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ABSTRACT
Manufacturing companies that process difficult-to-machine materials rely on dependable
cutting tools that have long service lifetimes. Tough coated hard particle (TCHP) based
hardmetals are novel materials that make exceptional cutting tools. TCHP is a hard particle
reinforced composite hardmetal that has many advantages over the WC-Co cutting tools that have
been favored by industry for over 80 years. Microstructural evaluations of press and sinter and
hot-pressed TCHP parts show that either technique is capable of producing dense, high quality,
and defect free parts. Understanding TCHP’s composite microstructure helps in understanding
the effects its microstructure has on fracture. Instrumented impact testing was used to show that
TCHP hardmetals have an impact toughness which exceeds that of WC-Co of equal cobalt
content by 26% due to complex crack interactions with the microstructure. The fracture
toughening mechanism of crack deflection around core particles gives TCHP composites
additional toughness. Using a molecular dynamics simulation to model crack interactions with
TCHP’s microstructure at the atomic scale is a necessary step in quantifying the effect that crack
deflection around core particles has on TCHP’s toughness.

iv
TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................. vi
LIST OF TABLES ................................................................................................................... viii
ACKNOWLEDGEMENTS ..................................................................................................... ix
Chapter 1 Introduction ............................................................................................................ 1
Chapter 2 Background ............................................................................................................ 3
2.1
2.2
2.3
2.4

Tungsten Carbide Cobalt Hardmetals ....................................................................... 3
Hard Coatings for Hardmetal Cutting Tools ............................................................. 4
Unique Material Properties of Hardmetals ............................................................... 6
Static Fracture Toughness ......................................................................................... 7
2.4.1 Determining Static Fracture Toughness ........................................................ 10
2.4.2 Indentation Fracture ...................................................................................... 11
2.5 Dynamic Fracture Toughness ................................................................................... 13
2.6 Powder Metal Processing .......................................................................................... 15
2.6.1 Powder Processing......................................................................................... 16
2.6.2 Compaction .................................................................................................... 19
2.6.3 Debinding and Sintering ................................................................................ 19
Chapter 3 Tough Coated Hard Particles .................................................................................. 21
Chapter 4 Press and Sinter Processing of TCHP Parts ........................................................... 27
4.1 Introduction ............................................................................................................... 27
4.2 Powder Processing .................................................................................................... 27
4.2.1 Processing TCHP lot A Powder ..................................................................... 29
4.2.2 Processing TCHP lot B Powder ..................................................................... 30
4.2.3 Processing Tungsten Carbide Cobalt Powder ............................................... 30
4.2.4 Processing TCHP lot C Powder..................................................................... 31
4.3 Compaction ............................................................................................................... 32
4.4 Debinding .................................................................................................................. 32
4.5 Sintering .................................................................................................................... 34
4.5.1 Sintering Lot A Parts ...................................................................................... 36
4.5.2 Sintering Lot B and Tungsten Carbide Cobalt Parts ..................................... 36
4.5.3. Sintering Lot C Parts...................................................................................... 36
4.6 Part Characterization ................................................................................................. 37
4.6.1 Shrinkage......................................................................................................... 37
4.6.2 Density............................................................................................................. 37
4.6.3 Hardness ......................................................................................................... 38
4.6.4 Scanning Electron Microscopy ....................................................................... 39
Chapter 5 TCHP Part Processing Observations ...................................................................... 40

v
5.1 Part Shrinkage ........................................................................................................... 40
5.2 Part Density ............................................................................................................... 41
5.3 Eta Phase ................................................................................................................... 43
5.3.1 Impact of Eta Phase on Consolidation ............................................................ 45
5.4 Radial Hardness Variation ........................................................................................ 46
5.4.1 Impact of Cold Compaction on Hardness and Density ................................... 49
5.5 Microstructural Evaluation of Press and Sinter TCHP Parts .................................... 49
5.6 Discussion ................................................................................................................. 55
Chapter 6 Experimental Procedure: Impact Testing ............................................................. 56
6.1 Sample Preparation ................................................................................................... 56
6.2 Testing Procedure ..................................................................................................... 57
Chapter 7 Results: Instrumented Impact Testing ................................................................... 59
7.1 Introduction ............................................................................................................... 59
7.2 Impact Test Results ................................................................................................... 61
Chapter 8 Discussion of Results .............................................................................................. 65
8.1 FEM Modeling of TCHP Fracture ............................................................................ 68
8.2 Atomistic Models of Fracture ................................................................................... 71
Chapter 9 Conclusion.............................................................................................................. 77
Bibliography ............................................................................................................................ 79
Appendix A Impact Test Summary Reports ........................................................................... 84

vi
LIST OF FIGURES
Figure 2-1: SEM Micrograph of a typical WC-Co microstructure. ........................................ 4
Figure 2-2: Charpy impact test diagram. ................................................................................ 8
Figure 2-3: Critical stress intensity factor variation with sample thickness. .......................... 9
Figure 2-4: Diagram of acceptable geometries for static fracture toughness testing of
hardmetals. ....................................................................................................................... 11
Figure 2-5: (a) Palmqvist indentation diagram with corner cracks; (b) crack length vs.
load plot for a typical compoiste hardmetal..................................................................... 12
Figure 2-6: Instrumented Charpy impact test diagram. .......................................................... 14
Figure 2-7: Tungsten carbide phase diagram. ......................................................................... 16
Figure 2-8: SEM micrograph of powders waxed by milling. ................................................. 17
Figure 2-9: SEM micrograph of powders waxed by spray drying. ......................................... 18
Figure 3-1: SEM micrograph of a typical TCHP microstructure ............................................ 21
Figure 3-2: Material property diagram comparing TCHP materials with different cutting
tool materials............................................................................................................................ 22
Figure 3-3: Wear diagram of a conventional carbide and TCHP............................................ 23
Figure 3-4: Wear resistance and fracture toughness relationship for conventional
carbides. ........................................................................................................................... 24
Figure 3-5: Diagram of the fracture toughening mechanisms of hard particle reinforced
composites. ..................................................................................................................... 25
Figure 3-6: TCHP powder production diagram. ..................................................................... 26
Figure 4-1: N2/H2 debinding cycle. ......................................................................................... 33
Figure 4-2: Sintering cycle (40 mTorr early vacuum level). .................................................. 35
Figure 4-3: Sintering cycle for each production run. .............................................................. 35
Figure 4-4: Hardness testing diagram. .................................................................................... 38
Figure 5-1: A plot of radial shrinkage factor vs. sample number. .......................................... 40
Figure 5-2: A plot of Archimedes denisty vs. sample number. .............................................. 43

vii
Figure 5-3: XRD results of a sample 1 part that confirm the presence of eta phase. .............. 45
Figure 5-4: Hardness vs. test location for a representative part from lot A. ........................... 46
Figure 5-5: Hardness vs. test location for a representative part from lot B. ........................... 47
Figure 5-6: Hardness vs. test location for a representative part from lot C. ........................... 47
Figure 5-7: (Left) Backscatter electron micrographs of the microstructure of press and
sinter TCHP parts. (Righ) Backscatter electron micrographs of typical microstructures of
hot-pressed TCHP parts. ......................................................................................................... 50
Figure 5-8: (Left) Image analysis of press and sinter TCHP parts. (Right) Image analysis
of hot-pressed TCHP parts. ..................................................................................................... 52
Figure 5-9: (Left) Image analysis of press and sinter TCHP parts. (Right) Image analysis
of hot-pressed TCHP parts. Notice the differences in core particle shape between the
images.. .................................................................................................................................... 53
Figure 6-1: Tinius-Olsen model 84 instrumented impact tester.............................................. 57
Figure 7-1: A plot of impact energy vs. cobalt content for WC-Co. ...................................... 60
Figure 7-2: Linear portion of data plotted in Figure 7-1. ........................................................ 63
Figure 8-1: SEM micrographs of each TCHP sample’s fracture surface that had been
fractured during instrumented impact testing. ......................................................................... 65
Figure 8-2: Higher resolution SEM micrographs of each TCHP sample’s fracture surface
that had been fractured during instrumented impact testing. ................................................... 66
Figure 8-3: TCHP fracture surface showing evidence of intergranular fracture and crack
delfection around core particles. .............................................................................................. 67
Figure 8-4: Boundary conditions for a symmetric model of a mode I loading condition. ...... 69
Figure 8-5: Stress intensity factor vs. crack length for WC-Co and TCHP composites. ........ 70
Figure 8-6: Computer modeling techniques for different length scales. ................................. 71
Figure 8-7: A plot of energy vs. adtomic radius for the Lennard-Jones potential function. ... 72
Figure 8-8: Snapshots from a molecular dynamics simulation of crack propagation. ............ 74

viii

LIST OF TABLES
Table 4-1: Powder lots processd for sintering. ....................................................................... 28
Table 4-2: Powder specifications. ........................................................................................... 29
Table 4-3: Press specifications................................................................................................ 32
Table 4-4: Retort furnace specifications. ................................................................................ 32
Table 4-5: Sintering furnace specifications. ........................................................................... 34
Table 5-1: Average shrinkage factors for each sample ........................................................... 40
Table 5-2: Densities of representative parts produced from each sample .............................. 41
Table 5-3: Percentage of theoretical density attained for each sample ................................... 42
Table 5-4: Image analysis: size results ................................................................................... 51
Table 5-5: Image analysis: percent area results ...................................................................... 54
Table 6-1: Hot pressing results for parts manufactured for impact testing. ............................ 56
Table 7-1: Estimated cobalt contents and impact values used in Figure 7-1. ......................... 60
Table 7-2: Raw data from impact testing. ............................................................................... 61
Table 7-3: Two sample t-test comparing the impact values of WC-10wt.%Co and the
impact values reported by Brookes at 10 wt.% cobalt. .................................................... 62
Table 7-4: Adjusted impact data. ............................................................................................ 63
Table 7-5: Two sample t-test comparing the impact values of TCHP and WC-Co of
equal cobalt content. ........................................................................................................ 64

ix

ACKNOWLEDGEMENTS
There are a number of people I would like to thank because without their support this
research effort would not have been possible. First, I would like to thank the Allomet
Corporation for graciously funding my research efforts. Particularly, I would like to thank Dr.
John Keane for taking a personal interest in this project and supplying me with materials and
technical advice. Dr. Don Heaney assisted in many aspects of this project, his technical expertise
was crucial in the success of this research effort. I would like to thank Minna Ranjeva, Anthony
Kmetz, and Paul Sauter for performing tasks related to mechanical testing and material
characterization. I would also like to thank Dan Cunningham and Craig Shaffer for their help and
assistance. I appreciate the effort of Kristina Cowan-Giger for her help and advice. Vikas Argod,
Abdul Aziz, and Jason Holmes of the High Performance Computing center all helped
tremendously with the programming efforts. Lastly, I would like to thank Dr. Ivi Smid for his
guidance, direction, and support. His advice has always been thought provoking and highly
valued.

