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Abstract

The hardmetal cutting tools used in machining are submitted to extreme conditions in terms of temperature and mechanical loading.
A better understanding of the failure of cutting tools and capability to predict tool life are key factors in the development of new tool
materials with improved mechanical behaviour. Main failure mechanisms are wear, thermal-mechanical fatigue and brittle fracture. The
aim of present work is to study the mechanical behaviour of two hardmetals. The properties studied were Young’s modulus, bending
strength, fracture toughness and fatigue endurance. The resonant technique was used to determine elastic properties and a good agree-

ment was found with three-point bending results.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Machining is an important operation in the production
of industrial products, which must fulfill not only the
dimensional and geometrical requirements, but also the
surface integrity. Applied to almost all materials, this oper-
ation is used in many industrial sectors, and represents an
important part of the cost of the final product. Tool
replacement and machine adjusting involve time, decreas-
ing productivity. Cost reduction is a great concern for the
industrial competitiveness; therefore improvements in tool
life are welcome.

Three complementary investigation lines can be identi-
fied for a feasible life prediction: a first one to determine
mechanical and thermal loadings applied to the tool, a
numerical approach to obtain stress and thermal fields, a
third one that studies material behaviour under service
conditions.

The mechanical and thermal loadings on the cutting
tools depend on several parameters, namely, tool geometry
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and material (bulk material and coating), cutting parame-
ters (cutting speed, advance, etc.), lubrication and material
being machined. The three orthogonal components of the
cutting force can be determined with dynamometers, while
temperature analysis can be performed using an infrared
equipment. In the recent decades, the finite element method
(FEM) has become a powerful tool in the simulation of
cutting processes [1,2].

The finite element method is also adequate to model the
mechanical behaviour and identify tool critical points in
terms of stress and temperature. Modelling requires the
precise knowledge of geometry, loading, boundary condi-
tions and material properties.

The development and optimisation of hardmetal cutting
tools requires a deep knowledge of mechanical behaviour
under service conditions. In cutting tools hardmetals are
submitted not only to wear at elevated temperature, but
also to static and cyclic thermo-mechanical loads. There-
fore, there are several tool failure modes, namely cata-
strophic chipping and plastic deformation of the cutting
edge, fatigue, and tool wear mechanisms like flank wear
and crater wear [3]. Cyclic loads result from thermal
cycling caused by repeated heating/cooling cycles of the
cutting edge. The interrupted nature of the milling process
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causes a high number of thermal cycles, but it also occurs
in turning applications which use coolant. Additional cyclic
loads result from vibration of machines, alternating slip
and stick of chips and from interrupted cutting. Therefore
knowledge about the behaviour of these materials under
cyclic loads is also required. However, considering the brit-
tle behaviour of these materials, fatigue initiation from
inherent defects is predominant over propagation and S—
N results are more adequate. Besides, near the cutting edge,
the cutting materials are at elevated temperatures. Hence
materials must be studied at elevated temperature to assess
the behaviour under service conditions. Nonetheless, it has
to be noted that larger parts of the cutting tools are at
lower temperatures and experience the highest bending
stress in the loaded tool. Most of the research has been con-
cerned with mechanisms and processes that occur mainly at
room temperature and in neutral environment.

The aim of this work is to study the mechanical behav-
iour of two WC/Co hardmetals at room temperature and
at elevated temperature. Properties such as bending
strength, fracture toughness and fatigue strength were
determined. Fractures surfaces were studied by SEM to
identify failure mechanisms. The elastic properties were
also obtained using resonant technique.

2. Materials

Two hardmetals composed of WC/Co were studied. The
average particle size, nominal Co percentage and hardness
are indicated in Table 1. Fig. 1 shows the structure of mate-
rial 2 observed by SEM.

Material 1 has a hardness of 1886 HV30, while material
2 has a hardness of 874 HV30. These results are nearly the

Table 1
Hardmetal characterization

Material Hardness Grain size Nominal cobalt content
HV30 (pum) (Wt%)

1 1886 0.5 5

2 874 1.0 15
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Fig. 1. Microstructure of material 2 observed by SEM.

