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Abstract: The measurement of thin-layer mechanical properties, like compounds generated by 

thermo-chemical nitriding process, is a key issue to optimize and predict the endurance of surface 

treatment against contact fatigue and wear. An original FIB micro-tensile test strategy involving plain 

and micro-notched tensile specimens is proposed. These specimens were FIB machined in a thin 

ε(50%)- γ’(50%) compound layer resulting from a common low pressure gaseous nitriding process 

(Allnit ©) and tested using a dedicated micro-testing system. Combined with DIC analysis, such micro-

tensile test strategy allows extracting both the elastic modulus and the Poisson’s ratio. Additionally, 

testing micro-notched specimens underlines the necessity to include FE simulations in order to take 

into account the radius of the micro-notch tip as well as the surface roughness induced by the FIB 

machining process. The investigation of this ε - γ’ compound layer suggests a Young’s modulus E = 

200 GPa, a Poisson’s ratio ν =0.31 and a rather low fracture toughness KIC = 0.55 MPa√𝐦.  This 

methodology involving FIB machining, DIC analysis, test procedures and FE post processing 

simulations is fully detailed and the given results are discussed regarding literature. 

Keywords: SEM-FIB; Micro-machining, in-situ micro-tensile test; FIB micro-notched test; KIC 

 

1. Introduction 

Nitriding is a widely used thermochemical treatment applied to improve the mechanical properties (e.g. 

hardness, fatigue and wear resistance) of contact surfaces. It is commonly used in contact shafts in 

power transmission applications. For low-alloyed ferritic steels, this surface treatment is performed 

between 480 and 580° C where diffusing nitrogen molecules react with the alloying elements of steel 
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leading to nitride precipitations. The nitrided surface can be divided into three different domains: a thin 

top surface compound layer, a diffusion layer and an unaffected core. The top compound layer is 

usually composed of 𝛾′-Fe4N phase (containing around 6%w N) and 𝜀-Fe2-3N phase (containing 

around 11%w N) [1-2]. Literature and industrial feedback suggest that the 𝜀 − 𝛾′ composition, the 

hardness porosity, and the thickness of compound layer highly influence the wear resistance of the 

fatigue properties [3-6]. However, most of these investigations are limited to qualitative comparisons 

and/or empirical wear modeling due to lack of knowledge regarding the mechanical properties of these 

very thin (less than 30 µm) 𝛾′- 𝜀 compound layers. Most of the literature work focuses on the hardness 

and the Young’s modulus analysis using nano-indentation approaches [7-14]. Nano-investigation 

consists in measuring a “reduced” modulus combining the elastic modulus and the Poisson’s ratio 

such that the intrinsic modulus is deduced assuming a Poisson’s ratio equals to 0.3. Moreover, the 

elastic properties and the hardness are not sufficient to detail the fracture behavior of compound 

layers. Hence, a better knowledge of the fracture toughness (𝐾𝐼𝐶) properties appears as a key aspect 

to predict the brittle and fast degradation of compound layers under starved lubrication conditions. 

Fracture toughness of such thin surface layers can be estimated by applying micro-pillar splitting 

method as introduced by Sebastiani et al. in [15] then extended to high temperature conditions by Best 

et al. in [16]. However, this experimental strategy implies complex compressive stress analysis which 

makes it difficult to compute intrinsic 𝐾𝐼𝐶 tensile fracture toughness values. Hence, the purpose of this 

investigation is to propose an alternative micro-notch tensile test analysis [17] which, combined with 

DIC measurements, allows the decoupled estimation of the Young’s modulus and the Poisson’s ratio 

and more originally the computation of the tensile fracture toughness parameter of thin surface layers. 

This approach is applied to characterize a mixed 𝜀 − 𝛾′ 10 µm-thick compound layer obtained using a 

low pressure gaseous process applied on a 32CrMoV13 low-alloyed steel. 

 

 

2. Experimental method 

2.1. Material  

The studied material consists of 32CrMoV13 low steel alloy commonly applied in power transmission 

systems (Table 1). This alloys displays an elastic Young’s modulus E= 210 GPa and a Poisson’s ratio 

𝜈 = 0.33. 
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Table 1: Composition of 32CrMoV13 steel alloy. 

element C Si Mn P S Cr Ni Mo other 

 weight % 0.29~0.36 0.1~0.4 0.4~0.7 <0.025 <0.02 2.8~3.3 <0.3 0.7~1.2 0.15~0.35 

 

A low pressure gaseous nitriding process (Allnit®) is applied to generate nitrogen diffusion leading to 

formation of a mixed 𝜀 –phase (Fe2-3N) and 𝛾’-phase (Fe4N1-x) compound layer. Dual beam SEM-FIB 

analyses of cross sections were performed to better characterize the structural composition of the 

studied compound layer (Fig. 1). The total thickness of the latter is estimated around 9.5 µm. EBSD 

transmission analysis of a thin lamella extracted by FIB suggests a 72% 𝜀-phase and 28% 𝛾′-phase 

composition. The EBSD mapping also indicates that the 𝜀-phase is mainly present in the 4 µm upper 

part of the layer where the highest porosity density is also observed. Below 4 µm, the porosity density 

decreases and a mixed 50% 𝜀 − 𝛾′ structure can be observed. The grain size of 𝜀 and 𝛾′ nitride was 

shown to range from 0.3 to 0.7 µm.  

