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Abstract 

This paper presents a methodology to define and quantify the level of work hardening locally in a 

material. The methodology is proposed after a thorough experimental study based on three 

complementary experimental techniques for microstructural characterizations: microhardness, X-ray 

diffraction (XRD) and Electron Backscatter Diffraction (EBSD) applied on Inconel 718 samples. In our 

analysis, several loading histories including single tension, single compression, high strain rates and 

low cycle fatigue have been investigated. The effects of the microstructure have been further 

investigated by modifying the size of the grains and the size of the strengthening precipitates. 

Experimental tests have also been simulated to choose a model variable able to represent work 

hardening. A reciprocal link between work hardening and experimental characterizations has then 

been established. Correlation curves have been proposed that enable to quantify the level of work 

hardening from the knowledge of the experimental data. Accuracy and complementarity of the three 

experimental approaches are discussed as well as the impact of the microstructure of the material on 

the measured quantities.  

Keywords: Inconel 718; work hardening; calibration; XRD; EBSD 
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Introduction 

In order to accurately predict fatigue behavior and crack initiation in metallic components, it is 

fundamental to possess a realistic picture of the initial state of the material.  The processes used to 

manufacture the parts have indeed introduced plastic deformation, work hardening and also may 

have changed the local microstructure of the metal. The strain incompatibilities hence generated, 

have further induced a residual stress field. Residual stresses are not the only quantity that influences 

fatigue life *1+–*9+, another relevant quantity being the level of work hardening accumulated in the 

material. Indeed, for the same amount of residual stress observed locally, the level of work hardening 

may vary. It is further observed that the evolution of the mechanical fields during thermo-mechanical 

cyclic loadings, the evolution of the stress state, in particular, is strongly influenced by this initial work 

hardening level as detailed by Prevey *1+. Thus, the initial state to be considered has to be specified, 

not only with the knowledge of the residual stress field, but also with the knowledge of the 

consequences of the load history of the material during manufacturing.  In the end, both the residual 

stress field and work hardening, have to be taken into account to define an initial state that is far 

from being the “neutral configuration” that one would wish to consider to evaluate fatigue. 

The term “hardening” has several (related) meanings depending on the communities. It is a term 

used to refer to the increase in yield stress to refer to model types and variables (like for example 

isotropic or kinematic hardening…), or to describe the level of disorder in a local microstructure. 

Further, work hardening and its effects are not only a function of the amplitude of the applied load, 

but seem to be influenced by other factors like, for example, the imposed strain rate *10+. This 

quantity is also strongly impacted by the local microstructure of the material that may further 

present a gradient in grain size, precipitate size, and that may also evolve in service *1+, *11+, *12+. 

The recent improvements of experimental techniques such as X-ray diffraction (XRD) and electron 

backscatter diffraction (EBSD) have rendered possible numerous studies correlating work hardening 

to other experimental data. Several authors have proposed procedures to quantify work hardening 
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*13+, *14+, *10+, *15+–*18+. These studies present a significant complementarity between experimental 

techniques like XRD, EBSD and microhardness *13+–*16+, *19+, *20+. In particular, Soady et al. compare 

these three techniques and propose a conversion between plastic strain and work hardening *16+. 

However, open questions remain concerning the level of work hardening reached in the material as a 

function of the initial microstructure and during the life cycles of a component. It is particularly 

interesting to investigate the influence of the local microstructure in regard to the temperature and 

the strain rates endured by the material.  

The purpose of this paper is thus to propose a methodology to define and quantify the level of work 

hardening locally in a material, taking into account the influence of the type of loading, the 

temperature, the strain rate and the microstructure. The methodology is proposed after a thorough 

experimental study based on three different experimental techniques: microhardness, XRD and EBSD 

applied on Inconel 718 samples. This material is widely used for aeronautical applications such as 

high-pressure turbine disks. The knowledge of the mechanical state is of primary importance for 

fatigue life estimation. An original method, allowing defining work hardening with respect to a 

variable of a behaviour law, is then presented. For this, numerical simulations of experimental tests 

are performed. A reciprocal link between this variable and the experimental characterizations is then 

established. The range of applicability of the procedure along with the influence of the experimental 

parameters taken into account are finally discussed. 

1 Methodology  

It is not possible to directly measure work hardening experimentally. Indeed, this term characterizes a 

set of physical quantities and mechanical phenomena related to the level of disorder reached in the 

microstructure of the material. In order to build a calibration procedure able to evaluate work 

hardening, four steps have been followed as described in the next paragraphs: 
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First, a large set of mechanical tests has been performed to evaluate the influence of the following 

parameters: 

‐ The type of loading: 

Classical uniaxial tensile tests have been performed along with cyclic tests and compressive 

tests. The objective was to investigate different types of loadings at various levels of plastic 

deformation. The compressive tests enabled to reach higher strain rates.  Fatigue tests have 

also been performed to evaluate the influence of cyclic loading.   

‐ The temperature:  

Two temperatures have been investigated the ambient temperature (20°C) and 550°C. The 

latter has been chosen to represent the life cycle conditions of the material and to enable 

comparison with experimental data available in the literature *21+.  