2500
a[4]
A A
2000 | a ° 5]
A-A A ° [6]
VN .
] Ap A ® Material 2
2 1500 - o A W Material 1
> s oo,
= e o
L] =]
1000 o
. o
500
0 1 1 1 1 1
0 5 10 15 20 25 30
% Co

Fig. 2. Hardness Vickers against Co weight fraction at room temperature.

lower band of literature results [4-6], as is shown in Fig. 2.
The increase of cobalt reduces the hardness as could be
expected, since this it is the soft phase. The scatter in
Fig. 2 is explained by microstructural parameters other
than Co percentage. Main microstructural parameters are
Co percentage and particle size, which determine WC con-
tiguity and Co average free path, but other parameters are
shape and size distribution of carbides, porosity, impuri-
ties, etc.

3. Presentation and analysis of results
3.1. Young’s modulus (E)

The elastic and thermal properties are fundamental for
the numerical determination of stress and strain fields
within cutting tools. Several experimental techniques have
been used to determine elastic constants, which can be clas-
sified into static and dynamics techniques. Static methods
determine elastic constants from the linear regions of
stress-strain curves and include tensile tests, bending tests
[7] and nanoindentation [8]. Dynamic methods include res-
onance and pulse techniques. Nanoindentation is adequate
to obtain local values of rigidity, being widely applied to
the analysis of thin films. Therefore is not adequate for het-
erogeneous materials, like hardmetals or laminated com-
posites. Tension tests are also not adequate, considering
the high rigidity and the brittle nature of the materials
under study. The resonant beam technique is widely used
to determine simultaneously both Young’s modulus and
the shear modulus of isotropic [9], orthotropic [10] and
transversely isotropic [11] materials from the resonance fre-
quencies of flexural vibrations. The elastic properties
obtained are average values, suitable as input values for
Finite Element Method analysis. The largest the specimen,
the more representative will be the properties. It is a non
destructive technique, known for their high reproducibility
and accuracy [12]. Besides, the dynamic elastic behaviour
characterized by modulus and damping, is important since
it controls the vibrational response of structures. Therefore
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the resonant technique was applied for the determination
of Young’s modulus (E).

The first natural frequency was determined experimen-
tally on specimens with bar shapes 60 x 10 x 3 mm. The
technique is very sensitive to variations in dimensions,
therefore well prepared samples with parallel and smooth
surfaces are required. The specimen was suspended hori-
zontally without significant constraint in order to simulate
free—free boundary conditions during vibration. Other
boundary conditions can be found in the literature [9],
however free—free vibration is more adequate for experi-
mental and numerical reproduction. A 2 mm strain gauge
with minimum weight was glued on the specimen at half
section, therefore does not influence natural vibration of
the specimen. The signal was acquired using A/D acquisi-
tion data system. A singular elastic strike was applied with
an impact tool for mechanical exciting and an electric sig-
nal proportional to local extension was acquired. Fig. 3a
presents a typical signal of potential drop versus time for
material 1. This signal shows no evidence of damping,
which could be expected. FFT analysis transformed this
signal into amplitude versus frequency, as illustrated in
Fig. 3b. Further details can be found elsewhere [13]. The
experimental frequencies are used to determine mechanical

100000

properties considering analytical or numerical procedures.
Analytical formulas have been developed to calculate elas-
tic modulus (E) from the resonant frequencies of a beam
shaped test sample. European and American standard test
procedures, ENV-843-2 and ASTM C1259-96, respectively,
propose the following equation to calculate Young’s mod-
ulus along the main axis of beam like samples from the first
flexural frequency (Fig. 4a)

2 3
E—0946" ] (L> % As (1)
W \1

fbeing the resonant frequency, L the length, ¥ the width, ¢
the thickness and A4 a shape factor [11]. For other resonant
modes (Fig. 4b) numerical methods may be used o deter-
mine relations between elastic properties and resonant
frequencies.

A numerical analysis was developed to relate elastic
properties with bending resonant frequencies. 3D isopara-
metric quadratic elements were used along with full inte-
gration. The material was assumed to be continuous,
homogeneous, isotropic and with linear elastic behaviour.
Soft springs were used to simulate constraints of experi-
mental setup. Fig. 5 presents the final results of Young’s
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Fig. 3. PD versus time plot and response in frequency domain.
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Fig. 4. First bending resonant modes.

modulus obtained for material 1 (assuming a Poisson’s
ratio v =0.27). A slight decrease of E with resonant fre-
quency can be observed.

