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Abstract

In this work the effect of different blasting conditions on the residual stress of Ti(C,N)/a-Al203 coatings
deposited on cemented carbide are investigated. Top-blasting using alumina and zirconia micro-
particles at different pressures was applied on top of the coated carbides. The residual stress behavior
of the WC-Co/Ti(C,N)/a-Al203 system in a heating cycle (up to 800-C) was studied in-situ using energy
dispersive synchrotron X-ray diffraction. The results show that the stress behavior in both coating and
carbide can be tailored by optimizing the blasting parameters.

Introduction

Cemented carbides are an important category of composite materials, which combine the hardness of
a hard phase, with the ductility of a binder phase [1]. They are used as substrates for coated cutting
tools. Hard ceramic thin films deposited by Chemical Vapor Deposition (CVD) or Physical Vapor
Deposition (PVD) improve the wear resistance of the cutting tools in machining applications such as
milling [2]. Milling is an intermittent machining operation where the insert is subjected to large thermo-
mechanical loads, in particular when cooling media is used. The main wear type that leads to failure in
milling tools is called comb cracks, which is the result of intermittent mechanical and/or thermal
fatigue. The cracks are initiated by the alternating expansion and contraction of the surface of the tool
as it is heated and cooled during the interrupted cutting. This process of crack formation and
propagation is accelerated by concentration of stresses developed due to mismatches in thermal
expansion coefficient between the coating layers and the substrate [3]. CVD coatings exhibit tensile
residual stresses after deposition that favor crack propagation. Thus, to retard crack propagation,
tensile residual stresses of as-coated CVD inserts can be reduced by post-treatment methods, such
as mechanical peening [4]. The process may also contribute to improve the coating adhesion and the
performance of coated cutting tools. The top-blasting process may be more (or less) effective
depending on the type of particles and the impacting conditions used. The analysis of residual
stresses is extremely important in CVD coated cutting tools, because the understanding of how they
act on the insert can help to avoid or minimize the appearance of comb cracks. In this study, the
residual stresses are evaluated using energy dispersive synchrotron X-ray diffraction to understand
the effect of different blasting conditions on the residual stress behavior of Ti(C,N)/a-Al203 coatings
deposited on a WC-Co substrate. Blasting was conducted using both alumina and zirconia micro-
particles at different blasting pressures.

Experimental

A Ti(C,N)/a-Al203 (4um/4pm) CVD coating was deposited on a WC-6%Co cemented carbide. A thin
layer of TiN (0,3 um) layer was applied on the cemented carbide before the carbonitride deposition. A
Ti(C,N,Ox) bonding layer was deposited between the carbonitride and the a-Alz0s layer (Figure 1).
Table 1 lists the samples conditions selected for this work.

The XRD experiments using ED synchrotron diffraction were performed at the Material Science
Beamline EDDI (Energy-Dispersive Diffraction) of the Helmholtz-Zentrum Berlin at the storage ring
BESSY in Berlin, Germany [5]. Residual stress analyses were conducted during a thermal cycle
ranging from room temperature (RT1) to 800°C (typical working peak temperature of cutting tools) and
cooling to room temperature again (RT2). The sin?2y method was used to determine the stress values.
One of the most important advantages of the sin?y method is its numerical stability and insensitivity to
experimental uncertainties. The analysis of the thermal influence on the residual stress behavior for
each material was conducted in-situ (heating with an Anton Paar resistance furnace, constant flow of
Ar). The fundamental equation of stress analysis using XRD was applied (see Eq.1). The diffraction
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elastic constants (DECs) required for the evaluation of the residual stresses and stress depth profiles
were evaluated by the Eshelby-Kréner model [6,7], using the respective single crystal elastic
constants [8] (Table 2). In the present case the samples do not have compositional gradients within
the sub-layers. Thus, the results of the residual stresses do not depend on the variations of elastic and
thermal material properties, as well as on the changes of the strain-free do-spacing with the depth into
the sub-layers. Therefore, an average value over the multiplicity of each (hkl) plane is the most

adequate choice to determine representative stress values for each layer.
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Figure 1: SEM image of coated insert investigated (BL = bonding layer, SL = starting layer).

