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a b s t r a c t

Commercially pure aluminum AA1050 was processed by hot rolling followed by subsequent water
quenching (WQ) and furnace cooling (FC). The samples processed via these two approaches were then
cold rolled to obtain ultrafine-grained (UFG) structures. Mechanical behavior studies showed that the
eywords:
ltrafine-grained aluminum
ot and cold rolling
ooling rate

WQ UFG Al exhibited a yield stress of 178 MPa and a total elongation of 5.3%, which are higher than
those of the FC UFG Al (162 MPa and 3.1%, respectively). Microstructural analyses revealed that the origin
of the high strength of the WQ UFG Al is attributable to smaller grain dimensions in the quenched and
rolled material. The measured enhanced ductility was rationalized on the basis of three mechanisms:
first, improved dislocation accumulation; second, a higher rate of strain hardening due to solid solution

forma
icrostructures
echanical property

pinning during plastic de

. Introduction

The development of severe plastic deformation (SPD) tech-
iques during the past decade or so has facilitated the production
f bulk, ultrafine-grained (UFG) and nanostructured (NS) metals
1–6], which in turn has allowed fundamental study of the mechan-
cal behavior and deformation mechanisms of materials with these
ength scales. However, bulk UFG/NS materials usually have poor
uctility [7–16], low thermal stability [17] and high synthesis cost
hich are major concerns for the technological applications as

tructural materials. A good ductility is essential for structural com-
onents to avoid catastrophic failure in load-bearing applications.
oreover, ductility is also very important for many shaping and

orming operations [18]. The low thermal stability of bulk NS mate-
ials is caused by their non-equilibrium high-energy state due to
heir high volume fraction of lattice imperfections (such as dislo-
ations and grain boundaries). High synthesis cost is attributed to
he preparation complexity.

Low tensile ductility in UFG/NS materials can be attributed to
he onset of a plastic instability (necking) at an early stage of defor-
ation. According to Considère’s criterion [19], strain hardening is
equired in order to delay the initiation of tensile necking. Strain
ardening typically results from the interactions of dislocations as
hey glide and intersect each other. Typically, large grains provide
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tion; and third, an increased proportion of high-angle grain boundaries.
© 2010 Elsevier B.V. All rights reserved.

enough space for significant numbers of dislocation intersections
during deformation, while in smaller grains, dislocations move and
accumulate at opposing boundaries directly and thereby result in
minimal hardening [20]. In the case of UFG/NS materials there are
two important observations documented in the literature. First, dis-
location activity is low within the grain interiors in UFG/NS metals
[21,22], and second, a large proportion of the dislocations that do
exist are located in the vicinity of, or at grain boundaries [22,23].
Lloyd [23] suggested that dislocations prefer to concentrate at grain
boundaries and facilitate recovery, which results in an increasing
rate of dynamic recovery that subsequently reduces the strain hard-
ening rate of fine grained Al alloys. In fact, the reported low tensile
ductility of UFG/NS materials has emerged as an important bar-
rier that prevents widespread application of UFG/NS metals. Not
surprisingly, review of the recent literature reveals the emergence
of various strategies that attempt to improve tensile ductility in
UFG/NS materials [11,12,14,24–42]. To date, the enhanced tensile
ductility in UFG/NS materials has been achieved by the incorpora-
tion of bimodal grain sizes [11,26–28], grain boundary engineering
[14,29–35], tailoring stacking fault energy [36–39], second-phase
precipitation [40–42], reducing processing artifacts [27,43], phase
transformation [44] and high deformation strain rates [45]. How-
ever, most of the studies can only increase the tensile ductility with

a concomitant reduction in strength. It is likely that materials can
either be strong or ductile, but rarely both at the same time [46].
Zhao et al. [40–42] have recently demonstrated that it is possible
to simultaneously increase the strength and ductility of NS 2024Al
and 7075Al alloys by incorporating very small precipitates into

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:plsun@fcu.edu.tw
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size of as-rolled transverse planes of the specimens were observed.
Fig. 1. The optical micrographs of the as-hot rolled (a) FC and (b) WQ specimens.

he NS aluminum matrix. They suggested that the enhancement
f strength is due to the presence of second-phase particles, and
he enhancement of ductility is due to the increase in strain hard-
ning rate (dislocation accumulation capability) which is further
esulted from both dislocation recovery by low-temperature aging
nd the resistance to dislocation slip by second-phase particles.
The small grains of bulk nanostructured materials can be sta-
ilized by kinetic approaches and thermodynamic strategies [47].
he kinetic stabilization, which involves reduction of the grain
oundary mobility, includes second phase drag [48–50], solute drag
Fig. 2. The optical micrographs of the as-cold rolled (a) FC and (b) WQ specimens.

