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A B S T R A C T   

Laser ablation has become an innovative treatment for cemented carbides, regarding edge rounding and surface 
modification, aiming to improve their tribomechanical performance. Meanwhile, the precision offered for this 
technique has also positioned it as an effective mean to generate micronotches used for evaluation of mechanical 
properties in structural materials. However, similar approach has not been attempted for hardmetals; thus, it 
becomes the main objective of this work. Dimple-like and elongated micronotches are introduced in one fine- 
grained WC-11%wtCo grade. In doing so, laser processing parameters are first optimized to attain micro-
notches with appropriated geometry and size, i.e. similar to critical flaws identified in broken pristine specimens. 
Success of the implemented approach is then validated through subsequent flexural testing, fractographic in-
spection and fracture mechanics analysis of the results attained on samples containing surface micronotches, as 
far as laser-induced residual stresses are taken into consideration. In this regard, elongated micronotches are 
found to exhibit lower residual stresses, and postulate themselves as the optimal option of the two micronotch 
types studied. The suitability of laser ablation for shaping artificial small-scale flaws opens a new route for 
introducing controlled defects, alike those intrinsic to processing or induced during service, key aspect for further 
understanding damage tolerance issues in cemented carbides.   

1. Introduction 

In the last decades one of the main objectives of research concerned 
with structural ceramics, hardmetals and superhard materials, has relied 
on increasing reliability through creation of microstructures that impart 
sufficient fracture resistance so that strength becomes less sensitive to 
the size of flaws (e.g. Refs. [1–5]). This approach, different from the one 
simply based on flaw control, has the advantage that damage induced 
during service could be tolerated without compromising the reliability 
of the corresponding components. 

Within the above framework, introduction of controlled damage has 
proven to be an effective route for studies addressing microstructural 

design optimization on the basis of damage tolerance. In doing so, 
spherical indentation have been successfully implemented in all above 
referred material groups, following protocols proposed and validated by 
Lawn’s group (e.g. Refs. [6,7]). Meanwhile, surface machining by means 
of laser ablation has also emerged as an interesting option for intro-
ducing micrometric features in a controlled manner, such as small-scale 
notches, for evaluation of mechanical properties of metallic materials (e. 
g. Refs. [8–10]). For the particular case of cemented carbides, laser beam 
machining has shown to be capable of shaping small-scale features with 
precise dimensions and geometry with minimum microstructural 
changes and thermal damage. As a consequence, it has positioned as an 
effective route for post-processing and fabrication, surface texturing as 
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Besòs-EEBE, Barcelona 08019, Spain. 
** Corresponding author at: Xiamen Tungsten Co., Ltd., 361009 Xiamen, China. 

E-mail addresses: liu.chao@cxtc.com (C. Liu), luis.miguel.llanes@upc.edu (L. Llanes).  

Contents lists available at ScienceDirect 

International Journal of Refractory  
Metals and Hard Materials 

journal homepage: www.elsevier.com/locate/IJRMHM 

https://doi.org/10.1016/j.ijrmhm.2022.106084 
Received 5 October 2022; Received in revised form 9 December 2022; Accepted 9 December 2022   

mailto:liu.chao@cxtc.com
mailto:luis.miguel.llanes@upc.edu
www.sciencedirect.com/science/journal/02634368
https://www.elsevier.com/locate/IJRMHM
https://doi.org/10.1016/j.ijrmhm.2022.106084
https://doi.org/10.1016/j.ijrmhm.2022.106084
https://doi.org/10.1016/j.ijrmhm.2022.106084
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmhm.2022.106084&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Refractory Metals and Hard Materials 111 (2023) 106084

2

well as micromachining of tools and components (e.g. Refs. [11–17]). 
Such application has recently been extended to machining of shallow 
and through-thickness micronotches of hardmetal specimens, within 
testing protocols for reliable assessment of fracture toughness in these 
hard and brittle-like materials [18]. 

Following the above ideas, it is the objective of this work to combine 
laser technology with the challenge of replicating damage induced 
during service-like conditions for analyzing the fracture mechanics of 
hardmetals containing controlled flaws. Although investigations on the 
interaction of laser pulses with solid materials have shown that heat 
diffusion into the surrounding material is reduced with decreasing pulse 
duration, it is also well-established that enhanced quality resulting by 
using shorter pulses is linked to higher ownership costs, more technical 
complexity and need of highly trained staff [e.g. Refs [19–21]. Hence, 
being aware of the compromise between accuracy limitation for shaping 
artificial processing-like flaws and practicability, accessibility and cost- 
effectiveness of the laser technology route chosen, the study is con-
ducted by means of nanosecond laser ablation, i.e. within the short-pulse 
regime. 

