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Abstract 

A new inverse method was developed to predict the stress-strain behaviors of constituent 

phases in a multi-phase steel using the load-depth curves measured in nanoindentation tests 

combined with microhardness measurements. A power law hardening response was assumed for 

each phase, and an empirical relationship between hardness and yield strength was assumed. 

Adjustment was made to eliminate the indentation size effect and indenter bluntness effect. With 

the newly developed inverse method and statistical analysis of the hardness histogram for each 

phase, the average stress-strain curves of individual phases in a quench and partitioning (Q&P) 

steel, including austenite, tempered martensite and untempered martensite, were calculated and 

the results were compared with the phase properties obtained by in-situ high energy X-ray 

diffraction (HEXRD) test. It is demonstrated that multi-scale instrumented indentation tests 

together with the new inverse method are capable of determining the individual phase flow 

properties in multi-phase alloys. 
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1. Introduction 

Indentation hardness test is a widely used characterization technique in interrogating 

material’s properties at different scales. Microindentation test is a mature technology that has 

been used by material scientists for almost a century in quantifying microhardness of materials 

with different structures [1, 2]. Typically, a diamond indenter of a specific geometry is impressed 

into the surface of a test specimen using a known applied force, and the produced indentation 

depth ranges from 1 to 50 micron. It is well known that the microhardness measurements vary 

with indenter geometry, indentation depth and work hardening effects of materials. In addition, 

the early versions of the microindentation tests typically did not record the load-depth curves 

during the tests. Later, with the development of depth sensing technique, a load-depth curve 

could be measured during the indentation test as the schematics shown in Fig. 1. Instrumented 

indentation such as those described by ASTM standard E2546-07 developed based on the Oliver-

Pharr’s analysis of load-depth curves [3, 4] has been utilized to calculate the elastic modulus 

from unloading stiffness (  in Fig. 1(b)) with the assumption that the unloading curve is mainly 

dominated by the elastic properties. It offers great advantages in terms of small scale and ease of 

operation, and has been widely used in studying the properties, such as elastic modulus and 

hardness, of bulk materials, thin films and islands [5-11].  

In addition to hardness and elastic modulus, many researchers have been investigating the 

possibilities of estimating the flow stress of ductile metals with the microindentation load-depth 

curves. Many numerical inverse methods have been proposed to extract the elasto-plastic 

properties from the microindentation load-depth curves using different number of indenters [5-7, 

12-32]). Typically, a set of closed-form dimensionless functions between the indentation 
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parameters and the elasto-plastic properties of the indented materials are proposed from 

dimensional analysis of some simulation data. For example, in the method proposed by Dao et al. 

[12], with a single Berkovich indenter, elastic modulus, representative stress, hardening exponent 

and yield strength were calculated successively.  Generally speaking, these methods rely on a 

large number of finite element simulations to include most possible engineering materials and 

are verified with load-depth (i.e., 10 μm) curves from microindentation experiments [12, 14, 17, 

24].  At this indentation depth, the indentation size effect (ISE) [8, 33] and indenter bluntness 

effect [34] do not have significant influence on the load-depth curves. 

On the other hand, more and more advanced multi-phase materials with small grain size 

and sub-micron microstructural features are developed for engineering applications. Several 

studies have demonstrated the applicability of nanoindentation in characterizing microstructures 

of fine grain multi-phase alloys, including Ni-Cu coatings, magnesium alloys and dual-phase 

(DP) steels [20, 37-45]. For multi-phase materials with grain sizes less than 10 μm, the 

indentation depth needs to be less than 100 nm to ensure that indentations locate only within 

specific grains of interest [40-44]. In recent nanoindentation study of DP980 steels reported by 

Taylor et al. [42], the indentation depths were no more than 40 nm to accommodate the small 

grain size of each phase (around 2 μm).  

Among the various advanced multi-phase alloys, quenching and partitioning (Q&P) 

steels have attracted wide attentions due to its combination of high strength and good ductility. 

Usually, Q&P steels have very complex microstructures constituted of a variety of different 

phases including retained austenite, tempered/untempered martensite and ferrite [46].  Individual 

phase constitutive properties (especially the flow behavior) are therefore crucial in determining 

the overall mechanical properties of the material, including tensile strength, ductility, and 
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formability [47, 48]. On the characterization side, even though there have been many 

nanoindentation studies on multi-phase alloys [20, 37-45], most of them measured and made 

direct use of the nanohardness [38, 43], and few attempted to calculate the entire flow behavior 

of individual phases including yield strength and hardening exponent [20]. In multi-phase 

materials with small grains, three challenges exist in extracting the flow behaviors of individual 

phases: 

(1) The small grains size (usually less than 3 μm) and complex microstructures [49] make it 

difficult to identify each phase/grain within a polished unetched sample. Even though it is 

theoretically possible to get unique solutions by making indentations with multiple 

indenters on a multi-phase steel with relatively large grains [20], it is physically 

impractical to fit multiple indentations within a single grain of a Q&P steel [49] with the 

average grain sizes of 1-2 μm.  

(2) Most inverse methods are developed for indentation tests at the micro-level where ISE 

and indenter bluntness effect have much less influence on the load-depth curves. 

However, shallow indentation depth (around 50 nm) is required for Q&P steels to locate 

the indentation within a specific grain in order to avoid plastic interference, which 

mandates that ISE and indenter bluntness effect be taken into consideration before the 

application of inverse calculation with the load-depth curves measured from 

nanoindentation. 

