Thermal fatigue behaviour of WC-20Co and WC-30(CoNiCrFe) cemented carbide
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Abstract

Cemented carbides are used in many applications, such as drawing dies, cutting tools and hot rolls. In
applications where cyclic temperature variations are present, an important factor that must be taken
into account is thermal fatigue (TF). In this study, TF behaviour of two commercial cemented
carbides was evaluated by means of a custom test configuration inducing a biaxial state of stress. At
an early stage of the damage process, crack density is higher in WC-30(CoNiCrFe), whilst crack
length is lower than WC-20Co. At a later stage cracking proceeds by propagation of existing cracks,
partly reducing the difference between the two grades. The prevailing fracture modes are different in
the two materials. In WC-20Co the main fractures occur at the WC/WC grain boundary and at
WC/Co interface. In WC-30(CoNiCrFe) cracking proceeds by fracture of carbide particles and shear
fracture of binder phase. A possible influence of oxidation on the TF crack propagation has been

evidenced.
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1 Introduction

Cemented carbide is a composite material formed by high fraction of hard WC particles bonded by a
soft and ductile Co binder. This material has outstanding properties of high hardness and wear

resistance. Mechanical properties are strongly related to microstructure, namely to the binder content



and carbide grain size. An increase in binder content and WC grain size leads to a decrease of
hardness, and to an increase in the fracture toughness [1][2], while transversal rupture strength rises
up to a maximum and then diminishes [3]. For this reason it is possible to tailor the properties in
relation to specific applications by changing the microstructural parameters.

Cemented carbide components undergo TF damage in several applications involving rapid
temperature variations leading to strong thermal gradients. TF is a typical oligo-cyclic fatigue
phenomenon [4], which promotes the surface initiation of a fine crack network generally showing a
small penetration depth (tenth of mm). In most cases, this damage (heat checking is the name used to
identify the crack network) leads to the deterioration of tool surface finishing, which is generally
followed by that of the worked material. Only rarely TF alone may cause catastrophic failure, but the
presence of a secondary damage phenomenon (e.g. wear, contact fatigue...) enhance crack
propagation promoting a premature loss of structural integrity. From an industrial point of view, the
selection of a most appropriate material or/and the development of best operational practices are
necessary in order to avoid or delay the effective damage.

In an empirical way, by means of the theory of thermo-elasticity and fracture mechanics, it is possible
to correlate the thermal shock (TS) resistance of cemented carbide to the parameter KTRS/Ea, where
TRS is the transverse rupture strength, k is the thermal conductivity, E is Young’s modulus, and a is
the coefficient of thermal expansion [1][5]. This parameter is often used preliminarily to predict the
TF resistance as well. It is clear that the influence of microstructural parameters on the TS resistance,
and even more on the TF resistance, is very complex. In spite of this, a few authors have studied the
TF resistance of cemented carbides. Tumanov et al. [6] found that, when the cemented carbide is
subjected to repeated TS, micro-stresses are formed in the material because of a difference in thermal
expansion coefficients of the WC and Co phases. A reduction in the Co content leads to a reduction in
the TS resistance because of an increase in tensile stresses in the metal matrix. In the case of TF
behaviour of a cemented carbide hot roll, Lagerquist [7] reached the following conclusions: an

increase in the cobalt content and in the WC grain size leads to an increased number of cracks but to



a decreased propagation rate. However the influence of grain size becomes fundamental only in case
of low amount of cobalt. The common fracture modes that can occur in the cemented carbides are
cleavage of WC particles, fracture at the WC/WC grain boundary and at the WC/Co interface and
shear fracture of binder phase. The ratio of transgranular/intergranular fracture of WC increases with
a rise of the WC grain size [3]. Cracks nucleate at the surface and their propagation occurs
preferentially at the WC/WC grain boundary and the WC/Co interface due to higher propagation rate.
Ning et.al. stated that thermal cracking proceeds by nucleation, growth and aggregation of
microvoids at the interface between WC and the Co matrix [8]. The overall damage was found to be
proportional to the maximum temperature during cycling and a higher cooling rate favoured more
pronounced cracking. Ishihara confirmed a similar mechanism for 72WC-8TiC-8TaC-2NbC-10Co
and stated that cracks mostly propagate inside the metal binder or at the interface with the WC phase,
following a zigzag path [9].

