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A Nanoindentation Study on the Micromechanical Characteristics
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The hardness characteristics of constituent micro-phases (ferrite and bainite) in a dual-phase API X100 pipeline
steel were analyzed by nanoindentation experiments. The measured nano-hardness of the bainite phase is
from 3.8 GPa to 4.9 GPa, which is much higher than that of the ferrite phase, which ranged from 1.75 GPa
to 2.3 GPa. With the hardness and volume fraction of each micro-phase, attempts were made to predict
the overall hardness by applying a simple rule-of-mixture. A comparison between the predicted overall hardness
value and the experimentally measured value revealed that the rule-of-mixture can be successfully applied
for prediction purposes. The results are discussed in terms of the grain boundary strengthening effect and
the indentation size effect.
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1. INTRODUCTION

Given that applying higher strength pipeline steels can

significantly reduce the total cost in the construction of

transmission pipelines for natural gas or crucial oil [1-2],

many efforts have been made to develop and apply higher

grade pipeline steels beyond the widely-used API X65

steel with its yield strength of 65 ksi (~450 MPa). As a

result, API X100 and even X120 grade steels are currently

considered for practical use in the field [1,3-6]. The most

recent challenge in this area is the development of

advanced steels that are suitable for the new design concept

of a pipeline (referred to as a “strain-based design pipe-

line,” i.e., a pipeline applicable to seismic and permafrost

regions where large plastic deformation can be introduced)

[7,8]. This strain-based design pipeline steel requires excel-

lent deformability (high work-hardening ability) in addition

to a high strength. As dual-phase microstructures consist-

ing of hard and soft phases are known to have higher hard-

enability compared to single-phase structures [4,9,10],

two types of microstructures have been extensively con-

sidered for high-deformability pipeline steels: ferrite-bainite

and bainite-martensite microstructures. To develop such a

dual-phase steel, optimization of the volume fraction of

each constituent phase is essential to obtain proper target

properties because each individual phase can competi-

tively affect the overall properties of the steel [11,12]. In

this regard, it is very important to understand the basic

mechanical properties (or behavior) of each constituent

micro-phase.

Over the past decade, nanoindentation [13,14] has been

widely used to probe the mechanical properties of very small

volumes in a material. Using this technique, various efforts

have been made to measure microstructures hardness, elastic

modulus and other mechanical properties of micro-phases in

multi-phase steels and composite materials [15-22]. In a sim-

ilar vein, the micromechanical characteristics of dual-phase

API X100 pipeline steel (having a microstructure consisting

of ferrite and bainite) are analyzed in the present study through

nanoindentation experiments. The investigation consists of

two parts: First, the nanoindentation hardness of each micro-

phase is characterized. Subsequently, with the measured hard-

ness and volume fraction of each phase, the overall hardness

of the steel is predicted by applying a simple rule-of-mixture

(which is commonly used to analyze the strength properties

of composite and multiphase materials [23-25]). From engi-

neering viewpoints, the prediction of the overall hardness

from the phase hardness may be helpful in improving the

design of high-performance dual-phase (or multi-phase) steel

through optimization of the volume fraction of the constitu-

ent phases.
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2. EXPERIMENTAL PROCEDURE

The material examined here is API-X100 grade high-

strength pipeline steel fabricated by a thermo-mechanical

controlled process (TMCP). The chemical composition and

carbon equivalent of the steel are listed in Table 1. The sam-

ples were taken from a 19.5-mm-thick plate. Figure 1 pre-

sents a representative scanning electron microscopy (SEM)

image showing the microstructure of the steel. As seen in the

figure, the microstructure mainly consists of the dual phases

of ferrite and bainite. The grain size of the ferrite phase is

3 μm to 9 μm, while the bainite phase is subdivided into very
fine laths. The tensile tests (made primarily of plate-bar-type

specimens taken along the rolling direction) revealed that the

yield strength and tensile strength of the material are 680

MPa and 850 MPa, respectively. 