(3) Inverse methods based on single indenter Berkovich test have the difficulty of non-

unique solutions due to insufficient independent variables available in solving a multiple-

variable problem [50]. To avoid this problem, one possible solution is to determine the 

variables one at a time, by other relationships [51, 52]. 
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Note that, besides indentation, micro/nanopillar compression and high energy X-ray 

diffraction (HEXRD) have also been explored in direct and indirect measurements of the 

constituent phase properties in these multi-phase steels. Hosemann et al. [38], Ghassemi-Armaki 

et al. [43] and Stewart et al. [53] reported the application of micro/nanopillar compression test as 

a direct measurement in determining the single crystal-level critical resolved shear stresses for 

different steels. However, the complex and sub-micron features in the current Q&P sample 

render it extremely difficult to prepare samples of single grain/phase for micro/nanopillar testing. 

Recently, HEXRD has also been explored to investigate individual phase properties with 

different assumptions and self-consistent approximations as an indirect method to obtain phase 

properties [54]. In addition to the uncertainties introduced by the various inverse calculations, 

limited access to a specialized high energy X-ray facility also limits the widespread use of such a 

method. Overall speaking, even though the materials research community has been actively 

investigating individual phase properties of various multi-phase alloys in recent years, no single 

technique has been widely accepted as a standard method as of today. 

The objective of this study is to determine the average phase stress-strain behaviors in a 

multi-phase Q&P steel with nanoindentation load-depth curves, and it was accomplished by 

extending the previously reported micro-indentation methods into the nano-indentation regime 

by considering the ISE and indenter bluntness effect. The estimated phase properties are 

compared and contrasted with those determined independently with in-situ HEXRD [54], and the 

applicability and advantages of nanoindentation in extracting phase properties in a multi-phase 

material with small grains are further discussed. 
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2. Experiment 

The material in this study is a low alloy (0.2C–3Mn–1.6Si, in wt%) Q&P steel with 

specific thermomechanical processing parameters aimed at creating sub-micron microstructure 

and stability features to achieve desired engineering properties [49]. SEM (JEOL, 7000F field-

emission SEM, Japan) with an electron backscatter diffraction (EBSD) detector allowing 

crystallographic analysis is utilized to characterize the microstructures of the Q&P steel. Fig. 2(a) 

shows a SEM micrograph obtained from the in-plane cross-section (RDxTD, where RD stands 

for the rolling direction and TD for transverse direction). As shown in Fig. 2(a), the Q&P steel 

contains multiple refined microstructural constituents with sizes less than 2 μm, which are much 

smaller than the grain size of the dual phase steel studied by multi-indenter method [20]. Since 

nanohardness has been successfully used in studying the deformation characteristics of various 

DP980 steels with comparable grain size [42], small indentation depth should also be applicable 

in the current Q&P samples. 

Considering that the nanoindentation responses of various grains belonging to the same 

phase could be different due to differences in grain size, elemental distribution and grain 

orientation, a 20 by 20 indentation array was performed on the Q&P sample to ensure that 

sufficient indents for each phase are used in obtaining the average phase stress-strain response. 

Nanoindentation tests were then performed using a Hysitrons TI 950 Triboindenter (US) on 

unetched surface. The sample was prepared using standard techniques and polished to a 1 μm 

diamond finish with the addition of a final 0.05 μm colloidal silica vibratory polishing step. The 

resulting sample roughness was 4~10 nm. All nanoindentation tests were performed using a 

Berkovich indenter tip operated in displacement-control mode to a depth of 30 nm at the rate of 

10 nm/s for both loading and unloading, and the load-depth curves for all the indentations were 
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recorded. An indentation spacing of 2 μm was chosen to eliminate potential effects of 

overlapping plastic zones [36]. After indentation, the tested area was imaged using SEM and a 

transparent film was placed on the SEM image to record the location of each indentation. The 

sample was then etched with 2% nital to reveal the microstructure, and placed back in the SEM. 

The same area was imaged at the same magnification as the polished surface with the 

indentations. Since most indentations were not visible after etching, the transparent film was 

placed over the etched SEM micrograph to locate the indentations, using visible indents for 

alignment [42]. Fig. 3 shows the resulting final image used to identify the indentation locations. 

In addition to the nanoindentation tests as described above, microindentation test was also 

performed on the Q&P sample to an indentation depth of 2 μm in order to measure the 

microhardness based on the combined response of the constituent phases.  

In-situ HEXRD test under uniaxial tensile loading conditions was performed with the 

Q&P steel at Advanced Photon Source to determine the mechanical properties of the constituent 

phases as well as to obtain the austenite volume fraction evolution during the deformation 

process. Through the detailed data analysis of the diffraction pattern during tensile loading, the 

lattice strains of various crystal planes were first calculated as a function of the macroscopic 

strain. The phase properties of the constituent phases were estimated by elasto-plastic self-

consistent crystal plasticity modeling, and used in this study to validate and verify the phase 

properties extracted from nanoindentation tests. Hu et al. [54] can be referred to for the details on 

the determination of phase properties of the multi-phase Q&P steels with in-situ HEXRD. 
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3. Extraction of stress-strain curves from multi-scale indentation tests 

In this section, the detailed procedures of the new method will be presented in extracting 

stress-strain curves from multi-scale indentation tests. For the completeness of this paper and the 

definition of analysis symbols, some brief reviews of the previously developed indentation 

methodology are also included to justify the improvements made in this study. 

