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cold rolling and their evolutions during tempering
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Abstract: A new processing method, equal channel angular pressing (ECAP) plus cold rolling (CR), was applied to producing
ultra-fine grained FeCoV alloy. The microstructures of ultra-fine grained FeCoV alloy after ECAP, ECAP plus CR, and the effect of
tempering treatment on the microstructure of FeCoV alloy produced by ECAP plus CR were investigated. The results show that an
elongated substructure with a width of about 0.3 pum is obtained after four-pass ECAP using Route A. Cold rolling after ECAP
cannot change the morphologies of elongated substructure, and it results in higher fraction of high-angle boundaries and higher
dislocation density compared with the identical ECAP without rolling. Subsequent tempering for 30 min at 853 K brings about many
nano-phases precipitating at subgrain boundaries and insides the grains, and the size of precipitated phase is measured to be about 10
nm. Nano-phases grow up with increasing tempering temperature and equiaxed structure forms at 883 K.
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1 Introduction

Ultra-fine grained (UFG) materials processed by
severe plastic deformation (SPD) techniques have been
reported to have superior properties such as high strength
with good ductility at room temperature, improved
fatigue strength and excellent superplasticity at low
temperature[1-2]. Equal channel angular pressing
(ECAP) is especially attractive among all SPD
techniques, for it can produce bulk materials with
ultra-fine grained size in the submicrometer and
nanometer range[3—5]. The principle of ECAP is that a
sample is passed through a die with two intersecting
channels equal in cross section and deformed via simple
shear at the intersection of the channels[6]. Because the
shearing process does not alter the dimensions of the
sample, a large amount of plastic strain (true effective
strain as large as 10—20) can be imposed via multi-pass
processing. In addition, different microstructures can be
developed by changing the direction of shear via sample
rotations about the longitudinal axis between passes[7].
However, the shape of the final product of the current

ECAP is limited to rod and bar with either circular or
square cross-section. Although this shape is suitable for
use in forging operations, it is not appropriate for
conventional forming where materials are in the form of
sheet and plate. In order to overcome the deficiency of
ECAP, it is of interest to attempt the combined process
of ECAP and conventional rolling[8—9].

The FeCoV alloy is becoming increasingly
attractive used as rotor in the hysteresis motor, primarily
because of its maximum saturation induction and high
Curie temperature[10]. TURGUT et al[11] showed that
nano-structure of FeCoV alloy can improve the
hysteresis loss of hysteresis motor. However, magnetic
properties of nanostructure materials are affected in
complicated manner by their microstructures such as
grain size, internal strain and crystal structure[12]. Thus,
studies on synthesis of ultra-fine grained materials with
controlled microstructure are necessary for a significant
improvement in magnetic properties. In this investigation,
ECAP plus cold rolling (CR) is applied to producing
ultra-fine grained FeCoV alloy. Moreover, the evolutions
of microstructures during ECAP, ECAP plus CR and
tempering are studied.
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2 Experimental

A hot-rolled commercial FeCoV alloy was used in
the present investigation, and its chemical composition
(mass fraction) was C 0.11%, Co 42.27%, V 4.33%, Si
0.70%, Mn 0.48%, P 0.023%, S 0.019% and balance Fe.
The hot-rolled FeCoV alloy was treated at 1 273 K for 30

min and then quenched in salt water to room temperature.

Samples with dimension of 15 mm X 15 mm X 60 mm for
equal channel angular (ECA) pressing were cut from the
hot-rolled plate. The mean initial grain size prior to
ECAP was measured to be about 40 um.

The ECAP processing was conducted at room
temperature using the solid die, which had an angle of
90° between the two parts of the channel and an
additional angle of 20° at the outer arc of curvature
where the two channels intersect. This configuration led
to an imposed strain of about 1 on each pass of the
specimen through the die[13]. Since grain refinement by
ECAP was usually saturated around an equivalent strain
of about 4, ECAP was performed up to 4 passes (an
accumulated strain of 4) using processing Route A where
the sample was not rotated between consecutive
passes[14].

After ECAP, the 5 mm-long rods were removed
from two ends of as-pressed samples because they were
not homogeneously deformed thoroughly. The samples
were then rolled (with the roller diameter of 250 mm) at
a speed of 24 mm/s with a reduction of 0.2 mm per pass.
The total rolling strain was 80%. The sectioning of the
ECAPed segment for subsequent rolling is schematically
described in Fig.1, where X is the plane perpendicular to
the longitudinal axis of the sample, and Y and Z are the
planes parallel to the side faces at the exit from the die
and to the top surfaces at the point of exit, respectively.
The rolling planes were Y and Z planes. Following ECAP
plus CR, the samples were tempered in vacuum furnace
for 30 min at 853—883 K. During tempering, the
accuracy of temperature control is within 275 K.

Microstructures of all samples were examined using
a JCM—200CX transmission electron microscope (TEM)
operated at 160 kV. Thin foils for TEM observation were
prepared by the twin-jet polishing technique using a
solution of 5% HCIO, and 95% C,HsOH at an applied
potential of 30 V. Selected area electron diffraction
(SAED) patterns were recorded from areas having
diameters of 0.5 pm. Measurements of the grain size
were made directly from the TEM micrographs using the
linear intercept method.

