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Abstract 13 

This study proposes a model for the influence of work hardening and microstructure on the thermal 14 

relaxation of residual stresses. To construct such a model, an experimental campaign is first conducted 15 

on shot peened samples of Inconel 718 to generate different levels of residual stress and work 16 

hardening. The effect of the grain size and the size of the strengthening precipitates is investigated by 17 

producing two modified microstructures. Two shot peening conditions are used to introduce several 18 

profiles of residual stress and work hardening. These profiles are evaluated using X-ray diffraction. A 19 

thermal loading is then applied at 550°C with varying holding times, leading to a rapid but not complete 20 

relaxation of the residual stresses and work hardening. The experimental results exhibit the fact that 21 

the work hardening levels have a significant influence on this relaxation while the grain size and the 22 

size of the strengthening precipitates have a very moderate influence. Based on these experimental 23 

results, a model is proposed that considers the influence of work hardening on the thermal relaxation 24 

of residual stresses with some predictive applications. It is therefore possible to estimate the relaxation 25 

of residual stresses at any point on a shot peened part.  26 

 27 
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Introduction 31 

In order to improve the fatigue life of critical components, surface improvement methods such as shot 32 

peening are widely used in the aerospace industry. This process generates superficial compressive 33 

residual stresses that tend to delay fatigue crack initiation and prevent small crack propagation [1], [2], 34 

[3], [4], [5]. For structures that experience high temperature variations in service, these surface 35 

enhancement methods are only efficient if the thermo-mechanical relaxation of the generated residual 36 

stress field is moderate at operating temperatures. It is however observed that relaxation due to 37 

thermal effects is far from being negligible in high-temperature fatigue tests [6]. It is therefore 38 

important to understand the mechanisms that induce the thermal relaxation of residual stresses in 39 

order to further input these effects into a model. One of the critical points is to estimate the kinematic 40 

and time constants of this relaxation. 41 

The nickel-based superalloy Inconel 718 is widely used in the aeronautical industry. In its standard 42 

metallurgical state known as Direct Aged (DA), this alloy features a microstructure with a γ matrix 43 

composed of grains of about 5 µm, γ'/γ'' strengthening precipitates of a few nanometers, a δ phase 44 

anchored at the grain boundaries, as well as carbides and nitrides that locally harden the matrix [7], 45 

[8], [9], [10]. Subjected to temperatures close to 550°C, Inconel 718 turbine discs undergo thermo-46 

mechanical stresses in service. These discs can present microstructural heterogeneities because of 47 

their manufacturing process history; they can also undergo more than ten conditions of shot peening 48 

treatment, depending on their geometry. The in-service evolution of residual stresses in these parts 49 

can therefore be particularly diverse and complex. In order to evaluate the benefits of shot peening on 50 

the fatigue life of these parts, it is necessary to understand the microstructural changes induced by 51 

shot peening and their influence on the thermal relaxation of residual stresses. Inconel 718 thus 52 

constitutes a material of interest to study and model residual stress relaxation due to thermal loading. 53 

Clearly, microstructural parameters of Inconel 718 have a significant influence on the tensile, fatigue, 54 

and creep properties [7], [8], [9]. Furthermore, previous studies [11], [12] have highlighted the 55 

influence of microstructural modifications on the residual stress and work hardening profiles induced 56 

by shot peening. It was shown that work hardening is significantly affected by a change in grain size. 57 

On the contrary, changing the grain size or the size of the strengthening precipitates γ'/γ'' appears to 58 

have minimal effect on the residual stress profile. It is then useful to define how these different profiles 59 

relax with time.  60 

Many authors [13], [14], [15], [16], [17] have described the thermal relaxation of residual stresses 61 

caused by shot peening. By relaxation, it is here meant a lowering of the local absolute value of the 62 

residual stress level. The main observations are: (i) the higher the temperature, the higher the 63 

relaxation of the residual stresses combined with the fact that relaxation is negligible below a threshold 64 
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temperature, except at the surface where a change may occur depending on the shot peening 65 

condition used; (ii) relaxation  is observed at each depth of the profile, hence, the general shape of the 66 

profiles (position of the maximum stress, position of the tensile transition) is not changed, except above 67 

a certain temperature where a shift from the top of the profile to the core of the part is observed  (iii) 68 

for a given temperature, the main evolution of the residual stresses takes place during the first instants 69 

of temperature holding, then, the residual stress profiles tend to asymptotic profiles with time. 70 

The impact of work hardening on the relaxation of residual stresses has also previously been 71 

characterized in the literature [6], [18], [19], [20], [21], [22]. Prevéy observed that there is a threshold 72 

value (3% of work hardening) below which no relaxation of residual stresses is observed [6]. Above this 73 

threshold, many authors have shown that the greater the work hardening induced by shot peening, 74 

the greater the relaxation of residual stress [6], [18], [19], [21], [22]. These studies explain that residual 75 

stress relaxation is related to the density of dislocations in the material: the higher the number of 76 

dislocations, the more the residual stresses relax. It is in particular observed that the laser shock 77 

process, known to induce low work hardening levels, results in much lower residual stress relaxation 78 

than shot peening [6]. Prevéy also established that residual stress relaxation is influenced by the level 79 

of work hardening and not the method of work hardening introduction.  80 

The residual stress and work hardening profiles resulting from the different manufacturing processes 81 

used for industrial parts vary considerably. Consequently, controlling the relaxation of residual stresses 82 

has become challenging and requires the development of appropriate models. The most widely used 83 

model for the thermal relaxation of residual stresses is the Zener-Wert-Avrami model [16], [20], [23], 84 

[24], [25]. It predicts stress relaxation without taking work hardening into account. Its parameters are 85 

therefore only identified for a specific operating point (a microstructure, a position in a sample, a 86 

manufacturing process, and a temperature). Hoffmeister et al. proposed a more complex model to 87 

account for microstructural effects [16]. Here again, the model depends on a specific operating point 88 

and is not able to predict the relaxation of residual stresses in depth unless a large set of measurements 89 

is available to identify a set of parameters for each test condition. Thus, although the influence of work 90 

hardening on the relaxation of residual stresses has been clearly established through several 91 

experimental observations, to date, there is no model available in the literature taking these effects 92 

into account. It should also be noted that the influence of the microstructure and its relationship to the 93 

effect of work hardening is relatively rarely, if ever, discussed in the literature.  94 

The purpose of this paper is to investigate the impact of work hardening and microstructure on the 95 

thermal relaxation of residual stresses caused by shot peening on Inconel 718. The main objective is to 96 

propose a model that accurately accounts for these effects. This paper is composed of three sections. 97 