Another important parameter, which must be considered in applications with rapid temperature
variations, is the oxidation resistance. Most of the data regarding oxidation resistance of WC-Co
alloys are related to a temperature range between 500-1000°C in different atmospheres (air, Ar/O,
mixture or O) [10][11][12][13][14][15]. In all cases, WO3;, CoWO, and Co oxides were formed
during the oxidation. An increase in the binder content leads to an improved oxidation behaviour
because of a higher amount of CoWO; that is denser and more protective than the WOs;. After L.Chen
et al. [16] the oxidation of Co occurs before that of WC, which is contrary to the thermodynamic
calculations. This is justified taking into account differences in oxidation kinetics of WC and Co.
Voitovich et al. [14] also studied the effect of partial and complete substitution of Co by Ni. In the
temperature range between 500 and 800°C the oxidation of Co is higher than that of Ni. Ni is not
suitable to moderate the rate of oxygen interaction with WC and leads to a reduction of the oxidation
resistance since WO3 becomes the main oxidation product. Aristizabal et al. [17][18][19] confirm the

increase of the oxidation resistance increasing the binder content and the decrease of the passivation



effect by increasing Ni/Co ratio. Nevertheless, the negative effect due to the introduction of Ni is
negligible in case of 15 wt.% binder and becomes important in case of 25 wt.% binder.

Few data are available in literature on the TF resistance of cemented carbides that contain a high Co
content. The aim of the present study was to evaluate the TF resistance of two commercial cemented
carbides by means of a custom test configuration inducing a biaxial state of stress in a harsh

oxidizing environment.

2 Materials and methods

Two different commercial cemented carbide grades containing 20wt.%Co (WC-20Co) and 19wt.
%Co-9.5wt.%Ni-1wt.%Cr-0.5wt.%Fe (WC-30CoNiCrFe) were selected for present investigation. A
complete microstructural characterization was carried out after proper metallographic preparation.
Murakami's reagent (100 ml distilled water, 5-10g KOH or NaOH, 5-10g K;[Fe(CN)s]) [20], was
used for selective etching of WC particles. Composition of the two materials was investigated by
EDAX analysis. Mean grain size (Dwc), contiguity (C) and mean binder free path (A1) were
determined by using SEM micrographs at 3000X of magnification. Contiguity measures the carbide
contacts and the mean binder free path is the average thickness of cobalt between the WC particles.

These parameters are defined by equations (1), (2) and (3) [21][22].
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where



l;: measured intercept length;

fv_: Co volumetric fraction;

n: numbers of WC grains intercepted;
L: length of the test line;

N.: number of WC-WC grain boundaries or WC-Co interfaces intercepted per unit length.

The method used to measure these microstructural parameters is the “Linear intercept method”.

At least 200 grains were considered each image, as well as at least 20 grains were crossed by the test
line, as recommended by the method to get a statistically significant result. C and A were measured
for each test line and, finally, mean C and mean A with the respective standard deviation were
calculated.

TF tests were carried out using the experimental configuration shown in details in Figure 1 [23]. A
disc specimen (40 mm external diameter, 20 mm width) continuously rotating at 4rpm was induction
heated up to 600°C and subsequently cooled down to 80°C by a water jet (18°C, 2 1/min). The
maximum temperature of 600°C at the exit of the inductor, monitored by an infrared pyrometer, was
chosen referring to the typical temperature reached in many commercial applications involving rapid
temperature variations. This also holds for carbide tools coming in contact with materials hot worked
at temperature much higher than 600°C, but for a very short time, so that thermal equilibrium
conditions cannot be established. Furthermore, according to literature, 600°C is the maximum
operating temperature of cemented carbides, in view of the significant mechanical strength and
hardness reductions observed above this temperature [24]. Heating was limited to a portion of the
outermost surface, individuated by an angle of 105° and 10mm width, so to induce thermal gradients
in both, tangential and axial direction. The resulting biaxial state of stress allowed the formation of a
crack network, similar to that observed in many components undergoing TF during service. TF
cracks on the WC-30(CoNiCrFe) surface started to be visible at 1300 cycles, with a 200X SEM

magnification. For this reason, 3 tests were carried out up to 3000 cycles, with interruptions after



1300 and 2000 cycles to monitor the damage evolution. Thermal cracking was evaluated by means of
quantitative analysis on more than 10 scanning electron microscopy images of the surface.

