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A B S T R A C T   

A new method has been developed for measuring residual stresses at the surface of hardmetal components with 
higher spatial resolution than standard X-ray diffraction methods. It is based on measuring the surface dis-
placements produced when stresses are partially released by machining a thin slit perpendicularly to the tested 
surface. Slit machining is carried out by focused ion beam (FIB). Measurement of the displacement fields around 
the FIB slit are performed by applying an advanced digital image correlation algorithm based on Fourier analysis 
with sub-pixel resolution. This method compares SEM images of the same area of the hardmetal surface before 
and after slitting. The method has been successfully applied to as-ground and femto-laser textured surfaces 
showing good correlation with the standard sin2ψ XRD technique. It is concluded that texturing induced by laser 
pulses in the femtoseconds regime is not perfectly adiabatic, since residual stresses are reduced by 15%.   

1. Introduction 

Residual stresses are critical for the performance of hardmetal tools, 
especially under fatigue [1]. They arise from local differences in, for 
example, thermal expansion coefficient, stiffness, yield stress between 
the different phases present in the material or deformation gradients 
during shaping [2]. The presence of these stresses can cause crack 
initiation or damage accumulation, which will often lead to premature 
tool failure. On the other hand, an appropriate introduction of these 
stresses can improve fatigue resistance by inducing compressive stresses 
that delay crack formation (i.e. grinding operations). Many edge prep-
aration techniques rely on this fact inducing such compressive residual 
stresses by special microblasting operations [3]. 

Various residual stress measurement methods exist, valid for 
different length scales [2]. For macro-scale stresses, hole-drilling or 
crack compliance methods are widely used. They rely on monitoring 
distortions on the sample caused by stress relaxation via strain gauges or 
optical methods, while or after mechanically removing part of the ma-
terial. On the other hand, diffraction based methods allow the mea-
surement of stresses at smaller scales and are non-destructive. Although 
spatial resolution and accuracy depend on the type of radiation applied, 

X-ray diffraction (XRD) methods are the most commonly used due to 
their higher availability compared to neutron or high energy X-ray 
sources. Among them, the so-called sin2ψ technique provides a spatial 
resolution of around 50 × 50 μm2, a probed depth of approx. 5 μm in the 
case of WC-materials and the stress accuracy of ≈±50 MPa [4]. If higher 
resolution is needed, for example, for analysing the stress state at few 
microns away from the cutting edge, XRD are not valid. High resolution 
electron backscattering diffraction (HR-EBSD) has been employed for 
the determination of lattice microstresses from EBSD patterns at the 
micron scale achieving a strain sensitivity of ~2 × 10− 4 [5–7]. However, 
these techniques require a careful preparation of the surface not appli-
cable to standard hardmetal ground specimens. Alternatively, hole- 
drilling methods are presently being investigated for measuring resid-
ual stresses at micro-scale level [8–12]. These techniques are referred to 
as “FIB-DIC” and are based on releasing the residual stresses from a 
surface by means of a focused ion beam (FIB) gun and measuring the 
corresponding deformations by applying digital image correlation (DIC) 
to scanning electron images taken before and after machining. The aim 
of the present article is to develop a FIB-DIC methodology suitable for 
measuring residual surfaces in hardmetal machined surfaces. The 
method will be applied either to surfaces ground with standard diamond 
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wheels or to nano-textured surfaces processed by ultra-short pulsed laser 
machining. The latter technology is presently being developed for 
improving lubricant retention without inducing significant thermal 
damage [13]. 

2. Experimental procedure  

(a) Generation of residual stresses. 

Hardmetal specimens selected for this investigation correspond to a 
WC-10wt.%Co submicron grade with a density of 14.35 g/cm3 (ISO- 
3369), a Vickers hardness of 1675 ± 20 kg/mm2 (HV30, ISO-3878) and 
an estimated Young’s modulus and Poisson ratio of 584 GPa and 0.21 
respectively [14]. Samples were ground with a diamond grinding wheel 
(D91-C100 from Norton) at a linear speed of 18 m/s, a feed of 0.25 mm/s 
and a depth of cut of 2 mm for inducing a high compressive surface 
residual stress state. Samples were directly pressed, sintered and ground 
without any cutting or other sample preparation. 

