — W,C.
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Fig. 2-18 Microstructure of fully dense monolithic W-C sintered at 1900°C[126]

Compared to monolithic WC, the research on exploring processing and properties of
monolithic W-C is still limited. Monolithic W2C has excellent hardness (14 ~ 29 GPa),
however, low fracture toughness (3.6 Mpa.m¥/?)[89,126]. Many hardness data were reported
without indentation load. As the discussion in the previous section, load-dependent
indentation hardness may lead to very high hardness at low load. As shown in Fig. 2-19,
Taimatsu, et al[126], reported that monolithic W>C had load-dependent indentation hardness
at lower load (< 9.8 N) and load-independent indentation hardness at high load (> 9.8 N). As
a result, the reactive hot pressed monolithic W>C had an average indentaion hardness of 17.1

GPa (grain size: 5 ~ 20 um)[126].
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Fig. 2-19 Vickers indentation hardness of polycrystalline W>C as function of load[126]

2.6.4 Microstructure of WC-W:C eutectoids

Based on the W-C binary phase diagram (Fig. 2-15)[19], the WC-W-C eutectoid
decomposes from the high-temperature y-WCi.x phase and contains the hcp §-WC and hcp
B-W-,C phases at volume fractions of 25.3 % and 74.7 %, respectively[19]. The high-
temperature B-W-C phase undergoes sequential phase transformations to '-W-C at 2657 K

and B"'-W-C at 2370 K on cooling.
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(b)

Fig. 2-20 SEM images of the microstructures of WC-W>C eutectoids produced via (a)
furnace reaction and (b) arc melting[17,18]. The samples were prepared by mixing WC and

W powders at eutectoid composition.

The first WC-W,C eutectoids was reported by Sara in 1965 as part of study of equilibria
in W-C binary system[18]. WC-W-C eutectoids in this study were produced at the carbon
composition of 38 atom % in a vacuum furnace. The furnace temperature was set at eutectoid
temperature, 2525 °C, and cooled down by quickly cutting the heater power. As shown in Fig.

2-20(a), the microstructure of the WC-W,C eutectoid is lamellar-typed[18]. The recent
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development of WC-W-,C eutectoids was included in a study of microstructure and
indentation hardness of multi-compositional WC-W->C composites reported by Dash, et
al[17]. The arc melted WC-W.C eutectoids were produced at the carbon composition of 38
atom %. As shown in Fig. 2-20(b), primary WC phase was contained in the eutectoid
microstructure, because liquid phase was formed and precipitation of primary WC phase
occurred prior to the eutectoid reaction.

The experimental results on the mechanical properties of WC-W,C eutectoids are
limited. Dash, et al[17], reported the Vickers indentation hardness and of arc-melted WC-
W.,C composites at the carbon compositions of 33.4, 38, 40, 45.4, and 48.6 atom %. The
highest hardness of the studied WC-W,C composites, 27.12 + 0.06 GPa (4.9 N load), was

found at the eutectoid composition[17].

2.6.5 Deformation mechanisms in 6-WC and g”’-W2C

The deformation mechanisms of WC are of great interest due to its excellent mechanical
properties such as hardness and wear resistance. Numerous works that have examined
deformation characteristics of WC have been conducted at room temperature[127]. However,
WC has high thermal stability and may be used in high temperature environments.
Consequently, research on the high temperature deformation mechanisms may require further

research.
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Fig. 2-21 TEM image of slip in WC grain deformed by radial turning testing[128]

It has been reported that WC is capable of sustaining considerable plastic deformation
without brittle fracture at room temperature[127]. Recent progress in TEM characterization
of dislocation activity has provided a fundamental understanding of the deformation
characteristics in WC[127-130]. As shown in Fig. 2-21, high density of unidirectional slip is
observed in turning test induced deformed WC grains[128]. Based on the analysis of the slip
traces induced by hardness indentation, the slip planes are of {1010} type and the slip
directions are <1120>, <1123>, and <0001>[131,132]. It has been suggested that the slip
systems in WC are sufficient to provide shape change to reach the maximum capability of
maintaining the microstructure without fracturing[127]. However, a recent work reported that

only the {1010}<1123> slip system is active in WC, which may reduce the amount of
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plastic deformation prior to fracturing[129]. Dislocations with Burgers vectors of §<1120>,

§<1213>, and <0001> have been observed via TEM techniques[133]. Furthermore, as shown
in Fig. 2-22, dissociation of the perfect dislocations into two identical partial dislocations is
observed on {1010} planes with the stacking fault displacement direction, R = % <1213 >
and follow the Equation (2-7)[130]:

Z<1213>- —<1213> + =< 1213 > (2-7)

[1010] 2

3 nm IR A

AL L & 2 A A0 AAL L L AL
X TIAXENTEX | 4

Fig. 2-22 High resolution TEM (HRTEM) image of two dissociated partial dislocations in

WC in the viewing direction of [0001], showing dissociation of the dislocation with the

Burgers vector of §<1213>, with resulting stacking fault plane of (1010) and

displacement vector of% < 1213 > [130]
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In addition, the dissociated dislocations may interact with each other. As shown in Fig.

2-23, three associated dislocations form a triangular array with three stair rock dislocations

with the Burgers vectors of %<2ﬁo >,

o=

<1120>, and %<1210 > at A, B, and C,

respectively[130]. The interaction between dislocations may also lead to the nucleation of
crack in WC[127]. A formation of a sessile dislocation acting as the nucleus of crack follows
Equation (2-8)[127]:

=<1123> + <2113 > =< 1270 > (2-8)
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Fig. 2-23 HRTEM image of the triangular array of dislocations viewed along [0001][130]
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Compared to the study of the deformation mechanisms of WC, less efforts has been
made in W-C. As shown in Fig.2-24, Epicier, et al[134], examined the dislocation activities
of W>C at high temperature (2100 °C) and reported the dissociation of dislocation follows

Equation (2-9):

1
3

<2110 > - > <1010 > + < 1700 > (2-9)

Fig. 2-24 TEM dark-field image of dislocations in W-C at 2100 °C and the schematic the

associated dislocations[134]
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Chapter 3

Growth and Microstructure-dependent Hardness of
Directionally Solidified WC-W,C Eutectoid Ceramics

3.1 Experimental procedures
3.1.1 Sample preparation

Starting powders of W (4-6 um, Inframat, CT) and WC (2-6 um, Inframat, CT) were
mixed at the eutectoid WC-W>C composition (C 40 at %). The mixed powders were milled
with WC grinding media (Glen Mills Inc., NJ) in ethanol for 8 hours. The powders were then
dried and pressed into pellets with a diameter of 25.4 mm and a thickness of 5mm using a
Carver hydraulic press (Carver Inc, Wabash, IN) at 10* psi. Each pellet was further pressed in
a cold isostatic press (CIP) at 6 x 10* psi to achieve more isotropic particle distribution within
each pellet and green densities of ~60 %. Arc melting experiments were first carried out at a
pressure of 50 millitorr and Argon-purged environment to provide a comparison with prior
literature®°.0ur study showed that the most homogeneous lamellar-type microstructures and
highest hardness occurred at a composition of 40 at % carbon content, which was then used

in forced-velocity processing experiments.

