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Abstract 

Recently, wet sand blasting on coated cutting tool inserts has drawn interest to the tooling industry due to its 
positive effects on cutting performance and tool life. This performance boost has partly been attributed to the 
buildup of compressive residual stresses in the coating during the blasting process. However, the mechanism of 
forming residual stresses in ceramic coatings during sand blasting is not fully understood. 

This work utilize x-ray diffraction as the main tool to study the formation and relaxation of residual stresses after wet 
sand blasting and annealing on 001, 012 and 110 textured α-Al2O3 coatings. To minimize the influence of stress 
gradients in the samples, all stress measurements were set up with a fixed analysis depth of 2 µm. Sand blasting was 
made with an alumina based slurry at 2, 3.2 and 4 bar pressure and the anneal was done at temperatures from 400 
to 1000 °C for 2 hours or more. The coating hardness was evaluated by nanoindentation. Finally, the activation 
energy for the relaxation of residual stresses was estimated using the Zener-Wert-Avrami function. 

The results reveal the highest compressive residual stress with up to -5.3 GPa for the 012 texture while the stresses 
for the 001 and 110 textures peaked at -3.1 and -2.0 GPa, respectively. Further, a hardness gradient was present 
after blasting of the 001 and 012 textured samples indicating a higher stress at the surface of the coating. The 110 
textured sample is the most brittle resulting in flaking of the coating during sand blasting. The different deformation 
mechanisms are related to difference in active slip planes between coatings with different textures. Both the stress 
and hardness decreased after heat treatment and the activation energy for stress relaxation was found to be as 1.1 ± 
0.3 eV, 1.9 ± 0.2 eV and 1.2 ± 0.1 eV for the 001, 012 and 110 textures, respectively. 
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Abstract  

Recently, wet sand blasting on coated cutting tool inserts has drawn interest to the tooling 

industry due to its positive effects on cutting performance and tool life. This performance 

boost has partly been attributed to the buildup of compressive residual stresses in the 

coating during the blasting process. However, the mechanism of forming residual stresses in 

ceramic coatings during sand blasting is not fully understood. 

This work utilize x-ray diffraction as the main tool to study the formation and relaxation of 

residual stresses after wet sand blasting and annealing on 001, 012 and 110 textured α-Al2O3 

coatings. To minimize the influence of stress gradients in the samples, all stress 

measurements were set up with a fixed analysis depth of 2 µm. Sand blasting was made with 

an alumina based slurry at 2, 3.2 and 4 bar pressure and the anneal was done at 

temperatures from 400 to 1000 °C for 2 hours or more. The coating hardness was evaluated 

by nanoindentation. Finally, the activation energy for the relaxation of residual stresses was 

estimated using the Zener-Wert-Avrami function. 

The results reveal the highest compressive residual stress with up to -5.3 GPa for the 012 

texture while the stresses for the 001 and 110 textures peaked at -3.1 and -2.0 GPa, 

respectively. Further, a hardness gradient was present after blasting of the 001 and 012 

textured samples indicating a higher stress at the surface of the coating. The 110 textured 

sample is the most brittle resulting in flaking of the coating during sand blasting. The 

different deformation mechanisms are related to difference in active slip planes between 

coatings with different textures. Both the stress and hardness decreased after heat 

treatment and the activation energy for stress relaxation was found to be as 1.1 ± 0.3 eV, 1.9 

± 0.2 eV and 1.2 ± 0.1 eV for the 001, 012 and 110 textures, respectively.   
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2 INTRODUCTION 

The demand for low-cost cutting tools with improved tool life or productivity, for use in 

harsh operating conditions comprising high temperature and high pressure, drives the 

development of new cutting tools with improved properties and cutting performance. 

Typically this is done by making a balanced choice of e.g. substrate material, tool geometry 

and pre- and post-deposition surface treatments. Also, the selection of a durable and wear 

resistant coating material is crucial for the overall cutting performance. 

A common ceramic hard coating is alumina (α-Al2O3). It is a material with high melting 

temperature, high hardness and good wear resistance (Holleck, 1986), (Parnaik, 2002) which 

makes it suitable for cutting tools used at high temperature. The only economical deposition 

method for industrial applications is chemical vapor deposition (CVD) (Ruppi, 2015). CVD is a 

deposition method where thin coatings are grown using different gases which react 

chemically on a heated sample (Choy, 2003). By using CVD, it is possible to control the 

texture (Ruppi, 2015), (Fallqvist, 2007) and achieve a high purity coating (Maury, 2003). The 

possibility to deposit, uniformly, on complex structures is also an advantage with the CVD 

method. 

When using a CVD process, a resulting tensile residual stress will exist in the α-Al2O3 layer 

(Schalk, 2013). The tensile stress builds up due to different thermal expansion coefficient in 

the substrate and the deposited layer. This has a negative effect on the service lifetime of 

the coating. A common way to improve the same is to use wet sand blasting on the coating. 

The blasting process will induce a residual compressive stress level in the coating (Kennedy, 

2005). In fact, a coating in compressive stress state would be beneficial since it can increase 

the service lifetime by preventing the coating from cracking.  

In order to make even better coatings with longer lifetime and good performance at high 

temperatures a better understanding behind the mechanism of compressive stress 

formation after sand blasting is needed. Earlier studies have shown that sand blasted α-Al2O3 

have a stress gradient (Tkadletz, 2015). This can cause difficulties during the stress analysis 

by x-ray diffraction (XRD), since XRD measurements are averages over a certain sample 

volume/depth. 



4 
 

The present work focuses on post treated (wet sand blasted) textured CVD alumina coated 

hard metal (WC:Co) cutting inserts. The objective was to study the generation and 

annihilation of residual stresses in the sub-surface region of textured α-Al2O3 layers as a 

function of wet sand blasting conditions and subsequent heat treatment up to 1000 °C. 

Residual stresses were evaluated by x-ray diffraction and the sin2ψ method using glancing 

incident angles. With this approach, the penetration depth can be kept small and constant 

during the whole measurement and as a result minimize the influence of stress gradients in 

the data. Here the penetration depth was set to 2 µm. This work revealed that both the 

surface structure and the residual stresses are heavily influenced by the texture of the 

coating and the blasting pressure of the sand blasting process. A study on the activation 

energy for the temperature activated annihilation of stresses was done using the Zener-

Wert-Avrami function (George, Howes, & Inoue, 2001) and the activation energy was found 

to be between 1 and 2 eV. A hardness gradient was found after blasting where the α-Al2O3 

coating was softer close to the Ti(C,N) layer and harder closer to the surface, understood as 

the deformed material being concentrated to the surface region. During the blasting 

process, the three textures behave differently where the 110 textured sample shows the 

most brittle behavior. This is understood as a difference in activated slip planes in different 

crystallographic directions.   
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3 THEORY 

3.1 CRYSTAL LATTICE 

3.1.1 Miller Indices 

A convenient way to describe planes or directions in a crystal lattice is the miller indices h, k 

and l. The miller indices are reciprocal values from the real space lattice which means that 

high numbers are short distances and vice versa. There are four different brackets used for 

slightly different purposes when using miller indices. (hkl) and [hkl] denotes planes and 

directions, respectively. The two other brackets are {hkl} and <hkl> and they describe 

families of planes and directions which are, by symmetry, equivalent to each other. 

3.1.2 Hexagonal Closed Packed Lattice 

To understand what happens when the material is probed with x-rays or some other 

instruments a good understanding of the crystal is needed. The α-Al2O3 studied in this work 

is based on the hexagonal closed packed (HCP) crystal. The HCP is built up by an ABAB 

stacking sequence in the [001] direction, illustrated in Fig. 3.1. There are always some empty 

spaces between the atoms because it is impossible to stack spheres without any kind of 

empty space in the cluster. These empty spaces are called, for a HCP lattice, octahedral and 

tetrahedral sites. The octahedral sites are the holes visible in Fig. 3.1b and the tetrahedral 

sites is the empty space between two A-A or B-B planes, note that there are two tetrahedral 

sites for each A-A or B-B pair. 

 

           a          b 

Figure 3.1. A schematic representation of the stacking sequence for a HCP lattice. 

 

A 
B 

A 
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3.1.3 The α-Al2O3 Crystal 

The α-Al2O3 crystal is a slightly changed HCP crystal. The difference between a normal HCP 

and the α-Al2O3 lattice or corundum lattice, as it is also called, is that two thirds of the 

octahedral sites are filled with aluminum ions (Al3+) which form a honeycomb pattern as 

shown in Fig. 3.2 where the blue smaller circles are Al3+ ions. The red big circles are oxygen 

ions (O2-) which follows the normal HCP stacking order (ABAB). The Al3+ ions are shifted one 

step for each layer. This means that there are three Al3+ layers before the same Al3+ layer 

comes back. The only differences between the Al3+ layers are which of the octahedral sites 

that are occupied. 

 

Figure 3.2. Illustration of the α-Al2O3 crystal stacking order. 

A 2x2 corundum cell will look like Fig. 3.3a where the big red spheres are O2- and the small 

purple spheres are Al3+. Three different textures are investigated in this study and they are 

illustrated in Fig. 3.3a-c where a, b and c corresponds to 001, 110 and 012 textures, 

respectively. A textured material means that most of its grains (if the material is 

polycrystalline) are oriented in a specific direction, here the growth direction, i.e., the 

direction normal to the substrate surface. 
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a                           b               c 

Figure 3.3. An illustration of an α-Al2O3 crystal where the red spheres are O2- and the purple 

spheres are Al3+. Fig. 3.3a, b and c show the three growth directions [001], [110] and [012], 

respectively. 

