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Abstract: Hard chromium coatings have demonstrated their performance for several decades, par-

ticularly for their wear and corrosion resistance properties. However, the traditional process using 

chromium trioxide (CrO3) is very toxic and is intended to disappear in the European Union by 2024, 

thanks to the REACH regulation. This study aimed to determine the residual stress of amorphous 

chromium deposits elaborated from baths containing trivalent chromium ions. However, the amor-

phous structure of these deposits does not allow the determination of residual stresses by conven-

tional means. In this study, we propose adapting a recent method called “FIB-DIC”, which is not 

limited by the material’s crystalline structure compared to the classical X-ray diffraction (XRD) anal-

ysis. The method is based on the measurement of relaxation-induced displacement fields following 

the ablation of material on a very local scale. The results obtained by the classical (XRD) and the 

FIB-DIC method on crystallized heat-treated Cr(III) deposits are 296 ± 45 and 377 ± 275 MPa. Then, 

the FIB-DIC technique allowed us to evaluate a residual stress level of 479 ± 359 MPa for amorphous 

trivalent chromium coating, which has never been performed before. 
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1. Introduction 

Hard chromium deposits from electroplating are widely used, especially in the aer-

ospace industry. They have good hardness, high wear, and corrosion resistance. How-

ever, the high toxicity of the electrolyte containing chromium trioxide (CrO3) has led the 

European Union to ban the use of this compound through the REACH directive [1]. Over 

the past decades, several alternatives have been investigated to replace hexavalent chro-

mium. It can be classified into two categories: non-aqueous deposition processes, includ-

ing thermal spraying and vapor deposition, and aqueous electrochemical deposition pro-

cesses, such as cobalt, nickel, or trivalent chromium-based electrolytic deposition [2]. 

Chromium plating from trivalent chromium solutions has been used since the 1970s 

for decorative applications. The main components of these electrolytes and their wastes 

have significantly fewer adverse effects on human health. These deposits are an excellent 

alternative to traditional hexavalent chromium deposits, and much research is being car-

ried out in this direction. Since the 2000s, this has led to significant improvements in the 

intrinsic properties of these deposits. It is now possible to obtain a thickness greater than 

100 µm. The hardness [3] and wear resistance properties are similar to or better than con-

ventional hexavalent chrome plating [4–6]. However, these deposits also have important 

disadvantages [7]. In particular, the coating is often more densely cracked, with some 

cracks running through the entire thickness, causing poor corrosion resistance [8]. Triva-

lent chromium deposits have an amorphous microstructure. They contain more 
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interstitial solutes (oxygen, nitrogen, and hydrogen) than hexavalent deposits [9]. The 

presence of carbon is a strong characteristic of trivalent deposits. It will broadly impact 

the microstructure and mechanical properties of the coatings before and after heat treat-

ment [10]. In particular, carbon seems to be responsible for the amorphous structure of 

chromium; Tsai and Wu have highlighted that the absorption of more than three wt.% of 

carbon systematically results in an amorphous deposit [11]. It can crystallize the deposits 

by applying a heat treatment above 250 °C [12,13]. Heat treatments also allow the precip-

itation of chromium carbides, resulting in a considerable increase in hardness [12]. This 

effect is not observed in hexavalent chromium deposits. This precipitation of carbides can 

be interesting in ensuring high hardness values at high temperatures, but it can also lead 

to a decrease in deposit toughness. 

In this work, we focus on determining the level of residual stresses induced by the 

electrochemical deposition process. In the case of crystalline deposits, these stresses are 

usually measured by X-ray diffraction (XRD). This is the case for hexavalent deposits 

[14,15]. For trivalent chromium deposits, this technique is inadequate due to their nano-

crystalline or amorphous microstructure [9]. For the same reasons, all diffraction-based 

methods assume that the material is crystalline and cannot be applied to trivalent chro-

mium deposits. Other methods are based on the deformation of the substrate due to the 

stresses on the deposit. The free blade bending method or the specific “Contractometer” 

apparatus [ASTM B 636] are designed for such measurements. However, these methods 

have two main drawbacks due to the bending of the plate during chromium plating [16]. 