 

Figure 1: Compound layer of Allnit treatment: (a) SEM observation of a cross-section. First layer is Pt 

layer added to protect the surface; (b) EBSD analysis; (c) phase concentration as a function of depth.  

 

Larger EBSD analyses including more than 1000 grains were performed suggesting that no   

preferential direction of the 𝜀-phases and 𝛾’-phase can be established; thus, an isotropic behavior of 

the 𝜀 − 𝛾′  compound layer will be assumed.  

Tables 2 and 3 compile the elastic modulus of 𝜀 and 𝛾’ phases obtained from theoretical calculation 

and nano-indentation respectively. Both simulations and experimental data extracted from the 

literature propose a 𝛾’ phase elastic modulus 𝐸𝛾′−𝑝ℎ𝑎𝑠𝑒 ≈ 170 GPa [7,10,13,14]. By contrast, 
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calculations give an 𝜀-phase elastic modulus around 250 GPa [7-9] which is significantly higher than 

the experimental values found in the literature ranging between 130 and 200 GPa [11-12].  As 

illustrated previously, this difference can be explained by the higher porosity usually observed in the 𝜀 

phase generated by low pressure gaseous process which tends to decrease and scatter the measured 

Young’s modulus. 

Table 2: Theoretical estimations of the elastic modulus and Poisson’s ratio of the 𝜀 and 𝛾’ iron nitride 

phases. 

Phase Elastic modulus 
(GPa) 

Poisson 
 coefficient 

ε [7] 251.4 0.28 

ε [7] 253 0.28 

ε [8] 270 0.3 

ε [9] 249 0.32 

γ’ [7] 178 0.34 

γ’ [10] 168 / 

γ’ [13] 162 0.36 

  

Table 3: Experimental measurements of the elastic modulus of the nitrided steel by nano-indentation. 

 

 

 

 

 

 

To sum up, the extrapolation of the Young’s modulus of the studied 𝜀 − 𝛾′ phase from literature data 

appears quite uncertain. Hence, the first objective of this study is to estimate the Young’s modulus 

from SEM-DIC analysis of the FIB micro-tensile test specimens machined within the given 10 µm thick 

𝜀 − 𝛾′  compound layer.       

 

2.2. Experimental procedure 

2.2.1. In Situ tensile test device 

In situ micro-mechanical experiments were carried out using a test apparatus specially developed at 

the MSSMAT laboratory [17] (Fig. 2). This micro-test device, involving 3 piezo-electromechanical 

Phase Elastic modulus (GPa) Used Poisson coefficient 

ε [11] 203 0.32 

ε [12] 123 0.31 

ε [12] 165 0.31 

γ’ [13] 157 0.36 

γ’ [13] 159 0.36 

γ’ [14] 172 No indications 
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actuators, allows a very accurate positioning while performing tensile as well as bending and 

compression tests. 

 

Figure 2: Illustration of the test device developed at the MSSMAT laboratory (Université Paris-Saclay, 

CentraleSupélec, CNRS) [17]. 

 

The loading force can be applied between 5 and 500 mN with a 0.5 mN resolution. However, the 

measured displacement of the grips stage corresponds to the test compliance accommodation and 

cannot be considered to estimate the specimen deformation. A DIC in situ analysis is therefore 

performed to measure the true 𝜀 strain field on the tensile-test specimen.  

 

2.2.2. SEM imaging 

SEM pictures are acquired with 3Kx2K resolution on 8 bits which provide 256 grey levels. The 

brightness and contrast were optimized in order to avoid saturation and save information using the 

entire grey scale. The horizontal field width is 75 µm which gives 50 µm in the vertical direction. The 

scan speed is 5 µs per point, thus the time acquisition is 32.2s per picture. A BSE (backscattered 

electron) detector was used with an incident electron beam of 15 kV acceleration voltage and a 1.6 nA 

current to have pictures with high contrast [18].  

2.2.3. Strain measurement by global digital image correlation 

A usual global Digital Image Correlation analysis, extensively developed during the past decades by 

Hild and co-authors was applied [20, 21]. The problem is decomposed in several degrees of freedom 

which should be determined by minimizing the global correlation error or the DIC cost function. This 

error (𝜂) is the difference in the observed grey intensity between the reference image (𝑓) and the 

deformed image (𝑔) corrected by the measured displacement field (�⃗⃗� ). 
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𝜂 = √
1

𝑁𝑘
∑ (𝑓𝑘 − �̂�𝑘)

2𝑁𝑘
𝑘=1

                 (1) 

Where 𝑁𝑘 is the number of pixels considered in the region of interest (ROI) and �̂�𝑘 is the grey level at 

the location (𝑘) + �⃗⃗� 𝑘 in the image 𝑔, k is characterized by a couple (𝑥, 𝑦). These approaches are 

generally coupled with a finite element (FE) model to have a direct access to the deformation and the 

stress fields of the mechanical problem. In the present investigation, a Fourier’s polynomial base is 

considered to describe the displacement fields. Then, a simple regularization using the Levenberg-

Marquardt method is applied to accelerate the convergence [22].  