An automated image-processing route was set up using a Leica Qwin software in order to measure
the total crack length and the number of the cracks for each SEM micrograph. The mean surface
crack length (total surface crack length divided by the number of cracks) and the crack density
(number of cracks divided by the reference area) are the average values of three different tests. The
damage mechanisms and the oxidation phenomena were further investigated analysing a cross
sectional view of the sample by SEM, to investigate the in-depth propagation of cracks. In order to
preserve the surface region and the oxide scales from damage during EDM cutting and
metallographic preparation, samples were preliminarily nickel-plated. Oxidation kinetic was
evaluated by means of thermogravimetric analysis. The two carbides were oxidized isothermally in
an air flux at 500 and 600°C for 2h. 600°C is the maximum TF test temperature while 500°C was
chosen in order to evaluate the oxidation evolution in case of a lower kinetic. HV10 hardness tests
were carried out, according to UNI EN ISO 6507, in order to analyse any possible thermal softening
effect during TF test. Provided that the induction heated is about 2mm in depth the hardness profiles

was obtained using 3 indentations for each distance.

3 Results and discussion

3.1 Microstructural analysis

Figure 2 shows the microstructure of the two materials. The different size of WC particles and binder

content are evident. The microstructural parameters D,,, mean C and mean with standard deviations

are reported in Table 1.



Dwc C A

(pm) ) (pm)
WC-20Co 2.65 0.53+0.10 | 1.41 £ 0.19

WC-30(CoNiCrFe) 471 0.43+£0.11 | 3.54+ 041

Materials

Table 1: microstructural parameters of WC-20Co and WC-30(CoNiCrFe)

Increasing the binder content, the mean binder free path increases and contiguity decreases, since the

carbide spatial coincidence decreases. Moreover, the WC-30(CoNiCrFe) shows a higher grain size.

3.2 TF damage

Figure 3 shows the surface of the disks after 1300, 2000 and 3000 TF cycles.

TF damage leads to nucleation and propagation of new cracks. After a certain number of cycles, an
increase in the crack density and in the mean crack length brings about the formation of a mesh.
Comparing the two commercial materials, it is possible to highlight different damage behaviour. WC-
30(CoNiCrFe) is characterized by high nucleation rate that brings about the formation of many small
cracks that are slightly branched. Only at 3000 cycles, the formation of a mesh occurs due to an
increased crack density and a reduced propagation rate. Differently, WC-20Co presents a high
propagation rate to the detriment of a low nucleation rate. A reduced number of long branched cracks
is formed on the WC-20Co after 1300 cycles. Increasing the cycles number, the crack density does
not change while mean crack length and ramification increase. Already after 2000 cycles, cracks start
to interconnect from each other and, at 3000 cycles, form a mesh. The high propagation rate in case
of WC-20Co leads to a great crack extension on the surface and in the depth. The following analyses
give confirmation of these different damage behaviours.

Figure 4a and 4b show the variation of mean crack length and of the crack density with the number of
cycles for the two materials, respectively.

The mean crack length increases with of the number of cycles, but the increase until 2000 cycles is

higher in the case of WC-20Co. After 2000 cycles, WC-20Co shows a plateau and differently, in the



case of WC-30(CoNiCrFe), the mean crack length increases quickly. At 3000 cycles the two
materials present similar values. After an initial transient period, the crack density in WC-20Co
reaches a steady value, whilst, in WC-30(CoNiCrFe), it increases up to a maximum value and than
decreases. These different behaviours are justified taking into account that an increase in the binder
content leads to an increase in toughness, which results in a lower propagation rate. This condition
promotes the possible nucleation of new cracks, since shorter cracks preserve the local constraint
inducing higher thermomechanical stresses [8]. In other words, the propagation of long thermal
cracks allows the free deformation in their neighbourhood and avoids the nucleation of new cracks as
confirmed by the inverse correlation between mean crack length and crack density (Figure 4c). This
behaviour can be explained by the influence of microstructure on the crack density and the mean
crack length. A decrease of the contiguity and an increase of the mean binder free path lead to
reduced crack length and to increased crack density (Table 1). Figure 5a and 5b show the cross
section of the two specimens after 3000 cycles, to highlight the cracks propagating in depth and the
crack width.

