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Abstract: To avoid grain boundary (GB) precipitation during aging, a new strategy of in situ thermomechanical
processing for age hardening alloys was proposed. Specifically, high-density nanoscale precipitates were introduced
into ultrafine grain (UFQG) interiors of 7075Al alloy by equal-channel-angular (ECAP) processing at 250 °C for 8
passes, thus avoiding GB precipitation. Tensile test results indicated that the UFG 7075Al alloy exhibits superior
mechanical properties (yield strength of 350 MPa, ultimate tensile strength of 500 MPa, uniform elongation of 18% and
tensile ductility of 19%) compared with the UFG 1050Al counterpart (yield strength of 170 MPa, ultimate tensile
strength of 180 MPa, uniform elongation of 2.5% and tensile ductility of 7%). Fracture surface morphology studies
revealed numerous homogeneous micro shear bands in necking shrinkage areas of both UFG 7075A1 and 1050Al alloys,
which are controlled by cooperative GB sliding. Moreover, the introduction of nanoscale precipitates in UFG 7075A1
matrix weakened the tendency of shear fracture, resulting in a higher tensile ductility and more homogeneous
deformation. Different from the GB precipitation during postmortem aging, in situ thermomechanical treatment
dynamically formed GBs after precipitation, thus avoiding precipitation on GBs.

Key words: age hardening alloys; strength; fracture elongation; grain boundary precipitation; in situ thermomechanical
processing

their microstructures [9,10]. Detailed strategies
include eliminating processing artifacts [11], bi-
modal and multimodal grain size distributions [12],
nanoscale  second-phase  precipitates/particles

1 Introduction

Bulk nanostructured (10—100 nm in grain size,

NS) and/or ultrafine grained (100—1000 nm in grain
size, UFG) materials, with typically 5—10 times
higher strength than that of conventional materials
of similar composition, have been widely
investigated over past few decades [1-3]. However,
their high strength is often achieved at the expense
of ductility due to their low strain hardening
capability, which limits the widespread applications
of the NS and UFG materials [4—8]. Up to now,
strategies and techniques have been
proposed and investigated in an effort to improve
the low ductility of the NS materials by tailoring

various

dispersed in NS and/or UFG grains [13—15],
nanoscale twin boundaries [16], transformation-
induced-plasticity (TRIP) and twinning-induced-
plasticity (TWIP) effects [17], lowering dislocation
density [18], deforming at low temperature or high
strain rate [19—21], heterogeneous structure and
back-stress effect [22,23]. Among these strategies,
introducing nanoscale second-phase precipitates/
particles has been found to be broadly applicable to
age hardening alloys.

The idea of introducing nanoscale second-
phase precipitates/particles to regain the strain
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hardening and ductility of the UFG metals was first
proposed by KOCH in 2003 [24]. The NS and UFG
materials do not exhibit high strain hardening or
ductility because dislocations are emitted from and
annihilated at grain boundaries (GBs) without
accumulation in the grain interior. In other words,
the NS or UFG grains have no enough room for
dislocation propagation and interactions. However,
if nanoscale second-phase particles are introduced
in the grain interior, dislocations will be forced
to accumulate when they intersect or by-pass
second-phase particles. The
dislocations should lead to strain hardening and
consequently higher tensile ductility. To verify this
hypothesis, we used age hardening 7000Al alloy
as a model material. The sample was first
solution-treated and then rolled at liquid nitrogen
temperature to form the UFG grains. Subsequent
aging introduced a large number of nano-
precipitates and enhanced the strain hardening rate
and tensile ductility. High-resolution electron
microscopy (HREM) verified that the second-phase
precipitates indeed acted to block and accumulate
dislocations [13]. Moreover, this approach
involving the precipitation of second-phases for
enhancing the strain hardening and tensile
ductility of the UFG materials has been reported by
several other groups with various degrees of
success [25-29]. Using a similar
nanosized second-phase particles
introduced into the UFG microstructures by powder
metallurgy [30—-32] or breakdown of coarse
second-phase  particles plastic
deformation [33,34]. For example, nanoparticle
La,O; was introduced into UFG Mo matrix, and
yield strength over 800 MPa and tensile ductility
over 35% were achieved [15]. More recently,
nanoscale precipitates or clusters with high density
have been revealed in FeNiAlMo maraging steel
and FeCoNiAlTi high-entropy alloys [35,36], which
significantly enhanced the yield strength over 2 and
1 GPa while still remained 8% and 50% tensile
ductility, respectively.