 

2.2.4. Micro-specimen manufacturing process 

Manufacturing tensile-test specimen 

A FIB excavation manufacturing process was first performed using a 9.3 µA current with 30 kV 

accelerating voltage to extract the draft specimen shape from the 𝜀 − 𝛾′ compound layer. Then, the 

current was lowered to 0.21 nA for the final surface machining of the micro-tensile test specimens to 

minimize the ion-induced damage. The principle of the extraction of the tensile-test specimen is 

illustrated in Fig. 3. A thin 100 µm layer including the compound layer but also a part of the steel 

material is initially extracted from the nitride coupon using a diamond wire cutting (Fig. 3a). Then, from 

the cross-section side, two lateral top and bottom millings are done to select the compound layer 

domain where the mechanical properties will be identified (Fig. 3b). The resulting “effective” layer is 

adjusted to achieve the required specimen thickness. Finally, a FIB contour machining is applied to 

obtain the final tensile micro-specimen (Fig. 4). The extraction of the micro-tensile test specimens was 

performed in the middle of the compound layer where nearly an equipartition (i.e. 50% proportion) of 

the 𝜀  and 𝛾′ phases is observed.    
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Figure 3: (a) Illustration of the different steps related to the manufacturing process of a FIB micro-

tensile test specimen in a compound layer; (b) identification of the domain where the micro-tensile test 

specimens are extracted. 

Specimen Geometry 

Fig. 4 illustrates the tensile specimen shape adopted for the given micro-test analysis. The 

methodology introduced by [23] will be considered where one side of the specimen remains fixed to 

the bulk material. Specific micro-specimen grips were previously FIB-machined at the tip of the 

tungsten needle of the test system (Fig. 2). The thickness of the specimen is between 3 and 6 µm, 

whereas the gauge length was fixed at 30 µm. Table 4 compiles the used dimensions of the studied 

micro-specimens. The section of the specimens is between 40 and 60 µm². The former EBSD 

investigation suggests a nitride grain size lower than 0.7 µm, which therefore supports the hypothesis 

of a representative mechanical behavior. Moreover, the crystallographic texture analyzed by EBSD 

reflects an isotropic behavior. To reduce the FIB manufacturing cost, the contour machining process is 

duplicated in order to extract two tensile specimens (T1 & T2) as illustrated in Fig. 4c. After the low 

current etching process, a speckle pattern is applied on the top surface of the effective pulling area for 

the DIC analysis. It consists in applying a pseudo random electronic platinum patch. This latter was 

performed by e-beam induced deposition (EBID) [21] with a 5 kV acceleration voltage, a 0.8 nA 

current, and a dwell time of 50 µs with 736 passes and using a black and white image of a pseudo-

random pattern. 
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Figure 4: (a) Geometry of the tensile sample; (b) SEM top view of the micro-tensile test specimens 

after FIB machining; (c) sample and grips machine before tensile test. 

As previously mentioned, the upper 4 µm of the layer consists mainly of a porous 𝜀-phase. Hence, the 

micro-tensile specimens were extracted from the deeper part where a dense mixed 𝜀 − 𝛾′-phase 

nitride layer can be detected. Two specimens were FIB-machined displaying 3.5 µm (T1) and 5.3 µm 

(T2) thicknesses respectively. The global dimensions of T1 and T2 specimens are shown in Table 4. 

Table 4: Geometry of the tensile-test specimens extracted within the compound layer (Fig. 4a). 

Sample H (µm) b (µm) c (µm)  Luseful (µm) R (µm) S (µm²) Ltot (µm) 

T1 15 11.9 3.5 30 20 41.6 77 

T2 15 11.3 5.3 30 20 59.9 77 

 

3. Results  

3.1. Identification of the elastic properties 

For each T1 and T2 specimens, tensile tests were performed by increasing incrementally the 

displacement imposed on the grips. At the end of each increment, the tensile force and the picture of 

the SEM speckle pattern are recorded. Then, DIC analysis is performed to extract the corresponding 

strain deformation over the pulling domain in the ROI (Fig. 5). A rather homogeneous strain field is 

observed with a mean residue around 6% of the grey scale. This rather high residue may be 

interpreted by brightness and contrast fluctuations during the test. However, it remains well-

superimposed with the reference image (Fig. 6b) indicating that a good correlation analysis is 

performed.  
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Figure 5: (a) Illustration of the pseudo random platinum patch used for the DIC analysis; (b) the 

residue of the correlation (in % of grey level); (c) the obtained local strain in the tensile direction. 

