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The deformation behavior of bulk nanocrystalline FeggSiy, alloy has been investigated with compres-
sion tests at different strain rates. The activity volume v« is 6b> which indicates that the deformation
mechanism is controlled by the dislocation slip. On the other hand, the critical size of the nanocrystalline
FeggSiy, alloy for deformation mechanism is calculated to be about 5.3 nm. It is smaller than the grain

size of the nanocrystalline FeggSiq, alloy (10 nm), which also indicates that deformation mechanism of
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the nanocrystalline FeggSiy, alloy is controlled by the dislocation pile-up.
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1. Introduction

Mechanical behavior of nanocrystalline metals and alloys has
attracted considerable attention in recent years, due to their high
yield and fracture strength, which exhibits large potential for
structural applications. But the lower room temperature ductil-
ity than their coarse grained counterparts seriously hinders their
full potential applications. In order to improve the room tempera-
ture ductility, a number of methods have been investigated in the
recent decades [1-3], such as bimodal grain size distribution, sec-
ond phase composite, nano-twin strengthen, strain rate change.
For conventional metals and alloys, plastic deformation occurs by
dislocation activities. However, dislocation nucleation from the
Frank-Read source becomes difficult when the grain size reduces to
the nanometer magnitude. Therefore, lots of investigations suggest
that the deformation mechanism changes from slip involving per-
fect dislocations to slip involving shockley partial dislocations, to
grain boundary slip deformation at the very small grain size [4-8].

Large numbers of experimental evidences point to the critical
size and the critical shear stress additional mechanical character-
istic of nanocrystalline metal and alloy [5,9,10]. A transition from
deformation mechanisms controlled by dislocation slip to partial
dislocation activity carries out when the grain size decreases to
the critical grain size. According to the classical dislocation theory,
Cheng et al. [11] used a simple model to estimate the critical grain
size d. and the critical shear stress 7. and predicted the strength of
3 GPa for iron, which was almost exactly what has been measured
by Malow and Koch [12]. The transition also has been approved by
many molecular-dynamics simulations [9,13]. For explaining how
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the grain boundary slip mechanism has been actualized, the strain
rate sensitivity (SRS) and the activation volume were related. The
SRS is an order of magnitude higher for nanocrystalline metals than
for coarse counterpart [14,15]. Moreover, the activation volume is
two orders of magnitude smaller for nanocrystalline metals than
for coarse counterpart [16].

FeggSiip (ratio of atom) alloy is a very suitable material for
electrical devices due to its enhanced magnetic properties. Never-
theless, the well-known poor ductility of Fe-Si alloy above 3 wt% Si
has blocked mass production by conventional rolling schedules. It
is necessary to research the deformation behavior of the nanocrys-
talline FeggSiy, alloy, and to expose the deformation mechanism
of the nanocrystalline FeggSi, alloy, which obtains the methods to
improve the ductility of the high Si content Fe-Si alloy.

2. Experimental

The bulk nanoscrystalline FeggSij; alloys with dimension of
30mm x 30mm x 5mm have been prepared by a combustion synthesis tech-
nique [17]. Cylindrical compressive specimens with a gauge length of 4.5 mm and
a diameter of 2.8 mm were cut using an electro-discharging machine, and both
ends of the compressive specimens were polished to mirror surfaces, and coated
with graphite before tests to reduce the interfacial friction. Quasistatic uniaxial
compression tests were performed at room temperature using a testing machine
with a crosshead speed from 5.8 x 10 s~ to 5.8 x 10~2 s~!. Microstructures of
the products after compression tests were examined using a JSM-5600LV scanning
electron microscope (SEM). Several specimens after deformation punched from the
cross sections of the FeggSiy, were electro-chemically thinned by twin-jet polishing
in an electrolyte of nine parts of methanol and one part of perchloric acid at 243 K
and were observed by a JEM-2010 high resolve transmission electron microscope
(HRTEM).

3. Results and discussion

Fig. 1 shows room temperature compressive engineering
stress—strain curves at the different strain rate from 5.8 x 1073 s~!
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Fig. 1. Room temperature compressive engineering stress-strain curves with dif-
ferent strain rates.

to 5.8 x 107251, The fracture strength of the FeggSii, is about
1886 MPa at the strain rate of 5.8 x 10~ s~ and the yield strength
is 1320 MPa at the strain rate of 5.8 x 10~2 s~1, which indicates that
the strainrate sensitivity m (0.018, Fig. 2(a))is larger than the coarse
counterpart. The activity volume v«, which was obtained from the
strain rate sensitivity m, is 6b> on the order of the atomic volume.
It indicates that the deformation mechanism is controlled by the
dislocation slip [18].