The first section describes the experimental methods starting with the description of the reference 98 

material microstructure of Inconel 718. In addition, this section presents the different thermal 99 
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treatments proposed to obtain two complementary microstructures, as well as shot peening conditions 100 

and procedures to characterize residual stresses and work hardening. The second section presents and 101 

compares the results obtained after shot peening and after thermal relaxation at 550°C of shot peened 102 

parts. The influence of work hardening and microstructure on the relaxation of residual stresses is 103 

discussed. The final section describes the proposed model for thermal relaxation of residual stresses 104 

accounting for the influence of work hardening. The developed analytical model is validated on a large 105 

set of data using complementary results from the literature. 106 

1 Materials and methods 107 

1.1 Inconel 718 108 

The investigated material is Inconel 718 with a γ matrix; its composition is given in Table 1. The 109 

influence of the microstructure is evaluated through the study of three different microstructures. First, 110 

the reference microstructure, obtained after manufacturing and corresponding to the “as-received” 111 

material, known as Direct Aged (DA). The other two microstructures, namely coarse grain 112 

microstructure (CG) and coarse grain and coarse strengthening precipitates microstructure (CGCP), 113 

exhibit parameters that have been modified by means of a specific heat treatment history. The 114 

microstructure of CG was achieved by annealing at 1040°C for 30 minutes, followed by δ phase 115 

precipitation treatment at 955°C for one hour, and finally by conventional γ’/γ’’ strengthening 116 

precipitation treatment (8 hours at 720°C followed by cooling at 50°C/h and aging at 620°C for 8 hours). 117 

The CGCP microstructure is characterized by coarse grains and large strengthening precipitates. The 118 

heat treatment sequence applied to the CG microstructure was also used, except for the final 119 

precipitation treatment of the γ’ and γ’’ phases. To increase the size of the precipitates, an overaging 120 

process was applied at 750°C for 50 hours. Please note that throughout the rest of this article, a color 121 

code has been used to refer to the three microstructures: the DA microstructure is referenced in blue, 122 

the CG microstructure in red and CGCP microstructure in orange. 123 

Ni Fe Cr Mo Al Ti Nb Si C 

54.18 17.31 17.97 2.97 0.56 1 5.39 0.1 0.023 

Table 1. Composition of the Inconel 718 DA Alloy (Wt%). 124 

1.2 Shot peening conditions 125 

The shot peened samples are parallelepipeds of 20x15x10 mm in size. The samples underwent 126 

mechanical polishing to achieve a mirror finish before shot peening. The aim was to reduce residual 127 

stresses and work hardening caused by machining. XRD measurements were conducted to confirm the 128 

absence of residual stress (see Section 2.2). The samples underwent shot peening on one of their 129 
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largest surfaces using a conventional nozzle and S110 steel shot. Two shot peening conditions (SP1 and 130 

SP2) were defined according to AFNOR standard NFL 06-832 [26]. The shot peening parameters (see 131 

Table 2) were chosen for two reasons: (i) they are commonly applied to industrial components and (ii) 132 

they induce very different residual stress and work hardening gradients, which is necessary to validate 133 

the proposed methodology. The shot peening conditions were adjusted to take account for the fact 134 

that the change in grain size results in a reduction in the strength of the modified microstructures. As 135 

a consequence, the conditions shown in Table 2 were chosen so that the coverage was identical for all 136 

three microstructures. 137 

Name Shot Almen Intensity Coverage 

SP1 S110 steel 12-13A 125% 

SP2 S110 steel 22-23A 200% 

Table 2. Shot peening conditions applied to the different microstructures. 138 

1.3 Thermal loading conditions 139 

After shot peening, the samples were placed in a vacuum furnace and subjected to a temperature cycle 140 

without any mechanical loading; Figure 1 illustrates the corresponding cycle. The rise in temperature 141 

lasts 20 minutes; the temperature is then maintained at 550°C during a time lapse th called the “holding 142 

time” in the present article. Five different holding times were applied in this experimental campaign, 143 

ranging from 0 to 500 hours. The samples were then placed in an argon stream for rapid cooling.  Note 144 

that th = 0 corresponds to a sample that has undergone an increase and a decrease in temperature 145 

without any holding time.  146 

 147 

Figure 1. Diagram of the thermal loading cycle applied to the samples with the definition of the holding time. 148 

 149 

 150 
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1.4 Material characterization 151 

1.4.1 Scanning Electron Microscope observations 152 

The microstructural observations were conducted using a MERLIN Scanning Electron Microscope (SEM) 153 

with an accelerating voltage of 5 kV and a nominal current of 40 nA. To reveal the microstructure, 154 

including the strengthening precipitates γ' and γ'', an ion polishing system was used to obtain a mirror-155 

polished surface. The grain size was quantified using the Electron Backscattered Diffraction (EBSD) 156 

method. The data was acquired using a NORDIF CD camera operating at 30 fps coupled to a MERLIN 157 

SEM operating at 20 kV acceleration voltage and 40 nA nominal current. 158 

1.4.2 X-ray diffraction measurements 159 

X-ray diffraction measurements were conducted on the 311-diffraction peak at a 2θ angle of 160 

approximately 111° using a Seifert PTS diffractometer. The radiation source was a Co-Kα tube with a 161 

wavelength of 1.79 Å, an accelerating voltage of 20 kV, and a nominal current of 4 mA. The sample 162 

preparation was identical to that used for microstructure characterization, as described above. Under 163 

these conditions, the X-ray penetration depth was estimated to be between 2 and 4 µm, and the 164 

analyzed surface was a few millimeters wide. The X-ray data were processed using classical methods 165 

[27], specifically the sin²ψ method with analysis of eleven ψ angles to determine the depth profiles. 166 

Line broadening was used as a measure for work hardening (see Section 1.4.3 for more details). This 167 

was defined by the full width at half maximum (FWHM) of the peaks obtained by a Voigt pseudo-profile 168 

fit. For in-depth evaluation of the quantities of interest, electrolytic polishing with an average step of 169 

40 µm was carried out. A correction method was applied which showed that the material removal had 170 

a negligible effect on the residual stress values. Residual stresses and peak widths were measured in 171 

two directions, but no significant differences were found. This confirms that shot peening induces an 172 

in-plane equi-biaxial stress state. The FWHM depth profile was evaluated before shot peening, and a 173 

consistent FWHM value was observed for all untreated samples, as shown by the triangular data points 174 

in Figure 5. After shot peening, three residual stress and FWHM profiles were determined at different 175 

locations on the surface of the samples for each microstructure to study the dispersion of these 176 

parameters. Following heat treatment, one residual stress and FWHM profile was measured for each 177 

microstructure. 178 

1.4.3 Procedure of work hardening characterization 179 

If the method for evaluating the residual stress values from X-Ray diffraction measurements is well 180 

established, the evaluation of the work hardening requires the implementation of a calibration method 181 

[17], [22], [28], [29], [30]. This method has been successfully applied to the microstructures studied in 182 
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this paper [11], [12] and has demonstrated its interest in validating the modeling of the shot peening 183 

process [31]. Work hardening is identified with the equivalent plastic strain noted 𝜀𝑝 as discussed in 184 

[11]. The relationship between the FWHM obtained by X-ray diffraction and the work hardening is 185 

presented in Figure 2 for the three Inconel 718 microstructures and is modeled by [17]: 186 

 𝐹𝑊𝐻𝑀(𝜀𝑝) = 𝐴𝐹𝑊𝐻𝑀(1 − 𝑒−𝐵𝐹𝑊𝐻𝑀𝜀𝑝) + 𝐶𝐹𝑊𝐻𝑀 𝜀𝑝 + 𝐷𝐹𝑊𝐻𝑀 Eq. 1 

The parameters that have been evaluated are AFWHM, BFWHM, CFWHM and DFWHM [11]. They are given in 187 