- The strain rate: 

A quasi-static strain rate of 10-3 s-1 has been chosen for tensile and compressive tests. The 

cyclic tests have then been performed with the same 10-3 s-1 for comparison. Compressive 

tests with higher rates have been finally completed to consider conditions representative of 

what could be encountered during manufacturing processes. 

- The microstructure:  

Three microstructures have been investigated to evaluate the influence of grain and 

precipitate size on work hardening and the sensibility of the calibration procedure. 

 

Table 1 presents an exhaustive description of the experimental campaign completed in this study. To 

facilitate the interpretation of the data, colored symbols have been associated to each test condition; 

this graphic code is applied throughout this article. Section 2.2 details the experimental conditions of 

the tests. 
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The second step consists in identifying experimental quantities able to represent work hardening in 

the material. Three experimental methods: microhardness, XRD and EBSD, have been applied to the 

samples for characterization. Several quantities have been measured that are related to the level of 

defects in the microstructure. These quantities are the microhardness, the peak width of the X-ray 

diffracted signal (FWHM, full width at half maximum), the kernel average misorientation (KAM) 

issued from EBSD measurements. Both the intensity of each quantity and its evolution with the load 

have been monitored. These three experimental quantities have been chosen because they give a 

complementary evaluation of the state of the material. The experimental conditions for these three 

techniques are detailed in section 2.3 along with their definitions and the justification for this choice. 

Table 1 presents the type of experimental measurements performed on each sample. 

We have next identified a model variable able to quantify work hardening. The third step consists 

thus in modelling each of the mechanical tests performed on the different samples, as described 

above in step 1. An elasto-plastic model has been chosen to describe the material and several 

variables have been identified as potential candidate to represent work hardening in the material. 

The numerical results obtained after computation have been correlated with the experimental data 

obtained in step 2. Then, the model variable that best correlates the experimental results has been 

selected to represent work hardening in the material. This is presented in section 3. 

Finally, a correlation between each experimental quantity and the variable chosen to model work 

hardening has been established. A set of functions has been built, fitting the data (see section 4). This 

set of functions can then be used to correlate experimental measurements in a given material to the 

variable chosen to represent work hardening.  

In the end, we dispose of a calibration method to evaluate work hardening locally in the chosen 

material.  
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Table 1. Test conditions for calibration specifying the microstructure, the applied load, the range of plastic 

deformation that has been reached, the temperature, the strain rate, the experimental techniques used on 

each sample and the graphic code used in this article. A total of 30 tests has been performed.  

Microstructure 
Test 

condition 
Quantity 

Range of 

plastic strain 

Temperature 

(°C) 

Strain rate 

(s
-1

) 
Technical analysis Symbol 

Direct Aged 

Tensile 5 *0.05-0.15+ 20 10
-3

 
XRD, EBSD, 

Microhardness  

Tensile 2 *0.01-0.015+ 550 10
-3

 XRD 
 

Compressive 3 *0.3-0.4+ 20 10
-3

 XRD, EBSD 
 

Compressive 5 *0.1-0.3+ 20 > 10
3
 XRD 

 

Cyclic 1 *0.0008, 0.009+ 20 10
-3

 XRD, EBSD 
 

Cyclic 1 *0.0006+ 550 10
-3

 XRD 
 

Coarse grain 

Tensile 5 *0.05-0.15+ 20 10
-3

 
XRD, EBSD, 

Microhardness  

Compressive 3 *0.3-0.4+ 20 10
-3

 XRD, EBSD 
 

Coarse grain and 

coarse 

strengthening 

precipitates 

Tensile 5 *0.05-0.15+ 20 10
-3

 
XRD, EBSD, 

Microhardness  

 

2 Experimental campaign  

2.1 Inconel 718 

All the samples have been extracted from an Inconel 718 Direct Aged (DA) turbine disk, the 

composition of which is given in Table 2. Three microstructures of this alloy have been investigated. 

The first microstructure (named Direct aged microstructure in the following) is the reference 

microstructure, obtained directly after forging and corresponding to the “as-received” material. The 

two other microstructures correspond to the reference microstructure further modified by applying 
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either one of the following heat treatments: 

‐ The second microstructure is a coarse grain microstructure obtained through an annealing at 

1040 °C during 30 minutes (temperature above the δ phase solvus), followed by a δ phase 

precipitation treatment at 955 °C for one hour, next followed, by the conventional γ’+γ’’ 

precipitation treatment, performed at 720 °C during 8 hours, itself followed by a cooling at 

50 °C/h and finally, an aging at 620 °C for 8 hours.  

‐ The third microstructure includes coarse grain and coarse strengthening precipitates 

obtained with the same heat treatment sequence as the second one, except for the final 

precipitation treatment of the γ’ and γ’’ phases: an over aging at 750 °C for 50 hours is 

applied instead, in order to modify the size of the precipitates. 

Note that a color code is used to reference the three microstructures as presented in Table 3; this 

code will be used throughout this article. 

