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boundary. The excellent agreement between the LAM and GND values is not surprising since both
values are derived from the measured local misorientation.

Figure 5a shows the interaction of (1010) prismatic slip bands with the twin-parent interface
shown in Figure 4. The corresponding local misorientation gradient due to slip accumulation at
the interface is shown in the inset LAM map. Figure 5b,c represents the FIB-DIC analysis and
corresponding stress measurements for the region shown in Figure 4. Figure 5b shows the spatial
orientation of the milled slit with respect to the twin boundary. The white dots correspond to the
YSZ particles used for surface decoration. The twin boundary plane orientation is highlighted by the
yellow parallelogram, with the twin plane normal defined as T;,. The measured stress values were
resolved along the twin plane to obtain the shear component acting on the twinning plane along
the twin boundary trace, designated as o1, rwinpiane- Figure 5c displays the variation of 01, rinpiane as
a function of normal distance from the twin boundary i.e., along direction 2. The stress values all
throughout the twin and parent remain compressive in nature, with a continuous transition across the
interface. The magnitude of the stress is highest at the interface reaching up to a value of ~—180 MPa,
subsequently dropping to —80 MPa near the twin center. On the other hand, the stress values in the
parent grain interior stabilize at ~—110 MPa. On comparing the stress gradients with Figure 4d,e the
agreement seems excellent, thereby indicating that the observed stress fluctuations indeed confer to
the actual stress state in the twin and parent grains.

Figure 5. (a) Image quality map showing instances of (1010) prismatic slip bands interacting with twin
parent interface; inset image shows corresponding local misorientation gradient along the identified
slip trace; (b) SEM image of decorated twin-parent interface from Figure 4a; the twin boundary plane
orientation is shown in yellow with twin plane normal Ty. Slit coordinate system labelled by directions
‘1" and "2’; (c) corresponding measured resolved shear stress component (07, winplane) along line AB.

The observations indicate the presence of compressive residual stress states acting parallel to the
twin boundary plane. In order to understand the implications of such a stress state it is important to
delve into the mechanistic of migration of coherent twin-parent interfaces. The lateral broadening of
a twin typically involves shear coupled migration of twin boundaries, whereby the normal translation
of the boundaries is simultaneously accompanied by shearing of the parent grain. The magnitude of
the theoretical twin shear S' is characteristic for the twin type and in the case of {1012} (1011) tension

c\2
twins is given as: S = Eg% \/g For titanium with c/a = 1.587, St = 0.171.
Twin boundary motion typically involves the glide of twinning dislocations/zonal dislocations,
which are defined as regions wherein non-homogeneous shear at the twin matrix interfaces is
accomplished at the expense of pure atomic shuffling in multilayer twin lamellae (c.f. Figure 6a).

The mechanism of lateral thickening is demonstrated in Figure 6a. During tensile loading, the stress
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component acting along the twin plane 7,,1;¢4 typically drives the motion of twinning dislocations
along the twin plane, resulting in shearing of the adjacent parent region and simultaneous thickening
of the twin by a value Ah. This process repeats itself as long as the applied stress is sufficient to
move the twinning dislocations and sustain the thickening process. In the unloaded state however,
the presence of a compressive residual stress state generates a negative shear that may promote the
motion of twinning dislocations in a direction opposite to that in case for externally applied stress (c.f.
Figure 6b). Such a scenario typically indicates the favorability of the twin lamellae to undergo thinning
during unloading and also disappear when applied load is reversed. This further explains why lower
applied stresses are required to activate de-twinning as compared to twin nucleation during cyclic
loading behavior, since the already present internal compressive stresses act as an additive stress to the
applied load [38,39]. Indeed, it must be noted that the considerations of anisotropy in twin boundary
motion in the longitudinal and transverse directions, due to the former being shear dominated and the
latter primarily driven by atomic shuffling, is also crucial to accurately understand the de-twinning
phenomenon. In the forthcoming section, it will be also shown how the stress state at the twin tips
further contribute to the aforementioned de-twinning effects, often observed in hexagonal close packed
metals [40].