Table 3. The work hardening induced by shot peening can be determined by inverting Eq. 1.  A typical 188 

work hardening profile obtained by this method is shown in Figure 3.  189 

The parameters for the work hardening characterization were identified for each microstructure; this 190 

method can be used only if no microstructural modification is observed during any of the treatments 191 

(thermal or mechanical) that the samples undergo [11], [12]. Scanning electron microscope analyses 192 

were therefore performed after shot peening and after the thermal treatment to assess the evolution 193 

of the microstructure. 194 

 195 

Figure 2. The full width at half maximum (FWHM) as a function of equivalent plastic strain for different load 196 

histories, temperatures, and microstructures with corresponding calibration curves. [11].  197 

 198 
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 Direct Aged (DA) Coarse grain (CG) 
Coarse grain and 

coarse precipitates 
(CGCP) 

AFWHM 0.66 0.56 0.35 

BFWHM 31.12 23.92 20.00 

CFWHM 0.99 0.90 

DFWHM 1.04 1.00 1.18 
Table 3. The constants' values obtained for calibrating the full width at half maximum (FWHM) for the three 199 

microstructures, as defined by Eq.1. [11]. Note that all constants are estimated to the nearest 0.01. 200 

1.4.4 Experimental plan 201 

To conclude this Materials and Methods Section, the complete X-ray diffraction measurement plan is 202 

presented in Table 4. For each condition and each microstructure, the number of profiles acquired in 203 

depth is indicated. Figure 3 also presents the syntax used to describe the shape of the shot peen 204 

induced residual stress and work hardening profiles.  205 

 
Microstructure 

Direct Aged (DA) Coarse grain (CG) 
Coarse grain and coarse precipi-

tates (CGCP) 

Holding time th (h) Unshot SP1 SP2 Unshot SP1 SP2 Unshot SP1 SP2 

Untreated 3 p 3 p 3 p 3 p 3 p 3 p 3 p 3 p 3 p 

0 - 1 p 1 p - 1 p 1 p - 1 p 1 p 

0.5 - 1 p 1 p - 1 p 1 p - 1 p 1 p 

1 - 1 p 1 p - 1 p 1 p - 1 p 1 p 

5 - 1 p 1 p - 1 p 1 p - 1 p 1 p 

50 - 1 p 1 p - 1 p 1 p - 1 p 1 p 

500 - 1 pp 1 p - 1 pp 1 pp - 1 pp 1 pp 

Table 4. X-ray diffraction measurement matrix. p: profile with measurements up to at least 300 µm depth for 206 

residual stresses and work hardening; pp: partial profile, up to 150 µm. 207 

 208 

Figure 3. Syntax used to describe the profiles of residual stress and work hardening induced by shot peening 209 

induced. 210 



 

9 

 

2 Experimental results 211 

2.1 Microstructural observations 212 

To detect any microstructural evolution, SEM observations were carried out on the three investigated 213 

microstructures before shot peening, after shot peening alone, and after shot peening followed by a 214 

holding time of 500 hours at 550°C. The results of these observations are presented in Table 5. Only 215 

the results with the higher shot peening condition (SP2) are detailed here, as similar results were 216 

obtained for the SP1 shot peening condition. Table 6 summarizes the microstructural characterizations 217 

obtained from SEM observations and EBSD analyses before shot peening. An average grain size of about 218 

5 µm is observed for the DA microstructure, while the other two microstructures have average grain 219 

sizes around 35 µm. The size of the strengthening precipitates is similar for the DA and CG 220 

microstructures (10 to 20 nm), but much larger for the CGCS microstructure with a size of 100 to 200 221 

nm. Binarization of the SEM images was performed to assess the morphology and distribution of the δ 222 

phase. A form factor of 0.9 was arbitrarily chosen to differentiate needle-shaped from globular 223 

precipitates. The proportion of the δ phase in the CG and CGCP microstructures is between 1.4% and 224 

1.7%, values that remain in the same order of magnitude as for the DA microstructure (2.3%). The 225 

proportion of needles and globules (40% and 60%, respectively) is also similar for the three 226 

microstructures. Comparing the DA microstructure with the CG microstructure thus gives access to the 227 

effect of grain size. Similarly, the comparison of the CG and the CGCP microstructures allows studying 228 

the influence of the size of the strengthening precipitates.  229 

The SEM characterization of a sample shot peened under SP2 conditions, the most severe, shows a 230 

great stability of the microstructure (Figure 4). It confirms that the shot peening conditions applied in 231 

this work do not induce any change in grain size or orientation, or in the size of the strengthening 232 

precipitates. Similarly, the SEM characterization performed after the thermal loadings at 550°C 233 

revealed no microstructural change in terms of grain size or strengthening precipitate size, showing 234 

morphologically stable microstructures over time (Table 5). The temperature of 550°C used in this study 235 

for the thermal loading does not induce any microstructural change in the strengthening precipitates, 236 

even in the presence of work hardening at the material surface. It should be noted that an increase in 237 

the rate of γ'' precipitates was observed in a previous study for shot peened samples subjected to aging 238 

treatments at 700°C [32]; this can be explained by the higher temperature of the treatment. These 239 

analyses validate that, since no microstructural change is observed, the calibration curves shown in 240 

Figure 2 can be used to evaluate the work hardening gradient introduced by shot peening, before and 241 

after the thermal loading. 242 
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 243 

Table 5. SEM microstructural characterizations carried out on the different microstructures: before shot 244 

peening, after shot peening (SP2) and after shot peening (SP2) and 500 hours at 550°C. The results obtained 245 

for the SP1 shot peening condition are similar. 246 
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 Direct Aged  
microstructure 

Coarse grain  
microstructure 

Coarse strengthening 
precipitates  

microstructure  

Average grain size (µm) 4.2 34.7 36.8 

Strengthening 
precipitates size (nm) 

~ 10 - 20  ~ 10 - 20 ~ 100 - 200 

δ phase area fraction 2.3% 1.4% 1.7% 

δ phase morphology 
43 ± 2% needles 
57 ± 2% globules 

36 ± 2% needles 
64 ± 2% globules 

41 ± 2% needles 
59 ± 2% globules 

Table 6. For the three investigated microstructures: mean size of the grain and of the strengthening 247 

precipitates, and δ phase characteristics.  248 

 249 

Figure 4. SEM images at different depth for DA microstructure after SP2 shot peening. 250 

 251 

2.2 Residual stresses and work hardening after shot peening 252 

The residual stress and work hardening profiles determined by X-ray diffraction for the three 253 

microstructures before shot peening and after SP1 and SP2 conditions are now compared (Figure 5). 254 

The dashed lines correspond to a fit obtained for each microstructure and each shot peening condition. 255 

Despite the fluctuations from one sample to another, clear trends are obtained between the two 256 

investigated shot peening conditions.  257 

The work hardening is clearly affected by the shot peening conditions, both in terms of value and depth. 258 