It should be noted that, the postmortem aging
after deformation usually simultaneously introduces
precipitates at the GBs except in the grain interiors,
and the GB precipitation is harmful to tensile
ductility. In 2012, WEN et al [37] employed in situ
thermomechanical treatment to produce UFG Cu
alloy by equal-channel-angular pressing (ECAP) at

accumulation of

argument,
were  also

using  severe

200 °C. They found that the mechanism governing
microstructural refinement is continuous dynamic
recrystallization (CDRX). This former work
inspired us to employ the in situ thermo-
mechanical treatment to refine the initial coarse
grains of age hardening alloys, and at the same time
introduce nanoscale precipitates in the grain
interiors only.

In this work, in order to avoid GB precipitation
during postmortem aging, we proposed a new
processing strategy of in situ thermomechanical
processing for age hardening alloys, and verified
the effectiveness of such a strategy in precipitation
strengthened UFG 7075Al alloy. This strategy may
be applicable to optimize strength and ductility
of different age hardening alloys by avoiding GB
precipitation.

2 Experimental

2.1 Materials and ECAP processing

Commercial 1050Al and 7075Al bars were
used for ECAP experiments. Chemical compositions
were analyzed in Luvak Inc. (Boylston, MA) and
listed in Tables 1 and 2, respectively. The chemical
composition analysis method was direct current
plasma emission spectroscopy (ASTME—1097-03).
The main alloying elements are Fe and Si for
1050A1 alloy, and Zn, Mg and Cu for 7075Al alloy.
Before ECAP, the 7075Al bars were treated at
480°C for 5h to form a homogeneous solid
solution and then quenched to room temperature
in water. The quenched 7075Al1 bars were
immediately placed in an ECAP die and heated up
to 250 °C with a heating rate of 20 °C/min, and then
deformed by route Bc, in which the sample was
rotated by 90° in the same direction between each
pass, for 8 passes. The 1050Al bars were processed
using ECAP at ambient temperature by route Bc for
8 passes. The ECAP die has an L-shaped channel
with an intersecting angle of 90° and an outer-arc

Table 1 Chemical compositions of 1050Al alloy (wt.%)
Si Fe Cu Mn Mg Zn Ti Al
0.08 0.31 0.003 0.036 0.004 0.009 0.008 99.5

Table 2 Chemical compositions of 7075Al alloy (wt.%)
Zn Mg Cu Fe Si Mg Cr Ti Others Al
5.802.50 1.55 0.21 0.098 0.050 0.20 0.025 <0.15 Bal.
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angle of 45°. An effective strain of approximately 1
was imposed per ECAP pass.

2.2 Tensile testing

Flat dog-bone tensile specimens with gauge
dimensions of 1 mm x 2 mm x 15 mm for 7075Al
alloy and 1 mm x 2 mm x 10 mm for 1050Al alloy
were sectioned by electrical discharge machining
(EDM). The gauge axis of tensile specimens was
parallel to the ECAP extrusion direction. All tensile
specimens were polished before testing using a
diamond suspension with a particle size of 0.25 pum.
Uniaxial tensile tests were performed at room
temperature on an Instron 8801 universal testing
machine (UTM) using Bluehill 2 software with an
initial quasi-static strain rate of 10°s ', The strain
was measured using a standard non-contacting
video extensometer with a 100 mm field-of-view
lens.

