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Abstract 

The objective of this paper is to discuss the application of the calibration methodology exposed in the 

previous part to shot-peened Inconel 718 specimens. Shot peening is commonly used to increase the 

fatigue life of critical parts such as Inconel 718 turbine discs. This surface treatment induces residual 

stresses, work hardening and possibly, gradients of microstructures that, in turn, affect fatigue life. 

Work hardening is a quantity that represents a set of physical and mechanical phenomena related to 

the level of disorder reached in the microstructure of the material.  Work hardening is seldom taken 

into account in fatigue life assessment mainly because it is not possible to characterize this quantity 

directly. We propose to use the calibration methodology (see part I of this paper [1]) on samples shot 

peened with several conditions. The three complementary experimental techniques (microhardness, 

XRD and EBSD) are then used to determine through correlation curves the work hardening gradients. 

The methodology for characterizing the work hardening within shot peened specimens is first pre-

sented. A discussion of the applicability of the method in this context is then provided. The results 

obtained for the different characterization methods and microstructural effects are analyzed in two 

different sections. Finally, the influence of shot peening conditions on residual stresses and on work 

hardening is discussed, showing the interest of the proposed procedure to obtain a real picture of 

the mechanical state after shot peening. 

 

Keywords: Inconel 718; shot peening; work hardening; residual stresses; XRD  
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1 Introduction 
 

Surface enhancement methods, such as shot peening, are widely used in the aerospace or 

automotive industry to improve the fatigue life of critical components like turbine disk, turbine blade 

or connecting rod. These processes are the object of important research and development in order to 

optimize process conditions with the general objective of increasing the security of the structures 

while reducing their weight and cost [2].  

In order to accurately assess the fatigue life, the knowledge of all the mechanical fields related to the 

loading history applied to the material during the shot peening process is of primary importance [3]. 

These surface treatments generate compressive residual stresses near the surface of the component 

that tend to delay fatigue crack initiation and prevent their propagation [4], [5]. However, the residual 

stresses are not the only quantity that influences the fatigue life. The level of work hardening 

generated during the process can also have a significant impact [6]. Prevey observed that the 

evolution of the mechanical fields during thermo-mechanical cyclic loadings, in particular the 

relaxation of the stress state, is strongly influenced by the initial work hardening level. For the same 

amount of residual stresses observed locally, the level of work hardening may also significantly vary. 

Shot peening is thus a complex mechanical treatment that induces residual stress, strain gradients, 

and high plastic deformation values. To understand the impact of this process on fatigue life, it is 

crucial to understand the influence of work hardening and therefore be able to quantify this 

phenomenon. 

Many authors have proposed methodologies to evaluate work hardening from calibration methods 

[7]–[10]. However, the few studies carried out in the literature to determine the work hardening 

induced by shot peening have shown limitations in the application of these methodologies based on 

the exploitation of XRD, EBSD and microhardness characterization techniques [7], [11]–[13]. Shot 

peening is a mechanical treatment consisting of repeated high speed impacts on the surface of the 

treated part [14]. This generates an important strain rate gradient on the subsurface of the material, 
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gradient that depends on time and process conditions. Numerical simulations have demonstrated 

that, during shot-peening, the value of the local strain rate varies from 10-3 up to 104 s-1 [15]. Thus, 

several questions remain open: how, in particular, these strain rate variations affect the work 

hardening evaluation? Moreover, microstructural variations may be observed following the 

application of the process [16]–[18]. It could be of interest to assess the influence of the 

microstructure on the work hardening induced by shot peening in order to understand the possible 

consequences on the fatigue life. Few results are available in the literature on the quantification of 

work hardening after shot peening but none discuss the effects of the microstructure.  

In Part I [1], it was shown that XRD, EBSD and microhardness are sensitive to the microstructure and 

work hardening state. For each technique and considered microstructure, a calibration curve has 

been proposed. The objective of this paper is to apply these three techniques on shot peened 

specimens and compare their ability to evaluate shot peening induced work hardening. By mean of 

the calibration methodology adopted in part I, it is now possible to take into account the 

microstructure effect. The study of three microstructures aim to taking into account different 

microstructural states for a given alloy, here IN718. These microstructural changes can result in size 

changes of grains and/or precipitates. Therefore, three microstructures were considered in order to 

account for grain and precipitate size coarsening. Both “coarse grain” and “coarse grain and 

precipitate” microstructures were derived from the Direct Aged state, using specific heat treatments. 

In this paper, we first present the material, the shot-peening conditions and the characterization 

procedures used on the shot-peened samples. Then, in the following parts, the results are presented 

and discussed. We first verify the fact that the calibration procedure is relevant to evaluate work 

hardening in shot peened samples. For this purpose, the shot peened samples are characterized 

using all three characterization techniques (XRD, microhardness and EBSD) and precautions and 

hypotheses for the application of the calibration method on shot peened samples are discussed. A 

focus is made on aspects rarely discussed in the literature: influence of shot peening on grain size and 

crystal orientation and effect of strain rate on work hardening profiles. In the second part, results 
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obtained for the different characterization methods are analyzed. Then, the effects of the 

microstructures on work hardening profiles following shot peening are discussed. Finally, the 

influence of shot peening conditions on residual stresses and on work hardening is discussed, 

showing the interest of the proposed procedure to obtain a realistic picture of the mechanical state 

after shot peening. 