For example, for the DA microstructure, the average surface value is changed by almost 50% between 259 

the SP1 and SP2 conditions (𝑊𝐻𝑠𝑢𝑟𝑓
⬚  = 20% and 𝑊𝐻𝑠𝑢𝑟𝑓

⬚  = 40% respectively). An increase in shot 260 

peening coverage and intensity results in a higher maximum compressive residual stress 𝜎𝑚𝑎𝑥
⬚ . The 261 

associated depth is also affected (𝑧𝜎𝑚𝑎𝑥
⬚ 𝑆𝑃1 = 50 µm; 𝑧𝜎𝑚𝑎𝑥

⬚ 𝑆𝑃2 = 80 µm), as the size of the compression 262 

zone (𝑧
𝜎0

⬚𝑆𝑃1
 = 175 µm; 𝑧𝜎0

⬚𝑆𝑃2
 = 225 µm). At the surface, the residual stress values are relatively similar 263 
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(𝜎𝑠𝑢𝑟𝑓
⬚ 𝑆𝑃1 ≈ 𝜎𝑠𝑢𝑟𝑓

⬚ 𝑆𝑃2 ≈ -700 MPa). Similar trends are observed for both CG and CGCP microstructures. 264 

The residual stress differences remain below 100 MPa along the profiles when comparing the three 265 

microstructures. Thus, changing the grain size or the strengthening precipitates size has little impact 266 

on the residual stresses. However, the work hardening is strongly affected by the microstructural 267 

modifications. An increase in grain size implies an increase in surface work hardening of more than 25% 268 

for both investigated shot peening conditions. However, the thickness of the work hardened area is 269 

only slightly altered. 270 

 271 

Figure 5. Residual stress and work hardening profiles determined by X-ray diffraction on the three 272 

microstructures prior and after SP1, SP2 peening conditions.  273 

 274 

These results highlight the influence of both the shot peening conditions and the microstructure on 275 

the residual stress and work hardening profiles.  276 

Table 7 presents the minimum and maximum values encountered for each condition for the DA 277 

microstructure (see notations in Figure 3) with the purpose of characterizing experimental dispersion. 278 

This experimental dispersion may come from: measurement errors, microstructural variation from one 279 

sample to another, or the non-repeatability of the shot peening process. These three possible sources 280 

of dispersion have been investigated and characterized. They are described in detail below. 281 
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- The measurement conditions are the same for all the samples, so the error is evaluated for all 282 

measurements around 20 MPa. Therefore, the observed variations cannot be specifically due 283 

to this aspect.  284 

- Concerning the influence of the microstructure, the analyses in terms of grain size, distribution, 285 

and size of strengthening precipitates or crystalline orientation do not show any notable 286 

difference between the different samples. Looking at the DA microstructure compared to the 287 

two modified microstructures, the small differences in terms of the average value of the 288 

measured residual stresses or work hardening (Figure 5) show that the microstructural 289 

variations, even of significant, can be neglected in front of the experimental variability related 290 

to the shot peening itself.  291 

- Indeed, it is classical observed that the shot peening process shows a wide scatter of 292 

experimental residual stress results [23]. This dispersion is generally related to an inherent 293 

variability of many parameters related to the shot stream, such as size, shape, hardness, impact 294 

angle and shot peening time. One way to account for this dispersion is to use the Monte Carlo 295 

simulation technique by introducing variability in the process parameters to predict the 296 

residual stress field [33], [34]. The influence of the shot peening process on the repeatability 297 

of the measurements appears to be the most detrimental aspect of the experimental 298 

dispersion. Since it is difficult to control, a repetition of the measurements on different samples 299 

is often recommended to obtain a better accuracy. Experimental standard deviations of the 300 

order of 100 MPa for the residual stresses and of the order of 10% for the work hardening were 301 

obtained at the surface for all the microstructures. The standard deviation seems to decrease 302 

with depth. These results are consistent with those obtained by Daoud et al. in the simulation 303 

of the shot peening process [35].  304 

 
SP1 SP2 

Min Max Min Max 

𝜎𝑠𝑢𝑟𝑓
⬚  (MPa) -600 -800 -600 -850 

𝜎𝑚𝑎𝑥
⬚

 (MPa) -800 -1050 -900 -1150 

𝑧𝜎𝑚𝑎𝑥
⬚  (µm) 40 60 70 90 

𝑧
𝜎0

⬚  (µm) 120 200 200 250 

𝑊𝐻𝑚𝑎𝑥
⬚  (%) 15 30 20 45 

𝑊𝐻𝑠𝑢𝑟𝑓
⬚  (%) 15 30 20 45 

𝑧𝑊𝐻𝑚𝑎𝑥
⬚  (µm) 0 0 0 0 

𝑧
𝑊𝐻0

⬚  (µm) 75 170 100 200 

Table 7. Summary of variations encountered for the two SP1 and SP2 shot peening conditions for the DA 305 

microstructure. 306 
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2.3 Residual stresses and work hardening after a thermal loading 307 

The residual stresses and work hardening determined after thermal loading are now being studied. The 308 

first part is devoted to the study of the profiles. The second part focuses on the evolution of the key 309 

parameters identified in Figure 3, which will serve as the basis for a model to estimate the relaxation 310 

of residual stresses.  311 

2.3.1 Residual stress and work hardening profiles after thermal loading 312 

The residual stress and work hardening profiles were analyzed to track their evolution after the shot 313 

peened samples were subjected to different holding times at 550°C. As the relaxation under thermal 314 

loading is isotropic, only the component in the 𝑥⃗ direction of the stress was studied (see caption of 315 

Figure 1). Note that a distinction is made between samples that have not undergone thermal loading 316 

and those that have undergone a temperature rise and fall (th = 0). Except for a few measured points 317 

related to the SP2 shot peening condition, the difference is small between the reference and the 318 

samples that have undergone a holding time th = 0: the rise and fall in temperature do not trigger any 319 

relaxation.  320 

Figure 6 shows the residual stress and work hardening profiles obtained after thermal loading for the 321 

DA microstructure, shot peened under SP1 (Figure 6.a and b.) and SP2 (Figure 6.c and d.) conditions. 322 

Both shot peening conditions present the same evolution of the profiles. The residual stresses and 323 

work hardening induced by shot peening are only partially relaxed during thermal loading, even for the 324 

longest holding times. The depth associated with the maximum value of compressive residual stresses 325 

𝑧𝜎𝑚𝑎𝑥
⬚  is not affected by the duration of the thermal holding at 550°C. On the contrary, for the SP1 326 

condition, the depth at which the residual stresses become positive 𝑧
𝜎0

⬚  undergoes a slight decrease 327 

with a holding time at 550°C, which is not observed for the SP2 conditions. It is interesting to note that 328 

the surface residual stress that corresponds to the most intense level of work hardening, experiences 329 

the greatest relaxation. This relaxation is even more pronounced for the SP2 condition: at the surface 330 

where the work hardening value is about 40%, the compressive residual stress value evolves from -600 331 

MPa to -200 MPa.  332 

Figure 7 and Figure 8 show the residual stress and work hardening profiles for the CG and CGCP 333 

microstructures, respectively. It is noteworthy for these modified microstructures that even at very 334 

high levels of surface work hardening (over 60% for the CG and CGCP microstructures under SP2 335 

conditions), the relaxation of residual stresses is only partial after several hundred hours at 550°C. 336 