WC-20Co is characterized mainly by straight sharp cracks whilst the WC-30(CoNiCrFe) exhibits
more tortuous crack paths, synonymous of a slower propagation. This is clearly confirmed by the
higher penetration depth and crack width measured in WC-20Co than in WC-30(CoNiCrFe) (Table
2). This evidence practically extends the result found for the surface crack propagation also to the in
depth propagation. I.e. higher penetration depth means low value of crack density because of a

reduction of the local constraint.



Materials depth width
(nm) (Hm)
WC-20Co 142 £ 25 22 +£12
WC-30(CoNiCrFe) 70 £ 14 16+£5

Table 2: the penetration depth and the width of the cracks after 3000 cycles for WC-20Co and WC-
30(CoNiCrFe) cemented carbides

In presence of a lower amount of binder, cracks propagate approximately parallel to the temperature
gradient, i.e. perpendicular to the external surface. Differently, deviations and branching of cracks
occur in presence of an increasing binder amount [7]. In this case, the slower propagation may also
induce a stronger interaction with oxidizing phenomena, as evidenced in the next paragraph.

Figure 5c highlights that fractures at the WC/WC grain boundary and at WC/Co interface are the
main mechanisms in WC-20Co. On the other hand, the cleavage fracture of WC particles and shear
fracture of binder phase are the prevailing propagation mechanisms in WC-30(CoNiCrFe), as shown
in Figure 5d. This different behaviour is justified taking into account that the ratio of
transgranular/intergranular fracture of WC increases with a rise of the WC grain size [3]. Differently,
increasing the binder content, cracks are more often forced to propagate in the binder phase because
of a reduction of the contiguity and a higher mean binder free path [7]. In view of this evidences, the
correlation highlighted in Figure 4c is now more directly associated to the different microstructures
of the two materials. The hardness values at the surface and at the core of the two materials are the
same (Table 3), highlighting that there is no softening effect due to the high temperature reached.
This means that the TF damage is not correlated with a decrease of mechanical properties due to high

temperature.



WC-20Co WC-30(CoNiCrFe)
distance | hardness | distance | hardness
(mm) | (HV10) (mm) | (HV10)
1.32 844 + 12 0.92 713+ 8
2.69 845+ 6 1.82 693+ 7
4.05 836 +5 3.23 704 £ 7
5.88 829 + 15 4.51 704 + 13
7.61 |[840 £13| 5.78 703+ 6
9.29 8355 7.63 706 + 8
1094 | 837+ 18 8.64 709 + 10

Table 3: hardness profiles from the surface to the core for WC-20Co and WC-30(CoNiCrFe)

3.3 Oxidation behaviour

Thermogravimetric analysis at 500°C and 600°C for 2h were conduced in order to understand the

possible effect of the oxidation on the TF damage.

Parabolic rate constant
mg*/(cm*min)
T(°C) | WC-20Co WC-30(CoNiCrFe)
500 0,11E-03 0,15E-03
600 8,30E-03 2,44E-03

Table 4: Parabolic rate constant of WC-20Co and WC-30(CoNiCrFe) at 500°C and 600°C

As shown in Figure 6, oxidation kinetic follows a parabolic time dependence. At 500°C the oxidation
rate is very low and the curves of the two materials are very similar. On the other hand, at 600°C, the
oxidation rate is higher in case of WC-20Co. Parabolic constants, that were calculated as the higher
slope of all curves, are reported in Table 4. The oxidation resistance of cemented carbide depends on
the matrix amount and composition [17][18][19]. A decrease of the binder amount and a partial or
complete substitution of Co with Ni lead to a reduced oxidation resistance. Oxidation kinetic
highlights that the oxidation rate depends mainly on the matrix amount. As discussed above, a

plausible interaction between TF and oxidation can be hypothesized. The cross sections and EDAX



analysis of the two materials after 3000 cycles highlight the inner oxidation of thermal cracks (Figure
7a and 7b).