The characterization of the microstructures has been carried out by scanning electron microscopy 

observations and backscattered electron analyses (see Table 3). The mean grain size and the mean 

size of the strengthening precipitates of these three microstructures are further detailed in Table 3. A 

grain size of about 5 µm is obtained for the direct aged microstructure while grains of about 35 µm 

are obtained for the two other microstructures. The strengthening precipitates have similar sizes in 

the direct aged microstructure and the coarse grain microstructure (10 to 20 nm), whereas the size of 

the strengthening precipitates is ranging from 100 to 200 nm for the coarse grain and coarse 

strengthening precipitate microstructure.  In addition to the strengthening precipitates, Inconel 718 is 

composed of a δ phase, a stable version of the γ'' phase that controls the grain size. Nitrides and 

carbides are also present and have a size in the order of 10 to 15 µm. Note that heat treatments 

performed to modify the microstructure do not influence the presence of the nitrides and carbides. 

The delta phase, which is dissolved during the annealing at 1040°C, is re-precipitated with a size and a 

volume fraction which is similar to the initial ones.  
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Thus, comparing the reference microstructure (direct aged microstructure) and the coarse grain 

microstructure enables to evaluate the influence of the grain size. The comparison of the coarse grain 

microstructure with the coarse grain and coarse strengthening precipitate microstructure enables to 

evaluate the influence of the size of the hardening precipitates.  

 

Table 2. Composition of the Inconel 718 DA Alloy provided by the manufacturer (Wt%). 

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 3. Scanning electron microscopy observations and mean grain size and size of the strengthening 

precipitates for the microstructures investigated. Throughout this article, the reference microstructure is 

always referenced in blue, the coarse grain microstructure in red and coarse grain and coarse strengthening 

precipitate microstructure in orange. 

 

Direct Aged 

microstructure 

Coarse grain 

microstructure 

Coarse grain and coarse 

strengthening precipitate 

microstructure 

Grains 

  

 

Strengthenin

g precipitates 

 

 

 

Mean grain 

size (µm) 
4.2 34.7 36.8 

Strengthenin ~ 10 - 20 ~ 10 - 20 ~ 100 – 200 

200 nm

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



9 

 

 

g precipitates 

size (nm) 

 

2.2 Mechanical tests 

The samples have been submitted to different types of loading able to generate plastic deformation.  

During the tests, the mechanical fields are controlled to remain homogenous throughout the gauge 

length of each sample. Precautions have thus been taken to insure that the samples are free of 

residual stresses at the end of the test. Stress and strain levels were monitored as a function of time 

throughout the tests. The experimental settings, specific to each applied load, are detailed below.  

The uniaxial tensile tests and fatigue tests have been performed on a MTS machine with a force cell 

of 10 kN, a controlled strain rate of 10-3 s-1 and an extensometer to determine the strain. The samples 

were cylindrical with a diameter of 4.37 mm. For the tensile tests, five levels of plastic deformation 

have been investigated; Table 4 presents the values that has been reached in each sample. Figure 1 

presents the stress strain curves for each test. The cyclic tests were strain controlled and performed 

with the same rate as the tensile tests, for two levels of plastic deformation as specified in Table 1 

and for a strain ratio equal to zero.  

The quasi-static compressive tests have been performed on an Instron 5584 machine with a force cell 

of 150 kN. The samples were cylindrical specimens with a diameter of 6 mm and a height of 6 mm. 

The strain rate was controlled at 10-3 s-1. The results are presented in Table 4. 

The high rate compressive tests have been performed on several Hopkinson type devices in the 

facilities of CRED (Centre de Ressources en Essais Dynamiques) *22+. A rapid camera could monitor 

the tests to evaluate the global compressive displacement of the cylinder as a function of time with a 

precision of 0.05 mm. Several strain rates have been tested between 1100 s-1 and 4100 s-1. The 

spanned interval of plastic deformation is ranging from 0.1 to 0.3.  
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Figure 1. Experimental stress strain curves of the tensile tests for the three microstructures and for the 

various end-levels of plastic deformation. 

 

Table 4. Values of the plastic deformation reached in the samples submitted to tensile and compressive tests 

as illustrated in Figure 1 and for the three microstructures. 

 Plastic deformation 

Test number 
Test  

condition 
Direct aged Coarse grain 

Coarse grain and 

coarse strengthen-

ing precipitate 

1 

Tensile 

10-3 s-1 

0.019 0.019 0.020 

2 0.058 0.059 0.058 

3 0.097 0.098 0.098 

4 0.138 0.114 0.139 

5 
Compressive 

10-3 s-1 

0.323 0.377 - 

6 0.326 0.397 - 

7 0.38 0.387 - 

 

2.3 Material characterization 

After deformation, the different samples have been characterized using microhardness technique, 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



11 

 

 

XRD and EBSD. The experimental conditions for these measurements are presented in the following 

sections. 

2.3.1 Microhardness measurement technique 

This technique, relatively easy to implement, is sensitive to several parameters and in particular to 

the microstructure, the work hardening level and the residual stresses in the material. Microhardness 

has long been used to evaluate the yield strength of polycrystalline materials *23+–*25+. The link 

between microhardness and yield strength could be explained by strain hardening and the associated 

increase in dislocation density that raises the resistance to plastic strain. 