Chapter 1
Introduction
Manufacturing industries that process difficult-to-machine materials have a need for
cutting tools with long service lifetimes. Replacing a failed cutting tool is an expensive process
due to the loss of productivity associated with tool replacement. Cutting tools that offer long
service lifetimes can cut manufacturing costs significantly. For this reason, industry is looking
for cutting tools that will outlast the current generation of tools in an effort to increase
productivity.
The machine tool industry has historically favored conventional carbide cutting tools
because of their long service lifetimes. Conventional carbides consist of tungsten carbide (WC)
and cobalt (Co) and, depending on the application, may include an external hard coating to
increase wear resistance.
Tough coated hard particle (TCHP) based cutting tools do not require external coatings
for increased wear performance. TCHP is a hard particle reinforced composite hardmetal that has
many advantages over conventional carbides. TCHP hardmetals have exceptional wear
resistance, high impact toughness, and can be used to machine ferrous materials. These
properties allow TCHP cutting tools to thrive in the most aggressive cutting environments.
The intent of this work is to show that TCHP’s particle reinforced composite
microstructure allows the material to be more resistant to fracture than conventional carbide
cutting tools. Because the microstructure plays a key role in the fracture of TCHP composites, a
microstructural comparison of press and sinter and hot-pressed TCHP parts was performed. Once
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the microstructure is understood, the microstructural effects on fracture are then used to interpret
instrumented impact test data.
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Chapter 2
Background
Hardmetals are a group of materials that are used extensively in cutting and forming
applications. Cutting inserts and wire drawing dies are common hardmetal cutting tools.
Hardmetals compete with high speed steels and are the preferred tool for many metal cutting
applications. Hardmetals are composites that consist of at least two materials. The first
component in a hardmetal is a hard, brittle component. The hard material is important in a
cutting tool because it provides both hardness and wear resistance. The second component is a
ductile binder component. The ductile component adds fracture toughness to the material. The
ductile binder acts as the glue, or cement, that holds the material together. It is for this reason that
hardmetals are referred to as cemented carbides. It is important to review some popular cutting
tools that are currently used in industry before investigating cutting tool fracture.

2.1 Tungsten Carbide Cobalt Hardmetals
Tungsten carbide cobalt (WC-Co) is the oldest and most popular hardmetal [1, 2] and is
generally referred to as cemented carbide. Cemented carbides consist of tungsten carbide (WC)
grains that are embedded in a cobalt binder matrix. Figure 2-1 is an SEM micrograph of a typical
cemented carbide microstructure [3]. The angular WC grains are visible within the cobalt binder.
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Figure 2-1 : SEM micrograph of a typical a WC-Co microstructure [3]

2.2 Hard Coatings for Hardmetal Cutting Tools
Coatings are sometimes used to increase hardness and wear resistance in WC-Co cutting
tools. The use of coatings in the cutting industry has provided an economical means of producing
cutting tools for a variety of applications. The use of hard coatings on cutting tools provides an
efficient means of cutting and machining wood, cast iron, ceramics, and many other applications
that require hard, wear resistant tools for cutting [4]. Coatings of diamond, cubic boron nitride
(CBN), and titanium nitride (TiN) are popular hard coatings used in many applications. But other
coatings, like titanium carbide, alumina, and titanium carbon nitride are also used in the cutting
industry.
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Diamond is another coating that can be used on cutting tools. It is usually deposited
using chemical vapor deposition (CVD), though physical vapor deposition (PVD) can also be
used. Diamond offers the highest material hardness, a low friction coefficient, and many other
beneficial material properties for cutting. Its drawbacks are brittleness and its tendency to react
with group IVa through group VIIa elements on the periodic table [4-6]. Thus, both CVD
diamond and diamond like carbon (DLC) are limited to non-ferrous and non-metallic materials.
Diamond is difficult to deposit on the cemented carbides and many other substrates, because of
unwanted chemical reactions that reduce adhesion strength. An adhesion layer may be used to
deposit diamond on cemented carbide substrates [7-9].
The application of diamond coatings on cemented carbides provides a beneficial addition
for cutting tools. The addition of a super-hard, diamond surface bonded to a high-strength and
tough cemented carbide produces cutting tools that exhibit excellent performance [5]. The
increased performance is due to the unique mechanical properties of the resulting
diamond/cemented carbide composite tool. The tool provides extreme hardness, a low friction
coefficient, excellent wear resistance, and chemical inertness [10, 11]. Tribological studies have
been conducted and show that obtaining the optimum substrate roughness before deposition is
crucial for attaining high wear performance [12].
Despite the exceptional mechanical properties of CVD diamond coatings on cemented
carbides, coating delamination remains its main mode of failure [13, 14]. Due to the chemical
incompatibility with cobalt, it is very difficult to attain adequate adherence of the diamond film
on the cemented carbide substrate [5, 6]. Though the cobalt weight percentage in the cemented
carbide is relatively low (around 6 wt. % for diamond coating applications), cobalt has a negative
influence on the formation and growth of diamond films [15, 16]. Surface pretreatments, like
cobalt etching, are used to help alleviate this issue. Cobalt etching removes cobalt from the
substrate surface to facilitate diamond nucleation and growth [7, 17, 18]. Also, interfacial
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adhesion layers such as titanium, titanium carbide (TiC), silicon carbide (SiC), and molybdenum
(Mo) are used to coat the cemented carbide to enhance the adhesion of the diamond film to the
substrate [8, 9, 18-20].
Cubic boron nitride (CBN) coatings provide a slightly less hard surface for tooling when
compared to diamond. Cubic boron nitride’s advantage is its ability to coat a variety of materials.
Coating thicknesses are relatively thin for hard coatings (500nm-2µm) [21]. Cubic boron
nitride’s reactions at the substrate do not produce the same performance degrading effects that
occur in diamond. Depositing cubic boron nitride on a tool substrate does, however, require an
intermediate layer to offset the high compressive stresses that occur upon deposition [4]. Cubic
boron nitride can be deposited by PVD or CVD, a PVD process is usually employed and favored
by industry.
A titanium nitride (TiN) thin film is yet another option for coating cutting tools with a
hard, wear resistant layer. Titanium nitride is deposited on a tough substrate at thicknesses
varying from 3-10 µm [22]. A low temperature PVD process is preferred so that high
temperatures do not degrade the composite metal substrate (usually WC). Because of its high
hardness and its ability to be brazed, titanium nitride coatings are popular for coating saw blade
tips [23].

2.3 Unique Material Properties of Hardmetals
Hard surface coatings on WC-Co substrates effectively increase the wear resistance of the
coated cutting tool. Wear resistance is paramount in cutting tools. A cutting tool will fail or
become unstable after sufficient wear occurs and the cutting tool fails catastrophically or the
dimensional loss from wear exceeds set tolerances. After failure a cutting tool needs to be
replaced and tool replacement is an expensive process. Though the cutting tool itself is not

7
excessively expensive, the process of replacement is costly when one takes into account
production losses. For a tool to be successful it needs to be both wear resistant and have
sufficient fracture toughness to sustain vibration and interrupted cuts during cutting.
Fracture toughness is a critical property of cutting tools. Fracture is always an unwanted
form of tool failure, because unlike wear which occurs predictably over the tool’s service
lifetime, fracture occurs unpredictably. A tool which fails catastrophically from fracture can
damage equipment, ruin surface finishes on parts, and possibly injure unsuspecting personnel.
Harder tools are generally more wear resistant, but less resistant to fracture.

2.4 Static Fracture Toughness
Because of the importance of eliminating tool failure due to fracture, understanding the
fracture of hardmetals has become a topic of increasing interest. Fracture toughness, along with
impact strength, are two material properties that are used to gauge a material’s susceptibility to
fracture.
Fracture toughness is a material’s ability to resist fracture. Fracture toughness has
historically been measured using impact testing. Impact testing evaluates a material’s fracture
toughness by measuring the energy absorbed by the sample during fracture. The Charpy impact
test is the most common impact test. The Charpy impact test uses a weighted pendulum that
swings from an initial height, through the sample (Figure 2-2). Because energy is absorbed by
the sample at fracture, the final height of the pendulum is lower than its initial height. The
difference in the initial and final height of the pendulum shows that energy is absorbed during the
process. The change in total energy allows for the energy absorbed at fracture to be calculated.
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Figure 2-2: Charpy impact test diagram [24]
A disadvantage of the Charpy impact test is that the results are only qualitative. The
breaking energy that is determined during testing is not a quantity that can be used to determine
fracture criteria. A reliable method for predicting failure due to fracture was developed by Irwin
in 1956. Irwin proposed a fracture criterion that was based on linear elastic fracture mechanics
[25]. Irwin’s work led to the development and subsequent use of the stress intensity factor for
predicting fracture. Equation 2-1 is the stress intensity factor for the case of a through thickness
crack in an infinite plate. The stress intensity factor varies with stress (σ) and crack length (a).
Fracture results when the stress intensity factor equals its critical value.

2-1

A material’s critical stress intensity factor is dependent on thickness. Because of this
finding, a need for a sample size independent toughness property was expressed. This led to the
development of the static fracture toughness (KIC) parameter. Figure 2-3 shows the relationship
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between critical stress intensity factor and sample thickness [26]. A material’s fracture toughness
(KIC) is defined as the critical stress intensity value where increased sample size no longer affects
the critical stress intensity factor (Kcrit).

Figure 2-3: Critical stress intensity factor variation with sample thickness

Using linear elastic fracture mechanics in the development of static fracture toughness as
a material property enabled researchers to better understand and predict fracture. Though this
was a breakthrough, the approach has its limitations. Using linear elastic fracture mechanics to
predict fracture is restricted by static loading rates and small crack sizes.
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2.4.1 Determining Static Fracture Toughness
Linear elastic fracture criterion has led to fracture toughness becoming a fundamental
material property that is reported along with Young’s modulus and yield strength on material
specification sheets. A material’s fracture toughness can be measured in a variety of
configurations. There are many different test configurations, but some of the most popular
configurations include center crack tension specimens, compact test specimens, and single edge
notched bend specimens. To accommodate for different test configurations Equation 2-2 has
been modified to adjust for the geometry of the test specimen.
2-2

The variable β is a dimensionless factor that accounts different testing configurations. It
varies with crack dimensions, specimen dimensions, and loading geometries [27]. The correction
factor β must be used to correct for the finite dimensions of a test specimen. A closed form
solution for the stress intensity factor only exists for small cracks in infinite plates. The finite
dimension of the test specimens influences the crack tip behavior and must be accounted for
using β as the correction factor [28].
In addition to the limited acceptable test configurations, calculating a material’s static
fracture toughness has additional challenges. Sample preparation is costly and test procedures are
complicated. In the case of cemented carbide, ASTM standards require that the static fracture
toughness must be evaluated using short rod fracture toughness testing techniques [29]. Figure 24 illustrates the complicated geometry that must be machined for accurate static fracture
toughness testing of cemented carbides. The standard also restricts the loading rate to a range
between 0.0025 and 0.0125 mm/s. This ensures the stable crack growth needed for accurate
testing.
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Figure 2-4: Diagram of acceptable geometries for static fracture toughness testing of hardmetals
[29]

2.4.2 Indentation Fracture
Because of the high cost and difficult testing procedures for static fracture toughness
testing of brittle materials, like cemented carbides, empirical relationships based upon indentation
fracture have been developed for static fracture toughness determination. A popular indentation
fracture method for fracture toughness determination is Palmqvist’s method. Palmqvist’s method
is a widely accepted procedure for the static fracture toughness determination of cemented
carbides. Palmqvist’s method relates the crack lengths that form at the corners of a Vickers
indenter to a material’s fracture toughness. Equation 2-3 is a popular Palmqvist crack system
equation developed by Shetty [30]. It relates static fracture toughness (KIC) to the material’s
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elastic modulus (E), its Vickers hardness value (HV), the indentation load (P), and the average
crack length (C). The factor is a constant that is independent of material properties.
2-3

Palmqvist testing begins on a sample that has been carefully polished to avoid creating
surface stresses in the material. A diamond Vickers indenter that is pyramid shaped is forced into
the polished sample at a specified load. Cracks begin to form at the corners of the Vickers
indenter once the threshold indentation load for cracking (P0) is exceeded. An indented sample
will have the indentation geometry similar to the one represented in Figure 2-5(a) [30]. Once the
threshold indentation load for cracking is exceeded a linear increase in crack length is observed
with increasing load, as is depicted in Figure 2-5(b).

