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Abstract

Although it is well known that there is a significant contribution of precipitation strengthening to the strength of structural steels, it is difficult
to experimentally separate the precipitation contribution from the overall strength due to the complex nature of steel microstructures. In this study,
the contribution of precipitation strengthening to the matrix strength of ferrite in steel was experimentally investigated through nanoindentation
tests. Nanoindentation hardness values of the ferrite matrix in precipitates-containing steels were greater than those in precipitate-free steels, which
may be due to the Orowan strengthening mechanism based on the interaction between precipitates and dislocations. To better understand the
precipitation strengthening contribution, interparticle spacing values of precipitates were calculated for each microalloyed steel and used for the
analysis of hardness change. It was revealed that the trend of nanoindentation hardness change with variation in interparticle spacing corroborated

the expectation based on classic Orowan theory.
© 2007 Published by Elsevier B.V.
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1. Introduction

It has been well accepted that precipitation strengthening
can significantly increase the matrix hardness of a metallic
material [1]. Two major mechanisms have been suggested for
explaining the precipitation strengthening, depending on the pre-
cipitates’ penetrability to dislocation; particle shear mechanism
(sometimes called cutting mechanism) for penetrable precipi-
tates and Orowan mechanism for impenetrable ones [1], which
are closely competing as main particle strengthening mechanism
in a material including precipitates or dispersoids. Especially
in microalloyed steel, there is little evidence of particle shear,
and thus it is believed that precipitation strengthening is mainly
controlled by Orowan mechanism, as reviewed in Ref. [1]. In
Orowan mechanism [2], impenetrable precipitates in the matrix
interrupt dislocation migration and thus plastic deformation
via interaction with dislocations, which results in an increase
in matrix strength. Most of the previous research [3-5] has
measured the matrix strength from linear regression using the
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Hall-Petch relationship. Only a few studies have attempted to
directly measure the matrix strength using nanoindentation test,
which has made it possible to measure the mechanical properties
on sub-micron size and thus individual phases in polycrystalline
microstructure without the contribution of grain boundaries
[6-10]. For example, Ohmura et al. [6] have shown that the
matrix hardness of martensite (without the contributions of high
angle grain boundaries, such as block, packet or prior austenite
grain boundaries) increases with increasing carbon content.

In this work, the nanoindentation technique was adopted
to experimentally verify the Orowan strengthening contribu-
tion to the matrix strength of ferrite in microalloyed steels. We
observed that matrix hardness values of precipitate-containing
steels are indeed greater than those of precipitate-free steels
by precipitation strengthening. More interestingly, the change
in nanoindentation hardness with interparticle spacing corrobo-
rated the expectation based on classic Orowan theory.

2. Experiments

The chemical compositions of the four steels examined in
this study are listed in Table 1. Compared to steel A (which is
a mild steel), steel B has more carbon content and steels C and
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Table 1

Chemical compositions of the tested steels (in wt%)

Alloy C Si Mn Ti Nb B (ppm) N (ppm)
A 0.102  0.138 1.6 - - - -

B 0.151 0.139 .61 - - - -

C 0.09 0.13 148 0017 - 10 100

D 0.11 0.16 1.5 0.015  0.02 14 84

D additionally include microalloying elements, such as Ti and
Nb, which are known to form precipitates. Note that steel D
has both Ti and Nb while steel C has only Ti. Nanoindentation
experiments were performed to a peak load of 10 mN at constant
strain rate of 0.2 s~! using Nanoindenter-XP (MTS Corp., Oak
Ridge, TN) with a common Berkovich indenter. To observe the
microstructure, the specimens were polished using conventional
metallographic techniques and then slightly etched in a 3% Nital
solution. The nanoindentation samples were electro-polished
instead of mechanically polished to avoid surface hardening
effect. Nanoindentation experiments were carefully performed
in the center of a ferrite grain to avoid the grain boundary
strengthening effect (see Fig. 1).

To observe precipitates, the specimens were etched in a mixed
solution of methanol (80%) and perchloric acid (20%). A thin
carbon film was deposited and extracted in the same etchant at a
voltage of 2 V. The collected carbon replica was observed with
a transmission electron microscopy (TEM, Model 2010, JEOL,
Japan) and particles were identified by the selected area diffrac-
tion (SAD) pattern. The mean size of the distributed particles
was measured by an image analyzer.
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Fig. 2. Optical micrographs of (a) steel A, (b) steel B, (c) steel C and (d) steel D.
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Fig. 1. Representative SEM image of hardness impression.

