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Abstract

The cemented carbides consisting of WC grains bound with Co phase have been used
for cutting tools, rock drill tip and other wear resistant part during the last several
decades. However, W and Co are specified as rare metals due to the uneven distribution
of W and Co in the world, limiting their further application in the industry. Therefore,
FeB with the same hardness and thermal conductivity to the WC is expected to be the
substitute material. Consideration for the low sinterability of FeB, Ni or Fe belongs to
the same transition group of Co is introduced to prepare the fully dense compact. In this
thesis, the sintering behaviors and mechanical properties of FeB-Fe and FeB-Ni system
alloys are investigated to evaluate the potential application in cutting field.

This thesis consists of the following chapters.

Chapter 1 generally describes the motivation and detailed background of this
work, which contains the evaluation of cutting performance, the research status of the
tool materials, the development of the WC-Co alloys and the recent advances of the FeB
alloys.

Chapter 2 defines a 3-dimensional local number, LN3D, and 2-dimensional local
number, LN2D, o Fe is first selected as the binder phase and mixes with FeB powders
by the elemental blending methods. The effect of Fe content and sintering temperature
on the sintering behavior and mechanical properties of FeB-Fe system alloys were
investigated to evaluate whether Fe was suitable as a binder phase for FeB.

Chapter 3 gives details the Ni binder phase is also investigated by the electroless
Ni plating and spark sintering methods. The electroless Ni plating parameters such as
the treating amount of the FeB powder, bath temperature and plating time are optimized
so that the Ni is coated evenly on the surface of FeB particles. After that, the sintering
behaviors and mechanical properties of fully dense FeB with the different Ni content

compacts are investigated. The effect of the sintering parameters such as sintering
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temperature and holding time on the FeB-Ni compacts are also investigated to prepare
the FeB-Ni compacts with high relative density and homogeneous distribution of Ni.

Chapter 4 presents rthe practical application measurement including the wear and
friction tests and the interrupted cutting tests are carried out using the fully dense FeB-
Ni compact. The cutting tests of FeB-Ni compacts are studied under the cutting speed of
1.7-10 m/min compared with WC-7.8Co cutting tools as well as the wear and friction
tests. The effect of the speed on the wear and cutting mechanism and properties are
investigated.

Chapter 5 summarizes all the previous chapters and proposes the conclusions of

the research work.
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Chapter 1 Background and Objective

Chapter 1
Background and Objective

1.1 Introduction

Metal cutting process is one of the most widely used technologies in the modern
manufacturing field'®. Up to 15% of all the mechanical components manufactured
worldwide are derived from the metal cutting technology?. For the metal cutting, the
cutting tool plays a decisive role in the development of the cutting technology. The tool
materials, tool structure and the geometry of the tool determine the cutting performance,
especially the tool materials. The machining accuracy, the quality of machined surface,
cutting efficiency, tool life, consumption of the tool and processing costs depend on the
performance of the tool materials. In the metal cutting process, the cutting edge of the
tool must withstand extreme process conditions such as high contact cutting pressure,
high cutting temperature and severe friction and wear against the workpiece surface by
fast moving chip. Furthermore, the tool is subjected to great impact and vibration in the

interrupted cutting.
1.1.1 Study on the cutting performance

In machining, tool life is the most important practical consideration when choosing
cutting tools and cutting conditions. Cutting tools with long service lives can reduce
production costs and more consistent dimensional and surface finish capability due to the
slowly wear or otherwise fail. For these reasons, tool life is the most commonly used

standard for evaluating cutting tool performance and the machinability of materials.
1.1.1.1 Type of tool wear

An understanding of the tool life requires an understanding of the ways of tool failure.
Tool wear and failure mechanisms have great practical significances, because they will

affect the processing cost and quality. Generally, tool failure may cause by tool wear,
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plastic deformation or fracture. Tool wear may be classified by the region of the tool
affected or by the physical mechanisms that produce it. The principle types of tool wear,

classified according to the regions of the tool they affect, are shown in Fig.1.1%.

(a) (b) (c) (d)

Depth of .

() (k)

Depth of.
cutline *

Y

Figure 1.1 Types of wear on cutting tools: (a) flank wear; (b) crater wear; (c) notch
wear; (d) nose radius wear; (¢) comb (thermal) cracks; (f) parallel (mechanical) cracks;
(g) built-up edge; (h) gross plastic deformation; (i) edge chipping or frittering; (j) chip

hammering; (k) gross fracture®.

Flank wear is the wear observed on the flank or clearance face and results in the
formation of a wear land as shown in Fig.1.1a and 1.2a. The extent of flank wear is
characterized by an average or maximum wear width VB. The flank wear between the
wear land and machined surface damages the surface and produces frictional heating and
flank force, thereby increasing deflections and reducing dimensional accuracy. Generally,
tool life is assumed to be over when the average width of the flank wear land VB reaches
0.3 mm®. Flank wear most commonly results from abrasion by the hard constituents of
the workpiece material. This is a common failure mode in the machining of steel and cast
iron, in which the abrasive particles are predominantly FesC cementite and non-metallic
inclusions. By increasing the wear resistance of tool materials and using hard coatings on

cutting tools, the flank wear can be reduced.
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Figure 1.2 (a) Severe flank and nose radius wear on a carbide insert used to machine 390
Al (b) Rake face wear on a cemented carbide tool produced during the machining of plain
carbon steel. (¢) Notch wear on a carbide tool produced during the machining of a nickel-
base super alloy. (d) Nose radius wear on a coated carbide insert used to machine a nickel
alloy.(e) Thermal cracks in coated carbide inserts used to mill compacted graphite iron
under dry machining.(f) Built-up edge produced during low speed machining of a nickel-
base alloy.(g) Plastic deformation of a carbide tool edge used to machine a nickel alloy.(h)
Edge chipping on a polycrystalline cubic boron nitride insert used to machine hard steel.(i)
Built-up edge produced during low speed machining of a nickel-base alloy. (j) Fractured

edge on a polycrystalline cubic boron nitride insert used to machine hard steel*>.

Rake face or crater wear produces a wear crater on the rake face of the cutting tools
as shown in Fig.1.1b and 1.2b. The extent of rake wear characterized by an average or
maximum wear width KT. It is mainly due to the chemical interaction between the rake
face of the cutting tool and the hot chips. Moderate rake face wear usually does not restrict
the tool life. In fact, the formation of the crater increases the effective rake angle of the
tool which can reduce the cutting forces. However, excessive rake face wear weakens the
cutting edge, leads to deformation or fracture of the tool and should be avoided because
it shortens the tool life and makes resharpening the tool difficult. By increasing the

chemical stability of the tool material or by reducing the chemical solubility of the tool
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in the chip, the rake face wear can be reduced; this can be achieved by applying coatings.
In addition, decreasing the cutting speed is also an effective way to control the rake face
wear.

Notch wear (depth-of-cut notching) often appears on the tools used in rough turning,
especially at the contact point between the tool and the unmachined surface or the free
edge of the tool, as shown in Fig.1.1c and 1.2¢c. Notch wear is usually caused by abration®.
It is particularly common when cutting parts with a hard surface layer or scale, or the
work hardening material which produces abrasive chips (such as stainless steel and
nickel-base alloy). Notch wear is also attribute to the oxidation if a coolant is used, or the
chemical reaction or corrosion at the interface between the tool and the atmosphere. Notch
wear can lead to tool fracture and can be minimized by applying tools with high hot
hardness and plastic deformation resistance, by increasing the lead angle which increases
the area of contact between the tool and part surface or using chamfered edges, rounded
inserts and avoiding small depths of cut.

Nose radius wear or tool-tip blunting, shown in Fig.1.1d and 1.2d, appears on the
nose radius of the tool, on the trailing edge near the end of the flank face. It is similar to
the combination of flank and notch wear, and mainly caused by the abrasion and corrosion
or oxidation.

Thermal and mechanical cracking, shown in Fig.1.1e, fand 1.2e, usually results from
cyclic thermal and mechanical loading of the tool associated with interrupted cutting.
Two types of cracks may occur: cracks perpendicular to the cutting edge, which usually
causes by cyclic thermal loads, especially when a coolant is used; cracks parallel to the
cutting edge, which usually causes by cyclic mechanical loads. Thermal and mechanical
cracking may lead to rapid tool fracture or fragment.

Built-up edge (BUE), shown in Fig.1.1g and 1.2f; is referred to when metal adheres
strongly to the cutting edge, building up and projecting forward from it. It typically occurs
when cutting soft and ductile metals such as Al, Ni, Co and Ti alloys at low cutting speeds
and light feed rates. BUE formation is undesirable because it changes the effective depth
of cut. In addition, BUE is often unstable, resulting in poor surface finish and tool

chipping. BUE formation can be reduced by using more positive rake angle, with smooth
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surface finish (<0.5 pm Ra) and higher cutting speeds.

Plastic deformation of the cutting edge, shown in Fig.1.1h and 1.1g, occurs when the
cutting tool cannot support the cutting pressure between the tool and the chip. Cutting
edge deformation usually occurs at high feed rates, which results in higher cutting-edge
loads, or at higher cutting speeds because the hardness of the tool decreases with
increment of the cutting temperature.

Edge chipping or frittering, shown in Fig.1.11 and 1.1h, occurs when cutting with
brittle tool materials, or when cutting work materials including hard or abrasive particles.
Edge chipping leads to poor surface finish and increased flank wear, and may cause tool
failure.

Chip hammering, shown in Fig.1.1j and 1.11, occurs when cutting materials form a
tough or abrasive chip. It occurs when the chip curls back and strikes the tool face away
from the cutting edge. Chip hammering is caused by improper chip control and can be
eliminated by changing the lead angle, cutting depth, feed rate or tool nose radius.

Tool fracture or breakage, shown in Fig.1.1k and 1.1j, leads to the catastrophic loss
of the cutting edge and a large part of the tool. Tool breakage occurs when cutting tools
fail to support the cutting force on the tool-chip contact area. The general strategy to
eliminate the fracture including reducing the cutting force, using of stronger or more rigid

tooling sets and using tools with improved fracture toughness.
1.1.1.2 Tool wear mechanism

The physical mechanisms that produce the various types of wear described above
depend on various cutting conditions, especially the cutting speed. At lower cutting speed,
the most significant types of wear are related to the abrasion and adhesive. Adhesive wear
occurs when small particles of the tool adhere or weld to the chip and are removed from
the tool surface due to friction. It occurs mainly on the rake face of the tool, leading to
the formation of crater wear. This type of wear is not normally practically significant due
to the low adhesive wear rate. However, significant adhesive wear may promote the
formation of BUE which can result in the edge chipping. Abrasive wear occurs when hard
particles slide against and remove material from the cutting tool. The hard particles come

from either the work material's microstructure or broken away from the cutting edge by
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brittle fracture. Abrasive wear occurs mainly on the flank face of the tool. As a result,
abrasive wear is usually the main cause of flank wear, notch wear and nose radius wear.
Thus, it is usually the form of wear that controls the life of the cutting tool, especially at
low to medium cutting speeds.

As the cutting speed is increased, adhesive and abrasive wear rates increase due to
the increased distance slid in a given time and the increased cutting temperatures.
Generally, the hardness of the tool materials reduces with the increment of the
temperature, which known as thermal softening. The thermal softening effect may cause
the plastic deformation of the cutting edge.

As the cutting speed is increased further, temperature-activated wear mechanisms
including diffusion, oxidation, and chemical wear become predominant. In diffusion wear,
constituents of the tool material diffuse into or form solid solutions with the chip material.
This weakens the tool surface and causes the crater wear or even breakage. Oxidation
occurs when constituents of the tool material (especially the binder) react with
atmospheric oxygen. Oxidation may cause severe depth-of-cut notch wear, or formation
of hard oxide particles which increasing the abrasive wear. Chemical wear caused by
chemical reactions between constituents of the tool and the workpiece or cutting fluid,
results in flank and crater wear. Reducing the cutting speed can effectively reduce many

types of wear, but since this can reduce the metal removal rate.
1.1.1.3 Tool life

Tool life affects the choice of tool, selection of the process variables, economy of
operations and possibility of the process's adaptive control. It is well known that tool life
depends on several factors that characterize the performance of machine, tools and work
system. Thus, it is impossible to derive a universal tool-life criterion for these all
quantitative and qualitative variables. In other word, tool life is not an absolute concept
but depends on the choice of the tool life criterion. Among standardized tool life tests, the
flank wear criterion (VB=0.3mm) is used because flank wear is normally the most
desirable type of wear. The flank wear rate is relatively low and repeatable, so the tool
life is relatively long and consistent. Tool wear curves illustrate the relationship between

the flank wear width and the cutting time (t) or the overall length of the cutting path (L),
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as shown in Fig.1.3%. There are three characteristic parts that can be observed on these
curves. The first region (I in Fig.1.3(b)) is the region of initial wear. Relatively high rate
of wear (an increase of tool wear per unit time or length) occurs in this region. It is caused
by accelerated wear of the tool layers damaged during its manufacturing or resharpening.
The second region (II in Fig.1.3(b)) is the region of steady wear. This is the normal
operating region for cutting tools. The third region (III in Fig. 1.3(b)) is known as the
accelerated wear region. In this region, flank wear accelerates and becomes severe, which

often leads to catastrophic failure. Tools should not be used within this region.
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Figure 1.4 Procedure for tool selection and optimization of cutting conditions”.

1.1.2 Development of the cutting tools

Generally, the tool material should have certain properties, namely™:
1. High hardness at elevated temperatures to resist abrasive wear.
2. High deformation resistance to prevent the cutting edge from plastic deformation under
high stresses and high temperatures generated during chip formation.
3. High fracture toughness to resist edge micro-chipping and breakage especially in the
interrupted cutting.
4. Chemical inertness (low chemical affinity or high chemical stability) with respect to
workpiece material to protect against heat-affected wear types, i.e. chemical, oxidation
and diffusion oxidation wear.
5. High thermal conductivity to reduce temperatures near the cutting edge (the cool edge

of the tool).
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6. High fatigue resistance for tools withstanding peaked mechanical loads.

7. High thermal shock resistance which naturally follows the mechanical shock.

8. High stiffness to maintain accuracy.

9. Adequate lubricity (low friction) with respect to the workpiece material to increase
welding resistance and to prevent built-up edge, especially when cutting soft, ductile
materials.

The first three properties are required to prevent sudden, catastrophic failure of the
tool. Properties 1, 4 and 5 are required to resist the high temperatures generated during
chip formation. Elevated tool temperatures will aggravate thermal softening, diffusion or
chemical wear of the tool, which resulting in rapid tool wear’'?). Properties 3, 6 and 7 are
required to prevent chipping and breakage of the tool, especially in interrupted cutting. It
should be noted that no single too material exhibits all the above mentioned desirable
properties for a tool material in practice. The choice of the tool materials depending on
the types of machining operations, workpiece materials being machined, the required
accuracy, overall thermochemical process conditions and economic considerations, as
reference in Fig. 1.4.

The common tool materials currently in use include high speed steel(HSS) and
cobalt rich high-speed steel(HSS-Co), cemented carbides(WC), cermet(TiC), ceramics
(alumina and silicon carbides), super-/ ultra-hard materials such as polycrystalline cubic
boron nitride (PCBN) and polycrystalline diamond (PCD) .

When compared with competing tool materials, HSS possesses moderate wear
resistance, high transverse rupture strength and low cost. However, the limited wear
resistance, chemical stability and greater tendency to form a built-up edge than other
materials make HSS tools suitable for use only at limited cutting speeds. Cemented
carbides belong to a class of refractory materials in which the hard carbides of Group
IVB-VIB metals are bound together or cemented by a ductile metal binder, usually Fe,
Ni or Co'"!?, Owing to the high hardness and wear resistance of the hard phases,
cemented carbides have been used for cutting and wear resistance tools. Generally, the
WC-based composites are usually referred as “cemented carbides”, while others like TiC-

based ones are referred as “cermets”'®. Cermets are TiC-, TiN-, or TiCN-based
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hardmetals which often described as ceramic or carbide composites. Cermets have
excellent deformation resistance and high chemical stability, but relatively poor strength
and toughness. Ceramic tools are characterized by high hardness, high wear resistance
and chemically stability. Whereas, the relatively low strength, low fracture toughness and
poor resistance to thermal and mechanical shock usually make them more susceptible to
excessive chipping or cracks, leading to a short tool life!*. PCBN has a high thermal
conductivity, high hot hardness, and excellent thermal stability. It is one of the hardest
materials known after diamond and widely used in ferrous metal cutting'>. PCD is a kind
of extremely wear resistance material referred to as super-hard materials. However, PCD
is not suitable for machining steel materials due to the strong affinity of the diamond and
iron. Both materials are manufactured using a high temperature, high pressure process in
which individual diamond or CBN particles are consolidated in the presence of Fe, Ni
and/or Co catalysts that promote grain consolidation into a solid mass (solid
polycrystalline) or on a WC substrate (backed polycrystalline). However, the extremely

high fabrication cost of PCBN and PCD limit their application in industries.

@ Sialon g piamond CBN
4% 5% 5%

m Diamond coated
1%

m Alumina

4% 3 @ Uncoated carbide
O Cermets 17%

11%

oPVD
coated
carbide
15%
m CVD coated carbide
38%

Figure 1.5 Estimated global use of the main cutting tool materials in year 2005'7.
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1.2 Research on the cemented carbides hard materials

In recent years, with the development and application of advanced manufacturing
technology and all kinds of new and difficult to machine materials, the higher requirement
of the performance of the tool materials is put forward. Cemented carbide tool materials
become more and more widely used because of their excellent comprehensive properties.
As shown in Fig.1.5, it can be seen in this pie diagram that carbide tools are mostly used
in the manufacturing sector (about 70% of the total usage including the coated carbides).
The composite formed by the combination of WC and Co is the most traditionally used
system in cemented carbides'®. Although it has been developed more than 70 years old,
the WC-Co hard metals continue to gain importance for cutting, mining and chipless
forming tools, as well as for high performance construction and wear parts. For the
modern hard metals, a broad range of WC grades are used together with carbides such as
(Ta,Nb)C, TiC, (W,Ti,Ta)C and special grades of Co powder. These continuously
improved or newly developed powder intermediates have been essential to the improved
performance of modern hardmetal tools and wear parts.

