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Fundamental insights into the interplay of chemical potential, microstructure,
thermomechanical conditions, and composition gradients enable new approaches for controlling
tool-material interactions and resulting tool-wear in machining processes. The diamond turning
process, which involves material removal at micrometer length-scales will be shown to involve
the formation of an inseparably connected known as built-up edge (BUE). Here, tribochemical
interactions occur between single-crystal diamond and the deformed chip to first generate inter-
diffusion and contact. This initiates rapid degradation of the cutting edge when the built-up edge
fractures. These interactions were explored between diamond and a range of transition metals:
titanium (Ti), Niobium (Nb), and zirconium (Zr). Tribochemical effects are revealed even at low
deformation speeds (quasistatic; <mm/s), where thermal effects are negligible. These effects
accelerate at higher deformation speeds and contribute to industrially observed rapid wear on faces
of diamond cutting tools during machining of d-shell rich metals. This phenomena imposes a
constraint on the accuracy of diamond turning techniques.

We present a characterization of C transport under mechanical load that occurs at contact
area between the tool and chip interface during plane strain machining (PSM). The microstructural
features of the BUE and structure of the diamond-transition metal interaction zone were
characterized using electron microscopy. In partially detached chips built on single-crystal

diamond, microstructural transformation from bulk to highly deformed chips were studied under



conditions that mimic the industrially relevant diamond turning. Phase transformations that
accompany such deformation, in the presence of inter-diffusion will be presented as a function of
deformation load, speed, and temperature. Corresponding inter-diffusion is examined by revealing
the phase evolution, element concentration profiles, and microstructure evolution. The current and
ongoing research works to expand the implementations in this study such as exploring a range of
mechanical stress states and its effect on enhanced diffusion at the interface and implications for

the design of wear-resistant diamond tooling.

Keywords: Plane strain machine (PSM), Built up edge (BUE), Inter-diffusion, Niobium

carbide (NbC), Electron diffraction (ED).
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1.0 Introduction

Diamond is the hardest material; it has long been used in the form of natural single crystals
for high-speed finishing processes of nonferrous materials [1]. Single crystals diamonds suffer
from unpredictable early failure (wear) [1] as all types of cutting tools. The wear can be improved
and enhanced via one or multiple wear mechanisms for example adhesion, abrasion,
microchipping, fracture, fatigue, tribothermal wear, and built-up edge (BUE) or which is known
as tribochemical interaction [3].

Understanding the wear mechanism of solid to solid starting from contact types such as
sliding or impact will provide more information on how wear will generate then what type of
defamation will follow that contact, is it plastic or elastic? Then type of wear and finally is it
mechanical or chemical wear? What are critical machining conditions lead to diffusion? [6] All
these raised questions need to be investigated, so it is important to understand system response to
identify root causes of the diffusion.

In our case, we followed a backward approach that stated the diffusion required
chemical reaction, and the chemical reaction was generated from corrosion wear under plastic
contact deformation that comes from sliding motion. So, we designed experiments that simulated
sliding motion between single crystal diamond and transition metals such as Nb under different
machine conditions and environments that will investigate our hypotheses “tribochemical will
lead by pure mechanical load and effect of thermomechanical on transportation speed and distance
of atoms across the diffusion layer.

In-situ material removal experiment performed and had deliberately chosen conditions,

where the thermal effects and the effect of oxidizing atmospheres are limited as explained in

1



experiments results’ section in this report. EX-situ and heat ex-situ material removal
experiments were performed with allowances of oxidation environments. The temperature rise
was calculated and found to be below 10K for experiments that did not involve temperatures.
Thus, we hypothesize that enhanced diffusion occurs on the contact zone between the diamond
and transition metal interface and leads to the rapid “formation carbides in diffusion” zone as
a result of mechanical loads and intimate tribological contacts at the tool-chip interface, and

temperatures will enhance diffusion and form a thick carbide layer.



2.0 Literature Review

Wear is a phenomenon occurred when the material is removed from a surface due to
interaction with a mating surface under the machining process. This wear makes the reliability of
the finishing surface of the work piece so poor and decreases the cutting tool’s life, and to avoid
this phenomenon; we need to understand the wear mechanism the conditions that enhance this

wear.

2.1 Wear Mechanism

Fraction leads to complex changes that are described as wear mechanisms, and it does not
take a single wear mechanism; it could be multiple or cumulative mechanisms [4]. Understanding
wear mechanisms will be the key to eliminating or avoiding machining conditions that cause wear
phenomena, “Wear is not a material property. It is a system response.”[5]. As shown in Figure
(1), wear generated from technical contact is described as sliding, rolling, impact, fretting, or
slurry wear.

As a result of two solid materials contact deformation formed and causing plastic
contact or elastic contact [6], John T.Burwell 1957 has categorized wear into four types:
“Adhesive wear, Abrasive wear, Fatigue wear, and Corrosive wear”, each type generated under
plastic or elastic contact or both as Corrosive wear [7]. Abrasive wear occurs when there are sharp
grains of impurities between two metal's surface that cause piercing into different depth, which
lead to deformation and cutting surface layers, or when one material hard rough surface sliding

movement on soft martial causing progressive loss of material [10,11] as shown in Figure (2).
3
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Figure 1Approch illustrated keyword of tools wears.[5]

Figure 2 Schematization illustrated the abrasive wear mechanism for (a) 2 elements and (b) 3 elements. [10]

Adhesive wear occurs when high load, temperature, or pressures are applied on two contact
metals which cause asperities on their surface, as shown in Figure (3), and Adhesive wear and

abrasive wear are generated under plastic contact [12,13].
4
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Figure 3 Schematization illustrated the mechanism of Adhesive. [12]

In 1997 Molinari et al investigated how the rate of wear affected and effect when related
to load and speed conditions; the experiment was performed on Ti-6Al-4 V wheels ( wheel-on-
wheel) rotated against the other. Loads applied were takes values (35 - 200 N), and sliding speed
were (0.3-0.8) m/s-1. As we can see in Figure (4) Molinari et al found the relations between
mechanical load and sliding speed conditions, the wear rate increased when sliding speed

increased [14,15].
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Figure 4 The Effect of load and the sliding speed (Molinari et al., 1997). [14]

The third type of wear is Fatigue wear which could be represented as a repetition of
adhesive and abrasive wear because repeated cycle contact causes wear particles known as fatigue
wear [7]. For cutting tools, contact between the cutting tool (rake face) and workpiece repeated
sliding motion generated high stresses that lead to plastic deformation causing crack initiation and

propagation on particle under the surface [16]. All three above type leads to mechanical wear as

illustrated in figure (5).
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Figure 5 Schematic illustration of the process of structure crack intuition and propagation. [16]

The effect of fretting on fatigue of an aged Al-Cu-Mg alloy is illustrated in Figure (6),
indicating that fretting wear contributes to fatigue failures. The cracks were found to arise from

fatigue that occurred at the edge or in a fretted area after examination of the surface fractures [10].
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Figure 6 lllustration of fretting effect on the fatigue of an aged Al-Cu-Mg alloy. [10]



For the Diamond tool, the wear mechanism can be shown as three: “mechanical, chemical,
and physical wear” [8]. The Corrosive wear is generated under plastic contact, which leads to
tribochemical wear that enhances diffusion [6, 8] at the interface between the diamond tool and
sample that machined. Tribochemical wear is a very complex system that combines mechanical
action and chemical action that affect fraction couple, the chemical reactions that occur in the
environment as a result of active chemicals, while mechanical action results in the movement of
couple elements under applied forces; these actions are primary components of tribosystem.

As noticed in corrosion wear, when mechanical action leads to contact between two
elements, then after resting from that action the chemical action start reacting on elements via
tribological contact [9]. According to Suh, 1986 and Heinicke, 1984, tribophysics and
tribochemistry are both concerned with corrosion wear [17,18]. In 1990 Kajdas et al., defined
tribophysics and tribochemistry as part of physics and chemistry when they deal with the
interacting surface through relative motion and chemical action at fraction zone, and this reaction

a result of energy and catalysis involved [19].

Gc = f(tc) (1-1)

When temperature and pressure are constant, the corrosion can be represented as a function of
reaction time as shown in equation (1). So, tribochemistry can be represented as two parts as
shown in Figure (7a) continues chemical process over the time that could be explained via a porous
structure or corrosion products have a poor adhesion to the under layer, while another type slows

down with time as shown in Figure (7b) [20].
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Figure 7 The amount of Corrosion from machined surface/response time (a) corrosion response Type C, and

(b) corrosion response Type P[20]



2.2 Diffusion in solids

Diffusion is the net movement of atoms due to element concentration gradient, which can
be thought of atoms jumping between adjacent adsorption sites. Figure (8) illustrates a simplified

sketch of diffusion across an interface.
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Figure 8 Schematic illustration of diffusion across the interface between two solids. (b) A closed-view in the
vicinity of the interface shows the changes of crystal structure across the interface and within solid, which

can significantly influence the diffusion flux.

This migration can be quantified by diffusion flux (J), defined as the amount of substance
transferring per unit area over per unit time throughout the interface. The diffusion process in
steady-state can be represented by Fick’s law, where the diffusion flux is proportional negatively

with concentration gradient as

J=-DVC (1-2)
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and D is the diffusion coefficient[21]. Since the atom migration is typically, this is a thermally
stimulated process, with rates increasing as the temperature rises. So, the diffusion coefficient

generally follows Arrhenius-type equation:

P =PPexp (_Rb;ff) (1-3)
Where Ea is activation energy [22].

The diffusion coefficient is treated to be constant for a given temperature in Fick’s laws.
At amicro scale, this generally holds true for an overall estimation. However, at micro/nano-scale
the diffusion flux varies with local atom concentration and its chemical potential. The chemical
potential is associated with applied external stress and also internal self-stress caused by, for
example, point defects, dislocations, grain boundaries, triple junction, etc. In the case of diffusion
across an interface between complex polycrystalline structures, these effects could be even more
significant.

The diffusion in FCC, BCC, and HCP metals and solid solution alloys is dominated by
vacancies mechanism. This process' activation energy is made up of the energy necessary to
produce a vacancy and the energy required to move it. This mechanism's diffusion in a pure solid
as shown in Figure (9). Atoms traveling into neighboring unoccupied sites can cause diffusion via
the vacancy mechanism. Diffusion occurs over time, resulting in concentration variations. At the
surface, grain boundaries, and appropriate internal sites, such as dislocations, vacancies are
constantly generated and eliminated. Obviously, when the temperature rises, the rate of diffusion

accelerates [25].
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We propose that carbon transport in the vicinity of the diamond-transition interfaces can
be modulated via thermal conditions, multimodal mechanical loading and the microstructure of

diamond and transition metal.

Motion of a host or

substitutional atom °\

Figure 9 Schematic illustration of diffusion via vacancies mechanism. [25]

2.3 Material Systems

2.3.1 Niobium and Single Crystal Diamond

Metals like niobium (Nb) have been used because of their superior corrosion resistance
and cold working can enhance the mechanical characteristics of niobium. When compared to other
materials, niobium has greater electrochemical characteristics [55] [56].

Niobium is a chemical element with the atomic number 41 and the symbol Nb. Columbium
is a ductile, soft, grey metal with a crystalline structure. Because niobium oxidizes at temperatures
over 200°C in the air, it must be kept in a protected environment to avoid oxidation. It's generally
added to steel as an alloying element to make it stronger. Niobium can be used in arc-welding

rods for stainless steel alloying to create stable grades.
12



The atomic weight of 92.91, and a density of 8.4 Mg/m3 belong to group VB of the periodic
table. It has a melting point of 2468 “C and a boiling point of 3300 C.

Niobium's electrical configuration is (Kr)(4d4) (5s1). It has an atomic radius of 0.146 nanometers
and has a BCC crystal structure with a = 0.392 nm at ambient temperature.

Diamond is widely used because of its properties such as a broad energy band gap, quick
charge carrier speed, a strong breakdown force, and negative electron attraction, especially when
paired with such as a very high thermal conductivity, high optical clarity, high hardness, and
chemical inertness.

A variety of electrical and mini devices may benefit from its use. Diamond fabrication
under a small length scale is one of the essential methods for producing these gadgets for the
future generation. [57]. However, even to the diamond's exceptional hardness and chemical
inertness, diamonds still face challenges when it comes to the machining process. There are many
factors that lead to wear on diamond cutting tools such as stress state on cutting tool and
workpiece, tribochemistry and increased fractional on contact between tool and machined surface

[58].

Figure 10:Schematic representation of the BCC structure of the Nb
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2.4 Transition metals and Carbide layer of NbC

The formation of built-up edge is affected by many factors, which is known as machining
parameters like cutting speed and depth of cutting that lead to increase the temperature at the
interface between cutting tools and workpieces, and also produced of adhesion and strain
hardening that occur between the cutting tool and work piece’s [2]. This tribochemical wear has
been widely explored during turning processes between single crystal diamond tool with 15 non-
diamond-turnable elements like titanium (Ti), Niobium (Nb) and zirconium (Zr) [3], which lead
to plastic deformation that could be in the form of wear on rake edge when work piece’s material
builds up against the rake face of the diamond under industrial turning conditions as shown in

Figure (11).