2. Experimental aspects 

2.1. Material studied and mechanical properties 

The study is conducted in a fine-grained (mean carbide size about 
0.7 μm) WC-11%wtCo hardmetal grade. Hardness, fracture toughness 
and flexural strength for the investigated material are listed in Table 1. 
In general, measured values for these mechanical properties are within 
the range of those reported in the literature for WC-Co cemented car-
bides with similar microstructural assemblage (e.g. Refs. [22–25]). 
Mean and standard deviation values calculated for hardness are the 
result of ten indentations, measured using a Vickers diamond pyramidal 
indenter and an applied load of 30 kgf (294 N). Fracture toughness was 
evaluated following the single edge notched bend (SENB) method, using 
four rectangular bars of 45 × 10 × 5 mm dimensions and notch length- 
to-specimen width ratio of 0.3. The effective evaluation of fracture 
toughness using linear elastic fracture mechanics (LEFM) requires the 
suitability of a procedure for introducing a sharp pre-crack into the 
sample. In this work, it was achieved through application of cyclic 
compressive loads by reverse bending to a SENB specimen, followed by 
stable crack growth under far-field tensile stresses. The latter step was 
conducted to relieve residual stresses induced during the previous cyclic 
compression. A detailed description of the pre-cracking procedure used 
has been reported elsewhere [18,26,27]. Flexural strength was assessed 
by testing to failure fifteen rectangular bars with dimensions of 45 × 4 ×
5 mm. It was conducted under four-point bending with inner and outer 
spans of 20 and 40 mm respectively. Before testing, the longitudinal 
section later subjected to the maximum stress in bending was ground 
and polished until mirror-like surface finish. Additionally, longitudinal 
edges of all the samples were beveled. All the mechanical tests (fatigue 
pre-cracking, fracture toughness and flexural strength) were conducted 
using a servohydraulic testing machine in a room air environment. 
Failure for all the unnotched specimens tested under flexure resulted in a 
very large number of broken fragments. Although an extensive exami-
nation was conducted in many of the broken pieces, in all the cases it 

was impossible to discern nature, geometry and size of the 
strength–limiting flaws. It points out that fracture originated from 
intrinsic microstructural heterogeneities. Within this context, critical 
flaw sizes were estimated to be about 10–20 μm, according to LEFM 
criterion, by assuming them to be embedded circular defects. This value 
is relevant for the study as it is taken as reference for defining length- 
scale of micronotches to be machined. 

2.2. Laser ablation machining of micronotches 

A solid-state Nd:YLF, Q-switched laser set-up was employed to ma-
chine dimple-like and elongated micronotches on the target surfaces. 
The set-up is capable to emit laser beams having the wavelength of 349 
nm and pulse duration of 5 ns. The laser machining platform consists of a 
2-axis laser beam deflection unit that controls the movement of the focus 
point on the XY-plane, together with two mirrors that adjust the tra-
jectory of the laser beams. The sample is fixed on the sample holder 
which is equipped with Vernier calipers along the x-, y- and z-axis. 

Preliminary efforts concentrated on studying the influence of laser 
machining parameters – mainly number of passes (within a range be-
tween 1 and 10,000, in 10-times intervals) and frequency (values of 1 
kHz, 3 kHz, 15 kHz and 150 kHz) - on geometry accuracy (Fig. 1). 
Optimized laser-ablation conditions were selected on the basis of com-
bined and complementary optical and scanning electron microscopy 
inspection of all the machined micronotches, regarding well-defined 
aspect ratio geometry and dimensions of the aimed flaw-like features. 
Furthermore, as laser ablation may induce irreversible changes, special 
attention was paid to explore possible damage induced at the surface of 
the shaped micronotches. This surface integrity evaluation was con-
ducted through Field Emission Scanning Electron Microscopy (FESEM). 

Flexural strength was the parameter used to evaluate micronotching 
effects on the fracture resistance of the studied hardmetal. Mechanical 
testing was complemented by extensive fractography of all the broken 
samples. Fractographically derived micronotch information included 
detailed aspect ratio geometry and dimensions (length and depth) of 
micronotches acting as failure origins. The experimental data were then 
used for evaluating correspondence between observed and estimated 
flaw sizes, the latter calculated from the fundamental LEFM correlation 
among critical defect size, strength and fracture toughness. Inconsistent 
results were taken as an indicator of residual stress effects. Rough esti-
mations of the residual stress level were assessed from the total stress 
intensity factor evaluated on the basis of the real failure-controlling 
crack system discerned by fractographic examination. 

Table 1 
Hardness, fracture toughness and flexural strength of the hardmetal grade 
studied.  