3.1.2 Laser surface processing
As shown in Fig. 3-1, the pellets were placed into a chamber filled with Argon gas for
melt/solidification experiments. The surface of the pellets were directionally melted and

resolidified by a 1064 nm wavelength Nd:YAG laser beam (Trumpf Inc., Farmington, CT)
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operated at 2000 W. The details of the laser system are provided in Appendix I. The laser
beam was linearized via an oscillating mirror operated at 30 Hz to produce a line 12.7 mm
long with a width of 5 mm at the focal point. The scanning distance of the laser beam was
approximately 50 mm and laser scans were conducted at rates of 0.12, 0.36, 0.72, 1.08, and

3.24 mm/s.

Laser head

Graphite crucible

Pyrometer

Cu reaction
chamber

Fig. 3-1 Image of Laser surface processing

Each resolidified sample was mounted in epoxy resin (PELCO, US, Part A & Part B)
and were cut in the plane perpendicular to the laser scanning direction by a diamond saw and
polished by diamond paste down to 1 um surface roughness. For phase identification, x-ray
diffraction (XRD) (Rigaku Smartlab, Japan) was conducted in the Bragg-Brentano geometry

using Cu Ko radiation. In addition, microstructures of the WC-W.C samples were
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investigated in a scanning electron microscope (SEM) (HITACHI 3200N, Japan) equipped
with a backscattered electron (BSE) detector and operated at 20 kV. Interlamellar spacings
within the eutectoid regions of each sample were measured from SEM images and presented

as the average distance between lamellae along with a standard deviation.

Vickers microindentation (Mitutoyo Corporation, Japan) was conducted on the polished
surfaces at indentation loads of 0.98, 2.94, 4.9, and 9.8 N, with the sample thicknesses at
least 6 mm. The indenting direction was parallel to the solidification direction. Indentations
were imaged by an optical microscope (CARL ZEISS, Germany) at a magnification of 50X
for measuring the indentation diagonal lengths. Indentation hardness was calculated
following the ASTM standard[95]. Each average hardness value and standard deviation was

calculated from at least 10 qualified indentations.

While it was impracticable to produce standard notched test bars to evaluate the material
fracture toughness, indentation techniques were utilized to evaluate qualitatively the fracture
behavior of the materials as a function of microstructural scale. Subsurface damage under the
indents was investigated via cross-sectional SEM imaging performed in a focused ion beam
(FIB) microscope (FEI Quanta 3D, OR). A platinum bar (length: 15 pm, width: 1 pm, height:
1 um) was deposited on the surface of the area of interest prior to material removal for

protection from ion beam damage.
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3.2 Results and Discussion

3.2.1 Microstructure Analysis

Fig. 3-2 presents XRD patterns of the arc-melted and laser-processed WC-W-C
eutectoids at the 40 at% carbon composition. The diffraction data show the presence of the
B""-W-C and hcp 8-WC phases in arc-melted and laser-processed samples. (The analyses of
XRD spectra are based on the structural data provided in Table 2-4. Surprisingly, none of
samples exhibited strong crystallographic texture, which is usually present in directionally

solidified materials.

Laser processing (0.12 mm/s scan rate)
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Fig. 3-2 XRD spectra of arc-melted and laser-processed (0.12 mm/s scan rate) WC-W-C
eutectoid. WC and W-C diffraction peaks are indicated. The peaks observed at 43.2 and 47.5

degrees are the diffraction peaks associated with the sample mount.
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The microstructures of the directionally solidified WC-W-C eutectoids, observed
parallel to growth direction, are presented in Fig. 3-3 in which the light phase is the W-C
matrix and gray phase is the minor WC phase. The intermediate grey scale is associated with
sub-surface WC phases, such that the interaction volume of the generated back scattered
electrons contains information from both WC and W-C. The microstructures of all samples
are highly anisotropic with lamellar regions indicative of the eutectoid reaction. The
microstructures are more complex than that expected for a simple eutectoid reaction,
resulting from the fact that the sample was melt-processed above the liquidus and a more
complex series of solidification transformations transpired before the eutectoid reaction at

2800 K, as will be discussed below.
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Fig. 3-3 Back-scattered SEM images of the directionally solidified WC-W,C eutectoids
grown at scan rates of (a) 0.12 (b) 1.08 (c) 3.24 mm/s. The dark and light phases are WC and
W>C, respectively. The images were acquired at 20 kV accelerating voltage. The

solidification direction is parallel to out-of-plane direction.
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Fig. 3-4 Schematics predictions of the microstructures at (a) 3028 K prior to eutectic reaction
(b) 3028 K at eutectic reaction (c) 2800 K at eutectoid reaction. The graphics scale with
volume percentage of each phase. The regions included by dash lines in (c) indicate the

original eutectic y-WCi.x phase in (b).

Based on the W-C phase diagram[19] (Fig. 2-15), schematics of the expected
equilibrium phase evolution during cooling from the liquid phase are presented in Fig. 3-4
and scaled by volume percentages to facilitate comparison with microstructural data. As
shown in Fig. 3-4(a), 23 mol % of primary y-WC phase precipitates prior to the liquid
composition reaching the eutectic composition at 3028 K. In Fig. 3-4(b), the remaining
eutectic liquid, at a phase fraction of 77 mol %, undergoes the eutectic reaction at 3028 K
and forms 19.3 mol % B-W2C and 57.7 mol % y-WCix. In Fig. 3-4(c), the y-WCi1x
subsequently decomposes to 36.1 mol % B-W-C and 21.6 mol % 6-WC in the eutectoid
reaction at 2800 K, in which the eutectoid lamellar structure forms. Additionally, the primary
v-WC phase transforms to 6-WC prior to the eutectoid reaction. The 3-W-C then transforms
to B’-W2C at 2657 K and B""-W-C at 2370 K with no microstructural change. The final

microstructure contains primary §-WC (16.1 vol %), eutectic B -W.C (24.0 vol %),
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eutectoid 6-WC (15.1 vol %), and eutectoid B"'-W2C (44.8 vol %) as indicated in Fig. 3(a).
The total §-WC and B" -W>C phases have volume fractions of 31.2 % and 68.8 %,
respectively.

W>C formed via the eutectic reaction, and the §-WC and B"-W,C formed via the
subsequent eutectoid reaction. Since the size of each of these distinct regions may scale
differently with solidification rate, a bimodal or trimodal microstructure may result. Such a
multimodal microstructure is most evident in Fig. 3-3(c), in which a bimodal distribution of
WC lamellae lengths is observed in the sample produced at the highest scan rate. The larger
8-WC lamellar structure most likely result from the precipitation of primary y-WC from the
liquid phase above 3028 K (which later converts to §-WC) since diffusion kinetics are fastest
in the liquid phase. Since the diffusion kinetics would be slowest in the solid-state eutectoid
transformation, the microstructure resulting from that final phase separation are expected to
be the smallest and thus the most easily identified in all of the samples. Moreover, the
interlamellar spacing of the eutectoid should be more sensitive to transformation rate as

compared to the eutectic reaction.
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Fig. 3-5 The relationship between interlamellar spacing and laser scan rate. Error bars

represent one standard deviation of at least 15 measurements of interlamellar spacing.

