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A method to estimate the Hall–Petch coefficient k for yield strength and flow stress of steels through nanoindentation experi-
ments is proposed. While determination of kf for flow stress is on the basis of grain boundary strengthening evaluated by sharp
indentation, ky for yield strength was computed with pop-in data from spherical indentations. Good agreement between estimated
and literature data, obtained from the tensile tests, validates the proposed methodology.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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One of the most important microstructural
parameters that control the yield strength, ry, of poly-
crystalline metals and alloys is the grain size, d [1]. At
the beginning of 1950s, Hall [2] and Petch [3] indepen-
dently observed that ry scales with d�0.5 in a number
of metals and alloys. On this basis, the widely known
Hall–Petch (HP) relation is derived:

ry ¼ ðryÞ0 þ kyd
�1

2 ð1Þ
where (ry)0 is the friction stress free from grain bound-
ary (GB) contributions (and thus is approximately the
ry of an extremely coarse-grained, untextured polycrys-
tal) and ky is a material constant, which is often referred
to as the “HP coefficient” or the “locking parameter”.
Note that in alloys with different microstructural con-
stituents, such as a/b Ti alloy with grains, colonies and
laths, d can be replaced by the deformation-controlling
microstructural length scale; the functional form of
Eq. (1) is still obeyed [4]. Later, it was suggested that
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the flow stress at any given strain r(e) also obeys the
HP relation [1,5]:

rðeÞ ¼ r0ðeÞ þ kf d�
1
2 ð2Þ

where r0(e) corresponds to the flow stress of single crys-
tal at that strain and kf is the HP coefficient for flow
stress. Similarly, it was reported that the HP equation
can successfully describe the grain size effect on hard-
ness, H, albeit with a different k [5].

The HP coefficient is an important indicator of the
relative contribution of GBs to the strength of the
material. If k is small – as in Ti alloys, for example –
the strength enhancement that one can obtain through
grain refinement may not be much and other alloy
design principles may have to be invoked for strength-
ening the alloy. Usually, the experimental evaluation of
k of a material is performed through a series of stan-
dard tensile tests on samples with varying d, and some
values of k for ry are listed in Table 1 [2,6–13]. How-
ever, this procedure requires a large amount of mate-
rial as several tests on many standard-sized samples
with different grain sizes are essential for a complete
study.
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Table 1. Hall–Petch coefficient ky measured from tensile tests in
previous studies [2,6–13].

Type of steel ky (MPa�mm1/2) Ref.

Mild steel 19.05 [2]
Mild steel 17.42 [6]
Plain carbon steel (0.034C) 25.6 [7]
Plain carbon steel (0.07C) 27.97
Low-carbon steel 17.9 [8]
Ultrahigh-carbon steel 14.55 [9]
Mild steel 23.40 [10]
Swedish iron 22.45
Cr steel 18.97 [11]
Mild steel 18 [12]
Ferritic steel 18.97 [13]

Figure 1. Results of nanohardness measurements for API X70 steel;
(a) representative P–h curves for each phase (with inset images showing
hardness impressions); (b) obtained hardness of each phase.
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To circumvent this, we suggest in this paper a simple
methodology that utilizes the nanoindentation tech-
nique, and demonstrate it on two different steels. A clear
advantage of the suggested method is that one can esti-
mate the values of k for r(e) as well as ry independently
using only a small volume of material. In this context,
we recognize that some literature on utilizing the nano-
indentation technique for evaluating the GB contribu-
tion to the strengthening in metals and alloys exists,
especially for thin films [14–19]. Soer et al. [20,21], for
example, proposed that ky could be estimated from the
nanoindentation data obtained with a blunt tip. How-
ever, methodologies that offer ways to estimate ky and
kf separately are not yet available. Recently, Seok
et al. [22] have suggested a way to predict the overall
strength of dual-phase steels from the data obtained
by nanoindenting individual phases. In that work,
strengthening due to GBs was considered, but only in
a qualitative manner. With this in mind, a simple meth-
odology for estimating both ky and kf, where the GB
contribution is accounted for in a quantitative manner,
is proposed and validated in the present paper.

Two types of steel were examined in this study: a
commercial-grade API X70 linepipe steel (with a nomi-
nal composition (in wt.%) of Fe–0.07C–0.2Si–1.55Mn–
0.07Nb–0.04V–0.02Ti) and a low-carbon steel (composi-
tion (in wt.%) Fe–0.07C–1.2Mn–0.15Si). Both of these
alloys have a two-phase microstructure consisting of fer-
rite and pearlite. All specimens were mechanically pol-
ished with fine SiC paper up to grit number 2000, then
electrolytically polished using a Lectropol-5 instrument
(Struers, Westlake, OH) in an 80% ethanol/14% distilled
water/6% perchloric acid solution to avoid artifacts
related to a hardened surface layer that can be intro-
duced during grinding. Specimens were etched with 3%
Nital solution for microstructure observations by an
optical microscope (Olympus, Tokyo, Japan). The grain
size and volume fraction of each microstructural phase
were measured with an Image-Pro image analyzer
(Media Cybernetics Inc., Silver Springs, MD).