Again, the depth associated with the maximum value of compressive residual stresses 𝑧𝜎𝑚𝑎𝑥
⬚ and that 337 

at which the residual stresses are positive 𝑧
𝜎0

⬚  appear to be relatively unaffected by the increase 338 

holding time. Similar to what was observed in the DA microstructure, the higher the level of work 339 
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hardening, the higher the relaxation of residual stresses. The highest levels of relaxation are then found 340 

at the surface.  341 

The main information to be drawn from these results is that the effects of shot peening, although 342 

partially reduced, are still present even after being exposed to a purely thermal loading at 550°C for 343 

several hundred hours. It is therefore of particular interest to be able to model the residual stress 344 

relaxation at any point on the part, in order to know the residual stress profile at any point in time. 345 

 346 

Figure 6. Residual stress and work hardening profiles, for different holding times at 550°C, for Inconel 718 DA 347 

microstructure, SP1 and SP2 conditions. 348 
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 349 

Figure 7. Residual stress and work hardening profiles for different holding times at 550°C, for Inconel 718 350 

coarse grain microstructure, SP1 and SP2 conditions. 351 
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 352 

Figure 8. Residual stress and work hardening profiles for different holding times at 550°C, for Inconel 718 353 

coarse grain and coarse strengthening microstructure, SP1 and SP2 conditions. 354 

2.3.2 Definition of ratios to quantify relaxation  355 

Ratios are here defined to quantify the relaxation of the residual stresses and the work hardening due 356 

to thermal loading. We first define reference profiles corresponding to the profiles determined after 357 

shot peening, for which, by definition, there is no relaxation. These reference profiles are respectively 358 

noted, 𝜎𝑟𝑒𝑓(𝑧) for the residual stresses and 𝑊𝐻𝑟𝑒𝑓(𝑧) for work hardening. The experimental reference 359 

profiles are all presented in Figure 5 as a function of the depth z for different microstructures and shot 360 

peening conditions.  361 

Several profiles of residual stress and work hardening were evaluated after thermal loading for different 362 

holding times th (see Figure 1 for the definition of th). These profiles are noted 𝜎(𝑡ℎ , 𝑧) for the residual 363 

stresses and 𝑊𝐻(𝑡ℎ , 𝑧) for work hardening, respectively, and are presented in Figure 6 to Figure 8 as a 364 
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function of the depth z for different microstructures and shot peening conditions. 365 

To quantify the relaxation, we define the ratios 𝑅𝜎(𝑡ℎ, 𝑧) for residual stresses and 𝑅𝑊𝐻(𝑡ℎ, 𝑧) for work 366 

hardening such that:  367 

 
𝑅𝜎(𝑡ℎ, 𝑧) =  

𝜎(𝑡ℎ , 𝑧)

𝜎𝑟𝑒𝑓(𝑧)
    𝑎𝑛𝑑         𝑅𝑊𝐻(𝑡ℎ, 𝑧) =  

𝑊𝐻(𝑡ℎ , 𝑧)

𝑊𝐻𝑟𝑒𝑓(𝑧)
 Eq. 2 

Thus, when the ratios are equal to 1, no relaxation is observed; if the ratios were equal to 0, all the 368 

residual stresses or work hardening would have vanished. 369 

2.3.3 Evolution of the surface and maximum values of residual stresses and 370 

work hardening with thermal loading  371 

To simplify the analysis, representative points have been identified on the profiles of the residual stress 372 

and work hardening shown in Figure 6 to Figure 8. The evolution of these specific values is here studied 373 

as a function of the holding time th. For residual stress, the surface residual stress 𝜎𝑠𝑢𝑟𝑓
⬚  and the 374 

maximum value 𝜎𝑚𝑎𝑥
⬚  at depth 𝑧𝜎𝑚𝑎𝑥

⬚  were considered. For work hardening, the value at the surface 375 

𝑊𝐻𝑠𝑢𝑟𝑓
⬚  alone has been considered since work hardening is maximum at the surface (see Figure 3 for 376 

the definition of 𝜎𝑠𝑢𝑟𝑓
⬚ , 𝑧𝜎𝑚𝑎𝑥

⬚  and 𝑊𝐻𝑠𝑢𝑟𝑓
⬚ ). The following ratios as detailed in Section 2.3.2 can then 377 

be defined: 378 

 
𝑅𝑠𝑢𝑟𝑓

𝜎 (𝑡ℎ) =  
𝜎(𝑡ℎ , 0)

𝜎𝑟𝑒𝑓(0)
     𝑅𝑚𝑎𝑥

𝜎 (𝑡ℎ) =  
𝜎(𝑡ℎ , 𝑧𝜎𝑚𝑎𝑥

⬚ )

𝜎𝑟𝑒𝑓 (𝑧𝜎𝑚𝑎𝑥
⬚ )

    𝑅𝑚𝑎𝑥
𝑊𝐻 (𝑡ℎ) =  

𝑊𝐻(𝑡ℎ , 0)

𝑊𝐻𝑟𝑒𝑓(0)
 Eq. 3 

The evolution of 𝑅𝑠𝑢𝑟𝑓
𝜎  as a function of holding time is shown in Figure 9 for the DA microstructure and 379 

the two shot peening conditions. A significant evolution of the surface residual stresses occurs in the 380 

early stages (before 5 hours); between 5 and 500 hours, the surface residual stresses relax at a 381 

significantly lower rate. Very similar results were obtained for the other two microstructures and are 382 

thus not presented here.  383 
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 384 

Figure 9. Evolution of 𝑹𝒔𝒖𝒓𝒇
𝝈  as a function of time at 550°C for the DA microstructure and the two SP1 and SP2 385 

shot peening conditions; note the change in scale for the smaller holding time axis. 386 

The evolutions of 𝑅𝑚𝑎𝑥
𝜎  and 𝑅𝑚𝑎𝑥

𝑊𝐻  are shown in Figure 10 as a function of holding time, for the three 387 

microstructures and the two shot peening conditions; note that a logarithmic scale has been adopted 388 

for the holding time. As a whole, the results enable to identify some trends concerning the evolution 389 

of the different variables as a function of holding time (note the scale is logarithmic): (i) a significant 390 

evolution of the maximum residual stresses and work hardening occurs for holding times below 5 391 

hours; this was also observed for the surface residual stress; (ii) for holding times above 5 hours, the 392 

relaxation of the residual stresses is reduced and the work hardening is slowed down, particularly for 393 

SP2. Comparing Figure 9 and Figure 10, it is also clear that 𝑅𝑚𝑎𝑥
𝜎  is higher than 𝑅𝑠𝑢𝑟𝑓

𝜎 . For example, for 394 

the DA microstructure, SP2 shot peening condition, and after a holding time th = 5h, 𝑅𝑚𝑎𝑥
𝜎  = 0.8 while 395 

𝑅𝑠𝑢𝑟𝑓
𝜎  = 0.55. This means that the relaxation of residual stresses is maximum at the surface. These 396 

results are related to the initial work hardening value introduced during shot peening. The higher the 397 

work hardening value, the higher the relaxation of the residual stresses. To visualize this, the values 398 