Knowing the section area of each specimen (Table 4), the stress-strain (𝜎 − 𝜀) tensile curves can be 

plotted (Fig. 7). Regarding the strain value, a standard deviation analysis is performed from the strain 

field measurement over the whole region of interest. The ROI is delimited in a rectangular domain on 

the Luseful x b flat surface (Fig. 4 & 5a) at least at 1 µm from the markers and the specimen edges to 

avoid any geometrical artefacts potentially induced by the FIB milling process. A non-perfect 

homogeneous strain distribution is noticed which can be explained by the small misalignment between 

the sample and the grips and potentially by the inhomogeneous distribution of 𝜀 − 𝛾′ phases 

previously deduced from the EBSD analysis (Fig. 1). A standard deviation analysis of the stress 

evolution is also considered taking into account the specimen geometry force resolution scatterings. 

 
Figure 6: (a) Stress-strain (𝜎 − 𝜀) tensile curves of the specimen T2; (b) strain evolution 𝜀𝑥𝑥 and 𝜀𝑦𝑦 for 

each step; (c) the calculated Poisson coefficient from the tensile test. 

A larger discrepancy is observed at the beginning of the test, below 300 MPa, due to the very low 

stress-strain level. Then, the scattering decreases and stabilizes. Linear evolutions can be 
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approximated allowing the extrapolation of  𝐸(𝑇1) =214 GPa and 𝐸(𝑇2)=195 GPa elastic modulus (Table 

3). It is interesting to note that these values, are comprised between the two theoretical 𝜀 (i.e. 𝐸𝜀 = 250 

GPa) and 𝛾′ (i.e. 𝐸𝛾′ = 170 GPa) elastic modulus values [7, 10, 13].  In fact, assuming the VRH (Voigt-

Reuss-Hill) [25] and knowing the relative proportion of each phases which, after the given EBSD 

analysis, is about 50%, a mixed theoretical  𝜀 − 𝛾′ Young modulus  E = 204 GPa can be estimated. 

This value is very close to the averaged value deduced from the experiments (≈ 204.5 GPa). Such 

very nice correlation suggests that the given micro-tensile test combined with DIC analysis appears as 

an interesting test procedure to characterize the elastic properties of thin layers. Beside, DIC analysis 

also permits the extraction of both 𝜀𝑥𝑥 and 𝜀𝑦𝑦 strains’ evolutions (Fig. 6b) and consequently the 

estimation of the Poisson’s ratio (i.e. 𝜈 = −𝜀𝑦𝑦 /𝜀𝑥𝑥). As illustrated in Fig. 6c, after a transient period 

characterized by a significant scattering induced by the measurement of the very small strain 

deformations, the Poisson coefficient stabilized around 𝜈=0.32 which is consistent with theoretical 

values derived from literature. From this investigation it can be also concluded that reliable estimations 

of the Poisson’s ratio can only be achieved when the 𝜀𝑦𝑦 micro-strain overpasses 2.10
-3

 (i.e. the 𝜀𝑥𝑥 

micro-strain overpasses 7.10
-3

).  

3.2. Fracture toughness test 

3.2.1. Geometry and tests 

Compound layers are known to display very brittle behavior. Hence, knowing the fracture toughness of 

such nitride structures seems interesting to better formalize the wear performance of nitriding surface 

treatments. Very few studies have been done to quantify the fracture toughness of the nitride 

compound layer. For instance, Fu et al. [26] investigated the evolution of the toughness property of 

steel subjected to different nitriding treatments using a Charpy U-notch methodology. In this analysis, 

by decoupling the fracture toughness of the steel bulk, the diffusion layer and finally the nitride 

compound layer, the authors underlined a net decrease of the fracture energy from 32 to 5 J. 

Postmortem observations of the fractured surfaces showed a quasi-cleavage morphology for the 

nitrided steel specimens whereas the untreated steel displayed a pure ductile behavior. To determine 

the intrinsic fracture toughness values of the very thin layers, alternative micromechanical testing 

procedures are required [27]. Nolan et al. [28], applying the formulation given by Shetty et al. [29], 

estimated the fracture toughness of the compound layer by measuring the averaged surface crack 
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length generated at the corners of macro-Vickers indents (i.e. to 600 N). Varying the indentation load, 

they extrapolated the fracture toughness which had a value around 6 MPa√m . However, this method 

involves the steel substrate material which is much more ductile than the nitride layer and therefore 

tends to over-estimate the fracture toughness of the compound layer. One alternative to establish the 

fracture toughness of thin layers consists of a notched micro-cantilever bending test. By measuring the 

fracture force and taking into account the geometry of the micro-beam and notch defect, a simple 

analytical formulation allows the estimation of fracture toughness assuming linear elastic fracture 

mechanics. Considering this former development, a micro-tensile notched specimen is presently 

developed to study the fracture toughness behavior of the studied thin nitride compound layers. A 

second set of the micro-tensile test specimens was machined, equivalent to the former T1 and T2 

specimens but including symmetrical notches located at each lateral side of the sample. The FIB 

milling process was performed with a 30 kV acc. tension and an 80 pA current. Fig. 7 illustrates the 

geometries of the studied notched tensile test specimens. 

