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Microstructure and mechanical properties of fine grained uranium
prepared by ECAP and subsequent intermediate heat treatment
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Abstract: The microstructure and mechanical properties of fine grained uranium prepared by equal channel angular
pressing (ECAP) and subsequent intermediate heat treatment were investigated systematically by the confocal laser
scanning microscope (CLSM), electron backscatter diffraction (EBSD) and split Hopkinson pressure bar (SHPB). The
results show that the initial coarse grained uranium was refined from about 1000 to 6.5 um prepared by ECAP at 3
passes and subsequent heat treatment, and the corresponding dynamic yield strength increased from 135 to 390 MPa.
For the ECAPed uranium samples, the relationship between grain size and yield strength could be described by classical
Hall—Petch relationship, and the fitting Hall-Petch relationship for the fine grained uranium samples prepared by ECAP
was drawn.
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1 Introduction

Equal channel angular pressing (ECAP), as a
widely used severe plastic deformation (SPD)
processing technique, is the most efficient method
to refine grains and enhance the comprehensive
properties [1]. In this technique, the specimen is
pressed through a die with two intersecting
channels equal in cross-section and deformed via a
simple shear at the intersection of angular channels.
At present, there have been many relevant
literatures about fine grained materials produced by
ECAP process at room temperature, including face
centered cubic (FCC) Al [2-5], Cu [6,7], steel [8,9],
hexagonal close packed (HCP) Mg [10,11],
Ti [12—14], and Zr [15,16], and the corresponding
microstructure and mechanical properties of fine
grained materials prepared by ECAP have been
characterized and measured.

Depleted uranium (DU) is an orthorhombic

crystal structure (space group of Cmcm), which is
made up of corrugated sheets of uranium atoms
parallel to the (010) or ac planes. The depth or
amplitude of corrugation within each sheet is along
the [010] direction and the width of corrugation is
along the [001] direction, and the separated distance
of the corrugated planes is b/2 (b is lattice
parameter along the [010] direction) [17]. The low
symmetry and aeolotropy of uranium lead to the
deformation twins, which is considered as the
dominant plastic deformation mechanism under
quasi-static loading [18,19], and uranium exhibits
several different twinning systems, including type I,
type II twins, and interacted compound twins. To
our knowledge, the preparation of fine grained
uranium has been reported limitedly in the literature
due to its low symmetry, high density, high
hardness and strength. REN et al [20,21] prepared
the fine grained U-5.5wt.%Nb by cold and heat
treatments, and found that the strength of fine
grained alloy was lower than that of coarse grained
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sample. GARLEA et al [22] manipulated the grain
size in cast uranium by shock deformation and
annealing techniques, and significant grain size
reduction to ~92um was obtained. Four
deformation twin modes were indentified, and the
shock loading technique was proposed as an
attractive alternative approach for controlling cast
uranium grain size and its mechanical properties.
Though several works have been performed on the
grain refinement and mechanical properties of
uranium, limited results associated with the fine
grained uranium with grain size reduction to several
micrometers were available in previous references.
Thus, it is necessary to investigate the micro-
structure evolution and mechanical properties of
uranium with different grain sizes prepared by
ECAP at different passes.

The objective of the present work is to
investigate the preparation process of fine grained
uranium by ECAP and subsequent intermediate
heat treatment, and to evaluate the mechanical
properties of fine grained uranium. The
microstructure of uranium prepared by ECAP at
every pass was characterized, and the
corresponding mechanical properties of uranium
with different grain sizes were measured.

2 Experimental

DU with a diameter of about 4 mm and a
length of about 10 mm was selected as the original
sample, and the original uranium billet had the
coarse grains with diameter ranging from several
hundreds micrometers to several millimeters.

ECAP was conducted at room temperature
adopting a die with an internal angle @ of 120° and
an outer curvature angle y of 60°, as shown in
Fig. 1. The imposed effective strain & of ~0.6 in
present ECAP die at each pass can be calculated by
following equation [15]:

8=%{200t(%+%)+wcosec(%+%ﬂ (D)

Molybdenum disulphide (MoS,) was used as a
lubricant, and the ram speed was set to be
0.2 mm/min for all of the experiments. Firstly, the
uranium billet was pressed by ECAP at 1 pass, and
then annealed at 500 °C for 15 min. Furthermore,
the pressed sample was inserted into a die at a
rotation angle of 90° for the second pass and the

Fig. 1 Die illustration (a) and inner channel angle (b) of
ECAP

third pass, and the same processing procedure was
performed for the uranium billet at 2 and 3 passes.

