
REPETITIVE NANO-IMPACT TESTS AS A NEW TOOL TO MEASURE FRACTURE TOUGHNESS IN 

BRITTLE MATERIALS 

 

E. Frutosa*, J. L. González-Carrascob,c, T. Polcara,d 

a Department of Control Engineering, Faculty of Electrical Engineering, Czech Technical University in Prague, 

Technická 2, Prague 6, Czech republic 
b Centro Nacional de Investigaciones Metalúrgicas, CENIM-CSIC, Avda. Gregorio del Amo 8, 28040 Madrid, Spain. 

c Centro de Investigación Biomédica en Red de Bioingeniería, Biomateriales y Nanomedicina CIBER-BBN, Spain. 
d National Centre for Advanced Tribology (nCATS), University of Southampton, University Road, Southampton SO17 

1BJ UK. 
* E-mail: frutoemi@fel.cvut.cz 

 

ABSTRACT 

 

This work studies the feasibility of using repetitive-nano-impact tests with a cube-corner tip and low loads for obtaining 

quantitative fracture toughness values in thin and brittle coatings. However, the length of the crack has to be lower than 

10% of the total coating thickness to avoid substrate contributions. For this reason, and in order to ensure a small plastic 

region localized at the origin of the crack tip, low load values have to be used. Moreover, it will be shown how it is 

possible to know with each new impact the crack geometry evolution from Palmqvist crack to half-penny crack, being 

able to study the proper evolution of the different values of fracture toughness in terms of both indentation models and as 

a function of the strain rate, 𝜖̇, decreasing. Thereby, fracture toughness values for -Al2O3 layer decrease from ~4.40 

MPa√m, for high 𝜖̇ value (103 s-1), to ~3.21 MPa√m, for quasi-static 𝜖̇ value (10-3 s-1). On the other hand, a new process 

to obtain fracture toughness values will be analysed, when the classical indentation models are not met. These values are 

the typically found in the literature for bulk -Al2O3, demonstrating the use of repetitive-nano-impact tests not only 

provide qualitative information about fracture resistance of the materials but it also can be used to obtain quantitative 

information as fracture toughness values in the case of brittle materials. 

 

KEYWORDS: Nano-indentation; Repetitive-nano-impact test; High strain rate test; Dynamic hardness; Fracture 

toughness; Alumina coatings. 

 

 

 1. Introduction  

 

Different types of surface modification in metallic 

materials have been proposed in order to develop an 

alumina coating on top of the metallic alloys. Metals and 

alloys are often coated using techniques such as thermal 

spraying and chemical/physical deposition [1]. However, 

these coatings often contain microcracks or pores, which 

can lead to cracking or peeling off of the coating during 

service. Thereby, surface modifications must be aimed at 

the development of pure, dense coatings with high 

adherence to the substrate. In this context, it is worth 

noting the development of oxide dispersion strengthened 

(ODS) FeCrAl alloys (MA 956, PM 2000), which are 

suitable for coating with an outer α-Al2O3 layer by 

thermal oxidation at elevated temperatures (> 1000 ºC). 

The resulting layer is fine (a few microns thick), but 

dense and tightly adhered to the substrate. Thus, the 

alumina-coated alloys were investigated as potential 

biomaterials [2]. Since they shows superior in vitro 

corrosion resistance [3] and also good mechanical 

properties at room temperature under static or dynamic 

loads [4]. A good level of biocompatibility was assessed 

for PM 2000 with and without alumina layer, even when 

tested as fine particles [5]. The development of this 

alumina layer produces an effective barrier to the release 

of ions from the substrate in vivo [6], thereby precluding 

their toxics effects.  