The anode/cathode distance evolves over time and the stresses are relaxed by deformation 

during deposition. Finally, methods are based on the relaxation induced by local material 

removal. These methods are mainly used on bulks, and the most common is the incre-

mental drilling technique [17]. In recent decades, similar approaches have been adapted 

to the micron or submicron scale [4,18]. A particular local method, called FIB-DIC, has 

notably been implemented to evaluate the stresses within thin films (TiN [19], CrN/Au 

[20], ZrN/Zr [21], Si3N4/Ag/ZnO [22], Cu/W [23], etc.), and is compatible with amorphous 

structures [24–27]. This method is based on the combined use of a focused ion beam (FIB), 

scanning electron microscope (SEM) imaging, and digital image correlation (DIC). Esti-

mating residual stresses are obtained from the relaxation-induced displacement fields of 

the analyzed area (determined by DIC) as a result of FIB milling of a given groove geom-

etry [28]. A finite element model (FEM) can also be used to improve the understanding of 

the results. A critical comparison between the XRD and FIB techniques is proposed by 

Bemporad et al. on CrN cathodic arc physical vapor deposition (PVD) coatings [27]. The 

authors highlight the most critical points to consider, including (1) the difference between 

areas involved in the measurement process, (2) the depth of penetration relative to the 

thickness of the coating, (3) the presence of stress gradients or texture in the coating, and 

(4) the choice of elastic constants for stress calculation in the case of an anisotropic mate-

rial. Romano-Brandt et al. also compared cross-correlated XRD synchrotron and FIB-DIC 

residual stresses measurement on Cu/W bilayers and obtained a high level of agreement 

[29]. More recently, Salvati et al. have focused on extending the scope of the FIB-DIC 

method and, particularly, have adapted it to the measurement of non-equibiaxial residual 

stress fields [23]. Their work has, for example, highlighted the importance of an appropri-

ate selection of the core diameter of the machined ring. In addition, recent studies have 

focused on the application to the case of residual stresses in multilayer thin films [21,22]. 

The micro-ring core configuration appears to be the most suitable to obtain high lateral 

resolution and accurate information on residual stresses at different depths. Our study 

seems at first to be simpler than the last-mentioned works since we only study a mono-

layer that is relatively thick and that we can assume to be an equibiaxial stress. The main 

difficulty here comes from the cracking (open and internal) of the layer. 

In this paper, we estimate the residual stresses generated in new chromium deposits 

obtained from trivalent chromium ions. The stresses in these deposits are very poorly 

known due to their amorphous microstructural state. Therefore, we propose to use the 
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FIB-DIC method, which has been proven for thin film stacks, to determine the residual 

stresses in amorphous trivalent chromium deposits in the raw state and crystallized after 

heat treatment. In the first step, the FIB-DIC method will be validated on heat-treated tri-

valent chromium plating. A total of 300 °C treated coating residual stress is investigated 

by both FIB-DIC and XRD, thanks to the crystallization of these coatings above 250 °C 

[12,13]. This method will be applied to the as-deposited trivalent chromium coating in the 

second step. Finally, the influence of the subsequent heat treatment on the stress level of 

the trivalent deposits will also be studied by XRD. 

2. Materials and Methods 

2.1. Coating Deposition 

The 50 µm thick coatings were performed by direct electrodeposition on a one milli-

meter-thick 1.0301 unalloyed steel substrate. Its composition was determined by UV spark 

spectrometry using the Foundry Master Xpert spectrometer from Oxford Instruments 

(Actemium NDT-PES, Le Plessis Paté, France) (Table 1). The trivalent chromium was elec-

trodeposited in electrolytes containing trivalent chromium salt (CrCl3 H2O), glycine, so-

dium chloride (NaCl), and aluminum chlorohydrate (AlCl3 6H2O). The deposits were pre-

pared in 85 L tanks. The pH of the solution varies between 0 and 2. All the coatings were 

produced at a one micrometer per minute deposition rate. After processing, all coatings 

were degassed at 190 °C for 3 h in order to limit hydrogen embrittlement. The post-pro-

cessed trivalent chromium deposit no longer contains hydrogen but only traces of carbon 

[30]. 

The heat treatments were carried out for one hour in a conventional Nabertherm N 

30/85HA forced convection chamber furnace without gaseous protection. Four tempera-

tures were investigated on trivalent chromium: 300, 400, 500, and 700 °C. 

Table 1. Chemical composition of the 1.031 unalloyed steel substrate (wt.%). 

Fe C Si Mn P S Cr Mo Ni 

Bal. 0.088 0.01 0.343 0.012 0.006 0.054 0.005 0.009 

2.2. Coating Characterization 

2.2.1. XRD Method 

The residual stresses were calculated using the sin2 (ψ) method from the (211) plane 

(corresponding to the angle ϴ = 81.72°). This plane has a high multiplicity factor (24), and 

the effects of elastic anisotropy on the determination of residual stresses are limited [14]. 