Subsequently, surface residual stresses were modified by using a 
pulsed laser with a wavelength of 1030 nm, a pulse duration of 280 fs 
and a spot size of 30 μm. Two conditions were tested on surface areas of 
3 × 3 mm2. Condition 1: 20 pulses at 1 W and Condition 2: 10 pulses at 2 
W. In both cases, the total fluence was 4.8 J/cm2. An example of the 
textures obtained by applying these conditions is shown in Fig. 1. These 
laser-induced-periodic-surface-structures (LIPSS) have spatial periods 
ranging from tens to hundreds of nanometres, always shorter than the 
wavelength of the laser used in their generation [15,16].  

(b) Reference method for measuring residual stresses. 

The sin2ψ XRD technique was selected as the reference method for 
measuring these residual stresses. The diffraction setup was based on the 
Bragg-Brentano configuration using point focus, a diffraction window of 
1 × 1 mm2 and secondary optics based on combining a monochromator 
and a collimator. Stresses were measured on the WC phase using the 
(3,0,0) crystal plane and Cu radiation (2θ = 133◦) for increasing sensi-
tivity [4]. Under these conditions, X-ray penetration depth calculated 
with Bruker software is 4.0 μm.  

(c) Focused ion beam machining (FIB) 

FIB machining was carried out with a Ga+ ion gun at 30 kV with a 
milling current of 3 nA. In all experiments, the surface of incidence of Ga 
ions was a rectangle of 50 × 1 μm2. The FIB system does not consider the 
material, so its depth estimate is not accurate. A depth calibration was 
therefore carried out. Different milling depths (“h”) were obtained by 
increasing the milling time from 2 to 32 min in increasing powers of two, 
and then milling a cross section perpendicular to the slits to observe the 
depth (Fig. 2). As seen in the higher magnification image included in the 

bottom left corner, cross section slit profiles perpendicular to the longer 
slit side are close to an isosceles triangle. The effect of applied ion cur-
rent on the slit depth is shown in Fig. 3. 

After these calibration experiments, the final dimensions selected for 
the FIB slits were 50 × 1 × 5 μm3 to be consistent with the calculated 
penetration of X-rays during the diffraction experiments. Slits were 
milled in three regions using a milling current of 3 nA. Higher milling 
currents have a stronger influence on the regions surrounding the slit 
and cause larger alterations of the imaging area (such as contrast 
changes in the areas with higher deposition of Ga+ ions) [17,18]. The 
target depth was 5 μm, so the milling time was set to 3 min and 40 s. 

Depth calibration took close to 15 h (most of which consisted of 
autonomous work of the microscope). Once the milling parameters were 
selected, less than an hour was needed for each measurement: ~15 min 
for image acquisition (accounting for the time needed to focus, adjust 
stigmatism, etc.) before and after FIB milling, ~15 min to adjust and 
focus the ion beam, and 3 min and 40 s milling each slit. 

3. Data analysis 

The methodology proposed for measuring residual stresses both in 
ground and laser treated hardmetal surfaces is based on comparing the 
secondary electron scanning electron microscope (SE-SEM) images ob-
tained before and after FIB slitting. The main novelty of this work is the 
development of an alternative digital image correlation algorithm based 
on Fourier analysis for calculating the corresponding surface displace-
ment fields around the slit. On a second step, a finite element (FE) model 
has been developed for calculating the corresponding stresses, assuming 
that the hardmetal behaves like a continuous material with the elastic 
properties included in section 2a.  

(a) Fourier-based DIC. 

The key difference between the DIC approach in this paper and the 
standard correlation method is the use of Fourier analysis. Feature-based 
correlation methods calculate the degree of correlation (quality of 
match) between the two images (or areas within the images) for multiple 
possible shift values, and choose the value that yields the maximum 
correlation. For images with multiple features (different objects, lighting 
patterns, etc.) this method works correctly, because the more features 
that need to be matched, the more obvious the point of maximum cor-
relation will be. On the other hand, pictures that do not have many 
easily recognisable areas are harder to adjust using this approach. 
Additionally, if some features in the image present local periodicity, 
multiple local peaks (related to the period of the repeating pattern) 
could be present in the correlation maps, thus making the maximum 
value difficult to calculate. 