Three-point bending tests within linear elastic regime
were done to obtain material’s rigidity using the same spec-
imen dimensions of resonant tests in order to eliminate
scatter associated with geometry. An average value
E =596.7 GPa was obtained for material 1, which is 5%
below resonant technique value. Bending is the deforma-
tion mode in both resonant technique and tree-point bend-
ing technique. The differences can be explained by strain
level (which is lower in resonant technique). In fact, the
specimen is submitted to minute strains, hence the modulus
are measured near the origin of the stress-strain curve.
Deformation rate is not expected to explain the differences,
considering the trend of Fig. 5 for different resonant
frequencies.

For material 2 it was obtained £ = 418 GPa, using res-
onant technique, also assuming v = 0.27. As expected, the
increase of cobalt content reduces the rigidity of the hard-
metal. Some damping was observed, which is also associ-
ated with cobalt increase.

Analytical models were used to model the elastic behav-
iour of hardmetals. Simplest and extreme approaches are
Voigt and Reuss models, which assume parallel and serial
arrangements, respectively [14]. The mathematical expres-
sions of Voigt and Reuss models are respectively,
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Fig. 5. Young’s modulus versus resonant frequency for material 1.

Ehm = (Ep Vp +EC0VC0) (2)

EyEc, 3)

By = 20—
EVeo +EcoV,

where V, E, p, Co and hm represent volume fraction,
Young’s modulus, particle, cobalt and hardmetal, respec-
tively. Hirsch [15] proposed an intermediate model:

EpECo

Evm =x - (EpVp + EcoVeo) + (1 —x) E Ve T Eel .
p¥ Co CoV p

(4)
For x =0 and x =1, Hirsch’s equation reduces to Reuss
and Voigt models, respectively. Parameter x is determined
empirically. A third phase, the porosity, may be added to
these models. Fig. 6 presents the predictions obtained for
the composite for different x assuming Ec, =207 GPa,
Ewc =703 GPa, pco, = 8800 kg/m®, pwc = 15700 kg/m?
[16]. The present results approach to Reuss equation. The
curves that better fit the experimental points are using
x = (0-0.25. However in literature are reported higher x val-
ues. For example, the results of Ingelstrom and Nordberg
[5] cemented tungsten carbides are well fitted for x = 0.5-
0.75.

3.2. Mechanical strength

For mechanical strength and fatigue studies at room and
elevated temperature a small specimen 5 mm thick and
with reduced middle section was developed for three-point
bending (Fig. 7). The midsection is a 5 x 5 mm square and
is the location expected for fatigue and fracture failure. The
geometry proposed is based on previous specimens geome-
tries defined by Torres et al. [17] and Kindermann et al.
[18]. The main aspects considered to define this geometry
were the difficulty of manufacturing, volume of material,
mechanical resistance and resolution of load measurement
[19]. The geometry is relatively simple which simplifies pro-
duction procedure. The size is expected to be within a rea-
sonable range. Small size specimens are recommended to
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Fig. 6. Experimental results and analytical models.

(2008), doi:10.1016/j.ijrmhm.2008.01.013

Please cite this article in press as: Ferreira JAM et al., A study on the mechanical behaviour of WC/Co hardmetals, Int J Refract Met




J.A.M. Ferreira et al. | International Journal of Refractory Metals & Hard Materials xxx (2008) xxx—xxx 5

$

R25

0|

45

AR

reduce cost and to avoid exaggeratedly high loads. Besides,
the furnace for elevated temperature testing imposes an
upper limit for the size.