𝑅𝑠𝑢𝑟𝑓
𝜎  and 𝑅𝑚𝑎𝑥

𝜎  can be plotted as a function of the initial work hardening. Figure 11 presents the results 399 

obtained for two holding times (1 h and 500 h). For a given holding time, a linear relationship is 400 

obtained between the normalized unrelaxed residual stress Rσ and the initial work hardening. The 401 

longer the holding time, the greater the influence of work hardening. It is interesting to note that the 402 

three microstructures follow a very similar trend. These results show work hardening is the dominant 403 

parameter in the relaxation of residual stresses. The influence of the microstructure on the relaxation 404 

of the residual stresses is only of second order. 405 
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 406 

Figure 10. Evolution of a) 𝑹𝒎𝒂𝒙
𝝈  and b) 𝑹𝒎𝒂𝒙

𝑾𝑯  as a function of holding time at 550°C for the three 407 

microstructures and the two shot peening conditions. 408 

 409 

Figure 11. Evolution of Rσ as a function of the initial work hardening value. 𝑹𝒔𝒖𝒓𝒇
𝝈  and 𝑹𝒎𝒂𝒙

𝝈  values are 410 

indicated by circles and squares respectively. The definition of these parameters is given in Eq. 3. Only results 411 

for two holding times (1h and 500h) are presented.   412 

2.3.4 Influence of the microstructure 413 

If we want to identify the second order influence of the microstructure on the relaxation of residual 414 

stresses, it is necessary to remove the influence of work hardening. To do this, it is essential to analyze 415 

points with similar work hardening levels, or at least with sufficiently low work hardening levels, so 416 
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that this parameter has the minimum impact on the analysis. It is interesting to notice that, for the 417 

depth 𝑧𝜎𝑚𝑎𝑥
⬚ , work hardening is five times lower than the surface work hardening (see for example 418 

Figure 6). Moreover, it is relatively similar for the two shot peening conditions and the three 419 

microstructures (comparing Figure 6 to Figure 8). The influence of the microstructure can then be 420 

determined by observing the evolution of 𝑅𝑚𝑎𝑥
𝜎  (Figure 10.a). A holding time of 500 h is chosen to 421 

analyze the results because the effects are more pronounced in this case. The results are shown in 422 

Table 8. An increase in grain size leads to a decrease in the thermal relaxation of residual stresses. The 423 

influence of a change in the size of the strengthening precipitates is more questionable. An increase in 424 

the size of the precipitates leads to a slight increase in the relaxation of residual stresses.  425 

To explain this dependence on the microstructure, we consider the mobility of dislocations. 426 

Dislocations are the main vector of the plastic deformation introduced into the microstructure by shot 427 

peening. Because of the strong plastic strain introduced during the process, a rearrangement of the 428 

dislocations towards lower distortion energies occurs during the first moments at high temperature 429 

[23]. The more the dislocation structure is disturbed, the more it has to rearrange itself to reach an 430 

equilibrium level. This reorganization within the material leads to a relaxation of the residual stresses. 431 

The phenomena observed here are of the recovery process type. However, similarities can be drawn 432 

from studies dealing with the influence of microstructure on the creep behavior of Inconel 718. For a 433 

creep load, it has been shown in the literature that the influence of microstructural parameters in order 434 

of importance in Inconel 718 are: grain size, morphology and distribution of the δ phase and the size 435 

of the strengthening precipitates γ’/γ’’ [7], [8], [9]. As the grain size increases, the linear density of grain 436 

boundaries decreases, leading to a limitation of grain boundary slip and diffusion mechanisms at high 437 

temperatures. The δ phase appears to be the most important microstructural parameter on creep at 438 

an equivalent grain size. The lower the proportion of δ phase at the grain boundaries, the better the 439 

creep resistance. Moreover, a globular morphology is to be preferred to an acicular one to limit creep 440 

[7]. Finally, the size of the strengthening precipitates γ'/γ'' can play a major role at fixed grain size and 441 

δ phase fraction, depending on the structural hardening mechanism involved. In the modified 442 

microstructures of this study, the transition from DA to CG microstructure mainly leads to an increase 443 

in grain size by a factor of 5 (see Table 5). Thus, the differences observed between the DA and CG 444 

microstructures are essentially related to the increase in grain size. Grain size, δ phase density, and 445 

distribution are similar between the two modified microstructures (CG and CGCP). The size of the 446 

strengthening precipitates is the only factor that causes a factor of ten difference between the two 447 

microstructures. According to Sundararaman, the size of the strengthening precipitates that causes a 448 

change in the precipitate shearing mechanisms is around 10 nm in the case of Inconel 718 [36]. In the 449 

present work, the size of the precipitates is greater than this value (20 and 200 nm see Table 6) for all 450 
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the studied microstructures, so that a bypass type of Orowan mechanism occurs. When a dislocation 451 

bypasses an obstacle, it may create more dislocations. These newly formed dislocations are usually 452 

mobile and can move through the crystal lattice. This mechanism can thus increase the number of 453 

mobile dislocations in the material [36]. As a result, during holdings at 550°C, the dislocations rearrange 454 

more easily as the size of the precipitates increases. This leads to an easier return to an equilibrium 455 

state and, thus, to a more significant relaxation of the residual stresses. However, since the impact of 456 

the size of the strengthening precipitates is of third order, the influence of a modification of their size 457 

on the relaxation of the residual stresses appears to be moderate in this work, and this despite a factor 458 

of 10 between the two modified microstructures.   459 

 
Direct Aged 

microstructure 
Coarse grain 

microstructure 

Coarse strengthening 
precipitates 

microstructure 

SP1 0.59 0.75 0.71 

SP2 0.59 0.73 0.65 
Table 8. Value of 𝑹𝒎𝒂𝒙

𝝈  after 500 hours of holding time at 550°C for the three microstructures and the two 460 

shot peening conditions. 461 

 462 

3 A model for the thermal relaxation of residual stresses 463 

The experimental results section confirms the previously obtained results in the literature [14], [15], 464 

[16], [37]. It also clearly demonstrates the influence of work hardening on residual stress relaxation. It 465 

is now proposed to build on these results to provide a model that allows the assessment of residual 466 

stress relaxation. The first proposal is to evaluate the existing Zener-Wert-Avrami model using these 467 

data. Then, a new model considering work hardening is proposed. The model's validation is conducted 468 

by comparing it with our experimental data and complementary results from the literature. Finally, an 469 

example is provided to demonstrate the model's application. 470 

3.1 The Zener-Wert-Avrami model 471 

The Zener-Wert-Avrami model is an empirical equation widely used in the literature to describe the 472 

evolution of a thermally activated process [38]. It was first used by Vöhringer in 1987 to describe the 473 

relaxation of residual stresses [23]. Since its introduction, this model has been used by many authors 474 

on different materials (steels, nickel-based alloys, titanium and aluminum alloys) [16], [20], [23], [24], 475 

[25]. This model allows for the determination of the stress relaxation σ(T, th) at a given depth relative 476 

to the initial stress at the same depth 𝜎𝑟𝑒𝑓
⬚ , as a function of the holding time th and the temperature T 477 

using the following equation: 478 
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 𝜎(𝑇, 𝑡ℎ)

𝜎𝑟𝑒𝑓
⬚

= 𝑒𝑥𝑝 (− [𝐶 𝑒𝑥𝑝 (−
∆𝐻𝐴

𝑘 𝑇
) 𝑡ℎ]