 

2 Materials and methods 

2.1 Material and shot peening conditions  

The shot peened samples investigated in this study have been extracted from a turbine disk 

constituted of a Direct Aged Inconel 718 (DA). The initial microstructure has been modified such that 

three microstructures of this alloy have been investigated. Details concerning the heat treatments 

that have been applied to obtain these microstructures and their characterization in the un-shot 

peened state are given in the part I of the present work [1]. The first microstructure is the reference 

microstructure (mean grain size around 4.2 µm and strengthening precipitates with a size of about 20 

nm) obtained directly after forging and corresponding to the “as-received” material. The second 

microstructure is a coarse grain microstructure (mean grain size of about 35 µm and strengthening 

precipitates about 20 nm in size). The third microstructure includes coarse grains and coarse 

strengthening precipitates (mean grain size approximatively equal to 35 µm and strengthening 

precipitates of about 200 nm).  

The samples that have been shot peened are parallelepipedic with a size of 20x15x10 mm. Before 

shot peening, all samples have been mechanically polished to a mirror polished surface to remove as 

much as possible residual stresses and work hardening induced by machining. XRD measurements 

have been carried out to verify that the samples were free of residual stresses (Figure 10).  

The samples have been shot peened on one of the largest surfaces (see Figure 1) using a conventional 

shot peening nozzle and S110 steel shot. Three shot peening conditions (SP) were applied on 
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different samples. The used shot peening conditions were chosen for two reasons. They are 

commonly applied on industrial components and they induce very different gradients of residual 

stresses and work hardening. The latter is essential for validating the proposed methodology.  

The shot peening parameters are gathered in Table 2 following the NFL 06-832 AFNOR norm [14].  

In the shot peening process, the number of runs of the shot peening nozzle defines the exposure 

time, that itself defines the coverage, corresponding to [14]. The choice was made here to adapt the 

number of runs of the nozzle in order to obtain the same coverage for the samples composed of the 

three microstructures and for a given shot peening condition. A protocol with respect to the coverage 

had to be defined because, for a given shot peening condition, the impacts observed on the two 

coarse grain microstructures are bigger than the ones observed on the DA microstructure. This is 

confirmed by the values of microhardness (for zero plastic strain) reported in Figure 4 part I of this 

article for the three microstructures. Also, it has been observed that the yield strength of coarse grain 

microstructures is lower than the one of the DA microstructure: RP0.2 values at 20°C: 1300 MPa for DA 

microstructure, 1200 MPa for coarse grain microstructure and 1120 MPa for coarse grain and coarse 

strengthening precipitate microstructure; this is visible in the stress-strain curves presented in Part I. 

The number of runs applied to these microstructures is thus more important to ensure the same 

coverage as the one observed on the DA microstructure. For example, 38 runs were necessary to 

achieve 125% coverage with SP1 shot peening condition in the case of the DA microstructure, 

whereas 32 runs were necessary for microstructures with coarse grains. The number of runs applied 

to each microstructure are presented in Table 1. To evaluate the influence of this choice, a third shot 

peening condition (SP3) has also been completed, for which the same number of runs has been 

applied on the three microstructures. This last treatment leads to a 175% coverage for the DA 

microstructure and a 200% coverage for the two coarse grain microstructures. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

6 

 

Name Microstructure 
Almen 

Intensity 
Coverage 

Number of runs of 

shot peening 

SP1 

DA 12-13A 125% 38 

Coarse grain 12-13A 125% 32 

Coarse grain and coarse strengthening precipitates 12-13A 125% 32 

SP2 

DA 22-23A 200% 24 

Coarse grain 22-23A 200% 20 

Coarse grain and coarse strengthening precipitates 22-23A 200% 20 

SP3 

DA 22-23A 167% 20 

Coarse grain 22-23A 200% 20 

Coarse grain and coarse strengthening precipitates 22-23A 200% 20 

Table 1. Shot peening conditions applied to the different microstructures. 

2.2 Experimental protocol for the shot peened samples 

After shot peening, the samples have been analyzed using EBSD, XRD and microhardness. All 

measurements were taken at several locations to ensure the uniformity of the surface treatment. The 

measurement procedures were similar with the one previously described in the part I of this work [1]. 

However, due to the presence of gradient in the shot peened samples, additional surface 

preparations have been necessary to establish the in-depth quantities of interest.  