X-ray diffraction analyses were performed using a Panalytical X’Pert MRD diffractometer 

(PANalytical S.A.S., Limeil-Brévannes, France) with a copper radiation source (λ = 

0.154056 nm, 40 kV, and 50 mA) equipped with a capillary collimator and a nickel filter. 

The detector is a positioning reference signal (PRS) from Philips® (PANalytical S.A.S., 

Limeil-Brévannes, France). The analysis conditions used to determine the residual stresses 

are the following: 

• θ: from 71.5° to 85.5°, by 0.02° steps (plane 211), 

• ψ: from −60° to 55°, by 5° steps, 

• φ: from 0° to 90°, by 45° steps, (0° corresponds to the longitudinal direction of the 

plate and 90° to the transverse direction), 

• acquisition time: 10 s by steps. 

The stiffness matrix is needed to calculate the resultant stresses by XRD. Young’s 

modulus is obtained from nanoindentation tests, as described in a previous work [30]. 

Young’s modulus considered 182 ± 11 and 251 ± 15 GPa, respectively, for untreated (amor-

phous) and heat-treated (nanocrystalline) trivalent chromium coating. Poisson’s ratio is 

taken from the literature and is 0.21 [31] (pure bulk chromium). 
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2.2.2. FIB-DIC Method 

SEM micrographs of Figure 1 allow observation of the cracking of obtained coatings. 

A micro-crack network is visible on the top surface (Figure 1a) and propagates through 

the whole thickness of the coating (Figure 1b). Cross-sections reveal many very fine 

cracks, oriented along the coating direction, but their lengths are far lower than the coat-

ing’s total thickness. 

 

Figure 1. SEM micrographs of the Cr(III) coating. (a) A top view of the surface and (b) a cross-

section. 

The micro-crack network of chromium deposits means that it is necessary to position 

the ablation test in an uncracked area to avoid any disturbance during the measurement 

process. The measured size of the micro-crack network cells is approximately 80 microns 

(Figure 1a). The finite element method was employed to simulate the FIB-DIC test using 

Abaqus® FEM software (Abaqus/CAE 2021). The model implementation is relatively easy 

in conventional studies of homogeneous thin film. In the case of these chromium layers, a 

difficulty appears when the size of the model must be chosen. Indeed, intrinsic through-

thickness cracking results in a partial relaxation of tensile residual stresses in the layer. In 

order to be accurate, the model geometry must consider a representative zone of what is 

observed between two consecutive cracks. A micro-crack networks cell was simulated in 

three dimensions, using a square block of 80 µm of side length and 50 µm of depth. A 

quarter model with symmetric boundary conditions was used to reduce calculation time. 

The purely elastic behavior of the chromium was considered. Reduced integration 3D 

quadratic elements (C3D20R) were used. The simulation is divided into two computa-

tional steps, the first step is to introduce and balance internal stresses, and the second is 

to simulate the ablation of the ring. The residual stress integration step itself consists of 

two phases. First, an initial equibiaxial stress field is introduced into the chromium layer, 

and then the structure equilibrium is solved to consider the effects of the cracks. The ab-

lation is modeled by removing the elements corresponding to the FIB-machined geometry 

(Figure 2a). The annular groove is milled with an inner diameter of 4 µm and an outer 

diameter of 5 µm. These dimensions, as well as the ablation depth, were chosen because, 

for larger FIB-machined annular grooves, the size of the micro-crack network cell (80 µm) 

became influent, and for a lower size, imaging of the FIB-ed area is more prone to noise 

and other disturbances. The image in Figure 2b shows, as an example, the stress relaxation 

for different ablation depths. Although it is advisable to use an ablation depth at least 

equal to the diameter of the pillar [18], the whole residual stresses of the top free surface 

of the pillar are relaxed for a height-to-depth ratio above 0.5. In order to reduce FIB abla-

tion time, a ring depth of 2 µm was chosen. 
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Figure 2. A numerical model for the sizing of the FIB-DIC test, (a) a view of the mesh in the zone of 

interest, red is the ablated zone, and (b) an evolution of the normalized stress along (A, B) as a 

function of the ablation depth. 