After cutting Aluminum 6061 for 10km After cutting Steel 1215 for Sm

Figure 11 Tool edge profile for diamond wear on Al6061 (left) and St1215 (right) (right). [3]

The chemical wear type have come from the reaction between electrons under mechanical
load; the free electrons at transition metal can act with carbon when machined under isothermal
conditions. This property is only found in transition metals that always carry free electrons. [3,23].
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This reaction produced carbide material that was studied in the early 60s; certain materials'
basic properties are still largely unknown despite the fact that crystal structures and chemical
bonding may be used to characterize them [26]. There is a wide range of uses for transition metal
carbides because of their distinctive properties, for instance a big melting point, high toughness,
good transport capabilities, and cheap pricing. However, despite this complex chemical
relationship, carbides' crystal structure is a simple one, frequently of the NaCl type or hexagonal
[27, 28]. NbCx/amorphous carbon nanocomposite films were found to have a nano-crystalline

structure (reduced) [27, 28].

As an example, strain-induced NbC precipitation has been reported in rising twinning-
induced plasticity (TWIP) steel micro-alloyed with Nb treated at 1000 degrees Celsius by
thermomechanical treatment, which resulted in softening retardation. Another Nb-micro alloyed
TWIP steel yielded similar results after a variety of heat treatments and cold rolling operations.
Understanding the NbC carbide layer requires familiarity with the NbC phase diagram, which
should be studied and explained in detail. Several elements of the C-Nb system, notably the order-
disorder transitions, are still not fully understood, despite several publications of the C-Nb phase
diagram. Experimental data on the C-Nb system has been used to create a fictitious phase diagram

Figure (12).
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Figure 12 The C-Nb system’s phase diagram [17].

According to the phase diagram, a peristatic reaction results in the formation of y-Nb2C
carbide at a temperature of 3080 °C. (Nb) + B-Nb2C border curvature changes quickly at
temperatures below 1500 °C, limiting the homogeneity range of B -Nb2C, thus this phase may be
dubbed stoichiometric. Figure (13) shows the crystal structure of NbC, which is composed of two
interpenetrating FCC molecules. In one of these sub-lattices, metallic atoms occupy the spaces,
whereas carbon atoms fill the other. [26] AbCaBc is the stacking sequence for this carbon atoms
are referred to as AbCaBc in the acronym for metal atoms in this phase [26]. Metal sub lattices

have an octahedral coordination [3] because carbon fills up half of each of the octahedral

interstices.

The existence of the C-Nb system's stable phase, Nb4C3-x, is a contentious issue. In their

evaluation of experimental findings, Smith et al. [31] demonstrate how this phase seems to be
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stable. There was no evidence of this phase being present in the other trials considered in this
analysis. Figure (12) shows that the NbC and Nb2C phases interact in a peritectoid fashion to

produce this phase.

o

Figure 13 The B1 structure of NbC carbide (left) and coordination octahedra (right) are shown.[32]

2.5 Turning process

Machining is performing mechanical and physical in which The cutting tool moved in the
opposite direction of the machined sample causing chip flow over the rake face of cutting tools as
shown in figure (14). The predetermined depth of cut protects the volume of material being
machined to size tc during its travel through the main shear zone, simple shear exerts some stress.
Usually, the leftover machined material on the secondary shear zone (SSZ) over the tool rake face
is typically neglected, and the chip movement over the tool face is likened to that of and the friction
has a fixed coefficient through the point A reaching to point C in a preliminary treatment of the
cutting process. Also because the strain is inhomogeneous, roughness is found on the chip's
backside. This is due to the existence of stress concentrations or places of weakness when the

metal started cut process the shear plane that passes through a point of stress concentration
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deforms around a modest stress value than the one that would not go through the point of stress

concentration.

Chip
width
(bc)

Secondary
shear
zone

Primary shear
one

Figure 14 Schematic of orthogonal machining process [33].

For machining process such as turning process the rake angel and the speed of cut need to
be consider as reasons for generated stresses that causing tools wear. According to many studies
such as [34, 35] a huge strain may be appear during sever plastic deformation (SPD) when
machined sample is Cu. Usually, thickness of chip tc is larger than depth of cut t and in that case
the plane strain assumed to be shown in primary and secondary shear zones. The figure (14) shows
that the machined bulk material has deform when it pass into primary shear zone and SSZ which
resulting defamation on chip structure and chemical reaction on tools surfaces because of high
generated stress. It obviously can notice that, there is a positive relationship between deformation
zone and depth of cut which causing strain levels changes negatively or positively. In other word,

decreasing depth of cut will decreasing deformation zone.
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Some studies stated some anomalies in microstructure could happen when depth of cut
look similar to deformation microstructure as stated in [36,37]. But SSZ leads to the formation of
"puild up edge™ tribochemical interaction as the chip moves over cutting tool particularly rake
face. Because of the existence of friction at the chip tool contact in SSZ, the energy given is
transformed into heat energy. The SSZ converts around 30 to 35 percent of the energy input into
thermal energy. But because the thermal conductivity of the tool is more minor than chips in
general, the maximum amount of heat carries away by chip and only small amount of heat transfer

to tool.

Based on changes in surface appearance, material transfer, and cutting conditions, the
observed contact area between the chip and the rake face could be classified into three distinct
sections, as indicated in Figure (15a). This implies there are three afflicted zones with very
different conditions. The affected region by adhesion between the chip and the rake face tool
designated F is the first as shown in Figure (15b). In addition, the contact between the chip and
the tool surface in area S is quite close, and it seems a stationary level is certainly present. Shear
would be prevented at the tool-to-chip contact as a result of this. However, it's unclear if this
stationary level adheres exclusively to the chip after a rapid pause, or if some of it attaches to the
tool in Figure (11a). Only transient contact is created between the chip and the tool in area T,
leaving work material residues attached. This material's adherence to the chip seems to be greater

than the chip's cohesiveness at the point of contact. [38, 39]
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as-deposited

Figure 15 shattered area, stationary region, a region with transient contact, and as-deposited coating all near
to cutting edge (a) The tool's chip-forming zone with a high degree of abrasiveness. An area with strong
adhesion and a highly strained tool that is prone to fracture during a rapid stop is denoted by the letter F in
this diagram. S stands for a stationary layer, while T stands for a zone where the chip and tool have only

brief contact. [38, 39]

There may be no indications of secondary shear at extremely low speeds and with proper
lubrication. Temperature has a negligible effect here, and the coefficient of friction is low. As a

result, the frictional stress is likely to be lower than the material's plastic shear strength. Both the
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tool and the chip behave like two elastic bodies in this situation, and external slip occurs. When
cutting dry metal, the tool acts like an elastic body, while the chip acts like a plastic body. The
Mises yield criteria is fulfilled when the coefficient of friction is more significant than 1/3. When
the tangential contact stress surpasses the material's shear strength, the material transitions from

external to internal slip.

Due to tool surface retardation, texture lines are bent. The bending of texture lines is
explained by another significant notion proposed by Schaller [4]. As the cutting speed is increased,
especially with carbide tools, the temperature in the zone rises to -, the steel transformation
temperature, and the zone takes on liquid-like qualities, acting roughly according to Newton's law

of viscous shear. [40]
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3.0 Problem Statement

“Pure mechanical loads and intimate tribological contacts leads to formation of NbC in diamond

tools”

Despite their were a widely studies investigated failure on diamond cutting tools, but most
them were focusing on mechanical load and material failure under industrial machining
conditions at large length scale. Fundamental insights into the interplay of chemical potential,
microstructure, thermomechanical condition, and compositional gradients can enable new
approaches for allowing for controlling tool-material interactions to optimize wear rates in
diamond turning. Diamond turning process at small length scales revealed the formation of an
inseparably connected known as a built-up edge over the rake face of diamond tool that contacts
with chip and quickly formed of the cutting edge when machined transition metal like titanium
(T1), Niobium (Nb) and zirconium (Zr) even at really low speed (~150 um/s). This coincides with
the industrial observation at most machining workshops where the diamond undergoes ultrafast
wear when machining materials such as Nb, resulting in extremely poor surface integrity of tool
and work piece.

Our scientific goal of this research is to study the mass transport at diamond/d-shell rich
transition metal interfaces under a range of thermomechanical conditions—ranging from
quasistatic to dynamic tribological systems to provides a technical approach to alleviating the
wear that occurs on diamond cutting tools when used at turning process via identifying chemical
and physical factors that repress diffusion and provide strategies for extending tool life, for

example, modifying tool surface, engineering the microstructure of workpiece, etc. We will utilize
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TEM/Energy Dispersive X-ray Spectroscopy (TEM/EDS) to characterize the element
concentration profiles across the interface and also high-resolution TEM to identify the formation
of carbide(s). Revealing the mechanical condition that leads to enhanced diffusion at the interface
via Nano indentation experiments. This work is guided via two hypotheses:

1- Tribochemical interaction enhanced diffusion occurs at the diamond-transition metal
interface and leads to rapid formation of carbides in the diffusion zone as a result of
mechanical loads and intimate tribological contacts at the tool-chip interface without any
participation of Oxygen and temperature.

The following research tasks will be undertaken to test this hypothesis:

A. We will perform in-situ material removal (diamond turning) experiments inside the sample
chamber of a Scanning Electron Microscope (SEM) with Niobium (with 99.8% purity),
the machining speed will maintain at a constant cutting speed = 150um/s, and depth of
cutting DOC=3um. The formation of an inseparably connected known as a built-up edge
“tribochemical interaction” over the rake face of diamond tool when machining transition
metal (like Nb) will investigate to confirm of diffusion interaction occurs as a result of
mechanical loads and intimate tribological contacts under isothermal condition in an ultra-
high vacuum environment.

B. The intimate tribological contacts during machining will be investigated as a significant
possible reason of interface diffusion between diamond and transition metal by perform
in-situ and ex-situ material removal experiment. So, we will design a new shape of
diamond cutting tool allow us to examine contact zone between chip and diamond as
shown in Figure (16) or we will draw lines with different length 10pum - 100pum and BUE
will be investigated by using SEM/ images and EDX/SEM we are assuming at end of this

experiment we have ability to understanding tribological contacts effect.
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Figure 16 (a) Schematic of the machining process. (b) Zoomed side view corresponding to diamond tool,

(c) Sketch of new shape for diamond cutting tool.

2- Machining diamond with d-shell rich transition metals under thermomechanical conditions
— ranging from quasistatic to dynamic tribological systems will effect on transportation
speed and distance of atoms across the diffusion layer. So, involving temperature and air
environment will broadens our understanding of diffusion at interface regarding C transfer
since both are catalysts of tirbochemical interaction with maintain cutting speed and DOC
under the micro length scale.

The following research tasks will be undertaken to test this hypothesis:

A. We will modify our approach for experiment to have complete understanding of Kinetics

of Carbon Transportation. We will involve temperature (room temperature up to ~600 °C)

in our study by doing in-situ heating inside the sample chamber of a Scanning Electron
24



Microscope (SEM) with Niobium (with 99.8% purity), the machining speed will maintain
at a constant cutting speed = 150um/s, and depth of cutting DOC = 3um. Or as alternative
we will:

. Perform ex-situ heating micro/Nano-machining experiments via two axis high speed
micro/Nano-machining station, both experiments will need upgrade deceives by insulate
heat stage and thermocouples. Our assumption all experiments in-situ SEM, in-situ heating
SEM and ex-situ heating micro/Nano-machining give us the knowledge of how carbon

atom transfer under different conditions.
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Figure 17General flow chart for research plan

The aim of this scientific research is to study the mass transport at diamond/d-shell rich
transition metal interfaces under a range of thermomechanical conditions—ranging from
quasistatic to dynamic tribological systems. Our overarching vision is that understanding how
carbon atoms are transported at such interfaces provides a technical approach to alleviating the
wear that occurs on diamond cutting tools when used at turning process via identifying chemical
and physical factors that repress diffusion. Our primary focus is to investigate the kinetics of
carbon transport across diamond-transition metal interface under multi-axial loading across
length-scales to systematically study the effects of temperature, underlying microstructure (of both

diamond and transition metal) and the normal and/or shear loading at the interfaces.
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Our study has been divided into four phases to investigate our hypotheses:
Phase 1 (Mechanical load hypothesis):

Performing in-situ material removal inside SEM vacuum chamber, using single-crystal
diamond tool and Niobum (Nb) at room temperature. These experiments will allow us to confirm
or reject scientifically the hypothesis that stats that tribochemical interaction at interface enhanced
diffusion as a result of mechanical loads. According to the current state of the research and results
from previous preliminary experiments (as shown in Chapter 6).

The results shows a quite evidence of this hypothesis as expected and lead us to a future research
plan can be listed as follows
Phase 2 (Tribological contacts hypothesis)

Design a new shape of diamond cutting tool that take stairs shape with different length
lpm - 4pm for each stair and performing ex situ material removal in two axis high speed
machining or drawing lines with different length 10um - 100pum and BUE will be investigated by
using SEM/ images and EDX/SEM we are assuming at end of this experiment we have ability to
understanding tribological contacts effect.

Phase 3 (effect temperature and air environment hypothesis)

To have complete understanding of Kinetics of Carbon Transportation. We will involve
temperature (room temperature up to ~600 °C) via ex-situ heating micro/nano-machining
experiments.

Phase 4 (Revealing critical mechanical condition)

In addition to implementing the above experiments, we need to understand how carbon
atom transfer under different conditions and what is the critical condition that lead to diffusion,
so we will perform Nano indentation experiments.