a) During Loading b) Unloaded state

I~ Zonal
L dislocations

< o\"’“e‘)

Figure 6. (a) Schematic showing twin boundary migration leading to twin broadening under applied
stress; the stress component parallel to the twin boundary drives the motion of zonal dislocations that
result in simultaneous shearing and twin thickening i.e., shear coupled twin boundary motion (b) In
unloaded state, compressive residual stress states can exert negative shear forces and subsequently
favor opposite movement of twinning dislocations and concurrent twin shrinkage i.e., de-twinning.

4.2. Stress Gradients Arising from Twin-Grain Boundary Interactions

Figure 7 illustrates an instance of twin-grain boundary interaction wherein {1012} tension twin
lamellae impinge and are subsequently being blocked at the grain boundary. Figure 7a represents
the inverse pole figure map of the twin-grain boundary intersection zone, wherein two tension twins
of the same variant meet the grain boundary (marked as GB). The selected area corresponds to the
magnified view of the highlighted region in the inset image. The inset image indicates that the
investigated twin could either arise in the blue grain by means of propagation of the dark pink twin in
the neighboring green grain across the grain boundary or due to simultaneous nucleation of twins at
the grain boundary, which subsequently propagate inside both green and blue grains. As in Figure 4a,
the parent grain is denoted as ‘Pgrain’, whereas the twinned domains are labelled as “Tgyain” and the
neighboring grain is represented as ‘Ngrain". A schematic of the orientation of the milled slit from
point A to B is additionally shown in Figure 7a. Figure 7b,c represent the KAM and LAM maps
of the same region, with twin boundaries highlighted in red and grain boundaries shown in black.
Grain boundaries were designated by a lower threshold of 15° in Figure 7b,c. A grain boundary map
color coded with respect to the ease of twin transmission is presented in Figure 7d. The values at
the grain boundary of interest indicate a poor probability of twin transfer, evident by an m/ value of
0.3 (c.f. Equation (1)). Grain and twin orientations are further depicted by the spatial orientation of
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the hexagonal crystals. Traces corresponding to the twin plane (in orange) and twin shear directions
(in blue) are also plotted in Figure 7d. Figure 7e shows the distribution of GND values as well as
the misorientation profile with respect to the grain boundary along line AB. Figure 7f indicates the
LAM distribution along line AB. Figure 7e,f indicate a peak lattice distortion and dislocation density in
the vicinity of the grain boundary that decays to lower values on moving left (towards twin interior)
or right (into the neighboring grain). Lattice rotations inside the twin near the twin-grain boundary
interface are significantly high and drop drastically, within a width of 1 um away from the grain
boundary. On the other hand, the strain gradient in the neighboring grain shows a less sharp decrease.
The GND and LAM values in the neighbor grain indicate a local minimum in the vicinity of the grain
boundary, within a width of 440 nm.
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Figure 7. (a) Inverse pole figure (IPF) map of twin lamellae intersecting a grain boundary; inset
image shows a low magnification IPF map enclosing the area of interest highlighted in black square.
Slit orientation between points A and B is shown schematically; parent, twin and neighbor grains
are labelled as Pgrain, Tgrain and Ngrain; (b) KAM, (c) LAM and (d) m/ maps corresponding to twin
transmission across grain boundary ({1012} (1011) tension twin boundaries shown in red and high
angle grain boundaries shown in black); (e) GND density and misorientation profile (with respect to
the grain boundary) inside twin and neighbor grain and (f) LAM profile between points A and B.