The in-depth evolution of the full width at half maximum (FWHM) of the peaks and the residual 

stresses have been evaluated with XRD. The classical sin²ψ approach has been used and eleven ψ 

angles have been analyzed to determine line broadening depth profiles defined by the FWHM of a 

Pseudo Voigt profile fit. In order to be able to evaluate the quantities of interest in the depth, an 

electrolytic polishing, allowing material removal, was carried out with an average step of 40 µm. The 

material removal was controlled using a coordinate measuring machine. A correction procedure has 

been settled and showed that the material removal had a negligible impact on the residual stress 

measurements. Residual stresses and peak widths have been measured in two directions. However, 

no significant differences were revealed, confirming that shot peening introduces an equi-biaxial 

stress state in plane. The in-depth evolution of the FWHM has also been evaluated before shot 

peening and a constant value of the FWHM has been observed for all the untreated samples, as 

illustrated in Figure 10.  

To obtain the microhardness profile, the samples were cut in half in the center. All cross-sections have 
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then been prepared by mechanical polishing up to 1 μm with diamond paste followed by colloidal 

silica in order to achieve flat mirror polished surfaces free of damage. Ten microhardness 

measurements (HV0.1) per depth were then performed, providing a mean hardness value and a 

standard deviation for each depth. Each measuring line is about 20 µm apart, leading to a profile with 

about ten values in the depth. 

EBSD analyses were performed to evaluate if the applied shot peening conditions induce a change in 

grain size and crystalline orientation. For this purpose, pole figures were performed and the grain size 

distribution was plotted. The results are specifically discussed in section 2.3. The in-depth KAM 

parameter profiles were also established. To obtain this quantity, EBSD maps were analyzed by 

calculating the average of the KAM values at a given depth (KAMi). The KAM values obtained in the 

depth are thus spaced by one pixel, i.e. 0.5 µm.  

2.3 Application of the calibration procedure on shot peened samples  

The calibration procedure proposed in the part I of this work is applied to shot peened samples to 

correlate the level of work hardening with three experimental parameters: microhardness, FWHM 

determined from XRD measurements and KAM calculated from EBSD maps. The different steps of this 

analysis are presented in Figure 1. 

The interest of this study is that the procedure is applied for each shot peening condition and in 

depth for each sample: the evolutions of the microhardness, FWHM and KAM are determined. This is 

illustrated in the second box of Figure 1. 

In Part I, a calibration curve has been established for each experimental technique. Calibration 

functions have been deduced, that correlate the experimental parameter to the equivalent plastic 

strain. The equivalent plastic strain: 

𝜀𝑝 = √
2

3
𝜺𝒑: 𝜺𝒑  , 

where 𝜺𝒑 is the plastic deformation tensor, has been chosen to represent the work hardening state. 

The details concerning the determination of the calibration functions and the fitting of the 
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parameters are given in the part I of the present work.  

As illustrated in the third box of Figure 1, it is then possible to use these calibration curves reversely 

to determine the equivalent plastic deformation in a part from the experimental measurements.  

Figure 1.3 precisely describes the procedure used, by taking, as an example, the case of XRD 

measurements. Each depth is associated with a value of the FWHM, characteristic of the work 

hardening induced by shot peening. For each value of the FWHM measurements it is then possible to 

use the calibration curve to determine the equivalent plastic strain. Finally, the evolution of work 

hardening as a function of depth is derived for each analyzed sample.  

 

Figure 1. Methodology for characterizing work hardening in shot-peened samples. 
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3 Results and discussion 

3.1 Relevance of the methodology for an application on shot-peened 

samples 

In the present paper, it is proposed to evaluate the work hardening that has been generated by shot 

peening in IN718 parts. To use the methodology proposed in Part I, several conditions have to be 

verified:  

1. Shot peening modifies the state of the material on the near surface of the treated part. It is 

thus necessary to verify that the characterization techniques are able to evaluate near 

surface gradients. 

2. The range of plastic deformations used to establish the calibration procedure must be 

representative of the levels obtained during shot peening. 

3. During shot-peening, a complex loading is applied to the surface of the specimen. In order to 

be able to quantitatively evaluate the work hardening induced by shot peening, the influence 

of the type of loading (monotonous, cyclic...) on the calibration procedure has to be limited.  

4. Since the calibration is dependent on the microstructure [1], the microstructural 

characteristics (grain size and size of the strengthening precipitates) of the material should 

not change during the treatment. 

5. Shot peening induces strain rate ranging from 10-3s-1 to 103s-1 [19]. Therefore, the effect of the 

strain rate on the work hardening profiles must be evaluated in order to define the impact of 

this parameter.  

Each of these points are addressed in the following sections. 

3.1.1 Characterization of near surface gradients 

Figure 2 presents, for the DA microstructure, the in-depth profiles of the FWHM from XRD, KAM 

parameter from EBSD and microhardness HV0.1 obtained for the “as-received” (i.e. before shot 
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peening) and for SP2 shot peened samples. The Figure 2 shows that the measured parameters are 

homogeneous in the as-received material and that the three methods are able to capture an 

evolution of the measured quantity after shot peening. For the three techniques, a strong gradient 

appears near the surface to reach a plateau deeper in the material. These two phases correspond 

respectively to the work-hardened region and an in-depth region free of plastic deformations. In this 

last region, the shot-peened material exhibits values that are similar to the as-received material.  

 

Figure 2. Evolution for the DA microstructure of KAM, FWHM and HV0.1 parameters as a function of depth for 

the as-received and shot peened samples (SP2).  