 

 

On the other hand, some concerns may exist about the 

mechanical performance of the alumina layer, since 

throughout the useful lifetime of a hypothetical 

prosthesis made with this material, its surface will be 

subjected to a multitude of fatigue processes. The higher 

the fracture toughness is, the longer the useful life of the 

component subjected to fatigue. Thereby, the 

characterization of fracture toughness is fundamental 

before considering any applications. Unfortunately, 

conventional methods used to determine the fracture 

toughness by single edge notched beam (SENB) [7], 

chevron notched beam (CVNB) [8] and double cantilever 

beam (DCB) [9], require complex experimental 

procedures and a minimum number of samples which 

have quite large dimensions, and therefore they are not 

applicable to coatings or thin layers. For this reason, 

nowadays there is great effort to develop or improve 

techniques for obtaining mechanical properties from very 

small volume, as is the case of coatings and thin layers. 

Inside of this context, impact technique has recently been 

shown to be useful for measuring fracture toughness in 

relatively thick intermetallic coatings (~10 µm) [10] and 

ceramic bulk materials [11]. Nano-impact tests, carried 

out on three-sided pyramidal indenters, are repetitive 

impacts initially performed at a high strain rate and 

always at the same spot. The magnitude of this initial 
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strain rate, 𝜖,̇ is typically about 103 s-1, which is similar to 

that of classic Charpy and Hopkinson bar macroscopic 

impact tests [12]. However, as the indenter progresses 

through the material, opening the surface to both sides of 

the indenter, the value of the initial 𝜖̇ decreases until 

reaching a typical value of a classic indentation test (10-3 

s-1). Moreover, depending on the magnitude of the initial 

impact energy, t, and the nature of the material (ductile 

or brittle), breakage of the surface can be induced. 

Thereby, it is possible to characterize the fracture 

toughness, depending on the number of impacts, as long 

as the magnitude of the initial energy is high enough to 

cause fracture along the test. However, as happens with 

the strain rate, the initial impact energy does not remain 

constant, since the distance travelled by the indenter into 

the material, h, increases with each new impact. 

Therefore, to use repetitive-nano-impact test to calculate 

the fracture toughness value of a material, it is necessary 

first to ensure that the magnitude of the initial energy is 

high enough to produce a crack length, c, whose 

dimensions are such that the indentation models can be 

used. The plastic region localized at the origin of the 

crack tip has to be very small so as not to affect the 

overall load deflection behaviour.  

 

In the case of coatings or thin layers, the use of this 

technique is limited by the fact that the load magnitude, 

P, and therefore the initial energy transmitted, t, has to 

be high enough to produce a crack. Furthermore, the 

length of this crack, c, has to be lower than 10% of the 

total coating thickness, t, to avoid substrate contributions. 

For this reason, and in order to ensure a small plastic 

region localized at the origin of the crack tip, low P 

values have to be used. Nevertheless, the proportionality 

between fracture toughness, KC, and the ratio P/c3/2 must 

be fulfilled, even for load range from 1 to 5 mN. 

Otherwise, the indentation models (IM) proposed by 

Anstins [13] and/or Laugier [14] cannot be used for the 

calculation of KC for coatings.  

 

The aim of this paper is to demonstrate the validity of the 

repetitive-nano-impact technique for obtaining fracture 

toughness, KC, values in thin coatings of brittle nature. 

For this proposal, a proper knowledge of the crack 

morphology and its evolution with each new impact must 

be known, since otherwise it is not possible to know the 

most appropriate IM for the evaluation of KC. 

Furthermore, new processes to obtain fracture toughness 

values when the previous conditions are not met will be 

analysed. 

 

 2. Experimental procedure 

 

2.1 Materials 

 

Hot rolled bars of PM 2000 alloy with the nominal 

chemical composition (in wt%) 20 Cr, 6 Al, 0.5 Ti, 0.5 

Y2O3, and Fe, was prepared at Plansee Gmbh 

(Lechbruck, Germany). Specimens of 20.5 mm diameter 

and 2 mm thick were mechanically grinded with 

successively finer silicon carbide papers. Final 

mechanical polishing of the specimens to a mirror-like 

finish was performed with 1 µm diamond paste. Finally, 

specimens were washed in running water and then 

cleaned with alcohol. Oxidation treatment, designed to 

generate the outer alumina layer, was performed at 1100 

ºC for 120 h in air, followed by slow furnace cooling to 

room temperature. These experimental conditions were 

selected as the most suitable for obtaining a dense and 

adherent -Al2O3 layer. To eliminate the oxide nodules 

at the outer most part of the alumina layer, a final 

polishing with 1 m alumina paste was performed. For 

comparative purposes, specific discs of pure α-Al2O3 

(>99.98) with a grain size of 1.2 m, denominated as HIP 

VitoxTM, were prepared with the same dimensions by 

Morgan Matroc Ltd. Surface roughness (Ra parameter) 

was about 76 and 56 nm for α-Al2O3 layer and bulk 

alumina, respectively. 