Figure 8 presents the stress measurements obtained from the FIB-DIC slit milling technique.
Figure 8a presents the image quality map of the region shown in Figure 7a, with a schematic of the slit.
The twins, parent and neighbor grains are labelled as Tgrain, Pgrain and Ngrain respectively. Figure 8b
corresponds to an SEM image captured post slit milling of the region highlighted in Figure 8a. The twin
boundary plane orientation is depicted and the corresponding inclination of the twinning plane normal
with respect to the sample surface is measured as 137°. The twinning shear direction, Sq is aligned
with the normal to the slit wall, represented by axis 1. The longitudinal axis of the slit is labelled as 2.
Since the measured stress component from slit milling corresponds to 1, the corresponding stress
component lying on the twinning plane and in the direction of twinning shear can be described as
1R = 071 * c0s47°. Figure 8c shows the orientation of the grain boundary plane, marked by red arrow,
to be perpendicular to the longitudinal axis of the slit, labelled as ‘2’. Figure 8d represents the measured
profile of resolved stress on the twin plane along the twinning shear direction, o1r along line AB.
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The stress gradients inside the twin domain reveal high compressive stresses at the twin tip, reaching
values up to ~—170 MPa. On moving inwards, the stress values decrease considerably reaching values
in the less negative/low positive range. On the other hand, the stress profile in the neighboring grain
registers tensile stresses as high as ~50 MPa near the grain boundary that subsequently drop to very
low positive values on moving away from the grain boundary. Agreeing with the trends seen in
Figure 7e,f, the stress values in the neighbor grain show a local minimum near the grain boundary.
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Figure 8. (a) Image quality map of region shown in Figure 7a with schematic of milled slit; (b) SEM
image of decorated twin-grain boundary intersection from Figure 7a; twin boundary plane orientation
is shown in orange with twin plane normal T,, and twin shear direction Sq. Slit coordinate system
labelled by directions ‘1’ and ‘2’, measured angle between twin boundary normal and axis ‘1" (normal
to the slit wall) is displayed as 137°; (c) the orientation of the grain boundary plane (marked by red
arrow) with respect to the slit length aligned normal to the wall of the milled trench; (d) corresponding
measured resolved shear stress component (along the twinning plane in the direction of twinning
shear) along line AB.

Residual stress profiles measured inside the twin and the neighbor grain indicate a sign
reversal in stress states across the twin-grain boundary interface. Previous studies employing
simulations also reported similar observations of sign reversal of stress states in twin and neighboring
grains [41-44]. In general, grain orientations in low symmetry hexagonal crystals can be classified into
crystallographically ‘soft” or ‘hard’ orientations, depending on whether they are initially favorably
oriented for strain accommodation along the <a>-axis (i.e., basal or prismatic slip) or not. {1012}
tension twinning typically results when the local stress along the c-axis of a crystallographically ‘hard’
parent orientation is tensile in nature. Under an externally applied stress, the soft orientations are
typically the first to yield while the hard grain orientations, being elastically stiffer, undergo elastic
straining due to lack of slip accommodation. This mechanism continues until a threshold stress is
reached, whereby twinning is able to activate in the crystallographic hard grain orientations. Twinning
in hexagonal crystals proceeds primarily via 3 stages: nucleation, propagation and lateral growth of
the twin lamella. Nucleation involves formation of viable twin nuclei, a few atoms thick, preferably at
grain boundaries associated with high localized stress concentration. It has been suggested that the
twin nucleation mechanism is triggered by the interaction of grain boundary dislocations and stress
driven slip dislocations [40]. Typically, the nucleation process is governed by two main factors, that is,

313



Crystals 2018, 8,1

the local resolved shear stress along the twinning shear direction on the twin plane and the ease of
accommodation of twin associated shear in the neighbor grain (either by twinning or dislocation slip).
The accommodation strains imposed on the neighboring grains by twinning can be readily calculated
from the twinning shear by rotating its displacement tensor into the crystallographic reference frame
of the neighboring grain.