Further, the KAM mapping obtained for the DA microstructure after application of SP1 and SP2 

surface treatments are presented in Figure 3. As expected, these mappings show that the more 

severe the applied shot peening condition, the higher the KAM parameter and the greater the 

affected depth.  
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Figure 3. Local misorientation EBSD maps for the as-received and shot peened DA microstructure. 

Figure 4 presents local misorientation EBSD maps obtained for the three studied microstructures 

after SP2. A gradient is clearly visible near the surface for the three microstructures. The difference in 

local misorientation due to the grain size is also visible especially because the KAM parameter is 

higher at the grain boundaries. It should be noted that the effect of the surface treatment is globally 

homogeneous for a given depth.  

It can then be concluded that the techniques used for the evaluation of work hardening are able to 

evaluate near surface gradient and capture the modifications caused by shot peening. 

 

Figure 4. Local misorientation EBSD maps for the three studied microstructures shot peened in SP2. The grain 

size for the DA microstructure is 5 µm and 35 µm for the two coarse grain microstructures. 
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3.1.2 Plastic strain range  

The level of plastic strain that is reached in shot peening may be very important : a plastic strain of 

approx. 30 to 40% can be generated at the surface of a shot peened specimen [7]. The mechanical 

tests classically performed in a laboratory generate a limited amount of plastic strains; this is 

particularly the case if the method is calibrated with tensile tests alone. The range of strain used to 

establish the calibration may then be much smaller than the level achieved during the shot peening 

process. To overcome this limitation, compressive tests have been carried out in this study to explore 

high plastic strain levels (see section 2.2 of part I), representative of what is encountered in shot 

peening processes [19].  This precaution is of particular importance for the EBSD characterization 

method since the observed saturation of the KAM parameter can lead to an underestimation of the 

hardening state in the material [12], [20].  

3.1.3 Influence of the loading type  

The loading and deformation paths that are imposed on the material during shot peening are 

complex. An impact is local and induces non-proportional loading. Also, the local repetition of the 

impacts could be assimilated to cyclic loading such that cyclic effects are to be considered [21]. Thus, 

the proposed methodology is applicable only if shot peening induces a material state that is similar to 

the one observed after the mechanical tests used for the calibration. Prevey investigated this point on 

two materials, Inconel 718 and Rene95 [7]: he demonstrated that the FWHM of the XRD signal 

produced by a known amount of plastic strain is independent of the deformation process. In the 

same way, Soady et al. demonstrated that the results obtained with three characterization techniques 

(XRD, EBSD and microhardness) are also independent of the loading conditions (compression or 

tension) for a tempered martensitic steel [12].  

The shot peening process should thus not induce significant cyclic softening or hardening in the 

material [12]. Such cyclic effects could effectively lead to a modification of the peak width of the XRD 

signal. It would then be difficult to distinguish the respective contribution of cyclic effects and work 

hardening on the peak width change. Cyclic softening phenomena have been observed in Inconel 718 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

13 

 

superalloy, but they remain relatively small at 20°C (less than 50 MPa) [22].  

Our work, presented in part [1] confirms these results: the mechanical tests carried out to obtain 

different hardening states show that the proposed methodology remains valid for any type of loading 

conditions, monotonic or cyclic, tension or compression.  

3.1.4 Influence of shot peening on grain size, crystal orientation and 

strengthening precipitates 

A significant influence of the material microstructure on the calibration curves has been observed 

(see section 4 of part I). The evaluation of work hardening in shot peened samples is therefore 

relevant only if the microstructural modifications induced by the treatment are limited. Because 

microstructural modifications have been reported in the literature for specific shot peening 

conditions [23], it appears necessary to verify if the microstructure has been modified in the samples 

under consideration. For this purpose, the grain size distribution has been evaluated along with the 

mean grain orientation obtained with a pole figure. This quantity has been measured on the same 

sample and on the same area as where the misorientation EBSD maps exposed in Figure 4 were 

evaluated. Two characteristic zones have been defined: the zone affected by the process and the as-

received area, in the core of the material. For the DA microstructure, Figure 5.a compares the grain 

size distribution obtained after SP2 shot peening (the most severe treatment conditions) to the as-

received material. A qualitative comparison of these diagrams shows that no major microstructural 

modifications are induced by the process. Figure 5.b and Figure 5.c further present the pole figures 

and grain size histograms obtained in the two zones. This confirms that the shot peening treatment 

applied in this study impacts neither the grain size nor the texture of the material: the pole patterns 

are indeed similar. The grain size distributions exhibit no major differences between the near-surface 

area and the core area. The same evaluations have been performed for the two coarse grain 

microstructures but the results are not presented here because they lead to exactly the same 

conclusion.  
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Figure 5. Grain size and crystallographic texture comparison between the shot peened (SP2 condition) and as-

received materials obtained for DA microstructure. 