𝑚

) Eq. 4 

where ΔHA is the activation enthalpy, k is the Boltzmann constant, C and m are material parameters to 479 

be identified for each position in the component. 480 

In this work, since the tests are all performed at the same temperature, Eq. 4 is reduced to:  481 

 𝜎(𝑡ℎ)

𝜎𝑟𝑒𝑓
⬚

= 𝑒𝑥𝑝(−[𝐴. 𝑡ℎ]𝑚) Eq. 5 

A and m have then to be identified for each manufacturing process, each microstructure, and each 482 

point in the structure. 483 

To evaluate the ability of the Zener-Wert-Avrami model to reproduce the experimental results of the 484 

present study, the parameters A and m have been identified for the experimental data presented 485 

Section 2; a least square method has been applied for each microstructure, for each shot peening 486 

condition and for each position, 𝑧𝜎𝑠𝑢𝑟𝑓
𝑅𝑆  𝑎𝑛𝑑  𝑧𝜎𝑚𝑎𝑥

𝑅𝑆 . The corresponding sets of values for A and m are 487 

presented in Table 9. Note that the parameters obtained, A and m, are simply the values that best fit 488 

the proposed empirical (Eq. 5) for predicting residual stress relaxation. No physical meaning can be 489 

attached to these values. As expected, these values depend on the shot peening conditions and the 490 

microstructure. Note that the m parameter is the most affected by the position and thus by work 491 

hardening. The Zener-Wert-Avrami model is mainly devoted to the prediction of relaxation as a function 492 

of the temperature. Due to the substantial impact of work hardening on the thermal relaxation of 493 

residual stresses, and the large range of hardening in the structure induced by shot peening, this model 494 

is not suitable for the description of the thermal relaxation of a complete residual stress profile or 495 

others shot peening conditions. 496 

Parameter Depth DA-SP1 DA-SP2 CG-SP1 CG-SP2 CGCP-SP1 CGCP-SP2 

A 
𝑧

𝜎𝑠𝑢𝑟𝑓
⬚  6.56E-02 1.91E-01 8.21E-02 2.05E-01 3.17E-01 1.43E-01 

𝑧𝜎𝑚𝑎𝑥
⬚  1.96E-01 1.88E-01 1.24E-01 6.82E-02 2.57E-01 2.11E-01 

m 
𝑧

𝜎𝑠𝑢𝑟𝑓
⬚  3.04E-07 5.59E-03 2.31E-05 6.84E-03 1.96E-03 3.03E-03 

𝑧𝜎𝑚𝑎𝑥
⬚  6.28E-05 8.11E-05 2.52E-08 9.89E-12 4.95E-05 7.40E-05 

Table 9. Values of the coefficients identified for the different shot peening conditions and the different 497 

microstructures at two depths (𝒛
𝝈𝒔𝒖𝒓𝒇

⬚ , 𝒛𝝈𝒎𝒂𝒙
⬚ ). 498 

3.2 A model for thermal residual stress relaxation accounting for work 499 

hardening 500 

A model, which considers the work hardening state and considers holding time and position, is 501 

proposed to predict the relaxation of residual stresses. This model is based on the experimental 502 

observations presented in Section 2. The aim of the model is to be independent of the manufacturing 503 
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process that generated the residual stresses. In addition, its relative simplicity (analytical) is crucial to 504 

function as a practical tool for validating the conditions of a prestressing manufacturing process and its 505 

parameters in an industrial context. It has been shown that the microstructural impact on the thermal 506 

relaxation of residual stresses is small compared to that of work hardening (see Section 2.3). It is thus 507 

decided to disregard the influence of the microstructure to define the model. We then study the 508 

residual stress ratio Rσ (defined Eq.3) at two specific locations 𝑧
𝜎𝑠𝑢𝑟𝑓

⬚ and  𝑧𝜎𝑚𝑎𝑥
⬚  as a function of the 509 

initial work hardening level. These results are presented in Figure 12 for all the investigated holding 510 

times; note that in this figure, the microstructure has not been identified to simplify the reading since 511 

we disregard its influence. Shot peening conditions are considered on the basis of the level of work 512 

hardening they cause. Therefore, in the same way, they are not explicitly shown in Figure 12. A linear 513 

regression has been conducted for the data points corresponding to each specified holding time. 514 

Comparing the experimental results and the straight line obtained with the linear regression, we make 515 

the hypothesis that, for a given holding time, the ratio of unrelaxed residual stresses depends linearly 516 

on the initial value of the work hardening and can be expressed as follows: 517 

 𝑅𝜎(𝑡ℎ, 𝑧) =  𝐵(𝑡ℎ) . 𝑊𝐻(𝑧) + 𝐶(𝑡ℎ) Eq. 6 

where 𝑊𝐻(𝑧) is the initial work hardening value at the depth z (with a range between 0 and 1) and, 518 

B(th) and C(th) are functions that depend on the holding time.  519 

The parameters B and C are evaluated for each straight line in Figure 12 and for each holding time; the 520 

corresponding results are shown in Figure 13. These two parameters exhibit a rapid evolution for the 521 

shorter holding times, followed by a stabilization for the longest holding time. It is therefore proposed 522 

to describe the evolution of 𝐶(𝑡ℎ)  and 𝐵(𝑡ℎ) with a logarithmic function such that: 523 

 𝐵(𝑡ℎ) =  𝑏1 log10(𝑡ℎ) +  𝑏2 Eq. 7 

 𝐶(𝑡ℎ) =  𝑐1 log10(𝑡ℎ) +  𝑐2 Eq. 8 

with b1, b2, c1 and c2 being constant parameters that need to be identified. Considering this formulation, 524 

for th = 0, the model gives B(0) ≠ 0 and C(0) ≠ 1. Therefore, the model may appear erroneous for holding 525 

times less than 0.029 hours (i.e., 2 minutes). However, given the holding times used in the proposed 526 

applications (greater than 30 minutes), and in the interest of model simplicity, this model is considered 527 

in the following, as is Eq. 6. Other formulation using exponential function could be used to respect that 528 

the residual stress profile being then the initial one as expected (B(0) = 0 and C(0) = 1). 529 

Also note that in the model a residual stress relaxation can be obtained even if there is no work hard-530 

ening (𝑊𝐻(0) = 0) in the material. Finally, the proposed model that estimates the ratio of unrelaxed 531 

residual stresses takes the form: 532 

 𝑅𝜎(𝑡ℎ, 𝑧) = [𝑏1 log10(𝑡ℎ) +  𝑏2] . 𝑊𝐻(𝑧) + 𝑐1 log10(𝑡ℎ) +  𝑐2 Eq. 9 
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 533 

Figure 12. Evolution of Rσ as a function of the initial work hardening level without distinction of 534 

microstructure and for different holding times and for the two depth locations 𝒛
𝝈𝒔𝒖𝒓𝒇