Following nucleation, the twin propagates along the longitudinal direction, elongating in shape
(Figure 9a). The green arrows in Figure 9a,b indicate the direction of the applied stress in the current
study. Propagation refers to the process of the twin front moving, by means of glide of twinning
dislocations, into the bulk of the grain and eventually terminating on encountering an obstacle such
as grain boundary. The orange arrow in Figure 9b indicates the direction of the resolved shear stress
component that drives twin propagation. Hereafter, further stress increase triggers lateral growth
of the twins leading to their thickening (Figure 9b). The mechanism of twin thickening is already
described in Section 4.1 (c.f. Figure 6a).

a) b) c)

grain Ngrain

Figure 9. (a) Schematic showing twin propagation in a parent grain, applied stress in the present study
is depicted by green arrows, direction of propagation shown by black open arrow; (b) twin growth
leads to lateral thickening under external stress once the twin hits the grain boundary, the forward
stress component driving motion of twinning front (shown in blue arrow) is accommodated in the
neighboring grain; (c) direction of back stresses acting on the twin in the investigated region during
unloading that resist further twin growth.

While the part of the parent undergoing twinning undergoes significant stress relaxation,
the untwinned parts of the parent grain, as well as the neighboring grains devoid of twinning show
a significant increase in the internal stresses on further straining. Additionally, owing to the nearly
90° crystallographic reorientation of the twinned volume, the twins also assume a plastically hard
orientation in terms of both slip as well as {1012} tension twinning (Figure 9b), leading to build up of
large compressive internal stresses.

During unloading it is expected that the large internal stresses stored in the untwinned parent
grain and the neighboring grains would impose considerable back stress on the twin (schematically
illustrated by the blue arrows in Figure 9¢), which explains the observed compressive stress state inside
the twin domain (Figure 8d). The values of stresses near the twin tip in the present study reached
values of —170 MPa. Comparing these values and the ones obtained in Section 4.1 to the typical critical
resolved shear stresses for twinning in pure titanium that is around 125 MPa [45], indicates that the
reaction stresses at the twin tips as well as along the twin boundary plane are significant enough to
trigger mechanisms such as de-twinning in these regions. Furthermore, the high back stresses near
the tips and low values at the mid region of the twin also comply with the typically seen lamellar
twin morphology with converging tips (higher resistance to lateral growth) and a relatively thick
mid-section (easier thickening under external stress).

The tensile stress gradient observed in the neighbor grain (Figure 8d) most likely arises from the
forward stress component (Figure 9b) driving twin propagation (owing to the directional nature of
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twinning) and countering the aforementioned back stress. When the twin hits the grain boundary this
positive stress in front of the twin tip is plastically accommodated in the neighboring grain, either
by slip or twinning. In the present case absence of twins and a steady change in misorientation
observed in the neighbor grain (c.f. Figure 7a-d) typically indicates slip induced strain accommodation.
Similar to the observations in reference [15], the stress profile indicated a local minimum close to
the boundary (Figure 8d). This characteristic is attributed to the role of stress fields arising from
superposition of twinning dislocations and grain boundary dislocations, which in turn influence the
pile-up configuration.

4.3. Implications for Macroscopic Damage Performance and Fatigue Behavior of Hexagonal Materials

The implications of the observations in the current work are significant in terms of understanding
the role of twins on the fracture behavior in titanium. The findings indicate that stress development
inside twins is significantly impacted by neighbor grain deformation as well as the plastic response
of the untwinned parent. The values presented in the current study also highlight the role of twins
in crack nucleation in the adjacent grain, especially at the twin tips. Furthermore, compressive back
stresses acting parallel to the twin-parent interface in the unloaded state, along with the reaction forces
at the twin tips explain the frequently observed dynamic microstructural changes induced due to
internal back stresses during unloading via mechanisms such as, de-twinning or re-twinning [39,40].
The measured values also indicate that stresses can be significantly large to easily drive such reverse
migration of twin boundaries, thereby corroborating the frequently observed behavior of twins
disappearing during cyclical loading experiments.