Nanoindentation tests were carried out using a Nanoin-

denter-XP equipment (Nano Instruments Inc., Oak Ridge, TN,

USA) with a three-sided pyramidal Berkovich tip. The load-

controlled experiments were performed up to a maximum

load (Pmax) of 5 mN at a constant strain rate of 0.05/s. More

than 5 indentation tests under each testing condition were

made on an electro-polished sample as opposed to a mechani-

cally polished sample in order to avoid experimental artifacts

related to the hardened surface layer. The specimen surface

was initially ground and then electro-chemically polished

using a Lectropol-5 instrument (Struers, Westlake, OH, USA)

in a solution appropriate for steel (butoxy-ethanol 35 %,

methanol 59 % and perchloric acid 6 %) at -30
o
C. 

After the nanoindentation test, the specimens were slightly

etched in 3 % nital acid and the hardness impression and

microstructure were observed via field-emission SEM, JSM-

6330F (Jeol Ltd., Tokyo, Japan) to determine whether or not

an indentation was made inside the target micro-phase. The

volume fraction of each phase was measured by an image

analyzer, Image-Pro (Media Cybernetics Inc., Silver Spring,

MD, USA). For comparison with the predicted overall hard-

ness, Vickers hardness tests were also carried out with a

HMV-2 tester (Shimadzu Inc., Kyoto, Japan).

3. RESULTS AND DISCUSSION

Figure 2 shows representative examples of load-displace-

ment (P-h) curves recorded during a nanoindentation made

at Pmax = 5 mN. These experiments were performed at three

different positions throughout the thickness (t = 19.5 mm),

i.e., t/2, t/4, and t/8, in order to assess any possible through-

thickness variation in the strength. It is apparent in the figure

that, for all three positions, the ferrite phase exhibits a much

larger peak-load displacement compared to that of the bain-

ite phase, implying that the former phase is much softer than

the latter phase. It is also notable that an indentation on a tar-

get phase could not be intentionally made because the tests

were done on an electro-polished surface. Thus, after slightly

etching the indented surface, the hardness impression and

microstructure were observed again by SEM, which made it

possible to select the indentations made within a target phase

(see inset images of Fig. 2).

The measured nanoindentation hardness (termed the nano-

hardness) values are summarized in Fig. 3. The fluctuation

in the nano-hardness of the micro-phase may be related to

the hardness dependency on the intrinsic characteristics of

each grain, including the crystallographic orientation and the

non-uniformity of the dislocation density. Nevertheless, the

average hardness of each phase did not vary significantly

with the through-thickness position. The hardness of the fer-

rite phase was 1.75 GPa to 2.3 GPa, whereas that of bainite

was 3.8 GPa to 4.9 GPa. It is informative to compare these

hardness values with those in the literature, although a direct

comparison of the hardness is not easy due to the differences

in chemical compositions of the tested steel. Choi et al. [15]

and Delincé et al. [18] reported independently that the ferrite

phase (having a grain size similar to that in this work - about

10 μm) has a hardness of 2 GPa to 2.5 GPa; Wu et al. [25]

demonstrated that the hardness of bainite phase is approxi-

mately 4.3 GPa. These values in the literature are in reason-

ably good agreement with the present results. On the other

hand, Furnémont et al. [26] reported much higher hardness
Fig. 1. Scanning electron micrograph showing the typical microstruc-
ture of API X100 steel examined in the present work.

Table 1. Chemical composition and carbon equivalent (Ceq) of the examined API X100 steel

Elements C Si Mn P S Nb V Mo Ceq

Content (%) 0.05~0.07 0.25 ≤ 2.0 ≤ 0.01 ≤ 0.001 ≤ 0.05 ≤ 0.05 ≤ 0.3 0.46~0.48
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values of bainite and ferrite (4.8 GPa and 7 GPa respec-

tively). This was possibly due to much higher carbon content

in their steels (up to 0.29 %) compared to that in this work. 

To predict the macroscopic overall hardness of the dual-

phase steel from the nano-hardness of each phase, the

applicability of a simple-of-mixture was assessed as

shown below.

(1)

Here, H is the hardness, V denotes the volume fraction, and

the subscripts f and b represent the ferrite and bainite, respec-

tively. 