In order to solve these two potential problems, a speckle pattern can 
be applied to the surface. This pattern should form a randomly 

Fig. 1. SE-SEM images corresponding to WC-10wt.%Co submicron grade: (a) as-ground condition, (b) after ultrashort pulsed laser treatment, Condition 1 and (c) Id., 
Condition 2. 
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distributed arrangement of features (for instance, dots of different sizes) 
that offer high contrast and resolve uniqueness issues. An example of a 
gold nanoparticle speckle pattern for SEM imaging is given in reference 
[19]. The size of the applied pattern limits the resolution capability of 
the algorithm. Furthermore, the stiffness of the coating itself can have an 
influence on the measurement. 

SEM images of a surface are subject to these imaging problems: many 
microstructural features can have periodic regions (for example, a 
eutectoid steel with a periodic ferrite-cementite lamellar structure), 

homogeneous in size or just not frequent enough to guarantee good 
correlation measurement. 

Fourier-based digital image correlation [20] relies on a different 
approach to find the relative displacement between images, more sen-
sitive in the presence of subtle features. If I1 (x,y) and I2 (x,y) represent 
the pixel intensity values for two images that are identical with the 
exception of a coordinate shift, so that I2 (x,y) = I1 (x − x0,y − y0), their 
Fourier transforms relate this way: 

F2(ξ, η) = e− i(ξx0+ηy0)F1(ξ, η) (1) 

This is known as the Fourier shift theorem. It is easy to see that if the 
phase term is isolated and the inverse Fourier transform is applied, we 
obtain a Dirac’s delta with its origin at (x0,y0): 

Ϝ− 1

{
F1(ξ, η)F*

2(ξ, η)⃒
⃒ F1(ξ, η)F*

2(ξ, η)
⃒
⃒

}

= Ϝ− 1{ei (ξx0+ηy0)
}
= δ(x − x0, y − y0) (2)  

where F2* stands for the complex conjugate of the Fourier transform of 
image 2. 

Real images are finite and contain a certain degree of noise, so a 
finite peak (instead of Dirac’s delta) is expected at the position corre-
sponding to the displacement value (x0,y0). Sub-pixel resolution of 
image shift (~0.05 pixels) can be achieved using these measurement 
techniques [21]. 

The normalisation term (denominator) in Eq. (2) gives equal weight 
to all components in the Fourier transforms of the images, even those 
that are not representative of features, which makes this approach 
sensitive to noise [22,23]. Consequently, the expression has been 
adapted to include an exponent in the denominator, so that the contri-
bution of noise becomes less significant: 

P(x, y) = Ϝ− 1

{
F1(ξ, η)F*

2(ξ, η)⃒
⃒ F1(ξ, η)F*

2(ξ, η)
⃒
⃒n

}

(3) 

n = 0 corresponds to the Simple Correlation case, and n = 1 becomes 

Fig. 2. SE-SEM image showing a cross-section of 10 FIB-machined slits parallel to each other. Slit dimensions: 50 × 1 μm2 with different milling times. Numbers on 
the right of each slit indicate the milling time in minutes. The five on the left correspond to a FIB current of 7 nA and the five on the right to 3 nA. The inset in the 
bottom left corner shows a close-up of one of the slits. 

Fig. 3. Slit depths (h) as a function of milling time for two milling currents: 3 
nA (in red) and 7 nA (in blue). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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Eq. (2), also called Phase Correlation. In this paper, an exponent value of 
n = 0.75 was used. 

A Fourier-based DIC calculation can therefore be carried out by 
performing these operations: Fourier transform of both images, the 
product and division operations described in Eq. (3), calculating its in-
verse Fourier transform and finding the peak of the resulting 
distribution. 

Other exploration-based algorithms repeat their calculations with 
various shift values in order to find the maximum correlation, which 
might require more operations for larger displacements. With this 
approach, the computational steps are independent of the magnitude of 
the displacement and are determined by the size of the image. Fast 
Fourier Transform (FFT) algorithms [24] make these operations 
computationally efficient. 

The algorithm used in this paper also uses an edge enhancer opera-
tion: pixel intensity gradients are calculated in the vertical and hori-
zontal directions and saved as the real and imaginary part of a complex 
image G, as follows: 

G(x, y) = ∇xI(x, y)+ i ∇yI(x, y) (4)  

where I(x,y) is the reference image. Instead of working with the pixel 
intensities of images directly, the correlation between G1(x,y) and G2(x, 
y) is calculated, as explained in [25]. An example of such an enhanced 
edge map of a SEM micrograph image is shown in Fig. 4. By storing both 
gradient maps as the real and imaginary part of the image, more detailed 
edge information is available to perform the correlation calculation. A 
pre-processing filtering step is carried out in order to reduce image noise 
and improve gradient operations. 