3.2 TEXTURE ANALYSIS 

A common way to measure the texture of a material is to do a texture coefficient (TC) XRD 

analysis (Kim, 1986). This is done by choosing well defined, relatively strong and isolated 

peaks from a θ-2θ scan and compare their relative normalized intensities. Note that the 

more peaks used in the analysis the more accurate will the result be. The texture coefficient 

is calculated according to Eq. 1 

TC(hkl) =
𝐼(hkl)

𝐼o(hkl)
[

1

𝑛
∑

𝐼(hkl)

𝐼o(hkl)

𝑛
1 ]

−1

                        1 

where I(hkl), I0(hkl), n and TC(hkl) are the intensity of peak hkl for the investigated sample, 

the Joint Committee on Powder Diffraction Standard (JCPDS) intensity of peak hkl for the 

reference sample, the number of peaks used in the TC analysis and the TC value for peak hkl, 

respectively. The (JCPDS) reference file number 46-1212 was used for the texture analysis on 

the α-Al2O3 coatings. 

Table 3.1 shows the results from a texture analysis, in this example are seven different peaks 

used in the analysis and the analyzed sample is strongly 001 textured.  

 

 

a

b

c

a b

c

a

b

c
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Table 3.1. Result from a texture analysis on 001 textured α-Al2O3 coating. 

hkl TC(hkl) 

104 0.13 

110 0.23 

006 6.43 

113 0.03 

024 0.12 

116 0.07 

030 0.00 
 

The TC method is not a complete method for analyzing the texture of a material. Only the 

planes parallel with the surface are analyzed and therefore all other planes are unanalyzed.  

3.3 STRESS AND STRAIN  

3.3.1 Definitions 

A material will deform when a load is applied on it. The deformation of the material creates 

internal forces that cancel out the applied load forces. For instance if a rod have a force 

evenly distributed on both ends it will deform as in Fig. 3.4 and the stress can be calculated 

using Eq. 2. 

𝜎 =
𝐹

𝐴
                            2 

where σ, F and A is the stress caused by the forces, the applied load on both ends of the rod 

and cross section area of the material, respectively. 
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Figure 3.4. Illustration of an unloaded rod (left rod) and the same rod with an applied load 

which deforms the rod (right rod). 

The strain in the right rod in Fig. 3.4 is defined by the change in length divided by the 

unloaded length, Eq. 3. 

𝜀 =
𝑥−𝑥0

𝑥𝑜
                                                 3 

where ε is the strain and x0 and x are the unloaded and loaded length of the rod, 

respectively. If the rod is elongated, i.e., x > x0, the stress is tensile and opposite if x < x0 the 

stress is compressive. 

The problem can be expanded into two dimensions; the total forces will then be described 

with two vectors, one force in the x-direction and the other in the y-direction. The resulting 

stress is expressed with a 2 by 2 matrix as in Eq. 4. The stress components in Eq. 4 are 

visualized in Fig. 3.5. 

𝜎𝑖𝑗 = (
𝜎11 𝜎12

𝜎12 𝜎22
)                                             4 

The off diagonal stresses in Eq. 4 are equal to each other (Noyan, Choen, Ilchner, & Grant, 

1987) and are called shear stresses. Shear stress can cause change in shape of the material 

while the normal stresses only cause size changes. The forces and stresses can easily be 

expanded into three dimensions in the same way resulting in a 3 by 3 matrix, Eq. 5.  

𝜎𝑖𝑗 = (

𝜎11 𝜎12 𝜎13

𝜎12 𝜎22 𝜎23

𝜎13 𝜎23 𝜎33

)                        5 



10 
 

 

Figure 3.5. Illustration of the four stresses in a two dimensional box. 

3.3.2 Residual Stress – Definition and Origin 

Stresses arise from an applied load on a material, as previously mentioned. Residual stresses 

are stresses that remain in the material after the load is removed. There are several known 

causes where residual stresses are formed. They can form when a thin film or coating on a 

substrate with different thermal expansion coefficient is cooled down from high 

temperature. Another example is shot peening (Pfeiffer, 2006) which introduces plastic 

deformation at the top layer causing compressive stress in the coating and to compensate 

the compressive stresses are tensile stresses formed in the substrate. Another method to 

create residual stresses is, the method used in this study, wet sand blasting. 

3.3.3 Young’s Modulus and Poisson’s Ratio 

If an isotropic material has a compressive stress in the x direction (σ11) the atoms will be 

pushed together in the x direction. The distance the atoms are pushed or how much the 

material is strained depends on the load and the Young’s modulus (E) of the material. The 

relation between strain and stress is linear (Eq. 6) if the forces are not too large. 

𝜀11 =
1

𝐸
𝜎11                         6 

The atoms in the y and z directions will be pushed away from each other as a result of the 

atoms in the x direction being pushed together, forming strains in the y and z direction with 

an opposite sign to the strain in the x direction as seen in Eq. 7. 

𝜀22 = 𝜀33 = −
𝑣

𝐸
𝜎11                         7 
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Here v is the Poisson’s ratio which is a material constant. The resulting strain from stresses in 

a material can be summarized in tree equations, Eq. 8a-c. 

𝜀11 =
1

𝐸
𝜎11 −

𝑣

𝐸
(𝜎22 + 𝜎33)                     8a 

𝜀22 =
1

𝐸
𝜎22 −

𝑣

𝐸
(𝜎11 + 𝜎33)                      8b 

𝜀33 =
1

𝐸
𝜎33 −

𝑣

𝐸
(𝜎11 + 𝜎22)                      8c 

Any stress in the 11, 22 or 33 direction cannot give rise to off diagonal strain as seen in Eq. 

8a-c. The only way off diagonal strain can occur in an isotropic material is if there is any 

shear stresses σij where i≠j. 

∑ 𝜀𝑖𝑗
3
𝑖=1 = ∑

1+𝑣

𝐸
𝜎𝑖𝑗

3
𝑖=1                         9 

j is taken from 1 to 3 and i≠j. 

3.4 MEASURING RESIDUAL STRESS WITH XRD 

3.4.1 XRD 

X-rays are electromagnetic radiation with a wavelength in the range of 0.1-10 nm. It is the 

short wavelength that makes them ideal for measuring the distance between atoms or 

atomic planes.  

There are several different techniques to create x-rays. One common way is to heat a 

cathode filament, the heated cathode filament creates electrons and the electrons are 

accelerated towards a target (anode) by an electric field. The electrons are retarded very fast 

when they strike the target and the energy they lose due to the deceleration is transformed 

to mostly heat but a small percentage is transformed into x-rays. Depending on which 

material is used as an anode, different wavelengths of the x-rays will be created. Some of the 

most common wavelengths used and their sources are listed in table 3.2. 
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Table 3.2. Listing of some common x-ray sources and their wavelengths (Noyan, Choen, 
Ilchner, & Grant, 1987). 

Material (anode) λ(Κα) (Å) 

Cu 1.542 
Co 1.790 
Cr 2.290 
Mo 0.711 

 

The x-rays leave the source, go through optics, hit the sample, diffract and are collected in 

the detector which counts the number of hits. The most important angles used in this study 

are shown in Fig. 3.6 where L3 and S3 denote the lab and substrate coordinate system, 

respectively. θ is the angle between the incident x-ray beam and the lab x-axis, ω is the 

angle between the substrate and the incident x-ray beam (ω is equal to θ if the substrate 

and lab coordinate system is the same), ψ is the angle between L3 and S3 and φ changes 

which direction in the plane of the sample the measurement is done. 

 

Figure 3.6. The different angles in an XRD measurement. 

When an x-ray beam impacts on a sample it will penetrate a certain volume of the sample. 

The volume penetrated depends on the incidence angle, energy of the x-ray and the sample. 

Some of the x-rays will be reflected on the atoms and exit the sample and hit the detector. 

When the θ angle in Bragg’s law (Eq. 10) is fulfilled there will be an increase in x-rays hitting 

the detector and a peak will be formed in the x-ray diffraction pattern. The Bragg’s law is 

illustrated in Fig. 3.7. 
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𝑛𝜆 = 2𝑑 sin 𝜃                      10 

where n, λ, d and θ is an integer, the wavelength of the x-ray, distance between atomic 

planes and the angle of incidence, respectively. 

 

Figure 3.7. Illustration of Bragg’s law and how the x-ray reflects on atoms. 

By determining the peak position in a diffractogram the spacing between the atomic planes 

can be determined using Bragg’s law (Eq. 10).  

3.4.2 Residual Stress Analysis 

A material that is strained has its spacing between atoms changed as previously mentioned. 

This can be utilized in a XRD measurement because the peak position in a diffractogram 

reveals the spacing between atomic planes. If the angle between L3 and S3 is ψ and the angle 

between S1 and L1 is φ the strain can be calculated using Eq. 11. 

(𝜀33
′ )𝜑𝜓 =

𝑑𝜑𝜓−𝑑0

𝑑0
                        11 

where d0 is the unstrained atomic plane spacing, ε33
′  the strain and dφψ the atomic plane 

spacing in the lab coordinate which is illustrated in Fig. 3.8. In order to change it into the 

substrate coordinate system a spherical rotation is needed:  

𝜀33
′ = mi𝜀𝑖𝑗m𝑗 = 𝜀11sin2𝜓cos2𝜑 + 𝜀12sin2𝜓sin2𝜑 + 𝜀22sin2𝜓sin2𝜑 + 𝜀33cos2𝜓 

         +𝜀13sin2𝜓cos𝜑 + ε23sin2𝜓sinφ                   12 
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Figure 3.8. An illustration of the direction of the atomic plane spacing dφψ. 