Future developments in the field of hard materials are mainly related to: (i) the WC
with low or free Co hard materials, owing to the raw materials supply and its scarcity
resulting in high prices; (i1)) WC-Co with superfine and nanocrystalline hard materials.
The superiority of superfine and nanocrystalline hard materials is mainly because very
high hardness can be combined with high strength!®; (iii) WC—Co ultra-coarse grades.
The hardmetal grades are characterized by the combination of higher hardness and
transverse rupture strength as result of the binder hardening and reinforcement!”; (iv)
coated WC-Co hard materials. Coated WC-Co cutting tools offer proven performance
advantages such as the high mechanical and thermal shock resistance??.

The occurrence of W and Co ore is rich in the world. However, as shown in Fig.
1.6, the location of the ore, refining efficiency and the concentration that economic to
mining have a significant impact on the ready availability’". Consequently, W and Co
are considered as strategic materials. Major producing countries have strengthened the
management of strategic resources for W and Co, which result in the supply and price

instability. Another important consideration for the WC-Co comes from the health
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perspective. In Europe the REACH program??, so far has classified Co as very toxic to
the human health. In addition, Co as the binder has several detrimental properties related
to its hep lattice structure?*?%. This, together with the raw material prices has increased

the research activities to find alternatives to both WC and Co.
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m Canada m China
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Figure 1.6 Major producing country for W and Co?*9,
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1.3 Overview of iron borides hard materials

By the reasons mentioned above, one of the main topics of the actual research in the
field of cemented carbides concerns the development of new composites having
comparable or superior properties with partial or total substitution of the WC and Co by
other more economic and less toxic materials. Both hard and binder phases are modified
by refractory carbides, nitrides, borides and other iron group transition metals to substitute
the WC-Co'?. Borides have a unique combination of thermal, mechanical, electrical and
chemical properties. As shown in Fig.1.7, iron borides (FeB/Fe:B) show the same level
thermal conductivity and hardness with WC. Iron borides can be prepared through the
direct combination of the ubiquitous elements Fe and B. It is expected that iron borides

(FeB/Fe2B) can substitute WC in the application of cutting tools.
1.3.1 The structure of the iron borides

The structure of the iron borides is related to the position of B and Fe in the crystal
structure. The B atoms have a general tendency to form chains, nets or three-dimensional
frameworks which may be alternatively be classified into two groups based on the
crystallo-chemical consideration: boride structures of lower boron content or boron-rich
compositions. The structures of iron borides (FeB/Fe2B) are determined by their metallic
lattices which belong to the boride structures of lower boron content. The mass
concentration of B in FeB and Fe:B is 8.83% and 16.23%, respectively. The B atoms
forming zig-zag chains in FeB and Fe:B with isolated B atoms as shown in figure 1.8 and
1.9, respectively. FeB crystallizes have an orthorhombic structure and Fe2B has a body-
centered tetragonal (bct) structure. The structural information for the two Fe-B crystals
including the lattice constants and the nearest-neighbor (NN) distances is summarized in
Table I?®. For the structure of the FeB, the metal lattices may be regarded as consisting
of trigonal prisms connected in different ways. Channels appear through which boron
chains are extended through the lattices. The type of Fe2B belongs to a great number of
borides of the CuAlz-type (C16), which consists of sheets of tetrahedra of metal atoms
with B atoms in the holes between these sheets. The structure can be regarded as

composed of alternate layers of Fe and B atoms.
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Figure 1.8 Part of the crystal structure of FeB, view approximately along the a axis®®.

O 0

O .Fe
O @) B
O 0

Figure 1.9 The structure of Fe2B*®.

Table 1.1 Crystal structure information of FeB and Fe:B. The numbers in parentheses

represent the number of bonds?Y.

FeB Fe,B
Crystal structure Orthorhombic bet
Lattice constant (A) a=5.5076 a=5.110
b=2.9528
c=4.0625 c=4.249
Z (moll/cell) 4 3
Space group Pnma I4/mem
NN Dist. (A) 2.1455(2) 2.1799(8)
2.1710(2)
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1.3.2 The properties of the iron borides

Iron borides are interstitial compounds, the B atoms occupying interstitial positions
in the distorted Fe lattice. Interstitial compounds consisting of relatively large transition-
metal atoms and smaller metalloids have many useful properties, such as hardness, high
melting point, wear resistance, corrosion resistance, good electric and thermal
conductivity, catalytic properties and ferromagnetism. These properties are attributed to
the stable electronic configuration. Iron borides are extremely hard and brittle as well as
high Young’s modulus. Iron borides are characterized by chemical inertness in dilute and
even in concentrated acids and bases except for the oxidizing acids®?. Furthermore, iron
borides display reasonably good resistance to oxidation in air. Generally, the borides
should have low oxidation resistance because the free energy of formation for most
borides is low (80-150 kJ/mole). It is surmised that a protective layer of mixed oxides
formed at the surface which is responsible for the slow oxidation rate*”. An interesting
property of iron borides is their high resistance against the molten metals (for instance Fe
and Al), non-basic slags and salts. In addition, iron borides show ferromagnetic with well

electrical conductivity.
1.3.3 The development of the iron borides

The iron borides have vast practical application as well as providing interest for
fundamental study. L.G. Yu et al’" investigate the FeB/Fe2B phase transformation during
SPS pack-boriding. FeB and Fe:B phases have been applied in the surface of boride-
doped steels through boriding. In the boriding process, the formation of FeB and Fe:B
phases occurs through the diffusion of B atoms into the steel enhance the hardness and
wear resistance of the base metal. Iron borides are also used as deoxidizing agents, and
alloying components of coatings applied to weld-facing electrodes. Greenwood et al*?
overview the chemical properties of the iron borides including the solubility of iron
borides in aqueous acids, halogens, the oxidation resistance and the resistance of the
molten salts. In addition, Ying Bai et al** investigate the FeB alloy prepared by an electric
arc method and used as the anode material for alkaline secondary batteries due to the

excellent electrochemical performances. Early expectations that the borides would be
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able to successfully compete with the refractory carbides as constituents in hard
materials®¥. Steinitz finds that Mo2B with Ni as binder phase are claimed to be promising
cutting tool materials. Simultaneously, Merz finds that the material composed of the CrB
with Mo as binder phase is the potential tool material. It is difficult to find a useful
combination of a refractory boride and a binder alloy with appropriate wetting properties.
Recently, Matsugi et al fabricate ubiquitous hard materials compacts which are 0, 10 and
50 vol.% Fe added in the FeB powders by spark plasma sintering technique. The sintering
behaviors using FeB powders with Fe as binder phase is investigated. In addition, the
hardness, wear resistance and cutting performance of the FeB with Fe compact are
characterized 329, It is found that FeB is satisfied for its standard value of VB (0.3 mm)
as the cutting tool. Further investigation on FeB with suitable binder phase to be the

cutting tool material is needed.
1.3.4 Selection of the binder phase

The achievement of full density is diffcult for iron borides because of the poor
deformability. It requires high temperatures, high pressures and long holding times to
achieve acceptable dense compacts which lead to microstructures consisting of large
grains and high energy consumption. However, the sintering ability of iron borides will
be enhanced dramatically by introducing binder phase such as Fe, Ni or Co, which all
have good deformability. In this way the plastic deformaion of iron borides is not needed.
Prakash?”) reports that hard materials with Fe-rich binders have improved mechanical
properties such as higher hardness, abrasive wear resistance and toughness compared to
Co bonded cemented carbides. Fe is considered as the suitable binder phase for the rich
reservese and low price compared with other transition metals. The conventional method
of adding binder metal (e.g. Co powders to WC powders) is usually carried out by
mechanical mixing. Normally, FeB and Fe powders are evenly mixed in the same way as
WC and Co.

On the other hand, Ni as a suitable candidate binder phase is also investiaged. Ni
unlike Co or Fe, has no phase transition and retains its face centered cubic(fcc) structure
at all temperatures below the solidus. Additions of Ni on the one hand can stabilize the

face centered cubic structure to give an austentic ductile binder. Ni binder phase is
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introduced by the electroless plating method. Electroless plating is an electrochemical
process without external electric field. Electroless plating describes the methods of
depositing metal ions by means of autocatalytic oxidation reduction reactions. The metal
ions in the solution are selectively reduced to substrate with catalytically active surface
by using the appropriate reducing agent. Electroless plating is widely used to fabricate
metallic coatings on various materials regardles of the shape due to its simple operation
and low cost. Electroless plating Ni on the powders could avoid the direct contact and
agglomeration of the hard particls, improving the hemogeneous of the chemical
composition and enhancing interfcial bonding strength. Futhermore, electroless Ni
plating is widely used because of the hemogeneous distribution of the coating and high

adehisieve.

1.4 Preparation of hard materials

Powder metallurgy (PM) is suitable for making unique materials impossible to get
from melting or forming in other ways. PM is a processing technique used to produce
bulk materials and components from metal or ceramic powders. Generally, PM is a
process whereby powders are compressed as a green body and sintered to a net shape at
elevated temperatures about 0.6-0.8 Tm*®). Sintering is a technique of consolidating
powder compacts by thermal energy®. Sintering is one of the most critical processes
affecting the microstructure and properties of hard materials. The optimized sintering
process is very important for the preparation of excellent hard materials. There are
challenging demands from the PM industry for new and improved sintering process with
finer microstructures and enhanced physical and mechanical properties. After years of
production practice and research, many different types of sintering technology have been
developed including vacuum sintering, hot isostatic pressing sintering and spark plasma
sintering, et al.

Vacuum sintering is a sintering process under the vacuum condition. Under the
vacuum condition, the wettability between the hard phase and the binder phase, the
process of densification is promoted, the relative density and mechanical properties of the

hard materials are improved. The impurities in the sintered body are easily eliminated and
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the residual pores are reduced. Thereby the impurity segregation between hard phase and
binder phase as well as the interfacial between hard phase is decrease. The disadvantage
of vacuum sintering is that the sintered compact still has a small number of pores and
defects. It is difficult to achieve full densification.

Hot isostatic pressing (HIP) is a densification method applying the isostatic pressure
to prepare compacts. In the HIP process, both high temperature (about 70% of the melting
point) and high pressure (generally 100-200 MPa) are applied simultaneously to obtain
fully dense compacts*?. The defects of the heterogeneous microstructure and properties
of the compacts are improved under the uniform external pressure*". In addition, HIP can
be employed for manufacturing complex parts due to the ability of near net-shape parts
(reducing costly machining)*?. It thus offers unique benefits for metal, ceramic and
refractory applications. However, hot isostatic pressing is relatively expensive and it is
difficult to sinter parts at temperature so high above 1600°C*). Moreover, the application
of hot isostatic pressing sintering equipment is limited because of its high requirement for
equipment, low production cost and low efficiency.

Low pressure sintering is a sintering technique that makes the compacts achieve full
densification under high temperature and isostatic pressure. Compared with HIP process,
low pressure sintering is low pressure and low-cost method with simple equipment for
fabricating complex shaped compacts. Low pressure sintering is widely used in industrial
because it can significantly reduce the porosity and eliminate internal defects*?. However,
to obtain full dense compact via low pressure sintering require high temperature. High
temperature sintering causes exaggerated grain growth which results in a deterioration of
the resultant mechanical properties, such as the strength.

Microwave heating is a process in which the materials couple with microwaves,
absorb the electromagnetic energy volumetrically and transform into heat*>. Through the
interaction between microwave and materials, microwave sintering increases the kinetic
energy of the molecules or ions inside of the sintered materials, decreases the sintering
activation energy and raises the diffusion coefficient which can be carried out at low
temperature sintering and inhibits the grain growth. Microwave sintering can heat the

material both inside and outside evenly at the same time, thereby reducing the thermal
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stress inside the material. While the traditional sintering process, heating is achieved by
diffusion from the outside to the inside of the material resulting in the uneven distribution
of the temperature. In addition, this heating mechanism of microwave sintering is
advantageous due to very rapid heating rates and decreased sintering temperatures.
However, their application is limited to the manufacture of high-power microwave oven
equipment.

Spark plasma sintering (SPS) is a newly developed rapid sintering technique with a
great potential for achieving high densification compacts with minimal grain growth in a
shorter sintering time*®. SPS is a technology of pressing and sintering the powders
pressed into the mold with graphite and other materials by using the upper and lower die
punching and pulse current. In the process of sintering, the rapid breakdown of the pulse
current destroys the oxide layer of the powder surface and makes the surface of the
particles be purified and activates the powders. Moreover, under the pressure, pulse
energy and Joule heat caused by the instantaneous high temperature, make powders form
the dense compacts by hot plastic deformation. SPS combines plasma activation,
resistance heating and hot pressing with the advantages of sintering in the process of
pressurization. The plasma produced by the pressure and pulse current in the sintering
process will reduce the sintering temperature of the powders. Simultaneously, the
sintering process with high current and low voltage will promote the rapid densification
of the powders*?).

As a non-equilibrium sintering technology, SPS has been widely used, but its
complex sintering mechanism has not yet reached a unified understanding. Chen*s-?
studies the effect of DC pulse and current on sintering as well as the distribution of current
and temperature within the sintering system, providing a better understanding of the SPS

3D studies the densification process of SPS and proposes the two-particle

process. Chen
model of neck formation mechanism to explain the mechanism of rapid sintering. The
model predictions are consistent with the experimentally observed neck size distributions.
SPS as an advanced sintering technology has been applied to fabricate various materials

including metals and alloys, compounds, ceramics and composites.
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1.5 Objective and outline of the thesis

The objective of this thesis is to develop the ubiquitous FeB system hard materials
with Fe or Ni by spark sintering process. Firstly, the sintering behaviors and mechanical
properties of FeB-Fe system hard materials mixed by elemental blending method are
investigated. Then the sintering behavior and mechanical properties of FeB with Ni added
by electroless plating process hard materials are also investigated. In addition, the
electroless Ni plating and spark sintering parameters are optimized to obtain the
homogeneous distribution of the Ni binder phase and full dense compacts. Finally, the
practical application experiments of the FeB-Ni system hard materials including the
interrupted cutting tests under different cutting speed are investigated.

Chapter 1 reviews the scientific background of this research, points out the objective
and illustrates the overall content of the thesis.

Chapter 2 introduces the sintering behaviors and mechanical properties of FeB with
0, 10 an 50vol.% Fe as the binder phase mixed by elemental blending method. The effect
of Fe content on the sintering behaviors and mechanical properties of the FeB-Fe system
hard materials is investigated. The FeB with 10vol.% Fe compact prepared under different
temperature is further investigated to evaluate whether Fe is an appropriate binder phase
for FeB or not.

Chapter 3 introduces the FeB-Ni system hard materials prepared by electroless
plating and spark sintering process. The effect of electroless plating process on the Ni
content, Ni distribution and surface morphologies of the FeB-Ni powders are investigated.
The sintering behaviors and mechanical properties of FeB with 5, 10, 25 an 30vol.% Ni
prepared by the optimized plating process are investigated to determine the suitable Ni
content. And then the effect of the sintering parameters on the microstructure and
mechanical properties of FeB with suitable Ni content compacts are also investigated to
obtain fully dense FeB-Ni compacts.

Chapter 4 discusses the potential practical applications for the FeB-Ni system alloys
such as the interrupted cutting tests. The pin on disc wear and friction tests are also carried
out using the fully dense FeB-Ni compacts. The friction coefficient, wear volume loss

and wear ratio of the volume loss of pin vs disc are investigated to evaluate the wear
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resistance of FeB-Ni compacts. The interrupted cutting tests are carried out to measure
the cutting performance of FeB-Ni compacts. Flank wear width (VB) is measured as a
function of cutting length with different cutting speeds. The wear resistance and cutting

performance of WC-7.8Co are also measured as reference.
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Chapter 2

Sintering Behaviors and Mechanical Properties of ubiquitous
FeB-Fe Alloys by Elemental Powder Blending and Spark

Sintering Methods

2.1 Introduction

Iron borides (FeB/Fe2B) were expected to substitute the WC-Co hard materials. As
low deformable refractory material, it was difficult to achieve full density just using
single iron borides. Introducing the binder phase to improve the sinter ability of iron
borides was necessary. Fe or Ni from the same transition metal group as Co were
chosen as the binder phase. Fe presented a magnetic bce crystal structure in room
temperature, also known as the a-Fe (ferrite). At temperatures above 1185 K and up to
1673 K, a-Fe undergone a phase transition from bcc to fcc, also called y-Fe (austenite).
Fe was a kind of soft metal with low cost. Although the mutual solid solubility between
B and Fe was low, two intermetallic compounds Fe2B and FeB could be formed". Fe-
alloys tended to form martensite, which could improve the properties of the composite?.
In addition, Prakash® presented a review of Fe-based binders processing and
applications. However, there were few studies on the iron borides with Fe as binder
phase. The effect of Fe content on the sintering behavior and mechanical properties of
FeB-Fe hard materials were investigated to evaluate whether Fe was suitable as a binder

phase for FeB.