The DIC algorithm requires images of the same area before and after 
milling. The milling process is performed with a tilted sample stage (52◦

in FEI Quanta 3D FEG), and it requires some stage movement to focus 
the beam before the process. Consequently, the position of the stage has 
to be adjusted to match the same area. The small displacements pro-
duced during this adjustment are corrected by performing an initial DIC 
global image identification. The SEM images used in this paper have a 
resolution of 4096 × 3773 square pixels, and a horizontal field width 
(real width of the region in the image) of 149 μm, so every pixel rep-
resents an area of approximately 36 × 36 nm2. 

After the global image adjusting step that corrected the possible 
mismatch caused by the stage movement in between captures, the image 
was sliced in multiple smaller regions, each called region of interest 
(ROI). These ROIs were 64 × 64 square pixels. The shift of each region 
was then calculated using the DIC algorithm, to construct a displace-
ment map. Construction of the displacement map is the most 

computationally expensive step in the data manipulation process, and it 
takes close to 10 min. These displacement maps can be influenced by 
sample drift, caused by build-up of electrical charge during the imaging. 
This factor can be reduced by choosing faster scan times (which in-
creases noise) and averaging many images (to compensate for the 
introduced noise) but, unfortunately, it cannot be completely elimi-
nated. In the DIC algorithm, the influence of sample drift is estimated 
and corrected. 

Images included in Fig. 5 show one example of the results obtained 
following this procedure. Fig. 5a corresponds to the as-ground surface 
region to be tested. Fig. 5b shows the position of the FIB machined slit 
and the corresponding surface displacement map. Red shading repre-
sents downward displacements of the hardmetal surface perpendicularly 
to the slit’s longer side and blue shading relates to displacements in the 
opposite direction. This means that residual stresses are of compressive 
nature since surface displacements tend to close the slit. As expected, 
maximum displacements are measured at the slit centre. 

Fig. 6 shows the SEM images of the areas textured with Conditions 1 
(6a) and 2 (6b) (see section 2a) after FIB slitting, also combined with the 
corresponding displacement maps. The displacement map obtained in 
the area textured with Condition 2 (the one that used 2 W laser pulses) 
contains considerably more noise.  

(b) FE simulations. 

A FE model has been developed for reproducing the surface 
displacement field obtained by Fourier based DIC using ABAQUS soft-
ware (Dassault Systèmes). The slit geometry was defined with the same 
triangular cross-section found experimentally (Fig. 7a). The slit length 
was 100 times smaller than the size of the whole model, to ensure that 
the boundaries would not affect the stress evolution near the slit. The 
aspect ratios between length l, width w and depth h of the slit were l/w =
50 and l/h = 10. Due to the symmetry of the system, only half of the slit 
was modelled, and symmetry boundary conditions were imposed in the 
centre face. A mesh containing 485,874 3D tetragonal (C3D10) elements 
was used, fine around the slit and gradually coarser at larger distances 
(Fig. 7b). 

An initial state of homogeneous biaxial compressive stress of 1 GPa 
(σ/E = 1/584) was imposed as initial condition and then the system was 
allowed to relax. The material was assumed linear elastic with Young’s 
modulus and Poisson ratio given in section 2a. This linear elastic nature 
of unloading is expected to hold not only for hardmetals but also for 
other materials, including most metals and ceramics. 

Fig. 4. (a) SE-SEM image of the sample surface and (b) its horizontal gradient where the edges of the micrograph are enhanced.  
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4. Results and discussion 

The fitting of FE deformation profiles to the Fourier-DIC calculated 
displacement maps is shown in Fig. 8. The high spatial resolution of the 
technique is noticeable: the maximum detected displacements were of 
about 40 nm, while the length of each pixel is of the order of 36 nm. It is 
worth noting that the deformations decay sharply from the slit border, 
vanishing almost completely at distances of about 40 μm. 