The samples have been extracted from the test specimens by cutting; it has been verified that they 

were free of residual stresses. All cross sections have been prepared by mechanical polishing up to 

1 μm with diamond paste followed by colloidal silica in order to achieve mirror polished flat surfaces 

free from damage.  

The tests have been performed on a BUEHLER device using a Vickers indenter (pyramidal shape) with 

a load of 100 grams for 10 seconds. The observation of the indents showed that their diagonal was 

20 m on average.  This load was chosen to obtain indentation sizes allowing the calibration method 

to be used to evaluate microhardness gradients at depth.  To evaluate the hardness of a given 

sample, 10 indents have been performed on its surface and averaged. The state of the material is 

thus evaluated on a volume of approximately 1300 µm3. This volume includes more than one grain 

for the DA microstructure and less than one for the coarse grain microstructure and coarse grain and 

coarse strengthening precipitate microstructure. The results are presented in section 4.1. 

2.3.2 X-ray Diffraction 

X-ray diffraction techniques allow an indirect evaluation of work hardening with the determination of 

the peak width of the diffracted signal. Several parameters can lead to a variation in this width, 

coming from instrumental and experimental contributions. The experimental contribution depends 
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in particular on the size of the grains and substructures, the work hardening of the material and the 

different phases involved *26+. Because the analyzed volume is usually large compared to the size of 

the grains, the values of the full width at half maximum of the peaks (FWHM) display information on 

both intergranular and intragranular work hardening.  

A Seifert PTS diffractometer with a Co-K tube radiation (Co-K= 1.79 Å) has been used to perform 

the measurements on the 311 diffraction peak at a 2θ angle of about 111° (accelerating voltage: 20 

kV, nominal current: 4 mA). The sample preparation is identical to the one performed for 

microhardness measurements. With these conditions, the 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. 

The X-ray data have been processed with classical methods *26+. The diffraction peaks have been 

modelled by a pseudo-Voigt function, and the FWHM of this function has been evaluated. The 

classical sin²ψ method combined with material removal by electrochemical etching has been used to 

determine the residual stress profile in each studied specimen (results not presented in this paper) as 

well as the in-depth line broadening profile defined by the FWHM. For each depth, an average taking 

into account eleven ψ angles have been used to estimate the FWHM parameter. The results are 

presented in section 4.2. 

2.3.3 Electron BackScatter Diffraction 

This technology is used to identify crystallographic phases, grain size and crystallographic local 

orientations. Several authors have highlighted a relationship between local misorientations 

determined by EBSD and the accumulation of geometrically necessary dislocations *27+. We have 

chosen to evaluate a kernel average misorientation (KAM) parameter from the EBSD measurements. 

The KAM parameter represents the average value of the misorientation between the considered pixel 

and its N first neighbors, i.e. the Nth first adjacent pixels (Figure 2). A correlation between KAM and 

plastic strain has been found in several papers for nickel base alloys and steel materials *14+, *18+, 
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*28+. 

The volume analyzed by EBSD is of a few micrometers in depth for surfaces up to hundreds of square 

micrometers. This is much smaller than the volume analyzed with X-ray diffraction. This technique 

gives thus a very local information on the material, and, depending on the device, the resolution can 

be as fine as hundreds of nanometers. It gives access to a partial quantification of the dislocation 

density, since only the geometrically necessary dislocations are detected *27+, *29+. These dislocations 

are characteristic of a non-uniform plastic deformation of the material, preferentially localized on the 

grain boundaries *14+, *30+. As the geometrically necessary dislocations density is mainly sensitive to 

activities close to the grain boundaries, the KAM value measured by EBSD are sensitive to the 

microstructure.  

The sample preparation was identical to the one performed for X-ray diffraction and microhardness 

measurements followed by a final ion polishing to eliminate any strain hardening induced by previous 

mechanical polishing steps. 

The data has been collected using a NORDIF CD camera operating at 30 fps coupled to a MERLIN 

Scanning Electron Microscope operating at an accelerating voltage of 20 kV and a nominal current of 

40 nA. The square pattern size corresponds to 1024 x 512 pixels for 512 x 256 µm2 fields, with a step 

size of 0.5 µm. Under these conditions: 

‐ 10 pixels are dedicated to each grain on average, for the finest microstructure (remember 

that the finest microstructure has a mean grain size of 5 µm), 

‐ 20 grains are investigated in the width of the EBSD window on average for the overall field for 

the coarse microstructure (remember that the coarse microstructure has a mean grain size of 

40 µm). 

The chosen resolution is thus sufficiently refined to enable accurate measurements and analyses. 

Further, the influence of the parameter N in the KAM computation has been evaluated. The value of 

N has been varied and the results show that there is no influence of this parameter in the present 
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study. Its value has thus been set to one. The KAM values displayed in sections 3 and 4 correspond to 

the mean values of the observed fields. The results are presented in section 4.3. 

 

Figure 2. Evaluation of the KAM parameter: misorientation between the considered pixel, at the center, with 

respect to its N first neighbors (N = 3 for the neighbors in red). 