Each phase will be investigated separately to accomplish following the objectives:
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Cutting and polishing Nb samples, then identify the size of Nb structure before perform
large strain machining experiments (LSM) and reliving elements in each sample via SEM-
EBSD.

Revealing tribochemical interaction known as a built-up edge over the rake face of
diamond tool when machining transition metal (like Nb) via in-situ and ex-situ material
removal experiments.

Characterization of tool wear of single crystal cutting tool for given machining conditions
(speed and depth of cut) and microstructure of work piece, both the geometry and chemical
composition of build-up edge.

Design an expriemnts to doing heat stage in the sample holder of two-axis micromachining
and installation thermocouple on stage.

Preparing TEM samples as designed and explained in experiments method via Focused
lon Beam (FIB)-base technique.

. TEM characterization of microstructure at the interaction layer between nanocrystalline
Nb and diamond, also reveling the nanostructure of Nb and theatrically measuring the load
stress applied on rake face of diamond that lead to change grains structure.

Identification of carbides by characterize element concentration across diffusion layer via
TEMY/Energy Dispersive X-ray Spectroscopy (TEM/EDS).

Performing Nanoindentation (hardness test) to revealing the critical machine conditions.
Profile the kinetic energy of C atoms diffusion under different conditions, and Collecting
and calculating the atomic ratio between nanocrystalline Nb and diamond across the
diffusion layer.

At each phase we will perform multiple experiments and altrenatives expriemnts as need

to have results that allow us to prove or reject the hypothesis scientifically.
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5.0 Experimental Techniques

In order to understand the kinetics of carbon transport across diamond-transition metal
interface under multiple micro/nano-machining conditions, especially Nb and investigate

hypothesizes a series of experimental procedures will be conducted.

5.1 Material and grain Study

5.1.1 Material Selection

It has been found chemical wear of diamond tools is originated from the formation of
carbon—metal complexes with unpaired d-shell electrons from the workpiece, and the 15 non-
diamond-turnable elements carry one to five unpaired d electrons which could be the reason that
enhance the interface action[4]. There are 15 non-turning diamond metals or known as D-shell
transtion metals (uranium, manganese, nickel, cobalt, iron, titanium, chromium, vanadium,
rhodium, ruthenium, niobium, molybdenum, tantalum, rhenium, and tungsten).

From sintifices viwpiont and absorved expriments a single crystal diamond tool with Nb
will be used in this study with one of transition metals. The Niobium is a typical 99.8% purity,

provided “l1-VI Foundation” as shown in Figure (18).
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Figure 18 (a) Nb samples from after cutting 10x10x1 mm (b) Nb disk from I1-VI Foundation .

5.1.2 Revealing the Nb structure using SEM via EBSD before machining

Nb samples were prepared with dimensions (10 x 10) mm with thickness 1mm using a
diamond saw machine as seen in Figure (19-b). The Nb sample will apply polishing process
using a polishing machine as seen Figure (19-a) depicts a standard metallographic sample
preparation starting with {(9), (6), (3), (1), (0.04) micrometer} colloidal silica suspended on
Struers Tegramin 25. After that, polish sample’s top surface will subsequently etch into
combination of (acetic and nitric acid) with concentration percentage (1:1) for about 15-20
seconds.

The idea of grain study to identify the size of Nb structure before perform large strain
machining experiments (LSM) and reliving elements in each sample using orientation map from

EBSD to have a profile for each sample that will use for evaluating and comparing results.

30



Figure 19 (a) polish machine for Nb sample (b) Saw Diamond machine.

5.2 Micromaching Stage to Perform in situ and ex situ Machining

5.2.1 In-situ material removal

Plane Strain Machining (PSM) inside scanning electron microscope (SEM)In our
laboratory condition, plane strain machining will be used to perform diamond turning on a custom-
built two-axis deformation stage inside the vacuum chamber of an FEI scanning electron
microscope (SEM). The micromachining stage is shown in Figure 20 (a) built in our lab, the idea
generated huge stress during machining, and controlling this stress will allow us to study the effect
of plane stress machining in our experiments. Figure 20 (a) illustrates the potion of the machined
sample, which is against a wedge50 shaped diamond tool. There was software that was used to
identify deformation scale via changing the depth of cut and speed of cut. The small dimensions
of the micromachining stage allow us to place it inside the vacuum chamber of Thermo Scientific

55 TM Apreo scanning electron microscope (SEM) as can see in Figure (20 b). The single-crystal
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diamond has 60 as indenting and the radius of edge < 25nm. For all experiments, the depth of cut

will be constant at 3um, and the speed of cut will change from 150 to 75 pm/s.

Figure 20 (a) Photo illustrates the deformation stage that was used in-situ experiments placed in SEM (b)

the SEM.

5.2.2 In-situ heating stages material removal and ex-situ heating stage material removal

The knowledge base from our in situ ambient temperature microanalysis will be
augmented to examine the behavior at higher temperatures. The idea is to mimic the
thermosmechanics prevalent in high-speed diamond turning, where the temperature rise is
significant. The current experimental setup will be augmented with in situ heating stages and the
experiments will be performed inside the SEM. We will also augment an ex-situ biaxial
deformation stage to examine the evolution of the diamond Nb interfaces at elevated temperatures.
The devices will be capable of subjecting the deformation zones to temperatures ranging from
ambient, ~150°C to ~600 °C and 3um DOC. Nb will machine at deferent temperatures as stated,
the parameters has been designed in order to function increasing of stress and increasing the

temperature and their effect on diffusion behavior under oxidation environment.
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Significant challenges remain in powering the devices and thermal management to achieve
the desired characterizations this experiment will perform based on ability of designs and control
systems inside the vacuum chamber include, integrating thermocouples to monitor temperatures
on the deformation stage and achieving thermal isolation to confine the thermal fields to the
sample as shown in Figure (20).

Other alternative experiments to examine diffusion under thermomechanical loading is via
perform in ex-situ heating stage on Plane Strain Machining (PSM) using two axis high speed
micro/nano-machining station. As shown in Figure (21) ex-situ heating stage experiment will
extend our knowledge of carbon diffusion lead by temperature by doing ex-situ heating
micro/nano-scale machining (diamond turning) in ambient (air) environment. This experiment
will provide access to a broader range of process parameters, including speeds approaches and

help delineate the effect of oxygen on carbon diffusion and the evolution of the interface structure.

Heat Stage

Figure 21: (a) Photo illustrates the sample holder on stage (b) Schematic of heat stage and thermocouple.
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Figure 22: (a) Schematic plot of high speed micro/nano-machining station. (b) Photo of high speed machining

station under construction.

5.2.3 Revealing tribochemical interaction “built-up edge” BUE formation on the single-

crystal diamond tool surface via SEM imaging and EDX

After PSM experiment the “built-up edge” phenomena will be observe over the rake face
of diamond tool using SEM and the optical microscope as shown in Figure (22). Then, apply
separation process submerge diamond tool into acetone and undergone ultrasonic cleaning for 10
mints to remove super facial attachments before examination. The idea is track the deformation
and confirm the tribochemical possibility before go further in experiments and study diffusion

behavior.
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Figure 23: (a) Schematic plot of high speed micro/nano-machining station. (b) Photo of high speed machining

station under construction.

5.3 Preparing sample for TEM

5.3.1 Focused lon Beam (FIB)-base technique

In our efforts to reveal the underlying physics for surface defects in diamond cutting tool,
we will prepare a sample for Transmission electron microscopy (TEM) to observe the features of
carbide layer via using an ultra-high-resolution analytical DualBeam (FEI) Scios.

In Figure (24) indicated the steps that applied to prepare TEM sample, starting with setting
up eucentric position, deposition of the surface protection layer, rough cut and cutout, in situ lift

out using EasyL.ift, transfer to TEM grid and final Thinning. The techniques were follow PITT-
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NFCF lab standards and modified based on material use in experiments ( Nb and diamond). Some
sample will need more thinning process to reduce thickness < 100 nm via use the Fischione Model
1040 Nano Mill that apply a low-energy, low-angle argon ion milling tool for creating ultra-thin,
high-quality TEM specimens. The technique is utilized to remove the amorphous damage layer
from TEM specimens prepared by focused ion beam (FIB) milling, as well as to thin
conventionally prepared and FIB prepared TEM specimens to their ultimate thickness devices use

for TEM sample shown in figure(26).[41]

Figure 24: (a) an ultra-high-resolution analytical DualBeam (FEI) Scios (b) The Fischione Model 1040

NanoMill.[41]
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Figure 25 (a) Top view drawing shows dimentions of pt layer, rugh cuting and cleaning. (b) FIB image of the

deposited Pt protection layer with the placed regular cross section patterns for the rough cut. (¢) FIB image
taken after the rough cut with the cleaning cross section pattern placed on the lamella back side. (d) FIB
image taken after Tilt the sample to 7° to do under cut. () FIB image taken when In situ lift out using
EasyL.ift needle. (f) FIB image of the lamella ready to be attached to the holder with the pattern for Pt
deposition. (g) SEM image of the lamella welded to the holder and attached to the EasyL.ift needle. (i)
Placement of the milling patterns for thinning the back side of the lamella. (h) FIB image of the thinned

lamella.[41]
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5.4 Characterization

5.4.1 Transmission Electron Microscopy (TEM)

Samples from Large strain Machining experiments will be analyzed using TEM (JEOL
JEM-2100F XXX XEDS detector) as shown in Figure 25(a). To observe and analyze diffusion
layer, Bright field, centered dark field, selected area diffraction pattern will be used to analyze
Carbon and Nb paticipate.

The diffusion layer will be examined to identify the interaction between nanocrystalline
Nb and diamond under mechanical loading. This identification will be used as an evidence to
prove or reject our hypothesis stated that “Tribochemical interaction enhanced diffusion occurs at
the diamond-transition metal interface and leads to rapid formation of carbides in the diffusion
zone as a result of mechanical loads and intimate tribological contacts at the tool-chip interface”.

We will characterizing the diffusion layer between transition metals and diamond multiple
times including chemical composition profile and identification of carbides by using TEM/Energy
Dispersive X-ray Spectroscopy (TEM/EDS). The characterization of carbon and Nb atoms will
be performed across diffusion layer as linear, spots and area characterization to identify the
concentration of carbon and Nb on diffusion layer and also identify diffraction of NbC.

The ASTAR of Nano megas process that used to do orientation imaging microscopy in
TEM, its includes high speed that needs to place in front of TEM screen with using the smallest
lens for the beam to focus the beam in inters area camera. The high-speed camera will capture the
interest area and provide mapping and orientation for phases or lattice of the interest area via the

generated series index of individual ED spot patterns to get the desired results.
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The NanoMEGAS hardware and ASTARTM software will analyze the result and provide
mapping orientation of plane lattice, phases mapping. The software provides a standard index for
each element based on element inputs in the system via creating bank information for the element

as seen in figure 26 (b).

Diffraction
Plane

Figure 26: (a) JEOL JEM-2100F Transmission Electron Microscope (TEM) with Gatan GIF-Tridiem, EELS

and Oxford XEDS [41].(b) Schematic illustrated Nano-Megas ASTARTM system via TEM.
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5.4.2 Revealing the critical mechanical conditions via Nano indentation experiments

Approaches including Nano-indentation and micromachining experiments inside SEM
vacuum chamber under various chemo-thermo-mechanical conditions will Revealing the
mechanical condition that leads to enhanced diffusion at the interface. As shown in Figure (27)
we will design Nb tip and perform hardness and scratching tests on single crystal diamond surface,
we will characterize each test to understanding critical mechanical conditions of diffusion between
diamond and transition metals. It is anticipated that the fundamental insights on the tool-Nb
interactions will provide an understanding of the mechanisms of tool wear in diamond turning and

provide strategies for extending tool life.
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Figure 27: Schematic (Nano-indentation) illisturated Nb tip and perform hardness and scratching tests on

single crystal diamond surface
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6.0 Results of Research

In this section, results on Thermal induced mass transition on diamond-transition metal

interfaces are described in detail.

6.1 Experiment Method

6.1.1 In-situ and ex-situ setup Experiments

In Figure 29 (a), it showed that SSZ with red hashed cercal will be investigated since it
is difficult to tracking this area during turning machine (An illustration of the appropriate
micromachining station with a placed Nb workpiece is provided in Figure (29b), the
characterization for this area will use SEM images EDX, for sure deformation volume will be
varied since the speed of cut changes as designed. In the machining trials described here, the
machining velocity V was held constant at 150 um/s for in-situ and changed for ex-situ and heat
ex-situ in the range 150 - 75 um/s depth of cut ac was 3 um as shown in table 1. The logic of

these decisions will be revealed later.

Table 1 The machining parameters applied in PSM experiments.

PSM Experiments Depth Of Cut (um) Speed Of Cut(um/s) Travel Distance (um)
In-Situ 3 150 700
Ex-situ 3 150 800
Ex-Situ 3 75 800
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For heat ex-situ the experiments, follow all stated steps for in situ and ex situ with constant

150 pm /s speed of cut and ao 3 xm to study effect of temperature on same machine conditions of

PSM, the sample of Nb were placed in a portable furnace that has 1400 °C capacity and measured

cooling rate for Nb after heated up to target temperatures via think through newton law of cooling

with consideration of sample size under cooled in ambient conditions which is ranked as medium

cooling condition compared sand and air cooling[42].