 

2.2 Microstructural characterization 

 

Microstructural characterization was performed by 

conventional metallographic techniques and scanning 

electron microscopy (SEM) with a field emission gun 

(FEG) coupled with an energy dispersive X-ray (EDX) 

system for chemical analysis. Grain size pattern in the 

alumina layer was revealed from specimens broken at 

room temperature after immersion for in liquid nitrogen 

for several minutes. 

 

2.3 Mechanical characterization 

 

Mechanical properties were determined by 

nanoindentation experiments using the Nanotest 

Advantage equipment from Micro Materials (Wrexham, 

UK). Nanoindentation was performed on the top of the 

surfaces by using a Berkovich tip with a load that ranged 

between 1– 5 mN. Loading and unloading time were 

fixed at 20 and 5 seconds in order to fix the strain rate at 

0.05 and 0.2 s-1, respectively. In all cases, the holding 

time was fixed at 15 seconds. Hardness (H) and Young’s 

reduced modulus (ER) were evaluated from the load-

depth indentation curves using the Oliver and Pharr 

method [15], by using the following equations: 

 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝐶
                                                                      (1) 

     
1

𝐸𝑅
=

1−𝜈2

𝐸𝑓
+

1−𝜈𝑖
2

𝐸𝑖
                                                          (2)                                                                                                                                                                           

   
In Eq. (1), Pmax and AC represent the maximum load and 

the projected contact area between the indenter and 

specimen at maximum load, respectively. In Eq. (2), 

andi, and Ef and Ei denote the Poisson’s ratio and the 

Young’s modulus for the film and the indenter, 

respectively. ER refers to the reduced Young’s modulus 

of the specimen, determined according to Oliver and 

Pharr procedure. Young’s modulus (Ei) and Poisson’s 

coefficient (i) of the diamond Berkovich tip are 1141 
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GPa and 0.07, respectively. Both hardness and Young’s 

modulus results for a given load correspond to average 

values of at least 10 experiments. 

 

The nano-impact pendulum impulse configuration of the 

Nanotest-Advantage was used to perform repetitive 

impacts, at regular intervals, at the same location with 

precisely controlled force. A solenoid connected to a 

timed relay was used to produce these repetitive impacts 

directly on the surface. Impacts to two different initial 

energy levels have been studied. To that end, a cube-

corner diamond tip was accelerated, from a distance, S, 

of 5000 and 500 nm, towards to the surface with two 

different loads, P (15 and 5 mN). The experiments were 

computer-controlled so that repetitive impacts occurred 

at the same position every 4 seconds over 600 seconds 

(120 impacts in total). The penetration depth was 

registered after every impact. Average values were 

obtained from at least 10 experiments performed in 

randomly selected areas on the coating surface. 

 

 3. Results  

 

3.1 Microstructural characterization 

 

Before the oxidation treatment, microstructural analysis 

of PM 2000 reveals a homogenous distribution of small 

grains of ~1µm, which are slightly elongated along the 

thickness of the α-Al2O3 layer. After oxidation treatment 

(1100 ºC), a moderate grain growth is observed. In 

addition, despite the low aluminium content, a tightly 

adherent α-Al2O3 layer is developed on the surface. 

 

Cross sectional examination by SEM (Fig. 1) shows a 

compact and dense oxide layer of Al2O3 about 3-4 µm 

thick. Moreover, neither delamination and/or spallation 

at the oxide/metal interface, nor cracks along the layer 

thickness, have been found, which is indicative of strong 

bonding between the layer and the substrate.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 1. Cross-sectional view obtained by scanning electron 

microscopy, of the -Al2O3 layer on PM 2000. 