The m in Eq. 12 is the rotation vector: 

𝐦 = (

sin 𝜓 cos 𝜑
sin 𝜓 sin 𝜑

cos 𝜓
)                       13 

Eq. 12 is the most central equation in residual stress analysis and by combining the equation 

with Eq. 8 and 9 the stress of the sample can be calculated using the resulting Eq. 14. 

(𝜀33
′ )𝜑𝜓 =

𝑑𝜑𝜓−𝑑0

𝑑0
=

1+𝑣

𝐸
(𝜎11cos2𝜑 + 𝜎12sin2𝜑 + 𝜎22sin2𝜑 − 𝜎33)sin2𝜓   

                +
1

𝐸
𝜎33 −

𝑣

𝐸
(𝜎11 + 𝜎22) +

1+𝑣

𝐸
(𝜎13cos𝜑 + 𝜎23sin𝜑)sin2𝜓        14 

3.4.3 The sin2ψ Method 

One of the most common techniques to evaluate residual stress is the sin2ψ method (Noyan, 

Choen, Ilchner, & Grant, 1987) using XRD measurements, which also was the technique used 

in this work. The procedure is as follows: 

 choose a peak that is well defined with no other overlapping peaks and with a strong 

reflection, 

 measure the peak position at different ψ angles, make enough measurements so that 

a good plot can be done using the data, 

 determine the peak position of each peak measured and deduce dφψ using Bragg’s 

law (Eq. 10), and  
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 evaluate the stress from the dφψ vs sin2ψ relation.  

The dφψ vs sin2ψ plot can take three different forms visualized in Fig. 3.9. Depending on 

the shape of the plot and what kind of material is investigated different methods have to 

be used to evaluate the stress. 

 

Figure 3.9. Three example curves from d vs sin2ψ plots.  

If the sample is biaxially stressed meaning that the component σ33 is negligible and the curve 

is linear as in Fig. 3.9a the strains ε13 and ε23 in Eq. 12 is zero and as a result of them being 

zero σ13 and σ23 in Eq. 14 will also be zero and Eq. 14 will take the form of Eq. 15. 

𝑑𝜑𝜓−𝑑0

𝑑0
=

1+𝑣

𝐸
𝜎𝜑sin2𝜓 −

𝑣

𝐸
(𝜎11 + 𝜎22)                      15 

where σφ is the stress in the φ direction in the plane of the sample and has the form as in 

Eq. 16.  

𝜎𝜑 = 𝜎11cos2𝜑 + 𝜎12sin2𝜑 + 𝜎22sin2𝜑                     16 

It is seen from Eq. 15 that the slope (m) of the plot is equal to: 

𝑚 =
1+𝑣

𝐸
𝜎𝜑𝑑0                       17 

The only unknown left is the unstrained lattice spacing d0. It can be found by utilizing the 

fact that for one angle ψ=ψ* the lattice will be unstrained meaning that dφψ=d0 changing 

Eq. 15 to Eq. 18. 

sin2𝜓∗ =
𝑣

1+𝑣
(1 +

𝜎22

𝜎11
) = 2

𝑣

1+𝑣
                       18 
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The last step in Eq. 17 is valid if σ11=σ22, which is true for many materials, for instance thin 

CVD coatings (Birkholz, Fewster, F, & Genzel, C, 2006) which is the material studied in this 

report. All unknowns are now known and using Eq. 17 the stress can be found. 

3.5 CONSTANT PENETRATION DEPTH 

3.5.1 Penetration Depth - Definition 

A fairly large volume is analyzed during an XRD-measurement and this volume is changed 

when the angle ψ is changed. This can be a problem when the sample has a stress gradient. 

One way to avoid this problem is to have a constant and short penetration depth (τ) during 

the stress measurements (Kumar, 2006). In this work a penetration depth of 2 µm was used. 

The penetration depth is the depth inside the sample where the x-ray has lost intensity so 

that 1/e times the maximum intensity remains (I=I0/e) (Noyan, Choen, Ilchner, & Grant, 

1987). The penetration depth is highly dependent on the incidence and diffracted angle 

because the x-ray loses intensity because of length traveled inside the sample. The 

difference in length traveled and depth inside the sample is illustrated in Fig. 3.10 a and b 

where a) illustrates high angles and b) low angles, Eq. 19 shows the relation between length 

traveled (l), depth inside the sample (z), incidence angle (α) and diffracted angle (β).  

 

a                b 

Figure 3.10. The path the diffracted beam goes inside the sample is shown for a) high angles 

and b) low angles. 

𝑙 = 𝑧(
1

sin 𝛼
+

1

sin 𝛽
)                      19 

The intensity at depth z is 

𝐼 = 𝐼0e−𝜇𝑙                       20 
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where μ is the linear absorption coefficient and I0 is the maximum intensity. Combining Eq. 

19, Eq. 20 and the definition of penetration depth, z=τ when I=I0/e, gives the equation for 

the penetration depth versus incidence and diffracted angle: 

𝜏 =
sin 𝛼 cos 𝛽

𝜇(sin 𝛼+sin 𝛽)
                       21 

Applying Eq. 21 often results in using low incidence angles to reach the desired penetration 

depth. The angle cannot be too small because at very small angles, around 0.3 degrees for α-

Al2O3 and λ=1.54 Å as the probing wavelength (Cu source) (Specht, 1992), total internal 

reflection will occur. The penetration depth varies greatly with very small changes in 

incidence angle at angles close to the total internal reflection angle, which is bad when doing 

stress analysis on materials with a stress gradient.  

It can be found by studying Fig. 3.6 (Welzelm, 2005) that 

sin 𝛼 = sin 𝜔 cos 𝜒                       22 

and 

sin 𝛽 = sin(2𝜃 − 𝜔) cos 𝜒                      23 

where α and β in Eq. 22 and 23 are the angles of incidence and exit, respectively. 

To get the φ and ψ angles correctly in the sample coordinate system a series of rotations 

(Kumar, 2006) must be carried out which will result in Eq. 24 and Eq. 25. 

𝜑s = 𝜑l + arctan [
−sin𝜒

tan(𝜔−𝜃)
]                       24 

𝜓 =
𝜔−𝜃

|𝜔−𝜃|
arccos (cos𝜒 cos(𝜔 − 𝜃))                       25 

where φs and φl in Eq. 24 is the φ angle in the sample and lab coordinate system, 

respectively. By combining Eq. 21, 22 and 23 the expression for the penetration depth in this 

figuration is found, Eq. 26, where it is seen that angle ω must be changed for each χ to keep 

the penetration depth constant.  

𝜏 =
sin 𝜔 sin(2𝜃−𝜔) cos χ

𝜇[sin 𝜔+sin(2𝜃−𝜔)]
                      26 
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3.6 ACTIVATION ENERGY 

The activation energy of the thermally activated diffusion is an important key in finding the 

mechanism of residual stress formation and relaxation after wet sand blasting and annealing 

on α-Al2O3. One way to investigate the activation energy is by using the Zener-Wert-Avrami 

function (Eq. 27) (George, Howes, & Inoue, 2001).  

𝜎(𝑡) = 𝜎0e−(𝐴∗𝑡)𝑚
                      27 

where σ(t), σ0, A, t and m are residual stress after annealing, residual stress before 

annealing, a function which depends on the material and annealing temperature, annealing 

time and a number which describes the dominant relaxation mechanism, respectively.  

The function A has the following expression: 

𝐴 = 𝐵𝑒−
∆𝐸

𝑘𝑇                       28 

where B, ΔE, k and T are a material parameter, the activation energy, Boltzmann constant 

(8.617*10-5 [eV K-1]) and annealing temperature, respectively. 

The procedure is fairly straight forward; several isothermal annealing series are made at 

different temperatures and annealing times. See section 4.1.3 annealing (annealing set 2) for 

a description how the annealing was done for the activation energy study in this work. After 

the anneal, residual stresses were evaluated and plotted as a function of annealing 

temperature. The m value was obtained from these plots. The plots have log (− ln (
𝜎

𝜎0
)) on 

the x-axis and log(t[min]) on the y-axis, see Fig. 5.17. It should be possible to draw a straight 

line thought the data points for each temperature series and the slope of the line is equal to 

the m value. Because the m value says something about the dominant relaxation mechanism 

it should have the same value for each temperature series (if the same relaxation process is 

occurring for each temperature). After achieving the m value a regression analysis is done 

using Eq. 27 where B and ΔE are the fitting parameters. This procedure of finding the 

activation energy has been successful in earlier work (George, Howes, & Inoue, 2001), (Xie, 

2011), (Luan, 2009), (Huang, 2012). 
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3.7 HARDNESS TEST - NANOINDENTATION 

Hardness is basically the resistance to plastic deformation of a material when an applied 

load is acting upon it and it is one of the most common mechanical properties used to 

describe materials. It is tested by pushing a probe into a material and measuring the indent 

it leaves after unloading. The indenter is made of a hard material, diamond for example, in 

order to have an as small influence of indenter deformation as possible.  

