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Effect of grain boundary on the plastic deformation in Fe-C alloys
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ABSTRACT:

To investigate the effect of grain boundaries and solute carbon on plastic deformation, nanoindentation
was performed on the grain interior, and near grain boundaries for interstitial free steel (IF steel) and
Fe-120 at.ppmC (C120). The nanohardness of the grain interior (the distance from the grain boundary
was over 2 um) for C120 was higher than that for the IF steel. In contrast, the nanohardness increased
when the distance became shorter than 2 um. Furthermore, the nanohardness was almost the same for
each sample when the distance was about 1.0 um. It is believed that the increase of the Hall-Petch
slope with carbon addition in tensile testing is caused by the increase of grain boundary strength with
segregation of carbon on the assumption of the dislocation pile-up model. However, the results
obtained by nanoindentation suggest that grain boundary strength is almost the same in the two steels.
This result suggests that the dislocation movement is important not only near grain boundaries but also
within the grain interior.

1. INTRODUCTION
In the 1950s, Hall [1] and Petch [2] reported grain size dependence of yield strength and cleavage
fracture stress of iron and steel. The Hall-Petch (H-P) relation is described as:

oy = 0o+ kd™ /2 (1)

where gy, is the yield strength, o is the friction stress, & is the H-P coefficient and d is the grain size.
There are several models to explain the H-P relation, the dislocation pile-up model [1,2], the
dislocation source model [3], the geometrically necessary dislocation model [4], the composite model
[5], and the slip distance model [6]. However, the mechanism is under discussion.

Takeda er al. [7] studied effects of interstitial carbon and nitrogen on k of ferritic steels. Carbon
increased £, but nitrogen hardly did. It was concluded that the difference stemmed from the number of
segregated atoms to grain boundaries. Takahashi et al. [8] measured the amount of segregated carbon
and nitrogen at grain boundaries using 3D atom probe tomography. They showed that the segregating
trend of nitrogen is much weaker than that of carbon and that the increment of & from nitrogen is also
lower than that from carbon. Based on the dislocation pile-up model, they concluded that carbon
segregation to grain boundaries increased the boundary strength [9], whereas nitrogen segregation did
not affect it.

In many previous reports, macroscopic tensile tests were performed to evaluate the H-P relation.
However, the results of macroscopic tests contain the effect of several types of grain boundaries. In
order to investigate an elementary step of the H-P relation, it is important to focus on a single grain
boundary and evaluate the interaction between a dislocation and the grain boundary. Recently several
microscopic approaches such as nanoindentation have been performed to investigate the
dislocation-grain boundary interaction. In some reports, ex-situ nanoindentation was performed to
evaluate the first pop-in, which corresponds to the initiation of plastic deformation [10] and the second
pop-in, which corresponds to the strain transmission across the grain boundary [11-13]. In other
reports, in-situ compression tests in transmission electron microscopy were conducted and the
dislocation-grain boundary interaction was evaluated directly [14].

In this study, we conducted ex-situ nanoindentation and evaluated the mechanical response in
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the vicinity of a single grain boundary in order to investigate the effect of a grain boundary and
segregation of carbon on the mechanical properties.

2. EXPERIMENTAL PROCEDURE
2.1. Sample

The chemical compositions of the samples are listed in Table 1. Conventional high purity iron
was melted in a vacuum furnace and a 25 kg ingot was obtained. The ingot was homogenized at 1473
K for 3.6 ks and hot rolled to 5 mm. The hot rolled plate surface was ground to 3 mm and cold rolled
to 1 mm. The cold rolled sheet was annealed at 973 K for 30~2000 seconds and quenched into water.
The H-P coefficients measured by the tensile test were 1038 MPa+um"? for C120 and 627 MPa- um'”?
for the IF steel.

Table1 Chemical composition of the samples used in this study.

(mass ppm)
C Al 0 N Ti
IF steel 20 40 37 8 350
C120 110 30 49 6 -

2.2. Internal friction

Internal friction measurement was performed to evaluate the solute carbon concentration. It was
conducted by the free decay method using an inverted torsion pendulum machine under a 100 Pa He
atmosphere. The frequency was 1 Hz, and the heating range was from 200 K to 400 K under
continuous heating at a rate of 1 K/min.

2.3. Nanoindentation

The nanoindentation test was conducted on a Hysitron Triboindenter (TI900) with a Berkovich
type diamond indenter tip. The samples were mechanically and chemically polished to remove the
surface damaged layer because the results of nanoindentation are affected by surface roughness and
surface damaged layer [15]. Indentation was performed under a load-controlled condition at 300 K.
The maximum load was 1~5 mN and the loading rate was 1 mN/s. Nanoindentation was performed
on the grains whose surface is normal to the <100> direction.