The quantitative estimates of local stress profiles near twin boundaries provides an in depth
understanding of microscale stress evolution, which is essential for designing microstructures that can
enhance bulk scale mechanical performance.

5. Conclusions

A novel correlative technique utilizing EBSD and a FIB-DIC method for obtaining site specific
microstructural and local stress information is presented. Stress gradients due to dislocation pile-up at
pure titanium twin boundaries and at twin-grain boundary intersections are quantified. The following
conclusions are drawn:

1.  Stress gradients across the tension twin-parent interface were compressive in nature, with the
maximum stresses recorded at the twin boundary. A resolved stress of ~—180 MPa acting along
the twin boundary is reported. The results indicate that the in-built stresses are significant enough
to promote reverse migration or de-twinning during reverse loading.

2. Stress profiles at twin grain boundary intersections show a sign reversal, being compressive inside
the twin and tensile in the neighboring grain. The results provide a quantitative measure of back
stresses exerted on the twin in unloaded condition (which reach values as high as ~—170 MPa
near the twin tips) and stress gradients originating in the neighbor grain due to the interaction of
twinning dislocations and a grain boundary.

3. The stress values at the twin tips and in the twin center also highlight the role of local stresses
in defining the typically observed lamellar morphology of twins with wider mid-sections and
converging tips.

4. The observations in the current work highlight the contribution of residual stresses associated
with deformation twinning in hexagonal close packed metals in predicting their damage behavior.
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Abstract: This paper proposes a new method of evaluating the indentation toughness of hardmetals
using the length of Palmqvist cracks (C) and Vickers indentation diagonal size (d;). Indentation load
“P” is divided into two parts: P; for plastic indentation size and P, for Palmqvist cracks. Pi depends
upon the square of the indentation size (d;%) and Pc depends upon (C3/2). The new method produces
a very good linear relationship between the calculated indentation toughness values and the standard
conventional linear elastic fracture mechanics toughness values with the same cemented carbide
materials for a large number of standard Kennametal grades for both straight WC-Co carbide grades
and grades containing cubic carbides. The new method also works on WC-Co hardmetal data selected
from recently published literature. The technique compares the indentation toughness values of
WC-Co materials before and after vacuum annealing at high temperature. The indentation toughness
values of annealed carbide samples were lower than for un-annealed WC-Co hardmetals.

Keywords: WC-CO cemented carbide materials; Vickers hardness; Palmqvist indentation cracks;
indentation toughness; linear elastic fracture mechanics toughness, K¢, Gic

1. Introduction

WC-Co based cemented carbide materials, also known as hardmetals, with and without the
addition of cubic carbides such as TiC, TaC, and NbC to the base material, are extensively used in
metalcutting, mining, metalforming, and other speciality wear-resistant applications. Many hardmetal
components rely on material hardness, and while a number of application-relevant properties, such as
strength, elastic modulus, and hardness are easy to measure, the conventional linear elastic fracture
mechanics approach for measuring the fracture toughness, critical energy release rate (Gjc), and critical
stress intensity factor (Kjc) requires considerable effort. Specifically, the pre-cracking of specimens has
remained a serious obstacle.

The Palmqvist indentation cracking test is sometimes used for the characterization of the
toughness of cemented carbides [1]. The test provides a measure of the indentation crack resistance of
a brittle material from the length of cracks induced with a Vickers diamond hardness impression and
applied load as per Equation (1)

W=P/C (1)

where W is the Palmqvist indentation toughness, P is the indentation load on a Vickers diamond
indenter, and C is the sum of the four Palmqvist cracks lengths, (C; + C3) + (C2 + C4) emanating from
the four corners of the indentation after the load has been removed. Crack length C; + C3 is measured
along one indentation diagonal length and C; + C4 is measured along the other indentation diagonal
length [2]. It is to be noted that W has the unit of kg/mm, similar to Gjc in linear elastic fracture
mechanics formulation.