[51], chemical ordering [52,53], etc., and the thermodynamic sta-
bilization is due to the lowering of the specific grain boundary
energy by solute segregation to the grain boundary [54,55]. The two
most important SPD techniques are equal-channel angular pressing
(ECAP) and high-pressure torsion (HPT) [56]. However, commer-
cialization of bulk NS materials is difficult due to high preparation
cost although many efforts have been paid to develop new process-
ing techniques to lower the preparation cost, such as continuous
ECAP [57] and accumulative rolling bonding (ARB) [58].

In the present work, three principal strategies are demonstrated.
First, it is shown that UFG aluminum can be produced by combina-
tion of hot and cold rolling, which is significant from its industrial
application potential by lowering the preparation cost. Second,
we demonstrated an evident influence of cooling rate following
hot rolling on the mechanical properties, i.e. water quenching
(WQ) following hot rolling process resulted in both high strength
and ductility in comparison with furnace cooling. Finally, we per-
formed systematic microstructural analyses and rationalize that
high strength of the WQ UFG Al is attributable to smaller grain
dimensions and the enhanced tensile ductility is resulted from the
improved dislocation accumulation capability due to solid solution
pinning and higher fraction of high-angle grain boundary.

2. Experimental

2.1. Sample preparation

A commercially pure aluminum AA1050 with the chemical com-
position in wt% of 0.089 Si, 0.216 Fe, 0.001 Cu, 0.02 Ti and balance
Al was homogenized at 863 K for 9 h, hot rolled from a thickness
of 110 mm to 6 mm and followed with different cooling speeds:
furnace cooled (FC) and water quenched (WQ). Hot rolling was per-
formed at a starting temperature of 743 K and final temperature of
643 K. The FC specimen was then kept in the power-off furnace at
a temperature of 643 K and slowly cooled to room temperature.
These two materials were then cold rolled to a final thickness of
0.3 mm corresponding to a total reduction of ∼95%.

2.2. Microstructural analyses

The as-hot rolled and as-cold rolled samples were examined by
the use of optical microscope (OM). Grain morphology and grain
Transverse direction (TD) of the as-cold rolled specimens were
mechanically thinned down to about 150 �m thickness and final
polished with a standard twin-jet polishing method using an elec-
trolyte of 25% nitric acid and 75% methanol at 243 K and 15 V. The
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icrostructure characterization was conducted in Philips CM200
nd FEI Tecnai F20 G2 transmission electron microscopes (TEM) at
00 kV. Three microstructural parameters, grain length, grain width
nd aspect ratio were determined from the TEM images. Second
hase particles were also examined.

Electron backscattering diffraction (EBSD) of the TD plane of the
s-cold rolled FC and WQ specimens were obtained by automatic
canning with steps (pixel size) of 80 nm and 50 nm for FC and WQ
pecimens, respectively. The EBSD mapping was carried out using
field emission gun scanning electron microscope (JSM-6330TF)

quipped with a HKL Channel 5 system. Boundary structures of the
wo samples are analyzed by the use of EBSD.

X-ray diffraction (XRD) measurements of the as-rolled and ten-
ile tested specimens were completed using Cu K� radiation to
stimate the dislocation densities. The �–2� scans were conducted
t room temperature at a scan speed of 1◦/min. Pure aluminum
nnealed at 673 K was used as an XRD peak-broadening refer-
nce for both grain size and microstrain calculations. The peak
arameters, including the peak intensity, the integral breadth and
he full-width half-maximum, were determined utilizing Microcal
TM) Origin® by fitting a Lorentzian function to the measured peaks.
RD results were averaged from the gauge sections.