2.3 Microstructural characterization

Microstructures of the 7075Al and 1050Al
samples after ECAP were characterized using
transmission electron microscopy (TEM) on a
Philips CM12 microscope operated at 100 kV.
7075A1 TEM specimens were prepared by first
mechanically grinding the samples to a thickness of
20-30 pm, then dimpling to a thickness of about
10 um, and finally ion-milling to a thickness of
electron transparency using a Gatan Precision Ion
Milling System with an Ar" accelerating voltage of
4 kV and a temperature below 35 °C. 1050A1 TEM
specimens were prepared by first polishing the
samples into thin foils with thicknesses of about
50 um, and then twin-jet electro-polishing in a
solution of 25vol.% nitric acid and 75 vol.%
methanol for 2 min at a voltage of 15V and a
temperature of —35 °C.

The HREM was performed on a JOEL 2500
TEM operating at 200 kV. The fracture surface and
morphology were imaged by an FEI-XL30 SFEG
scanning electron microscopy (SEM) using a 25 kV
beam.

3 Results

3.1 Microstructures

As shown in Fig. 1, the ECAP-processed UFG
7075Al alloy is composed of equiaxed grains with
an average grain size of about 800 nm. From

the continuous ring-like selected-area electron
diffraction (SAED) pattern of a circle area with a
diameter of 5.4 um at the upper left corner of
Fig. I(a), one can conclude that the grains are
randomly oriented due to the large imposed ECAP
deformation strain. Moreover, spherical and
cylindrical-shaped precipitates, with diameters of
several ten nanometers and interparticle distances
ranging from several ten to several hundred
nanometers, were observed in the grain interiors but
very seldom at the GBs. Based on the insets of the
SAED pattern at the upper right corner of Fig. 1(a)
(as pointed by white arrow) and HREM image of
the precipitate—Al interface at the lower right corner
of Fig. 1(d), these precipitates have been identified
as primarily the non-coherent stable # phase. Based
on the published results [38], ECAP altered the
phase orientation and atomic configuration as well
as the interfacial energy with the Al matrix, such
that the initially cylindrical-shaped # phase adopted
isotropic growth morphology and evolved into
equiaxed particles.

Dislocation density in most grains was low and
some dislocations were pinned by the precipitates,
as highlighted by red arrows in Fig. 1. In addition,
low-angle GBs formed by polygonized dislocation
walls (PDWs) were frequently observed, as shown
in Figs. 1(b—d) highlighted by blue arrows. It has
been reported that the UFG materials processed at
elevated temperatures have a higher fraction of
low-angle GBs, in comparison with those processed
at room temperature [37]. A possible explanation
for this observation may be the kinetic recovery of
dislocations into dislocation walls at higher
temperatures. This is consistent with the low
dislocation density observed herein, and hence only
pinned dislocations remained after deformation.
Moreover, Fig. 1(b) shows an inclined GB that is
not vertical or edge-on to the paper plane, as
pointed by green arrows. Equal thickness stripes
can be discerned, from which GBs free of
precipitates were further confirmed.

The UFG 1050Al counterpart is composed of
equiaxed grains with an average size of 700 nm.
From the continuous ring-like SAED pattern in
Fig. 2(a), one can conclude that the grains are
randomly oriented due to the large imposed
ECAP deformation strain. Most of grains are free of
dislocations and possess large misorientations from
their surrounding grains, suggesting that they were
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Fig. 1 Bright-field low-magnification TEM image of UFG 7075A1 alloy with insets of SAED patterns (a) and magnified
TEM images with low-angle GBs (pointed by blue arrows), inclined GB (pointed by green arrows) and dislocations

pinned by precipitates (pointed by red arrows) (b—d) (inset at lower right corner in (d) is HREM image taken at

n-precipitate—Al interface)

Fig. 2 TEM images of UFG 1050Al alloy (Dislocation tangling was pointed out by white arrows): (a) Lower

magnification; (b) Higher magnification

formed as a result of dynamic recrystallization
during ECAP processing at room temperature [39].
In Ref. [40], it was reported that the restoration
occurred to some degree during ECAP processes,
which can be attributed to adiabatic heating and
accumulated strain because of severe plastic
deformation. Moreover, few grains were observed
to contain statistically stored dislocations (such as

entangled dislocations, dislocation forests and
discrete single dislocations) as marked by the white
arrows in Fig. 2.