 

Grain size within the layer varies from about 0.3 µm, at 

the outer most zone of the layer that represents about one-

third of the layer thickness, to ~1.5µm at the inner zone. 

These values are smaller than that of VitoxTM alumina 

discs, supplied by Morgan Advance Materials Company, 

for which a higher value of ~ 2 µm is observed. More 

details, related to the oxidation process to get α-Al2O3 

layer, as well a deep and complete microstructure 

characterization of this layer and of VitoxTM alumina 

discs, can be found in previous articles, published by the 

current authors [16,17]. 

 

3.2 Mechanical characterization 

 

3.2.1 Nano-indentation testing 

 

Figure 2 shows the variation of the reduced Young's 

modulus, ER, as a function of the maximum indentation 

depth, h, for VitoxTM alumina discs, for the Al2O3 layer 

and for PM 2000 alloy. In this figure it can be seen that 

the ER values are not dependent on the indentation depth, 

which is indicative of high homogeneity in their 

microstructures. Thereby, the average ER value for PM 

2000 is 203±8 GPa, whereas for VitoxTM alumina discs 

and alumina layer ER is 313±4 and 281±6 GPa, 

respectively. The difference between these later average 

ER values (~30 GPa) may be associated with the presence 

of porosity and/or the presence of atoms diffused from 

the metallic substrate and located at the grain boundaries 

in the alumina layer.  

 
 

Figure 2. Variations of the Young's reduced modulus, ER, as a function 
of the maximum indentation depth, h, for VitoxTM discs (green circles), 

for α-Al2O3 layer (blue circles) and for PM 2000 alloy. 

 

Figure 3 shows the variation of the Berkovich hardness, 

HB, as a function of the maximum indentation depth, for 

VitoxTM alumina discs, the alumina layer and the PM 

2000 alloy. The HB values for the bulk alumina discs and 

PM 2000 do not show any gradient, as happens with the 

ER, and therefore their average HB values are 22.8±1.7 

and 5.7±0.3 GPa, respectively. However, in the case of 

the α-Al2O3 layer, HB values are characterized by a sharp 

increase from 27.9 to 35.4 GPa, for the indentations made 

below an indentation depth of 100 nm, and a sharp drop 

to a constant value of about ~22 GPa, which is 

maintained for the remainder of the indentations made at 

higher indentation depth. The presence of this hardness 

gradient, located at subsurface level, may be due to the 

development of elevated compressive residual stresses 

during the oxidation stage, a consequence of the 

mismatch in the thermal expansion coefficient between 

the alumina layer and the metal substrate, and changes in 
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the grain size throughout the thickness of the oxide layer, 

as seen in the SEM images (Fig. 1). 

 
Figure 3. Variations of the Berkovich hardness, HB, as a function of the 
maximum indentation depth, h, for VitoxTM discs (green circles), for α-

Al2O3 layer (blue circles) and for PM 2000 alloy. 

 

3.2.2 Repetitive-nano-impact testing 

 

A repetitive impact test takes place as a solenoid is used 

to pull an indenter (which can be of different geometries 

such as spherical, Berkovich, cube-corner, etc) away 

from the surface, then re-accelerate it towards the surface 

from a small and fixed distance, producing consecutive 

impacts on the same spot [18]. The increase in the depth 

reached along the repetitive impacts is related to plastic 

deformation and/or fracture below the surface impact 

point. Depending on the load, P, and the distance between 

the indenter tip and the surface, S, the energy transmitted 

to the surface, t, can be selected. This energy is defined 

as: 

 

휀𝑡 =  𝑃 ∗  𝑆 − ℎ𝑖                                                        (3) 

    
where hi (0  i  n-1, n = number of impacts) is the impact 

depth accumulated inside of the surface along the 

successive impacts. The larger S and/or P, the greater the 

initial t with which the indenter impacts against the 

surface. Thereby, depending on the magnitude of the 

initial t and the material ductility, the fracture of the 

surface may be induced [19, 20]. It is important to note 

that the energy transmitted is not constant along all 

impacts because the distance between the indenter tip and 

surface changes with each new impact. 