Fig. 3-5 presents the interlamellar spacings in the WC-W-C eutectoid regions as a
function of laser scan rates. The smallest and largest average interlamellar spacings were
331+£36 nm and 77064 nm measured at the highest scan rate (3.24 mm/s) and the slowest
scan rate (0.12 mm/s), respectively. The relationship between interlamellar spacing and
processing rate of WC-W:C eutectoids follows Equation (3-1):

VA" = k,n =38 (3-1)

or Equation (3-2):
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Ao V7026 (R2 = 0,998) (3-2)

Since n is close to 4, this implies interface diffusional control during eutectoid reaction

as discussed by Carpay, et al[64]. The proportionality constant, k, which is thermal-gradient
dependent, is 2.72 x 10%° m*®s. In addition to the interlamellar spacing being growth-rate
dependent, the length of the W>C eutectoid lamellae are also found to decrease with

increasing scan rate.
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3.2.2 Vickers indentation hardness

The Vickers microindentation hardness measured as a function of indentation load for
arc-melted and laser-processed samples solidified at different scan rates are shown in Fig. 3-6.
For each sample, the hardness decreases with increasing load with convergence to a limiting
load-independent value at higher loads. As discussed by Quinn, et al[104], plasticity-based
deformation mechanisms dominate at lower loads while fracture-based mechanisms become
operative at higher loads; the former mechanisms are load dependent and the later

mechanism leads to a constant hardness.
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Fig. 3-6 Load-dependent Vickers indentation hardness of arc-melted and laser-processed
WC-W,C eutectoids. Error bars represent one standard deviation of at least 10 measurements

of indentation hardness.
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Fig. 3-7 presents optical microscope images of indentation imprints generated by 0.98,
2.97, 4.9, and 9.8 N loads. It is noted that the radial cracks are only observed at the load
equal or larger than 4.9 N load in all samples. The onset of radial crack formation at 4.9 N
load in all samples is consistent with the interpretation of the load-dependent hardness
behavior in Fig. 3-6 in which the transition from plasticity to fracture-based deformation
occurs around 4.9 N load. The values of indentation hardness at 4.9 and 9.8 N loads are
similar (in the range of the standard deviations) indicating that convergence to the load-

independent value is achieved around 4.9 N.

(a) Y (b) . i

| B
10 ym X 10 ym

Fig. 3-7 Light micrographs of indentation imprints generated by (a) 0.98 (b) 2.97 (c) 4.9 (d)

9.8 N indentation loads. The sample was processed at the laser scan rate of 3.24 mm/s.
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Fig. 3-8 Vickers indentation hardness of WC-W-C eutectoids as a function of interlamellar
spacing. Error bars represent one standard deviation of at least 15 measurements of

interlamellar spacing and at least 10 measurements of indentation hardness.

The dependence of indentation hardness on interlamellar spacing (for 9.8 N load) is
shown in Fig. 3-8. The highest measured indentation hardness (28.2+0.33 GPa) is observed
for the smallest interlamellar spacing, and is higher than the highest reported hardness values
of WC-Co cements (22 GPa with 12 wt% Cobalt and 50 nm grain size, pulse plasma
sintering[16]), monolithic WC (27.4 GPa with 0.28 um grain size, pulsed electric current
sintering[58]), and W>C materials (17 GPa with single W>C phase and 10 um grain

size[126]).
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As indicated in Fig. 3-8, the indentation hardness of WC-W>C eutectoids increase with
decreasing interlamellar spacing, as is observed in most of the DSEs[33,82,83]. However, the
best power law fitting is reached (R? = 0.98) when indentation hardness is proportional
to 224, How this proportionality relates to deformation mechanisms in WC-W-C is still
unknown but is a topic of future investigation. Nonetheless, the results indicate a strong
dependence of hardness on the microstructural scale and suggest a possible improvement of
indentation hardness in smaller interlamellar spacings beyond those accessible in the current

study.
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Chapter 4

Crystallographic Orientation and Interface Analysis in

WC-W,C Eutectoids

4.1 Experimental procedures

Powder samples at the eutectoid composition were prepared by mixing W (4-6 pm,
Inframat, CT) and WC (2-6 um, Inframat, CT) at an equivalent 40 at % carbon composition,
and green bodies (~60% theoretical density) were subsequently laser surface processed with
a linearized beam. The experimental parameters and the procedures of laser surface
processing were described in detail in our previous paper[108]. In this work, the WC-W-C
eutectoid was produced at a laser scan rate of 0.12 mm/s and power of 2000 W. The average
interlamellar spacing of WC-W>C eutectoids grown under these conditions was 770+64 nm.
Samples were prepared for microstructural analysis both parallel (longitudinal) and
perpendicular (transverse) to the laser processing direction (¥). The surfaces were polished
with diamond films with different surface roughness ranging from 30 um to 0.1 um. In
preparation for electron back-scattered diffraction (EBSD) experiments, the surfaces were
ion milled at 4 kV for 10 minutes. Carbon tape was used to mask a 2 mm x 4 mm area of

interest to minimize charging and sample drift.
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Microstructural and EBSD analyses were conducted in a dual-beam focused ion-
beam/scanning electron microscope (FIB/SEM) microscope (FEI Quanta 3D, OR) equipped
with an EBSD detector (Oxford Instrument, UK). For EBSD, the sample was tilted by 70° to
reach the optimum angle for the maximum diffraction signal. EBSD maps were acquired at
an electron beam accelerating voltage of 10 kV and bean current of 16 nA with a scanning
step size of 65 nm. EBSD post-processing software, Mambo and Tango, were utilized to
create pole figures (PF) and interface orientation maps, respectively, from the acquired
orientation data.

The crystallographic ORs were determined by a combination of EBSD and selected area
electron diffraction (SAED) performed in a transmission electron microscope (TEM). TEM
samples of about 8 um x 8 um were lifted out from the polished surface via FIB. Sample
thinning was carried out with a Ga ion beam at 30 kV, and subsequent milling at 2 kV
removed damaged amorphous layers from the surface.

Interfaces in the WC-W-C eutectoids were also investigated via high-angle annular dark
field (HAADF) imaging in an aberration-corrected scanning transmission electron
microscope (STEM, FEI Titan, OR) operated at 200 kV. The atom column positions at the
WC/WC interface in the HAADF image were located through normalized cross-correlation

using a two-dimentional Gaussian distribution[135]

4.2 Eutectoid microstructure
As shown in Fig. 4-1, a quarter-ellipse shaped melt pool was produced by the incident

laser beam. The laser processing was initiated within a powder body (from the left side, point
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A, in Fig. 4-1), where a sintered powder (unmelted) region with high porosity can be
observed to the left of the melt pool. After initiation of a steady-state melt pool, dense
eutectic/eutectoid is produced. A curved liquid-solid front was formed during the processing,
as a consequence of the thermal boundary conditions in laser surface processing[136], so the
solid-liquid interface orientation will vary through the depth of the sample[78,137]. In
general, the growth (crystallization) direction is normal to the liquid-solid interface, which

may lead to variation of growth direction and rate through the depth of the sample.