There are often two different types of deformations that occur during the measurement and 

they are called plastic and elastic deformation. The plastic deformation is a permanent 

deformation and the elastic is the deformation which is recovered when the applied load is 

removed. 

A nanoindentation measurement is rather simple; a small tip is pushed into the material and 

then unloaded while the position of the tip and the applied load is carefully measured during 

the measurement. The load is very small for a nanoindentation test, but there are other 

tests that measure hardness which uses higher loads, for instance Vickers test. The indent 

from a Vickers test is larger and the hardness is not analyzed from the unload vs distance 

curve. The hardness is instead extracted by optical measurement on the indent.  

A common load-displacement curve from a nanoindentation measurement is shown in Fig. 

3.11 and some important features used in the evaluation of the indent are marked. 

 

Figure 3.11. An example of a load-displacement curve from a nanoindentation 

measurement. 

The hardness is calculated using Eq. 29 

𝐻 =
𝑃max

𝐴c
                       29 
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where H, Pmax and Ac is the hardness, maximum load and the area of contact at peak load 

(Oliver, 1992), respectively. Ac is the only unknown in Eq. 29 and is, for a perfect Berkovich 

tip, defined as Eq. 30. The Berkovich tip is among the most commonly used tips having a 

geometry as shown in Fig. 3.12. 

𝐴c = 24.5ℎc
2                       30 

 

Figure 3.12. A schematic image of a Berkovich tip. 

There is a well-known procedure in order to calculate the area of contact at peak load and it 

is done in four steps. The first step is making a power fit to the unload curve using Eq. 31 

(Oliver, 1992).  

𝑃 = 𝐴(ℎ − ℎf)
𝑚                      31 

where P is the applied load, h is the displacement into the surface and m, A and hf are 

constants, respectively. The initial stiffness S  is then derived using Eq. 32.  

𝑆 =
d𝑃

dℎ
= 𝑚𝐴(ℎ − h𝑓)𝑚−1                     32 

hc in Eq. 30 can now be calculated using Eq. 33 (Oliver, 1992).  

ℎc = ℎmax − 𝜖
𝑃max

𝑆
                       33 

The geometric constant ε is 0.75 for a Berkovich tip and Ac can be calculated by inserting the 

value of hc in Eq. 30.  

We are not living in a perfect world, for better or worse. This means that the tip will not be 

perfect and an area correction must be done in order to get good results. Following Oliver et 

al’s. (Oliver, 1992) method an area correction can be done without the need of any 

microscopy on the indents. 
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4 EXPERIMENTAL DETAILS 

4.1 COATING DEPOSITION AND POST-DEPOSITION TREATMENTS 

In this section the coating deposition and the different post-deposition treatments are 

described. The sample composition and the deposition method are explained and the two 

post deposition treatments, wet sand blasting and annealing, are explained in detail. 

4.1.1 Coating Deposition 

Three different textures 001, 012 and 110 of α-Al2O3 were investigated in this study. The α-

Al2O3 were deposited by hot wall CVD using a gas mixture containing AlCl3, CO2, CO, H2 and 

HCl at 1000 °C on a Ti(C,N) coated cemented carbide. The Ti(C,N) coating were deposited 

from a gas mixture containing TiCl4, CH3CN, H2 and N2 at 860 °C. 

4.1.2 Wet Sand Blasting 

Wet sand blasting was employed to generate residual stresses in the sub-surface region of 

the alumina layers using a commercial Vapormatt – Tiger blasting system and pink alumina 

slurry from Vapormatt Ltd. The alumina abrasive consisted of almost pure α-Al2O3 (99.52 %) 

with a grain size of roughly 52-61 µm (240/280 mesh). The composition of the abrasive is 

given in table 4.1. 

Table 4.1. Composition of the abrasive used in the wet sand blasting process. 

Material Amount [%] 

Al2O3 99.52 

Fe2O3 0.05 

Na2O 0.18 

Cr2O3 0.25 

Experiments were made using three different sand blasting pressures (2.0, 3.2 and 4.0 bar) 

while all other settings were held constant. The sand slurry contained water (88.5 %) and 

sand (11.5 %). Two nozzle holders, holding four nozzles each, moved back and forth over the 

samples. The samples were, after the sand blasting process, cleaned using water sprayed 

directly on the samples followed by an ultrasonic water bath. After the cleaning process, the 

samples were dried using fan heaters. 

A total of 35 samples for each texture and pressure were wet sand blasted giving a total of 

35*3*3=315 samples treated in the wet sand blasting process. 
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4.1.3 Annealing 

Most of the samples were annealed after the wet sand blasting process in order to relax the 

introduced stresses from the sand blasting process.  

Two different experiments were made with two different goals, the first for investigating 

how much of the residual stresses are relaxed at different temperatures (annealing time is 

kept constant) and the second to investigate the temperature activated activation energy for 

stress relaxation by making time series for a few temperatures. 

- The first annealing set was done for two hours at 400, 500, 600, 700, 800 and 1000 

°C. Note that the total annealing process time is longer than two hours because of 

ramp up and cool down times.  

- The second annealing set was done at three different temperature series (400, 500 

and 600 °C) at four different times (two, four, eight and 32 hours). 

The ramp up and cool down process was the same for both experiments and is explained in 

detail here: 

The furnace was pumped to vacuum and then heated to 50 °C in 10 min. Afterwards 30 mbar 

argon was introduced in order to have a stable temperature and then the temperature was 

increased by 10 °C per minute until the temperature was 50 °C below the desired annealing 

temperature. The last 50 °C was reached slower, at 5 °C per minute. When the desired 

annealing time was reached, 600 mbar argon was introduced and the temperature went 

down rapidly and reached 60 °C in about an hour. The process is summarized in Fig. 4.1 for 

an annealing process at 400 °C for 2 h. 

   

Figure 4.1. Temperature profile during the annealing process 
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4.2 CHARACTERIZATION 

A multitude of instruments were used in order to collect information about the samples and 

they are: Scanning Electron Microscopy (SEM), XRD and nanoindentation. Each instrument 

and its settings will be summarized shortly. 

4.2.1 SEM 

An Ultra 55 LEO field emission gun SEM was used for recording images. The cross sectional 

samples investigated were fracture cross sections produced after pre-cutting using a Struers 

Accutom 5. Secondary electron image mode and an acceleration voltage of 3 kV were used 

for all SEM images shown in this report. 

4.2.2 XRD 

Texture analysis: 

A Bruker AXS D8 Advanced using a Cu source with a line focus of 12 mm was used to 

evaluate the TC. The diffractometer was equipped with a primary axial 2.5° Soller slit and a 

0.6 mm divergence slit before the sample. A secondary 2.5° Soller slit, a 0.6 mm receiving slit 

and a 0.1 slit were used after the sample. The x-rays were generated using 40 kV and 40 mA. 

The scan was done over 2θ of 24° to 126° with a 0.05 degrees step size and 2 seconds per 

step while the sample was continuously  rotating in the φ direction. 

The diffractogram was analyzed and fitted in the Topas program version 2.1 using a 4th 

order polynomial function for the background correction and a pseudo-Voigt function for the 

peak fitting.  

Stress analysis: 

A Bruker AXS D8 Advance equipped with an Euler cradle was used for the stress 

measurements. The measurement was done using a Cu source at 40 kV and 40 mA with a 

point focus of 2 mm using polycapillary primary optics and a Soller slit was positioned before 

a Sol-X detector. The 116 peak (2θ=57.5° for α-Al2O3) was used for the analysis and the 

measurement was carried out from 2θ=56° to 2θ=59.5°. Each texture had its own settings in 

order to optimize the measurement. The 110 and 012 textures were analyzed using two φ 

rotations (90° and 270°) and eight χ tilts ranging from 8° to 64° with the corresponding ω 

corrections to keep the penetration depth constant. Each χ tilt had its own time step, this 
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was done due to the fact that different tilts have different intensity in the XRD 

measurement. The 001 textured samples had the same setup as the other two textures with 

the only difference that only seven χ tilts ranging from 8° to 56° were measured. The 

incidence angle was kept at 1.5° during all stress measurements and the linear absorption 

coefficient is 12300 m-1 for α-Al2O3. Using Eq. 26 and a linear absorption coefficient of 12300 

m-1 for α-Al2O3, the ω angle was adjusted for each χ to keep the penetration depth constant 

at 2 µm for the stress measurements. The step size was the same for all measurements and 

was set to 0.1 degrees. The detailed settings for the measurements are tabulated in the 

appendix. 

The data was analyzed in the Topas program, version 2.1. The background was fitted with a 

linear function and the peak fitting was done using a pseudo-Voigt function, from which also 

the full with at half maximum (FWHM) could be extracted. 

The stresses were evaluated using a Young’s modulus of 450 GPa and a Poisson’s ratio of 

0.25. 

4.2.3 Nanoindentation 

An UMIS nanoindentation system equipped with a Berkovich tip was used for the 

nanoindentation experiments. The indents were done with an applied load of 8 mN, 

resulting in penetration depths between 120 and 150 nm. The samples were polished at 

roughly 5-7 degrees to the surface before the measurement. The polishing was done in 5 

steps using Struers Tegramin 30 equipment. A silicon carbide paper (grit 500) rotating at 300 

rpm for 10 s with an applied load of 20 N using water as a lubricant was done as an initial 

polishing step. The other four steps are summarized in table 4.2. The whole sample 

preparation process is visualized in Fig. 4.2. 