2.2 Experiment procedure
2.2.1 Powder preparation

As- received FeB (Fukuda Metal Foil and Powder Co., Ltd.) and Fe powders
(DOWA TP CREATION Co., Ltd.) were used as the raw materials. The mean particle

size of FeB and pure Fe powders were 45 and 7.7 um, respectively. The chemical
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composition of as-received FeB powder included 78.4% Fe, 19.1% B, 0.04 % C, 0.48%
Si, 0.02% P, 0.003% S and 1.9% Al (mass %). The price of FeB powder was about
3000 ¥/kg. While, the price of WC-7.8Co powder was about 20000 ¥/kg which was
more expensive than that of as-received FeB powder. As-received FeB powder
consisted of FeB, Fe:B, Fe and B phases. In order to reduce the impurity phase content,
as-received FeB powders were ball milled using a planetary ball mill (Fritsch
Pulverisette 5) at 150 rpm for 24 hours. The milling was using 500 mL vial and
stainless-steel balls with a diameter of 10 mm. The ball to powder weight ratio was 20:1.
After ball milling, FeB powders and 10%, 50%Fe powders were elemental powder
blended by the same ball mill machine for 1.8 ks at 50 rpm (here after called FeB-10Fe,
FeB-50Fe).

Figure 2.1 SEM images of (a) as-received, (b) ball milled FeB and (c¢) pure Fe powders.
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Figure 2.2 X-ray patterns of (a) as-received and (b) ball milled FeB powders.

The SEM images of (a) as-received FeB, (b) ball milled FeB and (c) pure Fe
powders were shown in Fig.2.1. As-received FeB powders showed irregular shape and
large scale of the size distribution as shown in Fig.2.1(a). The mean particle size of FeB
powders rapidly decreased from 45 to 10 pm after ball milling. The scale of the size
distribution of FeB powder after ball milling also decreased as shown in Fig.2.1(b). The
shape of ball milled FeB powders also showed irregular as well as the Fe powders. No
powder agglomeration was observed in these powders.

The X-ray diffraction was carried out to characterize the phase construction of the
FeB powders before and after ball milling. Figure 2.2 showed X-ray patterns of as-
received and ball milled FeB. The phases of both powders were FeB, Fe:B, and Fe. It
was difficult to detect B phase due to the low content. The predominant phase was FeB.
The FeB content was 65 and 77 % for as-received and ball-milled powders, respectively.

The Fe2B and Fe phase content also decreased after ball milling.
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2.2.2 Sintering process of FeB-Fe system powder

During the spark sintering, two graphite punches with diameter of 10 mm and
height of 30 mm and a graphite die with an inner diameter of 10 mm, an outer diameter
of 40 mm and height of 60 mm were used. The spark sintering process had two modes,
pulse discharge sintering mode and resistance heating mode®. All the powders were
consolidated under a vacuum condition (<102 Pa). The sintering process was shown in
the Fig.2.3. The sintering temperature was measured using a thermocouple (R-type)
inserted in the cylindrical of the die. The tip of the thermocouple was about 2 mm away
to the compact. The voltage, current, sintering temperature and the displacement of the
compact were monitored from a software (Naviwave System, SSAlloy Co., Ltd.) of the

spark sintering.
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Figure 2.4 Relation between the relative density and sintering temperature of the (a)
FeB compact sintered at 1693 K, (b) FeB-10Fe compact sintered at 1493 K and (c) FeB-
50Fe compact sintered at 1373 K.

2.2.3 Characterizations of FeB-Fe system compacts

Densities of the compacts were measured by Archimedes’ method. Apparent
relative density of compacts was calculated based on the displacement of between
electrodes, by the height of the compacts dividing the ideally height of 10 mm.
Morphology of the powder was measured by scanning electron microscope (SEM,
TOPCON SM-520, Japan). Microstructure of the sintered compacts was observed by
the optical microscope (Metal Microscope OPTIPHOT-2, Nikon Corporation, Japan).
Average grain size and porosity of the compacts were measured by image analysis
methods”. Phases in the compacts were characterized by X-ray powder diffraction
method (XRD, MAC-MO03-XHF22, Japan) using Cu Ka radiation (A=1.5406 A) at 40
kV and 40 mA. The macro and micro hardness of the compacts were measured by
Vickers hardness tester (MHT-1, Japan). Compressive and bending strength of the

compacts were measured at room temperature by a mechanical testing machine
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(Autograph DCS-R-5000, Shimadzu Corporation, Japan) with a constant crosshead

speed of 0.5 mm/min.

2.3 Results and discussion
2.3.1 Effect of the Fe content on the microstructures and properties of the FeB-
Fe system compacts
2.3.1.1 Sintering behaviors and microstructures of the FeB-Fe system

compacts

Figure 2.4 showed the relation between sintering temperature and relative density
of FeB, FeB-10Fe and FeB-50Fe compacts. The relative density of FeB, FeB-10Fe and
FeB-50Fe was 92%, 95% and 96%, respectively. As shown in Fig. 2.4 (a), preparation
FeB compact with same level relative density to the FeB compact with Fe addition
required high sintering temperature. It was considered that FeB materials had low
sinterability. With the addition of Fe binder phase, the sintering temperature for
producing compacts with the almost same relative density was significantly reduced as
shown in Fig. 2.4 (b) and (c). In this case, Fe binder phase was effective to improve the
sinterability of FeB as well as energy saving. Furthermore, the sintering temperature to
obtain compact with same relative density decreased significantly with the continuous
addition of Fe binder phase. As can be seen in this figure, the slop of the FeB-10Fe and
FeB-50Fe compacts were higher than that of FeB compact. That means the densification
of the FeB-Fe system compacts was increased with the addition of Fe binder phase due
to the high ductility of the Fe binder phase.

Figure 2.5 showed the microstructures of FeB, FeB-10Fe and FeB-50Fe compacts.
However, after sintering at high temperature for a long time, pores were still observed in
the FeB compacts due to the low sinterability as shown in Fig. 2.5 (a). The porosity
decreased with the addition of Fe binder phase as shown in Fig. 2.5 (b) and (c). The
individual phases in each compact were indicated in this figure. FeB and FeB-10Fe
compacts were sintered in liquid phase sintering according to the phase diagram®. The
appearance of liquid phase promoted grain growth and the diffusion between Fe and B.

The eutectic reaction between Fe and Fe:B occurred between the grain boundaries. The
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B phase was still in the FeB compact due to the low content of Fe phase. While, with
the addition of 50% Fe binder phase, the B phase still appearance in this compact as
shown in Fig. 2.5 (c¢). It was considered that the reaction between Fe and B was very
difficult in low sintering temperature.

Figure 2.6 showed the X-ray patterns of FeB, FeB-10Fe and FeB-50Fe compacts
sintering at different temperature. There were FeB, Fe2B, Fe and B phases in as-
received FeB powders. The B phase was difficult to detect due to the low content. The
appearance of liquid phase promoted the diffusion between Fe, B, Fe:B and FeB which
caused the variation of constituent phase. In addition, Fe2B and Fe were precipitated
from the liquid phase. Furthermore, the content of Fe:B phase increased with the
addition of Fe binder phase which in contrary to the FeB phase. It was mainly due to the
diffusion between the Fe and FeB phases.

Figure 2.5 Optical micrographs of the (a) FeB, (b) FeB-10Fe and (c) FeB-50Fe

compacts sintered at 1693, 1493 and 1373 K, respectively.

33



Chapter 2 Sintering Behavior Mechanical Properties of ubiquitous FeB-Fe Alloys
by Elemental Powder Blending and Spark Sintering Methods

- | (© 2 A FeB
g Log < Fe2B
g O Fe
= <o <o

:5 W PRSP W AT oA e
=~ | ® A A

= <

.5 A A

= A PAN

2 XS

R=

=

O

o

=

i

<

20 30 40 50 60
Diffraction angle (Cu,Ka), 26/degree

Figure 2.6 X-ray patterns of (a) FeB, (b) FeB-10Fe and (c¢) FeB-50Fe compacts sintered
at 1693, 1493 and 1373 K, respectively.
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2.3.1.2 Mechanical properties of the FeB-Fe system compacts

Figure 2.7 showed the relation between Vickers hardness and the relative density
of FeB, FeB-10Fe and FeB-50Fe sintered at different temperature. The hardness of the
sintered compacts was decreased with the increasing of the Fe binder phase. FeB
compact with lowest relative density possessed the highest hardness in contrast to the
FeB-50Fe compact. For the hard materials, the hardness depended on the relative
density. In this case, the high relative density with low hardness was due to the addition
of large amount of soft Fe phase. The addition of binder phase should be considered
carefully.

Figure 2.8 showed the stress-strain curves obtained from three points bending tests
by using FeB, FeB-10Fe, FeB-50Fe compacts. The FeB-50Fe showed the highest
bending strength with large strain. The porosity had a great influence on the bending
strength. The pores in the sintered compacts became the source of cracks, resulting in
the reduction of the bending strength. The porosity would decrease with the increase of

the Fe binder phase. Therefore, the bending strength increased with the increasing of the

Fe binder phase.
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Figure 2.8 The stress-strain curves obtained from three points bending tests by using

FeB, FeB-10Fe, FeB-50Fe compacts sintered at 1693, 1493 and 1373 K, respectively.
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Overall, the fully dense FeB-10Fe compacts was prepared at low sintering
temperature. In addition, the relative density and bending strength of FeB-10Fe was
close to that of FeB-50Fe compact. The hardness of FeB-10Fe compact was much
higher than that of FeB-50Fe compact. In this case, the addition of 10vol% Fe was
suitable for FeB. Therefore, the sintering behavior, microstructure and mechanical

properties of FeB-10Fe were further investigated.

0  FeB-10Fe, 10 pm up to 1493 K, 15—50 MPa *.
FeB-10Fe, 10 pm up to 1505 K, 15—50 MPa *.
x  FeB-10Fe, 10 pmup to 1523 K, 15—50 MPa *.
— FeB. 10 pmup to 1523 K, 15—50 MPa *.
=== FeB.45 pmup to 1523 K, 15—50 MPa *.
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Figure 2.9 Relation between sintering time and sintering temperature of FeB-10Fe
sintered at 1493 K, 1505 K and 1523 K, FeB sintered at 1523 K and pure Fe sintered at
1330 K. 15—50 MPa*: Applied pressure in pulse discharge to resistance heating were
changed 15 to 50 MPa, respectively. 50—50 MPa*: Applied pressure in pulse discharge

to resistance heating were keep constant.
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2.3.2 Sintering behaviors, microstructures and mechanical properties of FeB-
10Fe compacts

2.3.2.1 Sintering behaviors of FeB-10Fe compacts

The relations between electric discharged time and compact-temperature or
apparent relative density by displacement between electrodes were shown in Fig 2.9 and
2.10. There were two heating conditions in constant current values of 3.8 A/mm? and
constant heating rate of 50 K/min in these figures. The unsteady and steady state of
temperature occurred during sintering. The temperatures of compacts depended on their
thermal and electrical conductivity, which resulted in the higher and lower values in
temperatures for pure Fe and FeB compacts. In contrast, apparent relative densities
referred to the nominal relative densities were also increased corresponding to the
behaviors in temperature-change. The relative densities to the sintering time of 900 s,
were decided depending on the shapes of powders and pressure (15 or 50 MPa). Figure
2.11 showed the relation between the sintering temperature and apparent relative density,
which were already shown in Figs 2.9 and 2.10. There were good and poor sinterability
on pure Fe and FeB powders, respectively, and FeB-10Fe showed the sintering
behaviors between both powders. The slope of sintering curves below about 1260 K for
FeB-10Fe compacts was higher than that of FeB compacts using the powders of 45 um
during spark sintering. It was mainly because of the effect of the addition of Fe binder
phase. In addition, the slope of the sintering curve of FeB powders with 10 pm was
higher than that of FeB powders with 45 pm because of higher sinterability for the fine
size of FeB powders. In other words, the high slope in the sintering curve meant high
densification rate in the temperature range.

The sintering behaviors of FeB-10Fe powders in the temperature range below the
1493 K showed good reproducibility, although their maximum temperatures changed
from 1493 to 1523 K. The apparent relative density of FeB-10Fe compacts was
increased monotonously in the temperature range below this temperature. And then the
apparent relative density became almost constant above about 1260 K. Moreover,
during holding time at the maximum temperature, the final apparent relative density of

FeB-10Fe compacts sintered at 1505 and 1523 K were increased significantly,
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compared with FeB-10Fe compact sintered at 1493K. It meant that the sintering at 1505

and 1523 K proceeded at liquid state sintering.

0 FeB-10Fe, 10 pum up to 1493 K, 15—50 MPa *.
©  FeB-10Fe, 10 pm up to 1505 K, 15—50 MPa *.
x  FeB-10Fe, 10 pmup to 1523 K, 15—50 MPa *.
— FeB. 10 pmup to 1523 K, 15—50 MPa *.
--- FeB, 45 pmup to 1523 K, 15—50 MPa *.
4 Pure Fe, 7.7 pm up to 1330 K, 15—50 MPa *.
v Pure Fe, 7.7 pm up to 1330 K, 50— 50 MPa *.
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Figure 2.10 Relation between sintering time and apparent relative density of FeB-10Fe
sintered at 1493 K, 1505 K and 1523 K, FeB sintered at 1523 K and pure Fe sintered at
1330 K. 15—50 MPa*: Applied pressure in pulse discharge to resistance heating were

changed 15 to 50 MPa, respectively. 50—50 MPa*: Applied pressure in pulse discharge
to resistance heating were keep constant. Insert (b) was the enlargement of the square

area of (a).
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Figure 2.11 Relation between sintering temperature and apparent relative density of
FeB-10Fe sintered at 1493 K, 1505 K and 1523 K, FeB sintered at 1523 K and pure Fe
sintered at 1330 K. 15—50 MPa*: Applied pressure in pulse discharge to resistance
heating were changed 15 to 50 MPa, respectively. 50—50 MPa*: Applied pressure in

pulse discharge to resistance heating were keep constant.
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Figure 2.12 Relation between densification rate and apparent relative density of FeB-
10Fe sintered at 1493 K, FeB sintered at 1523 K and the calculation results of D for

FeB-10Fe compact. 15—50 MPa*: Applied pressure in pulse discharge to resistance

heating were changed 15 to 50 MPa, respectively.
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Figure 2.13 Relation between densification rate and apparent relative density of pure Fe
sintered at 1330 K and the calculation results of D for pure Fe compact. 15—50 MPa*:
Applied pressure in pulse discharge to resistance heating were changed 15 to 50 MPa,

respectively. 50—50 MPa*: Applied pressure in pulse discharge to resistance heating

were keep constant.

In order to investigate the mechanism of densification in spark sintering process,
the densification rate of FeB-10Fe, FeB and pure Fe powders were obtained
experimentally as shown in Figs. 2.12 and 2.13. The densification rate was obtained by
dividing the apparent relative density, dD, increment by time increment, dt.

D=dD /dt (1)
where D and ¢ were currently apparent relative density and time, respectively. Three
peaks of D showed at D of 0.49, 0.52 and 0.76 for pure Fe compacts as shown in
Fig.1.12. The highest densification rate was found in the curve for pure Fe compacts
which was applied to 50 MPa after 15 MPa application in pulse discharge. In contrast,
in the D curves of pure Fe which was initially 50 MPa applied, no peaks appeared in the
initial stage in below 0.5 D. It was considered that the rearrangement of the particles by

increment of the pressure resulted in the firstly high densification rate in D of
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approximately 0.5 showing the start of resistance heating. The secondary peak of D at
the D of 0.52 was caused by the particle-rearrangement due to the plastic deformation in
local heat generated areas between particles at a little higher temperature.

There also were three peaks of D at D of 0.5, 0.52 and 0.75 for FeB-10Fe in
Fig.2.13. The values in D peaks and the final D of FeB were lower than those of FeB-
10Fe powders. The deformation of FeB phase could not be expected in this temperature
range below 1260 K, as shown in Fig. 2.12. Therefore, the plastic deformation of Fe
binder phase caused by Joule’s heat generation between particles played a dominant role
in increasing the apparent relative density for FeB-10Fe compacts, which meant the
increase of relative density from about 0.7 for FeB to 0.8 for FeB-10Fe by the 10 vol.%
Fe additions.

Generally, the densification process could be divided into three stages. The first
stage was performed in the pulse sintering process. The second and third stages were
plastic deformation and power law creep deformation stages”. In order to further
investigate the sintering mechanism after rearrangement of the particles, the follow eq.
(2) as plastic deformation (2nd stage) and the eq. (3) as power law creep deformation

(3rd stage) were used for theoretical analysis”.

RN E) @

=4V D(D) "+1el7)pn 3)
where T, T, P, oyiela, A, O, n, m and R were temperature, heating rate of compact,
applied pressure, yield stress of powder material, creep constant, activation energy of
power law creep, stress exponent, coefficient representing the contribution of
macroscopic stress and gas constant respectively. And x(D) was the function of
apparent relative density and Vex was an extended volume fraction for densification?.
In this study, the values of k, m, n and Q were used to be 3.57, 0.37, 4.87 and 326
kJ/mol'?, respectively. Assuming geq Was equal 002, the relationship between 0.2 %
proof stress and temperature of pure Fe was obtained by high temperature tensile tests.
In our laboratory, the densification processes of Cu and mixture powder of Cu and
Al03 were investigated by experiments and theoretical calculation of the D using the

eq. (2) and (3) mentioned above!'"'¥). The experimental results were consistent with the
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estimated results calculated by equations (2) and (3) for Cu and Cu+ALOs. It was
considered that plastic deformation of the Cu powders occurred before reaching
maximum point of the D at the D of approximately 0.7~0.75. The power law creep

deformation of Cu powders occurred after that.

Figure 2.14 Compositional microstructures of FeB-10Fe compacts sintered at (a) 1493
K, (¢) 1505 K and (d) 1523 K, FeB compacts using powders of (¢) 10 and (f) 45 pm

sintered at 1523 K. (b) was the enlargement of the square area of (a).
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Figure 2.15 Deformation process of Fe binder around FeB powders at lateral pressure

condition as seen in Fig. 2.14 (b).