(a)

(b)

Figure 2-5: (a) Palmqvist indentation diagram with corner cracks; (b) crack length vs. load plot
for a typical composite hard metal.
An inverse relationship exists between the toughness and hardness of a hardmetal. Generally, a
harder material is brittle and brittle materials are not highly resistant to fracture.
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2.5 Dynamic Fracture Toughness
Static fracture toughness evaluations of materials are effective if the material is used in an
application where it is not subject to high loading rates. At high loading rates a rate sensitive
material may offer less resistance to fracture than the static fracture toughness value would
indicate. When parts are subjected to high loading rates, the dynamic fracture toughness (K Id)
value is more appropriate for determining fracture criteria. Because of the high loading rates
experienced during cutting, dynamic fracture toughness is an important property for cutting tools
because it has been shown that cutting inserts experiences strain rates as high as 1.67 x 10-5 s-1
[31].
Dynamic fracture toughness is a quantitative measure of a material’s resistance to crack
propagation under a rapidly applied load [28]. High loading rates can be achieved using a variety
of impact tests and high-loading rate machines. An inexpensive and effective way to measure
dynamic fracture toughness is the instrumented Charpy impact test. The instrumented Charpy
impact test is similar to the conventional Charpy impact test except that it uses an instrumented
striker. The striker and sometimes the test specimen are fitted with strain gauges that record the
load-time history of the sample during fracture. Figure 2-6 is a diagram of the instrumented
Charpy impact test.
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Figure 2-6: Instrumented Charpy impact test diagram [24]
The instrumented impact test measures the energy absorbed at fracture using data from
an optical encoder and a striker outfitted with strain gauges. Using data generated from the
instrumented impact tests, the critical value of the dynamic stress intensity factor (KI(t)) can be
used to determine the dynamic fracture toughness (KId). Equation 2-4 shows that the dynamic
stress intensity factor (KI(t)) varies with crack opening displacement (COD(t)), Young’s modulus
(E), Poisson’s ratio (υ), and crack tip radius (r) [32].
2-4

2-5
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The dynamic fracture of particle reinforced composite hardmetals, like TCHP, is of
particular interest due to additional fracture toughening mechanisms exhibited by these novel
materials. The fracture toughening mechanisms allow composite hardmetals to resist fracture
while maintaining high hardness due to the added ductility of the binder phase, crack interactions
at core particles, and crack interactions at grain boundaries [33]. Because of their composite
microstructure, TCHP based hardmetals are able to combine high values of hardness and fracture
toughness.

2.6 Powder Metal Processing
Aside from unique material properties, hardmetals are widely used in industry because
they can be processed economically from metal powders. Initially, forming cemented carbide
tools was performed using melt casting. Melt casting proved to be disadvantageous because an
undesirable mixture of ditungsten carbide (W2C), tungsten mono carbide (WC), and graphite that
formed upon cooling.[1] Figure 2-7 shows the WC phase diagram. The figure shows that the
phases of WC are highly sensitive to changes in temperature and composition. Processing
conditions need to be carefully controlled to minimize the formation of undesirable phases in the
WC system because the presence of undesirable phases can reduce the strength of the final
product [34]. Melt casting cemented carbides has since been replaced with newer and more
efficient part processing technologies. Press and sinter technology has made processing
hardmetals more economical while maintaining part quality.
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Figure 2-7: WC phase diagram [35]

2.6.1 Powder Processing
To maintain processing control and to ensure part quality, cemented carbide parts are
generally formed using press and sinter techniques. A press and sinter operation begins with an
alloyed or unalloyed powder blend. In the case of cemented carbides, the powder blend will
consist of WC and cobalt powders. Other powders may be blended in the powder mixture to
attain different material properties in the final product. Vanadium and tantalum carbide are
popular choices because of their ability to function as a WC grain growth inhibitor [36]. Limiting
grain growth is a popular method of increasing strength and hardness in cemented carbide parts.
A powder is admixed by combining the individual metal powders together in a milling
container. Because pressing brittle powders requires a wax coating, pellets of wax are added to
the milling container as well. Once the powders are admixed they must be blended together for
homogeneity and wax-coating. Blending powders is performed by milling. Ball milling is a
conventional method of milling powders. The milling operation begins by adding WC milling
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balls into the milling container with the powders. Heptane is then added to the container to
dissolve the wax pellets and ensure wax-coating uniformity. The container is then rotated at a
preset speed. During the milling process, the WC milling balls act to break up agglomerated
powder. The final result of a successful milling procedure is a homogenous wax-coated powder
blend. Ball milling is a popular method of milling in a laboratory setting, for industrial
applications attritor mills are often used. An attritor mill consists of a vertical impeller that stirs
the milling media and powder in order to homogenize the powder blend [37].
After milling, the excess heptane must be eliminated from the waxed powder blend. This
is accomplished in a drying oven. Drying takes place at relatively low temperatures around 80⁰C.
Drying time depends on the powder lot size that was milled and the amount of excess heptane
remaining after milling. Once dry, a waxed powder blend remains that is ready for compaction.
Figure 2-8 shows a powder that has been wax-coated by milling.

Figure 2-8: SEM micrograph of powders waxed by milling
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There are many binder compositions that have been developed for different powder
mixtures and processing methods. The binder, which usually consists of a polymer, gives the
pressed part some green strength after a pressing operation. The type and amount of binder
depends on many different factors. One of these factors is the forming operation. A powder that
is compacted using an axial press may only consist of 2 wt. % binder [37]. Aside from milling,
powders can also be combined with wax binders by spray drying. Spray drying is popular in
industrial applications that require large powder quantities and wax-coating uniformity. Figure
2-9 shows a scanning electron microscopy (SEM) micrograph of a powder that has been spray
dried. The particle size uniformity is apparent when comparing Figure 2-9 to Figure 2-8.

Figure 2-9: SEM micrograph of powders waxed by spray drying
The spray drying process uses a super-heated gas to atomize a powder and binder
mixture. The atomized mixture is accelerated out of the atomizer at high velocities where it cools
into agglomerated spheres of powder and binder. In Figure 2-9 the spherical powders have a
diameter of ~10 times their uncoated powder diameter. A larger diameter powder facilitates
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flowability when filling die cavities. A powder mixture consisting of fine grained powders has a
high powder surface area per unit volume. This leads to an increase in friction when filling a die
cavity for compaction. Wax-coating a powder using the spray drying process will produce
uniformly coated wax spheres of large diameters that will increase powder flowability.

2.6.2 Compaction
Compaction begins by filling a die with wax-coated powder. The shape of the die is
usually a larger diameter geometry of the final sintered part. The larger geometry accounts for
the shrinkage of the part that occurs during sintering. For a traditional vertical pressing operation,
compaction is achieved using the die, an upper punch, and a lower punch. The wax-coated
powder contained within the die is pressed between the upper and lower punches. In the case of a
single action vertical press, only the upper punch is used to compact the powder. A double action
vertical press achieves compaction from both the upper and lower punches. After compaction the
part is ejected from the die using the lower punch.

2.6.3 Debinding and Sintering
The ejected part is commonly referred to as a green part. The strength of a green part is a
result of the wax binder. For void free parts, the binder must be removed before sintering. A
debinding process needs to be used for binder removal. Thermal debinding is a popular method
for removing binder in press and sinter parts. A thermal debind uses a furnace that heats the part
up at a specified rate to a temperature that melts and removes the binder from the part. Debinding
furnaces commonly use process gases of nitrogen and hydrogen.
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After debinding, parts are sintered. Sintering is performed in a high temperature furnace.
Sintering can be performed under atmosphere or under a vacuum. An example of a standard
sintering cycle for cemented carbide uses an 8 ⁰C/min heating rate, up to a maximum temperature
of 1400 ⁰C and is performed under a vacuum [37]. The sintering conditions are important
because cemented carbide is a two-phase composite consisting of WC and cobalt that is
consolidated by liquid phase sintering. Liquid phase sintering is performed above the melting
point of the lowest-melting eutectic phase in the system, which is strongly dependent on cobalt
content [2]. Liquid phase sintering allows cemented carbide parts to achieve high density and
excellent material properties.
Once the liquid phase melts, densification occurs in three stages. The first stage is
particle rearrangement. Particle rearrangement occurs as the capillary force of the liquid drives
the particles closer together. The next stage of densification is solution-reprecipitation. During
this stage smaller grains are dissolved in the liquid and are reprecipitated to form larger grains.
Essentially, larger grains grow as smaller grains are eliminated during the solution-reprecipitation
stage. The final stage of densification is pore elimination. Any microstructural pores are filled
by the liquid phase which aids diffusion driven densification [38].
Densification after sintering causes the sintered part to be dimensionally smaller than the
green compacted part. Understanding how a part will shrink after sintering is important in tool
design and part processing [39]. Ideally, parts would shrink minimally and isotropically.
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Chapter 3
Tough Coated Hard Particles
The inherent drawback in coated cemented carbide cutting tools lies in the fact that the
coating thickness of the wear resistant layer determines the tool’s useful life. To alleviate this
issue, tough coated hard particle (TCHP) based cutting tools are being developed. TCHP is a
particle reinforced composite hardmetal. The first generation uses alumina core particles
dispersed in a WC-Co matrix. A typical TCHP microstructure is depicted in Figure 3-1. Figure
3-1 is a backscatter SEM micrograph depicting the alumina core particles in black and the white
and gray WC-Co matrix.

Figure 3-1: SEM micrograph of a typical TCHP microstructure
The combination of the hard alumina core particles and the tough WC-Co matrix gives the
hardmetal a combination of material properties that is desirable for cutting tools [40-45]. In
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particular, independent laboratory testing has shown that TCHP exceeds the wear resistance of
conventional WC-Co cutting tools by a factor of 15 [45]. Figure 3-2 shows a diagram comparing
the hardness and strength of TCHP materials of different core particles with a variety of different
cutting tool materials.

Figure 3-2: Material property diagram comparing TCHP materials with different cutting tool
materials [46]
Figure 3-3 illustrates the inherent problem with coated cemented carbides and the
advantage of TCHP based cutting tools. The hard coating on a coated cemented carbide cutting
tool is usually less than 10 µm. Once this hard layer wears, the tool is no longer useful. TCHP
cutting tools on the other hand, contain hard particles dispersed throughout the cutting tool, so
there is no hard coating to be worn away.