 

Figure 4.2. Schematic image of the sample preparation. 
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Table 4.2. The polishing process parameters for the nanoindentation are tabulated. 

Step Diamond 
suspension 

(µm) 

Dosing 
(suspension) 

Lubricant Dosing 
(lubricant) 

Rotating 
speed (rpm) 

Applied 
load (N) 

Time 
(min) 

2 6 2/9 Green 1/9 150 30 2 

3 3 3/9 Green 1/9 300 25 5 

4 1 4/9 Green 1/9 150 25 5 

5 0.25 5/9 Green 1/2 150 15 5 

 

Each sample was measured from the α-Al2O3/Ti(C,N) interface to approximately the α-Al2O3 

surface which is illustrated in Fig. 4.3. For each sample, seven lines with 16 indents per 

line were made. 

 

Figure 4.3. An SEM image of the polished sample where the left layer is the Ti(C,N), the 

middle layer is the α-Al2O3 and the right black layer is the bakelite. The indents were made 

as the arrow marks. 
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5 RESULTS 

The results are divided into two parts. The first part focuses on microstructure and 

morphology of the samples based on scanning electron microscopy SEM and optical 

microscopy images. The second part deals with the texture, stress and hardness properties 

of the samples as evaluated by x-ray diffraction XRD and nanoindentation measurements, 

respectively. 

5.1 SEM IMAGES 

From plan-view images obtained over the top surface of the as-deposited samples, the grain 

size (columnar width) of the three textures was estimated between 1.2 and 2.0 µm for the 

001 texture (Fig. 5.1a), between 1.5 and 3.0 µm for the 012 texture (Fig. 5.2a) and between 

3.5 and 8 µm for the 110 texture (Fig. 5.3a).  

Fig. 5.1 to 5.3 are SEM images for the three coating textures as a function of the wet sand 

blasting pressure showing a) as-deposited state, b) blasting at 2 bar pressure, c) blasting at 

3.2 bar pressure and d) blasting at 4 bar pressure. It is apparent that the textures behaved 

differently under different blasting pressures.  

The 001 texture (Fig. 5.1) is the texture with the smallest grain size and the surface was 

smoothened for 2 and 3.2 bar blasting pressure (Fig. 5.1 b and c). 2 bar pressure was not 

enough pressure to smooth the rough as-deposited surface completely (Fig. 5.1a). At 3.2 bar 

blasting pressure most of the as-deposited roughness was gone resulting in the smoothest 

surface in this work. However, some holes caused by the abrasive’s impact during sand 

blasting could be detected. The highest blasting pressure of 4 bar (Fig. 5.1.d) resulted in a 

rougher surface and bigger holes (inside the white marking) begun to appear. 
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Figure 5.1. Topographic SEM image of 001 textured α-Al2O3. Image a) is as-deposited and b), 

c) and d) are blasted at 2, 3.2 and 4 bar, respectively. 

The sample with a 012 texture (Fig. 5.2) was least affected by blasting at high pressures, at 

least in terms of the resulting topography. It behaved similarly as the 001 textured samples 

under 2 bar blasting pressure (Fig. 5.2b) where small holes were observed originating from 

the as-deposited roughness. Increasing the blasting pressure to 3.2 and 4 bar (Fig. 5.2 c and 

d) seems to remove more of the surface, e.g., the holes seen in Fig. 5.2b are less apparent. 

The biggest difference between the 001 and 012 textures are that the holes observed in the 

001 texture (Fig. 5.1d inside the white marking) do not appear for the 012 textured samples. 
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Figure 5.2. Topographic SEM image of 012 textured α-Al2O3. Image a) is as-deposited and b), 

c) and d) are blasted at 2, 3.2 and 4 bar, respectively. 

The 110 texture (Fig. 5.3) attracts attention in more than one way compared to the 012 and 

001 textures. The grain size for the 110 texture is the largest among the three; compare Figs. 

5.1a, 5.2a and 5.3a. In addition, the 110 texture yielded a rougher surface compared to the 

other two textures when blasted at the higher pressures of 3.2 and 4 bar (Fig. 5.3 c and d). 

However, at 2 bar blasting pressure (Fig 5.3b) all three textures behaved similar to each 

other.  
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Figure 5.3. Topographic SEM image of 110 textured α-Al2O3. Image a) is as-deposited and b), 

c) and d) are blasted at 2, 3.2 and 4 bar, respectively. 

Figure 5.4 shows overview SEM images of the coatings covering the edge of the samples, 

where flaking is observed for the 110 texture. The cracks visible in Fig. 5.4 a) and b) originate 

from the coating deposition due to differences in thermal expansion coefficient of the 

substrate and coating. The flaking observed in Fig. 5.4c was only present for high pressure 

blasting (4 bar) close to the edge of the 110 textured sample. 
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Figure 5.4. Top-view SEM-images of the edge of 001, 012 and 110 textured samples blasted 

at 4 bar are shown to illustrate the flaking of 110 samples at high pressure. 

Fig. 5.5 shows a SEM-image of the sand blasting media described in the experimental part. 

Clearly, the abrasive particles have rather sharp edges which might be a reason for the 

blasting effects on the coatings, especially at high blasting pressures. 

 

Figure 5.5. SEM image of the abrasive used in the wet sand blasting process.  

Figs. 5.6-5.8 show SEM images of fractured cross-section of the α-Al2O3 coatings for the 

three textures in a) as-deposited state, b) blasted at 2 bar pressure, c) blasted at 3.2 bar 
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pressure and d) blasted at 4 bar pressure. Both the 001 and 012 textures (Figs. 5.6 and 5.7) 

revealed a similar blasting behavior with increasing pressure.  

The thickness of the as-deposited 001 α-Al2O3 coating was about 6.7 µm and the Ti(C,N) 

coating was about 10 µm thick (Fig. 5.6a). The same thickness of the alumina layer was 

observed even after blasting at 4 bar pressure. The roughness of the as-deposited coating in 

Fig. 5.6a was smoothened after blasting. These observations agree well with the surface 

topography results in Fig. 5.1. 

 

                                   

Figure 5.6. Cross-section SEM image of sample with a 001 texture showing a) the as-

deposited state, b) blasted at 2 bar, c) blasted at 3.2 bar and d) blasted 4 bar. 

The as-deposited 012 textured sample (Fig. 5.7a) was about 7 µm thick and was reduced a 

few 100 nm after sand blasting. The small change in the measured thickness might just be 

measurement errors and/or variations between samples. The Ti(C,N) coating was about 10.7 

µm thick. The top-surface in the as-deposited 012 textured sample show the same behavior 

as for the 001 textured sample, i.e., that the surface is smoothened after the blasting 

process. This also agrees well with the SEM-images in Fig. 5.2 where the difference between 

the three blasting pressures was small. 
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Figure 5.7. Cross-section SEM image of sample with 012 texture showing a) the as-deposited 

state, b) blasted at 2 bar, c) blasted at 3.2 bar and d) blasted 4 bar. 

The thickness of the as-deposited 110 textured α-Al2O3 coating (Figs. 5.8) was about 8.3 µm. 

The coating thickness did not change after blasting at 2 bar pressure (Fig. 5.8b), but 

decreased with about 1 µm after blasting at 3.2 bar pressure (Fig. 5.8c). About half of the 

coating (4 µm) was removed after blasting at 4 bar pressure (Fig. 5.8d). The Ti(C,N) coating 

was about 10 µm thick. 

The top-surface of the as-deposited 110 textured sample is smoother than that of the other 

two textures. The smoothening effect after blasting is not as apparent as for the other 

textures. At 4 bar pressure a very rough top-surface is obtained which is a good agreement 

with the observation in Fig. 5.3. 

Large cracks appeared in the 110 textured α-Al2O3 coating after blasting, Fig. 5.8 b) and c). 

Most of the cracks are in the in-plane direction of the coating. Similar, but much smaller 

cracks were also observed for the other two textures. 

The α-Al2O3 thicknesses for all textures and sand blasting pressures are compared in Fig. 5.9. 

It is clear that the only significant change in thickness occurs for the 110 textured samples. 
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Figure 5.8. Cross-section SEM image of sample with 110 texture showing a) the as-deposited 

state, b) blasted at 2 bar, c) blasted at 3.2 bar and d) blasted 4 bar. 

 

Figure 5.9. The thickness of the α-Al2O3 coatings are presented in this graph. 

5.2 XRD  

5.2.1  Texture Analysis 

The texture analysis was done in order to ensure that the sought texture really was the one 

deposited during the CVD deposition and to see if there was any difference in texture 
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between as-deposited, wet sand blasted and wet sand blasted + annealed samples. The 

result from the texture analysis is summarized in Fig. 5.10 where the bright to dark bars 

represent as-deposited, blasted at 4 bar pressure, blasted at 4 bar pressure + annealed at 

500 °C and sand blasted at 4 bar pressure + annealed at 1000 °C, respectively. Each data 

point is the measurement statistics of three samples (average and standard deviation).  

Comparing the texture coefficient, TC, after blasting and blasting + annealing, no apparent 

change in TC could be deduced from the results. It is clearly seen that we had a strong 

texture1 for all three different textures and the 001 and 110 textured samples had roughly 

the same TC while the 012 textured samples had slightly lower TC. 

 

Figure 5.10. Results from the texture analysis. 

5.2.2 Residual Stress Analysis 

Most of the presented residual stress data comes from only one measurement. However 

some points are the average of more than one measurement on the same sample or 

different samples. All points that are an average of more than one measurement have error 

bars. 