 

Figure 4 shows the accumulative impact depth as a 

function of the number of impacts for the bulk Al2O3 

discs (VitoxTM) and for the α-Al2O3 layer growth on the 

PM 2000 alloy. Although the initial energy transmitted 

(t=75 nJ) is the same in both cases, the evolution of the 

accumulative impact shows clear differences. Initially, 

the evolution of the accumulative impact depth, h, and 

therefore the growth rate of the depth, h*, achieved after 

each new impact is quite similar. However, in the case of 

the Al2O3 discs, after sixteen impacts it is possible to see 

an abrupt jump in its accumulative impact depth, 

inducing a rapid increase in the h* value. However, for 

the Al2O3 layer, the evolution of h* value does not exhibit 

any abrupt jump.  This increase in the h* value has been 

related to the crack coalescence in our previous work. 

Again, the coalescence produces the opening of the 

surface around the cube-corner indenter. This takes place 

after a significant number of repetitive impacts where the 

strain rate, ϵ̇, is close to zero, due to h* effectively 

remaining constant. It is relevant for the intended 

applications that the cracking resistance is much higher 

for the alumina layer than for the VitoxTM alumina discs. 

This higher cracking resistance of the alumina layer is no 

doubt related to the presence of a gradient in the grain 

size, which is increased from the free surface to the 

layer/PM 2000 alloy interface. Moreover, the growth of 

this layer is accompanied by the development of 

compressive residual stresses, which tends to block the 

coalescence of the new cracks and their propagation. 

Therefore, it seems obvious to repeat the impact test in 

the α-Al2O3 layer for a low load magnitude in order to 

produce low impact depth, h, and characterize the 

possible difference in the mechanical behaviour as a 

function of the grain size. Thereby, the impact test has 

been repeated for a load value of P=5 mN, and for a 

distance between the indenter tip and the Al2O3 layer 

surface of S=500 nm. These values are suitable for 

making impacts with a small initial transmission of 

energy, t=2.5 nJ. This small energy produces low h 

values less than 300 nm, as can be seen in Fig 4. 

 
Figure 4. Variation of the accumulative impact depth, h, as a function 

of the impact number for VitoxTM discs (full circles), for α-Al2O3 layer 
(empty circles) and for PM 2000 alloy (full start). 

 

3.2.3. Fracture toughness  

 

Selection of the most appropriate expression for 

evaluating KC requires a proper knowledge of the crack 

morphology and its evolution with each new impact. For 

this, it is first necessary to calculate the value of the 

different ratios, c/a and l/a, proposed in the literature, in 

order to know which indentation model is more 

appropriate. Thereby, if c/a3.5, the crack profile 

corresponds to a half-penny type and, therefore, the 

Anstins model is the most suitable for calculating the 

fracture toughness by using the expression: 

 

𝐾𝐼𝑐 = 


𝑅  
𝐸

𝐻
 

1
2 𝑃

𝑐
3

2 
                                                           (4) 
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where P is the indentation load, c is the crack length, E is 

the Young’s reduced modulus, H is the hardness and 


𝑅
 

is the calibration coefficient, which depends on the tip 

and crack geometries. For half-penny cracks and for a 

cube-corner indenter geometry, this parameter is 0.040. 

 

On the other hand, if 1.1 l/a  2.5 or c/a3.5, the crack 

profile corresponds to the Palmqvist type, and therefore 

the Laugier model is the most adequate for calculating 

the fracture toughness from the expression: 

 

𝐾𝐼𝑐 = 

 
𝑎

𝑙
 

1
2 

 
𝐸

𝐻
 

2
3 𝑃

𝐶
3

2 
                                                (5) 

where a and l are the lengths related to the half of the 

diagonal and the crack length from the apex of the 

footprint, respectively, while 

 is a constant similar to 




𝑅
, for which the most indicative value for cube-corner 

geometry is 0.057. Therefore, it is fundamental calculate 

the evolution of both ratios (h/a and l/a) and, therefore, it 

is necessary to calculate with each new impact the 

evolution of a, which is the length from the centre of the 

projected area to the corner, and l, which is the length 

from the corner of the indenter to the end of the crack. 