3.2 Tensile testing results

The representative engineering stress—strain
curves of the UFG 7075Al and 1050Al alloys are
compared in Fig. 3. The UFG 7075Al sample has a
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yield strength of 350 MPa, ultimate tensile strength
of 500 MPa, uniform elongation of 18% and tensile
ductility of 19%. While the UFG Al counterpart
only has the yield strength of 170 MPa, ultimate
tensile strength of 180 MPa, uniform elongation of
2.5% and tensile ductility of 7% (Table 3). For the
UFG Al alloy, the necking phenomenon occurred
immediately after yielding. Such a necking
instability is due to the lack of strain strengthening
and dislocation storage after severe plastic
deformation. Introducing nanoscale precipitates to
the UFG 7075Al alloy enhanced both yield strength
and tensile ductility by enhancing the strain
hardening capability. These results indicated that
the strain hardening has been remarkably regained
due to the impeding effect of nanoscale precipitates
to dislocations.

500 f l
o UFG 7075Al
S 400}
P UFG
o 1050A1
2 300
on
g F Vb ! L UFG
a;ﬁ 200 H ke - 7075Al1
£
5

100

UFG 1050Al
0 5 10 15 20

Engineering strain/%
Fig. 3 Tensile engineering stress—strain curves of UFG
7075A1 and 1050Al alloys (The inset shows fractured
tensile specimens with dimensions of 1 mm x 2 mm x
15 mm for 7075A1 specimen and 1 mm x 2 mm x 10 mm
for 1050A1 specimen)

Table 3 Yield strength oy, ultimate tensile strength oyrs,
uniform elongation &, tensile ductility &, shear fracture
angle @ and area reduction of fracture surface 4 of UFG
7075A1 and 1050A1 samples

0o/ ours/ & & O Al
MPa MPa % % () %
1050A1 170 180 25 7 52 40
7075A1 350 500 18 19 58 35

Sample

It should be noted that the evidently larger
ductility of the UFG 7075Al than that of the
UFG 1050Al was not caused by their differences
in dimensions of tensile specimens, although

our related work indicated that the tensile curve
is closely related with the tensile specimen
size [41,42]. Based on the results in Refs. [41,42],
a smaller gauge length of tensile specimen
corresponds to a larger tensile ductility. The gauge
length of the UFG 7075Al alloys is 15 mm, which
is larger than that of the UFG 1050Al alloy
(10 mm). Therefore, the larger tensile ductility of
the UFG 7075Al alloy was not caused by its larger
gauge length.

3.3 Fracture modes and deformation mechanisms

To further understand the tensile behavior and
establish the relationship between microstructures
and mechanical properties, we studied the fracture
mode and surface morphology using SEM. Figure 4
shows SEM images of the macro- and micro-scale
fracture surfaces of the UFG 7075Al and 1050Al
samples. From the macro-scale SEM image
(Fig. 4(a)), the fracture surface of the UFG 7075Al
alloy 1is irregular, with a high concentration of
uneven concave and protrusion. It is evident that the
material fractured in a ductile manner, as evidenced
by the homogeneously distributed honeycomb-like
dimples and a large area reduction of fracture
surface of 35%. Careful inspection showed that the
dimple size ranged from 100 to 500 nm, which is
consistent with the interparticle distance of the #
precipitates as determined based on the TEM image
in Fig. 1. Moreover, spherical particles are observed
at the bottom of the dimples, as pointed out by red
arrows in Fig. 4(b), which have a similar size and
morphology as the # precipitates observed via TEM.
These results suggest that during tension, the z
phase resisted deformation and detached from the
matrix.

The UFG 1050Al1 sample fractured also via a
ductile mechanism with a large area reduction of
fracture surface of 40% and numerous dimples over
the entire fracture surface. From the micro- scale
SEM image in Fig. 4(d), homogeneously distributed
honeycomb-like dimples having an average size of
several micrometers were observed. Moreover, the
dimples are elongated due to void nucleation and
subsequent coalescence via shear fracture.