 

Figure 7: (a) Geometry of the notched micro-tensile test specimen; (b) SEM image of the notched 

micro-tensile test specimen.  

Two notched specimens, N1 and N2, were FIB-machined at 4 µm depth below the top surface in the 

middle part of the compound layer thickness where a similar 50% distribution of 𝜀  and 𝛾′ phases is 

identified. The geometrical parameters of these two specimens are compiled in Table 5.  

Table 5: Geometrical parameters of the notched tensile test specimens. 

Notch 

sample 

H (µm) b (µm) c (µm) a 

(µm) 

Luseful 

(µm) 

R 

(µm) 

Ltot 

(µm) 

S 

(µm²) 

𝐹𝑓𝑎𝑖𝑙𝑢𝑟𝑒 

(mN) 

𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 

(MPa) 

N1 15 9.9 4.9 1.44 30 20 77 48 31 643 

N2 15 10.4 4.8 1.65 30 20 77 49.7 26 519 

a =1.5 µm

L totale

L useful

thickness

0.5 µm

2 µm

a

original bulk

3 µmc

b

b 

H

R

R=0.15 µm
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Tensile tests were performed and failures were clearly observed at the notch position (Fig. 8). Brittle 

fractures without any sign of plasticity have been noticed. The nominal fracture stresses were 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒= 

643 and 519 MPa for the specimens N1 and N2 respectively. 

 

Figure 8: Observation of the fractured notched specimens (N1: 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒,𝑁1 =643 MPa; N2: 

𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒,𝑁2 =519 MPa): (a) specimen N1; (b) specimen N2. 

3.2.2. Analytical estimation of the fracture toughness (ideal sharp notch hypothesis) 

Assuming theoretical geometries (i.e. notch radius equals to zero), Tada et al. [30] plane strain 

formulation can be considered to estimate the 𝐾𝐼𝐶,𝐴 analytical fracture toughness: 

𝐾𝐼𝑐 = 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒√𝜋𝑎  × 𝐹 (
2𝑎

𝑏
)                                             (2) 

Where 𝐹 is the correction function due to the geometry given by Tada [29]: 

𝐹 (
2𝑎

𝑏
) =

1.122−0.561(
2𝑎

𝑏
)−0.205(

2𝑎

𝑏
)
2
+0.471(

2𝑎

𝑏
)
3
−0.190(

2𝑎

𝑏
)
4

√1−
2𝑎

𝑏
 

                                           (3) 

“a” and “b” are the crack length (i.e. the notch length) and the sample width respectively. This analysis 

leads to 𝐾𝐼𝐶,𝐴−𝑁1=1.52 MPa√m (a=1.44 µm) and 𝐾𝐼𝐶,𝐴−𝑁2= 1.34 MPa√m (a=1.65 µm). 
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3.2.3. 3D FE model with ideal sharp notch hypothesis 

The Tada analytical formulation is convenient and easy to apply. However, it does not fully describe 

the real geometry obtained using FIB machining. Hence, to better describe the real test conditions, a 

3D FE model of the specimens was performed. A first FE simulation was performed assuming, as 

Tada’s analytical formulation, ideal notch geometries with a notch radius equals to zero (FEM-1). 

Nevertheless, this FE modeling takes into account some geometrical defects of the specimens like the 

fact that the two symmetrical notches are not perfectly aligned along the median Y lateral axis (i.e. at 

the middle position of the effective tensile specimen length), and display a small eccentricity offset (𝑒). 

The model considers also the fact that the sample is not perfectly aligned with the tensile force 

direction but displays a very small 𝛼 misalignment angle versus the XY plane. These two geometrical 

defects, whose parameters are compiled in the last columns of Table 7, are included in the full 3D 

mesh as illustrated in Fig. 9. 

Table 7: Geometrical defects of the notched tensile test samples. 