Temperature (°C)

Figure 28
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: Temperature profiles of samples cooled under different conditions.[42]

The cooling rate found 238 °C/min which is required 3~4 min to reach less than 100 °C.

The portable thermocouple were used in order to monitor temperatures and the actual time to

transfer sample from furnace to sub-stage and attached with thermocouple to perform heat ex-

situ micromachining was approximately 1 min. The involvement temperatures takes value

between (room temperature up to ~700 °C) as shown in table 2.
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Table 2 The machining parameters applied heat ex-situ in PSM experiments.

PSM Experiments Depth Of Cut Speed Of Travel Distance ~ Temperatures
(zm) Cut(um/s) (zm) rang (°C)

Heat Ex-Situ 3 150 700 600~500

Heat Ex-Situ 3 150 700 200~100

Niobium has a usual purity of 99.8% in the bulk sample investigated here. The niobium
was then cut into 20mm x10mm pieces using a diamond saw. The Nb applied on polishing process
using a polishing machine as illustrated Figure (19-a) depicts a standard metallographic sample
preparation starting with {(9), (6), (3), (1), (0.04) micrometer} colloidal silica suspended on
Struers Tegramin 25. After that, polish Nb top surface etched into (acetic and nitric acid) with
concentration percentage (1:1) for about 15-20 seconds. Even that the resulting mirror-like surface
from mechanical polishing generally produces high-quality orientation images for microscopy via
(EBSD), it is deficient in contrast for in-situ grain identification using secondary electron (SE)
imaging. As illustrated in figure c, a combination of acetic and nitric acid (with a volume ratio of
1:1) was used to etch the freshly polished surface for 10 to 20 seconds, confirming the
microstructure of Nb.

SEM found grain size of polish Nb is around ~ 100um as shown in figure 29(e). While
DOC normally is about (a0 < 4um) found in this experiment, at any one moment, this deformation
arrangement only takes into account one part of a single grain which will be shown later on SSZ
that will be investigated on TEM. The secondary deformation zone or secondary share zone (SSZ)
is the area that will be the focus of all additional investigation into the machining process as a

whole, as shown in Figure 29(c, d).
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Figure 29 (a) A schematic of micromachining process used to controlling and genrating large shear

stress. (b) Micromachining station to perform in -situ micromachining experiment in SEM. (c) Zoomed

image of diamond cutting tool and Nb sample on micromachining (d) Live secondary electron images

taking when macining running. (e) Secondary electron image shows microstructure of Nb. (f) EDX

analysis confirmed purity of Nb.
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6.1.2 Plane Strain Machining (PSM)

In- situ micromachining in laboratory conditions, plane strain machining was used to
perform diamond turning on a custom-built two-axis deformation stage inside the vacuum chamber
of (SEM) as illustrated in section5.2.1. We had deliberately chosen conditions, where the thermal
effects and the effect of oxidizing atmospheres are limited. As mentioned previously the relative
diamond tool advancement speed, V, was held constant at 150 pum/s, at most all experiments
and we will mention the reason for not using slower speed below 150 um/s, while the preset
cut depth, ao, was 3 pum. The thickness of the workpiece W (along the z-axis in Figure 29a)
is >100um, and selecting a0 « W will ensure the plane-strain condition [33]. Also from Figure
18a, the rake angle was held constant at 0. Here, our focus in on the rake face which is in
intimate contact with deformed chip that cause forming build up edge (BUE) or what known
currently “tribochemical interaction”. But to understand the phenomena of tribochemical
interaction there is a need to describe and explain some results about orthogonal cutting at
micro/nano scale.

Recently, plane strain machining (PSM) was performed on Cu at same stated machining
conditions inside chamber room in SEM by Shan Gong and M. Ravi Shankar “Effect of
microstructural anisotropy on severe plastic deformation during material removal at
micrometer length-scales” 2020. The corresponding effective strain and shear speed was

calculated via:

cosyn N 1

Eeff - V3 sin ¢ cos ((— @) T V3 sin ¢ cos ¢ (6-1)
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And

sing
cos (p—yn)

Vch =Vc

As shown in Figure (30), In spite of identical deformation conditions (h =1 or 2 m and
Vc = 150 m/s), the movement of materials from severe shear is noticeably divergent as a
component of bulk grain directions; the results show that strain values imposed on grains of

various orientations vary and the shear speed does not vary greatly with crystal orientations

[43].

Ven (pm/s) 111

Figure 30 (a) A diagram illustrating planar strain deformation. Inverse pole figures annotated with: (b)
computed chip ratio, (c) effective strain value, (d) chip speed, and (e) shear speed. The loading orientation
relative to the crystallographic axis impacts plastic strain. However, all of these values are over 1, indicating

substantial plastic deformation. Nonetheless, diverse microstructural evolution routes arise. [43].
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In situ deformation experiments, as shown in Figure (31), live images have been taken
for the primary shear zone and secondary shear zone in agreement with two individual grains
are provided, with insets demonstrating orientations regarding the movement of the tool, as
demonstrated. After that, the strain-average area in figures 30 (b, d) was generated by varying
the displacement field across time and space. This relatively confined strain-average area
assumes that severe plastic deformation is imposed in a restricted area, i.e. a nominal shear

plane. [43].

(2) S (b)

400

(d

Figure 31 (a) and (c) Live SEM images at deformation zones with illustrating crystal lattice. (b) and (d) Strain

rate fields at the primary and secondary shear zones [43].
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The study is fragmented and scientifically identical from point of strain and stress
applied, also machining conditions and environments surrounded to our mean focus area
known as SSZ. The stated results mentioned that strain rate fields was detected on SSZ which
is could be the reason to form BUE “tribochemical interaction”.

Since the rake angle was held constant at yo= 0- as shown in Figure (29a) we can find
the minimum shear strain, shear and chip velocities as threshold that effect on deformation
zones that lead to sever deformation resulting recrystallization microstructure and
tribochemical interaction of Nb over rake face of diamond. Using velocity triangles and angels
as guideline to do some theoretical calculation, the aim now is to compute the theoretically
minimum shear strain feasible. The rake angle (yo) is set to zero in this example. The equation

(6) for shear strain can be simplified to its simplest form by substituting yo = 0°.

Diamond
Tool

Figure 32 (a) A schematic representation velocity triangles and angels in machining

e = cotfo + tan(Bo-yo) = cotPo + tanfo (6-3)
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To calculate the minimum shear strain (&), first determine the first order and second
order differentiation of with respect tofo. To find ensure the shear strain be either minimum
or maximum, the first order derivative has to be zero.

1st order differentiation:

de d 2

% T ax (sinZBo ) (6-4)

de __ (0-2.2.cos2Bo _

dBo ( (sin2B0)?2 ) (6 5)
de 4cos2f3o _
d_,Bo - (sin2B0)2 (6 6)

2nd order differentiation:

d%?s _ (sin2Bo)?(-8sin2Bo)—(4cos2fo)(4cos2Bosin2po) (6-7)

dpo? (sin2Bo)*

d?s _ (8sin2Bo)? -16(cos2B0)?
dBo? (sin2B0)3

(6-8)

Where (de/dpo) = 0, the following can be found po=45 and to confirm the shear strain
(¢) is minimum the value of second order derivative (d?s /dBo?) at fo = 45° was more

significant than 0 when it applied in equation (6). Hence, shear strain (g) is minimum at the
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shear angle of 5, = 45°, when orthogonal rake angle of the cutting tool is zero, the value of
this minimum shear strain (emin) calculated easily from the basic equation (1) and found
minimum shear strain in this case is 2. From generalized expression for velocity triangle, the
following intended part can be written as shown in equation (7) and since speed of cut constant
at 150 pum/s the minimum shear velocity found 212 um/s, also sine we know a0 = 3 pum and

ac > 5 um the chip velocity can be calculated via equation (8) and found 90 pm/s.

Vc Vs
sin(90+yo-Bo)  sin(90-yo) (6'9)
Vo = a0 Vc (6_10)

ac

Theoretically these estimated numbers represent the threshold of deformation starting
point, when we know that carbide tools and diamond tools have ability to react with transition
metal at low speed and form build BUE “tribochemical interaction” on rake face compared
HSS that have the opposite react at low speed, which identical with studies that assumed that
material of tools has no influence on cutting speed [33]. However, it does not mean decreasing
cutting speed the BUE will form, it may have no effect of shear strain over rake face in some
point. Moreover, performing Ex-situ at very low speed 75 um/s was examined and calculated
via equations (7) it found the shear velocity found 106 um/s, also sine we know a0 = 3 pum
and ac > 5 pum the chip velocity can be calculated via equation (8) and found 45 pm/s. EDX

results and EDS confirm our estimated numbers that indicated the limitation of cutting speed
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influence in nanoscale which could between (150-75) pum/s in our case study. Since the rake
angle (yo) is set to zero in this example. The previous stated equations can be apply in Ex-
situ and heat ex-situ since they are using same parameters during machining, the estimation
numbers will similar to in-situ experiments with changes in heat ex-situ because involving
temperature will effect on shear strain negatively, but oue aim in this research to focus on In-situ

and Ex-situ experiments while heat experiments can be investigated on TEM/ EDS.

6.2 Tribochemical interaction and Carbide Niobium Characterization

6.2.1 Temperature rise

Temperature is emitted due to the majority of the work done in plastic deformation (over
90 percent). In deformation with high strain rates such as in-situ and ex-situ, the workpiece may
not adequately dissipate the generated heat. The machining process under a thermo-mechanical
deformation process in which heat influences can further influence the resulting microstructure
development [44]. Investigated temperature rise at a large scale (100um) using an infrared camera
and varied milling settings.

However, because the deformation configuration in this study hard to apply direct
thermometry across the (SSZ) problem, Using some equations from a scientific viewpoint could
be valuable and provides good estimations for temperature rise over deformation area during plane

strain machining. We can notice that the deformations occur in very limited areas as primary or
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secondary, because of that we can count the heat as an issue with a moving heat source, allowing
calculations to be performed using approaches similar to those described in. [36, 37]. The
temperature increase in shear zones can be calculated via :

pC,AT = (1—-p)xXTXe (6-11)

Where density p = 8.57g/cm? and specific heat capacity C, = 0.26J/(gK) of Nb. The heat

dissipated into the bulk is

Bz%erfﬁ+(1+a)erfcﬁ—%%(%+ Ja) (6-12)
a= %(V X ay X tan @) (6-13)

Where

And x = 0.24 x 10~* m?%s known as the thermal diffusivity. Equations prove that the
estimations of temperature rise over these areas are about 10K or below. The conditions used
in this research guarantee isothermal deformation for some experiments such as in-situ and ex-
situ. While in heat ex-situ, these equations were ignored as we add very high

temperatures to enhance diffusion of C to understand the kinetic of carbon transfer.

6.2.2 Identify Formation of BUE via SEM high resolution images and EDX

A build-up edge (BUE) is formed when the friction in contact area between the chip and
the tool been very high enough to create a shear fracture near the tool face when the cutting speed

is raised as shown in figure (32a) .At a low speed of cut around (V =1 f.p.m. or 0.3 m /min), there
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is no BUE because the temperature on the chip face is insufficient to induce the chip surface to
behave ductile. The chip metal in contact with the chip face becomes ductile as cutting speed
increases, and the resulting the welds will be built and get stronger between tool rake face and chip
when plastic gives that [33] and that allowance of plastic flow causes very strain hardening and
increasing the ability to attach between tool and chip. Normally, the BUE is formed when the
forces in contact areal between the tool rake face and chip reach the level that passes the material

shear strength, especially at weak spots of the rake face. [33].

I Tool

Figure 33 Modified from [45] (a) BUE places on cutting tools. (b) BUE growth and decay. (c) Cutting force in

both speed and phase (force) for small BUE. (d)) for large BUE.[45]

Layered reactive bodies are seen in the BUE's structure. [45]. A whole new shear surface
is formed when a point of very large stress concentration reaches and extends the BUE's outward
face. Using a statistical assortment of faults in the work material, the creation of the steady

progression of the layer progression of the BUE are shown in Figure (33b). The BUE will normally
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develop downward as it advances forward, causes a cut on the finished surface. It leads the rake
angle to rising, which causes the tool's resistance to the applied force to decrease and the resultant
force vector to rotate clockwise. The direction of the resulting force for a tiny BUE is such that it
compresses and stabilizes the BUE. The resulting force makes the BUE as a bridge when it grows
large enough, and the moment at the BUE's base finally becomes adequate to pull it apart. After
that, it passes off on the completed surface, partially with the chip and partly on the chip. The saw
toothed completed surface Figure (33b), which is typical of the surface roughness BUE
component, is caused by the slow increase and fast decrease of the size of the BUE. [33]

In our laboratory condition, plane strain machining was used to perform diamond turning
on a custom-built two-axis deformation stage placed in the SEM “the vacuum chamber” and
involving oxygen via performed ex-situ all these micromachining were performed on Niobium
(with 99.8% purity), and the machining speed was maintained at V' = 150~75 wuml/s and ao=3um.