Figures 5(a, b) show the macro- and micro-
scale fracture SEM images from face-view of the
UFG 7075Al1 and 1050Al samples, respectively.
Careful observation on the sample surface revealed
numerous localized plastic deformation markings or
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Fig. 4 SEM images of fracture surfaces of UFG 7075Al (a, b) and 1050Al (c, d) samples: (a, ¢c) Lower magnification;
(b, d) Higher magnification

200 ] 200 m
Fig. 5 Face-view SEM images of UFG 7075Al (a) and 1050A1 (b) samples (Insets are high-magnification images near
necking) and side-view SEM images of UFG 7075Al (c) and 1050A1 (d) samples

traces parallel with each other near the fracture edge arrows. Several published studies reported similar
within the necking zones, as shown in the insets deformation traces in UFG Al alloys [39,43,44],
of Figs. 5(a,b) and pointed out by the white 6082 Al alloys [45], Ni and Cu alloys [46], which
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were described as microscopic or mesoscopic shear
bands or shear planes. The distances between shear
bands vary from several micrometers to several ten
micrometers, and the lengths of the shear bands
extend from several micrometers to several hundred
micrometers. The shear bands are much coarser in
1050Al samples, as shown in Fig. 5(b). This result
suggests that the formation of the high density of
fine shear bands in 7075Al alloy may have
enhanced the plastic deformation capability and
overall tensile ductility.

Figures 5(c, d) show the SEM images from
side-view of the UFG 7075Al1 and 1050Al alloys,
respectively. Both samples failed in a shear fracture
mode with a shear fracture angle & (the angle
between the fracture surface and tension axis) of
about 58° and 52°, respectively. The shear fracture
can be attributed to the nanostructures, which
resulted in a decreased ratio of the average
critical normal fracture stress to shear fracture
stress [47,48].

4 Discussion

4.1 Tensile ductility

For engineering structural materials, it is ideal
to simultaneously possess both high ductility for
attaining higher toughness, formability and
deformability, and high strength for carrying
more load. Unfortunately, strength and ductility
of a material are generally seldom co-existing
simultaneously and exclusive/trade-off with each
other. That is, strength and ductility are consuming
each other. Strengthening is accompanied with the
expense of plasticity, and enhancing ductility has to
lower or sacrifice the yield strength. This is the
well-known so-called strength—ductility paradox,
which is like either end of a teeterboard, i.e.,
elevating one has to lower the other.

The  strength—ductility = paradox  exists
universally in nature and is seldom broken [1—10].
For metals and alloys, dislocation slip-dominated
plastic deformation determines strength—ductility
paradox. Conventional strengthening mechanisms
including the grain refinement and deformation
routinely increase the yield strength by increasing
the critical shear stress for slip initiation, while the
ductility is related not only with the dislocation
nucleation, but also more closely with slip kinetics,
and is weakened more or less by the traditional

strengthening mechanisms. Deformation-induced
GBs and dislocation cells impeded the dislocation
slip and multiplication, and therefore reduced the
ductility.

Based on Hart’s theory [49], during tension
necking instability occurs when

O<c(1-m) 1)

where @ (=00/0¢) is strain hardening rate, m
(=0In o/0In ¢ ) is strain rate sensitivity, and o, € and
& are true stress, true strain and strain rate,
respectively. From Eq. (1), one can see that both
high strain hardening rate and strain rate sensitivity
are important for high tensile ductility since they
can help prolong the elongation by delaying the
necking instability. Strain rate sensitivity is related
to flow stress activation volume V* and reflects
thermally activated mechanism of slip. m value of
metals is usually much smaller than 1 when
the quasi-static deformation occurs at room
temperature [50]. The strain hardening is mainly
caused by interactions between dislocations and
other lattice defects as well as themselves.
Therefore, the strain hardening capability is
important and determines the overall tensile
ductility. Refining the coarse grain (CG) down to
NS and UFG regions took away the space for
dislocation accumulation and multiplication, and
therefore the strain hardening capability was
reduced to approximately zero. This explains why
the necking instability occurred immediately after
yielding for the UFG/1050Al in Fig. 3. Introducing
high-density nanoscale precipitates inside the UFG
grains of 7075Al regained the strain hardening
by further elevating dislocation accumulation
capability, as shown in Fig. 3.