Sample Notch radii, 𝑟 (side a and b) (nm) Misalignment, 𝛼 (°) Eccentricity, 𝑒 (µm) 

N1 226-189 0.6° 0.9 

N2 130-163 0.7° 3.5 

 

Quadratic hexahedron elements were considered assuming elastic properties deduced from the 

former investigation. One side of the tensile specimen is embedded and the traction force is applied on 

the opposite part. In contrast to the Tada’s formulation which doesn’t require any elastic variable to 

establish the fracture toughness parameter (Eq. 2 & 3), both elastic modulus and Poisson’s ratio of the 

compound layer are required for the FE analysis since mode I stress intensity factor (SIF) is 

established from the integral contours [31]. Applying the Abaqus FE specifications [32], the crack tip 

zone is meshed as a circular domain of 50, 120 and 250 nm radius with 10 nm hexahedral elements 

(Fig. 9). The SIF computation of a mixed mode situation is quite complex. However, for the given 

almost-pure mode I configuration, contour integral analysis provides stable and reliable values 

whatever the chosen contour. Including experimental eccentricity (𝑒) and misalignment (𝛼), this FE 

analysis leads to 𝐾𝐼𝐶,𝐹𝐸𝑀1−𝑁1= 1.5 MPa√m and 𝐾𝐼𝐶,𝐹𝐸𝑀1−𝑁2= 1.3 MPa√m for N1 (a=1.44 µm) and N2 

(a=1.65 µm) respectively. The difference with the analytical Tada’s prediction is less than 3%. This 

confirms the stability of the given FE analysis proposing that the eccentricity (e) and the misalignment 

(α) defects play a minor role on the SIF estimation. Note that the given FE model, providing a 3D 
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description of the specimen, is probably more representative than the 2D plane strain hypothesis 

assumed by the Tada’s hypothesis. 

 

Figure 9: (a) Illustration of the real notched micro-tensile test specimen; (b) FE model of the ideal 

notched tensile geometry done on the median plane; (c) distribution of the corresponding von Mises 

stress. 

3.2.4. 3D FE model with micro-notch radius hypothesis  

As observed in Fig. 7b &10, the geometry of the notch tip is in fact not so sharp. Indeed, FIB 

machining process induces notch radii which can be estimated between 100 and 300 nm (Table 7). 

These tip radii are very small and could be neglected for conventional macro CT experiments, but for 

the studied micro-notch experiments they must be considered to estimate reliable fracture toughness 

values.        

FE modeling was then adjusted to include at the tip of each indent the corresponding radius previously 

estimated from the SEM observation of the specimens before failure. Hence, the FE model was 

updated to include the inherent experimental defects of the specimens (i.e. 𝑒, 𝛼, 𝑟𝐴 and 𝑟𝐵) (Table 7) 

but still assuming a smooth surface hypothesis. This model, so-called FEM-ES (E: experimental 

geometry; S: smooth surface) leads to 𝐾𝐼𝐶,𝐹𝐸𝑀−𝐸𝑆−𝑁1=0.20 MPa√m and 𝐾𝐼𝐶,𝐹𝐸𝑀−𝐸𝑆−𝑁2= 0.22 MPa√m 

fracture toughness estimations for N1 (a= 1.44 µm) and N2 (a= 1.65 µm) specimens respectively.  
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b
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X

Y

c

notches
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A lower dispersion, less than 10% between N1 and N2 estimations is also observed which again 

confirms the 3D FEM analysis as a pertinent strategy to decrease the scattering of the fracture 

toughness estimations for the micro-tensile experiments.  However, the very small values found, less 

than 6 times smaller than the former idealized notch radius hypothesis (i.e. 𝑟𝐴 = 𝑟𝐴 = 0),  suggest that 

a more precise description of the notch morphologies need be considered to achieve more realistic 

toughness estimations. 

      

 

Figure 10: Comparison between experimental and FEM notch shape; (a) secondary electron image of 

the notch; (b) integration of the micro-notch geometry in the FEM-ES.  

 

3.2.5. 3D FEM complete approach (micro-notch radius & FIB nano-roughness hypothesis) 

The former FEM-ES model better describes the global geometry of the FIB micro-notches but doesn’t 

consider the surface roughness induced by the FIB machining process. Indeed, despite the optimal 

FIB processing parameters imposed to achieve smooth surfaces, SEM observations reveal a nano-

surface roughness which could be approximated assuming a periodic sinusoidal evolution (Fig. 11). 

Careful observations reveal a period length of about 70 nm and 90 nm for the N1 and N2 respectively. 

The wave amplitude (𝜔a) is more complex to quantify. However, it is possible to approximate the wave 

amplitude at the crack initiation area (Fig. 11) which was estimated at 𝜔a = 60 nm and 50 nm for N1 

and N2 specimens respectively. Although the surface roughness amplitude is very small, it cannot be 

neglected when compared to the studied notch geometries. Hence, it must be taken into account to 

achieve reliable SIF computations. 

a b
notch tip

radius 

1,44 µm

sample N1
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Figure 11: Nano surface roughness of the notch (approximation using a sinusoidal profile). 

The strategy to incorporate this nano-roughness effect in the SIF FE analysis is illustrated in Figure 

12. It consists of inserting a single nano-notch representative of one period of the nano-sinusoidal 

surface roughness at the tip of the micro-notch where the maximum stress loading is generated. Note 

that a similar approach was previously adopted by [33] to predict the effect of the surface roughness 

regarding fatigue endurance. This proposed nano-notch correction of the micro-notch SIF analysis can 

be considered as the most conservative approach to estimate the fracture toughness of the studied 

compound layer.   