Fig. 1 shows the typical indentation set up and load-depth (P-h) curve obtained from 

instrumented indentation test. In general, the loading response can be described by Kick’s law 

[12]: 

       (1) 

where   is the loading curvature. In the curve shown in Fig. 1(b),      and      are the 

maximum indentation load and depth, respectively, and    is the residual depth after complete 

unloading.    is the effective indentation depth which is defined as 

                (2) 

where   is measured stiffness of the upper portion of the unloading data and   is a constant 

depending on the indenter geometry, with the value of 0.75 for the Berkovich indenter adopted 

here [3]. 

Most metallic materials’ plastic behaviors can be closely approximated by a power law. 

Fig. 1(c) shows a schematic stress-strain (σ-ε) curve and material’s elasto-plastic behavior can be 

described as [12] 

                                                                                  (3) 
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where E is the elastic modulus,    is the yield strength and   is the hardening exponent.    is the 

nonlinear part of the total strain  , accumulated beyond the yield strain   , and defined as  

         (4) 

With the assumed power law in Eq. (3), the values E, σy and n determine the material’s overall 

stress-strain behavior.  

Since very small indentation depth was adopted in the current study, i.e., 30 nm, to 

accommodate the small grain size of the Q&P steel, a new inverse method is proposed which 

enables the extraction of individual phase stress-strain curves from the nanoindentation load-

depth curves: the elastic modulus and hardness are calculated by the Oliver-Pharr method [3, 4]; 

to ensure solution uniqueness, the empirical relationship between nanohardness and yield 

strength reported by Rodríguez and Gutierrez [51] was introduced to calculate yield strength, 

which leaves hardening exponent the only variable left to be determined; a correlation factor 

considering the ISE and indenter bluntness effect is proposed to convert the loading curvatures 

from nanoindentation to microindentation in order to calculate the representative stress [12]; 

finally, the hardening exponent is calculated from yield strength and representative stress. Fig. 4 

summarizes the flow chart of the proposed inverse method consisting of four steps, and detailed 

explanations of each step are described below. 

3.1. Determination of hardness   and elastic modulus   

The hardness   and elastic modulus   are determined by the method proposed by Oliver-

Pharr [3, 4]. Prior to the nanoindentation test on the Q&P sample, the contact area function was 

measured by an indirect method, where 49 indentations were performed on quartz with the 

indentation depth ranging from 0-100 nm [56]. The measured contact area function    is 

expressed as  
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                                            (5) 

where    = 24.5,    = 3042,    =  197210,    = 2126800,    =  5537200 and    = 3638100. 

With the maximum indentation depth      of 30 nm in this study, the average effective 

indentation depth    is approximately 27 nm. The contact area at this indentation depth is 

calculated to be 33514     with Eq. (5). This contact area is nearly twice the calculated result 

with the first term of Eq. (5):                     , which is the nominal area function 

for a perfect Berkovich indenter without consideration of any bluntness effect or non-ideal 

geometry for microindentation [36, 56]. This indicates that significant indenter bluntness effect 

exists at the shallow indentation depth.  

The hardness for the nanoindentation is calculated using Eq. (6) [3]: 

            (6) 

Then, the reduced modulus,   , as well as the elastic modulus,  , of the Q&P sample are 

calculated using Eqs. (7) and (8) [3]: 

            (7) 

 
                  (8) 

where    = 1140 GPa and    = 0.07 are the elastic modulus and Poisson’s ratio, respectively, 

adopted for the diamond indenter in this study. The elastic modulus,  , can be determined if the 

Poisson’s ratio for the Q&P steel is assume to be ν = 0.3. 

3.2. Determination of yield strength    

Rodríguez and Gutierrez [51] studied the correlation between yield strength (  ) and 

hardness ( ) of different single phase metals by performing nanoindentation tests with 
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indentation depth ranging from 50 to 2000 nm. They reported a general linear relationship 

between the yield strength and the nanohardness values measured with a Berkovich indenter in 

the form of 

         (9) 

where both    and   are in the units of GPa. However, the values of a and b depend on the 

indentation depth, and the authors attributed these to the well-known “indentation size effect”. A 

recent study by Hackney et al. [57] shows that the nanohardness values measured at various 

locations in a Q&P steel are quite consistent at the indentation depth ranging from 30 to 50 nm. 

Hence the experimental data reported by Rodríguez and Gutierrez [51] at 50 nm are used to 

correlate yield strength and nanohardness for the indentation depth of 30 nm adopted in this 

study, which yields:   = 5.2 and   = 1.3 GPa.  

3.3. Determination of representative stress σr  

In the inverse method proposed by Dao et al. [12], a representative stress        at   =0.033 is identified such that the following relationship holds independent of the hardening 

exponent n: 

 
                                                                                (10) 

where   is the loading curvature and    is the reduced modulus introduced earlier. However, the 

inverse method proposed by Dao et al. [12] assumes a perfect Berkovich indenter tip with the 

indentation behavior following Eq. (2) without considering ISE. Hence the value of   obtained 

from experimental fitting of Eq. (1) cannot be directly used in estimating the representative stress 

in Eq. (10) since both ISE and indenter bluntness effect have to be taken into consideration. 