Palmqvist cracks geometrically different from half-penny cracks are essentially confined to
the specimen surface and therefore surface preparation is extremely important and critical for the
evaluation of indentation toughness. Exner [2] further examined the issue of specimen surface
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preparation techniques such as diamond polishing of the ground specimen so that the deformed
binder phase layer near the surface and surface residual compressive stress observed in the WC phase
are minimized, and further recommended a high-temperature (1000-1100 °C) vacuum annealing
procedure after diamond-polishing procedures so that reproducible Palmqvist cracks are generated at
each indentation load.

2. Indentation Toughness versus Linear Elastic Fracture Mechanics Toughness

In recent years, considerable efforts have been directed at relating indentation toughness W
or equivalent K values with conventional linear elastic fracture mechanics (Kjc) or equivalent Gjc
values for the same cemented carbide materials. Niihara [3] and Warren and Matzke [4] independently
suggested the relationship in Equation (2)

Kic = b(H-W)/2 )

The above relationship is based upon the formation of half-penny cracks which have not been
observed in cemented carbide materials. In the above equation, “b” is a non-dimensional constant
dependent on the ratio of Young’s modulus“E” and Vickers hardness “H” in Niihara’s analysis.
The value of constant in Warren and Matzke’s analysis is unspecified. These investigators collected
a large body of experimental data on WC-Co hardmetals and showed good linear correspondence with
Equation (2) for K¢ values up to ~17 MPa-m!/2. The latest model is that of Shetty and colleagues [5],
who used a wedge loaded crack as a fracture mechanical analogue to the situation in Palmqvist cracks
and showed that Kjc can be evaluated as Equation (3)

Kjc = 0.0889(H-W)!/2 3)

Shetty’s model has become an accepted model for evaluating the indentation toughness of
hardmetals and is being used extensively by the carbide industry for that purpose [6] The indentation
toughness values have a good linear relationship with Kjc values determined by the conventional
linear elastic fracture mechanics procedures for values up to ~20 MPa-m!/2 but the linear relationship
breaks down for carbide materials with very high toughness values. The reason for this discrepancy is
that Palmqvist cracks are extremely small compared with indentation diagonal size, so that ratio of
C/2d; is extremely small, at much less than 1. In that case indentation toughness values are very large
compared with Kjc values. This paper proposes a new method to address this problem.

3. The New Approach for Evaluating the Indentation Toughness

Two effects are observed whenever a flat and properly polished specimen of a cemented carbide
material is indented with a Vickers indenter with load “P”. One can observe Vickers plastic indentation
with size “d;” and “d,” along with Palmqvist cracks emanating from the four corners of the Vickers
indentation. The size of the average indentation diagonal d; = (d; + d;)/2 and lengths of cracks depend
upon the mechanical properties (plastic deformation and toughness properties of a given carbide
material which in turn depend upon the chemical composition of WC-Co, WC grain size, and the
average thickness of the binder phase). Sometimes the indentation load has to be sufficiently large to
induce Palmqvist cracks on all four corners of the Vickers indentation in very-high toughness cemented
carbide materials.

The technical approach adopted here is as follows:

One can divide indentation load “P” into two components, P; and P. Pi is responsible for causing
average indentation “d;” and P for causing Palmqvist cracks C = C; +Cy +C3 + C4. One can write the
Equation (4) as

P=P;+P, 4)

319



Crystals 2018, 8,197

It is well-known that P; is proportional to the square of the average indentation “d;”. Therefore,
Equation (5) can be written as
P; = X;-d}? ©®)

Also, P, is proportional to C3/2 and therefore Equation (6) is as follows:
P, = X.-C?/? (6)
Therefore, one can write the two equations into Equation (7)
P=X;d? + X.-C3/? @)

Now, if the indentation load is in “kg”, the indentation size is in mm and C is in mm. Then, “X;” is
described in kg/ mmz) and “X.” is in kg/ mm3/2. Assuming that X; = 1; and X, = 1, this leads to
Equation (8)

P=d?+C? ®)

One can combine these equations and arrive at Equations (9) and (10)
Ky =P, /C3/? )

Wiy = P/C (10)

Therefore, one can calculate “K,,,” and “W,,” by using the P and C from the measured values of
indentation size and total lengths of Palmqvist cracks. It should be understood that K, and W, are
different from conventional indentation toughness “W”, as is mentioned in Equation (1).