For this reason, previously is necessary to calculate next 

parameter. Frist one is: 𝑏 = 2 ∗ √3 ∗ ℎ1 ∗ tan , where h1 

is the impact depth achieved in the indentation done at 

high strain rate and  is the semi angle, whose value for 

a cube-corner indenter is 35.28º. Second one is: 𝑑 =
𝑏

2
∗

tan 60°, where d is the length from the point f, which is 

located at the middle of a lateral, belonging to the 

projected area, to the opposite corner. Third one is: 𝑡 =
𝑏

2
∗ tan 30°, where t is the length from the point f to the 

centre of the projected area. Once the values of the 

parameters d and t are known, it is possible to calculate 

the parameter a, i.e., the length from the centre of the 

projected area to the corner, since this value corresponds 

to the subtraction of the previous parameters (a=d-t). 

Thereby, from the initial value of length a, it is possible 

to calculate the ratio h/a, where ℎ =  ℎ𝑗 − ℎ1  varies 

from 2 to n (n = number of impacts). The calculation of 

the other characteristic length, l, is easier than the 

calculation of a, because l is equal to the subtraction of 

known parameters: 𝑙 = ℎ − 𝑎.  

 

Figure 5 shows the h/a and l/a values as a function of the 

impacts for both kinds of Al2O3 (discs and layer) and for 

the two initial t values (75 and 2.5 nJ). For t=75 nJ, in 

the case of Al2O3 discs, it can be seen that the h/a ratio 

values are below 3.5 from the first to the ninth impact, 

and so it is only possible use the IM proposed by Laugier 

(Eq. 10). For the remaining impacts, however, conditions 

imposed by the IM of Anstins (Eq. 4) is maintained, 

suggesting that this model should be used for the fracture 

toughness calculation. The same is true in the case of 

Al2O3 layer, since below the eleventh impact it is not 

possible to use the Anstins IM, but it is possible to use 

the Laugier IM. For this initial energy, h/a and l/a ratios 

show a similar evolution with each new impact, thus it is 

expected that the fracture toughness values are similar, 

since at these impact depths the grain size in both kinds 

of Al2O3 is almost the same (1,5~2 µm).  

 

 
Figure 5. Variation of h/a (blue colour) and l/a (red colour) values as a 

function of the impacts number for VitoxTM discs (full circles) and for 

α-Al2O3 layer (empty circles an empty starts) under two initial t values. 

 

Figure 6 shows the evolution in fracture toughness, KIC, 

as a function of the number of impacts for both types of 

Al2O3 (discs and layer) and for the highest initial t value 

(75 nJ). Fracture toughness values have been calculated 

using the Laugier (full and empty black circles) and the 

Anstins (full and empty blue circles) indentation models. 

For both kinds of Al2O3, fracture toughness values in the 

first impact are too high, as they do not meet the Laugier 

condition for Palmqvist type crack morphology. 

However, from the second impact, the Laugier condition 

is achieved (1.1 l/a  2.5) and fracture toughness values 

descend from 6.32 to 3.45 MPa√m for Al2O3 VitoxTM, 

and from 4.40 to 3.21 MPa√m for Al2O3 layer. Moreover, 

the Laugier condition is not met due to a change of crack 

morphology from Palmqvist type to half-penny type, and 

therefore the Anstins IM has to be used to obtain the other 

fracture toughness values. Nevertheless, in both cases the 

fracture toughness values decrease until reaching a 

relatively constant value (3.45 MPa√m for VitoxTM and 

3.18 MPa√m for layer) as a consequence of the decrease 

in the strain rate with each new impact. 