The volume fraction was determined as follows. First, a

scratch mark was introduced, and a SEM image of the region

near the scratch was taken before the indentation was made

(Figs. 4(a), (b), and (c)). Near the scratch, nanoindentation

tests were carried out at a very high load (Pmax = 500 mN)

and SEM images of the hardness impressions were obtained

(Figs. 4(d), (e), and (f)). To estimate the volume fraction of

each phase within the indentation-induced plastic zone

(which should be larger than the triangular impression area),

here the plastic zone was assumed to be a circle passing three

(or at least two) angular points of the triangular impression.

Although the actual plastic zone may be larger than this cir-

cular zone according to a number of earlier works (e.g.,

Johnson’s expanding cavity model for elastic-plastic inden-

tation with a cone [27]), the simple assumption mentioned

above was adopted for three reasons: (1) no established means

of estimating the plastic zone size precisely exists; (2) the

area ‘fraction’ of the phase may not vary significantly with a

small change in the ‘size’ of the plastic zone; and (3) with

this assumption, a reproducible calculation of the plastic

zone size becomes easier. Next, by making the SEM images

transparent and then superposing one on the other based on

the location of the scratch, each position in the images taken

before the indentation (Figs. 4(a), (b), and (c)) could be com-

pared directly with those after the indentation (Figs. 4(d), (e),

and (f)). This made it possible to obtain the microstructural

features within the circular plastic zone that was drawn in the

SEM image taken before the indentation (see the circles in

Figs. 4(a), (b), and (c)). Lastly, the area (and thus the vol-

ume) fraction of each phase within the circular area of the

plastic zone was calculated using an image analyzer. Figures

4(g), (h), and (i) present the analyzed images in which the

white and black areas correspond to the ferrite and bainite

phase, respectively. The calculated volume fraction of theHtotal HfVf HbVb+=

Fig. 2. Representative P-h curves recorded during nanoindentations of
each micro-phase: (a) t/2 position, (b) t/4 position, and (c) t/8 position.

Fig. 3. Average and standard deviation of the measured nano-hardness
values of the constituent phases.
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bainite phase (Vb) was 0.369 and 0.254 for position 1 and 2,

respectively, in the t/2 region; 0.313 and 0.504 for position 1

and 2 in the t/4 region, respectively; and 0.326 and 0.392 for

position 1 and 2 in the t/8 region, respectively. The volume

fraction of ferrite (Vf) could be simply calculated as (1-Vb). 

The hardness values directly measured by a high load

nanoindentation were compared with the hardness predicted

by the rule-of-mixture (Eq. 1), which is summarized in Fig. 5.

The Hf and Hb values that were applied are the average val-

ues of the measured phase hardness (summarized in Fig. 3);

i.e., 2.16 GPa and 4.4 GPa for t/2, 2.02 GPa and 3.88 GPa

for t/4, and 2.02 GPa and 4 GPa for t/8. In the figure, the dif-

ference between the predicted value and the experimentally

measured value is reasonably small (within 0.2 GPa). This

suggests that the rule-of-mixture can be successfully applied

to estimate the overall hardness from the phase hardness. 

For reconfirmation purposes, macroscopic Vickers hard-

ness tests were performed at a much higher load (~28.8 N).

Figure 6 shows optical micrographs taken before and after

the Vickers indentation. From the micrographs, the volume

fraction of each phase in the indentation-induced plastic

zone was evaluated in the same manner described above (see

Fig. 7). Figure 8 summarizes both the macroscopic hardness

directly measured by the Vickers hardness tests and the hard-

ness predicted by Eq. 1. In the figure, for a direct comparison

with the aforementioned hardness, the conventional Vickers

hardness HV (defined as the maximum indentation load divided

Fig. 4. Images used for applying a rule-of-mixture to the prediction of overall hardness from phase hardness: (a), (d), (g) t/2 position, (b), (e), (h)
t/4t position, and (c), (f), (i) t/8t position.

Fig. 5. Comparison of the measured hardness (at Pmax = 500 mN) and
the predicted hardness.

Fig. 6. Optical micrographs taken (a) before and (b) after the Vickers
hardness tests.
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by the ‘surface area’ of the indentation, AS, in units of kgf/

mm
2
) was converted to the indentation hardness, H, which is

equal to the mean contact pressure under the indenter (i.e.,

the peak load divided by the ‘projected area’ of the indenta-

tion,  AP). The conversion process is simply given as

(2)

where d is the Vickers indentation diagonal and Ψ is the

included half-angle of the Vickers indenter (i.e. Y = 68°). The
difference between the measurement and the prediction in

Fig. 8 is slightly larger than that in Fig. 5. However, consider-

ing that the volume fraction measurements for Fig. 8 were

roughly made using only optical micrographs, this difference

is acceptable.