 

Figure 12: Modeling the effect of FIB nano-roughness by inserting a representative nano-notch at the 

tip of the micro-notch. 
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To achieve this simulation, the mesh size around this nano-notch area was reduced to one nanometer. 

The other geometrical parameters were kept constant and a similar contour integral method was 

applied. This extended FEM-ER (E: experimental geometry; R: rough surface) modeling introducing 

the real micro-notch geometry artifacts but also the FIB surface roughness by including an equivalent 

nano-notch singularity leads to 𝐾𝐼𝐶,𝐹𝐸𝑀−𝐸𝑅−𝑁1=0.56 MPa√m and 𝐾𝐼𝐶,𝐹𝐸𝑀−𝐸𝑅−𝑁2= 0.52 MPa√m fracture 

toughness values for N1 and N2 specimens respectively. These values appear more realistic than the 

former estimations neglecting the FIB surface roughness effect. Besides, these FEM-ER computations 

reduce the relative dispersion to less than 7% supporting the stability of the proposal.  

 

4. Discussion  

This investigation underlines the necessity to combine FEM SIF computations to better interpret FIB 

micro-notched tensile tests. The four different 𝐾𝐼𝐶 values extrapolated from the various computation 

models are compiled in Table 8. 

Table 8: Compilation of 𝐾𝐼𝐶  calculations using different models for both specimens. 

Notch 

sample 

a (µm) 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 

(MPa) 

𝐾𝐼𝐶−𝐴 

(MPa√m) 

𝐾𝐼𝐶−𝐹𝐸𝑀 

(MPa√m) 

𝐾𝐼𝐶−𝐹𝐸𝑀−𝐸𝑆 

(MPa√m) 

𝐾𝐼𝐶−𝐹𝐸𝑀−𝐸𝑅 

(MPa√m) 

N1 1.44 643 1.52 1.5 0.20 0.56 

N2 1.65 519 1.34 1.3 0.22 0.52 

 

This study reveals that the eccentricity and the misalignment of the specimen play a minor role on KIC 

estimations and can be potentially neglected. However, it demonstrates the necessity to take into 

account the exact geometry of the micro-notch and more particularly the radius measured at the notch 

tips before the fracture test. Despite the very careful FIB procedures, these latter are relatively large 

(𝑟= 0.18 µm) compared to the total notch length (a=1.5 µm). Hence, the idealized sharp radius 

hypothesis (𝑟=0 µm), commonly applied as in the Tada’s formalism for instance, cannot be 

considered. This explains the huge difference between the theoretical Tada assumption (𝐾𝐼𝐶−𝐴=1.4 

MPa√m) and the FEM simulation taking into account the notch radius but still assuming a smooth 

surface hypothesis (𝐾𝐼𝐶−𝐹𝐸𝑀−𝐸𝑆= 0.2 MPa√m). These two hypotheses must only be considered as the 

upper and the lower bounds’ estimations of the fracture toughness.  A better approximation is in fact 

achieved by applying the complete FEM-ER modeling which takes into account the micro-radius at the 

notch tip (𝑟 ≈ 180 µ𝑚), but also the nano-surface-roughness induced by the FIB machining process by 
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superimposing at the notch tip an 𝜔a = 60 nm nano-notch singularity.  By considering this more 

complete description, a more realistic and a less dispersive 𝐾𝐼𝐶−𝐹𝐸𝑀−𝐸𝑅= 0.55 MPa. √m fracture 

toughness was estimated. 

The very large difference with respect to the Nolan et al. [28] results (𝐾𝐼𝐶= 6 MPa√m) is not fully 

understood. One explanation could be the pre-damage induced by the given ion beam machining 

process of the current small micro-specimens. Note that the thickness of the studied nitride layer was 

less than 10 µm, which made it impossible to obtain thicker samples. However, usual TEM 

investigations suggest that the thickness of metallic materials affected by the ion beam is usually less 

than 30 nm which is still very small compared to the section of the current micro-specimens [34].  

Moreover, nitride steel is a ceramic material which is in turn less influenced than metals by the ion 

beam effect. Therefore, the potential pre-damage phenomenon triggered by the ion beam cannot 

explain the huge difference compared with the Nolan et al. results. A more reliable explanation 

concerns the volume of the material involved in the 𝐾𝐼𝐶 estimation. In the current study, only the nitride 

layer is characterized. By contrast, Nolan et al. [28] analysis, by involving macro-Vickers indents, 

mobilizes a large quantity of steel from the substrate which can clarify the higher values found. To 

palliate this effect, the authors decrease the macro-indentation load from 60 kg to 5 kg. But even at 5 

kg indentation load (i.e. 50 N), a plastic deformation is generated in the substrate. Hence, the larger 

the steel subsurface influence, the higher the estimated value of the fracture toughness of the top 

nitride layer. Lower indentation loads would be preferred to reduce the relative influence of the steel 

substrate. However, the indentation method requires a sufficient deformation to activate the crack 

propagation at the corner edges of the Vickers indents.  