The optical characterization samples of
uranium pressed by ECAP were cut from the
flow plane, then mechanically polished and
electrochemically etched in a 5% phosphoric acid
water solution operated at 5V for 30s. The
metallographic microstructure was observed by a
confocal laser scanning microscope (CLSM,
MRC-1000). The specimens were prepared for
electron backscatter diffraction (EBSD) observation
using the procedure reported in detail in Ref. [23],
and the automated EBSD data collection was
performed using a TSL camera attached to a dual
beam FIB (FEI Helios NanoLab DualBeam system)
at a voltage of 25 kV and a beam of 2.5 nA.

The dynamic compression experiments were
used to investigate the mechanical properties of the
pressed uranium by ECAP at different passes, and
the sample of compression experiments was cut
from the ECAPed uranium with a size of d4 mm X
4 mm. The dynamic compressive properties were
tested by split Hopkinson pressure bar (SHPB), and
the strain rates were set at the mean values of
2000s .

3 Results and discussion

3.1 Initial uranium

CLSM and EBSD images of the
microstructure in original uranium are shown in
Fig. 2. The original uranium mainly composed of
coarse grains is observed, and the grain size
with a large fluctuation from several hundreds
micrometers to several millimeters is found. In a
coarse grain, high density subgrains can be
observed, and the measured misorientation between
the sugrains is lower than 15°, belonging to low
angle grain boundary. Besides the subgrians in
coarse grained uranium, low density and coarse
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Fig. 2 Microstructures of original uranium sample: (a) CLSM image; (b) All Euler image; (c) Inverse pole map (black

line: high angle boundary (>15°); red line: low angle boundary (2°—15°)); (d) Inverse pole map (twin laths)

primary twin laths are observed in undeformed
uranium, and the main twin mode {130} is
identified and confirmed.

3.2 Uranium pressed at 1 pass

CLSM and EBSD images of the micro-
structure in uranium sample pressed by ECAP at
1 pass and subsequent intermediate heat treatment
are shown in Fig. 3. The pressed uranium samples
show severe deformation and elongated grains, and
high density deformation twins can be observed in
the pressed grains. Then, the pressed samples are
annealed at intermediate heat treatment, and the
severe deformation and elongated grains in samples
are transformed into fine and equiaxed grains,
indicating that the recrystallization has occurred in
heat treatment process. The melting point of
uranium is 1123 °C, and the intermediate heat
treatment temperature of uranium sample is 500 °C,
which is about 0.55 times melting point, leading to
recrystallization occurring to form the fine and
equiaxed grains. The measured mean sizes of grains
in uranium samples at 1 pass under intermediate

heat treatment are about 25 pm. Compared with
original samples, the grain size of uranium samples
under ECAP and subsequent intermediate heat
treatment 1is decreased about two orders of
magnitude. Meanwhile, high density deformation
twins and low angle boundary in pressed grains
almost disappear, further indicating that the
defect density decreases dramatically, and the
recrystallization has occurred.

3.3 Uranium pressed at 2 passes

The microstructure of uranium sample pressed
by ECAP at 2 passes and subsequent intermediate
heat treatment is shown in Fig. 4. The fine and
equiaxed grains prepared by ECAP at 1 pass and
subsequent heat treatment transform into the
deformed and extruded grains caused by ECAP at
2 passes, and the severe fragmentized crystal
nucleus and medium density deformation twins can
be observed in the pressed samples at 2 passes.
After intermediate heat treatment, the severely
deformed and extruded grains are evolved into fine
and equiaxed grains, and the statistical grain size
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Fig. 3 Microstructures of uranium sample pressed by
ECAP at 1 pass and subsequent intermediate heat
treatment: (a) CLSM image of pressed sample;
(b) CLSM image of annealed sample; (c) All Euler map

of annealed sample

prepared by ECAP at 2 passes and heat treatment is
16 um, which is much smaller than that of the
grains formed by ECAP at 1 pass and heat
treatment. The low angle boundary and deformation
twins decrease dramatically in the grains formed by
ECAP at 2 passes and heat treatment, indicating
that the formation of fine and equiaxed grains with
low defect density is caused by the recrystallization.