.3. Electrical measurements

The amount of solid solution atoms can be deduced on the basis
f electrical conductivity measurements which are reported as a
ercent of the International Annealed Copper Standard (IACS). The
onductivity of the annealed copper is defined to be 100% IACS at
93 K. All other conductivity values are related back to this con-
uctivity of annealed copper. A Nortec-17 model from Staveley

nstruments is used for IACS measurements. Standard copper and
luminum specimens were first measured with a probe to calibrate
he IACS reading. The FC and WQ specimens were then measured
o obtain the IACS values.

.4. Tensile testing

Uniaxial tensile tests of the as-cold rolled specimens were car-
ied out employing a Sintech 10/GL test machine at an initial strain
ate of 1.67 × 10−3 s−1 at ambient temperature. The dimensions of
auge section of the dog bone shaped specimen were 70 mm in
ength, 25 mm in width and 0.3 mm in thickness. The tensile test
xis was parallel to the rolling direction. Duplicate tests were con-
ucted to ascertain reproducibility.

. Results and discussions

.1. Microstructures

.1.1. Grain size and morphology
Macrostructures of the as-hot rolled FC and WQ samples are

hown in Fig. 1. The OM images reveal that the as-hot rolled FC and
Q macrostructures are not homogeneous. Grain size increases

rom the sample surface to the center in both specimens. Moreover,
he as-hot rolled FC sample has a much larger grain size than the

Q sample due to recrystallization and grain growth during FC
rocess. The average grain sizes of three areas (surface, sub-surface
nd center areas) in the FC specimen, measured by linear intercept
ethod, are 30 �m, 50 �m and 70 �m, respectively. The grain sizes

n the hot rolled WQ sample are not measured because they are too

mall and beyond the measurement limit of OM methods.

The as-cold rolled microstructures were characterized by OM,
RD, EBSD and TEM. The macrostructures of the as-cold rolled FC
nd WQ specimen are shown in Fig. 2. Lamellar rolling structure is
vident in both samples. The boundary spacing of the FC specimen
Fig. 3. The as-rolled microstructures of (a) FC specimen, (b and c) WQ specimen. (c)
Grains with large aspect ratio and boundary fringe.

is slightly larger than the WQ specimen. Fig. 3 shows the typical
TEM microstructures of FC and WQ specimens. Grains are more
equiaxed in the FC specimens (Fig. 3a) while they are more elon-
gated in the WQ specimens (Fig. 3b). This could be explained by the
macrostructural differences in the hot rolled stage (see Fig. 1) where
the FC sample has equiaxed grains due to recrystallization and grain

growth. Dislocation densities are high in both samples. The aver-
age dislocation density in the FC and WQ specimens, measured
by XRD peaking broadening method [59–62], are 2.3 × 1013 m−2

and 2.2 × 1013 m−2, respectively. An extensive examination of the
microstructures showed that grain boundary thickness fringes can
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Table 1
Microstructure parameters (grain length and width, aspect ratio, fraction of high-angle grain boundary (HAGBs), dislocation density �) of the FC and WQ cold rolled specimens.

b
g
a
s
o
i
2
b
s
p

F
d

Grain length (nm) Grain width (nm)

FC 1000 350
WQ 1000 230

e more easily observed in the WQ specimens (Fig. 3c). Grain length,
rain width and aspect ratio were obtained from the TEM images
nd summarized in Table 1 and Fig. 4. The average lengths are
imilar in both samples (1000 nm) while the grain width is about
ne-third smaller in the WQ specimens (230 nm in WQ vs. 350 nm

n FC), which corresponds to a higher aspect ratio (4.4 in WQ vs.
.9 in FC). The larger grain width in the FC sample was caused
y grain growth during furnace cooling. Grain length distributions
how that WQ specimens have wider range of grain lengths com-
ared to the FC specimens but the majority grains have a length

ig. 4. Grain length distributions of the (a) FC specimen and (b) WQ specimen. Grain w
istributions of the (e) FC specimen and (f) WQ specimen.
Aspect ratio HAGBs (%) � (m−2)

2.9 12 2.3 × 1013

4.4 27 2.2 × 1013

smaller than 2000 nm (Fig. 4a and b). On the other hand, the grain
width range of the FC specimens is larger than that of the WQ spec-
imens (Fig. 4c and d). The grain aspect ratio distribution of the WQ
specimens is much wider than in the FC specimens (from 1 to 11),
where the majority grains have an aspect ratio between 1 and 5.5

(Fig. 4e and f).