4. Results and Discussions

The results are presented in three sections as follows.

4.1. Application to Kennametal Cemented Carbide Grades

Detailed investigations [7] were undertaken in early 1980s on the Palmqvist toughness and
the linear elastic fracture mechanics toughness (Kjc) of a large number of commercially available
Kennametal carbide grades covering metal cutting, mining, metal forming, and specialty grades.
Metalcutting grades contained fair amounts of cubic carbides such as TiC, NbC etc., whereas others
were essentially straight WC-Co grades with less than 0.5% cubic carbides. The properly polished
samples were indented at various indentation loads varying from 30 to 120 kg. Three measurements
were conducted at each load for indentation size and Palmqvist crack measurements. Considerable
variation in Palmqvist crack lengths was noted even within a single indentation from one corner to the
opposite corner. Linear elastic fracture mechanics measurements (Kjc) were also conducted from the
same batch of carbide samples using the Terra Tek procedure [8]. Indentation toughness “K;,” was
calculated at 100 kg indentation load and compared with the average value of Kjc. Figure 1 shows the
K, versus Kjc. The linear agreement between K;,, and Kjc is quite reasonable across the whole range of
carbide materials.

4.2. Application to Recently Published Crack Length and Vickers Hardness Data

Recently, Seikh and colleagues published a paper [9] measuring the indentation toughness and
Kjc values on a large number of straight WC-Co cemented carbide samples using an indentation
load of 30 kg for both Vickers hardness and Palmqvist crack measurements. Ten measurements were
performed for each WC-Co material for a total of eight different carbide materials. Kjc measurements
were also conducted for all of the eight carbide materials. The sum of Palmqvist crack lengths “C”
was calculated from the given data and indentation toughness (Kj,;) was calculated for each carbide
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material. Figure 2 shows the plot of indentation toughness “K;,” versus “Kjc” for all of the samples.
The linear agreement between K, versus Kjc is excellent across the whole range of carbide materials.
This shows the clear difference indentation toughness between the method adopted in this approach
versus the previous methods, as detailed in Section 2 of this paper.

U o N ©
o © o o
[ ]

@® Mining

N
o
X ®
[ J
X

O Metalcutting

S
@

X Speciality

Fracture Mechanics Toughness,
K (kg/mm 3/2)
[ w
) o
X

o

0 100 200 300 400 500

Indentation Toughness, K, (kg/mm 3/2)

Figure 1. Indentation toughness (Kj;) versus fracture mechanics toughness (Kjc) for Kennametal grades.
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Figure 2. Indentation toughness (K;;;) versus fracture mechanics toughness (Kjc), for WC-Co hardmetals.

4.3. Effect of Vacuum Annealing on Indentation Toughness of Carbide Materials

Exner et al. [10] conducted Palmqvist crack measurements on a number of straight WC-Co carbide
grades, which were vacuum annealed at 1100 °C before Palmqvist crack lengths were carried out at
indentation loads of 30, 45, 60, 100, and 150 kg. It was not possible to compare indentation toughness
before and after vacuum annealing in that work because no crack measurements were conducted
on the as-sintered un-annealed samples. However, it was possible to compare the results with the
published data of Seikh and colleagues [9], who performed extensive Palmqvist crack measurements
at an indentation load of 30 kg. Therefore, indentation toughness was calculated on a few vacuum
annealed WC-Co samples at an indentation load of 30 kg and the indentation toughness results were
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compared with the indentation toughness data taken from the work of Seikh and colleagues [9].
The results are summarized in Tables 1 and 2.