23

Figure 3-3: Wear diagram of a conventional coated carbide and TCHP [47]
Instead, as the material cuts, new wear resistant material is constantly resurfacing [42]. This is
especially beneficial for cutting tools that do not require stringent dimensional tolerances for
successful cutting.
Wear is a prevalent form of cutting tool failure, but catastrophic failure also occurs due to
fracture. Cutting tool fracture is a disastrous form of failure because, unlike wear, fracture is
unpredictable. Tools that fail due to fracture often fail prematurely and have expensive
consequences. Premature failure is expensive because of the loss of production associated with
changing tools. Both cutting inserts and wire dies can experience failure due to fracture. To
avoid failure, cutting tools need to be both resistant to fracture and wear resistant. For
conventional cemented carbide cutting tools, wear resistance and fracture toughness are inversely
related [48]. Generally a harder, more wear resistant material is more brittle and less resistant to
fracture. The trend in wear resistance and hardness for conventional carbides is illustrated in
Figure 3-4.
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Figure 3-4: Wear resistance and fracture toughness relationship for conventional carbides [48]
Particle reinforced composite hardmetals, like TCHP, have interesting crack and
microstructural interactions that can help them resist fracture. Hardmetals, including TCHP, use
binders, like cobalt, that have high ductility. The added ductility gives the material the ability to
absorb more energy before fracturing. The more energy a sample can absorb before fracturing,
the higher its fracture toughness is. Additionally, the imbedded core particles in particle
reinforced composites have the ability to absorb energy by deflecting cracks around core
particles. Cracks also interact with grain boundaries, resulting in cleavage-crack resistance.
Particle reinforced composite hardmetals have the ability to resist fracture by added ductility,
crack deflection, and crack interaction at grain boundaries [33]. The toughening mechanisms that
help particle reinforced composites resist fracture are diagramed in Figure 3-5.
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Figure 3-5: Diagram of the fracture toughening mechanisms of hard particle reinforced
composites [33].
An advantage of TCHP based cutting tools is that they can be processed in a similar
manner to cemented carbides. This is especially convenient because the methods used to process
cemented carbides have been optimized since their inception early in the 20th century. TCHP
powder is wax-coated, pressed, de-bound, and sintered in the same manner that conventional
cemented carbide is processed. Though, TCHP parts are processed similarly to conventional
cemented carbide, the powder production techniques vary greatly.
Producing TCHP powder begins with a core particle. Currently TCHP uses an alumina
(Al2O3) core particle, but TCHP powders can be produced with a variety of core particles, such as
cubic boron nitride (cBN), titanium nitride (TiN), and diamond. Altering the core particle allows
TCHP to attain desirable performance in varying applications. The core particle is then coated
with an intermediate layer that has a higher relative fracture toughness than the core particle [40].
Currently, alumina core particles are coated with WC. Coating TCHP is achieved with chemical
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vapor deposition (CVD) using a tungsten precursor. The result of the process leaves a tungsten
coating on the alumina core particles. The coated core particles are then carbonized to produce
the final WC layer. A tough WC shell now coats the hard, wear resistant, alumina core particle.
The final stage in producing TCHP powder is coating the WC coated alumina with cobalt. This is
again achieved using the CVD process. A TCHP powder production diagram is depicted in
Figure 3-6. Because TCHP is coated on the particle level, it enables more process control and
uniformity when forming TCHP composite parts.

Figure 3-6: TCHP powder production diagram
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Chapter 4
Press and Sinter Processing of TCHP Parts

4.1 Introduction
Three separate press and sinter runs were conducted from June 2008 to August 2008.
The press and sinter experiments were attempted because it is an important step in making the
consolidation of TCHP more economical. TCHP parts are currently hot-pressed to full density.
Hot pressing is a method of part formation that uses pressure and heat to consolidate powders into
finished parts.
The hot pressing process allows full density to be achieved in powder metal parts. This is
due to the fact that high temperatures cause most materials to become ductile. The added ductility
at elevated temperature aids pore elimination [37]. The technology is limited in that hot pressing
can only process one finished part per heating cycle and only simple geometries are possible.
This makes it a very slow and expensive process. The ability to produce dense TCHP parts using
press and sinter technologies will lower the cost of part production.

4.2 Powder Processing
Powder processing begins with ball and jar milling. All TCHP powders were processed
by ball milling in heptane with WC milling media for 2 hours. Each powder that was prepared
contains 2 wt.% paraffin wax, 300 grams of TCHP, and a cobalt addition. Heptane is used for
milling because it dissolves paraffin wax. All powders were processed under the same milling
conditions. The conditions were as follows:
Milling time: 2 hours
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Milling media: WC milling balls with a diameter of 0.27 in.
Weight ratio of milling media to powder: 4.5:1
Milling container: Nalgene jar with a diameter of 3.5 in.
Milling fluid: 70 ml of heptane
Milling speed: 120 RPM
After milling the powders are allowed to dry for 10 hours at 85 ⁰C in a nitrogen
atmosphere. Drying the powders allows the heptane to evaporate and leaves wax coated powders.
Once dry the waxed powders were sieved through 10 and 20 mesh sieves prior to compaction.
The wax coating is necessary because it acts as a binder giving a green part some handling
strength after compaction.
Three different lots of TCHP were processed from June 2008 to August 2008. A sample
of tungsten carbide cobalt (WC-Co) was also prepared with TCHP lot B for comparison. Table 41 lists each powder that was sintered and Table 4-2 lists the powder specifications. Each lot is an
experimental TCHP powder that consists of WC coated alumina particles.
Table 4-1: Powder lots processed for sintering
Sample Name
A+10wt.%Co (Cycle 1)
A+20wt.%Co (Cycle 1)
A+10wt.%Co (Cycle 2)
A+20wt.%Co (Cycle 2)
B+10wt.%Co+4gC
B+10wt.%Co+6gC
0.8µm WC+10wt.%Co
C+10%(0.7)Co+4gC
C+10%(0.7)Co+6gC

Sintering
Cycle
1
1
2
2
2
2
2
3
3

TCHP
Lot
A
A
A
A
B
B
N/A
C
C

Cobalt
Content
10 wt.%
10 wt.%
10 wt.%
20 wt.%
10 wt.%
10 wt.%
10 wt.%
10 wt.%
10 wt.%

Carbon
Addition
N/A
N/A
N/A
N/A
4 grams
6 grams
N/A
4 grams
6 grams

Wax
Content
2 wt. %
6 wt. %
2 wt. %
3 wt. %
5 wt. %
4 wt. %
8 wt. %
7 wt. %
2 wt. %
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Table 4-2: Powder specifications
Cobalt
Brand
Grade
Lot Number
Specifications
Particle size
Surface Area
Particle Size Dist.
D10
D50
D90

TCHP
From
Sponsor

Carbon
From
Sponsor

WC
From
UMEX
Umicore
Sponsor
Fine Cobalt
Fine Cobalt
Submicron
Powder UF
Powder HMP
Proprietary Proprietary WC
10329
11047 Proprietary Proprietary Proprietary
WC coated Ultrafine
Al2O3
carbon
0.8 µm
0.7 µm
~3 µm
Proprietary 0.8 µm
2.40 m2/g
2.88 m2/g
Proprietary Proprietary Proprietary
Proprietary Proprietary Proprietary
1.4 µm
1.3 µm
2.8 µm
2.4 µm
5.5 µm
4.5 µm

TCHP lots A, B, and C differ from conventional TCHP powder because they are not externally
coated with cobalt. The absence of the cobalt coating allows experiments to be designed that
examine the effect that different cobalt additions have on sintering.

4.2.1 Processing TCHP Lot A Powder
Two alloyed powders were produced using the TCHP lot A powder. The first milling jar
contained 300 grams of TCHP powder, 2 wt. % paraffin wax, and 10 wt. % cobalt. The second
jar contained 300 grams of TCHP powder, 2 wt. % paraffin wax, and 20 wt. % cobalt. The cobalt
was a UMEX brand powder with a 0.8 µm particle size (Table 4-2). The alloyed powder was
milled for 2 hours and then dried at 85 ⁰C for 10 hours in a nitrogen atmosphere. After drying,
the waxed powder was immediately removed from the oven and transferred into plastic
containers. The waxed powders were first sieved through a 10-mesh sieve and then through a 20mesh sieve. The waxed powders were placed back into the plastic containers and a lid was
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secured onto the containers with electrical tape. The containers were transferred into a glove box
containing argon until pressing.

4.2.2 Processing TCHP Lot B Powder
Two alloyed powders were produced using the TCHP lot B powder. The first milling jar
contained 300 grams of TCHP powder, 2 wt. % paraffin wax, 10 wt. % cobalt, and 4 grams of
carbon. The second jar contained 300 grams of TCHP powder, 2 wt. % paraffin wax, 10 wt. %
cobalt, and 6 grams of carbon. The cobalt powder was a UMEX brand powder with a 0.8 µm
particle size (Table 4-2). The alloyed powder was milled for 2 hours and then dried at 85 ⁰C for
10 hours in a nitrogen atmosphere. Unlike the lot A waxed powders, the lot B waxed powders
were allowed to cool to 30 ⁰C before they were removed from the drying oven. The waxed
powders were then transferred to plastic containers and sealed with a screw on lid. Another
difference between lots B and A waxed powders was that all sieving took place in a glove box
under an argon atmosphere for lot B powders. The waxed powders were first sieved through a
10-mesh and then a 20-mesh sieve and placed back into the plastic containers. A lid was secured
onto the containers with electrical tape and the waxed powders stayed in a glove box under an
argon atmosphere until pressing.

4.2.3 Processing Tungsten Carbide Cobalt Powder
One alloyed powder was produced using tungsten carbide and cobalt powders (WC10wt.%Co). The milling jar contained 300 grams of 0.8 µm WC powder, 2 wt. % paraffin wax,
and 10 wt. % cobalt (Table 4-2). The cobalt powder was a UMEX brand powder with a 0.8 µm
particle size (Table 4-2). The alloyed powder was milled for 2 hours and then dried at 85 ⁰C for
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10 hours in a nitrogen atmosphere. Like the lot B waxed powders, the WC-Co waxed powder
was allowed to cool to 30 ⁰C before it was removed from the drying oven. The waxed powder
was then transferred to a plastic container and sealed with a screw on lid. Another similarity
between the WC-Co and lot B waxed powders was that all sieving took place in a glove box
under an argon atmosphere. The waxed powders were first sieved through a 10-mesh and then a
20-mesh sieve and placed back into the plastic containers. A lid was secured onto the containers
with electrical tape and the waxed powders stayed in a glove box under an argon atmosphere until
pressing.

4.2.4 Processing TCHP Lot C Powder
Two alloyed powders were produced using TCHP lot C powders. The first milling jar
contained 300 grams of TCHP powder, 2 wt. % paraffin wax, 10 wt. % cobalt, and 4 grams of
carbon. The second jar contained 300 grams of TCHP powder, 2 wt. % paraffin wax, and 10 wt.
% cobalt, and 6 grams of carbon. The cobalt powder was a Umicore brand powder with a 0.7 µm
particle size (Table 4-2). The alloyed powder was milled for 2 hours and then dried at 85 ⁰C for
10 hours in a nitrogen atmosphere. Like lot B waxed powders, the lot C waxed powders were
allowed to cool to 30 ⁰C before they were removed from the drying oven. Another similarity
between lots C and B waxed powders was that all sieving took place in the glove box under an
argon atmosphere. The waxed powders were first sieved through a 10-mesh sieve and then
through a 20-mesh sieve and placed back into the plastic containers. A lid was secured onto the
containers with electrical tape and the waxed powders stayed in a glove box under an argon
atmosphere until pressing.
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4.3 Compaction
All waxed powders were pressed on a 60 ton double action vertical press with a floating
die plate. Table 4-3 lists the press specifications.
Table 4-3: Press specifications
Brand
Type
Model
Action

Gasbarre
60 ton hydraulic cold compacting press
91451
Double action with floating die plate

The pressing pressures varied between 11.03 tsi, 12.73 tsi, and 14.42 tsi depending on powder lot.
TCHP lots A and B and WC-Co parts were pressed to 14.42 tsi. These parts were ejected using a
top-punch hold down method. TCHP lot C powder that contained the 4 gram carbon addition
was pressed to 12.73 tsi and the TCHP lot C powder with the 6 gram carbon addition was pressed
to 11.03 tsi. All TCHP lot C samples were ejected conventionally. Zinc stearate die lubricant
was used as needed to lubricate the die to prevent part cracking upon ejection. After pressing,
parts made of TCHP lots B and C and WC-Co were placed into a container that had been filled
with argon. No attempts were made to control the exposure of the TCHP lot A parts to
atmosphere.