3.1.2. Grain boundary
Boundaries with misorientation angles above 15–20◦ are

defined as high-angle boundaries (HABs) based on energy consider-

idth distributions of the (c) FC specimen and (d) WQ specimen. Grain aspect ratio
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ig. 5. Grain boundary misorientation distributions of the (a) FC specimen and (b)
Q specimen.

tions [63]. For convenience, HABs are defined as boundaries with
isorientation angles greater than 15◦ whereas low angle bound-

ries (LABs) have misorientation angles smaller than 15◦ [64]. Fig. 5
hows the EBSD results. It can be seen that large fractions of the
oundaries are LABs in both samples. HABs proportions are 12% and
7% for FC and WQ specimens, respectively. The average misorien-
ation angles above 1◦ are 7.3◦ and 12.6◦ for FC and WQ specimens,
espectively. A study by Oscarsson et al. [65,66] shows that when
he rolling reduction is greater than 95% in the strip-cast (contin-
ous casting) AA1145, AA1120 and AA8011 aluminum alloys, the
ajority of the grain boundaries are HABs. It was also experimen-

ally proved that severe plastic deformation can transform LABs to
ABs by accumulating dislocations at the boundaries [21]. The total

olling reduction of the present work is 95%. However, the HABs
roportions of the two samples are still low compared to Oscars-
on’s work. This may be attributed to the lower concentration of
olution atoms in the present samples compared to their strip-cast
lloys. Room temperature is ∼0.32Tm (homologous temperature)
n aluminum, which is higher than other fcc metals (0.17 for nickel
nd 0.22 for copper); therefore dynamic recovery (dislocation anni-
ilation) can occur at room temperature. With the presence of solid
olution atoms, dislocations can be dragged, retained and accumu-
ated at grain boundaries. All of these factors can facilitate HABs
ormation.
.1.3. Solid solution and precipitates
Iron and silicon atoms are the main solutes in the commercial

urity aluminum and their contents are 0.089 Si, 0.216 Fe wt% in the
luminum matrix, respectively. However, at ambient temperature
nly small amounts of silicon and iron are soluble in aluminum:
ineering A 527 (2010) 5287–5294 5291

1.65 wt% for silicon and 0.052 wt% for iron. Therefore, the extra
0.164 wt% iron will be trapped at aluminum lattice during WQ and
form super-saturated solid solution, which will be transformed into
2nd phase precipitates during FC [67,68].

Our XRD results (as listed in Table 2) indicate that the lat-
tice parameters of the WQ specimens are evidently larger than
those of FC specimens. Both hot and cold rolled WQ specimens
have comparable lattice parameters (0.40521 nm and 0.40522 nm,
respectively), which are larger than those of the hot and cold
rolled FC specimens (0.40500 nm and 0.40502 nm, respectively).
The coarse-grained (CG) Al reference sample has a lattice parame-
ter of 0.40494 nm, slightly smaller than those of the FC specimens.
The large lattice parameters of the WQ specimens verify its super-
saturated iron solution. The slightly larger lattice parameters of the
FC specimens in comparison of CG Al are because the FC specimens
still have some certain small amount of solutes in their lattice. The
comparable lattice parameters of the specimens before and after
cold rolling indicate that cold rolling did not change the solution
atmosphere.