3 Choice of a model variable to evaluate hardening 

The expression work hardening describes a complex reality associated to the set of physical 

phenomena observed in metals when submitted to irreversible deformations. To establish a 

calibration procedure, it is necessary to select a model quantity that is able to capture enough of 

these phenomena to be able to characterize a work hardening state. The objective of this section is 

thus to explore different classical variables defined in constitutive models for plasticity in order to test 

whether they could be qualified to quantify work hardening. All the experimental tests described in 

Table 1 have thus been numerically simulated and the results correlated with the experimental 

measurements.   

3.1 Model for plasticity 

The chosen constitutive model is an elasto-visco-plastic model proposed by Chaboche et al. *21+. In 

this model, the total strain tensor 𝜺 is additively decomposed into the elastic 𝛆𝒆 and plastic 𝛆𝒑 strain 

tensors. The elastic domain is defined by f≤0 in the stress space   with: 
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f=J(-X)-R  Eq. 1 

where the function J returns the von Mises invariant, R indicates the size of the instantaneous yield 

condition and X is the back stress tensor. The plastic strain rate tensor �̇�𝒑 is obtained with the flow 

rule, using the normality assumption:   

 �̇�𝒑 =   �̇�
𝛛𝒇

𝛛𝝈
  Eq. 2  

where the dot represents the differentiation with respect to time and the plastic multiplier �̇� is given 

by the Norton power law: 

 �̇�  =  〈
𝒇

𝑲
〉𝒏  Eq. 3  

To model visco-plasticity. The equivalent plastic strain rate �̇� is: 

 �̇�  =  √
𝟐

𝟑
�̇�𝒑: �̇�𝒑    Eq. 4  

A non-linear isotropic hardening R is defined as the sum of several contributions indexed with “i”: 

 𝑹 =  ∑ 𝑹𝒊
𝒊 𝒘𝒊𝒕𝒉 �̇�𝒊 =  𝒃𝒊(𝑸𝒊 − 𝑹𝒊)�̇�  Eq. 5  

where the bi and Qi are material parameters associated to contribution i. Similarly, the back stress X is 

decomposed as the sum of several contributions, indexed with “k”: 

 𝑿 =  ∑ 𝑿𝒌
𝒌    Eq. 6  

with  

 �̇�𝒌 =
𝟐

𝟑
𝑪𝒌 �̇�𝒑 −  𝑫𝒌 𝝍(𝑿𝒌)𝑿𝒌�̇�  Eq. 7  

and where the 𝜓(𝑿𝑘) is: 

 𝝍(𝑿𝒌) = 〈
𝑫𝒌𝑱(𝑿𝒌)−𝝎𝒌𝑪𝒌

𝟏−𝝎𝒌
〉   

𝟏

𝑫𝒌 𝑱(𝑿𝒌)
  Eq. 8  

where 𝐶𝑘 , 𝐷𝑘 and ωk are material parameters associated to each contribution k. Note that the 

functions 𝜓(𝑿𝑘) contain a threshold effect.  

3.2 Candidate variables to represent work hardening  

Four scalar quantities have been identified in the model presented above able to represent work 
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hardening and for comparison with the experimental data: 

‐ The von Mises equivalent plastic strain 𝜀𝑝 = √
2

3
𝜺𝒑: 𝜺𝒑  , this variable represents an 

instantaneous level of plasticity, that can increase or decrease; 

‐ The cumulative plastic strain p: 𝑝(𝑡) =  ∫ �̇�(𝑠)
𝑡

0
𝑑𝑠, this variable increases only;  

‐ The von Mises equivalent kinematic hardening X=√
3

2
𝑿: 𝑿  ;  

‐ The isotropic hardening R. 

3.3 Simulation 

Each experimental test (see Table 1) has been simulated using the model detailed above with the 

material parameters for Inconel 718 given in *21+. Note that the fields are homogeneous in the test 

volume of the samples. Thus, the simulations reduce to solving numerically the chosen constitutive 

model at a given point of the test volume, given a temperature and loading history identified with the 

results of the experimental campaign. The software Zset (codeveloped by Onera and Ecole des Mines 

de Paris) has been used for these simulations *31+.  

 

3.4 Results  

The values obtained for each selected model variable have been correlated with the FWHM of the 

diffracted X-ray peaks and the KAM parameter computed from the EBSD measurements, and the 

harness values.  All the tests performed in the experimental campaign are uniaxial. It is thus possible 

to correlate the experimental data and the model variable for a given plastic deformation. Figure 3 

presents respectively the FWHM, KAM and the microhardness obtained for each sample as a function 

of the four values of the variables identified to represent work hardening and resulting from the 

simulations. These results are presented for the DA microstructure and for all types of loading; the 
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loading is identified with the color of each symbol as defined in Table 1, one symbol corresponding to 

one test sample. 

First, it is remarkable to note that, although the quantities that are evaluated by FWHM, by KAM and 

by the microhardness are different, the comparison between these quantities for each respective 

variable leads to very similar results. These figures further show that it is not possible to construct a 

reverse method using isotropic hardening and cumulative plastic strain. Indeed, for the cyclic tests, 

the cumulative plastic strain is, logically, more important than in the other samples but the FWHM 

and KAM remain in the lower range of the graph. For isotropic hardening, the values obtained for the 

cyclic tests and the compressive tests are very close, whereas the FWHM and the KAM clearly lead to 

distinct evaluations. The values of the von Mises plastic strain and the equivalent kinematic 

hardening make it possible to distinguish between all the experimental data.  