4.4 Debinding
After pressing all parts were debound in a retort furnace under an atmosphere of 90
cc/min of nitrogen and 10 cc/min of hydrogen. Table 4-4 lists the retort furnace specifications.
Table 4-4: Retort furnace specifications
Brand
Type
Model Number

Lindberg
Retort furnace with N2/H2 atmosphere capability
56822
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Chamber Size
Power
Max Temperature

9411 cm3
2600 W
1200 ⁰C

The parts were placed on alumina substrates inside of the furnace. The debinding cycle consisted
of a 5 ⁰C/min temperature increase to a maximum temperature of 550 ⁰C. A hold of 1 hour was
used at 550 ⁰C to ensure that all of the wax binder had been removed. The debound parts were
allowed to cool at a rate of 5 ⁰C/min. Figure 4-1 shows a graphical representation of the
debinding cycle.

Figure 4-1: N2/H2 debinding cycle
After the debinding cycle was complete, the hydrogen was turned off and the flow rate of
nitrogen was decreased to 45 cc/min. The parts were allowed to sit in the furnace under the
nitrogen atmosphere until they were moved into a different furnace for sintering.

34
4.5 Sintering
After removal from the debinding furnace the parts were sintered in an industrial scale
Seco/Warwick vacuum furnace. Table 4-5 lists the sintering furnace specifications.
Table 4-5: Sintering furnace specifications
Brand
Type
Model
Chamber Size
Power
Max Temperature

Seco/Warwick
Vacuum furnace with partial pressure atmosphere capability
31397V
1 m3
40 kW
2200 ⁰C

The parts were heated to 450 ⁰C at a rate of 2 ⁰C/min and then at a rate of 5 ⁰C/min to 1100 ⁰C
under vacuum. The degree of vacuum reaches 7 mTorr during the cycle. At 1100 ⁰C a partial
pressure of 1 Torr of argon was introduced and the parts were heated to 1450 ⁰C at a rate of 5
⁰C/min. A 1 hour hold was used at 1450 ⁰C to allow for complete sintering. The parts were then
cooled at a rate of 5 ⁰C/min to room temperature. A generic sintering cycle is depicted in Figure
4-2. Though this is a typical sintering cycle for all TCHP and WC-Co parts, each of the three
sintering cycles were different. Figure 4-3 is a graph of each of the three sintering cycles. Each
cycle was unique because hold times were varied at different temperatures.
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Figure 4-2: Sintering cycle (40 mTorr early vacuum level)
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Figure 4-3: Sintering cycle for each production run
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4.5.1 Sintering Lot A Parts
TCHP lot A parts were sintered using sintering cycle 1. Sintering cycle 1 is a
conventional sintering cycle. The parts were sintered on a graphite substrate and covered to
ensure temperature uniformity.

4.5.2 Sintering Lot B and Tungsten Carbide Cobalt Parts
TCHP lot B and WC-Co parts were sintered using sintering cycle 2. The only difference
between the sintering cycles 1 and 2 was that cycle 2 incorporated a 1 hour hold at 900 ⁰C. This
hold was used for deoxygenation.

4.5.3 Sintering Lot C Parts
TCHP lot C parts were sintered using sintering cycle 3. Sintering cycle 3 is an
unconventional sintering cycle that was used to identify the effects that various hold times and
changes in atmosphere can have on part quality. Holds of varying lengths were incorporated into
sintering cycle 3. The first hold was a 5 hour hold at 650 ⁰C. The second hold was an 8 hour
hold at 1450 ⁰C. Because this hold was over 7 hours longer than the conventional 1 hour hold,
the gas cylinder ran out of argon at some point during the cycle. With no argon, the vacuum
pumps pulled a vacuum of 7 mTorr for the rest of the cycle. The final hold was a 2.4 hour hold
during cool down at 350 ⁰C. Finally, the controller was shut off and the parts were allowed to
cool without input from the controller. This resulted in a cooling rate of 0.97 ⁰C/min until the
parts reached 30 ⁰C. At this point they were removed from the furnace.
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4.6 Part Characterization
Characterization of the final sintered parts is important for determining optimum
processing conditions for TCHP parts. Four parameters were used to characterize TCHP parts;
shrinkage, density, hardness, and scanning electron microscopy (SEM) characterizations.

4.6.1 Shrinkage
A radial shrinkage factor was used to determine the shrinkage of the final part. This was
accomplished by measuring both the diameter of the die and the diameter of the sintered parts.
Parts were measured using digital calipers that reported part diameters in millimeters. The
calipers were accurate to 1/100 mm. Each part that was sintered was measured and included in
the radial shrinkage comparison. Equation 4-1 defines the radial shrinkage for the final sintered
parts. The distance

is the difference between the green parts diameter and the sintered parts

diameter. The distance L0 is the green parts diameter.
4-1

4.6.2 Density
The Archimedes density of a representative sample from each lot was measured as well.
Determining the Archimedes density of a sample enables comparisons to be made between lots.
The density measurement began by weighing a part. The part was then submerged in mineral oil
and placed under a vacuum for 10 minutes for oil infiltration. After infiltration, the part was
weighed again. The final measurement consisted of weighing the infiltrated part in distilled
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water. The Archimedes density was then determined using Equation 4-2. Archimedes density
(ρarch) is a function of the density of water (ρwater), the sample’s dry mass (m), its mass in mineral
oil (moil), and its mass in distilled water (mwater).
4-2

4.6.3 Hardness
It is also important to determine the hardness of the sintered parts. A Vickers
microhardness test was used to quantify the hardness of the samples. Before hardness testing the
samples were polished to a uniform finish. The polishing process began with a 24 µm diamond
wheel and 300 grit sandpaper polish. Then the samples were then polished to 9 µm, 6 µm, and 3
µm using diamond suspensions. After polishing, a pyramid shaped diamond Vickers indenter
was forced into the sample under a load of 1 kg. A representative sample from each lot was
tested in the manner depicted in Figure 4-4.

Figure 4-4: Hardness testing diagram
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4.6.4 Scanning Electron Microscopy
Scanning electron microscopy (SEM) analyses were also performed on a sample from
each lot. Sample preparation for SEM analysis consisted of multiple polishing stages. The
polishing process started with a 24 µm diamond wheel and 300 grit sandpaper polish. Then a
polish in diamond suspensions of 9 µm, 6 µm, 3 µm, 1 µm, and ¼ µm was used. The samples
were finally washed with soap and water and rinsed with acetone.
The polished samples were then analyzed using a Philips XL30 ESEM scanning electron
microscope. The microscope had been outfitted with an EDAX energy dispersive spectroscopy
unit. All images were generated using backscatter electron imaging operating at an accelerating
voltage of 12 keV.
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Chapter 5
TCHP Part Processing Observations

5.1 Part Shrinkage
The radial shrinkage was calculated for each part processed and the results were
averaged. Table 5-1lists the average radial shrinkage for parts processed from each powder lot.
The results are also depicted in Figure 5-1. It is apparent from Figure 5-1 that TCHP samples 3
through 8 have consistent shrinkage factors ranging from 0.1402 to 0.1696.

Radial Shrinkage Factor

Radial Shrinkage Factor vs.
Sample Number
0.25
0.2
0.15
0.1
0.05
0
0

2

4

6

Sample Number

Figure 5-1: A plot of radial shrinkage factor vs. sample number

Table 5-1: Average shrinkage factors for each sample
Sample Number Sample Name
1 A+10wt.%Co (Cycle 2)
2 A+10wt.%Co (Cycle 1)

Shrinkage Factor
0.0972
0.1048

8

10
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3
4
5
6
7
8
9

C+10wt.%Co+6gC
A+20wt.%Co (Cycle 2)
B+10wt.%Co+6gC
B+10wt.%Co+4gC
A+20wt.%Co (Cycle 1)
C+10wt.%Co+4gC
0.8µm WC+10wt.%Co

0.1402
0.1517
0.1540
0.1567
0.1596
0.1696
0.2044

5.2 Part Density
The part densities were also recorded after sintering. Both Archimedes density and
dimensional density were calculated using a representative sample from each processed powder
lot. Table 5-2 lists the Archimedes density and dimensional density of a representative sample
from each lot. Both Archimedes and dimensional density are relative density measurements
quantifying the density of a sintered part.
Table 5-2: Densities of representative parts produced from each sample
Sample
Number
1
2
3
4
5
6
7
8
9

Sample Name
A+10wt.%Co (Cycle 2)
A+10wt.%Co (Cycle 1)
C+10wt.%Co+6gC
A+20wt.%Co (Cycle 2)
B+10wt.%Co+6gC
B+10wt.%Co+4gC
A+20wt.%Co (Cycle 1)
C+10wt.%Co+4gC
0.8µm WC+10wt.%Co

Archimedes
Dimensional
Density (g/cc)
Density (g/cc)
7.6756
7.6556
7.2605
7.2605
8.726
8.711
9.464
9.3258
9.1415
9.0609
9.1527
9.0818
9.392
9.4395
9.399
7.991
14.4285
14.7596

It is useful to compare density data using the percentage of the theoretical density
attained after sintering. The theoretical density of TCHP can be calculated using the theoretical
density and corresponding volume percentages of its constituents. The theoretical density of WC-
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Co with 10 wt.% cobalt is 14.55 g/cc and the theoretical density of alumina is 3.98 g/cc [49, 50].
The theoretical density of TCHP can be calculated using a weighted average of the theoretical
density of WC-Co and alumina. The theoretical density of TCHP with 10 wt.% cobalt is 9.27
g/cc. The theoretical density of TCHP consisting of 20 wt.% cobalt can be calculated in a similar
manner knowing that WC-Co consisting of 20 wt.% cobalt has a theoretical density of 13.59 g/cc.
The resulting theoretical density of TCHP with 20 wt.% cobalt is 8.79 g/cc.
Any density in listed in Table 5-2 that is higher than the theoretical density is a result of
cobalt exudation during sintering. If cobalt exudation occurred it is safe to say that the
microstructure achieved 100% density because all pores would have been filled with the liquid
phase cobalt during sintering. Both parts that were processing with 20 wt.% cobalt achieved
100% density for this reason. Table 5-3 lists the theoretical densities of each sample.
Table 5-3: Percentage of theoretical density attained for each sample
Sample Number
1
2
3
4
5
6
7
8
9

Sample Name
7/17/08 CA195+10wt.%Co
6/18/08 CA195+10wt.%Co
CA209+10%(0.7)Co+6gC
7/17/08 CA195+20wt.%Co
CA201+10wt.%Co+6gC
CA201+10wt.%Co+4gC
6/18/08 CA195+20wt.%Co
CA209+10%(0.7)Co+4gC
0.8µm WC+10wt.%Co

Percent Theoretical Density
82.8
78.3
94.1
100
98.6
98.7
100
100
99.2

The Archimedes density was chosen for the density comparison because it eliminated any errors
associated with measuring part dimensions that are needed when calculating dimensional
densities. Figure 5-2 shows a plot of Archimedes density vs. sample number.
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Archimedes Density vs. Sample Number
Percent Theoretical Density
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Figure 5-2: Archimedes density vs. sample number
Samples 5 and 6 provide the best samples for a theoretical density comparison for a
variety of reasons. Sample 3 TCHP powder was only pressed with 11.03 tsi of pressure, whereas
other powder samples were pressed with either 12.73 or 14.42 tsi of pressure. Sample 3 parts
were pressed to 11.03 tsi because of difficulties ejecting the parts that were pressed to 12.73 tsi.
Higher pressing pressures result in higher density parts after sintering [37]. Because of the lower
pressing pressures, sample 3 parts had a reduced density. Other samples showed the presence of
eta phase in their microstructures which affects achieving desired densities after sintering. For
these reasons, parts processed from powder samples 5 and 6 provide the best samples for
theoretical density comparisons.