3. Results and discussion
3.1. Microstructure observation

Fig. 2 shows the microstructures of the four tested steels
which consist of ferrite and a little pearlite. The ferrite grain
size of steels C and D are smaller than those of steels A and B,
which might be attributed to the grain growth inhibition by pre-
cipitates during alloy fabrication. The precipitate distribution in
the matrix of steels C and D are shown in Fig. 3. From analysis
using SAD pattern and energy dispersive spectroscopy (EDS),
the precipitates in steels C and D were identified as TiN and (Ti,
Nb)(C, N) respectively. Fig. 4 demonstrates the distribution in
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Fig. 3. TEM images of (a) TiN precipitate in steel C and (b) (Ti, Nb)(C, N) complex precipitate in steel D.
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Fig. 4. Size distribution of (a) TiN precipitate in steel C and (b) (Ti, Nb)(C, N) precipitates in steel D.
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Fig. 5. Examples of P—h curves obtained by nanoindentation test of ferrite
matrix.

the measured size of precipitates in steels C and D. While there
was a large fluctuation in the size, mean sizes of TiN and (Ti,
Nb)(C, N) were approximately 4 and 5 nm, respectively.

3.2. Nanoindentation

Fig. 5 shows a representative load—displacement curve of the
steels recorded during nanoindentation test. The nanoindenta-
tion hardness values were calculated according to Oliver-Pharr
method [11], and the results are summarized in Fig. 6. Note
that the definition of nanoindentation hardness H (the peak load
divided by the “projected area” of indentation Ap) is differ-
ent from that of conventional macroscopic Vickers hardness
HV (the peak load divided by the “surface area” of indenta-
tion Ag). The conversion from HV to H can be simply made as
HV = Hsin 68°, which means that, in nature, the nanoindenta-
tion hardness should be higher than macroscopic HV. In Fig. 6,
it is clearly seen that nanohardness values of steels C and D
including precipitates were greater than those of steels A and
B. The differences in hardness might be due to the effect of
precipitation strengthening, as will be discussed below. Note
that all the steels examined may have included FesC precipi-
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Fig. 6. Nanohardness of ferrite matrix measured by the nanoindentation test.

tates (cementite) without addition of microalloying elements,
Nb and Ti. However, the cementite precipitates exist in pearlite
lamellar phase consisting of ferrite and cementite, and the effect
of cementite precipitate was neglected simply because only the
matrix hardness of proeutectoid polygonal ferrite was measured.

On the other hand, even if steels A and B contain different
carbon content (which can induce an interstitial solid-solution
strengthening), nanohardness of these two alloys were nearly
same. This similar nanohardness value may be explained by the
high carbon contents of steels A and B, which was greater than
the solubility limit, 0.02 wt% in ferrite matrix (see Table 1).
Since additional carbon contents over solubility limit cannot
affect the matrix strength, the solid solution contribution to the
matrix strength in these two steels can be almost same.

3.3. Precipitation strengthening effect

As shown in Fig. 3, steels C and D contained a population
of stabilized precipitates, which were due to microalloying ele-
ments such as Ti and Nb, and thus their matrix hardness values
were greater than those of steels A and B possibly due to pre-
cipitation strengthening. As mentioned earlier, although cutting
mechanism and Orowan mechanism are typically competing in
a material having precipitates, it is believed that precipitation
strengthening in microalloyed steels is mainly controlled by
Orowan mechanism [1]. This is simply because the precipitates,
such as nitrides and carbonitrides observed in this work, are too
hard to be cut by dislocations. While one might expect that dislo-
cations may be able to cut them when precipitates are extremely
small, France et al. [ 12] reported that Orowan mechanism is still
available in the case of the steels with nanometric precipitates
(whose radii are about 1.5 nm which is smaller than those in this
work). Accordingly, here we considered the Orowan mechanism
as the main precipitate strengthening mechanism in the steels C
and D.