Hardmetal 
grade 

Hardness 
(GPa) 

Fracture toughness (MPa 
m1/2) 

Flexural strength 
(MPa) 

WC-11%wtCo 
(dwc = 0.7 

μm) 
15.4 ± 0.2 10.9 ± 0.3 3810 ± 361  

Fig. 1. Surface aspect of dimple-like micronotches machined by using different 
combinations of number of passes and frequency values. 
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3. Results and discussion 

3.1. Dimensions, aspect ratio geometry and surface integrity of dimple- 
like and elongated micronotches 

Specific goal was to reproduce dimple-like and elongated features of 
size similar to that estimated for the critical flaws, i.e. lower than 20 μm. 
Accordingly, laser processing parameters employed were frequency of 1 
kHz and 100 passes. However, precision of the used equipment is 
limited, and well-defined geometry was only achieved for sizes higher 
than 40 μm. This was even more critical in the case of elongated 
micronotches. Here, well-defined tracks were achieved with geometry 
ratios (length/width) between 4 and 7. Although this artificially induced 
micronotches are slightly larger in size than effective critical defects, it is 
assumed that they are satisfactory for subsequent fracture mechanics 
and damage tolerance studies. 

Detailed analysis of the shaped micronotches was conducted by 
FESEM (e.g. Fig. 2). A crown-like structure is observed in the case of 
dimple-like micronotches, whereas elongated micronotches show less 
overflow material above the surface of the sample. In both micronotch 
types, there appears to be remelted material inside them as well as a 
clear heat affected zone. The latter expands from the centre to the edges 
of the notches and leaves a grey-contrast area surrounding them. 

3.2. Flexural strength and fractographic analysis of laser-micronotched 
specimens 

Four specimens per notch type were tested to failure. One single 
micronotch was shaped in two of them, whereas three micronotches 
were machined in the other two samples. Single or multiple micro-
notches were introduced within the span of 10 mm where maximum 
tensile stresses are imposed at the surface during flexural testing in four- 
point bending. In the case of elongated micronotches, longer axis was 
aligned perpendicular to the longitudinal direction of the specimen. 
Flexural strength values of samples with shaped small-scale notches are 
given in Table 2. As expected, they were significantly lower than those 
determined on the pristine specimens, such relative difference being 
larger for samples containing the elongated micronotches. 

FESEM inspection of broken surfaces allowed to identify the shaped 
micronotches as the critical failure sites (e.g. Fig. 3). Although elongated 
micronotches exhibited a rougher borderline than dimple-like ones, 
shape may be assumed to be effectively semi-elliptical, as originally 
attempted. Independent of micronotch geometry and size, two distinct 
regions are evidenced: one with a fused-like aspect and another one 
characterized by the observation of ductile dimples within the metallic 
binder of the hardmetal (Fig. 4). The former is a direct consequence of 
material removal and permanent microstructural modifications induced 
by shock waves [18,28], and similar to the scenario evidenced at the 

surface before mechanical testing. The latter is the result of nucleation, 
growth and coalescence of microcavities formed when stretching the 
metallic enclaves at the wake of propagating cracks, during unstable 
failure of cemented carbides [29–32]. 

3.3. Fracture mechanics analysis of broken hardmetals containing laser- 
abladed small-scale flaws 

It is well-established that rupture in hard and brittle-like materials is 
mainly associated with the existence of flaws and their ensuing propa-
gation (e.g. Ref. [33]). These defects may be either intrinsic to pro-
cessing or induced during service operation. Cemented carbides are 
manufactured through powder metallurgy routes; hence, processing- 
related flaws may be produced during powder preparation, mixing, 
consolidation, sintering, or subsequent surface finishing. A few partic-
ular examples of defects introduced during the processing of hardmetals 
are pores or cobalt-depleted carbide agglomerates (e.g. Ref. [25]). On 
the other hand, service-related defects are associated with surface or 
bulk integrity changes under operation, e.g. damage induced by oxida-
tion, corrosion or thermal shock (e.g. Refs. [34–36]). Following the 
above ideas, fracture behavior of hardmetals may then be described by 
recourse to unstable propagation of existing flaws, independently of 
their origin and nature, within a LEFM framework. Such an approach is 
now implemented for further analysis and discussion of the experi-
mental results just recounted. 

To discern whether strength degradation measured simply results 
from the stress rising effect linked to the introduced micronotches, 
fracture results were analyzed by comparing estimated and observed 
critical flaw sizes (ac), the latter as experimentally determined from 
FESEM examination. Calculations of ac were based on the generic LEFM 
relationship [37]: 

KI = σY
̅̅̅̅̅πa
Q

√

(1)  

Q ≈ 1+ 1.464
(a

c

)1.65
(a/c ≤ 1) (2)  

Fig. 2. SEM images of (a) dimple-like and (b) elongated micronotches.  

Table 2 
Flexural strength and relative critical flaw sizes (by comparison of experimen-
tally measured and estimated values) for the specimens containing micronotches 
and tested to failure.  