~

" _-% Growth direction

DSE region

e ‘(/ Ibgﬂ w0 a P A -1
Fig. 4-1 Montaged optical micrograph of the laser-processed sample produced at 0.12 mm/s

in the longitudinal plane.
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As shown in Fig. 4-2, the laser-processed WC-W-C eutectoids have lamellar-type
microstructure observed in both longitudinal (Fig. 4-2 (a)) and transverse (Fig. 4-2 (b))
planes relative to the processing direction (7). The dark phase in the SEM images is WC, and
the light (matrix) phase is W>C. In Fig. 4-2 (a), a view from the top surface of the sample, the
lamellae are generally oriented toward the processing direction (¥). Grain/colony sizes on
the order of 10 um are observed from the orthogonal view and appear randomly oriented, as
shown in Fig. 4-2 (b), which should lead to an overall fiber texture in the sample. Moreover,
the processing (out-of-plane) direction (¥) and growth direction have a ~20° misorientation
on the transverse plane (Fig. 4-2 (b)), corresponding to the depth (~400 um below top surface)

and curvature of the solid-liquid interface (Fig. 4-1).
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Fig. 4-2 SEM back scattered electron micrographs of WC-W-C eutectoids produced at the
scan rate of 0.12 mm/s, with the processing directions () indicated. The images were imaged
(@) from the top surface longitudinal and (b) from transverse plane normal to the processing

direction approximately 400 pm below the specimen surface.
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4.3 Crystallographic Texture

EBSD analysis was performed on transverse-section samples to assess the
crystallographic texture of the WC and W-C phases. In this study, we performed experiments
in regions ~300-500 um from the top surface of the melt pool, where the tilt angle between
the processing and growth (crystallization) direction was about 20°. The EBSD data were
acquired at several different locations on the polished surface, and all positions showed
similar results. Fig. 4-3 (a) shows a representative EBSD phase map, revealing the spatial
distribution of the phases in an area of about 28 um x 32 um, in which the blue phase is 6-
WC and the red phase is - W2C. No other phases could be identified, consistent with the
previous x-ray diffraction data[108]. Fig. 4-3(b) and (c) show the crystallographic
orientations of the WC and W>C phases, respectively, with respect to the laser processing
direction (out-of-plane direction). The overall microstructure has grains on the order of 10
um in size, with WC and W,C lamellae that grow along similar crystallographic orientation.
Locally, the crystallographic orientations of the WC lamellae are similar to those of
neighboring W>C lamellae, although slight misorientations can be observed from the
variation in color. The dominant growth axes were close to [1210]WC//[1210]W-C, as
shown in green, while a minor growth orientation close to [0110]WC//[0110]W-C was also
observed, as shown in blue. Note that these two poles are only 30° apart in the hexagonal

crystal
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Fig. 4-3 EBSD (a) phase map image (b) WC (c) W2C orientation map image with viewing
direction (z), parallel to processing direction(?) (d) WC and W>C orientation map image with
viewing direction (x), perpendicular to processing direction(?). The upper-left corner in
(b)(c)(d) indicates the viewing directions. The bottom -eft corner in (b)(c)(d) shows the color

key.
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structure. Complementary EBSD maps plotted with respect to an orthogonal direction, Fig.
4-3 (d), indicate that regardless of the growth direction, the overall nominal crystallographic
orientation relationship is that of {0001}WC//{0001}W-C.

This epitaxial relationship is also evident in averaged pole figures (Fig. 4-4), in which
similar intensity distributions are observed in the {0001}, {1210}, and {1010} pole figures
from both WC and W-C. The pole figure intensities are dominated by the regions appearing
green in Figs. 4-3 (b) and (c). As indicated by the {1210} WC intensity distribution labeled
A in Fig. 4-4 (a), there is a misorientation of this low-index pole by 21.1° from the center of
the stereographic projection, corresponding to the processing direction (¥). This results from
the curvature of the solid-liquid interface at that depth in the sample, which leads to an
inclination of the growth ~20° from ¥ (see Fig. 4-1). Note that the other intensity clusters in
the {1210} WC pole figure, labeled B and C in Fig. 4-4 (a), are associated with
symmetrically equivalent poles in the hexagonal crystal structure, which are inclined by 60°.
As expected, {1010} and {0001} poles are observed 30° and 90° away, respectively, from the
{1210} poles. The local mosaicity was calculated from the full width at half maxima of the

{1210} and {1010} intensity clusters and ranged from 14°-20°.
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In Fig. 4-4 (b), the pole figure intensity distributions from W>C generally overlap with
those from WC, however, a mistilt angle of 2° is observed between all of the corresponding

intensity maxima.

{0001}

{0001}

R
Qe R

SAN)

Fig. 4-4 EBSD (a) WC and (b) W2C pole figures from {0001}, {1210}, and {1010}

reflections acquired from the area shown in Fig. 3.
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4.4 Interface Analysis

Fig. 4-5 shows the post-processed EBSD interface orientation angle map of WC-W>C
eutectoids from the same area of the sample as in Figs. 4-3 and 4-4. The light blue color
represents the (0001)WC//(0001)W-C interface with misorientation smaller than 10°. The
majority  of  the interfaces correspond to this nominal  orientation,
(0001)WC//(0001)W-Cllinterface. Interfaces with larger misorientation (> 10°) can be
observed in dark blue and red. These regions are usually observed at grain boundaries and

interface between primary-phase WC, which precipitate prior to the eutectoid reaction.

. AR .
6 < 10 ﬁ
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Fig. 4-5 EBSD (0001)WC//(0001)W-C interface orientation map. The colors corresponding

to the misorientation angles are shown at the bottom-left corner.
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Fig. 4-6 (a) shows a bright-field TEM image the WC-W,C eutectoid microstructure in
cross-section approximately parallel to the solidification direction. The complementary
selected area electron diffraction pattern in Fig. 4-6 (b), shows the overlapping
[1210]WC//[1210]W-C zone axis patterns, which exhibit the same crystallographic
orientation relationship as discerned from the EBSD data. Comparison of the electron image
and diffraction pattern show that the interface plane corresponds to (0001)WC//(0001)W-C.
In this region, a small misorientation angle of ~2° between two phases was found, as
measured from the rotation angle between W>C (1010) and WC (1010) diffraction spots

about the zone axis normal. This misalignment will lead to steps in the interface plane.
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W,C [1210]
WC [1210]
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Fig. 4-6 (a)TEM bright-field image of the lamellae in the WC-W>C eutectoid and (b) the

associated selected area electron diffraction from the region indicated by a circle in (a).

75



Fig. 4-7 (a) shows a HAADF STEM micrograph of an interface between neighboring
WC- W,C lamellae along the [1210]JWC//[1210]W.C zone axes, parallel to the growth
direction. The image intensity in these HAADF images corresponds to columns of W atoms.
The interface plane corresponds to (0001)WC//(0001)W.C, which was the dominant

orientation observed in the EBSD and conventional TEM data. The lattice mismatch, g,

la—b| h .
w5 Where a Is

a

2

between the two phases was calculated to be 2.64% using the equation, € =

d-spacing of (1010)W-C plane (0.2576 nm) and b is d-spacing of (1010)WC plane (0.2509
nm). The Burger’s circuit shown in the Fig. 4-7 (a) indicates a misfit dislocation with
Burgers vector of 1/3[2110], with, on average, one misfit dislocation every 39 d(1010) WC

(periodic intervals of 9.7851 nm) to accommodate the lattice mismatch.
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indicated by a Burgers circuit. (b) Schematic of the corresponding lattice around the interface.

The investigated region was indicated by a box (dot line) in (a).

77



Portions of the interface image do not appear atomically abrupt, with complex intensity
distributions in the atomic planes adjacent to the interface, which could arise from interface
steps along the electron beam direction or local disorder. A region of the interface at the
bottom of the image, as included by dotted line in Fig. 4-7 (a), exhibits a more structured
interface region where the atomic column positions could be located through normalized
cross-correlation method[135]. In this region, the interface is found to be locally coherent. In
Fig. 4-7 (b), the positions of the atoms in this region are indicated by blue points in the B"-
W>C hexagonal close-packed W sublattice and by red points in the primitive §-WC W
sublattice. An intermediate region, with a different stacking sequence, is identified and
marked with yellow points. The overall stacking sequence follows ABABA-CBA-CCC. The
ABABA and CCC stacking are associated with the close-packed tungsten plane stacking
along the [0001] direction in B""-W-C and §-WC phases, respectively. Interestingly, the
intermediate CBA close-packed stacking sequence is observed in the nonstoichiometric high-

temperature phase of y-WC1x[114,118].