In this study, the experimental results of D both of pure Fe and FeB-10Fe
compacts were consistent with the estimated results using equations (2) and (3), as
shown in Fig.2.12 and 2.13. Therefore, it was considered that the increment of the
densification rate of FeB-10Fe compacts was caused by the plastic deformation of Fe
binder phase before reaching maximum point of the D at the D of 0.75. After that
power law creep deformation of Fe binder phase occurred above D of 0.75.

The morphologies of the FeB-10Fe compact sintered different temperature were
shown in Fig.2.14. The Fe phase with steep shaped grain boundary was observed in
FeB-10Fe compacts which corresponded to the morphologies of pure Fe and FeB
particles showed in Fig.2.1. As shown in Fig.2.14(b), it was considered that the plastic
deformation of Fe phase and movement of the FeB hard particles toward the Fe phase
were performed together in the plastic deformation of the 2nd stage. This phenomenon
was 1illustrated as shown in Fig.2.15. The plastic deformation of the Fe phase
surrounded by the FeB hard phase was largely caused to the higher temperature of
1100 K showing the D of 0.75, seen in Fig.2.12 and 2.13, because of just 10 vol.% Fe
contents in the uniaxial die press at the lateral pressure condition. However, it was
interesting that exchanging value of the D from plastic deformation to powder law
creep deformation was shown to be approximately 0.76, even for the different powders

and various binder contents.
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2.3.2.2 Microstructures of the FeB-10Fe compacts

Figure 2.14 showed the microstructures of FeB-10Fe compacts sintered at 1493 K,
1505 K and 1523 K, FeB compacts using powders of 10 and 45 um sintered at 1523 K.
In addition, The enlarged image of the deformation of Fe binder phase was also shown.
The average sizes of pores in FeB-10Fe compacts sintered at 1493, 1505 and 1523 K
were 9.7, 13.6 and 15.7 um, respectively. Moreover, the shape of pores in FeB-10Fe
compacts gradually changed from the irregular shape to round shape with the increment
of sintering temperature. The state of pores also gradually changed from continuous
state to isolated state. It was mainly because the much more liquid phase consisting of
Fe and Fe:B in FeB-10Fe compacts sintered above 1505 K was appeared during the
holding time according to the sintering curves of Fig.6. As reference, the average size of
pores of FeB compacts using 10 and 45 pum size powders were 15.9 and 19.1 pum. As
shown in table 2.1, the porosities of FeB-10Fe compacts were increased with the
increment of sintering temperature. This attributed to the liquid phase in FeB-10Fe
compacts squeezed out from die during holding time at 1505 K and 1523K because of

the poor wettability between liquid phase and FeB'¥.

Table 2.1 Average grain sizes, porosity and density of FeB-10Fe compacts sintered at
1493 K, 1505 K and 1523 K and FeB compacts using 10 and 45 pm size

powders sintered at 1523 K.

Sintering Average grain Tlens1ty
Powders o | T e Porosity(%o) /X103
temperature/K s1ze/pm ; ’ "
kg/m
1493 9.7 19 6.18
-10
Hen-10ke 1505 13.8 25 6.16
with 10pm
1523 18.1 29 6.07
Feld with 1523 113 28 6.01
10pm
FED mth 1523 50.1 31 5.88
45pm

45



Chapter 2 Sintering Behavior Mechanical Properties of ubiquitous FeB-Fe Alloys
by Elemental Powder Blending and Spark Sintering Methods

e) FeB (45 um)-1523 K s FeB
(® (45 pm) « Fe.B

® Fe

> >
?I
>

I\ A A A
l(d) FeB (10 pm)-1523 K 2

>
L'
>e
19
]

(c)FeB-10Fe-1523 K

A 4 A A
e N2 P e A A r P et
(b)FeB-10Fe-1505 K :

A 4 A

A A A A
(a) FeB-10Fe-1493 K .
A A A

25 30 35 40 45 50 55 60 65
Diffraction angle(Cu, Ka), 26/degree

Figure 2.16 XRD patterns of FeB-10Fe compacts sintered at (a) 1493, (b) 1505 and (¢)
1523 K and FeB compacts using powders of (d) 10 and (e) 45 pum sintered at 1523 K.

The densities of FeB-10Fe compacts measured by Archimedes’ method were
shown in table 2.1. The increment of the porosity with the sintering temperature resulted
in the decrease of the densities of FeB-10Fe. As reference, the porosities and densities
of FeB compacts using powders of 10 and 45 um were also shown in table 2.1. It was
found that manufacturing of compacts using fine particle size of FeB contributed to
decrease the porosity compared that of FeB compacts using large particle size powders.
The average grain sizes of FeB-10Fe compacts were slightly increased as the sintering
temperatures were increased, compared with average particle sizes of starting powder,
as shown in table 2.1. High sintering temperature promoted the atomic diffusion
between particles, and the liquid phase resulted in the further grain growth of FeB-10Fe
compacts.

Figure 2.16 showed the XRD patterns of FeB-10Fe compacts sintered at 1493,
1505 and 1523 K and FeB compacts using powders of 10 and 45 pum sintered at 1523 K.
As shown in the XRD patterns, the mainly phase of FeB-10Fe and FeB compacts was
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FeB phase. And the contents of FeB phase in the FeB-10Fe compacts sintered at 1493,
1505 and 1523 K were 78, 85 and 90%, respectively. It was considered that the
increment of the sintering temperature promoted the atomic diffusion, which resulted in

the increment of FeB amount.
2.3.2.3 Mechanical properties of FeB-10Fe compacts

Figure 2.17 showed Vickers hardness of FeB-10Fe compacts sintered at 1493,
1505 and 1523 K and FeB compacts sintered at 1523 K. The hardness of FeB-10Fe
compacts sintered at 1493 K was higher than that of compacts sintered above 1505 K. It
was mainly because the mean densities of FeB-10Fe compacts were decreased with
increment of sintering temperature. Moreover, the grain coarsening in FeB-10Fe
compacts sintered above 1505 K corresponded to the decrement of the hardness.
Moreover, the hardness of FeB compacts with 10 and 45 pm powders sintered at 1523
K were 960 and 916, respectively. As mentioned above, the FeB compacts using small
size powder sintered at 1523 K possessed the smaller porosity and lager mean density,
which resulted in the increment of hardness of FeB compacts. On the other hand, the
hardness of FeB-10Fe compact sintered at 1493 K was close to that of FeB compact
using 10 um size powders sintered at 1523 K. The hardness of FeB compact mainly
depended on the porosity. The porosity of FeB-10Fe compact sintered at 1493 K was
lower than that of FeB compact using 10 um size powders sintered at 1523 K. However,
the hardness of FeB-10Fe compact sintered at 1493 K was not high, because of the
addition of 10vol.% Fe binder (Hv 0.608 GPa). Therefore, the hardness of FeB-10Fe
compact sintered at 1493 K was close to that of FeB compact (Hv 16.5 GPa) using 10
um size powders sintered at 1523 K.

Figure 2.18 showed Vickers hardness at the interfaces of FeB/FeB, FeB/Fe:B and
Fe:B/FeoB in FeB-10Fe compacts. Vickers hardness values—of FeB and Fe:B intra-
grains in FeB-10Fe compacts were 16.5 and 12.0 GPa, which were consistent with
hardness values in the literature'?. As shown in Fig.13, Vickers hardness values of
some interfaces in FeB-10Fe compacts sintered at 1505 and 1523 K were higher than
that of compacts sintered at 1493 K. It was because the higher sintering temperature

promoted the diffusion of atoms between grains, which resulted in the increment of the
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interface-hardness between grains. It was probable that the atomic diffusion coefficients
of Fe and B atoms in the interface of FeB/FeB and Fe:B/Fe:B grains were different,
which should be studied more in the future. In addition, the Vickers hardness of the
interfaces of FeB/FeB and Fe:B/Fe2B in FeB-10Fe sintered at 1523 K was close to the
hardness of their intra grains. It was considered that the atomic diffusion was well

completed at 1523 K.
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Figure 2.17 Vickers hardness of FeB-10Fe compacts sintered at 1493 K, 1505 K and
1523 K and FeB compacts using powders of 10 and 45 um sintered at 1523 K.
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Figure 2.18 Vickers hardness of the interfaces of FeB/FeB, FeB/Fe2B and Fe2B/Fe:2B in
FeB-10Fe compacts. The inserted dotted lines showed the Vickers hardness of FeB and

Fe:B intra grains.
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Figure 2.19 showed the compressive stress-strain curves of FeB-10Fe compacts
sintered at 1493, 1505 and 1523 K. As shown in Fig.2.19, the maximum compressive
stress and strain of compacts were increased with increment of the sintering temperature.
Moreover, the maximum compressive stress of FeB-10Fe compacts sintered at 1523 K
with larger grain size and high porosity were larger than that of compacts sintered at
1493 K. It was considered that the high strength between grains in compacts sintered at
high sintering temperature resulted in the increment of compressive stress and strain.
However, Young’s modulus of compacts was decreased with increment of the sintering
temperature. The porosity of FeB-10Fe compacts sintered at 1493 K, 1505 K and 1523
K were 18%, 25% and 29%, respectively. The high porosity resulted in the decrement
of Young’s modulus'®. In addition, the average grain size of FeB-10Fe compacts
sintered at 1493 K, 1505 K and 1523 K were 9.7 um, 13.8 pum and 18.1 pum, respectively.

The large grain size also resulted in the decrement of Young’s modulus of FeB-10Fe

compacts'?.
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Figure 2.19 Compressive stress-strain curves of FeB-10Fe compacts sintered at 1493 K,

1505 K and 1523 K.
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Figure 2.20 SEM images of fracture surfaces of FeB-10Fe compacts sintered at different
temperatures: (a) 1493 K and (b) 1523 K. The pores and bonded part of the grain

boundary were indicated by the arrows.

Figure 2.20 showed the SEM images of fracture surfaces of FeB-10Fe compacts
sintered at 1493 K and 1523 K. As shown by arrows in Fig.2.20, grain boundaries with
many pores were clearly observed in the FeB-10Fe compacts sintered at 1493K
indicating the insufficient atomic diffusion. In contrast, no obviously pores were
observed in the interface between grain boundary in the FeB-10Fe compacts sintered at
1523 K indicating the sufficient atomic diffusion. It was considered that the grain
boundary strength was increased with the increment of the sintering temperature. As a
result, the compressive stress and strain of FeB-10Fe compacts increased with the
increment of the sintering temperature because of strength between FeB/FeB grains

which corresponded to that of compressive tests as shown in Fig.2.19.

2.4 Summary

In this chapter, the spark sintering behaviors and mechanical properties of FeB-Fe
system alloys were investigated. The summaries were shown below.

(1) FeB with 0, 10 and 50% Fe alloys were successful prepared by spark sintering
process. The sinterability of FeB was significantly improved by the addition of Fe
binder phase. FeB-10Fe alloy showed high relative density, hardness and bending

strength. In this case, the FeB alloy with 10 vol% was optimum.
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(2) The relative density of FeB-10Fe compacts increased with the increment of the
sintering temperature of 1493 K to 1523 K. FeB-10Fe alloys sintered at different
temperature showed the same sintering behaviors according to the sintering and
densification rate curves. The densification rate, D, of FeB-10Fe and pure Fe were
obtained theoretically and experimentally, and its maximum point of D was shown in
the D of approximately 0.75. The plastic deformation and power law creep deformation
of Fe binder phase in FeB-10Fe compacts occurred before and after reaching maximum
point of D, respectively. The experimental and theoretical results were in good
agreement.

(3) The hardness of FeB-10Fe compacts decreased with increment of sintering
temperature because of the increment of porosities in FeB-10Fe compacts. While, the
values of micro hardness on the interfaces between grains increased with increment of
sintering temperature, because of the promotion of atomic diffusion between particles.
There were maximum values of compressive stress and strain on compacts sintered at
highest temperature, also because of promotion of the sintering in the interfaces
between grains.

(4) Although FeB-10Fe compacts sintered at 1493 K showed high relative density
and well mechanical properties, a large number of pores still existed in this compact due
to heterogeneous of the Fe binder phase. In this case, Fe was not suitable as binder

phase of FeB.
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Chapter 3
Preparation of FeB-Ni Alloys by both Electroless
Plating and Spark Sintering Methods

3.1 Introduction

In previous study, FeB with Fe as binder phase consolidated by spark sintering was
investigated, where the FeB-Fe powders were mixed by an elemental powder blending
method. Although a high apparent relative density was obtained, a large number of
pores still occurred between the FeB hard phases which resulted in the decrease of the
hardness and compressive strength. It was considered that the heterogeneous
distribution of the Fe binder in the FeB-Fe mixed powders resulted in the residual
irregular-shaped pores. Although increasing the Fe content could decrease the porosity,
the hardness of the compact would significantly decrease. In this case, Fe was
inappropriate to be used as the binder phase of FeB hard phase.

Ni as an alternative binder phase had received the most attention. Its face centered
cubic structure showed well ductile. In addition, Ni as binder phase in the FeB increased
the corrosion resistance. The conventional method of adding binder phase to FeB
powders was usually carried out by mechanical mixing for prolonged time. However,
the heterogeneity of the mixed FeB and Ni powders would encounter the same problem
with FeB and Fe powders. Electroless Ni plating on the FeB particles was introduced to
solve the above mentioned drawbacks?. By using this technical, it was expected to
obtain homogeneous distribution of Ni over the entire substrate surface* ¥. This
technical did not require a current supply and set no limits on the shape and type of
substrate* . However, electroless Ni plating on powders may be very different from
that on bulk materials.

Powders had much higher specific surface area than the bulk materials. High
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specific surface area would form large autocatalytic oxidation-—reduction reaction
interface and accelerate the reaction, which resulted in the rapidly changing of the pH,
the heavy consumption of metal ions and decomposition of the bath®. Furthermore,
high specific surface area with large surface activity was easily resulted in powder
agglomeration. Consequently, the coating on the powders was not uniform. In addition,
electroless Ni plating process such as pretreatment, pH and temperature also has a great
influence on the coatings of the powder.

In this chapter, the effect of the electroless Ni plating parameters including the
treating amount of the bath, electroless plating temperature and time on the coatings and
Ni content of the powder were investigated. So far, there was no comprehensive
describtion of the FeB compacts with Ni addition. Therefore, the effect of Ni content
and sintering parameters on the behaviors and the mechanical properties of FeB-Ni

compacts were investigated.

3.2 Experimental procedure
3.2.1 Powder preparation

As-received FeB powders with mean particle size of 45 um were used as the raw
materials to do the electroless plating. The powders were cleaned by acetone and
immersed in hydrochloric acid (50 mL/L) for 60 s for pretreatment. The FeB powders
were pretreated before electroless plating to produce a surface with catalytic activity.
Then, the pretreated FeB powders were cleaned and put into a beaker placed in a
thermostatic water bath for electroless plating. The acid plating bath, which contained
less than 1% B, was purchased from Okuno Chemical Industries Co. Ltd. The plating
bath consisted of main salt, reducing agent, complexing agent, stabilizing agent. Ni
sulfate was the main salt, dimethylamine borane (DMAB) was the reducing agent. The
reactions of electroless Ni—B plating from acid bath could be explained by main

reactions of equations (1) -(3)”:
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3Ni2" + (CH3)2HN - BHs + 3H20 — 3Ni + H3BOs + (CH3)2HaN* + SHY (1)
4Ni?* + 2(CH3)2HN " BH3 + 3H20 — 2Ni + Ni2B + H3BOs + 2(CH3)2:HaN* + 6HT  (2)
HCI + (CH3):HN - BH3 +3H20 —H3BO3 + (CH3):HN-HCI1 + 2H2 1 3)

pH was within the range of 6.5 to 6.8. Temperature of electroless plating was within the
range of 323 to 338 K. Keep constant of pH (6.5), temperature (323 K) and plating time
(300 s) of the bath, the effect of the variation of the treating amount of the bath on the
Ni coatings and content would be investigated. The treating amount was set 1, 3, 5 and
10 g/l according to the processing capability of the bath. The same method was used to
determine the effect of plating temperature and time. During the electroless plating, the
plating bath was continuously stirred to disperse and reduce agglomeration of powders.
After the electroless plating, the powders were cleaned with de-ionized water and
ethanol and dried in a vacuum oven at 323 K for 2 hours. Then the electroless Ni plated

FeB powders were consolidated by spark sintering process.
3.2.2 Characterizations of the FeB-Ni powders and compacts

The FeB-Ni powders prepared by above process were consolidated by spark
sintering process. Scan electron microscopy (SEM) was utilized to analyze the surface
morphology of the original FeB powder before pretreatment, FeB powder after
pretreatment, composite powder obtained after electroless plating, sintered compacts.
The quantitative analysis was conducted on selected compacts by electron probe micro
analysis (EPMA). The treating amount of the bath was characterized by the ratio of the
mass of the FeB powder to the volume of the plating bath. The porosity of compacts
was measured by the image analysis method®. The densities of the compacts were
measured by Archimedes’ method. The thermal analysis was carried out by differential
scanning calorimetry (DSC, NETZSCH STA 449 C, Germany) at a constant heating
and cooling rate of 0.083 K/s at 298—1000 K in an atmosphere of pure argon with a flow
rate of 0.83 mL/s. X-ray diffraction (XRD) was employed for phase identification by
using Cu Ko radiation (A= 15.406 nm) at 40 kV and 0.1 A. The hardness of the
compacts was measured by a Vickers hardness tester (load 1kg, 10s). The fracture

toughness, Kic, of the FeB—Ni compacts was determined by measuring the crack length
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near the indent made by a Vickers indentation (MHT-1, Japan) load of 9.8 N and

calculated by using the following equation (4)”. This equitation was used for calculating
the fracture toughness of borides.

s
Kic=0.064 \ff—{ P/ 4)

The Young’s modulus, £, was 307 GPa according to the rule of mixtures calculation
between the Young’s modulus of FeB and that of Ni. The Young’s modulus of FeB and
Ni were approximately 343 GPa and 200 GPa, respectively!”. H was the Vickers
hardness, P was the indentation load, and ¢ was the half of the indentation crack length
near the indent. The compressive strength of the compacts was measured at room
temperature by using a mechanical testing machine (Autograph DCS-R-5000, Shimadzu

Corporation, Japan) with a constant crosshead speed of 0.83 um/s.