The successful prediction of the overall hardness by a sim-

ple rule-of-mixture was somewhat surprising because the

phase hardness was obtained from an indentation made within

a grain (see Fig. 2); accordingly, the grain boundary strength-

ening effect was not included in the application of the rule.

Recently, Jang et al. [28] experimentally demonstrated that

high angle boundaries play an important role in deforma-

tions during nanoindentations of structural steels. Addition-

ally, Gong et al. [23] suggested that consideration of the

grain size effect (i.e., boundary strengthening effect) is nec-

essary to predict the hardness of a composite material prop-

erly when applying the rule-of-mixture. This suggests that

the predicted hardness should be considerably lower than the

measured hardness. 

This controversy may conceivably be explained by an

important phenomenon often observed in indentation exper-

iments, namely indentation size effect (ISE), i.e., hardness

increases with decreasing indentation depth (and the peak

load) for a sharp indenter [29-32]. This phenomenon is known

to arise from strain gradient plasticity under the indenter [29-

30]. In this work, the nanoindentations made to measure the

phase hardness were made at a relatively low load Pmax = 5

mN, while the tests for evaluating the overall hardness were

performed at Pmax = 500 mN (for nanoindentation) and 28.8 N

(for Vickers indentation). Assuming that the size of each

phase is sufficiently large so that the indentation at Pmax = 500

mN (or 28.8 N) can be made within a single grain, the phase

hardness measured at such high loads should be much lower

than the phase hardness obtained at Pmax = 5 mN. Accord-

ingly, the microscopic phase hardness from low-load inden-

tation can be overestimated if compared with the macroscopic

phase hardness. Collectively, the possible underestimation of

the predicted overall hardness (stemming from a disregard of

grain boundary strengthening in the rule-of-mixture applica-

tion) may be counterbalanced (and hence overcome) by the

overestimation of the phase hardness measured at a low load

(due to the presence of the ISE). For a more precise predic-

tion of the macroscopic strength from a nanoindentation,

quantitative analyses of both effects (the ISE vs. the bound-

ary strengthening effect) are desirable. These are currently

underway. 

From the results above, another concept is also applicable

to industrial fields. If nano-hardness values of the micro-

phases are provided, it may be possible to predict the volume

fraction of each phase ‘roughly’ by performing a macro-

scopic indentation without observation of the microstructure.

However, it should be noted that this inverse analysis for the

prediction of the volume fraction is relatively difficult in a

quantitative approach because the possible variation range of

the volume fraction is much wider than that of the hardness.

For instance, if Vb in Eq. 1 increases from approximately 1 %

(i.e., Vf is 99 %) to 100 %, the hardness (in the case of t/2)

increases from a value close to 2.16 GPa (ferrite-only hard-

ness) to 4.4 GPa (bainite-only hardness). Thus, the increase

in the hardness (by approximately 2 times) cannot sensitively

reflect the dramatic increase in the volume fraction (100

times).

HV
Pmax

AS

----------
2 sinΨ( )Pmax

d
2

------------------------------
Pmax

AP

----------⎝ ⎠
⎛ ⎞sinΨ HsinΨ= = = =

Fig. 7. Analyzed images showing the distribution of each phase: (a) to
(f) correspond to positions 1 to 6 in Fig. 6.

Fig. 8. Comparison of the measured hardness (at Pmax = 28.8 N) and
the predicted hardness.
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4. CONCLUSION

Nanoindentation experiments were performed to evaluate

the nano-hardness of micro-phases (bainite and ferrite) in

dual-phase API X100 pipeline steel. With the nano-hardness

of each phase, successful prediction of the overall hardness

was possible by applying a simple rule-of-mixture. These

successful predictions occur possibly due to the counterbal-

ance between the potential underestimation of the predicted

overall hardness (related to disregard of the boundary streng-

thening effect) and the overestimation of the phase hardness

measured at a low load (due to the ISE).
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