SEM images have been also acquired at various depths to evaluate the influence of shot peening on 

the size and distribution of the strengthening precipitates. Figure 6 shows SEM images obtained at 
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different depths (near the surface, at 10 µm, 50 µm and 200 µm below the shot peened surface) for 

the coarse grains and coarse strengthening precipitates microstructure. No major modifications on 

strengthening precipitates size have been observed for the three microstructures.  

In the end, these analyses validate the fact that shot peening did not generate microstructural 

changes in the samples of this study.  

 

Figure 6. SEM images at different depth for the coarse grains and coarse strengthening precipitates 

microstructure after SP2 shot peening. 

 

3.1.5 Influence of the strain rate on the work hardening profiles obtained 

after shot peening 

Numerical simulations of shot penning demonstrate that a strong gradient of strain rate is generated 

by the impacts, varying from 10-3 s-1 to 104 s-1; the highest strain rates are obtained at the surface of 

the shot peened specimens and decreases rapidly in depth [15], [19]. The calibration procedures that 

have been proposed in the literature to evaluate work hardening have been constructed with quasi-

static tests [7]–[10]. It seems relevant to estimate the impact of the strain rate on the evaluation of 

work hardening on shot peened samples. In a previous study, the level of work hardening has been 

correlated to FWHM data for quasi-static (10-3 s-1) and high (103 s-1) strain rate loading conditions [1]. 

This experimental campaign has been performed for the DA microstructure alone because of its 

interest from an industrial point of view. Moreover, this strain rate analysis has been restricted to the 

FWHM evaluation to limit the experimental campaign. Figure 7.a presents the calibration curves 
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obtained for the two strain rates: for a given plastic strain, an increase in strain rate leads to an 

increase in the FWHM value; note that these results are in agreement with the observations made by 

Hoffmeister et al. [8]. 

Using the calibration method (see Figure 1 in section 2.3) the work hardening is evaluated on the shot 

peened samples for the calibration curves corresponding to these two strain rate values. Figure 7.b 

presents the results obtained for the DA microstructure considering that the strain rate is constant in 

depth. It clearly appears that the strain rate affects the work hardening profiles obtained after shot 

peening, especially in the area next to the surface of the specimens. For the SP1 shot peening 

condition, the work hardening values reach 10% for a strain rate of 103 s-1 whereas they reach 25% for 

a strain rate of 10-3 s-1.  For the SP2 shot peening condition, the work hardening values reach 25% for 

a strain rate of 103 s-1 while they reach 45% for a strain rate of 10-3 s-1. 

To fully consider the influence of the strain rate gradient and its history for shot peened samples a 

complex analysis would be required. First, the number of tests to be carried out on the same 

microstructure would increase significantly since it would require a calibration curve for several strain 

rates. In addition, the in-depth variation of the strain rate is only accessible via a finite element 

simulation of the shot peening process. Furthermore, even if we restrict ourselves to the surface, the 

strain rate is not constant in time during the different shot impacts. Implementing such a calibration 

procedure could thus be of interest as a future step in the method. The analysis made here by using 

two extreme values of the strain rate offers the advantage of proposing limit values as a function of 

the depth of the work hardening level. Our results clearly show that work hardening could be 

underestimated if the highest strain rate is considered while considering a quasi-static loading could 

strongly over-estimate the work hardening.  
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Figure 7. a) Strain rate influence on the calibration curve obtained by XRD method on the DA microstructure, 

b) Impact of strain rate on work hardening determination in the case of SP1 shot peened DA, c) Impact of 

strain rate on work hardening determination in the case of SP2 shot peened DA microstructure. 

3.2 Work hardening after shot peening: comparison of the three 

characterization techniques. 

Using the methodology developed in [1], the gradient of work hardening is now evaluated in the shot 

peened samples within the scope of the hypotheses discussed in the previous section. As a first step, 

the three characterization techniques are compared with each other.  

The evolution of the work hardening profiles obtained with the three characterization techniques is 

presented in for the DA microstructure and for the two shot peening conditions. As discussed in the 

previous section, the calibration has been established for two strain rates, 10-3 s-1 and 103 s-1 

respectively. Figure 8 clearly shows that the three techniques are able to produce a work hardening 

evaluation that is, as a whole, coherent with what could be expected. The three techniques produce 

work hardening values that are analogous for a given shot peening condition (except for 

microhardness in SP1; this point is discussed below). For a given depth, the work hardening evaluated 

by EBSD is: 

‐ in the case of SP1, comprised between the values obtained with the calibrations made with 

XRD for each respective strain rate. 
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‐ in the case of SP2, similar to the curve obtained by XRD for the 103 s-1 calibration and by 

microhardness.   

As expected, work hardening decreases with depth and the affected area and work hardening levels 

are lower for SP1 than for SP2. Moreover, for the two shot peening conditions, EBSD and XRD 

methods feature a similar affected depth, corresponding to the depth that is known to be affected by 

shot peening for these conditions [6], [24]. This affected depth is also coherent with the results 

obtained with EBSD for both shot peening conditions (see Figure 3 and Figure 4). The calibration 

procedure demonstrates here one of its interests. Indeed, when KAM and FWHM evolutions are 

directly plotted as a function of depth for shot peened samples (see Figure 2), the affected work 

hardened depth is wider for XRD method; this is identified by the arrows: the work-hardened depth 

for the SP2 shot peening condition is 100 µm for the KAM parameter and 150 µm for the FWHM 

parameter. These results are in accordance with what has been observed without the use of a 

calibration procedure by Foss et al. [10]. The sharp variation of the FWHM parameter for small plastic 

strains in the corresponding calibration curve (Figure 7) explains why the evaluation of the affected 

depth is, in the end, equivalent to the one evaluated with the KAM parameter.  