3.3 Results and discussion
3.3.1 Effect of the plating parameters on the electroless plating
3.3.1.1 Effect of the pretreatment on the FeB powders

The surface morphologies of the initial FeB powders before and after
pretreatment was shown in Fig. 3.1 (a) and (b). The surface of the initial FeB powders
was smooth without obvious steps before pretreatment; the surface was flat and smooth.
A mechanical surface resulting from the pelletizing process was observed. After
pretreatment, a mass of steps and holes formed on the surface. The electroless plating on
the powder was related to the catalytic activation of the plated surface. Catalytic
activation referred to the number of active centers on the powder surface, which related
to surface defects such as margin, steps, margin of adsorbate, and certain surface atoms
or atom groups with space unsaturation. These positions with high energy was easy to
deposit metal ions. Having more defects on the surface of FeB powder after
pretreatment increased the deposition of Ni grains. So that the nucleated and grown

plated Ni layer could distribute more evenly.
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Figure 3.1 Surface morphologies of (a) initial FeB powders and (b) pretreated FeB

powders.
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Figure 3.2 The relationship between the treating amount and the Ni content at the

temperature of 323 K.

3.3.1.2 Effect of the treating amount of the bath on the Ni content and coatings
The treating amount of the bath was the ratio of the surface area of the electroless
plating to the volume of the bath. The treating amount affected the Ni content and
properties of the coating due to the large specific surface area of the FeB particles. The
effect of treating amount of the bath on the Ni content was shown in Fig.3.2. The Ni
content of the FeB powder increased rapidly when the treating amount was lower than 5

g/l. The more FeB powder with larger specific surface area resulted in the faster
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reaction rate. It was considered that excessive reaction rate exceeded the processing
capacity of the bath, even cause decomposition and failure of the bath. Consequently,
the Ni content increased slightly when the treating amount of the bath was larger than
10 g/1.

In addition, the effect of the treating amount of the bath on the morphologies of
electroless plated FeB at constant bath temperature of 323 K were also investigated as
shown in Fig.3.3. As can be seen in this figure, electroless Ni plating in (a) and (b) was
better than that of (c) and (d). Large treating amount accelerated the reaction rate,
caused the reaction concentrated at the surface defect. As a result, the Ni layer was not
distributed evenly before the end of the electroless plating. Moreover, it was difficult to
disperse the FeB powder with too much FeB powder. The agglomeration of the FeB
powder further caused the uneven of the Ni coatings, as shown in Fig.3.3(c) and (d). In
addition, little treating amount of the bath also caused the low efficiency of the

electroless plating. In this case, the treating amount of the bath set at 3g/l was suitable.

Figure 3.3 The morphologies of Ni coated FeB powder under the treating amount of (a)
1 g/L, (b)3 g/L, (c)5 g/L and (d) 10 g/L.
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(d) Mapping analysis
corresponding to (c)

(b) Mapping analysis
corrcsponding to (a)

Figure 3.4 Compositional images of cross-section of Ni coated FeB powder under
treating amount of (a) 1 g/L, (c) 3 g/L, (e) 5 g/L and (g) 10 g/L. (b), (d), (f) and (h) were

the mapping images of Ni corresponding to (a), (c), (e) and (g), respectively.
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Figure 3.5 XRD patterns of Ni coated FeB powder under treating amount of (a) 1 g/L,

(b)3 g/L, (c) 5 g/L and (d) 10 g/L.

As shown in Fig. 3.4, Ni plating on the surface of the FeB powder was observed.
The distribution of Ni layer in (a) and (b) was more even than that of (c) and (d).

However, with increasing the treating amount of the bath, agglomeration of the powder
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was observed. Small Ni particles may be the decomposition of the Ni layers'?. The
XRD patterns of electroless Ni plated FeB powder under different treating amount of
the bath were shown in Fig. 3.5. It was found that the peak intensity of Ni increased
with the increase of the treating amount of the bath which means the increasing of the
Ni content. The broadening peak of Ni also indicated that the coated Ni coatings were

amorphous structure.
3.3.1.3 Effect of the bath temperature on the Ni content and coatings

The temperature of the bath had a considerable influence on the chemical reaction
rate. With the increase of the bath temperature, the activity of metal ions in the plating
bath was enhanced, which was easier to adsorb on the surface of the FeB powder to
participate in the chemical reaction. Thus, the deposition rate of the Ni increased with
the increase of bath temperature. Consequently, the Ni content of FeB powder increased
with the bath temperature as shown in Fig. 3.6. But the temperature of the bath could
not be too high. it was noted that the high bath temperature would cause the

decomposition of the bath.
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Figure 3.6 The relationship between the bath temperature and the Ni content at the

constant treating amount of 3g/L.

62



Chapter 3 Preparation of FeB-Ni Alloys by both Electroless Plating and Spark Sintering Methods

i 10 wm

Figure 3.7 The morphologies of Ni coated FeB powders under different temperature. (a)
323 K, (b) 328 K, (c) 333 K and (d) 338 K.
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Figure 3.8 Compositional images of cross-section of Ni coated FeB powder under the
bath temperature of (a) 323 K, (b) 328 K, (¢) 333 K and (d) 338 K. (b), (d), (f) and (h)

were the mapping analysis corresponding to (a), (¢), (¢) and (g), respectively.

The effect of the bath temperature on the morphologies of electroless plated FeB
was shown in Fig.3.7. As can be seen in this figure, with the increase of bath
temperature, the distribution of the Ni coating was not good, accompanied by powder

agglomeration. This may be related to the fast-chemical reaction and the gas produced
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in the chemical reaction. The increase of temperature would accelerate the rate of gas
release in plating bath which would hinder the deposition of the metal ion. It could be
further understanding from the mapping analysis shown in Fig. 3.8. Too fast chemical
reaction also resulted in the loose and flaking of coatings and irregular growth of
coating particles in Fig.3.8 (b), (c) and (d). The flaking of coatings formed the available
nucleation sites that caused heterogeneous nucleation'®. Moreover, it was easily lead to
decomposition of the bath. The Ni coated FeB was further investigated by the XRD, as
shown in Fig. 3.9. The broadening of Ni was detected without new phase existing. It

means that variation of temperature had no effect on the composition of the coating.
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Figure 3.9 XRD patterns of Ni coated FeB powder under different temperature of the

bath. (a) 323 K, (b) 328 K, (c) 333 K and (d) 338 K.
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Figure 3.10 The relationship between the electroless plating time and the Ni content,

treating amount 3 g/L at the bath temperature of 323 K.
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Figure 3.11 The morphologies of Ni coated FeB powder after electroless plating for (a)
0.3 ks, (b) 0.6 ks, (¢) 0.9 ks and (d) 1.2 ks.

3.3.1.4 Effect of the electroless plating time on the Ni content and coatings

The FeB powder with different Ni content could be obtained at different electroless
plating time. Figure 3.10 showed the relation between the electroless plating time and
the Ni content of the FeB powder. It can be seen from the figure that the chemical
reaction rate was very fast in the initial 0.3 ks. This may be because the high surface
activity and more nucleation sites of the FeB powder adsorbed a large number of Ni
ions on its surface in the initial state of electroless plating. The adsorbed Ni ions
involved in the chemical reaction and formed the Ni coating. With the increase of
plating time to 0.6 ks, the increase of Ni content was slightly decrease. The Ni ions
around the powder were consumed in large quantities due to the fast reaction rate. It was
difficult to be supplemented effectively in a short period of time. The decrease of the Ni
ion in the reaction resulted in the decline of the reaction rate. After 0.9 ks, the Ni
content increased gently. In this case, the reducing agent and Ni ions were consumed

too much so that the reaction tended to stop.
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Figure 3.12 Compositional images of cross-section of Ni coated FeB powder under the
bath temperature of (a) 0.3 ks, (b) 0.6 ks, (c) 0.9 ks and (d) 1.2 ks. (b), (d), (f) and (h)

were the mapping images of Ni corresponding to (a), (c), (e) and (g), respectively.
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Figure 3.13 XRD patterns of Ni coated FeB powder after electroless plating for (a) 0.3
ks, (b) 0.6 ks, (¢) 0.9 ks and (d) 1.2 ks.

The effect of the electroless plating time on the morphologies of electroless Ni
plated FeB were shown in Fig. 3.11. As can be seen in this figure, with the increase of

electroless plating time, there was no obvious phenomenon of powder agglomeration.
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This may be related to the uniform distribution of the Ni coating suppressed the
agglomeration of the powder. With the increase of the plating time, the Ni content of the
powder increased gradually, which indicated that the thickness of the coating also
increased. Electroless plating for too long time, large particles were observed in Fig.
3.11(d). It would make the coating loose and poor quality as can be seen in Fig.3.12(d).
Figure 3.13 showed the XRD patterns of Ni coated FeB powder for different
electroless plating time. The broadening peak of Ni was detected under different plating
time. The intensity of FeB phase decreased with the increase of the plating time which

associated with the increased thickness of Ni coating.

Table 3.1 Composition of the plating bath for Ni coating on FeB powders.

Chemical composition Concentration
Nickel sulfate, g/ 30
DMAB((CH;),HN-BH; ), g/l 4
complexing agent, g/l 40
Reducing agent, g/l 40

Table 3.2 Operating conditions for Ni coating on FeB powders

Operating Temperature, | Treating amount, Stirring
conditions K gL speed, rpm
323 3 100 6.5

pH

Overall, the composition and operating conditions of the plating bath for Ni coating
on FeB powders were concluded as shown in the table 3.1 and 3.2. The processing and
properties of FeB-Ni hard materials were highly dependent on the basic nature of the
hard phase and soft metal binder phases'". FeB as the hard phase was hard and brittle
with low sinterability'?. Ni as the binder phase was added to improve the sinterability
of the FeB. Moreover, the content of Ni affected the hardness and fractur toughness of
FeB-Ni hard materials'®. Therefore, the plating time was set 180, 300, 600 and 900 s to
obtain FeB containing 5vol.%, 10vol.%, 25vol.% and 30vol.% Ni (hereafter called FeB-
5Ni, FeB-10Ni, FeB-25Ni and FeB-30Ni). The effect of the Ni content of the FeB
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powder on the sintering behaviors and mechanical properties of the FeB were

investigated.
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Figure 3.14 Relation between sintering temperature and apparent relative density of

FeB-5Ni, FeB-10Ni, FeB-25Ni, FeB-30Ni and pure Ni compacts.
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3.3.2 Effect of Ni content on the microstructures and properties of the compacts.
3.3.2.1 Sintering behaviors of the FeB-Ni compacts

Figure 3.14 showed the relation between sintering temperature and apparent
relative density of FeB-5Ni, FeB-10Ni, FeB-25Ni, FeB-30Ni and pure Ni compacts.
The sintering curves of FeB-Ni compacts with different Ni contents were shown in this
figure. Sintering curves of FeB-Ni compacts with different Ni contents showed the
similar sintering behaviors regardless of Ni contents, although their apparent relative
densities were increased with the increment of Ni contents. The apparent relative
densities of FeB-Ni compacts with different Ni contents were increased monotonously
in the temperature range below 1200 K. And then the apparent relative density became
almost constant above this temperature. After that the apparent relative density
increased rapidly due to the appearance of liquid phase. Moreover, the slope of sintering
curves below about 1200 K for FeB-Ni compacts was increased with the increase of Ni
content. The slope in the sintering curves meant the consolidation rate in the
temperature range below 1200 K. On the other hand, the deformation of FeB hard
phases could not be expected below 1200 K because of the slightly increment of the
apparent relative density according to the sintering curve of FeB compact'?. It was
found that the increment of the apparent relative density of FeB-Ni compacts was
mainly due to the addition of Ni. As shown in Fig.3.14, the sintering curve of FeB-5Ni
compact with low apparent relative density compared with FeB with high volume
fraction of Ni. The sintering curve of the pure Ni compact showed good sinterability
due to the high slop and apparent relative density.

In order to investigate the mechanism of densification in spark sintering process,
the densification rate of FeB-Ni with different Ni contents and pure Ni compacts were
obtained experimentally as shown in Fig.3.15. The densification rate, D, was obtained

by dividing the apparent relative density increment, dD, by time increment, df.
D=dD / dt (5)

where D and ¢ were apparent relative density and the corresponding sintering time,
respectively. It was reported that plastic deformation of the compacts occurred before

reaching maximum point of the D. After that power law creep deformation of compacts
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occurred using pure copper, pure Ti and Al2O3 added copper powders'>!?. The peaks of
D of FeB-5Ni, FeB-10Ni, FeB-25Ni and FeB-30Ni compacts occurred at 0.75, 0.76,
0.79 and 0.78, respectively which were similarity. On the basis of the previous results, it
was considered that the plastic deformation of Ni layer in FeB-Ni compacts occurred
before reaching maximum point of the D. After that power law creep deformation of Ni
layer occurred in compacts. Pure Ni compact showed high densification rate, and its
peak value was 0.74 at D which was close to FeB-5~30Ni compacts. In contrast, the
value in D peak of FeB-ONi compact was much lower than those of FeB-Ni compacts. It
was proved that the FeB phase showed little deformation in this temperature range
below 1200 K!'¥. Therefore, the plastic deformation of Ni layer caused by Joule’s heat
generation among particles played the dominant role in increasing the apparent relative
density for FeB-Ni compacts. It meant that increment of apparent relative density for
FeB-10Ni caused by the electroless plating 10vol.% Ni on FeB powder surfaces.

Moreover, the apparent relative density could be further improved by more Ni addition.
3.3.2.2 Microstructures and mechanical properties of the FeB-Ni compacts.

Figure 3.16 showed compositional images of the (a) FeB-5Ni, (b) FeB-10Ni, (c)
FeB-15Ni and (d) FeB-30Ni compacts. It was noted that uniform Ni layers formed on
FeB powder surfaces were observed after consolidation. The FeB-Ni compacts with
different Ni contents achieved less porosity because the Ni binder phase filled the
existing voids between FeB particles. Moreover, the Ni layer around the FeB particles
reduced the direct contact of the hard phases during sintering which also decreased the
porosity. The average porosities in FeB-5Ni, FeB-10Ni, FeB-25Ni and FeB-30Ni
compacts sintered at 1473 K were 0.5%, 0.82%, 0.49% and 0.36%, respectively. As
reference, the porosity of FeB compact was 28.1%. It was considered that the porosity
was decreased with increment of the Ni contents. However, much more Ni addition may
result the enrichment of the Ni as shown in Fig.3.16(c) and (d). Figure 3.17 showed
XRD patterns of the (a) FeB-5Ni, (b) FeB-10Ni, (c) FeB-25Ni and (d) FeB-30Ni
compacts. XRD patterns of FeB-Ni compacts with different Ni contents revealed the

presence of FeB, Fe:B and Ni peaks. There were main constituent FeB phase of 92%,
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82%, 69% and 63% in FeB, 5, 10, 25 and 30 Ni compacts. As shown in contrast to Fig
3.5, 3.9 and 3.13, Ni phases with crystalline structure were detected in the XRD patterns
indicating that the structure of the Ni layers was transformed from amorphous to
crystalline. In addition, the weaker intensity of FeB peaks in Ni coated FeB powders

were related to the covering of Ni on the surface of FeB.

Figure 3.16 Compositional images of the (a) FeB-5Ni, (b) FeB-10Ni, (c) FeB-15Ni and
(d) FeB-30Ni compacts sintered at 1473 K.
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Figure 3.17 XRD patterns of the (a) FeB-5Ni, (b) FeB-10Ni, (c) FeB-25Ni and (d) FeB-
30Ni compacts sintered at 1473 K.

Figure 3.18 showed the relation between Vickers hardness and porosity of the FeB-
5Ni, FeB-10Ni, FeB-25Ni, FeB-30Ni compacts. The Vickers hardness of FeB-10Ni
compact was higher than that of FeB-5Ni, FeB-25Ni and FeB-30Ni compacts sintered at
the same temperature. It was considered that the increment of the soft Ni contents
resulted in the decreased of the hardness. In addition, the Vickers hardness of FeB-30Ni
compact was close to that of FeB-25Ni compact due to same level porosity and the
enrichment of the Ni binder phase. Moreover, the Vickers hardness of FeB-10Ni
compact was higher than that of FeB-5Ni compact due to the low porosity, although the

Ni with low hardness was added.

72



Chapter 3 Preparation of FeB-Ni Alloys by both Electroless Plating and Spark Sintering Methods

O0Hv O Porosity

1400 0.5
1200
1 04
Z 1000
A i 41 03 &
_§ 800 =
5
2 600 |4 1 o2 E
e
=400 f
o o o 1 0.1
200 f
0 0
FeB-5Ni FeB-10Ni FeB-25Ni FeB-30Ni
Compacts

Figure 3.18 Relation between Vickers hardness and porosity of the FeB-5Ni, FeB-10Ni,
FeB-25Ni, FeB-30Ni compacts sintered at 1473 K.
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Figure 3.19 Compressive stress-strain curves of the FeB-5Ni, FeB-10Ni, FeB-25Ni and
FeB-30Ni compacts sintered at 1473 K.
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Figure 3.19 showed compressive stress-strain curves of the FeB-5Ni, FeB-10Ni,
FeB-25Ni and FeB-30Ni compacts. FeB-Ni compacts showed the high compressive
strain more than 40%, although that of approximately 35% was shown in the FeB-5Ni
compact. The compressive stress of FeB-Ni compacts increased with the increment of
the Ni contents until the Ni content up to 10%. Then, the compressive stress of FeB-Ni
compacts decreased with the further increment of the Ni contents. It was considered that
the Ni phase surrounding FeB hard phase improved the interfacial strength between FeB
phases. However, excessive addition of Ni could also result in enrichment of Ni phase
and reduced the compressive strength. The typical fracture surfaces of FeB-5Ni and
FeB-10Ni compacts were shown in Fig.3.20. Smooth surface with cleavage steps were
observed in these two fracture surfaces. The fracture mode of FeB-5Ni and FeB-10Ni
was the mixture of intragranular fracture and intergranular fracture. Grain boundaries
between FeB phases with many pores and fragmentation of the fine grains between the
FeB phases were observed in Fig.3.20 (a). It was considered that no continuous Ni
layers were formed around the FeB particles due to the insufficient Ni addition. While,
no obviously pores were observed between the FeB particles as shown in Fig. 3.20(b). It
was considered that continuous Ni layers were formed around the FeB particles and
avoided the directly contact of the FeB hard phase which improved the interfacial

strength.