On the other hand, great emphasis has been placed on the
breakdown of Hall-Petch scaling at d. between 20 nm and 30 nm,
which apparently signals a transition from dislocation slip to grain
boundary slip in the nanocrystalline metals and alloys. In order to
elucidate the deformation behavior of the FeggSiy, alloy, the critical
shear stress (7¢) and the d. are calculated, respectively. Taking into
account the stress concentrations and the interactions of disloca-

Fig. 3. HRTEM image of the nanocrystalline FeggSiy alloy.

tions with grain boundaries [19], the critical size d. is calculated as
follows, it is expressed by Talyer dislocation hardening model [20]:

0 = (y/Gby)*(nab — by )2 (1)
Tc = aGbp/? (2)

where y refers to the stacking fault energy (SFE) of metal, while
b and bq to the burgers vector of the full and shockley partial
dislocation, respectively, and G to the shear modulus, p to the den-
sity of the dislocation, « reflects the character of the dislocation
(0.5 and 1.5) for edge and screw dislocations, respectively [10]. In
the case of products, the parameters in Eqs are given as follows:
y=38x10-3]/m?, G=81.7GPa, b = (v2/2)a, where a is the lattice
of F6885i]2, bl = (\/6/6)(1

Taking o=0.5 (edge dislocations for multi-phase nanostruc-
ture), the 7. is calculated to be 1830MPa and the d. is
approximately 5.3nm for FeggSiip alloy. The yield strength of
1320 MPa of the bulk nanocrystalline FeggSiq, alloy is lower than

Fig. 2. (a) Double logarithmic plot of normalized stress vs. strain rate to determine strain rate sensitivity m; (b) plot of flow stress (at 0.5% strain) vs. In¢ to determine the

average activation volume v« [14] for the nanocrystalline FeggSi;, alloy.

Fig. 4. SEM micrographs of the (a) fractured surface, (b) the fractured profile of the nanocrystallineFeggSiy» alloy showing their high-density slip bands.
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the 7., which may be the presence of flaws in the bulk FeggSiy alloy,
such as porosity at nano-scale or trifling of impurities.

The average grain size of the FeggSiy, alloy is about 10 nm from
Fig. 3, which is below the critical size apparently. So, the compres-
sive deformation behavior is mainly controlled by dislocation slip.
It is further confirmed by Fig. 4 (a) and (b) which shows many slip
bands.

The Fe-Si alloys containing less than 10 at.% Si possess only short
range atomic order and deform by slip or twinning. At above 10 at.%
Si, the alloys possess long range atomic order, and deformation
twinning is suppressed in this region, and the deformation occurs
entirely by slip. The bulk nanocrystalline FeggSi;, alloy consist of
D03 Fe3Si phase and a-Fe(Si) solid solution phase. These a-Fe(Si)
grains are uniformly distributed into the Fe;Si matrix (both of the
grain size is about 10 nm) [17]. Shin et al. [21] reported that atomic
order has a rewarding effect on the dislocation slip deformation
behavior of FeggSiq; alloy with the stoichiometric Fes3Si alloy. The
dislocations accumulate in the nano «-Fe(Si) grains after the com-
pression test start, and then propagate into nano FesSi grains. The
high strain hardening rates of the bulk nanocrystalline FeggSi;;
alloy have been begotten after yielding by the rapid increase in the
back stresses to the propagation of dislocations into FesSi grains.
So, the high strength and large strain are obtained.

4. Conclusions

The deformation behavior of the bulk nanocrystalline FeggSiy;
alloy, which consists of a-Fe(Si) and Fe3Si phases with grain size
of 10 nm, has been investigated with compression tests at differ-
ent strain rates. On one hand, the activity volume v is 6b3, and on
the other hand, the critical size of the nanocrystalline FeggSi1, alloy
for deformation mechanism is calculated to be about 5.3 nm, which

is smaller than the grain size of the nanocrystalline FeggSi;; alloy.
Both of these show that deformation mechanism of the nanoccrys-
talline FeggSiy, alloy is controlled by dislocation pile-up.
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