In order to consider the ISE at shallow indentation depth, a modified loading response 

described by Eq. (11) was employed by Hosemann et al. [38] and Bucaille et al. [55]: 
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              (11) 

where    is the modified loading curvature considering ISE and    is the characteristic length 

that depends on the shape of indenter and the material. Note that    is not a constant for a given 

material and indenter geometry, and it depends on the statistically stored dislocation density [8]. 

For example, Rodríguez and Gutierrez [51] calculated   could range from 210 nm to 270 nm for 

different martensite steels through a diamond Berkovich indenter test from 50 nm to 3000 nm. 

Since martensite is the primary phase in the Q&P steel and the ISE of each phase in the current 

Q&P steel are difficult to measure given the complex microstructures as shown in Fig. 2, an 

averaged value of   =240 nm from Rodríguez and Gutierrez [51] is adopted here. Note that the 

nanoindentation depth in this study is very shallow for a typical ISE model. In the Nix-Gao 

model, the hardness data for indentation less than about 0.1 m have been excluded because the 

shape of the indenter is not self-similar at small indentation depths due to the uncertainties in the 

contact area arose at small depths of indentation. To consider the effects of imperfect indenter tip 

geometry as well as the deviation of the initial loading curves from the ideal one due to initial 

elastic response [41, 58], only the portions of the experimental loading curves corresponding to 

the displacement from 10 nm to 30 nm are used in determining    by fitting Eq. (11). 

The loading curvature    obtained above still cannot directly be used in Eq. (10) since 

the value of        in Dao’s formulation is developed for microindentation only. In order to 

obtain the effective   to be used in Eq. (10), a correction factor   is proposed in the present 

study to correlate the    from nanoindentation (30nm) to an effective   from microindentation:    
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where  can be obtained through the definitions of average nano- and micro-hardness through 

Eq. (6): 

                                                    
                                                                                                     

(12) 

In Eq. (12),       ,            ,        ,         and               (superscript m or n) are average hardness, average 

maximum indentation load, contact area, average effective indentation depth and maximum 

indentation depth from micro (m) or nano (n) indentation, respectively. Rearranging Eq. (12), the 

correction factor α can therefore be obtained as: 

           
                                                                                                            

(13) 

Here, the average microhardness measured from microindentation tests,         is 4.9 GPa 

and the average nanohardness from 400 indentations,        is 6.25 GPa.               and          are 30.76 nm 

and 26.75 nm, respectively; while               and          are 2.06 µm and 1.84 µm, respectively. Previous 

studies [59, 60] reported that the ratios of                           and                          should be similar with 

increasing indentation depth or load for a stainless steel, i.e.,                         =1.19 for             ,and                          =1.16 for            . The results of our current study also 

confirms this observation:                        =1.15 for              , and                          =1.12 for            . With these values,   is calculated to be 1.34 with Eq. (13).   is used as the 

correction factor to determine the    corresponding to       obtained from each load-depth curve 
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from nanoindentation tests. After    is determined, Eq. (10) can be used to calculate the 

representative stress for each indentation with Dao’s method.  

3.4. Determination of hardening exponent    

Once the parameters  ,    and        are determined, the hardening exponent   for each 

indentation can be directly calculated by substituting        in Eq. (3): 

                         (14) 

The material’s stress-strain behavior is now fully described by Eq. (3) with the 

parameters  ,    and   determined. The examples of results obtained based on the above 

proposed inverse method are presented in Fig. 5. Fig. 5(a) shows two load-depth curves obtained 

from the nanoindentation tests of the Q&P sample and their locations are marked in Fig. 3. As 

mentioned above, the initial portions of the loading curves which deviate from the rest of the 

loading curves due to indenter imperfection are not used in the inverse method proposed here, 

and Fig. 5 (b) shows the two corresponding stress-strain curves determined by the proposed 

method above with the determined material parameters listed.  

To summarize, the proposed inverse method as shown in Fig. 4 enables the determination 

of a unique stress versus strain curve for a given nanoindentation load-depth curve.  Hence the 

average phase properties of a multiphase material can be obtained by averaging the multiple 

stress strain curves obtained from the corresponding nanoindentation load-depth curves. 
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4. Determination of individual phase properties in a Q&P steel 

4.1. Microstructures of the Q&P steel 

The constituent phases in the Q&P steel include austenite, tempered martensite and untempered 

martensite formed on cooling from the partitioning temperature. In Fig. 2(a), the “unraised” 

features (identified by dotted box, TM) are interpreted to be tempered martensite. Amongst the 

“raised” features, the thin needle-like grains (identified by arrow, A) are interpreted to be 

austenite, and the larger constituents (identified by solid box, A/UT) are interpreted to be 

austenite (A), untempered martensite (UT) or a mixture of both. The substantial fraction of 

tempered martensite is observed to have needle-like austenite grains in it (identified by dashed 

box, A/TM). In Fig. 2(b), raw phase image showed the geometry shape of austenite, and the 

volume fraction of austenite in the current Q&P sample was calculated as 12.8% based on this 

phase map.  