Table 1 summarises the numerical values of residual stresses with 
sin2ψ XRD and FIB-DIC techniques. In both cases, errors correspond to 
95% confidence intervals. In FIB-DIC method, 95% confidence intervals 
are those corresponding to the fitting between FE strain profiles and FIB- 
DIC surface deformation maps (Fig. 8). There is excellent agreement 
between results obtained by the two techniques in as-ground and laser 
treated surfaces in Condition 1 (i.e. with less intense laser pulses). For 
the surface treated in Condition 2, the values obtained with FIB-DIC 
technique are 20% lower. This discrepancy is likely related to 

interaction between the generated texture and the displacement field 
around the FIB slit, which are similar in magnitude. Therefore, 
displacement fields are much noisier in this experiment (Fig. 6b). 
Optimised filtering procedures are under current research. Another 
possible explanation is the difference in depth-resolution of the 
methods. While XRD measurements probe about 5 μm of the surface, the 
stress relaxation process caused by the slit happens in a smaller region. 
The slit itself is 5 μm deep, where displacements must gradually vanish, 
so that the measurement represents the stress state of a shallower region. 

Apart from comparing the new FIB-DIC technique with the standard 
sin2ψ XRD procedure, these results show that, although femto pulsed 
laser machining is considered a nearly adiabatic process this is not 
completely true. Generation of nanometric structures (LIPSS type) in-
volves very small material removal, especially in Condition 1 and certain 
surface annealing is produced with approx. 15% reduction of residual 
stresses. Anyhow, these are still highly compressive and far from the 
annealed condition. 

Fig. 5. SE-SEM images of the hardmetal surface in as-ground state: (a) before FIB slit milling and (b) after FIB slit milling. The shading corresponds to the dis-
placements measured with DIC (red: downward, blue: upward). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 6. SE-SEM image showing the surface displacement map calculated with Fourier-DIC algorithm for the case of the LIPSS textured surfaces. (a) Condition 1. (b) 
Condition 2. The shading corresponds to the displacements measured with DIC (red: downward, blue: upward). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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5. Conclusions 

Surface residual stresses in hardmetals have a critical effect on their 
mechanical performance. For the first time, a new FIB-DIC method has 
been implemented for measuring residual stresses with spatial resolu-
tions 1 order of magnitude lower than those achieved by standard X-ray 
diffraction methods. The new procedure is based on machining a thin slit 
perpendicular to the surface of interest by means of a focused ion beam 
equipment. As stresses are released, surface displacements occur near 
the slit edges. These displacements are measured by an advanced digital 
image correlation algorithm to SEM images taken before and after slit-
ting. This algorithm, based on Fourier analysis, can reach sub-pixel 

/2

Fig. 7. (a) FE-simulated displacement profile for a linear elastic system with compressive residual stresses. Displacements (normalised to slit depth) are shown in the 
direction perpendicular to the slit’s longest side, where unloading is maximum. (b) Mesh of the model used in the FE simulation, containing 485,874 C3D10 
tetragonal elements. 

Fig. 8. Fitting of Fourier-DIC-measured displacements to FE data: (a) as-ground surface, (b) Ultrashort pulsed laser texturing, condition 1 and (c) Id. Condition 2. Red 
dots represent DIC-calculated displacements, and the black solid lines correspond to the fitting of the FE simulations. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Residual stress values measured with sin2ψ XRD and Fourier-based FIB-DIC 
techniques.  

Surface condition Residual stress (MPa) 

sin2ψ XRD FIB-DIC 

As-ground − 1940 ± 150 − 1880 ± 50 
Laser textured Condition 1 − 1700 ± 130 − 1720 ± 40 
Laser textured Condition 2 − 1540 ± 130 − 1230 ± 40  
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resolution and the processing time is only dependent on the size of the 
image. Finally, residual stresses are obtained by fitting the FIB-DIC 
measured displacements to FE-simulated stress-relief curves. 

Once calibrated, the FIB-DIC method has been applied to as-ground 
and laser textured hardmetal surfaces. Compressive residual stresses 
produced by grinding are reduced by ultrashort pulsed laser texturing. 
This stress relaxation depends more on the individual fluence of laser 
pulses than on the total fluence of the whole texturing process. Corre-
lation between FIB-DIC and sin2ψ techniques is excellent for as-ground 
and low power laser texturing, being worse when texturing is carried 
out with power of individual pulses increases. Apart from its higher 
spatial resolution, the new FIB-DIC technique has the advantage of being 
suitable for amorphous materials and for investigating stresses of hard 
coatings near the coating edge. 
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