Both thus seem to be able to quantify a work hardening state. In this study, we chose the von Mises 

plastic strain because it is equal to the plastic deformation in tensile tests.  
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Figure 3. Correlation of the model variables chosen to represent work hardening with the values of the 

experimental parameters FWHM, KAM and microhardness obtained for each homogeneously loaded 

specimens for DA microstructure. 

4 Calibration curves for work hardening  

The analyses of the results presented in section 3 lead to the choice of the von Mises equivalent 

plastic strain to represent the state of work hardening in the samples. It is referred as “the equivalent 

plastic strain” for simplicity in the rest of this article. This section presents the correlation between 

the three experimental quantities (microhardness, FWHM and KAM) with this equivalent plastic 
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strain for all the samples of the experimental campaign: see Figures 4, 5 and 7. Note that each point 

on these figures corresponds to one mechanical test of Table 1. The results are analyzed and 

correlation curves are proposed up to 50% of equivalent plastic strains, fitted to the experimental 

data with a least-square method. 

 

4.1 Microhardness 

Figure 4 presents the evolution of the microhardness as a function of the equivalent plastic strain for 

the tensile tests performed on the three microstructures at 20°C. The figure shows that the 

microhardness increases with plastic strain. The variability of the microhardness evaluated at 

different points of the same sample was important; this has been observed for the three 

microstructures and for all the values of the equivalent plastic strain. The value of the error on the 

measure is thus important; the error is of the same order as the difference between the 

microhardness of each microstructure for a given equivalent plastic strain as demonstrated by the 

error bars in Figure 4.  
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Figure 4. Microhardness as a function of the equivalent plastic strain obtained for the tensile tests at 20°C 

with the respective calibration curves.  

Based on the work of *16+, a power law has been chosen to fit the experimental data presented in 

Figure 4: 

 𝐻𝑣0,1(𝜀𝑝) =  𝐻𝑣0,1(0) (1 + 𝐴𝜀𝑝
𝐵) Eq. 9 

where 𝐻𝑣0,1(0) is the microhardness in the sample without plastic deformation. Because of the 

dispersion of the microhardness values, the fit has been performed considering that the three 

microstructures followed the same power law. With this hypothesis only the Hv0.1 value is function of 

the microstructure. The values of the parameters obtained after the fitting are given in Table 5. In 

Figure 4, the curves representing the microhardness have been extrapolated up to 50% of equivalent 

plastic strain (dotted lines) with the function established by the fitting to allow a correlation at high 

equivalent plastic deformations.  
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Table 5. Values of the constants obtained for the calibration of the microhardness as a function of the 

equivalent plastic strain fitted with equation 9 for the three microstructures. 

 DA microstructure Coarse grain microstructure 

Coarse grain and coarse 

strengthening  

precipitate microstructure 

AHv 0.3 

BHv 0.53 

Hv0.1(0) 514.7 509.2 483.1 

 

It is thus possible to build a correlation curve able to relate the microhardness to the equivalent 

plastic strain as a function of the microstructure of the material. Due to the dispersion of the 

measurements obtained during the tests, the use of the calibration curve to deduce an equivalent 

plastic strain from a measured microhardness is not the most reliable. One of the issues is the size of 

the indent, and thus the size of the volume analyzed by the method. In the present study, the indent 

has a rather small size, the analyzed volume being approximately of the same size as the grains for 

the coarse microstructure and the coarse microstructure with strengthening precipitates. This fact 

might explain the irregularity of the measured hardness that, in this case, is more sensitive to the 

position of the indents (over a grain boundary or in the center of a grain). Also, the microhardness 

gives a global evaluation on the material state below the indent, sensitive to the hardening state but 

also to the residual stresses *32+. All the samples tested in this calibration study were free of residual 

stresses. If residual stresses are present in the part, the use of the microhardness to evaluate the 

work hardening level might be more problematic. For all these reasons, the microhardness 

measurements were performed only on the samples submitted to tensile tests at 20°C. Nevertheless, 

this technique is relatively easy to perform and further investigations on its capacity to evaluate the 

hardening state of the material might be of interest. 
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4.2 FWHM from X-ray Diffraction 

The correlation between the FWHM obtained by X-ray diffraction and the equivalent plastic strain is 

presented in Figure 5. The results show that the FWHM increase with the plastic strain and that this is 

function of the strain rate and the microstructure. The increase of the FWHM is important for low 

equivalent plastic strains (below 2%) and becomes moderate and linear for higher strains. For the DA 

microstructure and for a strain rate of 10-3 s-1, the temperature and loading conditions (tensile, 

compressive or fatigue tests) have no influence on the measured FWHM value. Indeed, experimental 

points resulting from these tests induce a common evolution (thin blue line). In contrast, for a given 

equivalent plastic strain, the FWHM is higher when the strain rate increases (thick blue line). The 

measured FWHM is sensitive to the strain rates at which the tests have been performed in this study.  