The schematic of machining process and deformation sub-stage are illustrated in chapter.
The focus on the rake face which is in intimate contact with deformed chip. Figure 34 (a, b, c, d, e
and f) shows the rake face before and after machining with ao=3pum and V=150pm/s. An intimately
bonded “built-up edge” was developed on the single-crystal diamond tool surface as in Figure 34,
which coincides with the industrial observation at 11-VI where the diamond undergoes ultrafast
wear when machining materials such as Nb, resulting in extremely poor surface integrity of tool
and workpiece. This rapid degradation of diamond cutting tool has been widely observed in

machining of transition metals like Ti, Zr, Nb, etc.
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Our choice of deformation configuration in this work has excluded two side factors that
have been previously assumed to hold accountance: a) the ultra-high vacuum environment of SEM
chamber almost completely exclude any potential interaction with oxygen for in-situ ; b) the
associated temperature rise with low machining speed is negligible for both in-situ and ex-situ

experiments.
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Figure 34 (a) SE images of rake face of single-crystal diamond tool before and after micromachining
experiment at In-situ, ac=3um and V =150pm/s (d) SE images of rake face of single-crystal diamond tool
before and after micromachining experiment at Ex-situ, a:=3um and V = 150pm/s (¢) SE images of rake face
of single-crystal diamond tool before and after micromachining experiment at In-situ, ac=3um and V =

75pmys.
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The observed contact area between the chip and the rake face may be divided into two
separate parts, as shown in Figure 35, based on changes in surface morphology, material transfer,
and cutting circumstances (a and b). This means that there are two affected areas, each with its
own unique set of problems. For example, in figure 35, the first fragmented area is characterized
by less than 25 um of chip-to-tool adhesion (a, b). As a result of the chip and tool surface being so
near, a stagnant layer may have developed. After a quick pause, it's not evident whether this

stationary coating clings entirely to the chip or the tool..

a) In-situ b) Ex-situ

\. .‘ “‘. Al \ e !
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¢, spot det mode HV WD HFW it mag 8 7/25/2019  —] T | ¢, | cur HV spot ‘mag B HFW WD det 'mode | bias use case —20 ym—
) 80 ETD SE_ 5.00kV 6.5mm 104 uym 0.0° 2000x 10:20:40 AM Ebeam IXJ 0.10nA 5.00kV 80 1500x 138pm 10.5105mm ETD SE OV Standard Apreo

Figure 35 Regions of different contrast close to the cutting edge a) in-situ. b) Ex-situ.

The bending of texture lines as shown in figure 34 b is explained by another significant
notion proposed by Schaller [4]. As the cutting speed is increased, especially with carbide tools,
the temperature in the zone rises, the steel transformation temperature, and the zone takes on
liquid-like qualities, acting roughly according to Newton's law of viscous shear [40]. Using a

scanning electron microscope (SEM), another type of fracture surfaces may be seen on the
50



machined surface. Figure (37) depicts the surface harm inflicted by the diamond-Nb interaction.
Several types of damage have been documented for Nb across the rake face (Figure 37a), including
cracks in the hard particles (Figure 37c). The speed of cut and depth of cut have leading roles to
control BUE formation as stated before in section (2.5Machining Process). Furthermore, the tool-
chip contact area can be separated into three regions depending on the cutting conditions: (a) a
first adhering area close to the edge; (b) a sliding area; and (c) a second adhering area towards the
back end of the contact as in Figure (15a) [46]. Since the speed of cut and depth of cut are constant
at ao=3um and V= 150um/s , the roughness were measured via AFM before and after machining
in order to confirm BUE effect on rake face of diamond as shown in figure (36). BUE makes
reliability of finishing surface of work piece so poor and decrease cutting tool’s life. So the
roughness before machining of diamond was ~ 6nm and Nb sample ~12 nm as shown in figure 35(
a,b), while rake face at machining was ~ 19 nm. Even there is a slightly differences before and
after machining but from nano-scale there is a relationship between roughness and fraction over

contact face between cutting tools and workpiece. Here our fuse to understand the chemical

phenomena that cause BUE under isothermal conditions as explained in experiments setup.

Figure 36 Measure roughness via AFM a) diamond rake face before machining b) Nb before machining c) the

roughness after machining on diamond rake face..
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Figure 37 Shows that surface damage generated by contact area causing the interaction between the
diamond and Nb. a and c¢) The different types of damage (cracks of the hard particles of Nb over the rake

face , dragging of hard particle) b) cracks on UBE (Nb) d) BUE and BUL on rake face.

Characteristic Nb transport as a function of machine parameters has been explored via EDX
SEM for ex-situ samples as shown in Figure 37. EDX examination yields spectra with peaks that

are identical to Nb and carbon, the energy peaks of each element are distinctively different. EDX
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showed qualitative Nb and carbon as well as the percentage of the concentration of carbon and Nb
that were identified via weight and atomic percentages. As atomic mass is decreasing the detection
of atomic becomes hard. Since we have here a compensation between two elements NB and C as
a result of micromachining the best way to have good results is via applying atomic ratio compared
to the weight. Even though both could be swapped if we use the right factor of conversion. The
percentage of atomic ratio reflected machining parameters performed in PSM as shown in Figure
(38c) when the very small depth of cut and speed applied, it rarely showed Nb atomic ratio initially,
these data could exist in the error range that could not accurate, but since we are working in a
diffusion layer that usually maintained width (4 -20) non-meter the data could valuable while the
atomic ratio percent increased for Nb as machine parameters changed to apply large stress via
increase speed of cut and depth of cut as shown in Figure 38 (a,b).

The strong bonding at the tool surface is illustrative of intimate tribochemical interactions
as a result of mechanical loading even under ambient conditions as shown in Figure (35). This
observation supports our hypothesis that diffusion occurs at diamond and Nb interface creating
carbides at diffusion zone. We posit that this underpins the rapid degradation of diamond cutting
tool that is observed under industrial fabrication conditions in pilot experiments, where the
diamond undergoes ultrafast wear when machining materials such as Nb. Note that diamond tool
was submerged into acetone and undergone ultrasonic cleaning for 5mins to remove super facial

attachments before examination.
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Figure 38: Sum spectrum analysis showed differences in data when PSM parameters changed regarding atomic weight

and atomic percent, (a, b), ac=3um and V = 150pm/s ac=3um and V = 75pm/s (c) ao=0.06um and V = 0.6pm/s
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The ex-situ material removal (diamond turning) experiments at elevated temperatures
~100°C and ~500°C were performed via high speed micro/nano-machining station explained in
chapter 5. The experiments were maintained machine conditions at V = 150um/s and a0=3pum that
performed on Niobium (with 99.8% purity), and the temperatures performed were below and
above 200 °C to understand how oxygen effect on BUE from chemistry viewpoint. Because
niobium oxidizes at temperatures over 200°C. Experiments applied were explained in section 6.1.1
setup experiments. The idea is to mimic the thermosmechanics prevalent in high-speed diamond
turning, where the temperature rise is significant. The current experimental setup will be
augmented an ex situ biaxial deformation stage to examine the evolution of the diamond Nb
interfaces at elevated temperatures.

Also, the formation of an inseparably connected known as a built-up edge over the rake
face of diamond tool was developed on the single-crystal diamond tool surface for both
experiments as in Figure (39) for range 150~100 °C, resulting in extremely poor surface integrity

on tool rake face.
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Tribochemical interaction
(BUE)

Diamond rake face

% curr HV spot mags HFW WD det mode bias use case postProc
X 0.10 nA 10.00 kv 8.0 650 x 319 pm 10.5207 mm ETD SE 0V OptiPlan None

Figure 39 Poor surface integrity of diamond cutting tool ac==3um and V = 150pm/s for 150~100 °C

This rapid degradation of diamond cutting tool has been widely observed in machining of
transition metals like Nb as pervious experiments in-situ and ex-situ which means there are no
much differences when it related to SEM image, based on the changing on surface material transfer
and process parameters, the explored area between chip and rake face was more significant than
experiments at applied under ambient temperature. Also, BUE was detected in range about 150
um and that could be resulted to easily material flow over rake face since raise temperature is
making material more machinability. While when experiments was applied on high temperatures
above oxidation temperature limit for Nb “200 °C” “built-up edge” was clearly developed as

shown in figure (40). The fracture over rake face and the bending of texture lines detected.
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We performed a preliminary examination on the tribochemical interaction "the built-up
edge on the rake face" via (SEM/EDX) to confirm percentage of element at scanning area to
understand machining conditions that participated in tribochemical interaction, mainly both
experiments by area scanning showed composes of Nb with percentage % 59~61. This indicated
that the machine condition in this experiment enhanced tribochemical interaction beside

mechanical load hypotheses.

. 42% CK

58% NbL

. 39% CK

61% NbL

Figure 40 (a,c) Poor surface integrity of tool and workpiece a0=3pm and V = 150pum/s for ~600°C. (b,d) shows

percentage of participating of elements on scanning area.
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In our efforts to reveal the underlying physics for surface defects in diamond cutting tool,
we prepared a sample for Transmission electron microscopy (TEM) to observe the features small
specimens via using an ultra-high-resolution analytical DualBeam (FEI) Scios. As shown in Figure
41(a) we choose a zone where interaction occurred then we deposited Platinum (Pt) layer to protect
sample of damage during rough cut and clean process of sample on both sides as shown in Figure
41(al-3). Under cut was applied to prepare sample for transfer and deposit sample into the lamella
as illustrated in Figure 41(a4-6). Final step was thinning the sample from both side as required for
TEM with thickness <100 nm, while sample deposited on lamella see Figure 41(b).

As known prepare a cross section for TEM sample has a very specific processes, the
challenging here is the expectation for carbide layer will be very small (nanoscale) because of
machining conditions performed during PSM experiment, so we have modified some steps to
prepare sample via controlling lon Beam current which is most important parameter that could
damage carbide layer between diamond and Nb. So our suggestion here was to perform a very
low current and repeat step multiple time as need. Also, chosen a zone where interaction occurred
should be done very carefully because we will deposit a Platinum (Pt) layer on that zone to protect
sample of damage during rough cut and clean process as explained in result section.

To avoiding damage in TEM sample, critical steps were performed as shown in tables 3,
the currents and tilts were applied carefully as illustrated. All thinning processes were performed
with at very low current as table shows, and Z length were maintained 1/3 of total Z to avoid any
bending or overlap in interested area, please note that total Z was 10 um as illustrated in schematic

in figure 41(c).
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Table 3 Experimental parameters used for preparing TEM samples for diamond.

Steps Process Stage tilt | Stage rotation Pattern lon beam | Rough time
Angels used current (min)
1 Pt deposition 52° 0° Rectangle | 300 pA 7-10
10x2x
1.5 um
2 Rough cut 52° 0° regular 15-30 nA | 14X(8)
Cross-
section
15x8x
35 um
3 Cutout 53.5° 0° cleaning |3 nA 5X(6)
(cleaning cut) | front Cross-
50.5° section
Back side 14x1x
35 um
4 Under cut 7° 0° U-cut 3nA 14X3
“parallel
milling”
5-a Insitu liftout |0° Park position rectanglel. | 50 pA 1
using EasyL.ift 2x1.2x
“Pt deposition” 0.7 um
5-b Insitu liftout | 0° Park position Rectangle |1 nA 3-5
using EasyL.ift 0.5x3 um
“cut sample”
5-c Insitu liftout | 0° eucentric position | Rectangle | 300 pA 4-8
using EasyL.ift for lamella 2x6x1
“Transfer to pum
TEM grid”
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“Table 3 continued”

5-d Insitu liftout |0° eucentric position | Rectangle |1 nA 3
using EasyL.ift for lamella 4x0.5um
“after attached
sample to
lamella”
6-a Final Thinning | 50.5° eucentric position | Cleaning |1 nA for 1-2
/back for lamella Cross 800 nm
53.5° Section
[front pattern
10x5x
0.5 pm
6-b Final Thinning | 50.5° eucentric position | Cleaning |0.5nAfor |1-2
/back for lamella Cross 400 nm
53.5° Section
[front pattern
10x5x
0.5 pum
6-b Final Thinning |51.5° eucentric position | Cleaning |0.1nAfor |1
/back for lamella Cross 150 nm
52.5° Section
[front pattern
10x5x
0.5 pm
6-C Final Thinning |51.5° eucentric position | Cleaning |50 pAfor |0.5
/back for lamella Cross <100 nm
52.5° Section
[front pattern
10x5x
0.5 um
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1 Deposit Pt 2 Rough cut 3 Clean
sample

4 Under cut 5 Transfer 6 Depositto
sample | lamella

sample

© BUE 10%2*1 um

11x4pm * <100 nm

r 3
4 um /
11 pm
10 pm M I 2-3 um

15 um

A
v

A
v

F Y
"

15 pm

Figure 41: (a) Sequential SE images to illustrate the process to extract cross sectional samples via FIB. (b)
Lamella after proper thinning. (c) illustrated schematic of side and top view shows thining process

area applied.
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6.2.3 Identify carbide layer and microstructure evolution at diffusion area

NbC may be synthesized in two distinct methods. Physical and chemical methods such as
physical vapor deposition (PVD) or chemical vapor deposition (CVD) are used, and each process
has benefits and limitations. For instance, they need the purchase of costly and complex equipment
that must be operated under high-vacuum settings [47]. Another process for obtaining NbC
coatings via method called the thermo-reactive diffusion (TRD) [48]. In our lab conditions the
diffusion layer has been examined and initial results of in-situ and ex-situ shows that there is a
direct interaction between monocrystalline Nb and diamond under mechanical loading, this
interfaces diffusion quite evidence of our hypothesis that stated “the diffusion occurs at the
diamond-transition metal interface and leads to rapid formation of carbides in the diffusion zone
as a result of mechanical loads and intimate tribological contacts at the tool-chip interface”.