Table 1. Samples and blasting conditions in WC-Co/Ti(C,N)/a-Al203 systems investigated.

Name

Blasting Condition

Sample A

NB

No blasting

Sample B B1.8

alumina - 1.8 bar

Sample C_B2.0

alumina — 2.0 bar

Sample D

SP

zirconia - 5.2 bar

Sample E_SP+B2.3

alumina - 2.3 bar + zirconia - 5.2 bar

Table 2: Diffraction elastic constants for the layers and WC. [6-8]

Compone | kI | §pK! (+ 1076 MPa™) | Zshk(+ 1076 MPa™Y)
a-Al203 012/024 -0.685 3.36
110 -0.557 2.96
Ti(C,N) 200 -0.425 2.665
220 -0.465 2.795
wcC 001 -0.32 2.01
100 -0.46 2.74
101 -0.32 1.95
110 -0.49 2.7
002 -0.32 2.01
111 -0.35 2.17
200 -0.46 2.74
102 -0.28 1.82
201 -0.37 231
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Results

The residual stress analysis of sample A_NB (non-blasted condition) is shown in Fig. 2. It is observed
that the o-Al2O3 layer presented high tensile stress at RT1 (600 MPa). At 800°C the residual stress
value decreases to +150 MPa. After cooling at RT2 the a-Al2Oz layer presents a tensile stress of the
same magnitude as RT1. For the Ti(C,N) layer the calculated residual stresses were 600 MPa (RT1),
compressive stresses of -150 MPa (800°C) and tensile stress similar to RT1 after cooling at RT2 (600

MPa). The WC phase presents very low tensile stress at RT1, 800°C and RT2 (ranging from 20 to 50
MPa).
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Figure 2: Residual stresses for Sample A_NB.

In Figure 3 the residual stress analysis of sample B in blasted condition (1.8 bar) is shown. The a-
AlOs layer presented high tensile stress at RT1 (500 MPa). At 800°C the residual stress is
compressive (-200 MPa). At RT2 the a-Al203 layer develops a tensile stress of the same magnitude as
RT1. For the Ti(C,N) layer the calculated residual stresses were 625 MPa (RT1), compressive
stresses of -200 MPa (800°C) and tensile stress at RT2 of the same magnitude as at RT1 (575 MPa).
The WC phase presents very low tensile stress at RT1, 800°C and RT2 (between 30 and 10 MPa).
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Figure 3: Residual stresses for Sample B_B1.8
The results of increasing the blasting pressure of the alumina particles from 1.8 to 2.0 bar is shown in
Figure 4. The o-Al2Os layer presented low tensile stress at RT1 (175 MPa). At 800°C the residual
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stress is compressive (-500 MPa) evolving to tensile stress at RT2 (450 MPa). The calculated residual
stresses in the Ti(C,N) layer were 600 MPa at RT1, compressive stresses of -150 MPa at 800°C and
tensile stress of 650 MPa at RT2. As for the other samples blasted with alumina particles, the WC
phase presents very low tensile stress at RT1, 800°C and RT2 (ranging from 50 to 20 MPa).
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Figure 4: Residual stresses for Sample C_B2.0

In Figure 5 the residual stress analysis of sample D top-blasted with zirconia particles is shown. It is
possible to observe that in Sample D_SP the a-Al2O3 layer presented tensile stress at RT1 and RT2 of
the same magnitude (375 MPa). At 800°C the residual stresses are of tensile type (100 MPa). For the
Ti(C,N) layer the calculated residual stresses were 175 MPa (RT1), compressive stresses of -300 MPa
(800°C) and tensile stress at RT2 (300 MPa). The WC phase presents for this blasting condition
compressive stresses at RT1 (-550 MPa), which reduce at 800°C and RT2 (-75 MPa).
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Figure 5: Residual stresses for Sample D_SP