The ion beam machining was carried out using a Dual Beam SEM/FIB Helios 600i 

(FEI - gallium ions, Thermo Fischer, Villebon-sur-Yvette) from the Castaing micro-char-

acterization platform. The material removal rate by ion beam machining directly depends 

on the beam’s and the material’s interaction. Only beam path and ablation time are ad-

justable to produce a given pattern with an FIB. However, determination of this ablation 

rate is necessary to determine the machining time corresponding to the aimed final depth. 

To establish a correspondence between machining time and quantity of material ablated, 

i.e., to determine the ablation speed, it is, therefore, necessary to carry out simple machin-

ing operations for predefined durations and measure the actual quantity of removed ma-

terial. Therefore, several square pockets (3 × 3 µm2) were made, with increasing ablation 

times (30 kV, 80 pA). Atomic force microscopy measured the shape and depths of these 

pockets post-mortem. The apparatus employed here is an ICON, produced by Bruker 

(Brucker AXS SAS, Palaiseau, France), with a standard ScanAsyst tip (0.4 N·m−1) on tap-

ping mode. Obtained calibration curves and AFM height measurement maps of a milled 

pocket are available in Figure 3. 

 

Figure 3. (a) Determination of the depth of FIB-machined pockets by atomic force microscopy and 

(b) a calibration curve of machining depth versus ablation time for trivalent chromium on 3 × 3 µm2 

square pockets milling. 

For quantification of residual stresses in this study, the ablated area is chosen annu-

lar. The initial stress level due to the material relaxation of the pillar can be expressed 

using the following expression [19]: 

𝜎𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 =
∆∅

∅

𝐸 

(1 − ν)
 (1) 

where ∅ is the diameter of the micro-pillar, E Young’s modulus, and ν is Poisson’s ratio 

of chromium. 
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Images of the ablated area are recorded during the machining at different times (ini-

tial and after ablation), using the electron beam and secondary electron imaging (an image 

size of 3072 × 2207 pixels, and a resolution of 289 px·µm−1). To implement the correlation 

technique, a speckle was made by light ablations with the ion beam, shaping a disc pattern 

of a 20 nm diameter and a few nanometers in depth (Figure 4). 

 

Figure 4. (a) Illustration of the speckle applied before full FIB machining and (b) a detailed view of 

the pattern. 

The measurement of the relaxation-induced displacement was obtained by digital 

image correlation with the GOM Aramis® software (2019 Hotfix 5, Rev. 123352, Build 

2019-12-11). The image correlation parameters are a subset size between 60 and 80 pixels 

(depending on pattern quality), and a step between 10 and 20 pixels. The spatial displace-

ment resolution (the minimum distance between the two independent measurements) is 

about 0.2 µm. Figure 5 shows a view of the initial and final configuration. Some of the 

material ablated by the FIB is redeposited on the outer side of the pillars. To limit the 

disturbance of the measurement due to this effect, we have chosen to evaluate only the 

central part of the pillar. Thus, areas farther than 1.5 µm from the center of the pillar are 

not analyzed. 

 

Figure 5. (a) Visualization of an FIB-produced speckle on a Cr(III) coating (a) before ablation and 

(b) after ablation of the ring groove. 

3. Results 

3.1. Determination of Residual Stresses in Heat-Treated Coatings 

As stated in the introduction, applying a heat treatment leads to crystallizing the tri-

valent chromium layer at a temperature of about 250 °C. This made it possible to carry 

out comparative measurements between the FIB-DIC and conventional XRD methods. 

The structure of the trivalent chromium deposits was, therefore, studied as a function of 

the thermal post-treatments by differential scanning calorimeter analysis (calorimeter 

Q200 V24.11 Build 124 from TA Instruments, Paris, France) and by X-ray diffraction 
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(Figure 6). During the temperature rise, two exothermic reactions are highlighted, and 

they correspond to the release of hydrogen (a temperature below 200 °C) and the deposit’s 

crystallization (a temperature between 200 and 250 °C). Diffraction analyses confirm the 

crystallinity of the 300 °C heat-treated deposit. As pointed out by the different authors, 

the deposits are amorphous or even nanocrystalline in the raw state and for post-treat-

ments at temperatures below 300 °C. 

 

Figure 6. (a) X-ray diffractograms of trivalent chromium deposits raw and after a post-heat treat-

ment at 300 °C. (b) DSC analysis of a rough trivalent chromium deposit. 