3 Results and discussion

3.1 Microstructures after ECAP
The microstructures of FeCoV alloy after a single

pass through the die are shown in Fig.2. It is indicated
that the microstructure consists of an array of elongated
band structure with an average width of 0.3—0.4 pm and
a length in a range of 1-5 um,

Normal direction (ND)

Rolling direction (RD)

Transverse direction (TD)

(b)

Fig.1 Schematic illustration of passage of sample through die
in ECAP and rolling: (a) ECAP planes designated as X, Y and Z;
(b) Cold rolling

-
- i) . - -
Fig.2 TEM images and SAED patterns of FeCoV alloy after
single pass ECAP: (a) Z plane; (b) Y plane
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and thus, a single pass through the die gives a banded
structure of subgrain. High densities of dislocations are
shown inside the band structure. SAED pattern shows a
spread arc of about 10°, which indicates that one pass of
ECAP deformation has not yet introduced high angle
boundaries into the FeCoV alloy.

Fig.3 shows the TEM microstructures and the
associated SAED patterns for sample processed by
ECAP for 4 passes via Route A. Inspection shows that
grain bands are lengthened with increasing strain, while
the width (about 0.3 um) keeps more uniform compared
with that in Fig.2. It is also apparent that the as-pressed
microstructure is in a non-equilibrium condition, and the
grain boundaries are wavy and diffuse. There are many
fringes (along both grain length and width directions)
and network structure within the grains, which are
consistent with feature of samples processed by severe
plastic deformation[15]. The fringes and network within
the grains are corresponding to a very high density of
dislocations, which are arranged into cell and sub-grain
boundaries or form the dislocation network in the grains.
The SAED patterns exhibit diffracted beams scattered
around rings, indicating the presence of a structure of
grains separated by boundaries with high angles of
misorientation. The elongated diffraction spot indicates
that substructures have high internal stress.

3.2 Microstructures after ECAP plus CR
Fig.4 shows the TEM microstructures and the
associated SAED patterns taken from the rolling plane of

Fig.3 TEM images and SAED patterns of FeCoV alloy after
four-pass ECAP: (a) Z plane; (b) Y plane

Fig.4 TEM images and SAED patterns of FeCoV alloy: (a)
Rolling (80%) along Z plane; (b) Rolling (80%) along Y plane
after four-pass ECAP

four-pass ECAPed samples with cold rolling (80%). The
microstructure micrograph still shows an elongated band
structure. Although there is no significant change in the
width of subgrain band, the dislocation density in the
band interior is extremely high. SAED patterns show
well defined ring patterns, which indicates the presence
of boundaries having high-angle misorientations. The
prior study[16] showed that there was no significant
difference of misorientation evolution between ECAP
and rolling at the similar strain level. Then, the higher
strain associated with additional rolling after ECAP is
expected to get more high-angle boundaries compared
with ECAP only. It is well known from the present work
that the ECAP plus CR samples possess higher fraction
of high-angle boundaries and higher dislocation density
compared with the ECAP sample.

3.3 Microstructures of ECAP plus CR samples during
tempering

The microstructural changes of ECAP plus CR
samples with tempering temperature are shown in Fig.5.
Fig.5(a) shows that the original fine band gradually
disappears after tempering, and the dislocation density
inside grains becomes very low. Many compounds are
found to be precipitated both at subgrain boundaries and
inside the grains. The precipitated phase has a fibrous
structure with size of about 10 nm, as shown in Fig.5(d).
ASHBY et al[l7] suggested that the precipitated
phase can be simply viewed as iron-substituted Co;V.
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Fig.5 TEM images showing microstructural change in ECAP plus CR samples tempered for 30 min at various temperatures: (a) 853
K; (b) 873 K; (c) 883 K; (d) Micrograph of precipitated phase

Fig.5(b) shows that the precipitates in the vicinity of
sub-boundaries appear to grow faster than those located
in the interior, which is consistent with the previous
reports[18]. The existence of dislocation walls is found
in some grains, which indicates that recovery is still in
process. The size and volume fraction of the precipitated
phase increase with increasing tempering temperature.
When being tempered at 883 K (Fig.5(c)), band
structures nearly disappear, and the grains appear in
equiaxed structure. The volume fraction of precipitated
phase is determined to be about 90%, but the size
distribution is not very homogeneous.

4 Conclusions

1) A combined process consisting of equal
channel angular pressing and subsequent cold rolling is
applied to fabricating the ultra-fine grained FeCoV alloy
sheets. An elongated substructure with a width of about

0.3 um is developed after four-pass ECAP using Route A.

TEM analysis reveals that subsequent cold rolling over
80% reduction after ECAP cannot change the
morphologies of elongated substructure, and it results in
higher fraction of high-angle boundaries and higher
dislocation density compared with the identical ECAP
without rolling.

2)  After tempering for 30 min at 853 K, there are
many nano-phases with grain size of about 10 nm
precipitating at subgrain boundaries and inside the
substructure. Nano-phases grow up with increasing

tempering temperature and equiaxed structure forms at
883 K.
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