Concerning the microhardness, it can be seen that for the shot peening conditions presented in this 

paper, the results are more difficult to interpret. For SP1, the evaluated work hardening is nearly zero 

and does not change with depth (Figure 7). The microhardness is a quantity that depends on both the 

work hardening and the residual stresses. In the case of shot peening, the residual stresses are 

important close to the surface (see Figure 10). The results obtained for SP2 suggest that the impact of 

residual stresses on the measurement is lower as the work hardening increases. Also, remember that 

the calibration method has been performed on samples that were free of residual stresses. The 

results obtained here confirm the difficulty, to go back in the case of shot peening to a direct 

quantification of work hardening without taking into account the residual stresses beforehand in the 

analysis of the microhardness tests; this has been already mentioned in the literature [25]. Ideally, to 

exploit this technique, it would be necessary to identify the relationship between residual stress, 
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work hardening and microhardness using a series of finite-element simulations of micro-hardness 

tests with integration of the in-depth residual stress levels [25]. It could then be possible by an 

inverse method to get a consistent work hardening profile. 

The results presented in this section make it possible to validate the three characterization 

techniques to evaluate work hardening in a shot peened part even though precautions must be taken 

when using microhardness due to the presence of a residual stress field. Since XRD and EBSD give 

similar results, the study has been limited to XRD analysis for the SP3 condition in the rest of this 

study. 

 

Figure 8. Comparison of the different characterization methods for two shot peening conditions: left SP1 and 

right SP2.  

3.3 Work hardening after shot peening: microstructure effects 

The Figure 9 compares the work hardening profiles obtained for the three microstructures of Inconel 

718 superalloy (DA, coarse grain, coarse grain and coarse precipitate microstructures) The calibration 

curves established in part I for each microstructure and for each experimental technique (XRD, EBSD 

and microhardness) have been used reversely to derive the work hardening evolutions as a function 
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of the depth for different shot peening conditions. As already mentioned, two calibration curves 

depending on the strain rates have been built for XRD (and DA microstructure). Both work hardening 

evaluations are thus reported in Figure 9.a.  

Note that the results presented for SP1 and SP2, for DA microstructure, are then similar to those 

discussed in Figure 8.  

Similar affected depths can be observed in Figure 9 for the three microstructures if we focus on SP1 

and SP2 shot peening conditions. However, the effects of the microstructure appear quite different 

on the estimated values of work hardening according to the characterization technique. Results 

obtained from microhardness measurements show a clear difference between the three 

microstructures along the entire affected depth for SP2 condition. As for SP1 treatment, the evolution 

seems not consistent for the two coarse grain microstructures whereas the shot peening conditions 

are strictly the same (Almen intensity, coverage, number of runs). As already discussed, 

microhardness measurement is sensitive to both residual stress and work hardening. A consistent 

evaluation of the work hardening in shot peened samples requires taking into account the 

corresponding residual stresses. They are quite different between DA and coarse grain 

microstructures but close between the two coarse grain microstructures, as it will be illustrated later 

in section 3.4. The residual stresses seem to explain the differences between DA and coarse grain 

microstructures but not between the two coarse microstructures. A sensitivity of the microhardness 

measurements to the size of the strengthening precipitates might be pointed out. The size of the 

precipitates is effectively increased by a factor of 10 between the two coarse grain microstructures 

leading to a sensible modification of the yield strength. 

It can be expected that the work hardening state after shot peening is then impacted. However, it has 

already been mentioned in part I of the article that the indent used in this study has a rather small 

size (indent diagonal equal to 20 µm).  The analyzed volume is approximately of the same size as the 

grains for the two coarse grain microstructures. This might affect the work hardening profiles 

obtained  for the two coarse grain microstructures. In particular, the size of the precipitates could 
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increase the dispersion when the indent is carried out on a single grain. This dispersion will be 

amplified after shot peening when residual stresses and work hardening are certainly not the same 

from one grain to another. Moreover, the residual stresses obtained from XRD correspond to an 

average response of the material stress state over several grains (X-ray penetration depth is 

estimated to be between 2 and 4 µm and the size of the analyzed volume is a few millimeters wide). 

Potential differences in the stress state over one grain could not be captured. At this stage, the 

microhardness appears problematic to evaluate the work hardening after shot peening on the two 

coarse grain microstructures. 