Separation of the precipitation strengthening contribution
from overall strength can be made by a simple analysis as
follows. By combining the well-known Hall-Petch equation
[13,14] and Tabor’s empirical relationship H ~ 3o [15], the fol-
lowing equation was obtained;

H = Hy + kyd~'/? (1

where H is the overall hardness of the tested material, Hy is
the matrix hardness and ky is a modified locking parameter. As
suggested by many researchers (for example, see Ref. [16]), the
matrix hardness can be further divided again into more detailed
terms based on different sources of the strengthening mecha-
nism;

HO = H()k + HSS + HOro (2)

where Hj is the inherent hardness of the ferrite matrix itself
without the effect of solute atoms and precipitates, Hss is the
solid-solution strengthening contribution and Hoy, is the precip-
itate strengthening contribution.
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Fig. 7. Equilibrium precipitate volume fraction of TiN and (Ti, Nb)(C, N) in
steels C and D.

Generally, the strength increase by Orowan mechanism can
be expressed as [2]

Gb

TOro = T , 3)

where G and b are shear modulus of matrix and Burgers vector,
respectively. The parameter X in the equation is the interparticle
spacing between dispersoids which is given as [3]

40— pr
= 37
where f'is the precipitate volume fraction and r is the precipitate

size. Therefore, by applying Tabor’s relationship [8] and Von
Mises flow rule, T = o,/ V3, Eq. (3) can be rewritten as

A “

3V/3Gb
—.

In this study, the interparticle spacing from Eq. (4) was calcu-
lated using both the precipitate size measured from the TEM
micrographs (Figs. 3 and 4) and particle volume fraction calcu-
lated by the Thermo-clac (Fig. 7). As summarized in Table 2,
the mean interparticle spacing of steel D (11.5 wm) was much
smaller than that of steel C (14.03 wm). Thus, one might expect
through Eq. (5) that nanoindentation hardness of matrix in steel
D is greater than that in steel C if shear modulus (G) and Burgers
vector (b) in the equation did not significantly vary. This expecta-
tion corroborated the qualitative trend of hardness change shown
inFig. 6. With taking this into consideration, it is believed that the
classic equation for Orowan strengthening effect (i.e., Eq. (3))
is indeed valid and can be useful for explaining the contribution
of precipitation strengthening to the overall strength.

Horo = 30010 = 3‘/g'EOro = )

Table 2
Mean precipitate size, precipitate volume fraction and interparticle spacing

Alloy Mean precipitate Precipitate volume Interparticle

size (nm) fraction spacing (1) (pum)
C 4424 3.8x 1074 14.03 + 8.42
D 5+24 58x 1074 11.5 £+ 8.27

Before closing, itis constructive to note that the increase in the
nanoindentation hardness thanks to the precipitate strengthening
is not exactly matched with that expected based on the change in
the interparticle spacing according to Eq. (5); i.e., the difference
in the mean interparticle spacing between steels C (11.5 pm)
and D (14.03 wm) is about 20% while the difference in increas-
ing amount of hardness (compared with those of steels B and
C) between steels C (0.15 GPa) and D (0.3 GPa) is about twice.
This uncertainty might arise from the nature of the precipitates
as well as characteristics of nanoindentation experiments; first,
the size of the particles shows a significant fluctuation, which
results in a large fluctuation in interparticle spacing. This makes
it hard to quantitatively judge the strengthening effects; second,
since the particles are not uniformly distributed within a grain
while nanoindentation is made in very small volume, the local
interparticle spacing of the precipitates included in the plastic
zone produced during indentation is conceivably varying signif-
icantly, which results in a large scatter in hardness value (see
Fig. 6) and makes a quantitative evaluation difficult too; finally,
the well-known ‘indentation size effect (ISE)’ (i.e., indentation
hardness increases with decreasing indentation depth) might
bring some uncertainty, as it is not clear that quantitative amount
of ISE is the same for all steels examined here.

4. Conclusions

In the present paper, we report somewhat new experimen-
tal verification of precipitation strengthening contribution to
the matrix strength in microalloyed steels. Nanoindentation
results indicated that the hardness values of precipitate-
containing microalloyed steels were much greater than those of
precipitate-free steels. Additionally, interparticle spacing val-
ues of precipitates in the microalloyed steels were calculated
to better understand the precipitation strengthening contribu-
tion. Indeed, the trend of nanoindentation hardness change with
interparticle spacing is well matched with the expectation based
on classic Orowan theory.
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