Two types of oxide can be distinguished, namely a W-rich light grey oxide (WQO3), and a Co-rich dark
grey oxide (CoWOQ,). In case of WC-20Co the W-rich oxide mostly fills the deeper region of the
crack while the Co-rich oxide covers the outermost crack surface. This behaviour is justified taking
into account that the Co oxidation occurs before that of WC [16]. Differently, due to the presence of
Nij, that is not able to moderate the rate of oxygen interaction with WC [14], a mixture of the two
oxides is present into the crack of WC-30(CoNiCrFe). Increasing the binder amount, the WOj; content
decreases but, due to the presence of Ni, the amount of this oxide is higher than in the case of WC-

30Co.

3.4 Correlation between TF and oxidation

WC-30Co seems to be characterized by a greater amount of oxide inclusions rather than cracks. This
is due to the fact that the slower crack propagation induces a stronger interaction with oxidizing
phenomena. Differently, cracks rich of oxide, but not oxide inclusions, are present on the surface of
WC-20Co due to the higher crack propagation. Because of the higher oxidation kinetics, the WC-
20Co oxidation at 600°C can be responsible, at least in part, for so high propagation rate. This
statement is confirmed by the Pilling Bedworth ratio (PBR) [25] of WC-Co oxides, higher than unity
[10][11][13][15], meaning that the volume expansion due to their formation inside the crack induces
an additional tensile state at crack tip. The PBR of the two main WC-Co oxides, calculated using the

equation (4), is equal to 3.33 in case of WO; and 2.25 in case of CoWO..

PBRyinvzmox = Vo/Vm = (MW vinvzmox/ 7MM1nM2m0x) x ( Owi/n X MWy + Suvp/m X MWw) (4)

where

M1,M2,,0,= generic oxide composed by two different metal M1 and M2



Vo and Vm = volume oxide and volume metal
MW = molecular weight

0 = density

The higher WO; PBR suggests, due to a greater volume expansion, an increased additional tensile
state at crack tip when W-rich oxide is formed. For this reason it is possible to conclude that a higher
propagation rate in the WC-20Co is firstly due to lower binder content but also due to higher
oxidation rate and greater amount of W-rich oxide. From that, an oxide induced crack propagation
mechanism is confirmed. Schematization of TF and oxidation behaviour of WC-20Co and WC-

30(CoNiCrFe) is shown in Figure 7c.

4 Conclusions

The TF behaviour of cemented carbide was investigated. Two grades with different amount of binder,
composition and WC grain size were studied. The overall conclusion of this study is that, firstly, the
main propagation mechanism changes from an intergranular to a transgranular fracture of the WC
increasing the WC grain size. Secondly, a decrease in the binder content leads to an increased
propagation rate, avoiding the nucleation of new cracks due to a reduction in the local constraint
close to the crack. Thirdly, an oxidation induced crack propagation mechanism is confirmed,
especially in WC-20Co, due to a higher oxidation rate and W-rich oxide formation. From a practical
point of view, is preferable to have a high crack density and low mean crack length. In fact, the
removal of cracks by wear phenomena or grinding is easier in case of short cracks and the risk to

have catastrophic failure is lower.

Figure captions
Figure 1: customary rig used for TF fatigue cracking (a). TF sample showing multiaxial stress state

(T=tangential, A=axial) and multidirectional thermal cracking (b).



Figure 2: WC-20Co (a) and WC-30(CoNiCrFe) (b) SEM micrographs

Figure 3: surface thermal fatigue cracking for WC-20Co and WC-30(CoNiCrFe) after 1300 (a), 2000
(b) and 3000 (c) cycles

Figure 4: mean crack length (a) and crack density (b) vs number of cycles, correlation between mean
crack length and crack density (c)

Figure 5: WC-20Co (a) and WC-30(CoNiCrFe) (b) penetration depth of thermal fatigue cracks after
3000 cycles, WC-20Co (c) and WC-30(CoNiCrFe) (d) propagation mechanisms after 3000 cycles
Figure 6: oxidation kinetics of WC-20Co and WC-30(CoNiCrFe) at 500 and 600°C

Figure 7: cross sections of WC-20Co (a) and WC-30(CoNiCrFe) (b) after 3000 cycles of thermal
fatigue test and the oxide composition patterns, schematic representation of TF and oxidation

behaviour changing the binder content (c)
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Highlights

¢ Transgranular/intergranular fracture of WC ratio changes, increasing the Dyc.
¢ The propagation rate decreases, increasing the binder content.

¢ The oxidation rate depends mainly on the matrix amount.

¢ An oxidation induced crack propagation mechanism is confirmed.
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