Another explanation concerns the effect of the inherent residual stresses generated within the 

compound layer during the nitriding process. During the FIB preparation of micro-tensile test 

specimens, most of these compressive residual stresses are released. Hence, it can be assumed that 

the given 𝐾𝐼𝐶−𝐹𝐸𝑀−𝐸𝑅= 0.55 MPa. √m  threshold SIF value estimates well the intrinsic facture 

toughness of the studied 𝜀 (50%) − 𝛾′(50%) nitride compound. On the other hand, the facture 

toughness values computed using indentation techniques still incorporate the residual stress 

generated by the nitriding treatment.   

A recent study [35] has shown that the compressive residual stresses induced by nitriding treatment in 

the compound layer can exceed 1000 MPa. Hence, to evaluate how the compressive residual stresses 
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can influence the estimation of the facture toughness, the same FEM-ER model was applied but 

including an additional 1000 MPa compressive residual stress state to the material. The threshold SIF 

value was then established around 1.9 MPa√m which is closer to the Nolan et al. estimations. From 

this analysis it can be concluded that a significant part of the difference between the given and the 

former Nolan et al. estimation of the nitride compound fracture toughness could be related to the 

presence of residual stresses which still operate during indentation but are nearly fully eliminated 

using the present micro-tensile notched specimen analysis. Obviously, to clarify this aspect, the most 

appropriate strategy would consist in analyzing a reference material whose fracture toughness was 

previously established from macro-standardized tests. Current investigations are undertaken to 

achieve this objective by investigating amorphous materials to avoid grain size effects between macro 

and micro test configurations.  

In parallel, to palliate the limitations induced by the micro-notch radius and the FIB surface roughness 

artifact, an equivalent pre-fatigue-cracking strategy as usually applied in macro Compact Tension (CT) 

experiment, will be examined. This requires a significant amelioration of the actual micro-test machine 

in order to apply cyclic fatigue stresses. Nonetheless, despite some limitations, the given FIB micro-

tensile test strategy provides many advantages compared to the usual nano-indentation or micro-pillar 

methods. First, the uniaxial tensile stress state is better controlled and the test is not affected by any 

compressive hydrostatic stress states as usually observed during indentation tests. Secondly, the 

micro-tensile test specimens can be extracted at different depths though the layer allowing a local 

analysis of elastic, plastic and fracture toughness properties as function of the chemical and structural 

composition through the coating layer. This aspect is very important for heterogeneous surface layers 

like the studied compound layer but also for most of the layered PVD and CVD surface treatments (i.e. 

DLC, WC-Co multilayers etc.). Finally, one major advantage of this approach is the possibility to 

extract micro-tensile test specimens following different directions on the surface plane. Hence, it will 

permit future investigations of the anisotropic elastic, plastic and facture toughness behaviors of thin 

coating which are, up to now, not easy to address using indentation methods.  

5. Conclusion  

The estimation of the mechanical properties like elastic and fracture toughness parameters of thin 

compound layers generated from thermo-chemical nitriding process is a crucial aspect for optimizing 

and predicting the endurance of such surface treatments against tribological loadings. The 
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determination of these mechanical properties is quite complex and implies many assumptions. To 

palliate such limitations, a micro-tensile test approach is developed involving plain and notched micro-

tensile specimens machined using FIB techniques. This micro-mechanical strategy combining 

experiments, DIC analysis and FEM computations was applied to characterize the elastic properties 

and the facture toughness of a thin 𝜀 - 𝛾’ compound layer. Such micro-tensile test strategy combined 

with DIC analysis helps extract the elastic modulus but also the Poisson’s ratio of compound layers. 

The assessment of micro-notched specimens underlines the necessity to combine FE simulations to 

take into account the radius of the notch tip in addition to the surface roughness which are both 

induced by the FIB machining process. Following this experimental–FE modeling strategy, fracture 

toughness properties of the studied 𝜀 (50%) − 𝛾′(50%) nitride compound layer can be approximated. 

The various mechanical properties extracted from this micromechanical analysis are compiled in Table 

9. 

Table 9: Summary of the mechanical properties of the studied 𝜀 (50%) − 𝛾′(50%) nitride compound. 

 

 

Future developments are currently undertaken to apply micro-fatigue loadings in order to quantify the 

fatigue properties of these thin layers but also to improve the estimation of the fracture toughness 

value by generating a sharp fatigue crack at the notch tip thus to reproduce as close as possible the 

stress conditions imposed in classical CT experiments. However, such development is still speculative 

and could not be elaborated in the framework of this paper. In conclusion, compared with more 

conventional nano-indentation or micro-pillar compression approaches, the technique proposed in the 

current paper offers a short-term opportunity to locally study the mechanical properties within a coating 

layer but also to investigate the anisotropic response of thin surface layers regarding mechanical 

parameters such as elasticity, plasticity and fracture toughness.  
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