4.2. Nanoindentation test results for each region 

Each indentation in Fig. 3 was categorized as located in tempered martensite region (i.e., 

TM), mixture of austenite and untempered martensite region (i.e., A/UT) or tempered martensite 

including thin austenite grains region (i.e., A/TM). Due to the small austenite grain size and the 

short distance between the grains compared to the indent size, the indentation within the A/TM 

could not be separately categorized into austenite or tempered martensite. Fig. 6 shows the 

histograms of nanohardness values obtained for the Q&P steel, with the hardness distributions 

for TM in Fig. 6(a), A/TM in Fig. 6(b) and A/UT in Fig. 6(c). It is found that out of the 400 total 

indents: 112 located on TM, 202 on A/TM and 86 on A/UT. The wide range of hardness values 

for each constituent region observed in Fig. 6 reflects the effects of grain boundaries, different 
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grain orientations, non-uniform chemical distributions and dislocation density within grains, as 

well as the potentially different microstructural features beneath the indented locations [42].  

Generally, retained austenite has high thermal and mechanical stability with small grain 

size or high alloy elements (i.e., carbon or manganese) content [41, 61, 62]. Since neither a rapid 

slope change in the loading curves nor a pop-out elbow in the unloading curves was observed 

from the indentation load-depth curves, it is deduced that deformation induced martensite 

transformation has not been triggered during the nanoindentation process [41, 63]. Thus, 

martensitic phase transformation is not considered in the current study. The material underneath 

the indenter experiences compressive stress during the indentation test, under which higher 

plastic strain is required for martensitic phase transformation than those in tensile test [64].  

To calculate the properties of each phase, the indentations in each region should be 

categorized into individual phases. As observed in SEM in Fig. 2(a), the grain size of TM is 

generally larger than the indentation size. Therefore, the hardness data for TM shown in Fig. 6(a) 

can be considered to be solely from TM “grains”. Meanwhile, the austenite and tempered 

martensite within the A/TM have needle-like microstructures and the grain size in this region is 

much smaller compared to the indentation size, and it is impossible to separate indentation data 

for each constituent grain in the A/TM. Hence, the hardness data shown in Fig. 6(b) represents 

the combined hardness from austenite and tempered martensite in the A/TM.  

Although the grain size of A/UT is relatively large compared to the indentation size, the 

actual phase (i.e., austenite or untempered martensite) at the indentation location within the 

A/UT grains could not be identified from the simple observation of the SEM image. Since the 

hardness histogram of A/UT approximates a bimodal distribution as schematically illustrated by 

the blue curve in Fig. 6(c), bimodal Gaussian fit is utilized to estimate the area for each peak. 



17 

 

Given that austenite is generally softer than untempered martensite, the red and green curves 

represent possible normal hardness distributions of austenite and untempered martensite, 

respectively. With these fittings, it is reasonable to assume that, among all the data for A/UT, the 

indentations with hardness lower than 6 GPa belong to austenite, whereas the indentations with 

hardness higher than 6 GPa belong to untempered martensite. Subsequently, 25 and 61 indents 

are counted as austenite and untempered martensite, respectively. Retrospectively, it would have 

been straightforward to verify the above assumption by overlaying the nanoindentation map with 

the corresponding EBSD raw image. However, this correlation was not carried out in the present 

study, and future verification work should be planned to assess the accuracy of this hardness-

based phase separation. 

Table 1 lists the phase volume fractions (PVF) measured from HEXRD test as well as 

those estimated from the nanoindentation tests. Here, the PVF from nanoindentation are defined 

by the number of indentations located on a specific phase divided by the total number of 

indentations (i.e., 400). The volume fraction of austenite measured from EBSD is 12.8% and this 

value is also confirmed by HEXRD. Assuming that the total austenite PVF estimated from 

nanoindentation tests should be approximately 13%, the number of indents, 202, on A/TM is 

intentionally divided into two parts: 27 for austenite and 175 for tempered martensite. When this 

division is made for the indents on A/TM, the PVF of tempered martensite and untempered 

martensite estimated from the nanoindentation tests are found to be similar to those measured 

from HEXRD as listed in the Table 1. 

4.3. Calculation of phase stress-strain curves 

With the inverse method described in the previous sections, the elastic modulus, yield 

strength and hardening exponent are calculated for all the load-depth curves obtained from the 



18 

 

nanoindentation tests. The stress-strain curves are categorized into four different constituent 

regions (i.e., TM, A, UT and A/TM) as shown in Fig. 7 and then used to calculate the average 

stress-strain curve for each phase. Here, among the indentation data for A/UT shown in Fig. 6(c), 

the data with hardness value higher than 6 GPa (i.e., 61 indents) were used to obtain the 

untempered martensite phase properties, and the rest (i.e., 25 indents) were used to obtain the 

austenite phase properties. Also, the hardness data from A/TM are assumed to reflect the 

combined behavior of the two phases. Hence, the curve shown in Fig. 7(d) only represents an 

average stress-strain curve for the A/TM, which is not the single phase property for austenite or 

tempered martensite.  

The average flow stress of untempered martensite is readily available as shown in Fig. 