To obtain more detailed results, we performed careful TEM
observation, and found that second phase precipitates heteroge-
neously distribute in the Al matrix of the cold rolled FC specimen,
where some areas have slightly higher density of second phase
particle (Fig. 6a) but some areas have low density/none of second
phase particle (Fig. 6b). These particles are needle-like and glob-
ular AlFeSi according to energy dispersive spectroscopy (EDS) and
selected area electron diffraction (SAED) analysis. The long axis and
short axis of needle-like AlFeSi are ranging from 90 to 277 nm and
40 to 110 nm, respectively. The globular AlFeSi are smaller than the
needle-like particles and have the size of 40–120 nm. The average
spacing between these second-phase particles is calculated to be
∼1 �m. However, the real average spacing is larger than this value
because this value is only averaged from areas with the presence
of second phase particles. Careful TEM observation did show some
second-phase particles in the cold rolled WQ specimen. However,
the precipitate density is very low and the average spacing between
them is 40 �m. Therefore, the influence of the second-phase parti-
cles in the WQ specimen can be neglected. XRD measurement did
not reveal the presence of second phase particle in both as-cold
rolled FC and WQ specimens due to the very small amount of the
particles. The above TEM results indicate that the super-saturated
solid solute of iron was transformed into AlFeSi precipitate during
FC process, in good agreement with the XRD results. Regardless of
the small difference in iron content in aluminum lattice (0.164 wt%),
large influence on mechanical behavior and microstructural evolu-
tions occur due to the large difference in atomic diameters between
aluminum and iron, as revealed in the following sections.

3.2. Electrical properties

The electrical conductivities of the as-hot rolled FC and WQ spec-
imens are measured to be 61.2% and 60.6% IACS, respectively. The
IACS value of 99.999% pure aluminum was measured as well to
provide a direct comparison with the two samples. It is 64% IACS.
Higher IACS value indicates better conductivity of electrons. The
cold rolled WQ specimen has more solid solution atoms, higher
fraction of high-angle grain boundaries, and higher volume frac-
tion of total grain boundaries (due to its small grain width), which
impede electron transport and, therefore, lower the IACS value,
consistent with the present results.
3.3. Tensile behavior

The tensile engineering stress–strain curves of the FC and WQ
specimens are shown in Fig. 7. 99.99% pure aluminum subjected
to 98% cold rolling reduction [69] is also included in Fig. 7 for
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Table 2
Lattice parameters of the FC and WQ hot rolled and cold rolled specimens as well as coarse-grained Al reference sample.

Samples WQ FC CG Al

d Hot rolled Cold rolled

0.40500 0.40502 0.40494

c
0
(
9
1
3
t
s
A
s
a
p
p
s

F
(

Hot rolled Cold rolle

Lattice parameters (nm) 0.40521 0.40522

omparison. It can be seen that the WQ specimen has higher
.2% offset yield stress (YS = 178 ± 1.7 MPa), ultimate tensile stress
UTS = 201 ± 0.7 MPa), elongation to failure (5.3 ± 0.04%) than the
9.99% pure aluminum and FC specimen, which has a YS of
62 ± 2.4 MPa, UTS of 183 ± 0.3 MPa and elongation to failure of
.1 ± 0.13%. The WQ specimen has smaller boundary spacing than
he FC specimen, which is related to its higher stress. The yield
tress difference between the WQ and FC specimens is ∼16 MPa.
ccording to Hall–Petch relationship in pure aluminum, the grain
ize difference between the FC and WQ specimens contributes to

yield stress difference of 16 MPa [70,71], consistent with the

resent study. The presence of second phase particles can also cause
recipitation hardening [72]. The average particle spacing of the FC
pecimen is ∼1 �m and contributes to a strength of ∼8 MPa accord-

ig. 6. Higher magnification TEM images show the presence of (a) needle-like and
b) globular AlFeSi second phase particles in the cold rolled FC specimen.
Fig. 7. Engineering stress–strain curves for the FC, WQ commercially pure Al and
99.99% Al specimens.

ing to Orowan equation [72]. However, the real contribution of
precipitation hardening is smaller than 8 MPa due to the hetero-
geneous distribution of the precipitations. On the other hand, the
higher solid solution content in the WQ specimen can cause solu-
tion hardening. The effect of solution hardening on YS in the WQ
specimen is at the same order as the precipitation hardening in the
FC specimen due to their yield stress difference is mainly from grain
size strengthening.