The examination performed to utilize high-resolution TEM to identify the formation of
carbide(s) as shown in Figure 42 via TEM (JEOL JEM-2100F XEDS characterization). The initial
results shows that there is a direct interaction between nanocrystalline Nb and C under mechanical
loading and this inter-diffusion is observable in Figures 42(a),(b) and (c). TEM high resolution
images showed that the voids and fractures were rarely observed at interface such as Figure 42 (c)
also, regions are smooth at all most regions of the bonding interface which means that the surface

atoms had directly bonded and reacted with each other.
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Speed of cut 150 /s - ¢ Speed of cut 150_1'-111/5
DOC 3 um (in-situ) Single-crystal diamond DOC 3 pm (ex-situ)

Nanogrystalline Nb

Speed of cut 75 pm/s
DOC 3 um (ex-situ)

Figure 42: TEM bright field images of the microstructure in the secondary shear zone shows the
nanocrystalline microstructure within Nb (a) In-situ PSM (b,c) ex-situ PSM . (Inset) Zoomed view

corresponding to the interface showing the intimate contact.

By classification images regarding to machining conditions as shown in Figure (42) the
integrally bound interface indicates a direct reaction between surface atoms of Nb with diamond.
The TEM images indicates that the NbC layer that could be characterized via amorphous structure
which could be as a slightly brighter region that have various origins. As shown In Figure 43(e)
the presence of the amorphous structure is localized to the Nb side for ex-situ experiments while
in ex-situ under elevated temperatures show how the amorphous structure detected on both sides
of the interface as shown in Figure 43(g). The elevated temperature enhances the inter-diffusion

between Nb and C. The amorphous structure identified the width of diffusion layer was found to
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be similar for in-situ and ex-situ experiments that utilized a depth of cut ao=3um and a cutting

velocity of V' = 150um/s.

Single-crystal diamond Single-crystal diamond

Siy
e.
T’J’S@/ d
Ia,ho =
g

Nanocrysalline Nb Nanocrysalline Nb’a Nanocrysalline Nb

Speed of cut 150 pm/s Speed of cut 75 um/s Speed of cut 150 pm/s Speed of cut 150 um/s
DOC 3 um (ex-situ) DOC 3 pum (ex-situ) DOC 3 um (heat ex-situ) ~100C° DOC 3 um (heat ex-situ) ~500C°

Single-crystal diamond

Nanocrysalline Nb Nanocrysalline Nb

L 20 nm 20 nm

Figure 43: TEM bright field images of the microstructure in the secondary shear zone shows the
nanocrystalline microstructure within Nb (a) and (b) ex-situ micromachining at ao=3pm and V = 150pm/s
and ao=3pum and V = 150pm/s sequentially. (c) and (d) heated ex-situ micromachining at ao=3pm and V =

150pm/s and ~100C° and ~500C°. (e),(f),(g)and(h) TEM high resolution images show amorphous structure at

the interface between Nb and diamond.

Visually, the amorphous layer was ~6-8 nm for the in situ experiments performed in

vacuum while in ex-situ showed an amorphous layer ~4-5 nm in width. For ex-situ under a0=3um
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and V = 75um/s the interface was not found to be integral. The amorphous region was ~1-2 nm,
cracks and voids were observed at the interface from the electron microscopy. Lastly, heated ex-
situ experiments utilized ao=3um and V = 150um/s at ~100°C and ~500°C showed a broader
interaction zone with an amorphous structure with a width of ~10-15 nm. Increased temperature
magnified the interaction and led to enhanced inter-diffusion leading to the amorphous structure
at the interface. The possibility of observation of an amorphous layer may came from an artifact
from imaging conditions and/or preparation of the TEM samples, this explained the need of EDS
as we will state in section 6.2.4.

While the thickness of the carbide layer from 13 to 35 nm depending on machining
conditions and temperature. The effect of machining conditions regarding the time process on the
diffusion thickness of the carbide layer is shown in Figure 44. The data was collected from TEM
EDS mapping scanning where diffusion was explored (will introduce EDS data later in the
concentration of elements at diffusion layer). The graphical representation in Figure 43 shows a
linear relationship between machining conditions and diffusion thickness, the considerable effect
of temperature on the diffusion thickness, which can be confirmed that the mechanical load is the
main factor for diffusion as in-site and Ex-situ at 304 K data shows. The behavior of diffusion
linearity are different based on machining environment, it is clearly the ex-situ at high temperature
(473 K) as shown is effected by increasing temperature, but when it is related to ex-situ and in situ

at same temperatures 304K it obviously showed that ex-situ slightly close in situ.
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Figure 44:Diffusion thickness’s behavior versus machining time for different machining conditions.
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Figure 45: (a) Schematic illustration of diffusion across the interface between two solids. (b) A closed-view in
the vicinity of interface showing the changes of crystal structure across interface and within solid which can
significantly influence the diffusion flux. (c) Schematic illustration free unpaired electron in 5 energy level of

Nb reacted with C electrons in 2" energy level.
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This indicated that the chemical potential of diffusion across interfaces between complex
polycrystalline formations is linked to applied external stress as well as internal self-stress induced
by point defects, dislocations, grain boundaries, triple junctions, and other factors. So, we assumed
that atoms migrated as a result of an element concentration gradient, which might be viewed as
atoms jumping from one adsorption to the next enhanced via mechanical load as illustrated in
Figure 45 (a,b) and known Nb electronic shell structure is [2, 8, 18, 12, 1] and the fifth energy
level carry one unpaired negative electron, and C electronic Shell Structure is [2, 4] the second
energy level carry four paired electrons and under ideal mechanical load electrons reacted as
illustrated Figure 45(c).

Because of purely mechanical factors, developing and continues flotation of Nb chip during
micro-machining causes changes in microstructural features. In partly detached specimens, the
path of microstructural progression from sample bulk grain to highly machined chips across the
secondary shear zone is preserved, as shown in Figure (14) .Figure (47) shows the mechanics of
microstructure evolution after cutting Nb with a0 = 3 um and V = 150um/s. As mentioned in
section 6.1.1 the typical grain size of bulk Nb is around 100um as shown in figure (47,a and b) ,
this partially detached chip that built over the rake face composed nanostructure as shown in
figures (47 ¢, d and e).

The reasons is that increasing strain levels usually results in refined dislocation-free zones
surrounded by “high misorientation angle borders”, which define “the dynamically recrystallized
parts of the microstructure”[49]. A plot of recrystallization fraction versus strain is displayed in
figure (46) under various circumstances, revealing a generally monotonic relationship between the

two parameters. As deformation occurs, the insets depict the development of grain boundaries
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[49]. The strain was generated from vertical movement of diamond tool to Nb chip that flow
horizontally over rake face of diamond this process generated a huge share stresses known as
primary share stress effected on (PSZ) where chip start formed and second share stress known as
secondary share zone (SSZ) where tribochemical occurs “build up edge” [24] these enormous
stresses lead to substantial change in Nb coarse- grained until formation of ultrafine and
nanostructured grain over rake face of diamond cutting tool. Also NanoMEGAS' ASTAR
orientation imaging microscopy was carried out in a 200kV FEI Tecnai G2 F20 TEM. The created
sequential index of each ED spot patterns may be seen in the diffusion area’s orientation and phase
mapping that prove the nanostructure of Nb across the diffusion layer as shown in figure (47,e)(

results will be stated according to research sequence)
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Figure 46 modified figure shows the relationship between strain(e) recrystallization fractions(f) [49].
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Microcrystalline Nb Microcrystalline Nb
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Nanocrystalline Nb Nanocrystalline Nb

Figure 47: (a, b) SE images showed Nb samples after polished composes microcrystalline before PSM. (c, d)
TEM images of cross section showed nanocrystalline of Nb after PSM (e) Resultant orientation map after

indexing.
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6.2.4 Characterize the element concentration profiles across the interface via (TEM/EDS)

The characterization was utilized via TEM/Energy Dispersive X-ray Spectroscopy
(TEM/EDS) to find the elemental concentration profiles across the interface. Figure 48 (a) maps
the diffusion layer in In-situ, showing the concentration of Nb is significant in the adhered built-
up edge and showing it declines across the diffusion layer. The concentration of C on the other
hand, increases monotonically across the ~20nm region. The chemical composition was mapped
across the diffusion layer with nm-scale resolution in Figure 48 (b), where the red line represents
diffusion layer boundary. It is evident that Nb is primarily restricted to the vicinity of the diffusion
layer, while C is transported extensively across the interface. Point-by-point high resolution
characterization of the composition across the diffusion layer was performed as shown in Figure
48 (c). The chemical composition ratio is found to vary from 46% Nb:37% C to 73% Nb:9% C in
the middle of the diffusion layer, ultimately increasing to 1.4% Nb:80% C at the end of the
diffusion zone.

Generated diffusion layer reveals an EDS spectrum for a PSM, Nb and single-crystal
diamond created diffusion by the ex-situ experiment. Figures 43 (c, e, f and h) shows a TEM
images of the Nb and diamond interface shows detected C, and detected Nb. A diffusion layer can
be formed by stacking diamonds on Nb, however, this has not been shown conclusively. TEM
images, so XRD qualitative analysis was applied via EDS mapping as in Figures 49 (a, b) Nb and

diamond confirmed but did not indicate how much of Nb or C diffuse each other.
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Figure 48: (a) EDS Mapping through diffusion layer shows change in concentration of C and Nb.(b) EDS
mapping via area of cross-sectional shows concentration between diamond and Nb.(c) EDS mapping shows
the change of relative wt% of the components across diffusion layer as shown in(, and zoomed out of

numbers).
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Consequently, EDS-based STEM line scan analysis was used to determine the element
concentration. As shown in Figure 48 (a,b), this study demonstrates a concentration gradient at the
point where the two materials meet ”interface” between Nb and diamond while it maintained
ao=3um and V = 150um/s machine settings in the PSM. This might be a sign of simultaneous
diffusion at the Nb and diamond bonding interface, while ex-situ maintained ao=3um and V =
75um/s parameters did not show a concentration gradient that confirmed diffusion layer which
means the stresses applied in this experiment won’t enough to enhance diffusion. A degree of
bonding strength could have been obtained between Nb and diamond, and NbC may have been
generated at the bonding interface as a diffusion layer. The strength forming between Nb and
diamond from may have been achieved, and NbC could be formed at contact area causing diffusion.

More precisely, Eq. (17)'s inter-solid interaction may have resulted in the formation of NbC.

Nb + C = NbC (6-14)

The TEM image indicates that the NbC layer is characterized by amorphous structure
which is ascribed to the Niobium incorporation with carbon, in agreement with in-situ and ex-situ
experiments that performed tremendous shear strain. Lattices were more amorphous when it is
come to Nb side which enhanced the results in EDS mapping that showed Nb were more
concentrated on diffusion layer, were carbon explored in all scanned area with different gradient
concentration which means carbon more likely diffused into Nb regarding to atom size and

diffusivity of carbon as shown in figures 49 (a, b) and 51(a, b).
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Figure 49: (a) EDS mapping via area of cross-sectional shows concentration between diamond and Nb,
ao=3um and V = 150pm/s. (b) EDS mapping via area of cross-sectional shows concentration between diamond

and Nb, ac=3um and V = 75pm/s.
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Figure 50: EDS Mapping through diffusion layer shows change in concentration of C and Nb (a) ac=3um and
V =150pm/s. (b) aoc=3um and V = 75pm/s.
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Moreover, the amorphous structure identified the width of diffusion layer based on
mechanical load applied in PSM, on Nano-length scale diffusion layers were found similar for in-
situ and ex-situ experiments that maintained), ao=3um and V = 150um/s in-Situ were maintained
average ~6-8 nm while in ex-situ were found smaller with average ~4-5 nm that decreasing could
related to Oxygen involved that may decreasing diffusion rate. For ex-situ under ao=3um and V =
75um/s parameters we can notice a sharp layer between C and Nb that maintained ~1-2 nm, crack
and voids were explored in layer which means there were no direct interaction between C and Nb
as shown in figure 51 (a, b and c) also EDS lines cane confirmed that and indicated there were no
diffusion occurred which all confirmed the hypothesis that stated mechanical load is the mine

factor in diffusion under isothermal conditions.
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a)

6-8 nm

Voids

Figure 51: TEM bright field images of cross-sectional diffusion layers e (a)In-situ PSM ao=3um and \/ =
150pm/s (Inset) Zoomed view corresponding to the rectangle shows C and Nb detected on diffusion layer.(b)

Ex-situ PSM aoc=3um and V = 150pm/s (¢) Ex-situ PSM ac=3um and V = 75pm/s

Heated ex-situ experiments utilized ao=3um and V = 150um/s at ~100°C and ~500°C
showed a broader interaction zone with an amorphous structure with a width of ~15-30 nm.