Nanoindentation tests were carried out under the con-
tinuous stiffness measurement (CSM) module of the
Nanoindenter-XP (formerly MTS; now Agilent Technol-
ogies, Oak Ridge, TN) at a constant indentation strain
rate (dP/dt)/P (where P is the indentation load) of
0.05 s�1 with either a three-sided pyramidal Berkovich
indenter or a spherical indenter. The values of hardness
(H) were estimated according to the procedure outlined
by Oliver and Pharr [23]. Before performing the spherical
indentation tests, the tip radius, R, was determined as
�3.43 lm through calibration tests on fused quartz utiliz-
ing the Hertzian contact theory [24]. Subsequently, grid
indentations were performed on electropolished samples.

The samples were etched subsequent to the indenta-
tion experiments, and scanning electron microscopy
and electron backscatter diffraction (EBSD) with an
FEI XL30 FEG instrument (Philips, Cambridge, UK)
were performed so as to assign each indent to either of
the phases or the inter-phase or GB regions. In the cur-
rent work we did not consider the influence of each
grain’s crystallographic orientation on H as it is not sig-
nificantly affected by the orientation [25].

First, the kf of Eq. (2) for API X70 steel was esti-
mated using the results of the nanoindentation experi-
ments with a Berkovich indenter. Representative load–
displacement (P–h) responses obtained for each phase
of the steel are shown in Figure 1. It is apparent in Fig-
ure 1a that the peak load displacement (hmax) is much
larger in the softer ferrite than in the pearlite. The mea-
sured H values are summarized in Figure 1b, and are in
a reasonable agreement with the literature data [15,26].
With the well-known Tabor’s empirical relationship
[27], r = H/C, where C is the constraint factor (�3 for
fully plastic deformation [27]), kf of Eq. (2) can be deter-
mined from:

kf � d�
1
2 ¼ rðeÞ � r0ðeÞ ¼ DrGB �

DH GB

3
ð3Þ

where DrGB and DHGB are the GB strengthening contri-
butions to r(e) and H, respectively. DHGB may be deter-
mined by a simple rule-of-mixture of the phase hardness
data:

DHGB ¼ ðH macroÞexp � fðH 0ÞF ð1� fP Þ þ ðH 0ÞP fPg ð4Þ
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where (H macro)exp is the H obtained from high-load inden-
tation (in this study, Pmax = 500 mN) so that it includes
the GB strengthening effect, H0 is the H corresponding
to r0(e) of Eqs. (2) and (3), f is the volume fraction of each
phase within the indentation-induced plastic zone, and
subscripts F and P indicate ferrite and pearlite, respec-
tively. The first and second terms in Eq. (4) are H with
and without GB contributions, respectively.

To determine fP of Eq. (4), a scratch was made on the
polished specimen as a reference, and the regions adjoin-
ing it were imaged before (Fig. 2a) and after nanoinden-
tation tests (Fig. 2b). For the sake of simplicity, the area
of the indentation-induced plastic zone was assumed to
be the same as that of the circle passing three (or at least
two) angular points of the triangular hardness impres-
sion. An example of the image taken using an image
analyzer is provided in the inset of Figure 2b, the white
and black areas of which correspond to the ferrite and
pearlite phases, respectively. The value of fP can be cal-
culated from such an image (e.g. fP = 0.1205 for the
inset of Fig. 2b), and fF can be also simply determined
as (1 – fP). The average fP in the microstructure of
API X70 steel is �6%.

Since the phase hardness values, (H0)P and (H0)F of
Eq. (4), were obtained at a relatively low load (for this
study, 5 mN) and (Hmacro)exp was measured at a high
load (500 mN), they cannot be directly compared to
each other due to the indentation size effect (ISE), i.e.
an increase in H with decreasing h for a sharp indenter
[28]. To take ISE into account, the following Nix–Gao
equation can be used [28]:

ðHmacroÞISE ¼ H

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

h

r !�1

ð5Þ

where (Hmacro)ISE is the ISE-corrected macroscopic
hardness estimated by Eq. (5) and h* is a material length
scale for h-dependent H. Figure 1b also provides the
(Hmacro)ISE of each phase. With the measured data of
H and f, kf can be computed according to Eqs. (3) and
(4). The estimated DHGB was �0.1843 GPa and thus

kf was �3.60 MPa�mm1/2.
Figure 2. Optical micrographs taken before (a, c) and after (b, d) high-load na
(c, d) for a ferrite-only region.
Since the estimated kf is for both ferrite–ferrite and
ferrite–pearlite boundaries, we attempted again to esti-
mate kf for only ferrite–ferrite boundaries of this steel
through nanoindentation tests on the ferrite-only area
(where fP is �0), as shown in Figure 2c and d. Using
the procedure described above, the computed values
for ferrite–ferrite boundaries were DHGB = 0.177 GPa
and hence kf = �3.45 MPa�mm1/2. The similarity in
both the values of kf suggests that the strengthening
due to high-angle GBs is independent of the neighboring
phases and depends exclusively on the matrix micro-
structure (including dislocation density) and chemical
compositions.

Next, we attempted to estimate ky of Eq. (1) through
spherical indentation on a low-carbon steel, which was
selected instead of API X70 for the following two reasons:
(i) it has considerably larger average d, which allows for
the demarcation of the indents on the GB and on grain
interior (GI); and (ii) the high initial dislocation density
in API X70 makes the detection of the first pop-in, which
is the key indicator for elastic-to-plastic transition of
deformation underneath the indenter [29–31], difficult.
During spherical nanoindentation, the P–h curves often
exhibit a sudden burst of h, at a constant P in the case
of load-controlled tests, which is often referred to as
pop-in. The maximum shear stress at the first pop-in, smax,
represents the critical shear strength for the onset of plas-
ticity and hence can be related to ry.

Figure 3 shows representative P–h curves exhibiting
pop-ins for the indentations of GBs and GIs. The inset
is an EBSD image showing the region where nanoinden-
tations were performed. The indentations marked by
dashed circle correspond to the P–h curves of GBs.
The average pop-in load for the GBs is lower than that
of GIs, which is opposite to the typical expectation that
GBs are harder than GIs [16,32]. This can be explained
by the different natures hardness and pop-in behavior,
being similar to the difference between kf and ky; hard-
ness is governed by interactions between moving dislo-
cations and crystalline defects (e.g. the GBs and other
dislocations) and hence is enhanced by the presence of
the GBs. In contrast, the pop-in behavior is controlled
noindentation tests (Pmax = 500 mN) (a, b) for a two-phase region and



Figure 3. Pop-in behavior observed in the P–h curves of spherical
indentations. The inset image is the corresponding EBSD map showing
which one is made on GBs (marked by a dashed circle).
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either by the dislocation nucleation or bursts in disloca-
tion movements, and hence can occur at lower P when
the indentation is performed in the vicinity of a GB,
as GBs can act as a source for dislocation nucleation
[33].

In spherical indentation, smax occurs at a distance
approximately half the contact radius directly below
the rotational axis of the contact and is given by [34]:

smax ¼ 0:31 � p0 ¼ 0:31 � 3

2
pm

� �
¼ 0:31 � 6 � P P � E2

r

p3 � R2

� �1
3

ð6Þ

where p0 and pm are the maximum and mean pressures
of the contact, respectively, and PP and Er are the first
pop-in load and the reduced modulus. In consideration
of the GB’s role as an effective barrier for the passage of
dislocations, yielding occurs when the stress at the tip of
the dislocation pile-up reaches the critical value, sc, nec-
essary to nucleate slip across the GB. Based on this sce-
nario, Eq. (1) can be rewritten as [33,34]:

ry ¼ ðryÞ0 þ kyd
�1

2 ¼ ðryÞ0 þM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2scGb

Ap
�

r
d�

1
2: ð7Þ

Here M is the Taylor factor, G is the shear modulus,
b the Burgers vector and A is a constant equal to
(1 � m) or 1 for edge or screw dislocations, respectively,
where m is Poisson’s ratio. Based on the GB’s role as an
obstacle of dislocation movement, it is reasonable to
assume that. if pop-in occurs during the indentation
on a GB, the critical stress sc in Eq. (7) is equal to the
maximum shear stress smax. By considering the sc of
Eq. (7) as the same as the obtained smax (�1.7–4.2 GPa),
ky was estimated as �19.68 ± 3.20 MPa�mm1/2, which
is in reasonable agreement with the literature data
[2,6–13] listed in Table 1. It can also be noted from
Table 1 that ky does not vary significantly between var-
ious types of steel.

In summary, we demonstrate a simple methodology
to estimate the Hall–Petch coefficient k for yield strength
and flow stress of a steel through nanoindentation
experiments. While kf was estimated on the basis of
hardening due to GBs, which was evaluated with the
aid of a simple rule-of-mixture and ISE theory, ky was
evaluated with the “pop-in” data from spherical inden-
tation. Estimated values are in reasonable agreement
with the literature data.
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