4.5 Discussion

Based on the above results, the dominant crystallographic orientation relationship leads
to close-packed planes in WC (0001) parallel to close-packed carbon plane in W.C (0001)
parallel to interface normal. This orientation relationship is consistent with plane-on-plane
matching model, in which the interface planes correspond to close-packed planes in the
crystal structures[112]. In the present case, a continuity of the tungsten close packed planes is

maintained across the interface, requiring only a change in the stacking sequence. This
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interface orientation is similar to common orientation relationships observed in oxide DSEs
that preserve a continuity of the oxygen sublattice across the interface plane, such the phases
may share a common oxygen plane at the interface, as observed, for example, NiO-
Zr0,[138], NiO-CaO[139], and NiO-Gd203[140] DSEs. Such orientation relationships are
believed to minimize polarization charge at the interface associated with a polarization
discontinuity[69,141,142]. Although the carbide DSEs are not ionic, polarization of the
covalent bonds arising from differences in electronegativity between the carbon and tungsten
atoms still gives credence to this polar continuity argument.

In general, the preferred in-plane orientations in boride and carbide DSEs are controlled
by minimization of the interfacial energy, which may be reached by reduction of the lattice
misfit between two phases[69,111,141]. Within the interface plane, the close-packed metal
directions in WC and W-C, [1210], are parallel to each other, which results in a small 2.64%
lattice misfit, as shown in the Fig. 4-6 (a). From a near-coincident site lattice (NCSL)
method with a tolerance factor of 0.05 nm[110], the normalized inverse density of coincident
sties, or Y., is calculated to be 5, which indicates that the orientation relationship leads to a

low-} or high translational symmetry crystallographic orientation relationship.
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Chapter 5

Deformation Mechanisms in WC-W-,C Eutectoids

5.1 Experimental procedures

Directionally solidified WC-W>C eutectoids samples are produced via laser surface
processing method, as described in Chapter 3. The eutectoid samples investigated in this
chapter are resolidified at the slowest (0.12 mm/s) and the fastest (3.24 mm/s) laser
processing rates. As shown in Fig. 3-3 (a) and (c), the microstructures of both samples are
lamellar-typed, with the interlamellar spacing of 77064 nm for the slowest processing rate
and 331+£36 nm for the fastest processing rate. In this work, we focus on the deformation
mechanisms induced by Vickers indentation. Resolidified eutectoid samples are mounted in
epoxy and sectioned perpendicular to the processing direction by a high-speed diamond saw.
The sectioned (transverse) plane is then polished by diamond lapping films from 30 down to
1 um in roughness. Vickers indentation hardness testing, ranges from 0.98 N to 9.8 N loads,
is performed on the polished surface. The indenter is allowed to dwell for 10 seconds prior to
unloading.

The surface deformation was imaged by SEM (HITACHI 3200N, Japan) in
backscattered imaging mode. The lengths of indentation-induced cracks are measured in

optical microscope (CARL ZEISS, Germany). The fracture behaviors in the subsurface area
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are studied by a dual-beam FIB/SEM (FEI Quanta 3D, OR). A layer of platinum (2 pm in
thickness and 10 pm in length) is first deposited on the top surface of the indentation imprint
(approximately at the half way between a corner and the center) to protect the area of interest
from ion beam damage. The Ga-ion beam then provides the kinetic energy to remove
materials to expose a cross-section surface (10 pm in width and 10 pm in depth) under the
indentation imprint. The Ga-ion beam is operated at an accelerating voltage of 30 kV, with
current decreasing over the sequence of 30, 15, 7, 5, 3, 1, and 0.5 nA while approaching to
the area of interest to reduce beam damage. Subsurface indentation damage was investigated
via cross sectional SEM imaging in secondary electron imaging mode.

TEM samples are prepared from the pristine and indented materials via FIB life-out
technique. For the indented materials, the TEM samples are extracted from the location
approximately half way between a corner and the center of the indentation imprint (4.9 N
load) in 0.12 and 3.24 mm/s processing rate samples. The samples are thinned to the
thickness of ~100 nm and final polished at low kV (5 kV and 2 kV) to remove ion beam
damage. Microstructural and defect characterization is performed via bright-filed imaging
under several two beam conditions in a TEM (JEOL 2100F, Japan) operated at the

accelerating voltage of 200 kV.
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5.2 Indentation-induced fracture profile

As discussed in the section 3.2.2, radial cracks were observed in all samples indented at
4.9 and 9.8 N loads. In Fig. 5-1, a cross sectional image of the subsurface area approximately
a quarter of the length of the indenter diagonal away from the indentation center, confirmed
that Palmquist crack profiles were induced by indentation, as observed in WC-Co composites
at 5 N load[143]. Additionally, the crack-to-indentation ratios (I/a, [ is the length of radial
crack measured from the corner of the indentation to the end of the radial crack and a is the
half diagonal length of the indentation imprint) in all samples regardless of processing rate
ranged between 1.23 — 1.38, consistent with the expectations for Palmquist cracks profile, as

shown in Fig. 2-12 (b)[101].

Fig. 5-1 SEM image of indentation-induced fracture behaviors in WC-W>C eutectoids: a
cross section image at 3.24 mm/s scan rate and 4.9 N load. The image was taken around a

quarter of indentation diagonal away from the center.
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The investigation of the radial crack on the surface area is shown in Fig. 5-2. A radial
crack extending from an indentation corner as well as the periphery of the indentation imprint
at 4.9 N load. Both delamination and penetration are observed on the crack paths of radial
cracks. Although some interfacial delamination is observed at the indentation induced radial
crack and close to the indentation edge (edge fracture), overall the radial Palmquist cracks
show some, but relatively weak, interactions with the eutectoid microstructure. It is noted
that the edge fracture is usually shallow (maximum depth: 1 ~2 um, 4.9 N load) compared to

radial cracks (maximum depth ~ 10 pm, 4.9N load)

-

Delamellation

Penetration

Edge Fracture

Indentation

Fig. 5-2 SEM images of indentation induced fracture behaviors in WC-W>C eutectoids: a

plan-view image of 0.12 mm/s scan rate sample indented at 4.9 N load.
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5.3 Characterization of the deformation mechanisms

In Fig. 5-3, the microstructure of the WC-W-C eutectoids has been categorized in three
regions based on the stages of the phase transformations and the features of the
microstructure. Firstly, W>C-rich regions are formed during the eutectic reaction. Primary
WC regions are formed prior to the eutectic and eutectoid reactions from precipitation from
liquid. WC-W>C eutectoid regions have lamellar shape microstructure in both phases. In this
work, the deformation mechanisms are investigated separately in each region due to the

distinct features in the microstructure.

= WC—WZC Eutectoid
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Primary WG-
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A

Fig. 5-3 SEM image of the microstructure of WC-W>C eutectoids produced at 0.12 mm/s

processing rate
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5.3.1 Deformation mechanisms in W2C-rich regions

As shown in Fig. 5-4, W>C grain sizes ranged between 1 and 5 um are generally found
in the pristine mateirals prosuced at 0.12 mm/s processing rate. Small angle grain boundaris
are usually observed between neiboring grains in these W>C-rich regions, which implicates
that W>C grains have similar crystallographic orientation in their neighboring area.