Fig. 4 Microstructures of uranium sample pressed by
ECAP at 2 passes and subsequent intermediate heat
treatment: (a) CLSM image of pressed sample;
(b) CLSM image of annealed sample; (c) All Euler map

of annealed sample

3.4 Uranium pressed at 3 passes

The microstructure of uranium sample pressed
by ECAP at 3 passes and subsequent heat treatment
is shown in Fig. 5. The fine and severe deformation
crystal nucleus can be observed in samples pressed
by ECAP at 3 passes, and low density deformation
twins are found in localized fragmentized grains.
The formation of low density deformation twins
is associated with the fragmentized crystal nucleus
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Fig. 5 Microstructures of uranium sample pressed by ECAP at 3 passes and subsequent intermediate heat treatment:
(a) CLSM image of pressed sample; (b—d) CLSM image (b), all Euler map (c) and grain size distribution (d) of

annealed sample

size. As the crystal nucleus size decreases, the
critical shear stress for the formation of deformation
twins increases, leading to difficult formation of
deformation twins. Thus, the density of deformation
twins in fragmentized crystal nucleus decreases
with increasing ECAP passes. After the extruded
samples are annealed at 500 °C for 15 min, the
severe fragmentized crystal nucleus is evolved into
fine and equiaxed grains. The distribution of fine
and equiaxed grains becomes much more uniform,
and the statistical mean grain size prepared by
ECAP at 3 passes and subsequent heat treatment is
6.5 pm with a standard deviation £3.5 pm.

3.5 Grain size—yield strength relationship

The calculated effective strain ¢ in the present
ECAP die at each pass is 0.6, and the relationship
between the statistical grain size and effective strain
can be seen in Fig. 6. Except the experimental data
of original sample, the grain size prepared by
ECAP at different passes decreases linearly with
the increasing effective strain, showing that the
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Fig. 6 Relationship between statistical grain size and
effective strain

decreasing tendency of the grain size is linearly
associated with the ECAP passes and annealing
technology. Thus, ECAP passes assistant with
annealing can be used to predict the uranium grain
size in a certain scope.

The dynamic of

mechanical properties
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uranium sample prepared by ECAP at different
passes and subsequent intermediate heat treatment
are shown in Fig. 7. The yield strength of the coarse
grained uranium calculated by linear fitting is
135 MPa deformed at a strain rate of 2000 s', and
the corresponding yield strengths of uranium
samples prepared by ECAP at 1 pass, 2 and 3
passes and subsequent heat treatment are 285,
309 and 390 MPa, respectively, indicating that
grain refinement leads to the yield strength
increasing obviously. As reported in Ref. [24], the
yield strength of materials is closely related to the
grain size, due to the fact that grain refinement
increases the number of grain boundaries, hindering
the dislocation slipping and twin nucleation, and
leads to the yield strength increasing.

1200
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Fig. 7 Dynamic mechanical properties of uranium
prepared by ECAP at different passes and subsequent
heat treatment

The classical Hall-Petch relationship between
the yield strength and the grain size of uranium
sample is plotted in Fig. 8. It can be seen that the
yield strength of uranium sample is linearly fitted
with the grain size, showing that the classical
Hall—Petch relationship can be used in uranium
grain refinement. The fitting Hall-Petch
relationship of uranium samples can described as
follows:

ov—outkd 1 @)

where oy is the yield stress, oy is equal to 125 MPa
for uranium sample and often identified with
“friction stress” needed to move individual
dislocations during deformation, & is often referred
to as Hall-Petch slope and material dependent and
is equal to 708, and d is the average grain size. The

correlation coefficient between the yield strength
and grain size for uranium sample is 0.99. The
well-known Hall—Petch relationship is derived from
dislocation strengthening theory [24]. For coarse
grained uranium, twinning is considered as the
dominant plastic deformation mechanism, and
dislocation slipping plays an assistant role [18].
Thus, the Hall-Petch relationship is applied
limitedly in coarse grained uranium. With the grain
size decreasing to tens of micrometers, the critical
shear stress for the deformation twin formation
increases obviously, and a few deformation twins
are observed in uranium sample pressed by ECAP
at 1 pass, 2 and 3 passes, indicating that the
transformation of mainly plastic deformation
mechanism takes place, twinning developing into
dislocation  slipping. Thus, the Hall-Petch
relationship can be applied in uranium sample
pressed by ECAP at different passes with grain size
ranging from several micrometers to tens of
micrometers.
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Fig. 8 Relationship between yield strength and grain size
of uranium sample

4 Conclusions

(1) ECAP technique is an efficient way to
produce fine grained uranium rods, and fine grained
uranium rods with diameter of about 4 mm and
length of about 10 mm were prepared by ECAP
with a die channel angle of 120°.

(2) The coarse grained uranium samples are
refined by ECAP at different passes and subsequent
heat treatment, and the initial grains with diameter
of about 1000 pum are refined into 25, 16 and
6.5 um by ECAP at 1 pass, 2 and 3 passes,
respectively.
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(3) Grain refinement leads to the dramatic
increase of dynamic yield strength of uranium
samples, from initial 135 to 390 MPa for the sample
prepared by ECAP at 3 passes.

(4) The yield strength and grain size of
uranium sample can be described by classical
Hall—Petch relationship, and the fitting Hall-Petch
relationship of uranium samples is drawn as
0=125+708d ">,
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