An electromechanical testing machine equipped with a
furnace with temperature accuracy control better than
1 °C and adequate fixtures were used. For material 1 five
specimens were tested at room temperature and three at
500 °C, respectively. The stress versus strain curves
obtained for this material 1 were closed and nearly linear
until final fracture typical of brittle. A slight tendency to
decrease of the stiffness for the tests performed at 500 °C
was observed. The slope of linear regions was used to mea-
sure Young’s modulus but the values obtained by this tech-
nique are lower than the obtained by resonant technique
which indicates that the global rigidity is not only being
controlled by the specimen but also by the different compo-
nents of three point bending apparatus which can be seen as
serial springs, therefore Young’s modulus must be obtained
by an alternative approach. Anyway, the force applied on
the specimen is not affected and bending strength (oyts)
can be measured from ultimate load. The results presented
in Table 2 shows a great scatter at room temperature which
indicates a great sensitivity to defects. In fact, the material
presents very limited plastic deformation, which enables
stress relaxation. The volume of material submitted to the
highest stress is limited to the surface layer. Therefore, the
presence of defects within this region is expected to affect
the tensile strength. The sudden stress variation along the
height indicates that subsurface defects are expected to have
a limited influence. The increase of temperature seems to
reduce tensile strength and the scatter. Scatter reduction
could be expected since plastic deformation of cobalt
increases which makes the material less sensitive to the pres-
ence of defects. For material 2 only two tests at each tem-

Fig. 7. Specimen geometry.

Table 2
Ultimate bending strength
Material Temperature oyrs (MPa) Average SD/Aver
(°0) (MPa) (%)
1 20 1654; 1443; 1563; 1523 9.7
1650; 1306
500 1517; 1422; 1458 1466 3.3
2 20 2114; 1710 1912 14.9
300 2022; 1604 1813 16.3
500 1584; 1577 1581 0.3
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Fig. 8. Stress-strain curves for material 2.

perature were performed at: room temperature, 300 °C and
500 °C. Fig. 8 presents some of the stress—strain curves
obtained for material 2. Table 2 presents the global results
obtained for the two materials. At room temperature and
at 300 °C the material 2 exhibits a linear behaviour up to
fracture, therefore with limited plastic deformation, which
is according the brittle behaviour of this class of materials.
However at 500 °C some plastic deformation can be
observed, which is explained by a change in cobalt behav-
iour. This behaviour was not observed for material 1, since
this has relatively low cobalt content. The increase of cobalt
percentage increases tensile strength, as could be expected.
The increase of temperature reduces oyrs, which is
explained by modifications in Co behaviour.

3.3. Fracture toughness

The failure of these materials normally initiates at pre-
existing defects. Fracture toughness is a main property
for the design of hardmetal cutting tools due to the high
risk of brittle fracture. Besides, because the mechanisms
of wear exhibited by cemented carbides are mainly mecha-
nisms of surface fracture, the severity of wear must be lar-
gely controlled by the fracture toughness of the surface
layers [6].

A classical test is the indentation technique proposed by
Palmgvist in 1962. In this a Vickers indentation is done on
material’s surface and the length of cracks produced at the
four corners (Palmgqvist cracks) is measured. It requires
only small samples along with standard equipment for
hardness Vickers measurement, and specimen preparation
consists of providing a polished, reflective plane surface.
However, a major drawback is the sensitivity to surface
stress state. Polishing and annealing are used to overcome
this problem. Several equations are proposed in literature,
assuming different ideal crack shapes [20]. Techniques
based on pre-cracked specimens are also available, namely
single edge notched beam, or single edge V-notched beam
[17]. However, the brittle behaviour of the material, make
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fatigue pre-cracking quite difficult since failure occurred
immediately after crack initiation. Compressive loads and
razor blades were used to obtain sharp pre-cracks. Ingel-
strom and Nordberg [5] applied a compressive stress below
the machined notch of CT specimens and impacted them
with a wedge. The crack initiated arrested within compres-
sive zone. The application of tension loads for pre-cracks
usually produces premature failure. Often there is a dis-
crepancy between Palmqvist indentation technique and
conventional methods [17].

Fracture toughness of material 1 was studied with
Palmqvist technique. Material’s surface was polished and
a load of 30 kgf was applied. Fracture toughness is given by

H F
Ko = 0.0889, /V% (5)

where L; =a; +a» + a3 +as the sum of corner cracks
length, F the indentation load in Newton and HV the hard-
ness Vickers in N/m?

P
HY = 18544 (6)

where d is average of the two diagonals of the indentation
[m]. Fig. 9 presents the results obtained and a typical inden-
tation. An average value of 9.3 MPa m'? was obtained
with a variation coefficient (standard deviation/average)
of 3.2%.