5.3 Eta Phase
Because cobalt has a tendency to react with oxygen, it is important to minimize its
exposure to the atmosphere when processing WC-Co powders [51]. If cobalt oxides are present
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during sintering the cobalt oxide will react with carbon to form CO and CO2. This reaction leads
to carbon deficiency and promotes the formation of tungsten eta phase (W3Co3C or W6Co6C)
[52]. The presence of eta phase in a cutting tool is unwanted because it compromises cutting
performance. Carbon content is a critical parameter when sintering WC-Co. Too much carbon
leads to free graphite in the microstructure and too little carbon can lead to the formation of eta
phase.
All WC-Co parts are susceptible to eta phase formation during sintering if cobalt
oxidation occurs. Eta phase was first noticed during an SEM analysis of sample 1 and 2 parts.
X-ray diffraction (XRD) analysis confirmed the presence of eta phase (Figure 5-3). Eta phase is
always unwanted in WC-Co parts because it is very brittle and has low toughness. Eta phase also
removes cobalt binder that is needed for achieving full density during liquid phase sintering [53].
Eliminating the formation of eta phase in sintered parts is necessary to ensure optimal material
properties and high quality parts.
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Figure 5-3: XRD results of a sample 1 part that confirm the presence of eta phase

5.3.1 Impact of Eta Phase on Consolidation
Like relative density, grain growth is another indicator of the degree of sintering. If the
eta phase (W3Co3C) removed enough cobalt binder from the microstructure that the degree of
sintering was decreased, part quality was compromised. The degree of sintering is lower because
cemented carbides are consolidated through liquid-phase sintering. The cobalt binder acts as the
liquid phase that aids sintering. It is necessary to prevent the formation of eta phase in order to
attain the degree of sintering necessary to achieve full density.
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5.4 Radial Hardness Variation
The effect that eta phase has on part quality is evident when examining the hardness
variation across a part’s diameter. Hardness varies with test position because eta phase is a hard
and brittle phase that tends to form in sporadically on the surface of parts. If eta phase is present
at a hardness test location, the hardness result for will be relatively higher than an eta phase free
region.
Hardness tests were taken across the diameter of a representative part processed with
each powder sample. Figures 5-4 through 5-6 show how hardness varies with the test location for
each lot. Test locations 1, 2, and 3 represent the center of the part, the location between the
middle and outer edge of the part, and the outer edge of the part, respectively.

Hardness [HV]

Hardness vs. Test Location
Lot A
1600
1400
1200
1000
800
600
400
200
0

A+20wt.%Co (Cycle 2)
A+20wt.%Co (Cycle 1)
A+10wt.%Co (Cycle 2)
A+10wt.%Co (Cycle 1)
1

2

3

Test Location

Figure 5-4: Hardness vs. test location for a representative part from lot A
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Hardness vs. Test Location
Lot B
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Figure 5-5: Hardness vs. test location for a representative part from lot B

Hardness vs. Test Location
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Figure 5-6: Hardness vs. test location for a representative part from lot C

48
Figure 5-4 shows the radial hardness variation for a representative part from lot A. The
hardness varies as much as 22%. The hardness of the representative part from lot A is lower than
the hardness achieved by lots B and C. This is due to the fact that lot A powders were not
processed using oxidation control. The cobalt in the powder was expected to be heavily oxidized
and this led to the formation of eta phase during sintering.
Figure 5-5 shows the radial hardness variation for a representative part from lot B. Lot B
powders were processed using oxidation control and no eta phase was found when analyzing the
microstructure. As a result, the hardness is very uniform across the diameter of the sample.
Figure 5-6 shows the radial hardness variation for a representative part from lot C. Lot C
parts achieved the highest hardness of all TCHP powder lots, but the parts had more radial
hardness variation than lot B parts. The increased hardness is mainly due to the fact that the
cobalt powder used in lot C has a mean particle size of 0.7 µm. A smaller cobalt particle size was
used when processing lot C powders because the smaller size promotes higher densities during
sintering.
Higher densities can be achieved with smaller diameter cobalt powders because of the
higher powder surface area to volume ratio. The higher surface area per unit volume effectively
increases the interfacial energy. Interfacial energy, which is a function of surface area, is a
driving force behind sintering, thus decreasing the cobalt particle size can lead to higher density
parts [38]. The smaller cobalt particle size effectively increased the density of the parts
manufactured using lot C powder samples. The high hardness of C+10wt.%Co+4gC is a direct
result its high density (Table 5-2).
The parts processed from lot C powders had more radial hardness variation than the parts
processed from lot B powders. The increased hardness variation is due to the presence of eta
phase in the microstructure. The formation of the eta phase may have been a result of using the
0.7 µm cobalt powder. The increased powder surface area per unit volume of the 0.7 µm cobalt
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powder makes the cobalt more likely to oxidize. The smaller particle size cobalt powder led to
the formation of cobalt oxides that eventually caused the formation of eta phase during sintering.
Choosing to process TCHP powders using a 0.7 µm cobalt particle size instead of a 0.8 µm cobalt
particle size promises to increase the density and hardness of final sintered parts when cobalt
oxidation is controlled.

5.4.1 Impact of Cold Compaction on Hardness and Density
The hardness of C+10 wt.%Co+6gC is lower than the hardness of C+10wt.%Co+4gC due
to differences in cold compaction force. Parts processed from powder sample C+10wt.%Co+6gC
were pressed with 11.03 tsi of pressure, which is less than the 12.73 and 14.42 tons of pressure
that was used to press all other powders. Parts processed from powder sample
C+10wt.%Co+6gC were difficult to eject after pressing, decreasing the pressing pressure was an
attempt to prevent part cracking upon ejection. Increasing pressing pressure increases the density
and hardness for parts processed from powder metals. By decreasing the pressing pressure to
11.03 tsi, C+10wt.%Co+6gC parts achieved lower densities and, as a result, lower hardnesses.

5.5 Microstructural Evaluation of Press and Sinter TCHP Parts
Figure 5-7 shows a microstructural comparison between TCHP processed using press and
sinter and hot pressing techniques. The set of images on the left are of TCHP lot B samples and
the set of images on the right are hot-pressed TCHP microstructures. The press and sinter TCHP
samples contain 10wt.% cobalt, whereas the hot-pressed TCHP samples contain 6 wt.% cobalt.
Because of the higher cobalt content, regions of cobalt are more easily visible in the press and
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sinter images on the left. Additionally, the cobalt in the press and sinter images provides image
contrast that helps to define the WC grains.

Figure 5-7: (Left) Backscatter electron micrographs of the microstructures of press and sinter
TCHP parts. (Right) Backscatter electron micrographs of typical microstructures of hot-pressed
TCHP parts.
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CLEMEX image analysis software was used to determine core particle size, WC grain
size, and the mean free path of the cobalt. Each of the six images was scanned and ten
measurements of the core particle size, WC size, and the mean free path of the cobalt were made.
This resulted in a total of 90 measurements per part processing technique. The WC grain sizes
that were measured consisted of a set of the largest well defined grains in each image. The mean
free path of the cobalt was measured instead of grain size in an effort to maintain consistent
length scales with the core particle and WC grain sizes. The data from the image analysis is
listed in Table 5-4.
Table 5-4: Image analysis: size results
Press and Sinter Parts

Avg. (µm)
Std. Dev. (µm)

Al203
1.70
0.17

WC
2.66
0.16

Co
1.64
0.15

Hot-pressed Parts

Avg. (µm)
Std. Dev. (µm)

1.79
0.16

1.30
0.04

1.10
0.24

The results in Table 5-4 show that while the press and sinter and hot-pressed samples are
similar, they do have some differences. Compared to the hot-pressed samples, the images of the
press and sinter samples show that the alumina core particles are 5% smaller, the WC grains are
105% larger, and the mean free path of the cobalt is 49% larger. It makes sense that the mean
free path of the cobalt would be greater in the press and sinter samples because they were
processed with an additional 4 wt.% cobalt. The additional cobalt also may have contributed to
the increased WC grain size because increasing cobalt content increases the amount of liquid
phase present during sintering. During the stage of solution-reprecipitation in liquid phase
sintering, smaller grains are dissolved in the liquid and are reprecipitated to form larger grains.
The additional cobalt in the press and sinter samples may have led to the formation of larger WC
grains due to enhanced solution-reprecipitation during liquid phase sintering.
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It is helpful to define the individual constituents of the TCHP composite by assigning
different colors to each component. Figure 5-8 shows the images from Figure 5-7 after they have
been analyzed by using CLEMEX image analysis software. The blue regions are alumina core
particles, the green regions are cobalt, and the red regions highlight WC.

Figure 5-8: (Left) Image analysis of press and sinter TCHP parts. (Right) Image analysis of hotpressed TCHP parts
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The differences in the cobalt regions are the most apparent difference in Figure 5-8. There also
appears to be differences in the quantity and shape of the alumina core particles. One would
expect that the press and sinter images would have a lower volume percentage of alumina core
particles due to the additional 4 wt.% cobalt that was used when processing the parts, but there
are also differences in core particle shape.

Figure 5-9: (Left) Image analysis of press and sinter TCHP parts. (Right) Image analysis of hotpressed TCHP parts. Notice the differences in core particle shape between the images.
Figure 5-9 shows a comparison between the core particle shape in a press and sinter
image and a hot-pressed image. Notice that the core particles in the press and sinter images on the
left have coalesced together whereas the core particles in the hot-pressed images on the right
remain isolated from one another. This observation suggests that that neck formation has
occurred between the core particles in the press and sinter images. Neck formation is a result of
solid state sintering that occurs as a result of diffusion between adjoining powder particles. The
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neck formation may have been a result of more mechanical contact between the core particles due
to differences in compaction techniques.
Table 5-5: Image analysis: percent area results
Press and Sinter
Area %

Hot-pressed
Area %

Al203
WC
Co

37.54 Al203
52.31 WC
10.15 Co

41.81
50.95
7.241

Al203
WC
Co

30.26 Al203
59.63 WC
10.11 Co

40.73
50.9
8.367

Al203
WC
Co
Avg.

35.09 Al203
53.44 WC
11.47 Co
Avg.

44.07
50.26
5.667

Al203
WC
Co
Std. Dev.

34.3 Al203
55.13 WC
10.58 Co
Std. Dev.

Al203
WC
Co

3.704

Al203
3.941 WC
0.774 Co

42.2
50.7
7.09
1.704
0.385
1.356

The quantitative results from the image analysis are listed in Table 5-5. The press and
sinter samples have a lower area percentage of alumina core particles and higher area percentage
of cobalt when compared to the hot-pressed samples. The hot-pressed samples, that consist of 6
wt.% cobalt, have a composition that differs slightly from the theoretical volume percentages.
When using image analysis for microstructural comparisons it is possible to relate the area
percentages to volume percentages in uniform materials. This is an accurate assumption as long
as the figure is representative of the entire sample and the microstructure is uniform in the inplane direction. Applying this assumption to TCHP reveals that the image analysis results differ
from the theoretical composition. Theoretically, TCHP consists of 7.16 vol.% cobalt, 50%
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alumina, and 43.9% WC. The difference between the theoretical composition and the
composition as determined using image analysis has been noticed previously by other project
members. The variation from the theoretical composition is thought to be the result of core
particle pull-out during polishing.