As stated in the introduction part, great efforts
have been made to enhance the poor ductility, and
more or less successes have been achieved up to
now [9-23]. However, the ductility of NS and UFG
materials is still not over that of the CG counterpart,
i.e., the strength—ductility paradox still persists. It
seems that the ductility of the CG counterpart is the
extreme limit that is difficult to exceed. The
bimodal and multi-modal grain size distribution
solution is to compromise among the contradictory
properties via combining their corresponding
favorable structures together [9]. For instance, both
moderate strength and ductility are achieved in
bimodal and gradient nano-grained Cu alloy
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because NS grains contribute to strength and CGs
to ductility [27,51-53]. In fact, the compromise
only makes a balance between the contradictory
properties, and does not solve the contradiction
from the root.

4.2 Deformation mechanisms

In the Ilast several decades, numerous
investigations of experiments, molecular dynamic
(MD) simulations and other modeling efforts on
deformation mechanisms of the NS and UFG
materials have revealed GB-mediated deformation
such as grain rotation [54], GB sliding [55], GB
diffusion [56] and stress-driven GB migration [57]
besides conventional slip of lattice dislocations [58].
Grain coalescence or growth usually occurs as a
result of the above GB-mediated deformation [59].
Nevertheless, at room temperature, the NC and
UFG materials have still exhibited significant
decrease in ductility due to their poor strain
hardening capability.

4.2.1 GB sliding

At elevated temperatures, GB sliding, i.e.,
individual grains displaced with respect to each
other along their mutual boundaries as a
consequence of an external stress, is a well-
established deformation process for CG materials.
The sliding of individual grain is accommodated
either through the intra-granular dislocation slip or
through the diffusional flow of vacancies [60].

The GB sliding of the NS and UFG materials
has been reported to occur even at room
temperature [55] because of the enhanced diffusion
kinetics and/or stress-driven GB migration [57]. For
the former reason, as suggested by LIDDICOAT et
al in 2010 [60], even at room temperature, diffusion
can play an important role in the plastic
deformation of the NS and UFG metals and alloys.
The increased volume fraction of GBs promotes
the GB diffusion processes due to enhanced
diffusivity [61]. Moreover, high fractions of
high-angle GBs and non-equilibrium GBs with
many extrinsic dislocations lying in narrow regions
adjacent to the GBs have been frequently reported
in the NS and UFG materials. These boundaries and
the associated high dislocation densities are
probable to provide easy diffusive paths for the
local re-arrangements needed to form the GB
sliding. For the latter reason, stress-driven GB
migration is also revealed as an athermal activation

process by some in situ TEM observations [57]. The

GB sliding is even observed to occur at very

low temperature, such as at liquid nitrogen

temperature [62].

4.2.2 Cooperative GB sliding and micro shear
bands

HAHN and PADMANABHAN [63] proposed
a theoretical model for the deformation of the NS
and UFG materials, 1i.e., the formation of
mesoscopic glide planes based on the GB sliding.
For the NS and UFG materials, the high volume
fraction of the GBs was argued to provide an
opportunity for the formation of long planar
interfaces by stretching over many grains and
resulting in a macroscopic sliding over individual
grain dimensions. Moreover, a cooperative GB
sliding of the UFG materials was observed at
ambient temperatures by in situ SEM and TEM
observations [56]. In addition, the above mesocopic
shear planes and/or cooperative GB sliding are
also revealed by MD, modeling computer
simulations [64] and experiments [39]. A co-
operative GB sliding of a series of the NS and UFG
grains was observed in NS Fe, Cu alloys, UFGAI
alloys [39,43,44], 6061Al alloys [45] and Ni
alloys [46].

In CG materials, the initial dimensions of
micro shear bands are significantly smaller than the
coarse grain size because they are formed within a
coarse grain. However, the micro shear bands of the
UFG metals are different from those seen in CG
materials. The micro shear bands in CG materials
grow by spreading into neighboring grains across
GBs and eventually form macro shear bands. Such
a relationship between the grain size and the
dimensions of micro shear band does not apply to
the NS and UFG metals. Therefore, those shear
bands in UFG metals, with width/grain size ratio in
the range of 1-10, are defined as micro shear bands.
They are distinct from the macro shear bands which
spread across the entire specimen cross-section,
form a fracture surface and result in failure.