Figure 3.20 SEM images of fracture surfaces of the (a) FeB-5Ni and the (b) FeB-10Ni

compact sintered at 1474 K.
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3.3.2.3 Candidate ability of FeB-Ni hard materials

The spark sintering process was utilized to consolidate FeB-Ni materials under the
same sintering temperature. The sintering ability, microstructures and mechanical
properties of FeB compacts with different Ni content were investigated. It was
concluded that FeB-10Ni hard materials had the possibility to substitute the WC-Co
hard materials according to above mentioned results. However, the majority of the work
by far dealt with the improvement of the sinterability of FeB, homogeneous distribution
of the Ni binder and the influence of the Ni content. There were few research on the
influence of the sintering process on the microstructure and mechanical properties of the
FeB-Ni compacts. Spark Plasma Sintering (SPS) offered many accessible parameters
for processing bulk compacts (temperature, holding times, et al.). These process
parameters could be varied in order to get different microstructure since the
microstructure was responsible for controlling the mechanical properties. Therefore, the
processing parameters were investigated in optimizing microstructure and mechanical

properties of compacts.

3.3.3 Effect of the process parameters on the microstructures and properties of

the FeB-10Ni compacts

3.3.3.1 Effect of the sintering temperature on the microstructures and

properties of the FeB-10Ni compacts

In the SPS process, temperature was the main governing parameter for controlling
microstructural features. Higher temperature promoted the densification of the compacts.
Figure 3.21 showed the influence of sintering temperature on the relative density of
FeB-Ni compacts. The heating rate, holding time and pressure were for 50 K/min, 1.8
ks and 50 MPa, respectively. FeB-Ni compacts with high relative density could be
obtained above 1473 K. As the temperature increased, the diffusion coefficient of the
atom increased, and the atomic diffusion process became more active. The Ni binder
phase began to self-diffusion on the surface. With further increased in temperature, the

diffusion between FeB hard phase and binder phase occurred and the relative density of
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the compacts increased. In addition, the plastic fluidity of the material increased with

the increase of temperature. The relative density would be further improved.

Figure 3.22 showed the compositional images of FeB-10Ni compacts sintered at
the temperature range of 1273 to 1523 K. It could be seen that the distribution of the Ni
binder phase was relatively homogeneous. No obviously grain growth of the FeB was
observed in Fig. 3.22 (a), (b) and (c). However, many pores were observed in this
compact, which resulted in low relative density. As the sintering temperature increased
to 1443 K, the grain growth of the FeB was still not obvious and the porosity decreased
as shown in Fig. 3.22 (d). When the sintering temperature exceeded the eutectic
temperature of 1443 K, the fully dense FeB-10Ni compact was obtained without
obviously pores as shown in Fig. 3.22(e) and (f). With the increase of temperature, the
fluidity of the Ni binder phase increased. The improvement of the fluidity of the Ni
binder phase was easily to fill the pores between FeB phases, which made the

distribution of the binder phase more uniform and increase the relative density.
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Figure 3.21 Relative densities of FeB-10Ni compacts sintered at the temperature range

of 1273 to 1523 K.
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Figure 3.22 Compositional images of FeB-10Ni compacts sintered at (a) 1273 K, (b)
1373 K, (¢) 1423 K, (d) 1443 K, (e) 1473 K and (f) 1523 K.

However, excessive high sintering temperature could cause considerable loss of
the Ni binder due to the higher vapor pressure of Ni. The loss of Ni in practice had been
reported to be 10% or more?*??. In addition, high sintering temperature promoted the
formation of liquid phase. excessive liquid phase easily resulted in the liquid leakage.
No enough binder phases to fill the pores resulting in the decrease of the relative density.

In addition, high sintering temperature would result in the grain growth significantly.
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Figure 3.23 Relation between the Vickers hardness and relative density of the FeB-10Ni

compacts sintered at the range of 1273 to 1523 K.
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Figure 3.24 Fracture toughness of FeB-10Ni compacts sintered at the temperature range

of 1273 to 1523 K.
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Figure 3.23 showed the Vickers hardness of the FeB-10Ni compacts sintered at
different temperature. As shown in this figure, the hardness of the FeB-10Ni compacts
increased with the increase of the sintering temperature at the temperature range of 1273
to 1473 K. It was mainly because the porosity of the compacts decreased with the
increment of the sintering temperature. In addition, the grain size and homogeneity of
the Ni distribution of the FeB-Ni compacts also affected the hardness of the material.
Although the grain size of FeB-10Ni compacts sintered at 1473 K was larger than the
compacts sintered at lower temperature, the hardness of the compact improved by the
homogeneity distribution of the Ni binder phase and the lower porosity. The decrease of
the hardness of FeB-10Ni compact sintered at 1523 K was mainly because of the large
grain size.

The fracture toughness of materials was a critical state which characterized the
resistance of the compact against crack propagation. Figure 3.24 showed the fracture
toughness of the FeB-10Ni compacts sintered at temperature range of 1273 to 1523 K.
As can be seen in this figure, the fracture toughness of the FeB-10Ni compacts showed
no obvious change at the range of 1373 to 1443K. The fracture toughness of compact
sintered at 1473 K was greatly improved. The impurities in the grain boundary, the
defects such as pores and the coarse grain size would weaken the fracture toughness of
the compacts. As mentioned above, the porosity of the FeB-10Ni compacts sintered at
1473 K was lower than the compacts sintered at lower temperature. Porosity had a
greater impact on the fracture toughness due to the pores would be the source of the
crack propagation. Moreover, the more even distribution of the Ni binder phase also
improved the fracture toughness. The large grain size also caused the lower fracture
toughness of FeB-10Ni compact sintered at 1523 K.

Based on the above analysis of the effect of sintering temperature on the material
structure and properties, it could be concluded that the grain size was increases with the
increasing of the sintering temperature, while the porosity and other defects gradually
decreased. Hardness and fracture toughness were low under solid phase sintering. At

low liquid phase sintering temperature, a compact with high comprehensive mechanical
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properties could be prepared. Therefore, the experiment was selected 1473 K as the best

sintering temperature.

3.3.3.2 Effect of the holding time on the microstructures and properties of the

compacts

Proper holding time could promote the diffusion of Ni binder phase, homogenize
the microstructure and eliminate the internal stress, et al. However, the observations of
the sintering curves in Fig.3.14 during heating showed that a considerable portion of the
whole densification occurred before reaching the target temperature. This implied that
the holding time didn’t have a large influence on the relative density of the compacts,
which verified by the conclusion obtained from the experimental results shown in Fig.
3.25. The figure was for the FeB-10Ni compact heated to 1473 K and held for times
ranging from 0 to 1.8 ks. The variation of the relative density under different holding

time was negligible.
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Figure 3.25 Relative densities of FeB-10Ni compacts sintered at 1473 K holding at the
range of 0 to 1.8 ks.

80



Chapter 3 Preparation of FeB-Ni Alloys by both Electroless Plating and Spark Sintering Methods

Figure 3.26 Compositional images of FeB-10Ni compacts sintered at 1473 K holding
for (a) 0's, (b) 0.3 ks, (¢) 0.6 ks and (d) 1.8 ks.

Figure 3.26 showed the compositional images of FeB-10Ni compacts sintered at
1473 K holding at the range of 0 to 1.8 ks. Gray and white parts indicated the FeB and
Ni phases, whereas the residual porosity was referred to black parts. FeB-10Ni compact
without no holding time was fully dense with homogeneous distribution of Ni, as shown
in Fig 3.26(a). There were almost no obvious pores as can be seen in Fig 3.26(b). The
compact exhibited homogeneous and dense microstructure without rich zone of Ni. Fig
3.26(c) and (d) showed that the compactness of FeB-10Ni compacts was poor, and there
existed many pores. Ni content of the compacts decreased with the increase of the
holding time. FeB-10Ni compact sintered at 1473 K was liquid phase sintering. Long
holding time would cause leakage of the liquid phase. In addition, the long holding time
also caused considerable loss of the Ni binder. The loss of the Ni binder phase resulted

in the increase of the porosity. Moreover, it was clear that holding time had a strong
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effect on the grain size. For the holding time less than 0.6 ks, the growth of the grain
size could be negligible. In contrast, for the holding time of 1.8 ks, the FeB grains
congregated with each other and formed coarse grains. Long holding time resulted in
large grain size. Therefore, no holding time for consolidating FeB-10Ni compact was
necessary.

The difference of microstructure resulted in the difference of mechanical properties.
Figure 3.27 showed the Vickers hardness and grain size of FeB-10Ni compacts sintered
at 1473 K holding at the range of 0 to 1.8 ks. It could be seen that the hardness
decreased with the increase of the holding time. The FeB-10Ni sintered at 1473 K was
in liquid phase sintering. Prolonged the holding time may cause excessive increase of
the liquid phase, which also resulted in the grain growth. The hardness of the compact
was approximately inversely proportional to the grain size. In addition, long holding
time would result in the liquid leakage and volatilization of the Ni binder phase.
Lacking sufficient binder phase to fill in the pores resulted in the high porosity as shown

in Fig 3.26(d). High porosity and coarse grains resulted in the decrease of the hardness.
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Figure 3.27 Vickers hardness and grain size of FeB-10Ni compacts sintered at 1473 K
holding at the range of 0 to 1.8 ks.
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Figure 3.28 Fracture toughness of FeB-10Ni compacts sintered at 1473 K holding at the
range of 0 to 1.8 ks.

Mechanical properties were highly related to the relatively density and
microstructure?®. Figure 3.28 showed the fracture toughness of FeB-10Ni compacts
sintered at 1473 K for different holding times. In general, the fracture toughness was
inversely proportional to the hardness. High hardness would result in low toughness.
However, the fracture toughness decreased with the increase of the holding time, as
shown in this figure. The fracture toughness was used to describe the resistance to crack
growth. It was sensitive to the surface defects such as the pores and the cracks. The
porosity increased with the increase of the holding time. High porosity resulted in the
low fracture toughness. In addition, the finer grain size could make the crack deflect and
improve the toughness. That means coarse grain size resulted in the decrease of the
fracture toughness. Therefore, the FeB-10Ni compact sintered at 1473 K without

holding time showed high fracture toughness.

3.4 Summary

The FeB-Ni hard compacts were fabricated by both electroless plating and spark

sintering processes. The following results were found:
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(1) The increased treating amount of bath and bath temperature would accelerate
the chemical reaction rate, increase the Ni content and affect the homogeneity of the Ni
coating. Electroless plating time had a greater impact on the increase of the Ni content.
But they had no effect on the composition and structure of the coatings.

(2) The relative density of the FeB-Ni compacts increased with increase of the Ni
content. The densification rate curves showed that the plastic deformation and power
law creep deformation of the Ni binder phase in the FeB—Ni compacts occurred before
and after reaching the maximum densification rate.

(3) The FeB-Ni compacts were fabricated by spark sintering processes under
different conditions. The sintering temperature had a significant influence on the
relative density and the homogeneous distribution of the Ni in the FeB-10Ni compacts.
While, the holding time had a significant influence on the grain size, porosity and the
mechanical properties of the compacts. FeB-10Ni with lower porosity was prepared at
1473 K without no holding time. FeB-10Ni compact possessed the maximum hardness

(Hv 1289), compressive strength (953 MPa) and fracture toughness (10.1 MPa-m™"?).
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Chapter 4
Friction Experiments and Cutting Performance
of FeB-10Ni Tools during Interrupted Cutting

4.1 Introduction

Cemented carbide was used to designate a metal matrix composite constituted by hard
ceramic particles, normally WC, into a metallic matrix. The importance of the invention
of WC was confirmed by noting that today, ninety years later, were still a very significant
product of tool materials industry. Nowadays, almost 67% of total production of
cemented carbides goes into metal cutting tools". One of the main topics of the actual
research in the field of cemented carbides mainly involved the development of new
composites, partially or wholly replacing the traditional cobalt binder by other more
economic and less toxic materials?. The FeB-10Ni alloy manufactured by the pressing
and sintering of Ni coated FeB powders was selected to substitute the WC-Co material.
It was necessary to measure the cutting performance of FeB-10Ni alloy as a cutting tool.

The cutting tool was one of the major components of the metal machining system?.
Metal machining processes were industrial processes in which metal parts were shaped
by the removal of unwanted material using cutting tools. During the cutting process, the
tool removed a part of the workpiece by a process of intense plastic deformation at high
strain rate?. The cutting face was subjected to sever wear and great pressure which
seriously increased tool damage, especially in dry machining of Ti alloys. WC-Co cutting
tools had proven their superiority in almost all machining processes of Ti alloys”.
Generally, the cutting speed for WC-Co tools was lower than 45 m/min®7. Ti alloys
possessed high chemical activities and tended to weld to cutting tools that caused chipping
and premature tool failure during machining. Furthermore, its low thermal conductivity
increased the temperature of the tool/workpiece interface which adversely affected tool

life®. However, the cutting temperature was in excess of 1073 K at the cutting speed 0.5
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m/s. According to the binary phase diagram of Fe-Ti as shown in Fig.4.1?, the chemical
reaction of Fe and Ti would be occur over 973 K. In this case, the cutting speed of FeB-
10N tool in dry machining of Ti-6Al-4V was investigated lower than 0.5 m/s.

In addition, with the progress in machining technology, dry cutting was applied in
consideration of higher demand of die quality, cost, effectiveness and environmental
requirement'?. Friction played an important role in metal cutting. The tool wear during
metal cutting process directly affected the quality of the machined surface and increased
the consumption of tool materials. In this chapter, the friction and wear characteristics
between FeB-10Ni cutting tool and Ti64 friction pair were first investigated. The
experimental parameters of friction and wear were consistent with the cutting parameters
such as the cutting pressure, speed and length. The influence of sliding speed on the
friction coefficient, wear volume loss and wear morphology of FeB-10Ni alloy was
analyzed. The mechanism of friction and wear was discussed. On the basis of which, the

tool wear mechanism of this alloy in cutting Ti alloy was investigated.
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Figure 4.1 Fe-Ti phase diagram”.
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Figure 4.2 (a)The illustration of the milling machine, (b) the enlarge image of the part A

in (a), (c) illustration of the cutting tool and (d) the chip-formation process, respectively.

4.2 Experimental procedure
4.2.1 Materials

FeB-10Ni powders were prepared by electroless plating using as-received FeB
powders. Then the electroless Ni plated FeB powders were consolidated by spark
sintering process at 1473 K without no holding time. The sintered compact was grinding
and polishing to the suitable tool size, as shown in Fig. 4.2. The wear and cutting
performance of the sintered FeB-10Ni tool were tested in comparison with that of a
commercially available cemented carbide tool (WC-7.8Co sintered at 1523 K). The
microstructure of FeB-10N1 and WC-7.8Co tools were shown in Fig. 4.3. The mechanical
properties of the two kinds of tool materials were listed in table 4.1. Hardness was

measured by Vickers hardness tester under a constant load of 9.8 N. The fracture
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toughness, Kic, of the WC-7.8Co compact was determined by measuring the crack length

near the indent and calculated by using the following equation (1)!".
Kic=0.016 \/% P/ c3? (1)

The Young’s modulus, E, was 628 GPa according to the rule of mixtures calculation
between the Young’s modulus of WC and Co'>!'®. H was the Vickers hardness, P was the
indentation load, and ¢ was the crack length near the indent. The counter material was Ti-
6Al1-4V (Ti64, Ofa Co., Ltd. Japan). The microstructure, chemical composition and
properties were shown in Fig. 4.4, table 4.2 and table 4.3, respectively. The initial
microstructure of the Ti64 alloy consisted of a matrix and the lamellar structure of (a+f)

grains.
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X ] 1 ¥ ‘1 & 3 " * 4,
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“— Ni “ R ¥ *‘J 2
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| 100 um (C 5% 100um
Figure 4.3 Compositional images of (a) FeB-10Ni compact sintered at 1473 K and (b)
WC-7.8Co compact sintered at 1523 K.

Table 4.1 Properties of the FeB-10Ni and WC-7.8Co tool materials

) Cutting tools
Properties -
FeB-10Ni WC-7.8Co
Density, g-cm 6.61 14.8
Porosity, % 0.1 0.1
Vickers hardness, 1289 1411
Hv
Fracture toughness,
(MPa-m-12) 10.1 11.8
Thermal conductivity,
(W/(m-K)) 18.7 333
Compressive strength,
MPa 952 1356
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Figure 4.4 Microstructure of Ti-6Al1-4V alloy.

Table 4.2 Chemical composition of Ti-6Al-4V alloy.

N C H Fe (0] Al \Y% Ti

wt.% 0.05 0.08 0.15 0.40 0.20 |5.5-6.75| 3.5-4.5 | balance

Table 4.3 Properties of Ti-6Al-4V alloy.