Furthermore, limited dislocation activity is found in the pristine material.

Fig. 5-4 TEM bright-field image of W>C-rich region in pristine sample produced at 0.12

mm/s
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As shown in Fig. 5-5 (a), shear banding is the dominated deformation mechanism in
indentaiton deformed W>C-rich region, as found in some indentaiton deformed
materials[94,105]. Most shear bands generally orient 40° ~ 50° away from the indenting
direction (white arrow in Fig. 5-5 (a)). The width of the shear bends ranged between 80 nm
to 300 nm, which are much smaller than the original grain size in these areas. Futhermore,
microcracks are observed in the deformed samples, as points out by a black arrow (Fig. 5-5
(b)). In Fig. 5-5 (b), a dark field TEM image of the corresponding deformed region shows

that similar crystallographic orientations may be found in the neighboring shear bends.

Fig. 5-5 TEM (a) Bright-field and corresponding (b) dark-field images (performed under the

circled beam in (a))of deformed WC-rich region at 4.9 N indentation load.
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5.3.2 Deformation mechanisms in primary WC regions

Fig. 5-6 (a)(b)(c)(d) show the dislocation and stacking fault activities in the 4.9 N load
indentation-deformed WC-W-C eutectoid sample produced at 0.12 mm/s processing rate. As
shown in Fig. 5-6 (a), most dislocation activity is found in WC phase, although few
dislocations can be observed in nearby W>C phase. Plastic deformation in the WC phase
indicated by a red box at the depth of ~5 um under indentation surface is investigated. In Fig.
5-7 (b)(c)(d), dislocation-stacking fault network is found to be the dominant deformation
mechanism in this primary WC region. In Fig. 5-7 (b), both dislocations and stacking faults
appear under the two beam condition of g = 0111. However, in Fig. 5-7 (c), dislocations
disappear under the two beam condition of g = 1100, and in Fig. 5-7 (d), stacking faults
disappear under the two beam condition of g = 1011. Additionally, the dislocation-stacking
faults network usually terminated at the phase interfaces, which indicates that the mobility of

dislocations are inhibited by the interfaces.
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Fig. 5-7 TEM bright field images of (a) 4.9 N indentation-deformed sample (b)(c)(d) the
primary WC region indicated by a red box in (a), with the corresponding defect structure on
the right. The two-beam conditions set up in (b)(c)(d) are g = 0111, 1100, and 1011,

respectively.
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Table 5-1 g - b criterion for possible Burger’s vector of the partial dislocation in primary WC

region

0111

1100

1011

1 _ 1 _ C
b==<1123 > b=2<1120 > Visibility
6 6
= 1
0111--[1123] =0 N
= 1 _
_ ? 0111 - _[1120] +0 Visible
0111- 5[1213] =0 6
- 1
1100--[1123] =0 N
1
_ ? 1100 -=[1120] = 0 Invisible
1100 - 2[1213] # 0 6
- 1
1011--[1123] =0 N
_ 1 _
1011 - 5[1213] =0

Table 5-2 g - R criterion for stacking fault displacement vector in primary WC region

9

0111

1100

1011

1 B T
R=g<1213> Visibility
_ 1 _ Visible

0111 - =[2113] # 0
- 1 _ Visible

1100 - =[2113] # 0

Invisible

_ 1 _
1011-2[2113] = 0
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Fig. 5-8 Schematic of the dislocation-stacking fault network observed in primary WC phase

(fig. 5-7 (a)(b)(c))

As shown in Table 5-1 and 5-2, the invisibility criterion for dislocation and stacking
fault, g-b = 0and g - R = 0 are used to determine the burger vector of the dislocation and

displacement vector of the stacking fault, respectively. In Fig. 5-8, the dislocations are

determined to have a the Burger’s vector of b = =[1120], and the stacking faults have the

[N N

displacement vector of R = %[le?] with the stacking fault plane of (1010), which are

common dislocation burger vector and stacking fault displacement vector found in &-

WC[127,129,130].
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5.3.3 Deformation mechanisms in WC-W-C eutectoid regions

As shown in Fig. 5-9 (a)(b)(c), the deformation mechanisms in WC-W-C eutectoid
region are characterized via bright-field imaging techniques under two-beam conditions of
g = 0001, g = 1011, and g = 1010 All investigations in the WC-W-C eutectoid regions
show similar results. In Fig. 5-9 (a)(b)(c), a WC lamella (middle phase) is constrained
approximately 200 nm in width by two W>C lamellae. Fig. 5-9 (a) and (b) show that high
density of unidirectional dislocations are observed in the WC lamellae, but no shear banding
was observed in the primary WC regions, as mentioned in the section 5.3.2. Based on g - b
analysis in Table 5-3, the Burger’s vector is found to be < 0001 >, which is different from
the partial dislocations observed in primary WC region. Furthermore, the dislocation line
direction (u =< 0001 >, Fig. 5-9 (a)) is parallel to the Burger’s vector, which indicates a
screw-typed dislocations in WC lamellae. The slip lines extend through the WC lamella, but
terminate at the phase interfaces. No significant slip is observed in the W-C lamellae where
the microstructures range between 400 and 600 nm, although a small amount of dislocation

activity occurs in the W-C lamellae.
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Fig. 5-9 TEM bright field images of WC and W>C lamellae under the two beam conditions of
(@)g = 0001, (b)g = 1011, and (c)g = 1010. The corresponding diffraction patterns are

shown on the right in each figure.
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Table 5-3 g - b criterion of Burger’s vector of dislocations in WC lamellae

g b =< 0001 > Visibility
0001 0001 -< 0001 ># 0 Visible
1011 1011-< 0001 ># 0 Visible
1010 1010 < 0001 >= 0 Invisible

5.4 Discussion

Different deformation mechanisms are found in W>C-rich, primary WC, and WC-W-C
eutectoid regions. Dislocation-stacking fault networks are commonly observed in primary
WC region. However, unidirectional dislocations are the dominant deformation mechanism
in WC eutectoid lamellae. In WC eutectoid lamellae, the width of each lamella ranged from
200 ~ 400 nm, which may not have enough area for developing dislocation-stacking fault
networks, which has the size of at least 2 pym x 2 pum, as observed in the deformed primary
WC (Fig. 5-7 (2)). In the eutectoid regions, most deformation is observed in the WC lamellae.
The difference of Young’s modulus in WC (700 GPa) and W>C (440 GPa) leads to load
partitioning between WC and W-C lamellae in eutectoid region. At equal strain, higher stress
in WC phase lead to yielding plastic deformation in WC lamellae prior to W>C lamellae.

Furthermore, dislocations, stacking faults, and slips existing in each phase are found to
be interrupted at phase boundaries, in which dislocation movement is inhibited. Therefore,

the highest phase interface density leads to lowest mobility of dislocation/slip and may
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explain why the highest indentation hardness (28.2 GPa at 9.8 N load) is observed at the

smallest interlamellar spacing, as reported in Chapter 3.
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Chapter 6

Conclusions

Powders of W and WC are mixed at WC-W-C eutectoid composition and melted via
forced velocity (directional) processing, with a high power Nd:YAG laser at the laser power
of 2000 W. The resulting materials contain §-WC and B"'-W>C phases, as shown in the X-ray
diffraction spectra. Because of the melt-growth processes, a multimodal lamellar-type
eutectic/eutectoid microstructure can be observed from primary crystallization of y-WC,
followed by a eutectic and then a eutectoid reaction. The interlamellar spacing in the
eutectoid phases was found to decrease with increasing processing rate following the
relationship 2 o< V=226 indicating that the growth kinetics are dominated by diffusion along
the transformation front.