 

 
Figure 6. Variation of the fracture toughness values, KIC as a function 

of the number of impacts for VitoxTM discs (full circles) and for α-Al2O3 

layer (empty circles) under two initial t values. Black colour 
corresponds to the fracture toughness values calculated from Laugier 

indentation model and blue colour from Anstins indentation model. 
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It has been shown that the combination of nano-impact 

testing and classical IM is effective for determining 

fracture toughness values. Moreover, we could use this 

method for obtaining fracture toughness values along 

coatings when they show gradients in the grain size, and 

therefore gradients in the fracture toughness values. For 

this reason, it would be sufficient to reduce the initial 

energy in order to produce small impact depths. 

However, it is not always possible to use this approach. 

For the impacts made with a small initial energy (t=2.5 

nJ), none of the h/a and l/a ratios are satisfied along the 

successive impacts, and therefore these IM cannot be 

used to characterize fracture toughness values. 

Nevertheless, throughout this work, indicated any small 

jumps that appeared along the repetitive-nano-impact test 

when applying the smallest initial energy (t=2.5 nJ). 

These jumps, which coincide with a strong increase in the 

indenter penetration rate, might be equivalent to the ‘pop-

in’ observed in quasi-static indentation, because the 

strain rate is equivalent to quasi-static conditions, since 

its yield stress (~300 MPa) is achieved in this first 

impact. This phenomenon appears when a half-penny 

crack is nucleated at the boundary of the plastic zone 

immediately below the contact point of the indenter. This 

is followed by immediate propagation upward to join 

with an existing crack, or leads to the formation of half-

penny cracks at the surface. Although propagation of this 

crack to each corner may not be simultaneous, three 

corners appear to become involved fairly rapidly with 

increasing. The difference between both small jumps is 

that in the case of repetitive-nano-impacts, changes in the 

strain rate are performed at low and constant load, 

whereas in the indentation test it is not always possible to 

induce this effect, since it depends on the load and the 

degree of ductility of the material. If the material is 

ductile, the load level needed to cause the pop-in will be 

very high, since the material is able to accumulate a lot 

of plastic deformation before failure. However, in the 

case of brittle materials like Al2O3, crack nucleation and 

propagation might be possible for low values of t, 

allowing the fracture toughness characterization in the 

subsurface, since tensile stresses normal to the direction 

of penetration, i.e. perpendicular to the crack generated 

at the apex of tip in the footprint, generated in the impact 

may be hypothetically replaced by a pressure 

distribution, acting on the free surfaces of the cracks, 

producing a similar crack opening profile. This opening 

displacement at the centre of the crack has been 

formulated by Tada et al. [21] as: 

 

𝛿0 =
8𝑝𝑎

𝜋𝐸𝑅
𝐷 𝛾                                                                      (6) 

where a is the radius of the crack, p is the pressure at the 

centre of the crack and D γ , is a constant whose values 

typically vary between 0.5 and 0.7, depending on the 

material.  

 

The fully developed half-penny cracks at each corner 

extend over an angular extent a little larger than a 

quadrant, with its centre at the point of contact with the 

indenter. Including a factor to account for shape and 

discontinuities at the edges, a similar expression may be 

appropriate for describing the opening of quadrant cracks 

nucleated by indentation [22]. With cube corner 

geometry, the crack mouth opening is: 

 

𝛿0 =
2√2

√3
ℎ                                                                         (7) 

where ℎ is the extra penetration resulting from a high 

increase in the penetration rate during Pop-in. Thereby, 

the calculation of the half-penny crack length, c, 

developed from the apex of the cube-corner footprint at a 

small t value, can be obtained if the growth rate of 

impact depth (ℎ), just after pop-in, is known by the 

expression given by Field et al.: 

 

𝑐 = √2 ℎ − ℎ +
√2

4√3

𝜋∗𝐸∗ℎ

𝐻𝐵∗𝐷 𝛾 
                                         (8) 

Figure 7 shows the accumulative impact depth as a 

function of the impacts in Al2O3 layer and for an initial 

energy transmitted of t=2.5 nJ. As can be seen, after the 

first impact, the impact depth remains almost constant 

until it experiences a small jump (pop-in). Following this, 

the growth rate of the impact depth increases slowly and 

linearly until experiencing another pop-in and so on.  