Properties Matersal THoAL4V
Density, (g-cm™) 443
Young’s modulus, (GPa) 113
Thermal conductivity, 75
(W/(m-K))
Vickers hardness, Hv 438
Tensile strength, MPa 895
Yield strength (0.2%), MPa 828
Elongation, % 10.2

4.2.2 Friction and wear tests

The friction and wear tests were conducted under dry sliding conditions using a pin-
on-disc type tribometer at room temperature, as shown in Fig.4.5. The size of the pin and

disc were shown in Fig.4.6. The disc was corresponding to the sintered FeB-10Ni and
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WC-7.8Co compacts. The pin was corresponding to the counter material of Ti64 alloy.
The sliding speed was systematically changed at the range of 0.03-0.17 m/s under a
constant pressure of 49 N. The sliding distance was 30 m. The constant pressure was
estimated by the following empirical equation of cutting pressure®

us=Ft/fd (2)
where us was the specific cutting power, also called the unit cutting energy, Ft was the
tangential cutting force, f was the feed rate, d was the depth of cut. The typical value of
the unit cutting energy for titanium was 0.053-0.066 kW/cm?/min?).

The dynamic friction coefficient was measured by the wear tester. For the
measurements of wear volume loss, the compacts and counter materials were cleaned
before and after each test with acetone in an ultrasonic bath for 0.3 ks and subsequently
dried. Wear loss of the compacts (Vs) and counter materials (Vc) was obtained by
weighing the pairs before and after the sliding using a digital balance with a scale 0.1 mg.
The microstructural and morphological features of the surfaces after friction and wear
tests were examined using the EPMA. The point analysis measured by EPMA was also

used to reveal the operative wear mechanisms.

(a)
(b)

A
Load
P Disk [ ‘ "

- "' 4= pi,
Sliding
direction

N

Figure 4.5 (a) Schematic diagrams of pin-on-disk friction and wear tester, (b) the

enlarge image of the part A in (a).
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Figure 4.6 Size of the (a) pin and (b) disc.

4.2.3 Cutting tests

The quality of machining, machining costs and cutting productivity were directly
affected by the cutting performance of the tools. The cutting performance of the tool
material was mainly related to tool life. Tool life could be characterized by the cutting
time of cutting tool without adjustment or replacement, the number of parts machined,
the cutting length or the area of the machined surface®. In this research, the tool life was
defined as the cutting length when the flank wear reached the allowed limit equal to the
criterion by interrupted cutting tests. This was because flank wear width was easier to
measure and related to machined surface quality.

The interrupted cutting was carried out on a ST-NR Mill machine under dry
conditions as shown in Fig.4.2. The interrupted cutting cycle (the pattern of the cutting
time to air-cutting time) was shown in Fig.4.7 and table 4.4. The cutting parameters were
listed in Table 4.5. The workpiece material used in the interrupted cutting was Ti-6Al-4V
in the form of cubic 100 mm in length, 80 mm in width and 60 mm in height. Flank wear
width VB (0.3) mm was used as the tool life criterion, while excessive chipping (flaking)
or catastrophic fracture of the cutting edge was also employed as the failure criteria. The
conditions of the cutting edge were examined at constant cutting length. The worn or
fractured tool surface of the cutting tool and the distribution components of the adhered

material were investigated by the EPMA.
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Figure 4.7 Relation between the cutting length and the actual cutting time for every

cycle at the cutting speed of 0.03 m/s.

Table 4.4 Relation between the cutting speed and the actual cutting time for every cycle

Cutting

speed, 0.03 0.05 0.17 0.33
m/s

Cutting |} 1.00 0.29 0.15

time, s

Table 4.5 Interrupted cutting parameters for FeB-10Ni and WC-7.8Co tools.

Cutting speed Feed rate Depth of cut

Operation v (ms) f (mm/r) a, (mm)

Interrupted 0.03, 0.05, 0.17

q
cutting and 0.33 0. 0.2

4.3 Results and discussion
4.3.1 Wear properties
4.3.1.1 Friction coefficient

Friction coefficient curves as function of sliding distance under 49 N normal contact

force for FeB-10Ni and WC-7.8Co discs versus Ti64 pin combinations were shown in
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Fig. 4.8. The dynamic friction coefficients of the FeB-10Ni and WC-7.8Co tribo-pairs
were measured to be in the range of 0.40-0.48. Generally, friction and wear behaviors
could be divided into three stages'. The initial stage was the running in stage, in which
the friction coefficient was abruptly increased. The second stage was steady stage, in
which the friction coefficient was kept constant. The final stage was severe wear stage,
in which the friction coefficient was increased rapidly. As shown in Fig. 4.8, it was found
that the wear behavior of the FeB-10Ni and WC-7.8Co contained running in and steady
stages. The abruptly increased friction coefficient of both compacts could be explained
by schematic of the wear process as shown in Fig. 4.9. The initial friction should be
mainly caused by strong asperity interaction such as fragmentation and deformation
between the pin and disc'®. Properties of contact surfaces were crucial to surface
interaction because surface properties affect real area of contact, friction and wear. When
the FeB-10Ni and Ti64 were placed in contact, surface roughness caused contact to occur
at discrete contact spots (junctions). The total areas of all the contact spots constituted the
real (true) contact area. This would be only a small fraction of the apparent (nominal)
contact area, which resulted in high contact stress and friction'®. The real contact area
was a function of the surface texture, material properties and interfacial load conditions.
The contact asperities results in adhesive contacts caused by interatomic interactions.
When two surfaces moved relative to each other, the friction force was contributed by
adhesion of these asperities and other sources of surface interactions. In addition, the Ti64
alloy was easy to adhesive, related to the mechanism of friction issued by Bowden and
Tabor'”,
f=Ar 15 3)
where f, Ar and 1s were friction force, actual contact area and shear strength
(load/apparent contact area) of soft materials, respectively. As a result, the friction
coefficient of the two compacts was increased with the increased of the friction force in
the initial state.
After initial state, the friction coefficient of FeB-10Ni compacts showed similar
evolution as function of the sliding distance, regardless of the sliding speed. While, the

friction coefficient of WC-7.8Co was noticed to decrease and then increase at the sliding
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speed of 0.05 and 0.17 m/s. It was thought to be caused by formation and periodic,
localized fracture of a surface layer of the FeB-10Ni/Ti trio-pairs as shown in Fig.4.9.
While for the WC-7.8Co/Ti trio-pairs, the surface asperities were first flattened before
the localized fracture of the surface layer at the sliding speed of 0.05 and 0.17 m/s due to
the higher hardness of WC-7.8Co. The actual contact area increased with the flattened
asperities. Therefore, the contact stress was decreased as well as the friction coefficient.
As the friction progressed, the surface layer was destroyed and the friction coefficient
was increased until formed new friction film. No decrease of the friction coefficient of
WC-7.8Co appeared at 0.03 m/s. It was considered that the new friction film was formed
before flattening of the asperities due to the strong adhesion of the Ti alloys, especially at
lower speed.

During sliding, variations in the conditions of mating surfaces occurred which
affected friction and wear properties. As the sliding proceeded, the small oscillations in
the steady state of the friction coefficient curves appeared. It was caused by the
continuous fracture and regeneration of micro junctions as a consequently by the
microscopic interaction. It should be related to the changing interlocking degree between
the contact surfaces of the pin and disc. This was typical stick—slip behavior in the case
of titanium and Ti alloys. The friction coefficient of FeB-10Ni and WC-7.8Co changed
a few percent for a change in speed as shown in Fig.4.8. Generally, the friction coefficient
decreased with the increase of the sliding speed'®. The displacement per unit time
increased with an increase in the sliding speed which lead to the formation of a lubricant
film on the material surface, which, in turn, caused the decrease in the friction
coefficient'”. In addition, high sliding speeds could result in high interface (flash)
temperatures which may form low shear strength surface films because of the low thermal
conductivity of the Ti64 alloy'®).

As can be seen in Fig. 4.8, there were no significant difference in friction coefficient
of FeB-10Ni and WC-7.8Co under different sliding speeds. According to the research of
Boden et al'? that the factors influenced the friction coefficient were mainly the chemical
properties of the Ti64 alloys, surface roughness, load, temperature, sliding speed and the

surface film. In this case, the effect of the hardness on the friction coefficient could be
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negligible due to the same wear mechanism. In addition, the load, temperature, chemical

properties of the Ti64 alloys and the sliding speed were in the same conditions. It was

considered that the similar friction coefficient was related to the same experimental

conditions.
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Figure 4.8 Dynamic friction coefficient of the FeB-10Ni and WC-7.8Co compacts under
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Figure 4.9 Schematic of the wear process.
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4.3.1.2 Wear volume loss

The variation of weight loss of FeB-10Ni, WC-7.8Co and the corresponding Ti64
counter materials were shown in Fig. 4.10. It could be seen that the weight loss of FeB-
10Ni compacts in all states gradually increased with the increasing speed as well as the
WC-7.8Co. In the steady state of wear, the wear volume loss of the FeB-10Ni and the
WC-7.8Co compacts increased slowly. However, the wear loss of counter materials
coupled with FeB-10Ni was higher than that of WC-7.8Co. It was considered that the
wear debris of FeB-10Ni or WC-7.8Co promoted the abrasion wear. Ti64 alloys
possessed strong adhesion and spring back. The fracture of the adhesive Ti64 alloy peeled
off the FeB-10Ni and WC-7.8Co particles during the wear process. The grain size of FeB-
10Ni was higher than that of WC-7.8Co. FeB grains were easier to pull out by the
adhesive Ti64 alloy. In the wear tests, more wear debris caused higher wear volume loss
of the Ti64 alloys.

In order to further compare the wear properties of the FeB-10Ni and WC-7.8Co,
wear ratio of the FeB-10Ni and WC-7.8Co corresponding to the counter materials Ti64
alloy was shown in Fig. 4.11. The wear ratio was obtained by the wear volume loss of the
counter materials verse the compacts. Higher wear ratio means higher wear resistance. In
this figure, the wear ratio of FeB-10Ni decreased with the increasing sliding speed as well
as the WC-7.8Co. The wear ratio of the FeB-10Ni as a function of sliding speed generally
had a negative slope. It was found that there was no considerable change in the wear ratio
between the FeB-10Ni and WC-7.8Co compacts under different sliding speed, although
the hardness of WC-7.8Co was higher than that of FeB-10Ni. As mentioned above, the
wear volume loss of Ti64 counter material in FeB-10Ni tribo-pair was much larger than
that of WC-7.8Co tribo-pair, while the wear volume of FeB-10Ni just slightly larger than
that of WC-7.8Co. This result could be rationalized with the help of the wear mechanisms
operating in the two compacts during dry sliding, such as adhesion, clearly seen on the

worn surfaces.
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Figure 4.10 (a) Wear volume loss of the FeB-10Ni compacts and (b) WC-7.8Co

compacts corresponding to the counter materials Ti64.
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Figure 4.12 SEM images of FeB-10Ni compacts after wear tests under the sliding speed
of (a) 0.03, (b) 0.05 and (c) 0.17 m/s. The direction of the wear tests was indicated by

the arrows.

Figure 4.13 SEM images of WC-7.8Co compacts after wear tests under the sliding
speed of (a) 0.03, (b) 0.05 and (¢) 0.17 m/s. The direction of the wear tests was

indicated by the arrows.
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Elements At%
Fe 304
Ni 6.1
B =fi
0] 6.1
Ti 36.1
Al 4.4
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Elements At%
W 13.4
C 1.1
Co 4.1
0) 19.6
Ti 42.7
Al 16.6
\Y 25

Figure 4.14 SEM images of (a) FeB-10Ni1 and (b) WC-7.8Co and the corresponding
point analysis indicated by the arrows at sliding speed of 0.03 m/s. Insert tables were the

results of point analysis.

4.3.1.3 Worn surface morphology

Worn surfaces of the FeB-10Ni and WC-7.8Co compacts after wear tests under
different sliding speed were shown in Fig. 4.12 and 4.13. The sliding directions were
indicated by the arrows in the SEM images. The FeB-10Ni compacts exhibited similar
surface appearance with grain fragmentation, smearing, pits and adhesion under different
sliding speed as shown in Fig. 4.12 (a), (b) and (c). In the process of sliding speed
increasing from 0.03 to 0.17 m/s, the amount of wear debris of FeB-10Ni compacts was
significant growth and more pits appeared. No considerable plastic deformation, wear
scars like scratches/grooves were seen on the worn surface, which indicated very low
abrasion wear. More rugged worn surface was exhibited with the increasing sliding speed.
In contrary, FeB-10Ni compacts showed distinctly adhesive wear as well as the WC-

7.8Co. The adhesion marks were more prominent at relatively low sliding speed as shown
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in Fig. 4.12(a) and 4.13(a), where the marks from the broken adhesion joints and smearing
were evident. WC-7.8Co showed adhesive wear mechanism with FeB-10Ni as shown in
Fig.4.13.

In Fig. 4.14, the point analysis of the two compacts showed adhesive wear on the
worn surfaces. Among them, adhesion appeared to be the dominant mechanisms. In this
figure, the fragmentation of the FeB and WC grains was observed. The broken grains
were easily scraped off by the adhesion during the wear process. The exposed metal
surface may then be spalling. The existence of oxygen may also deteriorate the
mechanical properties of the compacts. This lead to a continuous removal and re-
formation of the fragmentation layer and resulted in gradual consumption of the compacts
during sliding?®?V.

The fragmentation of grains also brought about a secondary wear mechanism of
abrasion for the FeB-10Ni and WC-7.8Co samples. The peeled of the grains during
sliding created the potential for abrasive wear, where the wear debris may be swept aside
or cause abrasion of the tribo-pairs, resulting in enhanced wear, especially for the
relatively soft Ti64 alloy?”. Asshown in Fig. 4.15, the worn surfaces of the pins exhibited
abrasion marks characterized by scratches and deep grooves. Moreover, the abrasion wear
of the FeB-10Ni tribo-pairs was more serious than that of WC-7.8Co which was
consistent with the results shown in Fig. 4.10. Together with the present results, this
indicated that wear tests in Ti64 with strong affinity, the dry friction conditions and

operative wear mechanisms outweighed the effect of hardness on the wear resistance.

95 15.0KY

Figure 4.15 Worn surfaces of the pin corresponding to the (a) FeB-10Ni and (b) WC-
7.8Co at the sliding speed of 0.03 m/s.
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Figure 4.16 Relation between flake wear width VB and cutting length for FeB-10Ni and
WC-7.8 Co at the sliding speed of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s.

4.3.2 Cutting performance of the FeB-10Ni compacts

4.3.2.1 Cutting behaviors of the FeB-10Ni compacts

During the machining process, the tool life could be defined by progressive wear on
the rake face and/or clearance face of the tool, that was, crater wear and flank wear,
instead of catastrophic tool failure. Flank wear had a major negative influence on the
dimensional accuracy and surface finish of the counter materials as well as the stability
of the machining process when the flank wear width VB reached a certain value. The
flank wear width VB of both FeB-10Ni and WC-7.8Co was measured and plotted as a
function of cutting length as shown in Fig. 4.16. It was noted that larger cutting speed
means serious thermal and mechanical impact on the cutting tool. Therefore, it could be
concluded that the flank wear width VB of both cutting tools increased with the cutting
speed when cutting Ti64 alloys*?. Classical tool wear process contained three stages
including rapid initial wear followed by gradual or steady wear and finally rapid or

catastrophic wear which same to the friction and wear process®. For the cutting speed
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lower than 0.33 m/s, the tool wear was in the initial wear stage when the cutting length
was less than 6m. After that the tool wear entered the steady wear stage. Although flank
wear width VB of FeB-10Ni was higher than that of WC-7.8Co, the VB of FeB-10Ni was
still within the criterion range. As the cutting speed reaching 0.33 m/s, tool wear process
entered the sever tool wear stage for the VB beyond the criterion even at the cutting length
of 6m.

In addition, the friction coefficient between cutting tools and workpiece would
directly affect the tool wear behaviors and machined surface quality during the machining
process. At the initial wear stage, the flank wear width varied rapidly. With the
development of tool wear, the flank wear width increased at steady wear stage. The
variation tendency of the flank wear width was consistent with that of friction coefficient.
Associated with the adhesive Ti alloys under the tool wear condition, the effect of
adhesion should be significant in the tool wear.

Figure 4.17 showed the wear rate of the FeB-10Ni and WC-7.8Co cutting tools under
different cutting speeds. The wear rate could be calculated by the slop of the flank wear
width and cutting speed under steady state shown in Fig. 4.16, according to the equation®:

n= sinf ?—LB 4)
where 0 was the relief angle. As can be seen in this figure, the wear rate of the two cutting
tools gradually increased with the cutting speed. The wear rate of the FeB-10Ni cutting
tools increased rapidly than that of WC-7.8Co when the cutting speed beyond 0.17 m/s.
The large difference of the wear rate between FeB-10Ni and WC-7.8Co was probably
due to the differences of microstructure, thermal conductivity or the interfacial strength.

FeB-10Ni compact showed lower fracture toughness than that of WC-7.8Co compact.
During the cutting tests, the cutting tool suffered severe impact as the cutting speed
reaching to 0.33 m/s when machining Ti64 alloys”. The tool edge of the FeB-10Ni was
broken due to the low fracture toughness as could be seen from the flank wear images of
the FeB-10Ni tools. Cutting tool material of FeB-10Ni was taken away during the high
speed cutting tests due to the fracture of the tool. The catastrophic loss of the tool
materials resulted in the tool failure and high wear rate due to the high impact force and

low fracture toughness. While, there were no catastrophic loss of the tool materials
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occurred in the WC-7.8Co tool. Therefore, the increase of the wear rate of WC-7.8Co
tool was far less than that of FeB-10Ni tool.

In addition, the interfacial strength characterized by the compressive strength and
hardness of WC-7.8Co tool were also higher than that of FeB-10Ni tool due to the fine
grain size as shown in table 4.3. These were also the reasons caused the differences of
wear rate. While, under the cutting speed less than 0.17 m/s, the wear rate of the FeB-
10Ni cutting tool was the same level to that of WC-7.8Co due to the low thermal and
mechanical impact. In addition, high temperature would deteriorate the mechanical
properties of the cutting tool, which resulted in the rapid increase of the wear rate of the
tool. The high temperature resistance of WC-7.8Co tool possessed high thermal
conductivity was better than that of FeB-10Ni1 tool. In this case, FeB-10Ni tool was more

suitable to use at the cutting speed less than 0.17 m/s.