The 001 textured samples blasted at 3.2 bar pressure was measured three times for each 

annealing temperature in order to ensure that the measurements are reliable and that there 

is not too much variation between samples. Each measurement was made on different 

samples and the results from the analysis are shown in Fig. 5.11. Only small variations 

between samples were observed and the measurements are reliable with minor errors. 
                                                      
1
 The texture was deduced according to Eq. 1 using seven (7) α-Al2O3 reflections and the JCPDS #46-1212, 

similar to what is shown in Table 3.1. In this context, a TC of 7 corresponds to a single texture 
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Further, the relaxation of stress appears to have an exponential relation with increasing 

annealing temperature. 

 

Figure 5.11. Residual stress vs. annealing temperature for 001 textured samples blasted at 

3.2 bar. 

Fig. 5.12 (a-c) shows the residual stresses for samples blasted at a) 2 bar, b) 3.2 bar and c) 4 

bar pressure after 2 hours annealing at different temperatures where black diamonds, light 

grey triangles and dark grey squares corresponds to 001, 110 and 012 textures, respectively. 

The stress values (all tensile) before blasting were 0.5, 0.4 and 0.1 GPa for the 001, 110 and 

012 textured samples, respectively, but turned compressive after blasting. The 012 texture 

show the highest compressive residual stress level of about -5.3 GPa, followed by the 001 

texture with -3.1 GPa and finally the 110 texture with the lowest stress of -2.0 GPa. After 

annealing at 1000 °C, the compressive residual stresses for all samples were almost 

completely annihilated. The 110 textured sample blasted at 3.2 bar, however, potentially 

have a remaining compressive stress but this could also be due to an error in the 

measurement.  

The residual stresses for both the 110 and 001 textures were smaller than that obtained for 

the 012 texture. This behavior was observed for all blasting pressures in this study. Slightly 

higher residual stress values were obtained for the 110 texture than the 001 texture when 

blasted at 2 bar pressure. For the higher blasting pressures, however, a clear difference 

between the textures was observed with higher compressive residual stresses for the 001 

textured samples. This difference is likely due to the coating removal observed for the 110 

textured samples after blasting at the higher pressures. 
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          a                                           b 

   

c 

Figure 5.12. Residual stress vs annealing temperature is plotted for wet sand blasted and wet 

sand blasted + annealed samples. The three graphs correspond to a) 2, b) 3.2 and c) 4 bar 

blasting pressure. 

The evolution of the unstrained lattice spacing d0 during annealing is shown in Fig. 5.13 (a-c) 

for samples blasted at a) 2 bar, b) 3.2 bar and c) 4 bar blasting pressure. The diamonds, 

squares and triangles corresponds to 012, 110 and 001 textures, respectively. d0 was 

calculated using Eq. 18 and the d vs sin2ψ plots. As observed, d0 was between 1.6005 Å and 

1.6035 Å for all samples which is close to the reference value, 1.602 Å, calculated with data 

from JCPDS number 46-1212 (2θ=57.496 and λ=1.540562 Å). No clear changes in d0 were 

observed and the small variations seen are within the errors of the measuring technique. 
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a                                                                              b 

 

c 

Figure. 5.13. Plots of unstrained lattice spacing (d0) vs. annealing temperature for a) 2 bar 

blasting pressure, b) 3.2 bar blasting pressure and c) 4 bar blasting pressure. 

A general rule for the measurements in this work is that higher residual stress values 

improve the R2 value in the d vs sin2Ψ plots. Figs. 5.14 (a-f) show different d vs. sin2Ψ plots 

from this study to illustrate this effect. The absolute errors in d spacing are approximately 

the same for all samples and the small R2 values are due to the larger relative error 

compared to the slope of the linear fit. The standard errors in the evaluated stress values are 

therefore also similar for all samples at around 50 MPa. 
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          a                  b                                                      c 

 

          d                    e                                                      f 

Figure 5.14. (a-c) show d vs. sin2Ψ plots for 110 textured sample as-deposited, 2 and 4 bar 

blasting pressure, respectively. (d-f) show d vs. sin2Ψ for 012 textured samples blasted at 2, 4 

and 4 bar pressure + annealed at 1000 °C for two hours, respectively 

Table 5.1. The R2 value and the corresponding residual stresses from Fig. 5.12. 

Fig. 5.14 R2 Residual stress [GPa] 

a 0.2461 0.12 

b 0.8948 -0.78 

c 0.9896 -2.0 

d 0.9901 -1.3 

e 0.9992 -5.3 

f 0.1604 -0.060 

 

Note that the good linear fitting in Fig. 5.14 indicates that the method used seems to be 

suitable for evaluating the stress levels even in samples with a stress gradient. 

Figs. 5.15 a) and b) show two x-ray diffractograms for the 001 texture centered at the 116 

peak, illustrating the peak broadening as a function of annealing temperatures and sand 

blasting pressures. In Fig. 5.15a, it is evident that the peak maximum intensity is initially 

decreased after the blasting process but recovers slightly during the annealing process. In 

addition, the diffraction peak broadened after blasting and recovers back, almost to its 
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original shape, after annealing at 1000 °C. These results are in good agreement with previous 

results of stress analysis. However, although the difference in stress affects both the shape 

and position of the diffraction peak, peak broadening may also occur due to, e.g., strain 

variations between grains or even in the grains as well as a change in mosaicity.  

Fig. 5.15b shows that the peak broadening is increased with increasing blasting pressure. The 

similar peak intensity and width for the 3.2 and 4 bar pressure also reflects what is observed 

in the stress analysis (small difference in the observed stress levels between 3.2 and 4 bar).  

 

a                                                                         b 

Figure 5.15. The 116 peak in the stress measurement for 001 textured samples showing a) 

peak behavior vs. anneal up to 1000 °C and b) effect of blasting pressures. 

Similar results have been reported with increasing sand blasting pressure of dry blasted α- 

and κ-Al2O3 by N. Schalk et al. (Schalk, 2013) and M. Tkadletz et al. (Tkadletz, 2015). In 

addition, and consistent with our results, they also reported the requirement of an annealing 

temperature of 900 °C to fully relax the as formed residual stresses during blasting.  
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5.2.3 Activation Energy 

The activation energy for stress relaxation was investigated for all three textures blasted at 

3.2 bar pressure. The results from the stress measurement are shown in Figs. 5.16 (a-c) 

corresponding to the a) 001, b) 012 and c) 110 textures. Basically all textures reveal a similar 

stress relaxation behavior up to 600 °C. 

The 600 °C series for the 001 texture seems to saturate after 2 hours annealing time. The 

reason for this behavior is currently unclear. However, due to the fact that multiple 

measurements were made on each sample and since the accuracy in the measurements 

seems to be very good (very small variations between measurements) it is believe this is an 

actual trend. Each data point is at least an average from two measurements on the same 

samples and the standard error is smaller than the points marking the data points in the 

graphs. 

For the 012 texture, a saturation of the compressive stress level can be observed for the 400 

°C series instead of the 600 °C series as was seen in the case for the 001 texture. This result 

indicates a difference in activation energy for this texture. Again more energy (higher 

temperature) is needed to fully activate all mechanisms involved in the relaxation process. 

Finally, the 110 texture reveal a similar behavior, but there is a larger uncertainty in the 

measurements for the 110 textured samples which is seen in the uneven curve in Fig. 5.16c.  
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a                                                                      b 

 

c 

Figure 5.16. Stress vs annealing time for 001, 012 and 110 textured samples blasted at 3.2 

bar pressure corresponding to a), b) and c), respectively. 

By plotting log (− ln (
𝜎

𝜎0
)) vs. log(t[min]), as described in chapter 3.6, the three graphs in Fig. 

5.17 were constructed. The slope (m) for each sample should be the same for all three 

annealing series if the same relaxation process was active during the annealing. The same 

observations can be seen as in Fig. 5.16 in terms of some temperatures reaching saturation. 

The 001 texture have two slopes, with m values, 400 °C (m=0.18) and 500 °C (m=0.22), 

which can be used for the regression analysis. For the 600 °C series, the m value differs from 

the other two temperatures and this series was therefore not included in the further 

analysis. The small difference between the m values between the 400 °C and 500 °C series is 

likely due to uncertainties in the measuring method and/or variations between samples. 

Further work is required to fully understand this behavior. 

Similar for the 012 texture, the m value for the 400 °C series was determined to be too far 

from the other two m values wherefore this series was not included in the analysis. The data 

points in the 500 °C series spreads a lot and this will affect the analysis and make the 

regression less accurate. However, the m value for the 500 °C (m=0.13) and 600 °C series 

-3

-2.5

-2

-1.5

-1

0 500 1000 1500 2000 2500

R
e

si
d

u
al

 S
tr

e
ss

 [
G

P
a]

Annealing time [min]

001

600

500

400

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0 500 1000 1500 2000 2500

R
e

si
d

u
al

 s
tr

e
ss

 [
G

P
a]

Annealing time [min]

012

600

500

400

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0 500 1 000 1 500 2 000 2 500

R
e

si
d

u
al

 s
tr

e
ss

 [
G

P
a]

Annealing time [min]

110

600

500

400



43 
 

(m=0.11) are close to each other indicating that the same relaxation process was active 

during anneal.  