Concerning the profiles evaluated from XRD measurements, comparable values are obtained for the 

three SP2 shot peened microstructures, except at the surface of the samples. For a depth of less than 

25-30 micrometers, differences can be observed between the three microstructures. However, the 

effect of strain rates (analyzed in section 3.1.5) is also particularly significant close to the surface. It is 

then difficult to conclude on the microstructure effect. Further investigation is required as the effect 

of the strain rates has not been evaluated for the coarse grain microstructures. The strain rate 

sensitivity may not be similar for the three generic microstructures and could explain a part of the 

gap noticed at the surface.  

Finally, concerning the EBSD technique, comparable evolutions of the work hardening can be 

observed along the entire affected depth for the three microstructures. The values are also close to 

those obtained by XRD if the points at the extreme surface are spread out. It could be concluded that 

for SP1 and SP2 shot peening conditions the work hardening is quite similar for the three 

microstructures. This seems to be consistent with the applied shot peening conditions, which are 

theoretically identical for SP1 and SP2 shot peening conditions (same Almen intensity and coverage 

for the three microstructures). As already explained in section 2.1, the treatment parameters have 

been adapted according to the microstructure to achieve the same coverage. As expected, for 

equivalent treatment conditions, the work hardening is not very sensitive to the microstructure as for 

the SP1 and SP2 shot peening conditions.  
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For the SP3 shot peening conditions the comparison between the three microstructures illustrated 

for the XRD method in Figure 9.a shows a different trend. It can then be observed that the work 

hardening obtained for coarse grain microstructures is higher along the entire affected depth in 

comparison to the DA microstructure. It is recalled that for the SP3 treatment, the same Almen 

intensity is applied as SP2. The shot-peening conditions are also identical in terms of number of shot-

peening runs for the three microstructures but not in terms of coverage. Thus, for the SP3 condition, 

the coverage is around 167% for DA microstructure and 200% for coarse grain microstructures (Table 

1). As observed in section 2, the yield stress is lower in the case of both coarse grain microstructures. 

The induced work hardening (assimilated to the Von Mises equivalent plastic deformation) is 

therefore greater for an identical applied stress as observed on the work hardening profiles after shot 

peening. This observation tends to validate the interest of using the coverage parameter to ensure 

similar trends between different microstructures in terms of work hardening profiles as for SP2 

treatment. 

It can be concluded from the observations made here that the proposed calibration procedure 

permits to quantify precisely how the microstructure affects the level of work hardening. This result 

represents an opportunity in order to get a complete picture of the mechanical state of industrial 

parts presenting microstructural heterogeneities induced by the elaboration process.  
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Figure 9. Comparison of a) XRD, b) EBSD and c) Microhardness methods to evaluate the work hardening 

evolution in the SP1 and SP2 conditions for the three studied microstructures. Note that the scale for work 

hardening is the same in the seven figures 
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3.4 Work hardening and residual stresses after shot peening: 

Influence of the treatment conditions  

The Figure 10 illustrates the influence of the shot peening conditions on the induced mechanical state 

of the material. The evolution of the residual stress profiles in addition to the work hardening is 

represented before (a) and after the three shot peening conditions (b) SP1, (c) SP2, (d) SP3. The three 

generic microstructures are compared simultaneously and the XRD technique has been chosen as it 

gives consistent results for the work hardening profiles, and also allows residual stress profiles to be 

determined.  

 

Figure 10. Residual stress and work hardening profiles obtained by XRD on the three microstructures prior to 

shot peening (a) as well as those obtained for the three peening conditions (b) SP1, (c) SP2, (d) SP3. 

As seen in Figure 10.a, the residual stresses determined on the as-received material are close to 0. 

The slightly positive values for the DA microstructure can be related to the forging step undergone by 

the turbine disc from which all the samples were extracted. On the contrary the heat treatment 

carried out to generate the coarse grain microstructures appears to have induced a complete 

relaxation of the residual stresses. After shot peening, the residual stress profiles for the SP1, SP2 and 

SP3 conditions are consistent with results reported in the literature for similar shot peening 
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treatments [7], [24].  An increase in shot peening intensity and coverage leads to a significant 

increase in the maximum compressive residual stresses, located below the surface as it can be 

observed by comparing the SP1 and SP2 conditions. The corresponding affected depth is also greater 

for SP2 than for SP1 (with the notations defined in Figure 11, zσresmaxSP1 = 50 μm; zσresmaxSP2 = 80 μm), as 

the size of the compression zone (zσres0SP1 = 175 μm; zσres0SP2 = 225 μm). On the surface, on the other 

hand, the residual stresses are relatively similar (σressurfSP1 ≈ σressurfSP2 ≈ -700 MPa) for the different 

conditions. The comparison between SP2 and SP3 conditions on the DA microstructure seems 

surprising as for a lower coverage (200% for SP2 and 175% for SP3), the compressive residual stresses 

appear higher as well as the affected depth.  Further investigation seems however necessary. The 

initial stress state of the DA microstructure induced by the forging process may have an influence on 

the residual stresses obtained after shot peening. As already mentioned, all the samples were 

extracted from a turbine disc and some dispersion could be expected in terms of residual stresses 

between different zones of the disc. This could explain the residual stress state for SP3 in comparison 

to SP2 condition. To ensure a consistent comparison between the shot peening conditions (and 

eventually between the microstructures) a preliminary step aiming to relax these initial stresses is 

certainly required. This result confirms nevertheless, what has already been observed in the literature 

[26]–[28]: the elaboration process (forging, heat treatments,…) before shot peening has a significant 

influence on the residual stresses obtained after the surface treatment. 