Increased temperature magnified the interaction and led to enhanced inter diffusion leading to the
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amorphous structure at the interface. TEM/Energy Dispersive X-ray Spectroscopy (TEM/EDS)
was utilized to characterize the elemental concentration profiles across the interface. Nb was
concentrated in the vicinity of the nominal Nb/diamond interface, while extensive C content was

detected throughout the scan area as shown in figures 52(a) and 53(a).
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Figure 52: (a) EDS mapping via area of cross-sectional shows concentration between diamond and Nb,
ao=3um and V = 150pm/s (b) EDS Mapping through diffusion layer shows change in concentration of C and

Nb. at ~100°C
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Figure 53 (a) EDS mapping via area of cross-sectional shows concentration between diamond and Nb, ac=3um
and V =150pm/s (b) EDS Mapping through diffusion layer shows change in concentration of C and Nb. at

~500°C

A gradient in the C concentration was observed, which is indicative of progressive

diffusion into Nb as shown in Figure (52) (b) and Figure (53)(b), where electron images represents
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scanned area and diffusion layer boundary. It is evident that Nb is somewhat still restricted to the
vicinity of the diffusion layer, while C is transported extensively across the interface. As
mentioned before in section 5.2.3 “Identify carbide layer and microstructure evolution at diffusion
area” involving temperatures in ex-situ experiments effect on diffusion behavior. It is clearly the
ex-situ at high temperature (473 K) as shown Figure (43) is effected by increasing temperature on
diffusion thickness. However, deformation in the presence of elevated temperatures shows a
significant diffusion of C into Nb as shown in Figures 52, 53 (a, b).

Theoretically we can find diffusion coefficients of carbon and Nb and conclude diffuse
distances at interface via some previous work. If we considering the diffusion as flux of particles
in deamination X that contains nm unit as illustrated in figure for in-situ experiment then the

particles can be atoms or ions. 1st Fick's law can be written as

Jx =—D— (6 — 15)

dx

And since the atom migration is typically, this is a thermally stimulated process, with rates
increasing as the temperature rises. So, the diffusion coefficient of carbon generally follows

Arrhenius-type equation:

Dc = Do exp( —=) (6-16)

Where Qc is activation energy of carbon.
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To calculate diffusion coefficients needs to find pre-exponential factor and activation energy
that table 4 shows as experimental results done by other researchers. All stated results from

pervious works were studied carbon diffusion into niobium.

Table 4 Shows previous data of diffusion Carbon into Niobium.

Researches Temperatures(k) Do=m?S571 Q/kJmol™? Process

Wert (1950) 323-413 1.5X10°° 113 Internal friction[59]

Schmidt and Carlson (1972) 2173 - 2573 2.6X107° 158 Diffusion couple[60]
Hoerz and Lindenmaier (1972) 1873 - 2393 1.8X107¢ 159 Decarburization[61]

Imai, Jun-ichi, et al. (2014) 1168 - 1567 2.2X107° 176 Diffusion

annealing[62]

What we can notice from previous works that the diffusion rate is much similar with average
1.5 - 2.6 m? s~* and the activation energy also has value that approximately consider to be close
with range 113- 176 Q/kjmol='.

Some previous studies stated that the carbide phase at diffusion coefficients close to
2.65X107° or 2.25X107°> m2S~1 is NbC ;_, phase[63] where the carbon weight is higher than
Nb. According to phase diagram the carbon percent is higher than %50 in NbC ,_, which also,
agreed with data showed in figures 56, 58, and 60 that shows mole ratio of carbon is higher than
Nb.

From atomic size fact we know that niobium are more unlikely to diffuse into carbon

however, for the niobium diffusion in carbon there are some researches stated results about
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diffusion coefficient of Nb when it diffuse into iron that contain high carbon. The Nb diffusivity
via using equations (18, 19) after identify diffusion rate and activation energy which
were Do = 1.4*137x107t m2S~tand 299.7 + 12.7Q/kJmol~1.[64] with some results shows

in table 6 that has close temperatures.

Table 5 calculated Diffusion coefficients of niobium in carbon at deferent temperatures

Temperatures(k) time (t/ks) Dyp =m? S71 Process
873 64.8 4,05X10720 IBS
858 61.8 1.76X10721 IBS
843 331.8 8.87x10721 IBS

From stated previous stated results we clearly can notice that the Nb diffusivity has values
range as stated in table 5, these study were performed in iron and all these values are much smaller
when it compared to C diffusivity could smaller if performed in diamond. All in all, these factors
of atomic size and diffusivity confirmed that C are more likely to diffuse into Nb under plane strain
micromachining, and EDS data enhanced that facts.

Involving temperature in experiments showed some elements at diffusion layer. According
to how much magnification is applied to each scan, the maximum real distance of pixel is utilized
to compute the spectrum spatial resolution.. Figure 54 shows counts vs. X-ray energy collected
(keV), which includes most of the important information, and Figure (54) from software. The

energy lines in the X-ray shell of the common elements present in the material are highlighted in
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the figure: Fe, Ga, Cr, O, Nb, C. The change in contrast following irradiation can be attributed to

a putative deposited atmosphere surface on the diffusion layer at high temperatures[50].
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Figure 54 The X-ray shell energy lines of the common elements present in the material (heat ex-situ).

To emphases the change in concentration we have measured and compared atom ratio via
analysis the data across diffusion layer as shown in Figure (55), (56) for in-situ. As known the
atomic masses of Nb is 92.90638 u and C is 12.0107 u, so we can find an estimation of mole ratio
between Nb and C point by point across diffusion layer in Nano-scale via using the calculations

of empirical formula:

clemnt welght % _ pole of elemnt (6-17)

Atomic Mass

elemnt mole

x100 = mole Ratio (6-18)

total elemnt mole of component
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The C ratio significant notice in all the cross section of diffusion layer and it shows highly
concentration compared Nb ratio, possible reasons are diffusion coefficient of C higher than
diffusivity of Nb under isothermal machining condition and atoms size. While for ex-situ its
entirely C has more ratio in all diffusion layer the Nb is really absorbed mainly at end of diffusion
layer as shown in figure (57, 58). The heat ex-situ showed how temperature enhance diffusion
for both C and Nb the ration of C more highly compared to Nb at end of layer while in beginning
both has equal ratio which means the Nb participated highly in diffusion when temperature
involved as well as the mechanical load enhance the reaction as shown in figure (59,60). Please
note that: the first two histograms which include (in-situ and ex-situ) the scanning of diffusion start
from lift to right while in heat ex-situ from right to lift. All these expected reasons will be

investigated to prove the diffusion and diffusion behavior for C with transition metal.

point  [Ptanee [NBK o eries [Total (We3%6/Mwi)= m Nb (W%/Mwi)=mC mNb+mC  mNb/mtotal m C/m total
(um) |series
70] 0.050299 70.45| 19.28 89.73 0.758293329 1.605195238 2.363488566 32.08364701 67.91635299
71] 0.051028 81.01 27.64 108.66 0.871956601 2.301223878 3.173180479 27.4789476 72.5210524
72] 0.051757 100.33 25.06 125.39 1.079908725 2.086420781 3.166329506 34.10601212 65.89398788
73] 0.052486 74.33] 32.13 106.46 0.800055971 2.675047873 3.475103843 23.02250542 76.97749458
74| 0.053215 56.33 25.53 81.86 0.606311756 2.125551578 2.731863334 22.19407349 77.80592651
75| 0.053944 106.23 20.61 126.84 1.143413773 1.715927067 2.85934084 39.98871898 60.01128102
76| 0.054673 107.03 27 134.03 1.152024627 2.247939389 3.399964016 33.88343587 66.11656413
77] 0.055402 108.28 29.1 137.38 1.165479086 2.422779119 3.588258206 32.48035731 67.51964269
78] 0.056131 101.22 42.76 143.98 1.0894883 3.560069936 4.649558236 23.43208203 76.56791797
79| 0.05686 86.33] 38.06 124.39 0.92921878 3.168761968 4.097980748 22.67504016 77.32495984
80] 0.057589 128.37 38.76 167.12 1.381719157 3.227041878 4.608761035 29.98027336 70.01972664
81| 0.058318 102.33] 30.94 133.27 1.10143586 2.575972026 3.677407836 29.95141943 70.04858057
82| 0.059047 125.37 36.93 162.3 1.349428455 3.074681542 4.424109996 30.50169312 69.49830688
83] 0.059776 135.66 39.32 174.98 1.460185564 3.273665806 4.73385137 30.84561491 69.15438509
84| 0.060505 115.27 34.22 149.5 1.240716423 2.849055033 4.089771456 30.33706006 69.66293994
85| 0.061234 98.92| 28.21 127.12 1.064732095 2.348680376 3.413412471 31.19259989 68.80740011
86| 0.061963 86.68| 31.7 118.38 0.932986029 2.639247357 3.572233385 26.11772323 73.88227677
87] 0.062692 76.77| 43.82 120.59 0.826319075 3.648322371 4.474641446 18.46671035 81.53328965
88| 0.063421 90.45| 57.4] 147.86 0.973564678 4.778952627 5.752517305 16.92415036 83.07584964
89| 0.06415 122.88 50.53 173.41 1.322627172 4206976938 5.529604109 23.91902106 76.08097894
90| 0.064879 48.89 70.94] 119.84] 0.526230814 5.906252602 6.432483416 8.180834367 91.81916563

Figure 55 Analysis EDS Data of Atoms concentration across diffusion layer between diamond and Nb in

situ.
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Figure 56: Histogram mole ratio of C and Nb In-situ

Pointex-situ  Distance (um)  CKal 2 NoKal Distance [im) (W% /Mwij=m C (Wek/MwiEmNb  mC+mNb  mC/total mC+Nbx100 m Nb/totalm [CiNh):lODI
it 0.014462 6.78 8.28 14.462 0.564496657 0.089121974  0.653618631 8636483571 13.63516429
2 0.015171 8.26 8.05 15171 0.687720116 0.086646364 0.77436648 88.81067737 11.18932263
3 0.015881 8.59 2.96 15.881 0.715195617 0.031860029  0.747035647 95.73525352 4264746483
1 0.016591 .66 432 16.591 0554503566 0.046408421  0.601003087 92.26320018 1.736790821
5 0.017301 9.31 391 17.301 0.775142165 0.042083377  0.817227342 94.83022536 5.149774641
26 0.01801 9.76 355 18.01 0.812608757 0.038210508  0.850819265 95.50897473 4491025275
2 0.01872 9.3 231 18.72 0.774309574 0.025509551  0.799819125 96.81058507 3.189414931
i 0.01943 10.28 118 1043 0.833903486 0.012700958  0.868604444 98.53777417 1462225731
i} 0.02014 11.98 0.89 .14 0.997443946 0.009579536 1.007023482 99.04872786 0.951272343
30 0.020849 1211 0.89 20.849 1.008267628 0.009579536 1.017847164 99.05884339 0.941156611
31 0.021559 10.63 0.8 21.558 0.885044168 0.008610819  0.893654988 99.03p44931 0963550685
R 0.022269 9.53 385 21269 0.795124347 0.041439565  0.836563013 95.04645535 4953544452
3 0.022979 11.07 1.36 22.979 0.92167817 0014638392 0.936316362 98.436598 1.563402004
# 0.023689 16.09 148 23.689 1339638822 0.015930015 1355568837 98.82484649 1175153508
35 0.024398 1018 118 24.398 0.848410168 0.012700958  0.861111125 985250501 14749493929
36 0.025108 13.02 207 25.108 1084033404 0.022280494  1.106313897 97.98606041 2013939588
37 0.025818 9.58 0.89 25.318 0.79762212 0.009579536  0.807201656 98813413 1.186758699
38 0.026528 1372 03 26.528 1.142314769 0.003228057 1145543826 99.71812017 0.281879834
3 0.027237 1489 03 .37 1.239727909 0.003228057 1.242956%66 9974021168 0.259788321
40 0.027947 17.16 118 27947 1428726053 0.012700958 144142701 90.11886224 0.88113776

Figure 56 Analysis EDS Data of Atoms concentration across diffusion layer between diamond and Nb ex-

situ.
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Figure 57 Histogram mole ratio of C and Nb ex-situ.