Table 1. Data from Exner et al. [10] on Co Vol %; Vickers hardness and toughness.

SP# (Co Vol %) Vickers Hardness K, Wi,
5.1 1705 69 50.9
10.1 1603 104 66
14.8 1390 175 103

Table 2. Data from Seikh et al. [9] on Co Vol %; Vickers hardness and toughness.

SP# (Co Vol %) Vickers Hardness K., W
4.2 1782 89 60

7.5 1748 86 59

10 1591 200 97.3

15.6 1483 213 108

One can note that both K, and W, values are higher for the as-sintered WC-Co materials
(samples from Seikh et al. [9]) as compared with the vacuum-annealed carbide materials (samples from
Exner et al. [10]) for essentially similar WC-Co compositions, in spite of the fact that un-annealed
specimens have higher Vickers hardness values. In general, toughness is inversely proportional to
Vickers hardness for these hardmetal materials. This result indicates that vacuum annealing reduces
the indentation toughness of WC-Co carbide materials.

This result is completely unexpected and contradicts the results of various investigators [10,11]
who compared vacuum annealed indentation toughness values with Kjc and Gjc values, which were
generally measured on un-annealed as-sintered carbide samples assuming explicitly that vacuum
annealing of WC-Co material should not reduce or degrade any mechanical properties of the as-sintered
carbide materials. This is probably based on the fact that Vickers hardness does not change after
annealing. To the best of our knowledge, uniaxial yield stress and Kjc measurements have not
been conducted on high-temperature vacuum-annealed WC-Co materials and reported in the open
published literature.

The work of Pickens and Gurland [12] is worth mentioning to explore this issue further.
These authors evaluated the Kjc and Gjc of a large number of WC-Co materials with varying volume
fraction of cobalt, WC grain sizes, and cobalt-based binder phase layer thickness, and proposed
Equation (11) to explain the results:

Gic =11~(71j~l (11)

"

where “a” is a constant, oy is the in-situ yield stress of the binder phase, and
of the binder phase.

Vacuum annealing at (1000-1100 °C) is not expected to change the value of binder phase thickness.
Also, it has been observed during routine X-ray diffraction of the polished carbide samples that the
major cobalt-based binder phase XRD peak becomes sharper and of higher intensity for the annealed
sample than that of the un-annealed as-sintered polished sample, which is broad and of low intensity.
This observation indicates that in situ yield stress of the binder phase (0y) has decreased, resulting in
a lower Gjc value after annealing. This result is consistent with the lower indentation toughness of
annealed samples compared with un-annealed samples as shown in our results.

This result is also consistent with lower transverse rupture strength of CVD-coated carbide
samples routinely observed in CVD-coated samples as compared with uncoated polished samples.

It has also been well established that carbide materials coated with CVD coatings (multi-layer
TiCN/TiC/Al,O3) have performed poorly in metal cutting machining operations, especially for
rotating tools (interrupted cutting operations such as milling applications) relative to high quality

“p

is the average thickness
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ion-plated PVD TiN, TiCN, and TiAIN coatings, even though CVD coatings have higher abrasive
wear resistance (hot hardness) and also higher crater wear resistance (chemical inertness) than PVD
TiN, TiCN, and TiAIN coatings. The primary reason is that CVD coatings routinely deposited at high
temperatures (~1050-1250 °C) reduce the toughness of the base carbide materials. PVD coatings are
generally deposited at around ~500 °C and do not degrade the transverse rupture strength of the
base material.

5. Conclusions

1. A new method of evaluating the indentation toughness of hardmetals has been proposed.

2. The new measured indentation toughness values provide very good linear agreement with Kjc
values measured by conventional linear elastic fracture mechanics procedures.

3. Vacuum annealing of as-sintered cemented carbide materials at 1000-1100 °C lowers the
indentation toughness of cemented carbide materials.
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