EBSD analysis was used to investigate microstructure, crystallography and interface
structure of WC-W-C eutectoids. The microstructures were largely lamellar with growth axes
approximately parallel to [1210]WC//[1210]W-C or [0110]WC//[0110]W-C. The interface
plane orientations were identified to be parallel to the basal plane of both phases, yielding an
overall crystallographic orientation relationship of approximately [1210]WC//[1210]W-C
and (0001)WC//(0001)W2Cl/interface regardless of the growth direction. An average mistilt

of ~2° between the two phases was identified and considerable mosaicity was observed.
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STEM was used to investigate the registry of tungsten atom lattice across the interface.
The interface crystallography leads to close-packed tungsten planes parallel to the interface
plane, and the transition from the WC hexagonal-close-packed stacking to the primitive
stacking sequence in W>C is accommodated by an intermediate stacking sequence of three
atomic planes with a face-centered cubic sequence. The interfaces are found to be
semicoherent, with a misfit Burger’s vector of 1/3[2110] in W>C phase. The interface
crystallography leads to high degree of translational symmetry with an in-plane misfit strain
of only 2.64 %.

The Vickers indentation hardness of all samples decreased with increasing loads at low
load (< 4.9 N) and converged to a limiting load-independent value at high load (> 4.9 N),
consistent with the hardness-load curve discussed by Quinn, et al[97]. Palmquist crack
profiles are initiated by Vickers indentation in all samples above 4.9 N load, as in WC-Co
composites[10]. The highest value of indentation hardness was 28.2+0.33 GPa (9.8 N load)
for the sample with the smallest interlamellar spacing of 331+36 nm. This indentation
hardness is higher than the reported highest hardness of WC-12 wt% Co (22 GPa, with 50
nm grain size, pulse plasma sintering[16]), monolithic WC (27.4 GPa with 0.28 pm grain
size, pulsed electric current sintering[58]), and monolithic W>C (17.1 GPa with single W>C
phase and 10 pum grain size[126]). The indentation hardness may be improved further by
processing at higher processing rates (>3.24 mm/s) at which smaller interlamellar spacing
may be produced. The available sample sizes did not allow for fracture toughness to be

measured. However, propagation of the radial cracks in the eutectoid microstructure was
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investigated. Limited interfacial delamination was observed along the indentation-induced
crack paths at 4.9 and 9.8 N loads.

Deformation mechanisms in the WC-W-C eutectoids were studied using TEM
techniques. Three different regions, W2>C-rich region, primary WC region, and WC-W>C
euetectoid region were identified based on the features in the microstructure. Grain sizes of
WC and W-C ranged between 1 and 5 um, with dislocations, were observed in pristine W-C-
rich region. Shear banding were observed as the dominant deformation mechanisms in W>C-
rich region. However, no shear bending was found in the eutectoid W>C lamellae where the

microstructural scale ranged between 400 and 600 nm.

Dislocation-stacking fault networks having Burger’s vector of%[ll?O] and stacking

fault displacement vector of % [2113], were the dominant deformation mechanism in primary

WC phase region, which are commonly found in WC materials[127]. On the other hand,
instead of dislocation-stacking fault networks, unidirectional slip was observed in WC
eutectoid lamellae. The dislocations in WC eutectoid lamellae are screw-typed, with the a
Burger’s vector of <0001> and the dislocation line direction of <0001>, as found in most
WC materials[127,132], however, different than primary WC regions.

Overall, WC-W-C DSE is a promising candidate composite material for the applications
required high hardness and high thermal stability, such as cutting tools. Future research on
the processing, fracture toughness, and high-temperature mechanical properties of WC-W>C

DSE should continue.
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Appendix A

Laser System

Figure A-1 shows the 3-D drawing of the laser system. The laser system includes the
DILAS COMPACT 500W CW diode laser, Aerotech 2-axis stages, laser
processing/containment box, sample chamber, pyrometer, and sample heater. The principle
application of this system is material heating and melting experiments. The laser system is
controlled by a LabVIEW program running from a PC. The laser system is capable of high-
accuracy materials melting experiment in laser power control, motion control, samples

surface temperature monitor, and sample preheating.

Z-axis stage

Laser head

X-axis stage

Ty

/
Pyrometer

Sample chamber and heater

Fig. A-1 Schematic of laser system used for laser surface processing
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The specifications of the laser system are shown in Table A-1. The DILAS COMPACT
500 W CW diode laser uses GaAs as the material in diode laser bars. Fused silica is the
material spliced into two ends of fiber optics. The wavelength of the laser is 980 nm with the
beam is focused to a 20 mm x 1 mm line at the focal point. The focal length is 180 mm. The
Aerotech PRO 115-200 ball screw stages provide accurate motion control at speeds ranging 3
x 10?2 — 1.8 x 10°mm/hr in both x and z directions. The x-axis stage that carries the laser head
controls the scan rate of the laser beam. The z-axis stage is able to adjust the focus of the
laser beam. The overall travel range of the stages is 200 mm in each direction. A Mikron
Pyrometer is capable of measuring and recording real-time sample surface temperature in the
range between 900 — 3300 °C. A 60 mm diameter sample heater made of iron chrome
aluminum heating wire and insulation materials inside the sample chamber provides back
heating of the samples up to 980 °C. The overall laser system is controlled by the LabVIEW

program installed in the nearby computer.
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Table A-1 The specifications of the laser system

Item Name COMPACT Diode Laser Syetem

Wavelength 980 nm

Power Consumption 2.6 KVA

Focal Length 180 mm
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Appendix B

Laser Safety Plan

B.1 Scope

This document is the safety guild for the DILAS 500 W Diode Laser system in the
Department of Materials Science and Engineering, North Carolina State University. The laser
system is currently located in room 1039 in Engineering Building I. Procedures provides in
this plan are for standard material melting experiments. All operators of the laser system are

required to follow this policy and manual.

B.2 Responsibility
Elizabeth Dickey (PI) is responsible for the overall safety of the laser operation in
conformance with the standard operating procedure. Only trained and qualified personnel

certificated by her can energize the laser and laser system.

B.3 Laser classification
All laser systems in United State are classified into several categories by judging the power
energy, pulse duration, and hazard level. The ANSIZ136.1 standard specifies control

measures by the class of the laser product. The level of DILAS 500 W Diode Laser is
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categorized as Class 4. The introduction and requirements of the Class 4 laser are listed as
follows:

a. The power of the laser is larger than 500 mW or 125 mJ for the exposure time equal or
longer than 0.25 seconds.

b. Class 4 laser system is the most dangerous laser classification. There are eye and skin
hazard under any viewing conditions if viewing directly.

c. Potential air contamination produced by laser may occur during laser processing.

d. Specific controls must be in place to operate a class 4 laser. All personnel operating such a
laser or laser system must complete training before use.

e. Eyewear is required for all Class 4 unenclosed laser use.