⬚ and  𝒛𝝈𝒎𝒂𝒙
⬚ .  535 

 536 

Figure 13. Evolution of 𝑩(𝒕𝒉) and 𝑪(𝒕𝒉) as a function of holding time. 537 

The four material parameters b1, b2, c1 and c2 have been identified for Inconel 718 with a least square 538 

method on the data presented in Figure 13. The obtained values are given in Table 10. Note that given 539 

the model form in Eq.9, only three holding time values are sufficient to identify the model, such as the 540 

initial residual stress and work hardening levels and the residual stress and work hardening levels after 541 

5 hours and 500 hours of holding time. 542 

 543 
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b1 b2 c1 c2 

-0.130 -0.364 -0.061 0.907 
Table 10. Values of the parameters of the model of Eq. 9 for Inconel 718.  544 

Note that the parameters 𝐵(𝑡ℎ) and 𝐶(𝑡ℎ) could be modified to include a dependence on temperature. 545 

By considering different temperatures in an experimental campaign, an exponential form with temper-546 

ature dependence could be considered for these parameters. This constitutes a perspective on the 547 

present work. 548 

3.3 Model validation 549 

The model proposed in the previous section is now employed to predict the relaxation of residual 550 

stresses under varying conditions. These conditions differ from those of the previous analysis used to 551 

identify the parameters. Three sets of experimental data are considered: 552 

i) The part of the results presented in Section 2.3 that have not been used to identify the 553 

parameters, that is for positions other than 𝑧
𝜎𝑠𝑢𝑟𝑓

⬚ and  𝑧𝜎𝑚𝑎𝑥
⬚ . 554 

ii) Additional measurements that have been performed in the framework of the present study 555 

for the DA microstructure and for 50 hours of holding time at 550°C following the protocol detailed 556 

Section 1.3. 557 

iii) Data from Prevéy's work [6] which allows the model to be validated under experimental 558 

conditions not investigated here. 559 

For all these data, a statistical analysis has been carried out to consider the experimental scatter and 560 

the possible errors in the identification of the model. The different steps of this statistical procedure 561 

are illustrated in Figure 14. With this objective, a pair of initial residual stress and work hardening 562 

profiles is first generated using a normal distribution with the same randomly chosen probability. The 563 

initial residual stress and work hardening profiles (solid red lines) have been used as the average values 564 

of the normal distribution (Figure 14.a). The standard deviation considered in the normal distribution 565 

is characteristic of the observed experimental scatter. Fifty pairs of initial residual stress and work 566 

hardening profiles have been generated following this procedure (examples of such profiles are shown 567 

in green in the Figure 14.b). Then, the model presented in Section 3.2 is applied to all these pairs of 568 

profiles to obtain 50 profiles of relaxed residual stresses (solid grey lines in the Figure 14.c). The average 569 

of these profiles is then computed (dashed black line).  570 

 571 
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 572 

Figure 14. Steps of the statistical procedure used to validate the model of residual stress relaxation. The red 573 

curve represents the reference profiles. The green curves represent an example of a pair of profiles generated 574 

with the normal distribution. 575 

This procedure has been first applied to the experimental data obtained in the campaign carried out in 576 

this work. The results are presented in Figure 15. For all shot peening conditions and microstructures 577 

considered, the average values predicted by the model are in accordance with the experimental data. 578 

It is worth noting that the model reproduces particularly well the surface relaxation of the residual 579 

stress level, which is strongly influenced by the high level of work hardening. The methodology 580 

implemented permits estimation of the relaxation of the residual stresses for the whole depth affected 581 

by the process. Additionally, by incorporating experimental dispersion into the procedure, significant 582 

variations in residual stress profiles within similar surface treatment and heat treatment conditions can 583 

be accurately reflected. These results are consistent with the experimental observations.  584 
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 585 

Figure 15. Comparison between experimental data and modeling. The labels in the graphs indicate: the 586 

microstructure – the shot peening condition – the holding time. 587 

The statistical procedure has also been applied to experimental data obtained by Prevéy for Inconel 588 

718 [6]. In Prevéy’s work, the residual stress and work hardening profiles have been evaluated for 589 

different surface treatments before and after a heat treatment at 525°C for 100 hours; two shot 590 

peening conditions (here denoted SP3 and SP4) as well as gravity peening (here noted GP) and low 591 

plastic burnishing (here noted LPB) treatments have been studied. Figure 16 presents the initial residual 592 

stress and work hardening profiles extracted from [6] for the different processes. Note that these four 593 

surface treatments provide a variety of residual stress and work hardening profiles. The test conditions 594 
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differ from those of our study (material, measurement conditions, heat treatment temperature); the 595 

microstructure is not given. These results thus constitute an interesting test for the model proposed in 596 

Section 3.2. Figure 16 depicts the residual stress relaxation profiles obtained through experimentation 597 

[6] and the profiles predicted by the model using the statistical analysis outlined above. Once again, 598 

the model successfully replicates the trends of the experimental results obtained by Prevéy. Notably, 599 

the model accurately estimates the maximum level of residual stress after 100h of holding time at 600 

525°C. The relaxation of surface residual stresses could be more accurate, as in the previous example 601 

in Figure 15. However, this analysis confirms the relevance and the pertinence of the proposed 602 

modeling. 603 

 604 

Figure 16. Residual stresses (a) and work hardening (b) profiles produced by shot peening (SP3 and SP4), 605 

gravity peening, and low plastic Burnishing in IN718 [6].  606 

 607 

Figure 17. Comparison between experiment [6] and modeling of residual stress profiles after 100h holding 608 

time at 525°C. 609 
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4 Conclusion  610 

The aim of this work was to establish a model for the influence of work hardening and microstructure 611 

on the evolution of residual stresses under thermal loading. The first step was to analyze the numerous 612 

experimental conditions used in this study to assess the effect of work hardening, grain size and size of 613 

strengthening precipitates on the relaxation of residual stresses. Residual stress and work hardening 614 

profiles were determined on shot peened components for different holding times at 550°C. The 615 

calibration methodology previously proposed [11] allows the influence of different microstructures in 616 

terms of grain size and precipitate size to be evaluated. It has been possible to establish the order of 617 

influence of the parameters on the relaxation of residual stresses under thermal loading. The first order 618 

parameter is work hardening. The higher it is, the greater the relaxation of residual stresses. The second 619 

order parameter is grain size. An increase in this factor leads to a decrease in residual stress relaxation. 620 

Finally, the parameter with the least influence in the study carried out was the size of the strengthening 621 

precipitates, where no clear trend could be deduced from the experimental data analyzed. 622 

Based on the experimental results, an analytical model was then proposed which considers the 623 

influence of the work hardening induced by the surface treatment. Several advantages of this model 624 

can be highlighted. The parameters of the model can be identified on the basis of characteristic points 625 

present on the residual stress profiles; at the surface and where the compressive residual stresses are 626 

at their maximum. As a result, only a few points are required to calibrate the model. Once identified, it 627 

can be used to predict the relaxation of residual stresses in depth if the work hardening profile induced 628 

by the surface treatment is known. The proposed model is not limited to the case of shot peening. It 629 

can now be applied to estimate the relaxation of residual stresses on components that may have a 630 

work hardening gradient in the part. As explained in the introduction, shot-peened Inconel 718 parts 631 

are subject to temperature fatigue loading. The study carried out here will therefore make it possible 632 

to decouple the effects of mechanical loading and temperature. 633 
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