5.6 Discussion
It is important to understand how processing a material affects its microstructure.
Because press and sinter technology provides an economical method of manufacturing TCHP
parts, it is important to understand its effect on part quality. Producing quality WC-Co based
hardmetals begins with controlling cobalt oxidation. Cobalt oxidation can be controlled by
limiting powder and green part exposure to atmosphere during processing. High quality TCHP
parts with clean microstructures that are free of visible defects can be produced using
conventional press and sinter techniques that have been optimized for the production of WC-Co
over the past 80 years if cobalt oxidation can be controlled. Producing quality parts is directly
related to attaining a dense, defect free microstructure. Understanding microstructure is the first
step in understanding the fracture of TCHP hardmetals because the fracture toughening
mechanisms of TCHP parts are directly related to its composite microstructure.
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Chapter 6
Experimental Procedure: Instrumented Impact Testing

6.1 Sample Preparation
Hot-pressed samples of conventional TCHP and 0.8 µm tungsten carbide cobalt (WC10wt.%Co) were processed for instrumented impact testing. Conventional TCHP differs from
TCHP lots A, B, and C because the conventional TCHP has been externally coated with a layer of
cobalt. Both samples were hot pressed into rectangular geometries. The samples were
compacted using 15 MPa of pressure and consolidated at 1425 ⁰C for 100 minutes under a
vacuum. Table 6-1 lists the hot pressing results for each sample.
Table 6-1: Hot pressing results for parts manufactured for impact testing
Sample
Mass (g)

WC-10wt.%Co
3

Dimensions (mm )
3

Dimensional Density (g/cm )
3

Archimedes Density (g/cm )

TCHP
284.6

286.8

7.64 x 51.56 x 51.45

11.48 x 51.08 x 51.14

14.04

9.57

14.58

9.43

After hot pressing, the samples were machined to geometries that were in accordance
with the draft ASTM miniaturized Charpy standard. The samples were EDM’ed to the
miniaturized specifications. ASTM standard E 23 also requires that samples made of particulate
materials must be tested un-notched [54]. Four TCHP samples and seven WC-10wt.%Co
samples were prepared for impact testing. All eleven test samples were machined un-notched
bars with a height of 4.83 mm, a width of 4.83 mm, and a length of 25.40 mm.
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6.2 Testing Procedure
With the machined geometries ready for impact testing, a sample was loaded across a
miniaturized anvil that spanned 19.30 mm. Using miniaturized supports is necessary to ensure
that the striker impacts the test specimen at the point of maximum kinetic energy. If conventional
supports are used, the miniaturized sample is struck at a slightly upward angle and this would
yield inaccurate results. Figure 6-1 shows the Tinius-Olsen model 84 impact testing machine
that was outfitted with MPM Technologies instrumentation that was used for testing.

Figure 6-1: Tinius-Olsen model 84 instrumented impact tester [55].
The impact tester that was used was a 300 ft-lb unit. Though a 300 ft-lb unit seems massive for
such small samples, it is necessary to ensure a constant striker velocity through impact.
Energy is resolved from the instrumented impact test using a striker that is instrumented
with Wheatstone bridge strain gauges. During an impact event, the strain gauges allow a voltage
vs. time curve to be generated. The voltage vs. time curve is converted to a force vs. time curve
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through a high precision load cell calibration. The load cell calibration has a precision of 0.1%
[56]. The hammer velocity is recorded during impact using an optical encoder. The velocity data
is then used to generate a velocity vs. time curve for the fracture event. A numerical integration
of the velocity vs. time curve results in the displacement vs. time curve. The force vs. time and
the displacement vs. time curves can then be used to obtain a force vs. displacement curve.
Lastly, the impact energy can be determined by integrating the force vs. displacement curve [55].
Testing began with an encoder calibration that accounted for wind resistance and
mechanical friction in the test machine. After the free swing calibration verified a zero joule
impact energy, testing began.
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Chapter 7
Results: Instrumented Impact Testing

7.1 Introduction
Seven WC-Co samples and four TCHP samples were tested using an instrumented impact
tester. The impact energy during fracture was recorded for each sample. Because it is common
for cemented carbide cutting tools to consist of 10 wt.% cobalt binder, this is the composition that
was chosen for comparison with the TCHP samples. Unlike the non-traditional TCHP powders,
that lack an external cobalt coating and were investigated in Chapter 5, the TCHP samples that
are used for impact testing are standard TCHP materials. The process of externally coating the
powders with a layer of cobalt controls the amount of cobalt within the final sintered part to 6
wt.% [41].
The effect that the additional 4 wt.% of cobalt binder has on the amount of energy
absorbed during impact testing is important to understand when considering the impact test
results. Binder content is one of the three fracture toughening mechanisms of composite
hardmetals. Increasing binder content effectively increases the amount of energy that is absorbed
during impact. Figure 7-1 is a plot published by Brookes that shows increasing toughness with
increasing binder content for submicron WC-Co hardmetals.
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Figure 7-1: A plot of impact energy vs. cobalt content for WC-Co [57]

Table 7-1: Estimated cobalt contents and impact values used in Figure 7-1
Cobalt Content (wt.%) Impact Value (J)
6
0.2304
9
0.2609
10
0.3000
11
0.3304
12
0.3696
13
0.4174
15
0.4391
20
0.4696
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7.2 Impact Test Results
The raw impact energy data that is displayed in Table 7-2 was obtained using results
from strain gauge instrumentation. The MPM technologies instrumented impact tester is one of
the three devices used for NIST standardization because the strain gauge instrumentation provides
higher accuracy results than the results obtained by a user or an optical encoder reading a dial
gauge.
Table 7-2: Raw data from impact testing
Sample

Avg. Impact Energy (J)
Std. Deviation (J)

TCHP
Impact Energy (J)

WC-10wt.%Co
Impact Energy (J)
0.2190
0.2224
0.1846
0.2810

0.3346
0.2593
0.3951
0.3245
0.2933
0.3349
0.2906

0.2268
0.0400

0.3189
0.0435

When analyzing the data it is important to eliminate the lowest impact value for each sample in
order eliminate the effect that a surface scratch may have had on the test value. For this reason
the lowest impact energy for each sample was not included in results analysis.
Because the WC-Co samples had the advantage of having 10 wt.% cobalt, their impact
energies were adjusted to a composition of 6 wt.% cobalt. This adjustment is necessary because
cobalt content is a fracture toughening mechanisms in hardmetals. By adjusting the raw impact
data, the WC-Co samples no longer have additional toughness due to increased binder content,
and they can be compared to the TCHP samples without bias.
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The instrumented impact test data can safely be compared to the Brookes results in
Figure 7-1 for two reasons. First, the WC-Co samples that were tested consisted of 0.8µm WC
and 10 wt.% cobalt. This composition was chosen for the comparison with the TCHP samples
because it is a common commercial grade that is favored by industry. Brookes tested WC-Co
samples that were “typical commercial” grades. Submicron WC-Co is favored by industry and
can be safely considered a typical commercial grade of the material.
Secondly, a two sample t-test shows that there is not a statistically significant difference
between the average impact value for the WC-10wt.%Co test samples and the impact value
reported by Brookes for a cobalt content of 10 wt.%.. Table 7-3 shows the results of the two
sample t-test. With 95% confidence, a t-test is not statistically significant if the p-value is greater
than 0.05. The p-value reported in Table 7-3 is 0.2726 and is greater than 0.05. This confirms
that there is no significant difference between the average impact value tested using the
instrumented impact tester and the value reported by Brookes at 10 wt.% cobalt.
Table 7-3: Two sample t-test comparing the impact values of WC-10wt.%Co and the impact
values reported by Brookes at 10 wt.% cobalt

t Test Analysis (Mean)
WC-10wt.%Co
Brookes

WC-10wt.%Co
1.0

Brookes
0.272636
1.0

Summary
Mean
StDev
Count

0.3189
0.043491
7

0.3
0.0
7

Now that the two sample t-test has shown that the instrumented impact test data for the
WC-Co samples can be safely compared to the data reported by Brookes, the raw impact energies
were adjusted by fitting a line through the linear portion of the data from Figure 7-1. The R2
value of 0.913 shows that the slope of the line in Figure 7-2 has a strong linear correlation.
Using this linear fit, a reduction factor of 0.6 is found when comparing the impact value of a
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6wt.% cobalt sample to the impact value of a 10wt.% cobalt sample. The reduction factor is then
used to scale the WC-10wt.%Co impact values to an impact value of a sample consisting of 6
wt.% cobalt.

Impact Energy vs. Cobalt Content
for WC-Co
Impact Energy (J)

0.45
y = 0.0266x + 0.0473
R² = 0.913

0.4
0.35
0.3
0.25
0.2
4

5

6

7

8

9

10

11

12

13

Cobalt Content (wt.%)

Figure 7-2: Linear portion of the data plotted in Figure 7-1

Table 7-4: Adjusted impact data
Sample

Avg. Impact Energy (J)
Std. Deviation (J)

TCHP
Impact Energy (J)

WC-10wt.%Co
(0.6) Adjusted Impact Energy (J)
0.2190
0.2008
0.2224
0.2371
0.2810
0.1947
0.1760
0.2009
0.1744
0.2408
0.0349

0.1913
0.0261

14
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Table 7-4 shows a comparison between the TCHP samples and the adjusted WC-Co
samples. The data shows that TCHP exceeds the impact toughness of WC-Co of the same cobalt
content by 26%. A two sample t-test confirms that the difference in the average impact energy of
TCHP and the average impact energy of WC-Co of equal cobalt content is statistically significant
with 95% confidence. For results to be statistically significant with 95% confidence the p-value
in the two sample t-test needs to be less than 0.05. Table 7-5 displays a p-value of 0.0342 which
is less than 0.05. As a result of this two sample t-test, it is verified that the difference in the two
average impact energies is statistically significant with 95% confidence.
Table 7-5: Two sample t-test comparing the impact values of TCHP and WC-Co of equal cobalt
content

t Test Analysis (Mean)
TCHP
WC-6wt.% Co
Mean
StDev
Count

TCHP
1.0
Summary
0.24133
0.034443
3

WC-6wt.%Co
0.034184
1.0
0.19134
0.026094
7

Scaling the impact energies of the WC-10wt.%Co samples to values consistent to a cobalt
composition of 6 wt.% shows that the additional toughness was solely due to the increased binder
content. TCHP samples have the ability to absorb more energy at impact than WC-Co samples of
equal cobalt content because of their additional fracture toughening mechanism. Because TCHP
is a particle reinforced composite, the core particles affect crack propagation through the material.
A propagating crack loses energy as it deflects around core particles [33]. As a result, particle
reinforced composites, like TCHP, have relatively higher toughnesses.
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Chapter 8
Discussion of Results
Instrumented impact testing suggests that TCHP hardmetals have the ability to exceed the
impact toughness of WC-Co hardmetals of the same cobalt content. The fracture toughening
mechanism of crack deflection around core particles is considered the main factor allowing
TCHP to have a higher impact toughness. Fracture surface analyses support this theory.

(1)

(2)

(3)

(4)

Figure 8-1: SEM micrographs of each TCHP sample’s fracture surface that had been fractured
during instrumented impact testing. Notice the spherical core particles are intact within the WCCo matrix
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Figure 8-1 shows the representative fracture surfaces of the samples that were impact tested.
Notice that the core particles are either fully intact or have been completely removed from the
WC-Co matrix. No core particles appeared to have fractured in any image in Figure 8-1.