 
Figure 7. Variation of the accumulative impact depth, h, as a function 

of the impact number for α-Al2O3 layer and for an initial energy of 2.5 

nJ. Black arrows indicate successive pop-in. 
 

Therefore, h values correspond to the constant impact 

depth value (h= 116.16 nm) and ℎ value is the 

difference between the impact depth values before and 

after the pop-in (ℎ =9.8 nm). On the other hand, the 

impact depth achieved along the first impact corresponds 

to the subsurface zone with sub-micron grain size, and 

therefore the suitable Berkovich hardness, HB, value is 

the maximum value obtained in the previous indentation 

test (35.44 GPa). Thereby, the crack length, c, obtained 

for these values is 256.91 nm, with crack morphology 

associated with these pop-in corresponding to half-penny 

cracks. Therefore, the fracture toughness calculation 

should be performed using the Anstins model. From Eq. 

4, using the previous values for c, HB and E (354 GPa), 

the KC value for the subsurface zone is 4.85 MPa√m, 

which is higher than 3.21 MPa√m found at higher impact 

depth where grain size is ~1 µm. 

 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
50

75

100

125

150

175

200

 

 

 Al
2
O

3
 Scale (t= 2,5 nJ)

A
c
c
u

m
u

la
ti

v
e
 i
m

p
a
c
t 

d
e
p

th
 (

n
m

)

Impacts

Anales de Mecánica de la Fractura (Vol. 33)

129



 4. Conclusion 

 

Repetitive-nano-impact tests is considered as a tool to 

obtain fracture toughness of thin and brittle coatings, 

since the nucleation and propagation of a single crack is 

induced as a consequence of their negligible ductility. 

For this, sharp indenter geometry, like cube-corner, and 

an appropriate initial t value must be selected in order to 

not to produce crack lengths higher than 10% of the layer 

thickness of the -Al2O3. Thereby, repetitive-nano-

impact test carried out with cube-corner geometry, have 

proven to be highly efficient in the development of a 

crack propagating from the apex of the notch, which is 

produced in the first impact, until it reaches a stationary 

value as a consequence of the decrease in the initial t 

value. Thereby, the crack length can be measured with 

each new impact and therefore the correct indentation 

model for calculating fracture toughness can be selected. 

This allows studying the evolution of c/a or l/a ratios, as 

a function of the impacts, i.e. the crack geometry, which 

evolves from Palmqvist crack (Laugier IM) to half-penny 

crack (Anstins IM). Consequently, it is possible to study 

the proper evolution of the different values of fracture 

toughness in terms of both indentation models (Laugier 

and Anstins) and as a function of the strain rate decrease. 

Fracture toughness values for bulk discs of Al2O3 

decreased from ~4.40 MPa√m, for high 𝜖̇ value, to ~3.21 

MPa√m, for quasi-static 𝜖̇ value. On the other hand, it 

has been demonstrated that small jumps appeared along 

the test, for smaller initial energy values such as 2.5 nJ, 

are due to `Pop-in´. During these jumps, a half-penny 

crack is nucleated at the boundary of the plastic zone 

immediately below the contact point of the indenter and 

it can be related to a pressure distribution, producing a 

similar crack opening profile. Combining the formulation 

proposed by Field et al. and the repetitive-nano-impact 

test is possible to calculate the crack length, and therefore 

to obtain fracture toughness values from Anstins 

indentation model. Thereby, is possible to make a profile 

with different initial energies, t, in order to characterize 

fracture toughness evolution along the layer thickness as 

a result of different grain size distribution, relaxation of 

residual compressive stresses, etc. without satisfying 

Anstins and/or Laugier indentation models conditions. In 

our case, fracture toughness value for the subsurface 

zone, where the grain size distribution is much smaller 

than 1 µm, is 4.85 MPa√m, which is higher than 3.21 

MPa√m found at higher impact depth. These values are 

to identical to those reported for bulk -Al2O3, which 

demonstrates that proposed methods are useful to 

calculate quantitative fracture toughness values in thin 

brittle coatings without substrate contribution.  
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