Micronotch 
type 

Flexural 
strength 
(MPa) 

Ratio between experimentally measured and 
estimated critical flaw size 

Dimple-like 1226 ± 73 0.4–0.5 
Elongated 588 ± 39 0.6–0.7  
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where KI is the effective stress intensity factor, σ is the applied stress 
under four-point bending, a and c are the small and large radius of a half- 
elliptical crack, and Y has a value of 1.12. 

Ratio values between observed and calculated critical flaw sizes for 
both micronotch types are included in Table 2. In both cases, experi-
mentally determined critical flaw sizes are always smaller than the 
estimated ones. Beyond the scatter and uncertainties associated with 
experimental measurement and model simplifications, the above results 
suggest that besides the remote (outer surface) bending stress, laser- 

induced surface micronotches were also experiencing tensile residual 
stresses. The relative relevance of these residual stresses is clearly 
important for analyzing damage-induced (linked to laser ablation) 
strength degradation; thus, an estimation of their magnitude was 
attempted within a LEFM framework. 

Laser-induced residual stresses may be roughly accounted from the 
experimentally measured failure-controlling data by using the principle 
of superposition of both applied far-field stress and residual stress in-
tensity factors for the real critical flaw system, Kapp and Kres, 

Fig. 3. FESEM micrographs of fracture surfaces for broken specimens containing (a) dimple-like and (b) elongated microntoches. Higher magnification images 
include schematic drawing of half-circular and half-elliptical flaws respectively, considered for determining dimensions of experimental critical defects, as well as for 
length/depth ratio to be used in the estimated values. 

Fig. 4. High-magnification FEESEM micrographs showing specific fracture micromechanism features at the borderline between “fused/damaged” region and un-
stable failure for broken specimens containing (a) dimple-like and (b) elongated microntoches. 

L. Ortiz-Membrado et al.                                                                                                                                                                                                                      



International Journal of Refractory Metals and Hard Materials 111 (2023) 106084

5

respectively, and equating the resulting total stress intensity factor (Ktot) 
to the fracture toughness of the material, 

Ktot = Kapp +Kres = KIc (3) 

Concerning Kres, residual stressess are assumed to be distributed 
uniformly over the contour of the laser-shaped micronotches. Addi-
tionally, because critical flaw sizes are much smaller than specimen 
height, boundary-correction factors for uniform tension (Yapp) and 
bending (Yres) are taken to be equal. Under these considerations, Eq. (3) 
may now be written as: 

Ktot = Y
(
σapp + σres

)
= KIc (4)  

where σres represents an average residual stress magnitude. 
Residual stress values for laser-micronotched specimens, as esti-

mated via Eq. (4), yields values close to 500 and 150 MPa for dimple-like 
and elongated micronotches respectively, which are within the range of 
those reported in the literature for laser-treated cemented carbides. 
However, this simple analysis should rather be considered a preliminary 
proof of feasibility that laser technology may be implemented for surface 
machining of artificial small-scale flaws. Indeed, once heat-affected zone 
discerned in this study as well as solid phase transformation changes (in 
case heat input is too intensive) reported by Denkena and coworkers 
[12] are taken into account, it is clear that additional studies are 
required on the correlation among laser ablation effects on surface 
integrity, microstructural assemblage of hardmetals and operating pa-
rameters. They should allow to address and understand energy-related 
effects on microstructural changes and/or stress states of quite 
different magnitudes for cemented carbides. In this regard, it is very 
interesting to highlight the significant reduction of tensile residual 
stresses estimated for the specimens containing elongated micronotches, 
possibly as a consequence of self-annealing treatments linked to 
sequential micromachining of the surface notches. 

4. Conclusions 

Laser ablation technology has been proposed and successfully 
implemented for machining of artificial small-scale flaws in a fine- 
grained WC-11%wtCo hardmetal grade. Research conducted included 
preliminary optimization of laser machining parameters, particularly 
regarding number of passes and frequency. After combined and com-
plementary optical and FESEM inspection of machined micronotches, 
optimized laser-ablation conditions have been selected on the basis of 
appropriated geometry and size, the latter within length scale of critical 
flaws identified in fractographic inspection of broken unnotched speci-
mens. Once it has been achieved, they have been used for for introducing 
controlled damage-like features of cemented carbides. In this regard, 
flexural strength determined for micronotched samples have been 
analyzed through direct comparison of experimentally measured (from 
fractographic inspection) and estimated (within LEFM framework) sizes 
of critical flaws. It is found that small-scale micronotches shaped by laser 
ablation is a feasible option for fracture mechanics analysis of hard-
metals, as far as residual stresses are taking into consideration. Within 
this context, and very interesting, laser-induced stresses are significantly 
reduced in the case of elongated micronotches, possibly as a conse-
quence of self-annealing treatments linked to sequential micro-
machining of the surface notches. 
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