Further, the two modified microstructures present a similar evolution of the FWHM that is smaller 

than the FWHM obtained for the DA microstructure for a given equivalent plastic strain. Figure 5.b 

shows that the FWHM also seems to be slightly sensitive to the intragranular microstructure, i.e. to 

the size of the strengthening precipitates.  
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Figure 5. FWHM as a function of the equivalent plastic strain for several loading history, temperature, strain 

rates and microstructures with the respective calibration curves. b) Close-up of Figure a) for small plastic 

strains. 

A function including an exponential increase followed by a straight line has been chosen to fit the 

data for calibration with the FWHM values *1+: 

 𝑭𝑾𝑯𝑴(𝜺𝒑) = 𝑨𝑭𝑾𝑯𝑴(𝟏 − 𝒆−𝑩𝑭𝑾𝑯𝑴𝜺𝒑) + 𝑪𝑭𝑾𝑯𝑴 𝜺𝒑 + 𝑫𝑭𝑾𝑯𝑴 Eq. 10 

where AFWHM, BFWHM, CFWHM and DFWHM are parameters that have been evaluated for each 

microstructure; the results are given in Table 6. Two fits have been established for the DA 

microstructure to take into account the sensitivity to the strain rate. For the microstructure with 

coarse grains and coarse strengthening precipitates, the straight line for high equivalent plastic strains 

has been extrapolated parallel to the one corresponding to the coarse grain microstructure.  

 

Table 6. Values of the constants obtained for the calibration of the FWHM for the three microstructures as 

defined by equation 10.  
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DA microstructure Coarse grain micro-

structure 

Coarse grain and 

strengthening precip-

itate microstructure Low strain rates High strain rates 

AFWHM 0.66 0.85 0.56 0.35 

BFWHM 31.12 23.92 20.00 

CFWHM 0.99 0.90 

DFWHM 1.04 1.00 1.18 

 

The FWHM value is driven by several factors related to microstructural aspects: grain size, 

strengthening precipitates size and volume fraction. At a microscopic scale, the size of the coherent 

domains is preponderant: the smaller they are, the wider the diffraction peak. At a mesoscopic scale, 

the dislocation arrangements and the several phases impact the FWHM value. Finally at a 

macroscopic scale, the crystallographic structure and the grain size are the main driving factors *26+. 

The microstructure has then a major influence on the FWHM values. Therefore a microstructure 

dependent work hardening calibration is needed for the XRD method as demonstrated in Figure 5.  

It should also be noted that X-ray diffraction methods enable to evaluate residual stresses with the 

shift of the peak, independently of FWHM measurements. This is a real advantage compared to the 

microhardness measurements. 

4.3 KAM from Electron BackScatter Diffraction 

KAM maps obtained for single tension, single compression and cyclic tests performed at 20°C on the 

three microstructures are presented in Figure 6 for several levels of equivalent plastic strain. An 

evolution of the cartography is observed as a function of the plastic deformation. On this scale, there 

are no significant differences in the distribution of KAM values in the map according to the type of 

solicitation applied (cyclic test, tensile test and compressive test). On the other hand, the equivalent 

plastic strain reached in the sample has a major impact on the KAM maps: the higher the strain, the 

higher the KAM values are. Moreover, the local misorientation tends to increase near grain 
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boundaries for the three microstructures; it is quite remarkable on coarse grain microstructures as it 

has also been observed in previous studies *14+, *30+. 

Figure 6 demonstrates that, even if the KAM cartography has a size that includes several grains, it is 

nevertheless possible to extract a global information dependent on the equivalent plastic strain. This 

is related to the fact that each cartography is different from the other and is rather homogeneous for 

a given plastic deformation. The average value of the KAM parameter has thus been computed for 

each cartography and appears to be a meaningful quantity. 

 

Figure 6. Local misorientation EBSD maps of Direct Aged, coarse grain and coarse grain and coarse 

strengthening precipitate microstructures for several equivalent plastic strain levels.  

The relationship between the mean KAM parameter and the equivalent plastic strain is presented in 

Figure 7 for single tension, single compression and cyclic tests performed at 20°C, for the three 

studied microstructures. As observed previously on the detailed maps of Figure 6, the mean value of 

the KAM parameter increases as the plastic deformation rises. For the three microstructures, the 

most significant increase in the mean value of the KAM parameter occurs for a value of the 

equivalent plastic strain between 0 and 15%. After 15%, the evolution of the KAM parameter is less 
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pronounced for the Direct Aged microstructure. 

The two microstructures featuring coarse grains present the same evolution for the KAM parameter 

as a function of the equivalent plastic strain, smaller than the KAM values obtained for the DA 

microstructure. Thus, the grain size seems to be a predominant factor in the EBSD calibration. These 

results are to be compared with the density of grain boundaries, that is higher in the case of the DA 

microstructure with a smaller grain size. Indeed, since the values of the KAM parameter are higher 

close to grain boundaries, the mean KAM values are necessarily more important for a microstructure 

with a higher grain boundary density, I.e. a smaller grain size. 