For the 110 texture, three similar m values were obtained from the three temperature 

series. There is some spread in the data for the 400 °C and 500 °C series but all three m 

values can be used for the analysis. The similarity between the three m values, 400 °C 

(m=0.15), 500 °C (m=0.15) and 600 °C (m=0.18), indicate the same relaxation process for all 

three temperatures. 

  

a                                                                      b 

 

c 

Figure 5.17. log(-ln(σ/σ0)) vs log(t[min]) graphs for the three textures wet sand blasted at 3.2 

bar for the a) 001 texture, b) 012 texture and c) 110 texture. 

The m values from Fig. 5.17 where used as input values for the regression analysis to 

evaluate the activation energy ΔE. For the regression analysis, both individual m values 

(stated in Fig. 5.17) and an average m value for each texture were used and they are 

summarized in table 5.2. The reason the m values were used as an average as well as 

individual values is because from theory the m value should be the same for each texture if 

the same mechanism is dominating during the stress relaxation process and this is assumed 

to be true during the analysis. 
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Table 5.2. The m values used for the regression analysis are listed. 

Sample m (400 °C) m (500 °C) m (600 °C) 

001 0.2256 0.1839 - 

001 average 0.2048 0.2048 - 

012 - 0.1261 0.1115 

012 average - 0.1188 0.1188 

110 0.1523 0.1489 0.1802 

110 average 0.1605 0.1605 0.1605 
 

The fitting parameters were found to be ΔE=1.1 ± 0.3 eV and B=14 000 ± 14 000 min-1 for 

the 001 texture, ΔE=1.9 ± 0.2 eV and B=96 000 000 ± 90 000 000 min-1 for the 012 texture 

and ΔE=1.2 ± 0.1 eV and B=11 000 ± 8 000 min-1 for the 110 texture, they are also 

summarized in table 5.3. The values and the error margin is the mean and the difference 

between the calculated ΔE values while using an average m and an individual m, the same is 

true for the B values. The B value for the 012 texture is a lot larger than the other two 

textures and it is probably because of the large uncertainties with few data points used in 

the analysis combined with some spread of the data points. The error margin is huge for the 

B values, probably because of the same reason. 

The resulting graphs from the regression analysis are shown in Fig. 5.18 for the 001 texture, 

Fig. 5.19 for the 012 texture and Fig. 5.20 for the 110 texture where the fitted curve and 

measured data points (squares, circles and diamonds) are shown in a stress vs. annealing 

time plot. 

The regression analysis for the 001 texture is shown in Figs. 5.18 (a and b) where a) 

corresponds to individual m values and b) corresponds to an average of the m values. There 

is a rather large difference in ΔE value between the two regression analyses (although the 

two graphs are very similar). The reason for the large difference and uncertainty in the 

analysis is probably because that only two series were used in the analysis and each series 

had only four data points.  
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a                                                                      b  

Figure 5.18. Residual stress vs annealing time for the 001 texture where the dots are 

measured values and the lines are the resulting line from the regression analysis showing a) 

the regression analysis with different m values and b) the regression analysis with average m 

values for both annealing temperatures. 

The regression analysis for the 012 texture shown in Figs. 5.19 (a and b) are similar to those 

in Fig. 5.18 where a) corresponds to individual m values and b) corresponds to an average of 

the m values. The fit seems to work fairly well and the curve match the data points even 

though they spread fairly much. 

 

a                                                                      b  

Figure 5.19. Residual stress vs annealing time for the 012 texture where the dots are 

measured values and the lines are the resulting line from the regression analysis showing a) 

the regression analysis with different m values and b) the regression analysis with average m 

values for both annealing temperatures. 

The regression analysis for the 110 texture is shown in Figs. 5.20 (a and b) where a) 

corresponds to individual m values and b) corresponds to an average of the m value. Even 

though the fit seems worse at first glance for the 110 texture, compare Fig. 5.18, 5.19 and 

5.20, the fit is probably better because the 110 texture have one more set of data points to 

make the regression analysis.  
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a                                                                      b 

Figure 5.20. Residual stress vs annealing time for the 110 texture where the dots are 

measured values and the lines are the resulting line from the regression analysis showing a) 

the regression analysis with different m values and b) the regression analysis with average m 

values for all three annealing temperatures. 

Table 5.3. ΔE and B from the regression analysis where the values are the mean of the two 
different regression analyses (one with an average m and the other with individual m values) 

and the error margin is the difference between those two. 

 

 

The 001 texture had the largest error margin which originates from the fact that only two 

temperature series were used for the regression analysis and that the m values varied 

between temperature series. The 012 texture had a smaller error margin than the 001 

texture even though the data points in Fig. 5.16 had a larger spread, this is probably because 

the m values are close to each other for the 012 texture. The 110 texture had the smallest 

error margin because three temperature series were used and the m values for each 

temperature are similar to each other. 

5.3 NANOINDENTATION 

Nanoindentation was done on selected samples that were thought to be the most 

interesting. All three textures have been investigated for as-deposited, blasted at 3.2 bar and 

blasted at 3.2 bar + annealed at 1000 °C. The 001 texture has also been investigated for the 

other two blasting pressures (2 and 4 bar), both annealed at 1000 °C and with no heat 

treatment. As mentioned in the Experimental details section (Section 4.2.3) the 

Texture ΔE [eV] B [min-1] 

001 1.13 ± 0.28 14 000 ± 14 000 

012 1.93 ± 0.15 96*10^6 ± 90*10^6 

110 1.22 ± 0.06 11 000 ± 8 000 
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measurements were done on tapered cross section in lines from the Ti(C,N)/α-Al2O3 

interface to the “α-Al2O3 surface”. Fig. 5.21 is an optical image of the 001 textured as-

deposited sample indicating where the indents were obtained. 

The data from the nanoindentation is summarized in Figs. 5.22 (a-f) where values from area 

1, 2 and 3 as illustrated in Fig. 5.21. A trend in the data can be seen, the hardness increases 

close to the α-Al2O3 surface for the sand blasted samples that have not been heat treated, 

with the exception for the 110 textured sample. The hardness after annealing seems to 

decrease to similar values as the as-deposited samples. Remember that it was seen that the 

residual stresses approached values close to that of the as-deposited samples after 

annealing at 1000 °C. It seems that there is some correlation with hardness and compressive 

residual stress, which has been observed in earlier work (Karlsson, 2000). 

Reference values and measured hardness of the Ti(C,N) are tabulated in table 5.4. The 

hardness values agree reasonably well with the reference data. 

                                                                                 

Figure 5.21. The polished surface of 001 textured as-deposited sample showing the line 

along which the indents were obtained. 
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a                 b 

  

c                 d  

 

e 

Figure 5.22. Nanoindentation hardness results for the 001 textured samples blasted at a) 2 

bar, b) 3.2 bar and c) 4 bar pressure, respectively. d) and e) show the results for the  012 and 

110 textured samples blasted at 3.2 bar pressure, respectively. 
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Table 5.4. Hardness value from measurements on the Ti(C,N) coating and reference values 

on both Ti(C,N) and Aal2O3 is shown. 

Sample Hardness [GPa]1 Hardness [GPa]2 Hardness [GPa]2 Hardness [GPa]2 

Ti(C,N) 25.0 ± 2.5 29.4 ± 5.9  
(Vancoille, 1993) 

  

α-Al2O3  25 ± 2  
(Figueiredo, 2015) 

28.9 ± 2.3 
(Ruppi, 2008) 

27.9 ± 0.9  
(Riedl, 2012) 

Measured in this study
1
. Reference data

2 

  



50 
 

  



51 
 

6 DISCUSSION 

6.1 SURFACE DEFORMATION AND STRESS GENERATION DURING BLASTING 

The residual stresses are known from earlier work to be highest at the surface of the coating. 

A stress profile determined by M. Tkadletz et al. (Tkadletz, 2015) is shown in Fig. 6.1 where 

the compressive stresses are concentrated to the first 2.5 µm of the coatings. The stress 

gradient seen is the reason the measurements were done at a short and constant 

penetration depth. It ensured that the stresses that were measured are the high 

compressive stresses which enhances the performance of cutting tools as well as it avoids 

complications during the analysis which a stress gradient can cause. Due to limitation of the 

measuring technique the incidence angle could not be set lower than 1.5 ° in order to get 

reliable data. This resulted in a penetration depth of 2 µm. The hardness gradient observed 

for the 001 and 012 textured samples matches the observed stress gradient observed by M. 

Tkadletz in Fig. 6.1. This proves that we really have a stress gradient in our samples, at least 

for those two textures, and that the coating gets harder because of the high compressive 

stresses. 

 

Figure 6.1. Compressive stress versus depth for a) round and b) edged abrasive from M. 

Tkadletz (Tkadletz, 2015), approved to use this image in this thesis from the publication 

journal. 

The fact that residual stresses are created during sand blasting on α-Al2O3 is well known, 

however, the details how the stress is generated is still not fully understood. Here below is 
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discussed three plausible mechanisms for stress generation in α-Al2O3, e.g., grain boundary 

sliding, introduction of point defects (Pfeiffer, 2006) or by dislocation generation and motion 

by slip (Steijn, 1961).  

The 001 and 012 textured samples have almost the same grain size which should lead to 

similar stress formation, but higher stresses form in the 012 textured samples. Therefore, 

grain boundary sliding is probably not the main reason for the formation of residual stresses.  