Residual stresses determination in sample E after both blasting with zirconia and alumina particles is
shown in Figure 6. The a-Al203 layer presented similar values of tensile stress at RT1 and RT2 (350
MPa). However, at 800°C the residual stress changed to compressive stresses of -375 MPa. For the
Ti(C,N) layer the calculated residual stresses were 175 MPa at RT1, -300 MPa at 800°C and 300
MPa at RT2 The WC substrate presents high compressive stress at RT1 (~ -475 MPa). At 800°C and
RT2 the residual stress of the WC phase is almost negligible.
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Figure 6: Residual stresses for SampleE_SP+B2.3

Discussion

In this work we have investigated the residual stress behavior of as-coated and top-blasted WC-
Co/Ti(C,N)/a-Al203 systems in one temperature cycle (RT1 - 800°C - RT2). The results of the in-situ
analysis using high energy synchrotron X-ray diffraction for conditions investigated show particular
trends that have been observed before [3,4,9,10]. For example in the as-coated condition the
Ti(C,N)/a-Al203 system presents an alternating cycling behavior of residual stresses, evolving from
tensile stresses (+600 MPa) to compressive residual stresses (-100 MPa) at high temperatures. After
cooling down at room temperature again, the residual stresses evolve to tensile stresses of the same
magnitude as the initial condition (+600 MPa). This result is in agreement with previous works reported
by the authors [3][9] and may indicate an elastic behavior in terms of stress evolution for the
carbonitride and oxide layer. Interestingly, the residual stress values of the WC phase in the as-coated
sample (sample A_NB) are almost of the same magnitude (+30 MPa) during the entire thermal cycle.
Top-blasting with alumina particles influences the initial residual stress of the a-Al203 layer. The post-

treatment process reduces the tensile stresses of the a-Al203 layer. By increasing the top-blasting
pressure up to 2 bar, the initial residual stress is reduced from + 600 MPa to +180 MPa. For this type
of blasting conditions, evolution of high compressive stresses is expected, as observed in previous
works [3,10], but despite the reduction of tensile stress absolute values, the a-Al203 layer remains in
tensile stress. The main difference between the coating system investigated and the previous works
[3,10] is the absence of a TiN thin top layer (which is removed during top-blasting). This is a
fundamental difference that may influence the final residual stress behavior and needs further
investigations.

Another effect observed is the evolution of higher compressive stress at high temperatures for the a-

Al>Os top-blasted layer (up to -500 MPa at 800°C). However, top-blasting with alumina particles does
not influence the residual stresses of the Ti(C,N) and WC phase, showing similar values as in the as-
coated non-blasted condition. It is known that the blasting effect is confined to very few microns on the
top, and even only remaining in the a-Al2O3 layer [10].

Top-blasting with zirconia particles has the largest effect on the residual stress of the WC phase. This
is in agreement with recent works [4]. Compressive stresses of up to -500 MPa were calculated in the
WC phase for the zirconia blasted sample at RT1. This residual stress value is below the expected
range (1-3 GPa) but it is certainly influenced by the blasting parameters (pressure, time, particle size,
etc). Remarkably, heating the sample at 800°C results in a complete relaxation of the compressive
residual stresses of the WC phase. Here it is worth to mention that the time needed to collect the XRD
data in the in-situ measurement is 10 min, which may allow for annihilation of defects and relaxation of
stresses. In the zirconia blasted sample the Ti(C,N) layer presented reduced tensile stresses at RT1
and higher compressive stresses at high temperatures. However, the a-Al2z0z layer residual stress
condition is not affected. The influence of the zirconia blasting in the residual stress of the coating
layers needs further investigation.
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Finally combining both the alumina and zirconia top-blasting results in higher compressive stresses for
the WC phase and higher compressive stresses at high temperature for both the Ti(C,N) and the a-
Al>Os3 layer. This condition may be optimum in terms of delaying crack propagation.

Conclusions

The first results of our investigations show distinct residual stress evolution for different blasting
conditions in the same WC-Co/Ti(C,N)/a-Al203 sample. Top-blasting with alumina particles mainly
influences the residual stress behavior of the coating system, introducing high compressive stresses in
the o-Al2Os layer, whereas blasting with zirconia particles influences the residual stress of the WC
phase in the substrate and to a lesser extent the residual stress of the coating layers both at room and
high temperatures. These results also indicate that improved tailored residual stress conditions can be
achieved by careful design of the combination of post-treatment processes.
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