4.3 Shear fracture

The larger shear angles than 45° in our work
demonstrated that the shear fracture occurred
outside the maximum shear stress plane. In fact,
the shear angle is intensively affected by the
fracture stress [47,48]. As illustrated by the graphic
representation in Fig. 6(a), if the fracture stress o is
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Fig. 6 Schematic representation of tensile fracture (a) and histogram of average critical normal fracture stress o, and
average critical shear fracture stress 7, for UFG 7075Al and 1050A1 samples (b)

imposed on the sample, the normal and shear
stresses (o5 and 7, respectively) on the shear plane
with a shear angle 6 can be expressed as
o=0sin’0

7=0sin Ocos 0

)
3)

The o, o5 and 7z, finally determine 6. To better
understand the shear angle and the shear fracture

mechanism, ZHANG and ECKERT [48] proposed a
unified tensile fracture criterion as follows:

2 2
T
+ =] =1
Ty
where oy and 7, are the average critical normal and
shear fracture stresses of a material, respectively.

According to the unified tensile fracture criterion, 7,
and oy can be calculated by the following equations:

(o}

S

Q)

Oy

o=21, 1-a® ®)]
n 1 1242

@=———arctan| ——— (6)
2 2 o

=1 @)
Oy

where the ratio a is a fracture mode factor
controlling the macro-scale fracture mode of a
material. It is suggested that when 0<a<«/5 /2,
the shear fracture angle 6 is in the range of
45°-90° [48].

According to the wunified tensile fracture
criterion, the ratios a of the UFG 1050Al and
7075A1 samples were calculated to be 0.696 and
0.668, respectively. Their oy and 7o were 99 MPa,

69 MPa and 648 MPa, 433 MPa, respectively. As
shown in Fig. 6(b) and Table 4, gy and 7, of the UFG
7075Al alloy are larger than those of the UFG
1050A1 alloy. The proportion of gy to 7pin the UFG
7075Al alloy is also larger than that in the UFG
1050Al alloy, resulting in a smaller ratio o and a
larger shear fracture angle in the UFG 7075A1 alloy.
It has been demonstrated that the ECAP process
can effectively change the fracture mode from
normal fracture to shear fracture with different
shear fracture angles [65]. The introduction of
nanoscale precipitates in UFG 7075Al matrix
weakened the tendency of shear fracture and make
deformation more uniform, resulting in a higher
tensile ductility.

Table 4 Fracture strength o, shear fracture angle 6,
fracture mode factor a, average critical normal fracture
stress oy and average critical shear fracture stress ty of
UFG 7075A1 and 1050A1 samples

Sample o/MPa 6/(°) o oy/MPa  1/MPa
1050A1 100 52 0.696 99 69
7075Al1 480 58 0.668 648 433

5 Conclusions

(1) Postmortem microstructural observation
revealed that, different from the GB precipitation
during postmortem aging, in situ thermo-
mechanical treatment made precipitation prior to
GB formation, resulting in nanoscale precipitates
only in the grain interiors and avoiding GB
precipitation.
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(2) Tensile test revealed superior mechanical
properties of the UFG 7075Al alloy compared with
the UFG 1050Al counterpart. The UFG 7075Al
sample has the yield strength and ultimate tensile
strength of 350 MPa and 500 MPa, uniform
elongation of 18% and tensile ductility of 19%,
respectively; while the UFG 1050Al counterpart
has the yield strength and ultimate tensile strength
of 170 MPa and 180 MPa, uniform elongation of
2.5% and tensile ductility of 7%, respectively.

(3) The fracture surface morphology studies
revealed the activation of numerous homogeneous
micro shear bands in both UFG 7075A1 and 1050A1
alloys, which is controlled by cooperative GB
sliding. The introduction of nanoscale precipitates
in UFG 7075A1 matrix weakened the tendency of
shear fracture and made deformation more uniform,
resulting in a higher tensile ductility.

(4) This strategy may be applicable to different
age hardening alloys to optimize strength and
ductility by avoiding GB precipitation.
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