7(c) among the three distinct constituent phases. However, austenite should include austenite 

identified from A/UT and A/TM, while tempered martensite should include the contributions 

from both the single phase TM and the mixed region in A/TM. Based on SEM observations in 

Fig. 3, A/TM is the main feature in Q&P steels which accounts for 202 out of the overall 400 

indents, and therefore the contribution from A/TM cannot be overlooked. Generally speaking, 

hardness values for austenite and tempered martensite depend on their respective carbon contents 

and dislocation densities, and they can be significantly different for on chemical compositions 

and the corresponding thermomechanical processing parameters [45]. In the current Q&P steel, 

the average hardness of austenite in A/UT (5.50 GPa from Fig. 6(c)) is very close to the average 

hardness of TM (5.82 GPa from Fig. 6(a)). In addition, the austenite lath is much thinner than the 

tempered martensite in the A/TM region, making it impossible to separate austenite from 

tempered martensite. With the above considerations, austenite and tempered martensite in the 

current Q&P steel are assumed to have the same hardness distributions but with different 
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frequencies in A/TM as depicted in Fig. 6(b). The following weighted average is therefore 

proposed to calculate average flow stress of austenite: 

                                            (15) 

where                    and              are the average flow stress of ‘austenite from A/UT’ and ‘A/TM’ 

respectively, as shown in the red and black curves in Fig. 8(a). The flow stress of austenite thus 

calculated is plotted as the blue curve in Fig. 8(a). 

Similar to austenite, tempered martensite should also include contributions of 

indentations from two regions: TM and A/TM. The flow stress of tempered martensite is 

calculated through the weighted average: 

                                      (16) 

where          and              are the average flow stress of ‘tempered martensite from TM’ and ‘A/TM’, 

respectively, as shown in the red and black curves in Fig. 8(b). Hence, the flow stress of 

tempered martensite is calculated as the blue curve in Fig. 8(b). The average flow stress for 

untempered martensite determined in Fig. 7(c) is replotted alongside with those for austenite and 

tempered martensite in Fig. 8(c) as a comparison. 

For verification purpose, Fig. 9(a) compares the phase stress-strain curves of the austenite 

(red), tempered martensite (black) and untempered martensite (blue) obtained in this study 

(dashed lines) with the HEXRD deduced curves (solid lines) for the same Q&P steel. As shown 

in Fig. 9, the initial portions of the flow behaviors predicted by the two methods appear to be 

similar to each other, while the hardening exponents predicted by the two methods show some 

differences. The phase stress-strain curves for the austenite and tempered martensite derived 

from the indentation tests do not show as much differences in the flow behaviors as those derived 
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from HEXRD test. Since the hardening exponent is the last parameter to be determined for each 

phase in the proposed method, uncertainties in the upstream yield strength and representative 

stress calculations can significantly influence the resulting hardening rate for each phase in the 

proposed inverse method. In determining yield strength for each phase as described earlier, an 

empirical fitting of experimental data reported by Rodríguez and Gutierrez [51] in the form of Eq. 

(9) was used with coefficients a = 5.2 and b = 1.3 GPa for all three phases. Since scatters in 

experimental data are also observed for different phases by Rodríguez and Gutierrez [51], 

different values of the coefficient b are adopted next to examine the effects of the yield strength 

on the average phase stress-strain curves of the Q&P steel. For this purpose, b = 0.8 GPa (lower 

bound) and b = 1.8 GPa (upper bound) are adopted for martensite and austenite, respectively. Fig. 

9(b) compares the subsequently calculated phase stress-strain curves based on the new 

coefficient b with those derived from HEXRD test. As shown in the Fig. 9(b), the phase stress-

strain curves predicted from the two methods become quite similar to each other. Note that even 

though the HEXRD-based results are used here to cross compare with the nanoindentation 

predicted stress-strain curve, they are also derived from inverse calculations and subject to 

uncertainties. Hence, they should only be used as references rather than standards or baselines 

for this class of materials [54]. Overall similarities in the predicted flow properties for various 

phases in Fig. 9 confirm that the proposed nanoindentation-based inverse method can provide 

reasonably accurate individual phase flow property estimations for the multi-phase Q&P steel 

with sub-micron grain features. 
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5. Discussions 

5.1. Advantages and limitations of the proposed inverse method 

As discussed before, Dao et al. [12] developed a complete algorithm to calculate the 

properties from load-depth curves. With the original method, the hardening exponent could be 

overestimated due to inaccuracies introduced by the reduced modulus and/or the compliance of 

the indenter tip [65, 66]. Furthermore, the solutions cannot avoid the non-uniqueness issue with 

the load-depth curve generated from single Berkovich indentation [5, 22, 30, 33]. To circumvent 

the above-mentioned problems, only part of the Dao’s algorithm is used in the currently 

proposed inverse method to obtain representative stress (as Eq. (10)). To ensure uniqueness of 

the inverse algorithm, a power law type stress-strain relationship (as Eq. (3)) has been assumed 

for the various phases of the Q&P steel and the relationship between presentative stress and 

loading curvature is fitted by dimensionless analysis proposed by Dao et al. [12]. In spite of the 

possible errors these assumptions may bring, they are necessary to make the inverse problem 

unique and deterministic.  

It should be noted that an empirical relationship between yield strength and nanohardness 

experimentally determined by Rodríguez and Gutierrez [51] was utilized. With a modified yield 

strength-nanohardness relationship, it could be observed that the initial portions of the phase 

stress-strain curves obtained are quite similar to those determined by HEXRD (see Fig. 9). Since 

there are uncertainties in the experimental data, the choice of parameters for the empirical 

equation, such as   and   in Eq. (9), could significantly influence the hardening behavior of the 

stress-strain curves as the comparison shown in Fig. 9(a) and (b). Further work in the current 

inverse method should focus on developing a more accurate way in determining the yield 

strength of individual phase based on nanohardness. 
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In addition, as rightfully reported by previous research, surface roughness would also 

influence the load-depth curves of nanoindentation tests [67-69]. In the current study, loading 

curves of most indentation come with fluctuations within 10-30 nm, as shown Fig. 5(a), and this 

could be caused by the surface roughness effects since the indentation depth is 30 nm and surface 

roughness is 4~10 nm after polishing. However, the observed fluctuations in the experimental 

load-depth curves as shown in Fig. 5 is not as significant as those reported in previous work [67-

69], which suggests that the influence of surface roughness would not be significant and hence 

can be ignored in the inverse methodology. 