30
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Figure 4.17 Relation between the wear rate and cutting speeds for FeB-10Ni and WC-

7.8 Co cutting tools.

4.3.2.2 Tool wear of the FeB-10Ni cutting tool

A cutting tool was considered to have failed when it had worn sufficiently that
dimensional tolerance or surface finish were impaired or when there was catastrophic tool

failure or impending catastrophic tool failure. The principle types of tool wear, classified
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according to the regions of the tool they affect, were shown in Fig. 4.18. Tool wear
gradually occurred on the top rake face and the flank face due to the contact friction
between the tool-workpiece and tool—chip. The morphologies of rake face of the FeB-
10Niand WC-7.8Co cutting tools tested under different cutting speeds were shown in Fig.
4.19-4.22, respectively. The state of cutting length at 6 m was the end stage of initial tool
wear and started entering steady tool wear stage, while the state of cutting length at 30 m
was the end stage of the steady tool wear and started entering the severe tool wear stage.
The states were selected to investigate the steady tool wear stage and severe tool wear
stage. The worn surface of the cutting tools tested at 0.33 m/s was the sever wear stage.
Figure 4.19 showed the SEM images of rake face of FeB-10Ni cutting tool tested for
6 m at the different cutting speeds. The edge chippings were observed in Fig.4.19 (a) and
fracture were observed on the tool cutting edge of the FeB-10Ni cutting tools in
Fig.4.19(b)-(d). Tool wear on the rake face was formed due to the sliding of the chips
against the rake surface. According to the above-mentioned results of friction and wear
tests, the dominant wear mechanism was adhesion. The adhesive Ti alloys were broken
off and took away pieces of tool material, which resulted in the exacerbation of edge
chipping to fracture as shown in Fig. 4.19. Tool materials spalling after the adhesive of
titanium layers could be seen on the rake face. With the increased of the cutting speed to
0.33 m/s, the impact in the interrupted cutting test was increased. Moreover, increasing
the cutting speed increased cutting temperatures. The hardness of the tool material
typically dropped with the increase of the cutting temperature which also resulted in the
increasing of the adhesive wear rate. Thus, a substantial loss of the portion of the FeB-

10Ni tool appeared as shown in Fig. 4.18 (d).
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Figure 4.19 SEM images of rake face of FeB-10Ni cutting tool tested for 6 m at the
cutting speeds of (a) 0.03, (b) 0.05, (¢) 0.17 and (d) 0.33 m/s.

Figure 4.20 SEM images of rake face of WC-7.8Co cutting tool tested for 6 m at the
cutting speeds of (a) 0.03, (b) 0.05, (¢) 0.17 and (d) 0.33 m/s.
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For comparison, the morphologies of rake face of WC-7.8Co cutting tool tested
under different cutting speeds were shown in Fig. 4.20. The adhesive Ti layers and
exposed tool substrate were clearly visible in rake face regions of the WC-7.8Co cutting
tool. The various degrees of edge chippings were also observed in this figure. The
softened Ti64 material was adhered to the rake face formed the thin deposited adhesive
layers, regardless of the cutting speed. The cutting tool surfaces did not appear the
phenomenon of catastrophic loss of the cutting edge of WC-7.8Co cutting tool. Only some
peeling off of tool debris were observed on the rake face of the WC-7.8Co tool as shown
in Fig.4.19 (d).

As the cutting length reached to 30 m, the catastrophic loss of the cutting edge of the
FeB-10Ni cutting tool appeared regardless of the cutting speed as shown in Fig.4.21. The
chips flow accumulated frictional heat and the mechanical impact at the tool-chip
interface with the increase of the cutting length during the interrupted cutting. The
increasing thermal mechanical loads associated with the adhesive titanium layers
decreased the tool strength and then resulted in the catastrophic loss of the tool materials.
In addition, fracture of the cutting edge also resulted in decrease of the contact area and

deteriorated tool wear.

lOO_Em

Figure 4.21 SEM images of rake face of FeB-10Ni cutting tool tested for 30 m at the
cutting speeds of (a) 0.03, (b) 0.05, (c¢) 0.17 and (d) 0.33 m/s.
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Figure 4.22 SEM images of rake face of WC-7.8Co cutting tool tested for 30 m at the
cutting speeds of (a) 0.03, (b) 0.05, (¢) 0.17 and (d) 0.33 m/s.

Figure 4.22 showed the SEM images of rake face of WC-7.8Co cutting tool tested
for 30 m under different cutting speeds. As the cutting length increased, the edge
chippings of the rake face presented more significant. The severe friction effect generated
at the tool-workpiece interface deteriorated the rake face wear. But no catastrophic loss
of the cutting edge of the WC-7.8Co cutting tool were observed even in high cutting speed
as shown in Fig. 4.21 (d).

The different phenomenon of the tool wear occurred on the rake face of the two
cutting tools was mainly caused by the different microstructure and mechanical properties.
WC-7.8Co tool showed finer grain size than that of FeB-10Ni tool. According to the
results of Venugopal et al.??, the fine grain cutting tools did not appear the edge chipping
or catastrophic loss at the tool cutting edge. As above-mentioned friction and wear results
Cutting tool with fine grain size showed better resistance to the adhesive wear.
Furthermore, WC-7.8Co cutting tool with fine grain size possessed higher strength and
hardness than that FeB-10Ni tools with coarse grain. The low resistance to the adhesive

wear and low strength resulted in the more sever wear of the FeB-10Ni cutting tool.
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Figure 4.23 Flank wear images of FeB-10Ni cutting tool tested for 6 m at the cutting
speeds of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s.

Figure 4.24 Flank wear images of WC-7.8Co cutting tool tested for 6 m at the cutting
speeds of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s.

Because of the small Young's modulus and higher surface spring back of the Ti64
alloy, the flank face of the tool also suffered severely localized friction and extrusion
effect during the interrupted cutting tests. As shown in Fig. 4.23, the non-uniform wear
land occurred at flank face of the FeB-10Ni cutting tool. At the cutting speed less than
0.17 m/s, no obvious edge chippings were observed. As the cutting speed increased, the
catastrophic loss of the cutting edge appeared. In addition, a series of Ti layers were
observed in this figure. The adhesive Ti layers were easily peeled off, taken away the part
of the tool material and ultimately deteriorated the flank wear, especially in high cutting

speed.
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Figure 4.25 Flank wear images of FeB-10Ni cutting tool tested for 30 m at the cutting
speeds of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s.

Figure 4.24 showed the flank wear images of WC-7.8Co cutting tool tested for 6 m
under different speed. The wear land occurred at flank face of the WC-7.8Co cutting tool
was more uniform than that of FeB-10Ni cutting tool. The phenomenon of adhesion was
more obvious for the WC-7.8Co cutting tool. Edge chippings were also observed at the
cutting speed of 0.33 m/s due to the peel off and take away the part of the tool material.

With the increasing of the cutting length, the flank wear became more serious as
shown in Fig. 4.25. The adhesive titanium layers still existed in the cutting edge. At the
cutting speed less than 0.05 m/s, no obvious edge chippings of the FeB-10Ni cutting tool
were observed shown in Fig. 4.25 (a) and (b). As the cutting speed increased, a substantial
loss of the portion of the FeB-10Ni cutting tool appeared in Fig. 4.25 (c) and (d). This
adhesive titanium was broken off and took away of the tool material resulted in the
decrease of the contact areas between the FeB-10Ni cutting tool and the work piece. The
decreasing of the contact areas would increase the cutting force which accelerated the
wear rate of the cutting tool. In addition, as the interrupted cutting proceeded, the
accumulated frictional heat decreased the strength of the cutting edge which would

resulted in the catastrophic loss of the tool material shown in Fig. 4.25 (d)*>.
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Figure 4.26 Flank wear images of WC-7.8Co cutting tool tested for 30 m at the cutting
speeds of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s.

Analysis Element (At.%)
points Fe Ni B Ti Al \% O
(1 0.3811 | 0.0249 0 73.595 | 13.2628 | 4.6783 | 8.0579
2) 0.3928 | 0.0968 0 72.6255 | 14.4712 | 5.2884 | 8.9252
3) 0.3934 | 0.0381 | 0.3226 | 71.7392 | 14.8541 | 5.8614 | 8.7912
“4) 0.1934 | 0.0751 | 0.0704 | 70.4204 | 13.2973 | 4.6459 | 11.2975

Figure 4.27 Point analysis of the flank wear of FeB-10Ni cutting tool tested for 30 m at
the cutting speeds of (a) 0.03, (b) 0.05, (¢) 0.17 and (d) 0.33 m/s. Insert tables were the

results of point analysis.
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Figure 4.26 showed the flank wear images of WC-7.8Co cutting tool tested for 30 m
at different cutting speeds. Significant adhesive titanium layers were observed on the
flank face of the WC-7.8Co tool in this figure. The softened Ti164 material adhered to the
flank face formed the thin deposited the built-up layer (BUL) shown in Fig. 4.26 (a). With
the increasing of the cutting speed, the peeling off of the adhesive titanium layers took
away the tool materials resulted in the remove of the BUL and chippings of the cutting
edge shown in Fig. 4.25 (b)-(d). In addition, the flank faces of the cutting tool did not
appear the phenomenon of catastrophic loss of the cutting tool material due to the
advantages of using fine grain cutting tools.

The chemical element compositions of the flank wear regions of FeB-10Ni cutting
tool were measured by EPMA as shown in Fig. 4.27. The results of element analysis
indicated that adhesive Ti existed at the flank wear regions. Little tool material element
Fe and Ni diffused into the adhesive titanium layers at low cutting speed since higher
cutting speed resulted in high cutting temperature. In addition, the traces of abrasion wear
were presented at the adhesive titanium layers as shown in Fig. 4.27. Excessive abrasion
effect existing between the tool and workpiece surfaces. These appearances were related
to higher thermo-mechanical stresses and resulting from the severe friction between
machined surface and flank face. It also means that wear debris promoted the abrasive
wear. As shown in Fig. 4.27(a), the distribution of the adhesive Ti layer showed a lamellar
state with uneven thickness. The adhesive titanium layers would play a certain protective
role in reducing the further tool flank wear’®. With the increasing of the cutting speed,
the adhesive titanium layers were broken and tool away the tool materials. This was also
a reason for the less flank wear width of FeB-10Ni cutting tool at low cutting speed.

Figure 4.28 showed the point analysis of the flank wear of WC-7.8Co cutting tool
tested for 30 m at different cutting speeds. The results of element analysis also indicated
the severe adhesive titanium existed at the flank wear regions. The traces of abrasion wear
were also observed in this figure. The abrasion wear between the cutting tool and the
work piece would appear. The adhesive layers existed regardless of the cutting speed

which reduced the flank wear rate in high cutting speed.
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Analysis Element (At.%)
points Fe Ni B Ti Al \ 0
(1) 0.3811 | 0.0249 0 73.595 | 13.2628 | 4.6783 | 8.0579
(2) 0.3928 | 0.0968 0 72.6255 | 14.4712 | 52884 | 8.9252

3) 0.3934 | 0.0381 | 0.3226 | 71.7392 | 14.8541 | 5.8614 | 8.7912
“ 0.1934 | 0.0751 | 0.0704 | 70.4204 | 13.2973 | 4.6459 | 11.2975

Figure 4.28 Point analysis of the flank wear of WC-7.8Co cutting tool tested for 30 m at
the cutting speed of (a) 0.03, (b) 0.05, (c) 0.17 and (d) 0.33 m/s. Insert tables were the

results of point analysis.

4.4 Summary

Wear and cutting performance of the FeB-10Ni cutting tool were investigated to
compare the WC-7.8Co cutting tool. The main conclusions were summarized as follows.

(1) Pin-on-disc friction and wear tests on FeB-10Ni/Ti64 combinations revealed that
the adhesion, abrasion, surface binder removal, grain polishing, grain cracking and grain
pull out. The friction coefficient and worn surfaces of FeB-10Ni and WC-7.8Co alloys
exhibited similar wear characteristics. This result was attributed to the complex operative
wear mechanisms, such as adhesion and abrasion. Adhesive wear was found to be the

dominant mechanisms controlling the wear rate of the FeB-10Ni and WC-7.8Co alloys.
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Also, the breakdown of adhesive layer created hard debris, resulting in abrasive wear in
subsequent sliding.

(2) Flank wear width was measured as a function of cutting length with different
cutting speed. The flank wear width of all the tools increased with the increase of cutting
speed. Flank wear width was within the criterion value of 0.3 mm in low cutting speed
when machining Ti64 alloy for the FeB-10Ni cutting tool. The cutting performance of
FeB-10Ni tool was comparable to that of WC-7.8Co tool at cutting speed less than 0.17
m/s.

(3) There was adhesive and abrasive wear on the rake and flank face of FeB-10Ni
tool, and less serious combination of the above wear patterns as for WC-7.8Co tool. The
With the increase of cutting speed, there existed amazing adhesive wear on the flank and
edge breakage occurred at large cutting speed for the FeB-10Ni. The chippings of the
FeB-10Ni cutting tool edge destroyed the structure and strength of the cutting tool,

resulted in the decrease of the cutting performance of FeB-10Ni tool.
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Chapter 5

Conclusions

The final purpose of the present research was to develop an environment-friendly
and ubiquitous hard materials to substitute the WC-Co hard material. By comparison
among some refractory carbides, nitrides and borides, the iron borides (FeB and Fe2B)
were expected to substitute the WC. Consideration for the low sinterability of iron borides,
Ni or Fe belong to the same transition group of Co was added to prepare the fully dense
compacts.

At first, Fe was selected as the binder phase. Fe and FeB powders were mixed by the
elemental blending methods. The sintering behaviors and mechanical properties of FeB-
Fe system alloys with 0, 10 and 50% Fe addition were investigated to determine the
suitable amount of Fe added. After that, the sintering behaviors of the FeB with suitable
amount of Fe added will be further investigated. Simultaneously, the microstructures and
mechanical properties including Vickers hardness and bending strength of the FeB-Fe
alloys were also investigated to evaluate whether Fe was suitable as a binder phase for
FeB.

The results showed that the sinterability of FeB was significantly improved by the
addition of Fe binder phase. The FeB with 10% Fe addition alloys showed high hardness
and bending strength. In this case, the FeB alloys with 10 vol% was optimum. However,
a large number of pores still existed in these compacts due to the heterogeneity

distribution of the Fe binder phase.

Then, Ni as a suitable candidate binder phase was also chosen and investiaged. In
view of the above mentioned problems, the Ni binder phase was introduced by the
electroless plating method. Single factor experiments were carried out to optimize the
electroless plating process including treating amount, bath temperature and plating time.

After optimized the electroless plating process, the effect of the Ni content at the range
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of 5-30% on the sintering behaviors and mechanical properties of FeB-Ni hard materials
were investigated to determine the suitable Ni content. Then, the effect of the sintering
parameters including the sintering temperature and the holding time on the
microstructures and mechanical properties of the FeB-Ni alloys were further investigated
to prepare the fully dense FeB with suitable Ni content.

The results showed that the increased treating amount of the FeB powders and bath
temperature would accelerate the chemical reaction rate, increase the Ni content and
affect the homogeneity of the Ni coating. Electroless plating time had a greater impact on
the increase of the Ni content. But they had no effect on the composition and structure of
the coating. FeB with 5, 10, 25 and 30% Ni alloys were successful prepared by spark
sintering process. The relative density of FeB-Ni alloys increased with the increase of Ni
content. FeB with 10% Ni alloys showed the maximum hardness, compressive strength
and fracture toughness. The densification curves of FeB—Ni alloys showed that the plastic
deformation and power-law creep deformation of the Ni binder phase in the FeB—Ni
compacts occurred before and after reaching the maximum densification rate,
respectively. The sintering temperature had a significant influence on the relative density
and the homogeneous distribution of the Ni of the FeB-10Ni compacts. The holding time
had a significant influence on the grain size, porosity and the mechanical properties of
the FeB-10Ni compacts. The mechanical properties of FeB-10Ni compacts sintered at
1473 K without no holding time were comparable to that of WC-7.8Co compact.

Then, the friction and wear tests were conducted at the pin-on-disc wear tester to
investigate the wear behaviors and wear mechanisms. The practical applications cutting
tests were conducted on the milling machine at the feed rate of 0.05 mm/r and the depth
of' 0.2 mm. The cutting performance was evaluated by the flank wear width VB (0.3 mm).
The effect of the cutting speed at the range of 0.03 to 0.33 m/s on the flank wear width of
the FeB-Ni cutting tool were investigated as well as the WC-7.8Co tool. The investigation
of the worn surface was used for characterization of the cutting mechanism. The results
showed that the FeB-10Ni and WC-7.8Co alloys exhibited similar wear characteristics.
This result was attributed to the complex operative wear mechanisms. Adhesive wear was

found to be the dominant mechanisms controlling the wear volume loss of the two alloys.
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The flank wear width of all the tool increased with the increase of the cutting speed. There
was adhesive and abrasive wear on the rake and flank face of FeB-10Ni tool, and less
serious combination of the above wear patterns as for WC-7.8Co tool. With the increase
of cutting speed, there existed amazing adhesive wear on the flank and edge breakage
occurred at large cutting speed for the FeB-10Ni tool. The chippings of the FeB-10Ni
cutting tool destroyed the structure and strength of the cutting tool, resulted in the
decrease of the tool life of FeB-10Ni tool. The FeB-10Ni cutting tool was suitable used
at the cutting speed of less than 0.17 m/s for the flank wear width within the criterion

value of 0.3 mm.
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