3.1.1. XRD Method 

Firstly, a sample treated at 300 °C for 1 h was tested. A θ–2θ scan allowed us to check 

the effectiveness of crystallization. A conventional XRD measurement of the residual 

stresses using the sin2 (ψ) method estimated a stress level of 296 ± 45 MPa. A notable dif-

ference is observed between the different analysis directions and a significant standard 

deviation (Figure 7b). This is due to the nonlinearity of the curves Δd spacing as a function 

of sin2 (ψ) (Figure 7a). 

 

Figure 7. (a) Evolution of the Δd spacing as a function of sin2 ψ for the plane (211). A total of 0°, 45°, 

and 90° stands for the three different values of φ. (b) Results of the XRD residual stress level meas-

urements on crystallized trivalent chromium. 

3.1.2. FIB-DIC Method 

The residual stress level is calculated by averaging the radial displacement measured 

on each correlation subset divided by its radial coordinate using expression (1). Values 

within a 0.5 µm radius from the center of the pillar are not considered because measured 

displacements in these areas are too small to be reliable. Considering the statement pro-

posed in Section 2.2.1, that the peripheral zone of micropillar analysis is disturbed by re-

deposition, all useful data comes from a 0.5 to 1.5 µm radius annular region. 
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On heat-treated trivalent chromium deposits, two pillars were milled. The results 

obtained are summarized in Figure 8. Therefore, the average tensile residual stress level 

in these deposits is estimated at 377 ± 275 MPa. 

 

Figure 8. (a) Amplitude of displacement field measured on micro-pillars after FIB milling. (b) Re-

sults of the FIB-DIC residual stress level measurements on crystallized trivalent chromium. 

The average residual stress level determined by the two methods is similar despite a 

significant standard deviation. We, therefore, consider the FIB-DIC stress determination 

procedure to be valid. The following section is dedicated to determining these same 

stresses in conventional, non-heat-treated and, therefore, amorphous trivalent chromium 

deposits. 

3.2. Determination of Residual Stresses in Untreated Trivalent Chromium Coatings 

The approach is identical for these untreated (but degassed) trivalent chromium coat-

ings. It was verified that the response to FIB ablation on this material is similar to that of 

the heat-treated material. Three pillars are FIB-ed. In the same way as heat-treated sam-

ples, the displacement profiles are disturbed (Figure 9). 

 

Figure 9. FIB-DIC measurements were performed on trivalent chromium deposits. (a) Initial speckle 

before annular groove ablation, (b–d) displacement amplitude fields obtained by DIC after com-

pleted ablation, and untreated trivalent chromium samples 1 to 3. 

Figure 10 gives the results of determining the residual stresses carried out on three 

micropillars. The average stress level measured is 479 ± 359 MPa. 
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Figure 10. Results of FIB-DIC residual stress level measurements on untreated trivalent chromium 

samples 1 to 3. Error bars correspond to one standard deviation. 

3.3. Determination of Residual Stresses in Annealed Coatings 

The literature review highlighted that applying heat treatment on hexavalent chro-

mium deposits leads to a decrease in residual stresses and could revert them into a stress 

compression state [14]. Conventional heat treatments were used to compare the evolution 

of residual stress levels as a function of treatment temperature. The present trivalent chro-

mium observed a decrease in stress level with increasing temperature. However, the im-

pact of the heat treatment on the residual stress is less pronounced in trivalent chromium 

deposits than in hexavalent chromium deposits, as reported by Durut et al. [12] (Figure 

11). 

 

Figure 11. Evolution of stress level on the Cr(III) coating with annealing temperature, as determined 

by the FIB-DIC and XRD techniques. 

4. Discussion 

This work adapted a residual stress characterization method to amorphous trivalent 

deposits. In order to validate the method, we first implemented it on heat-treated nano-

crystalline chromium coatings. Conventional X-ray diffraction measurements were car-

ried out for comparison. The average residual stress level determined by these two meth-

ods is similar despite the significant standard deviation for both techniques. These sub-

stantial variations could be due to cracks disturbing the residual stress field and then the 

displacement field measured on the surface of the pillars. In particular, cracks may be 

present within a crazing cell subsurface of the deposit. These cracks are impossible to ob-

serve by SEM during or after the test but significantly disrupt the measured displacement 

field. The cross-sectional observation of Cr(III) deposits allows us to distinguish a network 

of subsurface cracks (Figure 1b). In order to determine the influence of cracks, identical 

measurements were carried out on hexavalent chromium deposits (bath containing chro-

mium trioxide (CrO3) and sulfuric acid (H2SO4) at 50 °C) which do not have through-thick-

ness cracks. The residual stresses of these deposits, determined with the FIB-DIC method, 
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are greater than those previously analyzed for hexavalent chromium deposits (σCr(VI) = 