The difference in the values of the KAM at 0% of plastic strain could be related to the 

thermomechanical history of the samples that is different between the DA microstructure and coarse 

grain microstructures. Indeed, in the case of coarse grain microstructures, an annealing at 1040 °C 

during 30 minutes has been performed, generating a decrease in the plastic deformation induced 

during the manufacturing stages performed to produce the reference microstructure (notably during 

forging).  
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Figure 7. KAM parameter as a function of the equivalent plastic strain for different loading history and 

microstructures with the respective calibration curves. 

The evolution of the KAM parameter versus the equivalent plastic strain has been fitted with the 

Roadbard function used by *17+: 

 𝑲𝑨𝑴(𝜺𝒑) = 𝑫𝑬𝑩𝑺𝑫 +
(𝑨𝑬𝑩𝑺𝑫−𝑫𝑬𝑩𝑺𝑫)

[𝟏+(
𝜺𝒑

𝑪𝑬𝑩𝑺𝑫
)

𝑩𝑬𝑩𝑺𝑫
]

 Eq. 11 

Where AEBSD, BEBSD, CEBSD and DEBSD are the parameters to be determined with the fitting.  AEBSD is the 

value of the KAM at the origin, for a value of the equivalent plastic strain equal to zero, BEBSD is the 

initial slope, CEBSD corresponds to the position of the transition region and DEBSD corresponds to the 

positions of the asymptote for large equivalent plastic deformation *33+. The values of these 

constants obtained for each microstructure are listed in Table 7. No difference has been made for the 

fitting of the coarse grain microstructure. 
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Table 7.  Values of the constants obtained for the calibration curves as defined by equation 11 with the fitting 

of the KAM parameter for the three microstructures. 

 DA microstructure 

Coarse grain microstructure 

and  

Coarse grain and strength-

ening precipitate micro-

structure 

AEBSD 0.30 0.18 

BEBSD 1.39 1.03 

CEBSD 0.12 0.31 

DEBSD 2.30 2.30 

 

The EBSD technique allows the detection of geometrically necessary dislocations that represent 

around 15 to 30 % of the overall dislocations *29+, but are of primary importance in order to 

understand the plastic deformation and then describe the evolution of the work hardening. As the 

geometrically necessary dislocations density is mainly sensitive to activities close to the grain 

boundaries, the KAM value measured by EBSD will be greater for fine microstructures which are 

characterized with higher grain boundary densities (see the higher KAM levels for the DA 

microstructure in Figure 7). A work hardening calibration depending on the microstructure is 

therefore of interest to characterize work hardening. 

5 Conclusion  

The objective of this article is to propose a methodology to define and quantify the level of work 

hardening locally in a material, taking into account the influence of the type of loading, the tempera-

ture, the strain rate and the microstructure. We thus proposed an experimental campaign including a 

wide range of conditions: in particular several loading histories that enabled to establish the calibra-

tion up to an equivalent plastic strain of 50%. Cyclic loadings and high strain rates have also been 
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considered to determine the sensitivity of the correlation method to these factors. Three microstruc-

tures have been tested to evaluate the influence of the size of the grains and strengthening precipi-

tates. The results demonstrate that the measurements performed with the three techniques (micro-

hardness, FWHM of XRD and KAM of EBSD) are sensitive to the microstructure and that this sensitivi-

ty depends on the characterization technique.  

It may be concluded that the three techniques offer a certain complementarity: 

-        The microhardness gives a global information on the mechanical state of the analyzed volume. The 

correlation of the measurements with an equivalent plastic deformation is possible, even if the dis-

persion of the data is important. The fact that the microhardness also depends on the residual stress 

can become problematic when evaluating work hardening in a structure. 

-        The equivalent plastic strain is well correlated with FWHM of XRD and a correlation taking the strain 

rate into account has been established. Its resolution is compatible with the evaluation of gradients 

in a complex mechanical part. In addition, since the same measurements can be used to characterize 

plastic deformation and residual stresses this technic presents a great interest. 

-        The average KAM parameter of EBSD is well correlated with the equivalent plastic deformation. The 

advantage of this method resides in the fact that it gives very local information that stays meaningful 

when averaged. 

Simulations have been performed for each experimental test with a pertinent elasto-visco-plastic 

model. A correlation between the model variables and the experimental parameters (FWHM, KAM 

and microhardness) enables to choose the equivalent plastic strain as a variable representative of the 

work hardening state in the material. This methodology has been applied on Inconel 718 but we ex-

pect it to remain relevant for any metals. The chosen experimental techniques are classically used on 

metals with different crystal structures. The constitutive model can be similarly declined on a large 
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range of metallic materials. By implementing this approach, it is therefore possible, with certain pre-

cautions, to use the calibration curves and determine the work hardening state in a mechanical part. 

The evaluation of the work hardening induced by different manufacturing processes (forging, rolling, 

shot-peening, ...) could be an interesting application of the proposed methodology. 
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Highlights 

 The measurements performed are sensitive to the microstructure 

 Correlate the level of equivalent plastic deformation with EBSD measurements 

 Correlate the level of equivalent plastic deformation with XRD measurements 

 Sensitivity to the microstructure is dependent on the characterization technique 

 The characterization methods are complementary to determine work hardening 
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