 

Figure 11. Notations used to describe the shape of shot-peening induced residual stress and work hardening 

profiles. 
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Concerning the influence of the microstructure, for identical shot peening conditions (same almen 

intensity and same coverage), the residual stresses differ depending on the microstructure. Coarse 

grain microstructures have similar profiles, whereas the DA microstructure presents lower 

compressive residual stresses. The grain size seems to affect the residual stress profiles contrary to 

precipitate sizes (the residual stresses being similar for the two coarse microstructures). However, as 

already mentioned, the residual stresses observed for the DA microstructure before shot peening 

could explain the difference.  

Finally, the comparison between the profiles of residual stresses and work hardening shows different 

trends. The maximum values of work hardening (assimilated to the Von Mises equivalent plastic 

deformation) are obtained at the surface of the specimen, as expected, whereas it is below the 

surface for residual stresses. In particular, the depth corresponding to the maximum compressive 

stress changes with the shot peening conditions. On the contrary, the work hardening remains 

highest at the surface regardless of the surface treatment. This observation confirms that work 

hardening is more related to a local phenomenon whereas residual stresses have to be assimilated to 

a more “structural” effect.  

The evolution of these two quantities (residual stresses and work hardening) between SP1 and SP2 

conditions is also different. While the maximum of work hardening (on the surface) is increased by 

almost 50% between SP1 and SP2, the compressive residual stresses do not change on the surface 

and an increase of less than 10% of the maximum value is observed. SP3 condition confirms on the 

DA microstructure the influence of the shot peening conditions on work hardening values in addition 

to the residual stress level. In comparison to the SP2 treatment, the work hardening decreases as 

expected while the compressive residual stresses slightly increases. As already discussed, this 

increase could be a consequence of the initial stress state prior to shot peening. The work hardening 

evaluation then gives a complementary picture of the mechanical state.  

As shot-peened parts are often subjected to thermal and/or mechanical stress, the observations 

made here are particularly interesting. It has been observed in the literature that the presence of 
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work hardening increases the relaxation of residual stresses under thermal and/or mechanical 

loading [25]-[29]. Neglecting residual stress relaxation leads to overestimate the fatigue life [30]. If, 

on the basis of residual stresses alone, it seems preferable to apply the SP2 condition to parts 

subjected to thermomechanical loading, it’s not so obvious when the work hardening profiles are 

also considered. Then, evaluating the quality of a shot peening treatment only on the knowledge of 

the residual stress profile could be insufficient to guarantee the service life of shot peened parts.  

This work provides new opportunities in the fatigue life assessment of parts. It is then possible to 

quantify work hardening on a material and analyze its influence to get more accurate estimation 

models.  

 

4 Conclusion 

The calibration methodology proposed in Part I [1] has been applied to different Inconel 718 

microstructures that have been subjected to three different shot peening conditions. 

The various limitations observed in the literature concerning the use of classical calibration procedure 

on shot peened samples have been discussed. It is shown that the application of the calibration 

procedure is relevant to assess the level of work hardening of parts after shot peening.  Some 

precautions have however to be taken. For a given equivalent plastic strain, the FWHM is higher 

when the strain rate increases. A variation in strain rate applied to the material during loading 

modifies the measured FWHM. However, it is particularly difficult to experimentally characterize the 

strain rates to which the material is submitted during shot peening: it varies in time and space. To 

overcome this problem, limit bounds for the work hardening level after shot peening have been 

estimated in the present work to account for the range of strain rates involved in shot peening. 

The capacity of the three characterization techniques (microhardness, EBSD, XRD) to evaluate a work 

hardening gradient due to shot peening was then investigated. For the shot peening conditions 

studied in this work, microhardness seems to be the least relevant to properly evaluate work 
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hardening because this method is strongly dependent on the residual stress field present in the 

material. On the contrary, EBSD and XRD methods are well adapted and provide complementary 

information. The complementarity of the XRD and EBSD techniques, which give, thanks to the 

calibration, similar results, is particularly interesting since it can lead to a better understanding of the 

deformation mechanisms occurring during manufacturing processes. 

Residual stress and work hardening profiles were also compared. It was shown that knowledge of the 

residual stress profile is insufficient to characterize the mechanical state of the material because work 

hardening provides additional information that needs to be taken into account when predicting the 

relaxation of residual stresses. 

Finally, the methodology has been used to characterize three microstructures with different grain and 

strengthening precipitates sizes. A microstructure dependency has been observed and justifies a 

calibration curve for each microstructure. With the work proposed here, different microstructures 

can now be properly compared in terms of work hardening induced by shot peening allowing an 

accurate assessment of the fatigue life of different industrial parts by taking into account not only the 

residual stress but also the amount of work hardening accumulated in the material. 
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