WQ specimen also exhibits a slightly higher normalized strain
hardening rate (�), which extends to higher strain than the FC
specimen (Fig. 8), is the reason for higher tensile elongation in

this UFG aluminum. � is defined as � = 1/�(∂�/∂ε)ε, where �
is true stress and ε is true strain. The mechanism responsible for
the higher strain hardening rate in the WQ specimen was investi-
gated by XRD analyses of the specimens before and after tensile
tests. The dislocation densities of the tensile tested FC and WQ

Fig. 8. The normalized strain hardening rate versus true strain for the FC and WQ
specimens.
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pecimen are measured as 2.0 × 1013 m−2 to 3.3 × 1013 m−2, respec-
ively. Comparing with the dislocation densities of the untested
pecimens, the dislocation density increased in the WQ specimen
uring tensile testing while dislocation density remains similar in
he FC specimen (∼2 × 1013 m−2). The increase is by ∼50% from
.2 × 1013 m−2 to 3.3 × 1013 m−2 in the WQ specimen. The solid
olution atoms play roles similar to the small second phase particles
n the work of Zhao et al. [40–42]. With the presence of solid solu-
ion atoms, dislocations can be dragged during plastic deformation,
hich can significantly hinder dynamic recovery and increase the
islocation storage capability. The work hardening rate is therefore

ncreased. The solid solution atoms also impede dislocation slip,
hich increases the strength [40–42]. Dislocation densities of the

C specimen are similar before and after tensile test, which indi-
ates that the annihilation of dislocations (dynamic recovery) and
reation of dislocations (work hardening) are similar in this sam-
le. It is clear here that without solid solution atoms, dislocation
nnihilation is more pronounced, and dynamic recovery is more
ikely to happen. The contents difference of solid solution atoms is
ery small (<0.2 wt%) in the FC and WQ specimens. However, the
mall difference in solid solution contents can significantly influ-
nce material microstructural and mechanical behavior. The solid
olution effect on enhancing tensile ductility and stabilizing neck-
ng instability was also observed in Al–Zn solid solution alloy [73].
n addition, it was reported that high fraction of HAGBs could also
ncrease the strain hardening rate and therefore the tensile ductil-
ty [36]. The second precipitates in the FC specimens might have
ery weak effect on the strain hardening and tensile ductility due
o its small amount, although in the literature, it was verified that
he precipitates could stabilize necking instability [40–42].

To ascertain the solid solution effect, 99.99% pure aluminum
ubjected to 98% cold rolling reduction [69] is included in Fig. 7.
he 99.99% pure aluminum exhibits inferior strength and ductil-
ty than both the FC and WQ specimens. WQ specimen has higher
olid solution content, and higher YS, UTS and tensile elongation
an be obtained. However, the elongation to failure is still low in
he two specimens. The tensile elongation (especially post-necking
art) depends on the gauge length of the tested specimen and strain
easurement method [74,75]. Long gauge length (70 mm) is used

n the present work and the elongation is therefore small.
It should be noted that XRD analysis only provides qualitative

stimates of the dislocation densities but not a direct measure
f the absolute values. For instance, XRD and TEM analyses may
ield values for the dislocation densities that vary by an order of
agnitude in similar specimens [36,76]. Nevertheless, it is well

stablished that relative dislocation densities can be compared in
ifferent materials if they are measured and calculated using the
ame experimental method. Therefore, the relative change of dis-
ocation density before and after tensile tests corresponds to a valid
rend for these two specimens.

. Summary

This work demonstrates two principal strategies. First, it is
hown that UFG aluminum can be produced by rolling, which is
ignificant from its industrial application potential by lowering
he fabrication costs. Second, this paper investigates the effect of
mall solid solution content on the microstructures and mechan-
cal behavior of a commercially pure UFG aluminum.It is shown
hat higher solid solution content leads to smaller grain width

fter rolling. Additionally, higher solid solution content in UFG Al
an simultaneously increase the tensile strength and ductility. The
igher tensile strength is facilitated by the smaller grain width
fter rolling. The improved ductility in tensile test is attributed to
he improved dislocation accumulation and higher rate of strain

[
[
[
[

ineering A 527 (2010) 5287–5294 5293

hardening results from solid solution pinning effect during plas-
tic deformation.This strategy can be adapted to the commercial
aluminum alloys to obtain both high strength and ductility in
combination. High cooling speed after hot rolling or higher homog-
enization temperature can be easily performed in the industry,
which can retain high solid solution atoms and facilitate favorable
tensile behavior.
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