5.2. Comparison with HEXRD and micro/nanopillar test 

Previous studies have successfully used in-situ HEXRD tests in obtaining the individual 

phase properties of multiphase steels [54].  HEXRD is a through-thickness volumetric 

measurement which yields the diffraction patterns of a rather large volume, e.g. a cylindrical 

volume with the beam diameter (around 0.5 mm) through the entire sample thickness. Therefore, 

the average stress strain curves obtained based on HEXRD should be statistically representative. 

However, the HEXRD-based techniques require access to limited high energy light sources 

which could potentially limit their widespread use. In addition to light source access, it also 

requires post-test data processing algorithms and various parsing techniques which could 

introduce uncertainties in the individual phase properties derived. Hence the HEXRD-derived 

individual phase properties should only be used as references for comparison purpose rather than 

the “exact” solutions.  The similar results between HEXRD and nanoindentation as shown in Fig. 

9 serve as a verification that the inverse methodology based on nanoindentation load-depth 

curves can be an alternative way in determining individual phase properties. 
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On the other hand, micropillar compression tests have also been reported as a direct 

measurement technique in obtaining the micromechanical properties of individual phases in 

multi-phase steels [38, 43, 53]. For example, Ghassemi-Armaki et al. [43] used uniaxial 

compression of focused ion beam-milled cylindrical micropillars to assess the mechanical 

properties of ferrite and martensite in a dual phase steel. Various degrees of hardening are 

observed for the ferrite and martensite phases tested, and the authors acknowledge that while a 

single martensite block may exhibit elastic–perfectly plastic behavior, the presence of boundaries 

in the form of blocks and packets may lead to significant hardening. While the micropillar test is 

a direct measurement technique for individual phases, it is not suitable to measure the 

statistically represented individual phase stress-strain behaviors for an ensemble of grains due to 

the sophisticated and time-consuming process of sample preparation, grain size requirement, as 

well as the absence of potential strengthening mechanisms such as grain boundaries.  

Compared to the above two techniques, nanoindentation offers the advantages of a 

surface-based measurement in providing the statistically representative local property variations 

within the meso-scale measurement region (around 40x40 µm
2
) covering hundreds of grains. In 

addition, nanoindentation is a widespread characterization technique with equipment available at 

most materials research institutions. Hence inverse method with instrumented nanoindentation 

tests should be a practical way in extracting phase properties for multiple phase materials. 

Also, in previous research on DP steel or medium Mn steel [20, 41, 42], the phase 

properties could be easily identified by either hardness or indentation locations, due to large 

grain or feature sizes. However, because of the complex microstructures (i.e., needle-like 

structure in A/TM) and rather small grain size in the current Q&P sample, SEM images and 
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statistical analysis with proper assumptions are needed to convert region properties to phase 

properties. 

5.3. Interface/grain boundary effect  

Interface (i.e., grain boundary) effect has been reported by several previous 

nanoindentation studies and there could be significant hardness variations for indentations near 

the grain boundaries [40, 43, 74-79]. As illustrated in Fig. 3, the indents in TM and A/UT are 

divided to two groups: one group near interface (NI) includes indentations within 1.5 indent 

diameters from the interface; and the other group near center (CN) includes indents at the center 

of each grain [42]. The average hardness values of each group in austenite, tempered martensite 

and untempered martensite phases are listed in Table 2. Note that, in Table 2, the data for 

austenite came from 25 indents which have hardness smaller than 6 GPa in A/UT and the data 

for untempered martensite came from the rest 61 indents in A/UT with hardness larger than 6 

GPa. 

From this table, it is observed that in TM, single martensite phase region, the average 

hardness of NI is higher than those of CN. To further clarify this observation, two large TM 

grains (gain size >2 µm) are highlighted in Fig. 3 and each indentation location as well as its 

hardness are presented in Fig. 10. In Fig. 10(a), the orange dashed lines represent the grain 

boundary and the distance from indentation to grain boundary was measured. The hardness of 

each indentation within this grain is shown in Fig. 10(b). Similarly, the grain boundary, 

indentation locations and hardness of another TM grain are shown in Fig. 10(c) and (d). Then the 

relationship between distance to grain boundary (d) and hardness (H) is plotted in Fig. 10(e). Fig. 

10(e) clearly demonstrates that indentation hardness in general decreases with increasing 

distance from the grain boundary in tempered martensite.  This phenomenon could be explained 
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by several effects: higher geometrically necessary dislocations density near the grain boundary 

[40], grain boundary strengthening [76] or carbon diffusion from martensite to retained austenite 

during the partitioning process [80]. Higher carbon content resulted form diffusion can 

potentially lead to a high yield strength gradient for the martensitic islands. In addition, some 

researchers suggest that the influence of carbon content on yield stress is significant compared to 

martensite grain size effect [81]. 