Palmgqvist toughness testing was also applied to material
2 but no cracks appeared at the corners of indentations,
due to the relatively high cobalt content. Therefore fracture
toughness was determined in notched three-point bending
specimens without pre-cracking. A relation between frac-
ture toughness of notched and cracked specimens (K.,)
and Kic, respectively, was considered, based on cleavage
rupture criteria [21]:

& _ (1 + ,0/47'())3/2 (7)
Kic  1+p/2r

p being the diameter of the notch and ry a short distance
from crack tip [22]. Fig. 10 shows that the results obtained
with this alternative technique are within literature results

1 2 3 4 5 6 7 8 9
Indentation number

Fig. 9. Fracture toughness of material 1 for various indentations.
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Fig. 10. Fracture toughness versus temperature for material 2.

and that the increase of temperature increases slightly the
fracture toughness, as could be expected.

3.4. Fatigue

Two main approaches have been followed for fatigue
studies. Llanes et al. [16] and Torres et al. [23] studied
the fatigue crack propagation in these materials, namely
the influence of K,,.x, AK, load ratio and microstructural
parameters on fatigue crack growth rate (da/dN). On the
other hand Schleinkofer et al. [24,25] and Roebuck et al.
[26] obtained S-N curves. According to Schleinkofer fati-
gue strength of these materials is quite low than static
strength and the failure of crack tip is complex and con-
trolled predominantly by the ductile phase of the material.

Preliminary results showed that fatigue initiation from
inherent defects is predominant over propagation; there-
fore S-N results are more adequate. A fatigue study was
developed using a servo-hydraulic machine, three-point
bending specimens with the geometry indicated in Fig. 7
and a furnace. The parameters studied were maximum
stress, stress ratio (R = 0.05 and R = 0.5) and temperature
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Fig. 11. S-N fatigue results for material 1.
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(20 °C and 500 °C). Fig. 11 presents the results obtained for
material 1 and a typical fractured specimen. The behaviour
was found to be dependent mainly on maximum stress,
which indicates that failure is associated with static mech-
anisms. A great scatter can be observed, which is in agree-
ment with static strength results.

The fracture initiation sites are usually processing heter-
ogeneities whose sizes are proportional to the carbide mean
size. Critical fracture crack size is very little. For example
assuming K., =8 MPa /m and a maximum stress of
1300 MPa the critical flaw size will be about 0.028 mm, a
macrostructural value but only few times the material grain
size. For these materials fatigue crack propagation regime
will be very short. Short defects localized in regions highly
stressed conduce to an easy crack initiation which is strong
dependent of the material heterogeneities.

The fatigue live seems to be mainly influenced by maxi-
mum stress instead of the alternate stress with negligible
influence of the stress ratio. By other side the results of
these tests show that the material exhibits slightly higher
fatigue strength at 500 °C than at room temperature. This
is in agreement with the Roebuck et al. [26] conclusions
and is explained by the changes in the residual stresses
between the carbide and the binder phases and its relation-
ship with microcrack initiation.

4. Conclusions

The Young’s modulus, bending strength, fracture tough-
ness and fatigue endurance were obtained for two hardmet-
als. The resonant technique was used to determine elastic
properties as alternative to traditional three-point bending
tests conducting to most accurate and feasible results.

Flexural tests are more adequate than tensile tests for
studying mechanical strength in WC-Co alloys. The mate-
rial 1 exhibits a brittle behaviour at room temperature and
300 °C and some plastic deformation at 500 °C. Stiffness
and ultimate bending strength of material 1, with low
cobalt content, are only slightly affected by the temperature
until 500 °C. By other side, material 2, with high cobalt
content, shows a significant ductile deformation and also
a significant decrease of ultimate bending strength and a
slight increase of the fracture toughness with the tempera-
ture increasing until 500 °C. The brittle behaviour of the
WC-Co alloys studied difficult fatigue pre-cracking of
specimens for fracture toughness tests. An alternative
approach based on unnotched specimens was used for
material 2 with good results.

Fatigue S-N curve for material 1 were performed. No
effect of the stress ratio was obtained at room temperature.
This material exhibits slightly higher fatigue strength at
500 °C than at room temperature.
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