Point defects cause compressive stress generation in PVD coatings (Karlsson, 2002). Karlsson 

et al. studied the influence of thermal annealing on arc-evaporated TiCxN1-x films. In our case 

the observations in Fig. 5.13, where the unstrained lattice spacing is shown for different 

annealing temperatures, suggest that it is not the main cause for our coatings. If point 

defects were causing the stress formation a change in d0 should be seen, which was not 

observed in this work. 

In shot peening hard balls bombarded at the surface cause plastic deformation of a surface 

layer which leads to build-up of compressive surface stresses. Hence plastic deformation, 

occurring by dislocation generation and dislocation motion by slip, can cause residual 

stresses. For different crystallographic directions, different amount of stress is needed to 

activate slip. In Fig. 6.2 it is observed that the prism slip of Al2O3 is the easiest at room 

temperature followed by basal and lastly pyramidal. To clarify; the basal slip plane is the 

(001) plane and the prism slip plane is perpendicular to the (001) plane. This means that the 

001 textured coating mainly have slips in the prism plane and opposite for the 110 textured 

coating while the 012 textured coating have a combination of both. It is thus more difficult 

to deform the 110 textured coating which translates into a more brittle behavior of the 110 

textured coatings during the blasting process. 

The flaking seen in Fig. 5.4c and the coating removal of the 110 textured coating is probably 

related to the more brittle behavior of the 110 textured samples during blasting. The 

thermal expansion cracks visible for the other two textures in Fig. 5.4 were not observed for 

the 110 texture and a reason for this might be that the cracks are close to the surface and 

after blasting at 4 bar pressure are much of the coating removed and with that the cracks as 

well. 
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The coating removal at higher blasting pressures is the reason why the 110 textured samples 

have lower residual stress than the 001 texture after blasting at 3.2 and 4 bar. The coatings 

have highest stress at the surface and when the top layers are removed, during blasting, so is 

some of the built up stress.  

Cracks form also in the other samples during the blasting process (see Figs. 5.6-5.8) and are 

evidence of the high compressive stresses in the coating. The compressive stresses are too 

high for the coating and cracks are formed in plane of the coating and simultaneously 

prevent the formation of cracks perpendicular to the in plane of the coating. The increased 

brittleness of the 110 textured sample resulted in bigger cracks followed by flaking, and thus 

high wear rates, compared to the other textures.  

Earlier studies have shown that the 001 and 012 textures have approximately the same wear 

rate (Fallqvist, 2007) which also is consistent with this study. R. Steijn has shown that the 

wear rate is highly directional dependent for α-Al2O3 (Steijn, 1961). Possibly this is the 

reason to why the 110 textured coating behaves differently during blasting compared to the 

other two textures. Steijn postulated that the different wear rates are connected with the 

plane slip systems (basal and prismatic) and the fact that, at room temperature, slips in the 

prism system is easiest as illustrated in Fig. 6.2. However, grain size, textured and 

morphologies will also impact the wear rate during wet sand blasting. Smaller grain size 

increases the wear resistance because the grain boundary limits the dislocation motion 

between grains (Hall–Petch strengthening). The texture of the coating can also affect the 

dislocation motion. It is harder for the slip to pass through a grain boundary where the 

grains have different orientations because the slip motion has to change direction. Therefor 

if the coating is strongly textured more grains will have the same orientation making it easier 

for the slip to propagate causing a decrease in wear resistance.  

It is not possible to predict which of the 001 and 012 textured samples should have the 

highest stress without the knowledge of how the slips are occurring in both the 001 and 012 

textured samples, but they should probably have different amount of stresses if slips were 

the main mechanism behind stress formation.  
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Figure 6.2. Plot of stress (Pa) versus temperature (K) of the two slip system basal slip and 

prism slip (Rodríguez, 2008), approved to use this image in this thesis from the publication 

journal. 

The smoothening effect of the wet sand blasting process can have several explanations. The 

etching from the abrasives can have a smoothening effect of the surface. The holes that 

appear for both the 001 and 110 textured coatings are probably because of material removal 

by the sharp edges of the abrasives as seen in Fig. 5.4. The changes of surface topography 

can also be related to deformation and plasticization of the sub-surface which in turn creates 

the residual stresses. Exactly how the deformation occurs is unknown and more research in 

the matter is needed. 

Comparing the 001 and 012 textured coatings hardness results it was seen that the 001 

textured samples had higher hardness than the 012 textured samples The increase in 

hardness towards the coating surface was about 5 GPa for both textures for samples blasted 

at 3.2 bar pressure. A slightly higher hardness increase could have been expected for the 012 

textured sample due to the higher stress values evaluated for this sample, but this was not 

seen. This can be explained by limitation of our measurement technique, from which there is 

an uncertainty on how close to the surface the indents were done. The reason a hardness 

gradient was not observed for the 110 textured sample is likely due to the flaking of the 

coating during blasting. 
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6.2 STRESS RELAXATION DURING ANNEALING 

If the main mechanism for stress formation is dislocation motion by slip in the different slip 

systems, it may explain why different textures have different amount of stresses. Now we 

consider the relaxation of the stresses during annealing at temperatures up to 1000 °C, for 

which the stresses were found to be completely relieved for all samples. 

The activation energy study showed that the activation energies for the different textures 

where close to each other, between 1 and 2 eV. This further strengthens the idea that the 

textures have a similar stress relaxation mechanism. It is expected that a small difference in 

activation energy should be present for the three textures because they have different 

amount of residual stress. The texture with the highest stress should have the lowest 

activation energy, but our result from the activation energy study indicates the opposite. 

Based on this and the fact that the regression analysis was made with very few data points, 

which also spread somewhat, it is questionable if the accuracy of the activation energy study 

is good enough to be able to tell which texture had the lowest activation energy. A bigger 

activation energy study should be done, with more annealing times and temperatures, to 

reduce the error of the study and to confirm that the assumption that the same mechanism 

is domination for each temperature series, the same m, is true. 

The residual stress is reduced during the annealing process. Different slip systems probably 

need different amount of energy to fully relax. Therefore, some stresses need higher energy 

to fully relax. It was observed that the different textures fully relax at the same temperature 

and this cannot be explained if different textures have different slip systems. But, the 

creation of slip planes are probably not so simple that just one system is created, for each 

sample, during sand blasting. The easiest dislocation motion direction decides which slip 

system is dominating for each texture, but there are probably more slip systems active for 

the same texture. Based on this, it can be understood that each texture should have more 

than one type of slip systems and therefore they will fully relax at approximately the same 

temperature. 
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7 CONCLUSION 

This study deals with the effect of texture and blasting pressure on residual stress and 

surface modifications in wet sand blasted α-Al2O3 coating. The compressive residual stresses 

where analyzed at constant x-ray penetration depth of 2 µm. A hardness gradient is present 

after blasting which is annihilated after annealing, for both the 001 and 012 textures. The 

roughness of the as-deposited α-Al2O3 surface was decreased after blasting for all three 

textures due to abrasive wear and plastic deformation of surface asperities. The maximum 

stress differed between textures and among the textures studied; the 012 had the highest 

residual stresses of -5.3 GPa after blasting at 4 bar pressure. The 110 texture show the most 

brittle behavior during blasting and due to cracking and flaking half the coating was removed 

during blasting at the highest pressure. The difference in stress generation and crack 

formation is understood as the difference in active slip systems for different textures. The 

activation energy for stress relaxation of the 001 texture, 012 texture and the 110 texture 

were ΔE=1.1 ± 0.3 eV, ΔE=1.9 ± 0.2 eV and ΔE=1.2 ± 0.1 eV, respectively.   
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9 APPENDIX 

Table 9.1. The detailed setting for the residual stress analysis on the (001) texture is 

tabulated. 

Top ω χ φ Step size Time step (s) 

1 1.48 8 90 0.1 12.30 

2 1.52 16 90 0.1 9.10 

3 1.61 24 90 0.1 5.80 

4 1.73 32 90 0.1 3.70 

5 1.93 40 90 0.1 4.70 

6 2.22 48 90 0.1 10.21 

7 2.68 56 90 0.1 21.01 

8 2.68 56 270 0.1 21.01 

9 2.22 48 270 0.1 10.21 

10 1.93 40 270 0.1 4.70 

11 1.73 32 270 0.1 3.70 

12 1.61 24 270 0.1 5.80 

13 1.52 16 270 0.1 9.10 

14 1.48 8 270 0.1 12.10 

 

Table 9.2. The detailed setting for the residual stress analysis on the (012) and (110) texture 

is tabulated. 

Top ω χ φ Step size Time step (012) Time step (110) 

1 1.48 8 90 0.1 7.50 12.80 

2 1.52 16 90 0.1 8.10 11.90 

3 1.61 24 90 0.1 12.11 10.90 

4 1.73 32 90 0.1 17.72 6.80 

5 1.93 40 90 0.1 27.53 4.00 

6 2.22 48 90 0.1 25.94 6.00 

7 2.68 56 90 0.1 15.21 8.80 

8 3.47 64 90 0.1 13.91 2.80 

9 3.47 64 270 0.1 13.91 2.80 

10 2.68 56 270 0.1 15.21 8.80 

11 2.22 48 270 0.1 25.94 6.00 

12 1.93 40 270 0.1 27.53 4.00 

13 1.73 32 270 0.1 17.72 6.80 

14 1.61 24 270 0.1 12.11 10.90 

15 1.52 16 270 0.1 8.10 11.90 

16 1.48 8 270 0.1 7.50 12.80 
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Figure 9.1. Results from the hardness study. 
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