3. RESULTS AND DISCUSSION
3.1 Internal friction

Fig. 1 shows the relationship between temperature, T and internal friction, Q. A peak was
observed around 300~320 K. This is the Snoek peak, which is due to stress-induced reorientation of
interstitial solute atoms and is described as:

wT

-1 _
Q - A(1+w‘r)2 (2)

where A is the relaxation strength, w is the angular frequency and t is the relaxation time. t
shows Arrhenius type temperature dependence and

is expressed as: 0.007
— E e C120
T = Tg€Xp (—) (3) 0.006 H
kT Yo.005 '.. o IF steel| |
where 7, is a constant, k is the Boltzman constant o008 %
and E is the activation energy. = e :.
. . —=0.003
Nowick and Berry showed 7, £, and the relaxation g K X
strength for nitrogen and carbon per atomic ppm. £00% }" \
[16] We calculated the concentration of solute
carbon by using these values. The concentrations

240 260 280 300 320 340 360 380
Temperature, T/ K

were 3.8 mass ppm for IF steel and 57.8 mass ppm
for C120.

Fig.1 Relationship between temperature, 7 and
internal friction, Q"'
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3.2 Nanoindentation
Nanoindentation was performed
in the vicinity of a single grain
boundary with various distances
from the grain boundary as shown
on the scanning robe microscope
(SPM) image in Fig. 2 (left). The
grain boundary was a high angle

. . ! T Al
boundary (>15 °). Fig. 2 (right) £ 001 A=
. ~ " = | IS =y
shows a cross section profile of a £ TR TR HTHITHE £ HTS
. Q0 -10.000 e~ o
height of the sample surface across o S
’2‘3;)0600 03804 19608 29412 39‘;‘719120 53&2‘ 68627 78&

the grain boundary. Since the step at
the grain boundary is 52 nm, which
is comparable to a typical
indentation depth, the indented
position was chosen at the bottom of
the step in the (001) grain side to
avoid errors by the free surface of the cliff.

Fig. 3 shows typical load-displacement curves for the IF steel. The curves include three cases of
distance between the centre of the indent and the grain boundary. Three curves overlap at the initial
stage below 125 nm in displacement, while the slope of the curve for 0.7 um becomes steeper when
the displacement is over 125 nm. The penetration

Lateral distance / um

Fig.2 Scanning probe microscopy image of the sample surface
after multiple indentations and the cross-section profile among the
grain boundary.

depth after unloading is the shallowest and the > Distance to the grain boundary / L
hardness is the highest for the 0.7 pum case. This # T —07um 1
change in slope is presumably caused by the grain 3: —1.7 um Ff:

boundary effect. Using the hemispherical
approximation of the plastic zone beneath the
indenter [17], the diameter is estimated as 1.25
pum when the penetration depth is 125 nm. As the
radius of the plastic zone is comparable to the
distance between the indent and the grain
boundary, the plastic zone could interact with the
grain boundary.

Fig. 4 shows the relationship between the
nanohardness and the distance between the indent
and the grain boundary for the IF steel and C120.
The grain boundaries include misorientation
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Fig.3 Load-displacement curves for the IF steel with

different distances to the grain boundary (0.7, 1.7

angles higher than 15 degrees and the and 3.7 pm).

nanohardness of near grain boundaries for both 2 O Open: C120
the samples is higher than those of the grain L9 Solid: TF steel
interior. The nanohardness of the grain interior S8 pgEEm g e e
(the distance to the grain boundary is 2 pm or 217 ¢ (grain interior)
longer) for C120 is 1.25 times higher than that for Tis 'A

the IF steel. In contrast, the nanohardness of 915 i‘.'h‘ "

C120 is almost the same as the IF steel when the E“ }- A.?:fgu, .

distance is less than 1.0 pm. This result suggests g13 ':_B,-_"}"A.. T ave. Hn for IF stepl
that the hardness near the grain boundary for 12 * {grain-interior)
C120 is not a simple addition of the grain 11

[u

boundary effect in the IF steel to the grain interior
o f C 1 2 0 0 5 10 15
o . . . Distance from the grain boundary, d / um
To investigate the effect of grain boundaries,
the following factors should be considered: one is
the deformation inhomogeneity and another is the
property of the grain boundary itself. The
deformation inhomogeneity depends on the dislocation movement in the grain interior and causes the

Fig.4 Relationship between nanohardness and the
distance to the grain boundary.
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stress concentration at the grain boundary. The effect of a solute atom on the deformation
inhomogeneity was reported [18]. In Fe-Si alloy, the slip plane is limited to {110} and hence cross slip
is restricted, leading to a deformation inhomogeneity. In-solution carbon atoms presumably behave
likewise. On the other hand, the property of the grain boundary itself corresponds to the effect of a
barrier to dislocation glide or the ability of the dislocation source. The effects are presumably
determined by grain boundary characters including boundary structure, misorientation angle,
segregation of alloying elements and so on.

4. CONCLUSION

The mechanical response in the vicinity of a single grain boundary and the effect of solute atoms on
the response were investigated through the nanoindentation technique. Nanohardness in the vicinity of
a grain boundary is higher than that in a grain interior. Nanohardness in the grain interior increases
with solute carbon, while the nanohardness of the near grain boundary is almost unaffected. These
results indicate that it is important to consider the solute effect not only on the grain boundary itself
but also on the dislocation motion in the grain interior in studying the effect of solute carbon on the
H-P relation.
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