B.4 Introduction of laser system

This laser system includes the DILAS 500W diode laser, Aerotech motion control stage,
laser processing/containment box, sample chamber, pyrometer, and computer, as shown in
Table B-1. The principle job for this system is material heating and melting experiments. The
laser system is controlled by a LabVIEW program running from the computer. By applying
different experimental parameters, this laser system can access high-accuracy materials
melting experiment in laser power control, motion control, samples surface temperature
monitor. The followings briefly describe the components of the system. A water/water chiller

connected to the laser power supply for the cooling of the power supply and fiber optics.
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Table B-1 Specifications of the DILAS laser system

Item Name COMPACT Diode Laser Syetem
Optical Output Power 500 W CW
Wavelength 980 nm
Operating Voltage 200-240 V
Power Consumption 2.6 KVA
Laser Fiber Dimension 20 mm x 1 mm
Focal Length 180 mm

Table B-2 shows the specification of 2-axis translation stages, which control the scan

direction, scan rate and focusing of the laser beam.

Table B-2 Specifications of Aerotech motion control 2-axis translation stages

Item Name PRO115-200 Mechanical-Bearing Ball Screw Linear Stage
Travel Range 200 mm

Min Speed 300 mm/hr

Max Speed 180000 mm/hr

Max Load Horizontal: 40 kg  Vertical: 18.2 kg  Side: 40 kg
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The box dimensions are 770 mm (L) x 630 mm (W) x 910 mm (H). The dimensions
of the chamber are 200 mm (Diameter) and 180 mm (Height). Exhaust and wire entrances are
provided. The inner walls are painted black. Table B-3 shows the specifications of the
Pyrometer, which is used for measuring materials’ surface temperature during laser

processing

Table B-3 Specifications of Mikron pyrometer

Item Name IS 140 MB-33 Pyrometer
Temperature Range 900 ~ 3300 °C
Video Signals Available

B.5 Hazard analysis and control

B.5.1 Eye hazard

Ocular injury is possible if viewing either direct beam or reflect beam. The calculation of the
maximum power density of the beam is provided in Table 5-4. It is noted that the calculation
assumes the power of laser is operating at 500W and the reflection rate is 100% at the object
hit by the laser beam. Therefore, the most dangerous condition has been provided in the
document. According to ANSIZ136.1, the MPE (maximum permissible exposure) of this
laser beam for human eye is 3.63 mW/cm? for the exposure time lasting 10 seconds or longer.
The optical density (OD) of the laser beam required for eye protection at a specific viewing

condition can be calculated by the following equation.
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0D = logyo(Ei/Er)
where
E; is anticipated worst-case exposure (J/cm? or W/cm?).
E; is MPE limit expressed in the same units as E;.
In this laser system, the laser beam is enclosed in the laser processing box for any processing
condition. The interlock system in the laser processing box serves as the safety device to cut
off the power to the laser if the door is not fully closed. However, potential hazards may
happen in the following conditions:
a. The interlock system is disabled and door of the laser processing box is open when laser is
energized.
b. Unintentional high power operation during calibration/alignment.
Under any circumstance, viewing direct beam is dangerous and not allowed even when
wearing the laser protection eyewear. The recommend viewing distance of the laser system
(not direct view of the laser head) is longer than 30 cm. The OD at 30 cm is about 4.0. Laser
protection eyewear (KXL-015C OD 5+ and KBS-015C OD 5+, Kentek) are provided and
stored in laser controlled area. Laser protecting eyewear is required for any class 4 laser

operation.
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Table B-4 Power density of the laser beam with respect to the focusing distance

Distance away =~ Working  Beam length Beam length2 Beam size Power

from focus distance 1 (cm) (cm) (cm?) Density

(cm) (cm) (W/cm?)
-3.2 14.8 1.709 0.55 0.93995  531.943188
-1.6 16.4 1.772 0.281 0.497932  1004.15317
-0.8 17.2 1.879 0.157 0.295003  1694.89801
-0.4 17.6 1.924 0.116 0.223184  2240.30396
-0.2 17.8 1.982 0.107 0.212074  2357.66760
-0.1 17.9 1.996 0.104 0.207584  2408.66348

0 (Focal 18 2 0.1 0.2 2500
Length)

0.1 18.1 2.004 0.105 0.21042  2376.19998
0.2 18.2 2.03 0.107 0.21721  2301.91980
0.4 18.4 2.06 0.134 0.27604  1811.33169
0.8 18.8 2.215 0.201 0.445215  1123.05290
1.6 19.6 2.447 0.318 0.778146  642.552939
3.2 21.2 2.944 0.555 1.63392  306.012534
4.8 22.8 3.441 0.792 2.725272  183.467925
8 26 4.435 1.266 561471  89.0517943
14.4 32.4 6.423 2.214 14.220522 35.1604533
20.8 38.8 8.411 3.162 26.595582  18.800115
27.2 45.2 10.399 4.11 42.73989  11.6986730
33.6 51.6 12.387 5.058 62.653446 7.98040701
40 58 14.375 6.05 86.96875  5.74919152

B.5.2 Skin hazard

Due to the high power of laser beam, any part of human body should not be exposed to the
laser beam. Possible skin burns and excessively dry skin may occur if the laser beam is not
enclosed. The laser processing box is designed to prevent skin exposure. The door of the
laser processing box it interlocked to the laser power and must be fully closed before

energizing the laser. Wearing lab coat is required.
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B.6 Laser controlled areas

Please see Fig. B-2 for the layout of the laser system.

a. The entryway into the laser-control area from the corridor has a laser warning sign. The
warning sign is part of interlock system and the light turns on when laser is on.

b. The lab door should be locked to prevent unauthorized access during laser operation.

c. A copy of the laser safety plan/standard operating procedure and emergency procedure are
provided in the laser controlled area.

d. The laser head should be always contained in the laser processing box.

e. The reflected beam is captured by beam dump (graphite)

e. The operation key is necessary for the operation of the laser and should not be left in the
laser when the experiment is finished. The operation key should be stored in the drawer.

f. The controller for the movement system should is enclosed in the proper electrical

enclosure.
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Fig. B-1 Layout of the laser system and facility

B.7 Standard operating procedure

a. Lock the lab door.

b. Wear laser protection eyewear and lab coat prior to loading materials in the processing box.
c. Fully close the laser processing box.

d. Turn on the laser power supply with the operation key.

e. Make sure all individuals are aware of the laser is energized and experiment in progress.

f. Input the desired experiment parameters.

g. After the experiment is completed, turn off the laser power.

h. Unload the materials and equipment. (Make sure you are still wearing laser protection
eyewear and lab coat)

i. Keep the table and laser processing box clean.
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B.8 Laser alignment and calibration

Only principle laser users and Pl-approved personnel can service laser alignment/calibration.
The door of the laser processing box will be opened and the interlock system will be disabled
temporarily during alignment and calibration. An infrared detector (VS-IR, Kentek, damage
threshold: 30 J/cm~y) is provided for alignment. Alignment should only be performed at a
power of 1 W. Laser power calibration will be conducted by a laser power meter (APP-2KW,
Kentek, power range: 0 - 2000 W). Safety devices (warning sign and interlock system) must

be inspected before the laser system return to service.

B.9 Training

All individuals are required to attend the laser safety training provided by environmental
health and public safety center at North Carolina State University. The individual should
know the potential hazard, safety information, and emergency procedures of the laser
operation prior to the training of this laser system. The operating personnel should read the
laser safety plan/standard operating procedure before the operation training and be approved

for operation and use by the PI.

B.10 Emergency contact
a. 911

b. Ken Kretchman (environmental health and safety center), 919-515-6860,

kenkretchman@ncsu.edu
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c. Simon Lappi (environmental health and safety center), 919-515-6871,

selappi@ncsu.edu

d. NCSU campus police: 919-515-3000
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