1748 ± 496 MPa) [32]. However, their dispersion is much less. It thus seems that the more 

numerous through cracks in the trivalent chromium deposits have a role in the average 

value of the stresses and their dispersion. Indeed, as many authors showed, contrary to 

the X-ray diffraction technique, the FIB-DIC method is susceptible to local variations of 

stresses. Thus, despite the precautions taken to correctly position the machining of the 

rings in relation to the macro-cracks of the deposits, the presence of numerous internal 

cracks close to the interface with the substrate can disturb the FIB-DIC measurement. Nev-

ertheless, FIB-DIC measurements are repeatable. Although the standard deviation of the 

individual measurements is significant, the mean value determined varies slightly over 

the whole set of samples analyzed. Concerning XRD measurements, the hypotheses of the 

method consider a homogeneous, isotropic elastic material. However, these deposits are 

well known to be homogeneous but are densely cracked. Combined difficulties in accu-

rately extracting the values of d-spacing on the obtained spectrum can cause the plot of 

Δd spacing as a function of sin2 (ψ) to be strongly affected by noise (Figure 7a). Textures 

measurement did not show a significant level and is not considered to influence the meas-

ured stress level. Similarly, the penetration depth of the X-rays is low (<3µm), so a possible 

gradient in the studied depth was neglected. 

The application of heat treatment has a significant influence on the level of residual 

stresses. During the heat treatment, several mechanisms responsible for residual stresses 

build up in the deposits. Firstly, the impurity content, mainly hydrogen and oxygen, is 

modified. The form and quantity of these elements have yet to be well known, but their 

desorption leads to a decrease in the volume of the layer, causing tensile residual stress. 

Trivalent chromium deposits are also known to contain a significant proportion of carbon. 

In our case, glow discharge spectrometry measurements showed carbon’s presence [30]. 

With increasing the heat treatment temperature, many authors agree that carbon precipi-

tates, modifying the microstructure of the deposit [9,10,12,33]. This phenomenon could 

also significantly modify residual stress states and levels. Finally, during the heating pro-

cess, the differences in chromium plating and steel substrate thermal expansion lead to an 

increase in tensile residual stresses. However, during consecutive cooling, residual 

stresses become compressive. Some authors have shown that whatever the heat treatment 

temperature, the density of surface cracks is identical; only the width of the cracks changes 

with treatment temperature [34]. Durut has shown on Cr(VI) that the heat treatment time 

does not influence deposits’ residual stresses [14]. On the other hand, the residual tensile 

stresses decrease or even turn into compressive stresses (at 300 °C) when the temperature 

of the thermal post-treatments increases. 

On trivalent chromium coatings, the residual stress level determined for heat treat-

ment at 300 °C is similar to those recorded on hexavalent chromium. Tensile stress relief 

efficiency with increasing heat treatment temperature is less pronounced than hexavalent 

chromium. Compressive stresses are only observed after annealing at 700 °C for one hour 

on trivalent chromium, whereas this transition temperature is only 400 °C for the hexava-

lent coating. 

5. Conclusions 

This work aims to evaluate residual stresses in amorphous and crystallized trivalent 

chromium coatings. 

• Residual stress determination by FIB-DIC was successfully implemented. Compar-

ing the results obtained from XRD measurements on the crystallized deposit show 

similar values, which allowed us to validate the method. 

• The estimated stress level is 479 ± 359 MPa for amorphous untreated samples. With 

the crystallization of the deposit, the residual stresses decrease to about 377 ± 275 

MPa. 
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• A relaxation of the residual stresses is observed as a function of the post-heat treat-

ment temperature. At a heat treatment temperature of 700 °C for one hour, the 

stresses initially in tension are converted to compression. 

• FIB-DIC observes a significant variation in stresses within the milled pillar. We at-

tribute this phenomenon to a subsurface microcracking in these deposits. 

In order to estimate the influence of internal cracks further or closer to the areas ex-

amined by the FIB-DIC method, FIB cross-section observations will have to be made. This 

will allow a decision to be made on the nature of the dispersion of the measurements. 

Similarly, depending on the results obtained, the size of the pillars may be reviewed. Fi-

nally, additional measurements will have to be carried out to be statistical. 
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