Heat ex-situ Distance (m) Distance (nm) (Wts/Mwi (Wt%/Mwi)=mNE  mC+mNb  m C/total m (C+Nb)x100 m Nb / total m (C+Nb)x100
135' 0.2537] 253.7 45.58435395 5.183605259 50.76795921 89.7896127 10.2103873
137 0.25553} 255.58 40.11329889  5.545905459 4565930434 8785372327 12.14627673
13_8‘ 0.25746| 257.46 40.85607 6.356829316 47.21283932 86.53582091 13.46417309
139 0.25934] 259.34 36.98025918 5.765373702 42.74572288 86.51239945 13.48760055
140 0.26122] 261.22 35.49751472. 5.811441582 41.3089563 85.93176371 14.06823629
141 0.2631 263.1 31.60764985 5.62221884 37.22986869 84.89863371 15.10126629
143] 026497 264.97 3517030648 5.791421429 40.96172791 85.86138397 14.13861603
143] 0.26685 266.85 32.63673225 6.050493438 38.68723169 84.36047457 15.63952543
144 0.26873) 268.73 32.60592638 6.234232734 38.84015917 83.949003 16.050997
145] 0.27061] 270.61 30.33045534 6.541531378 36.87198672 82.25880415 17.74119585
146] 0.27249] 272.49 27.3572731 6.750128463 34.10740156 80.20919755 19.79080245
147 0.27437] 274.37 24.09601439  6.737750411 30.8337643 78.14814229 21.85185771
148] 0.27625 276.25 23.77130392 6.81298744 30.58429136 77.72389963 22.27610037
149 0.27813) 278.13 23.0835838 6.888116833 29.97170064 77.01793129 2298206871
150 0.28001] 280.01 19.46014803 6.92320592 26.38335395 73.75918948 26.24081052
lﬁ 0.28189] 281.89 20.86556154 6.837851179 27.70341272 75.31765762 24.68234238
152] 0.28377] 283.77 18.9855712  6.950437634 25.92600883 73.20159135 26.79840365
153] 0.28565 285.65 17.09558977 7.326192238 24.421782 70.00140188 29.99859812
154 0.28753) 287.53 15.23974456 7.450295663 22.69004022 67.16490764 32.83509236
155] 0.@' 289.41 15.42541234 7.18701988 22.61243222 68.21651112 31.78348888
156] 0.29123) 291.28 13.20905526 7.122008198 20.33106346 64.96981964 35.03018036
157| 0.29316] 293.16 12.61625051 7.46504169 20.0812922 62.82588981 37.17411015
158] 0.29504] 295.04 12.22659795 7.396262775 19.62286073 62.30792803 37.69207191
159) 0.29692 296.92 12.06507531 8.008491989 20.0735673 60.10429102 39.89570897
1# 0.2938) 298.8 12.13334776 7.441146668 19.57443443 61.98549754 38.01450246
161 0.30068) 300.68 10.846399476 7.545983387 18.39297815 58.97356412 41.02643588
152' 0.30256 302.56 10.2275471 7.22856708 17.45611418 58.59005616 41.40934334
163] 0.30444] 304.44 9.045430924 7.525425057 16.57485598 5459734271 45.40265729
164 0.30632) 306.32 10.11015178 7.256114833 17.46626661 57.88387412 42.11612588
165] 0.3082 308.2 9.491536713 7.337063397 16.82860011 56.4012256 43.5387744
166] 0.3@' 310.08 8.094449116 7.961885933 16.05633505 50.41280648 49.58719352
157' 0.31195' 311.96 8.243432894 7.947785717 16.19126861 50.91313777 45.08686223

Figure 58 Analysis EDS Data of Atoms concentration across diffusion layer between diamond and Nb heat ex-

situ.
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Figure 59 Histogram mole ratio of C and Nb heat ex-situ

6.2.5 Characterize the diffraction of carbide niobium across the interface

Taking the in-situ sample as an example, Figure 60 shows the TEM and EDS results. The
mixing layer in Figure 61(a) contains a small amount of NbC between the Nb and C elements. In
the distribution of NbC zoomed Figure 60(b), it can be found that the distribution of NbC is more
detected in Nb side and the layer spacing is about ~10-20 nm as shown in figure 60(c) EDS line

scanning.
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Figure 60 TEM bright field images of cross-sectional diffusion layers e (a)In-situ PSM ao=3pm and V =
150pm/s (b) Zoomed view corresponding to the rectangle shows C and Nb detected on diffusion layer.(c) EDS
Mapping through diffusion layer shows change in concentration of C and Nb at (d) a0=3pm and V = 150pm/s.

In this region, the NbC is significantly higher than that in NbC explored in C side, these
observations can be taking as an identical with other experiments (ex-situ and heat ex-situ) with
taking into account the distribution of NbC shows a gradient change based on machining
environments. In the present study, the EDS line scan results show that the NbC formed at
diffusion layer at Nb side which indicated C diffuse into Nb then form NbC under mechanical
load, the Nb content gradually fast decreases when it goes to C side as shown in Figure (61)(a,b).

According to ratio of atomic it proved the C has more concentration compared Nb over carbide
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layer that maintained (~20-30 nm) width. So, the distribution of NbC close to Nb clearly noticed
and the region can be confirmed via the diffractions of NbC.

The diffraction orientation of NbC was identified by Zhong, Lisheng, et al. 2020. The Grain
morphology, (SAED) and high-resolution images of transmission electron microscopy
(HRTEM) for NbC and a -Fe were found in the NbC/Fe shell layer region area. The NbC particles
are unevenly formed. As illustrated in paper the lattice planes for the NbC grains were (2 0 0), (0
2 0), and (2 2 0), and those for a -Fe are (2 11), (1 2 1), and (1 1 0) .All of the lattice designs fit
the XRD data well [51]. The stated results confirm our experiment about formation of the lattice
planes for NbC at diffusion layer the lattice planes are (111) and (220), figure 61(a) showed TEM
high resolution image of cross section of diffusion layer and red dashed square is represented the

NDbC interface area and lattice planes were shown in figure (61) (b).

10 1/nm

Figure 61 (a) TEM bright field images of cross-sectional diffusion layers shows interface of NbC (e) lattice

planes at NbC.
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Moreover, Figure 63 (a, b) shows very high magnified TEM that shows lattice in the
diffusion layer. Areas that are anticipated to be rich in metals. With Nb and C have dispersed
lattices with different orientations as in Figure 63 (c, d) shows optical diffractograms (Fast Fourier
Transforms of the images) and some light circle that could represent the amorphous structure of
NbC. The high-resolution images of the lattice reveals NbC “crystalline structure" and the spacing
was measured and it about 0.26 nm, all these information agreed with others stated research. [51,
52]. Also, another study confirm NbC diffraction orientation, when Almeida, Amélia, et al 2006
study “Laser cladding of Cu-NbC nanocomposite coatings “ the results showed the identification
of extremely small NbC particles with sizes ranging from 20 - 200 nm scattered in the Cu matrix
that done via TEM analysis of Cu-NbC coating samples. This demonstrates that the NbC particles
in the coating are somewhat bigger (less than 10 nm) than those in the composite powder, but
remain nonmetric in size. The nano-sized particles' diffraction pattern is identical to that of NbC
as proved in paper. [52] Shi, Zhijun, et al 2019 identify and confirm NbC crystal structure as
illustrated in figure (62) [53].results were identical for NbC crystal structure to the paper by Liu,
Sha, et al. 2017[54].

Even the optical diffractograms shows some effects from overlap between different crystal
lattices through the thickness of the TEM sample, i.e., double-diffraction or Moire-pattern effects,

but that not negating the conclusion that NbC formed.
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Figure 62 schematic illustrated NbC crystal structure after formed.

89



Figure 63 (a, b) High magnified TEM image at diffusion area shows lattice orientation. (c, d)lattice diffraction

at [diffusion layer of NbC.

Nano-Megas was used here to identify the orientation of NbC lattice, under (STEM) mode.
The camera is placed in fornt of TEM screen and via using the appropriate smallest lens in TEM
the camer captures the interest area via providing a sequential index of individual ED spot patterns.

ED spot patterns used to construct the orientation diffusion region, as illustrated in Figure 64(a).
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The idea here is to identify where NbC formed and how far C diffuses into Nb via order the map
the direction and/or phase of a sample area.

The lattice planes for NbC were identified as shown in figure 65(b) and found matching
between the orientation indexing and standard patterns that apply in nan omegas software as
shown in figure 64(c,d). The NbC was formed at Nb side with 20-30 nm as maximum which
matches with our EDS results that indicated C and Nb more detected at Nb side. All stated results
from Nano megas and stated researches [52, 53 and 54] are confirming our hypothesis about NbC
formation.

a)

Single crystal diamond

Scanning direction
|

Diffraction
Plane

Figure 64 (a) Cross-section TEM image for NbC and Schematic illustrated the orientation indexing
microscopy and a diagram illustrated electron beam for diffraction plane using ASTARTM system (b)
Orientation of NbC. (c) standard patterns (d) indexing via cross-correlation matching with standard patterns

that shows identical orientation.
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6.3 Summary

Diamond has long been used as a cutting tool because the mechanical and chemical
properties allow it to live for a long time and cut the hardest material that way, diamonds are used
as main cutting tools in removal machining such as turning. Unfortunately, diamond rake face of
"single crystal"” structure gives in which the reaction is strongly anisotropic to plastic deformation
when it machine with transition metal such as (Nb) under mechanical load at Nano-length scale
causing "tribochemical interaction” over diamond rake face. We studied the mass transport at
diamond/d-shell rich transition metal interfaces under a range of thermomechanical conditions—
ranging from quasistatic to dynamic tribological systems. Here, we motivated via understanding
C atoms moves under mechanical load when machined with Nb via performing PSM. Revealing
“tribochemical interaction” the formation of an inseparably connected known as a built-up edge
over the rake face of diamond tool were confirm under isothermal conditions. Also, because of
purely mechanical factors, progressive material flow during micromachining causes changes in
microstructural features. In partly detached specimens, the path of microstructural progression
from bulk grain to highly deformed chips across the secondary deformation zone is preserved,
mechanics of microstructure evolution after cutting Nb with a0 = 3 pm and V = 150um/s. As
mentioned the typical grain size of bulk Nb is around 100um this partially detached chip that built
over the rake face composed nanostructure around 150 nm. Examine the diffusion layer across the
interface identified the formation of niobium carbide and confirmed C movement on transition

metal (Nb) via atoms jumping from one adsorption to the next enhanced as result of mechanical
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load, and increased temperature magnified the interaction and led to enhanced inter diffusion
leading to the amorphous structure at the interface. These observations motivate the realization
that carbon atoms are transported at such interfaces. This realization provides a technical approach
to alleviating the wear that occurs on diamond cutting tools when used at turning process via
identifying chemical and physical factors that repress diffusion and by provide strategies for
extending tool life, for example, modifying tool surface, engineering the microstructure of

workpiece, etc.
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7.0 Conclusion and ongoing work

For this research, we studied the effect of mechanical load and dynamic tribological
systems performed via orthogonal machining on the mass transport at single —crystal diamond with
99.8% purity niobium interfaces. We examined and evaluated micro/nano-structure and the
diffusion mechanism.

The diamond responds to shear stress at SSZ that is produced via micromachining and
resulting tribochemical wear both DOC and Speed of cut play the main role in controlling stress.
By experiments in situ, inside SEM, ex-situ, and heat ex-situ the deformation mechanics and
formation of BUE " tribochemical interaction™ was revealed via SEM, and the effect of machining
conditions was characterized by performing SEM/EDX, which showed qualitative Nb and carbon
as well as the percentage of the concentration of carbon and Nb that identified via weight. The
percentage of weight reflected machining parameters performed in PSM when the very small depth
of cut and speed applied, it rarely showed Nb weight initially, these data could exist in the error
range that could not accurate, but since we are working in a diffusion layer that usually maintained
width (4 -20) non-meter the data could valuable while the weight percent increased for Nb as
machine parameters changed to apply large stress via increase speed of cut and depth of cut.
TEM/ESD characterization of microstructure at the interaction layer between monocrystalline Nb
and diamond, confirmed the NbC "niobium carbide™ formation and element concentration across
diffusion layer regarding mechanical load applied in micromachining experiments. Moreover,
NanoMEGAS revealed and confirmed diffraction, lattice plane, and where NbC formed, all stated
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results confirmed our hypothesis that stated “enhanced diffusion occurs at the diamond-transition

metal interface and leads to rapid formation of carbides in the diffusion zone as a result of

mechanical loads and intimate tribological contacts at the tool-chip interface”.
We proposed the following steps to continue the scientific goals of this research which
is controlling the tool wear:

- Our ongoing in-situ SEM, ex-situ and heat ex-situ diamond turning work informs our
hypothesis on the interplay of interfacial stresses on carbon transport at diamond metal
interfaces, even at ambient temperatures. We find that intimate metal-diamond contact can
form complex intermetallic phases and trigger unusual tribochemical interactions. To
understand and harness this effect and to accomplish this, we proposed systematically control
the interaction between a diamond cutting tool and a d-shell rich metal substrate. As a function
of the length-scale of contact, will explore using custom-designed “controlled contact length”
diamond tools, the evolution of the intimate tribochemical contact. The essential features of
this experiment are to design step-like features along the rake face of a diamond tool, following
which diamond turning experiments will be performed. Feature sizes 1um - 5um as illustrated
in the problem statement. The diffusion layer across the interface will be investigated using
the approaches developed in the solid-state etching effort. The characterizations will be used
to understand mass transport at diamond/d-shell rich transition metal interfaces under a range
of thermomechanical conditions — ranging from quasistatic to dynamic tribological systems.

- Characterizations could explore a range of mechanical stress states and explore its effect on
enhanced diffusion at the interface via approaches including nanoindentation and

micromachining experiments inside SEM vacuum chamber under various chemo-thermo-
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mechanical conditions. It is anticipated that the fundamental insights on the tool-Nb
interactions will provide an understanding of the mechanisms of tool wear in diamond turning
and provide strategies for extending tool life.

Design experiments via changing rake angles that will mainly changing shear stresses applied
on primary and secondary shear zones we proposed angles are 70° and 45°. The expectations
of these experiments confirm our hypothesis that stated “tribochemical interaction enhanced
diffusion occurs at the diamond-transition metal interface and leads to rapid formation of
carbides in the diffusion zone as a result of mechanical loads at the tool-chip interface” and
study formation of ultrafine and nanostructured grain over rake face under variable values of

shear stresses.
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