Austenite and untempered martensite are mixed in the A/UT and the grain size of this 

region is much smaller than TM so that multi-indentation tests on single austenite or untempered 

martensite grain are not practical on the current Q&P steel. Although variation has also been 

observed in Table 2 for hardness values of NI and CN, further study is required to verify the 

relationship between hardness and indentation location.  

6. Conclusion 

In summary, a new inverse method was proposed to calculate the individual stress-strain 

curves from the nanoindentation load-depth curves. To ensure solution uniqueness, a power law 

hardening behavior was assumed, and an empirical relationship between yield strength and 

nanohardness was utilized. Modification has been introduced to consider indentation size effect, 

indenter bluntness and non-ideal geometry effect so the stress-strain curves from each 

indentation was estimated. A Q&P steel with complex microstructures was used as an illustrative 

example in the development and verification of the proposed method. With SEM images and 

statistical analysis of the hardness histogram, each indentation and its corresponding phase were 

identified. The average stress-strain curves of each phase were calculated with the new inverse 

method and compared with those from HEXRD with reasonable agreement. In the current 

inverse method, the yield strength-nanohardness relationship can significantly influence the 
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predicted hardening behavior of each phase. It is demonstrated that nanoindentation with the 

proposed inverse method can be a viable way in determining the individual phase properties in a 

complex multi-phase material with sub-micron microstructural features.  
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Tables 

 

Table 1 Phase volume fraction (PVF) of austenite, tempered martensite and untempered 

martensite from HEXRD and nanoindentation. 

Phase 
PVF from 

HEXRD 
Number of indentations 

PVF from 

Nanoindentation 

Austenite 13% 
25 from A/UT 

27 from A/TM 
13% (52) 

Untempered 

martensite 
18% 61 from A/UT 15% (61) 

Tempered 

martensite 
69% 

112 from TM 

175 from A/TM 
72% (287) 

 

Table 2 Average hardness of austenite (A), tempered martensite (TM) and untempered 

martensite (UT) near interface or center. 

 
Average hardness 

At Center (GPa) 

Average hardness 

Near Interface (GPa) 

Average hardness 

Overall (GPa) 

A 5.42 5.52 5.50 

TM 5.72 6.06 5.82 

UT 7.34 7.12 7.14 
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Figures 

 

Fig. 1. Schematics of: (a) Berkovich indentation with pile-up effect, (b) load–depth (P-h) curves 

from indentation response of homogenous isotropic material and (c) power law elasto-plastic 

behavior of the indented material. 
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Fig. 2. (a) SEM micrograph of the Q&P steel (A, TM, A/UT and A/TM represent austenite, 

tempered martensite, mixture of austenite and untempered martensite and mixture of austenite 

and tempered martensite, respectively) and (b) EBSD raw phase image of austenite. 
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Fig. 3. Overlay of indentation locations on SEM image of the etched Q&P steel: two tempered 

martensite grains (in orange dotted lines) and two indentations (red circles) marked with Indent 

A/B. 
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Fig. 4. Algorithms of inverse calculation to estimate the elasto-plastic properties from 

indentation load-depth curve. 
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Fig. 5. Examples of inverse calculation from load-depth curves to stress-strain curves: (a) the 

original load-depth curves and (b) the stress-strain curves based on parameters calculated from 

the proposed inverse method. (Locations of two indentations were highlighted in Fig. 3) 
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Fig. 6. Histogram of hardness and indentation frequency in different constituents: (a) tempered 

martensite (TM), (b) mixture of austenite and tempered martensite (A/TM): the cumulative fit of 

all indentations in this constituent (blue solid curve), assumed tempered martensite (green dashed 

curve) and austenite (black dashed curve) and (c) mixture of austenite and tempered martensite 

(A/UT): cumulative fit of all indentations in this constituent (blue solid curve), fitted distribution 

for untempered martensite (green solid curve) and fitted distribution for austenite (red solid 

curve). 
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Fig. 7. Average stress-strain properties from inverse calculation for four different regions: (a) 

tempered martensite, (b) austenite from A/UT, (c) untempered martensite from A/UT and (d) 

A/TM. 
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Fig. 8. The flow stress of each phase: (a) austenite, derived from austenite from A/TM (in black) 

and A/UT (in red) through Eq. (15), (b) tempered martensite, derived from tempered martensite 

from A/TM (in black) and TM (in red) through Eq. (16) and (c) untempered martensite. Note that 

the black curves in (a) and (b), the red curve in (a) and the red curve in (b) are the same as those 

in Fig. 7(d), Fig. 7(b) and Fig. 7(a), respectively. 
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Fig. 9. Comparison of phase stress-strain curves from nanoindentation and HEXRD [54]: (a) 

a=5.3 and b=1.3 GPa for all three phases in Q&P steel and (b) a=5.3 and b=0.8 GPa for tempered 

and untempered martensite, and a=5.3 and b=1.8 GPa for austenite. 
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Fig. 10. Illustration of indentation locations and corresponding hardness in large tempered 

martensite grains: (a) and (c) SEM images of indentation locations (with the distance from an 

indentation to the closest grain boundary marked as d) and geometry shape of single grain (in 

orange dashed lines), (b) and (d) the corresponding hardness of single indentation shown in (a) 

and (c), and (e) the plot of distance to grain boundary (d, µm) versus hardness (H, GPa). 

 