(1)

(2)

(3)

(4)

Figure 8-2: Higher resolution SEM micrographs of each TCHP sample’s fracture surface that had
been fractured during instrumented impact testing
The fracture of the WC-Co matrix is typical of non-particle reinforced WC-Co materials.
WC-Co materials of low cobalt content tend to fracture as a result of the combination of ductile
rupture of cobalt ligaments, WC/WC grain decohesion, cleavage across WC grains, and fracture
along the WC/Co interface [58]. Figure 8-2 shows a “step-like” fracture surface between the
WC grains [59]. The “step-like” surface is evidence of intergranular fracture as a result of the
combination of WC/WC grain decohesion and fracturing the WC/Co interface.
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Figure 8-3 shows the round core particles surrounded by the “step-like” fracture surface
of the WC grains. This “step-like” surface indicates intergranular fracture of the WC-Co matrix.

Figure 8-3: TCHP fracture surface showing evidence of intergranular fracture and crack
deflection around core particles [33]
Intergranular fracture is common in two phase materials like WC-Co because grain boundaries
are the most prevalent source of weak interfaces in brittle materials [59]. As a crack impinges
upon a grain boundary the grain boundary may crack or cracks may nucleate on the opposing side
of the grain boundary.
Figure 8-3 also illustrates what happens when a crack face extends through the WC-Co
matrix and into a core particle. Figure 8-3 shows evidence of spherical core particles that are
fully intact. No core particles appear to have fractured in Figure 8-3. Once the crack impinges
upon a core particle it is deflected around the core particle, instead of fracturing it. The diagram
of crack deflection around the core particles in Figure 8-3 illustrates that the deflection
mechanism actually increases the crack path length and, thus, effectively increases the resistance
to fracture. Because of this interaction, TCHP hardmetals have the ability to be more resistant to
fracture than non-particle reinforced hardmetals. Understanding why cracks tend to deflect
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around core particles is important to understanding the effect that crack deflection around core
particles has on the toughness of TCHP. To help understand the effect that core particles have on
fracture it is important to compare the instrumented impact test results against internal standards.
Impact tests of the internal standards would use of three rounds of testing with different
blends of TCHP and WC-6wt.%Co. Independent laboratory testing has shown that a blend of 50
vol.% of TCHP and WC-Co sinters exactly as well as conventional WC-Co, so attaining a high
quality sample for the internal standards would not be a problem. The internal standards would
consist of TCHP/WC-6wt.%Co samples of 25 vol.% TCHP, 50 vol.% TCHP, and 75 vol.%
TCHP. Seven bars of each sample would be machined to the miniaturized Charpy specifications
outlined in Chapter 6. All testing conditions including setup and test temperature would be
replicated so that the data from the current results could be compared to the internal standards
fairly. Comparing the current instrumented impact test results against the internal standards
would quantify the effect that increasing volume percentages of core particles has on the impact
toughness of TCHP.

8.1 FEM Modeling of TCHP Fracture
Though comparing the instrumented impact test results against internal standards would
help quantify the effect that increasing volume percentages of core particles has on the impact
toughness of TCHP, it is also important to use computer simulations help understand fracture in
TCHP. Finite element modeling (FEM) of fracture is a useful tool for understanding fracture at
length scales where continuum material behavior can be assumed. A body can be considered a
continuum material if it can be modeled as a uniform distribution of matter where its behavior is a
function of its bulk material properties [60]. Finite element models can accurately be employed
to model fracture when the crack length of interest is much greater than any of a material’s
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microstructural features. This assumption needs particular attention in the case of particle
reinforced composites, like TCHP.
FEM models of crack extension based on linear elastic fracture mechanics predict
fracture when the stress intensity factor in the simulation equals the fracture toughness of the
material. Much care needs to be taken with applying boundary conditions to FEM fracture
models. If symmetry is used and only half of a crack body is modeled, the effects of boundary
conditions become critical.

Figure 8-4: Boundary conditions for a symmetric model of a mode I loading condition
To model symmetry along the horizontal axis the nodes must only be constrained vertically. If
the model is constrained horizontally on the vertical face then the simulation will underestimate
the stress intensity factor for the given loading configuration. Only one node can be used to
constrain the model in the horizontal direction to eliminate horizontal displacement along the
vertical face due to rotation (Figure 8-4).
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Past efforts have used FEM to examined crack extension through TCHP composites [61].
Sampson used FEM models to predict the onset of crack extension in WC-Co, a TCHP composite
with a cubic boron nitride core particle, and a TCHP composite with an alumina core particle. He
concluded from his model that a crack would propagate through core particles of both cubic
boron nitride and alumina once the critical stress intensity factor equaled the fracture toughness of
the core particle material (Figure 8-5).

Figure 8-5: Stress intensity factor vs. crack length for WC-Co and TCHP composites [61]
His conclusion is correct if the 2 µm core particle and WC-Co matrix can be assumed to behave
as continuum materials at the micrometer length scale. Assuming continuum behavior at length
scales below 100 µm becomes a tenuous assumption because at length scales less than 100 µm
atomic interactions become important factors. Figure 8-6 shows conventional techniques for
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modeling material behavior at different length scales [62]. Notice from Figure 8-6 that atomistic
approaches such as mesoscale and molecular dynamics simulations are conventionally used to
model material interactions at micron and submicron length scales.

Figure 8-6: Computer modeling techniques for different length scales [62]

8.2 Atomistic Models of Fracture
Atomistic approaches are needed to model crack interactions with core particles and other
microstructural features when the length scale is too small to accurately model using FEM.
Molecular dynamics simulations can accurately model material responses at the smallest length
scales because they can accurately model the atomic interactions in a material. Advances in high
performance computing and parallelization have led to 3D atomistic models with edge lengths
greater than 1 µm [63]. Further advances in computational performance will push limitations of
molecular dynamics simulations further and enable the development of even larger scale models.
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A molecular dynamics simulation begins by assigning a potential function that
approximates the behavior of individual atoms of a specific element. A potential function should
be able to accurately model both attractive and repulsive forces between the atoms. Equation 8-1
is the Lennard-Jones potential function [64]. The potential energy (U(r)) is a function of an
energy parameter (ε), a size parameter (σ), and an atomic radius (r).

8-1

Figure 8-7: A plot of energy vs. atomic radius for the Lennard-Jones potential function
Figure 8-7 is a plot of the energy vs. atomic radius for the Lennard-Jones potential
function. Notice from Figure 8-7 that the plot of the function has an obvious minimum. This

73
minimum represents the minimum potential energy of an atomic body, or the place where the
repulsive forces balance the attractive forces. This is the state where bodies exist in nature and
this condition must be met before a molecular dynamics simulation is carried out.
The potential functions for different materials can be established using ab initio atomistic
simulations. Ab initio simulations are atomistic simulations that model the quantum effects of an
atomic structure. An ab initio simulation that uses the Finnis-Sinclair scheme can model the
electron density as a function of the distances between neighboring nuclei. The electron density
can then be used to determine the atomic energy in the structure [65]. The atomic energy and
distances can then be used to create the potential function that can be used to model the atomic
interactions in a material.
With the potential function established, energy minimization is the first step that occurs
in a molecular dynamics simulation. It allows an atomic structure to equilibrate to the state where
it would exist in nature. After the energy minimization, a mode 1 loading condition can be
applied to the crack body. The simulation will then integrate Newton’s equation of motion to
determine atomic positions and velocities based on the atomic interactions. The atomic
interactions are defined by the potential function. Choosing an accurate potential function is
crucial to the accuracy of the simulation.
Figure 8-6 is a collection of snapshots that are the results of a molecular dynamics
simulation. The simulation was run using LAMMPS open source molecular dynamics software
that is written in C++ [66]. The simulation represents a 2D crack body consisting of 8000 atoms
where the atomic interactions are based on the Lennard-Jones potential function.
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Figure 8-8: Snapshots from a molecular dynamics simulation of crack propagation
Notice the level of detail that is illustrated in Figure 8-8. The results illustrate crack propagation,
crack branching, and atomic realignment away from the crack tip.
Ultimately, the use of molecular dynamics software for modeling crack propagation
enables an understanding of fracture at the atomic scale. If an accurate potential for WC and all
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interatomic interactions is developed, it could be used in conjunction with the available potential
functions for cobalt and alumina to model crack propagation through TCHP composites for the
first time. This simulation would enable an understanding of the effects that the fracture
toughening mechanisms of added binder ductility, crack deflection around core particles, and
crack interactions at grain boundaries have on toughness.
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Chapter 9
Conclusion

TCHP based hardmetals provide a unique combination of favorable material processing
characteristics and material properties that make desirable cutting tools. TCHP hardmetals can be
processed using the same well known cycles that have been used to process WC-Co hardmetals
for 80 years. A microstructural evaluation of press and sinter and hot-pressed TCHP parts shows
that either method is capable of yielding dense, high quality microstructures that are free of
visible defects
It is the composite nature of TCHP’s microstructure that gives it inherent advantages over
conventional carbide cutting tools. Not only does the addition of hard, wear resistant alumina
core particles promote long service lifetimes as a cutting tool, but the core particles also have
other beneficial effects. The incorporation of core particles also allows TCHP materials to be less
affected by diffusion wear resulting from carbon loss when machining ferrous metals. Carbon
loss in conventional carbides weakens the cutting tool and promotes premature tool failure.
Furthermore, TCHP’s composite microstructure enables it to be more resistant to fracture
than conventional carbides. Experimental testing using an instrumented impact tester suggests
that TCHP has the ability to absorb 26% more energy at fracture than WC-Co material of equal
cobalt content. This result is interesting because independent laboratory testing has shown that
TCHP cutting tools can exhibit up to 15 times the wear resistance of conventional carbides. Wear
resistance and toughness of conventional carbides are inversely related and TCHP based cutting
tools promise to increase the combination of wear resistance and toughness to a level that is
unattainable with conventional carbides.
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TCHP materials are more resistant to fracture than WC-Co materials of the same cobalt
content due to their additional fracture toughening mechanism. The interaction of crack
deflection around core particles makes TCHP tougher than WC-Co. Quantifying the effect that
crack deflection around core particles has on toughening TCHP composites could be done by an
additional round of impact testing using three internal standards comprised of WC-Co and TCHP
materials. The internal standards would consist of 25%, 50%, and 75% TCHP blended with WC6wt.%Co. The internal standards could then be compared to unblended TCHP materials to help
understand the effect that the core particles have on toughness. Additionally, the use of an
atomistic model of crack propagation through TCHP’s composite microstructure is necessary to
validate the instrumented impact test results.
Future work should include developing an accurate potential function for WC and all
interatomic potentials necessary for an atomistic simulation of TCHP. The potential functions
could then be used with available potential functions for cobalt and alumina to model the atomic
structure of a TCHP composite. Crack propagation through the body could then be analyzed
using a molecular dynamics simulation. The resulting atomistic computer model of crack
propagation through a TCHP composite would help quantify the effect that crack deflection
around core particles has on toughness.
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Appendix A
Impact Test Summary Reports

A.1 WC-10wt.%Co-sample 1

85
A.2 WC-10wt.%Co-sample2

86
A.3 WC-10wt.%Co-sample 3

87
A.4 WC-10wt.%Co-sample 4

88
A.5 WC-10wt.%Co-sample 5

89
A.6 WC-10wt.%Co-sample 6

90
A.7 WC-10wt.%Co-sample 7

91
A.8 TCHP-sample 1

92
A.9 TCHP-sample 2

93
A.10 TCHP-sample 3

94
A.11 TCHP-sample 4

