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To achieve lightweight and high-strength materials, Al alloy has been cryomilled and processed to obtain reﬁned microstructures.
The microstructure and strengthening mechanisms of the resulting ultraﬁne-grained material are investigated in this work. Contributions from the several mechanisms (boundary strengthening, solid solution strengthening, precipitate strengthening and dislocation strengthening) are discussed and estimated using simpliﬁed models. Comparison with experimental data suggests some
directions for materials design.
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Cryomilling has been described in several papers
[1–4] and has been shown to be an eﬀective way to reﬁne
grain size in order to make strong but lightweight materials. Mechanical tests show that the strength of cryomilled ultraﬁne-grained (UFG) Al 5083 is improved
signiﬁcantly [3,5] compared to conventional coarsegrained Al 5083. This high strength provides the basis
for further processing to make high-strength, lightweight materials with good ductility [6]. Therefore, it
is important to understand the fundamental strengthening mechanisms in cryomilled Al 5083. A couple of papers have examined the strengthening mechanisms in
similar materials [3,4] at low rates of loading. This work
addresses the speciﬁc mechanisms active in cryomilled
Al 5083 at both quasi-static and dynamic strain rates.
The material investigated here was provided by the
University of California, Davis. Commercial Al 5083
powder was cryomilled, cold isostatic pressed and extruded to achieve a UFG structure [4,5,7]. The microstructures of the as-received and post-deformation
cryomilled Al 5083 were observed by transmission electron microscopy (TEM) using a Phillips EM420 operated at 120 kV, and by high-resolution TEM using a
CM300 operated at 300 kV. The samples were compressed along the extrusion direction both quasi-statically [5,8] and dynamically using a compression
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Kolsky bar [9]. As a comparison, a conventional commercial coarse-grained Al 5083 material was compressed
at similar strain rates [10]. Figure 1 compares the
mechanical responses of the UFG samples with the
behaviors of coarse-grained samples. The as-received
UFG material has a yield strength of approximately
700 MPa at a strain rate of 103 s1 [8] and 720 MPa
at a strain rate of 104 s1 [5]. This negative strain rate
sensitivity found in the cryomilled UFG material at low
rates (as in the conventional material [10]) is believed to
relate to dynamic strain aging [11] and will not be discussed further in this paper. In dynamic tests conducted
(on cylindrical samples 4 mm in diameter and 2.4 mm
long) in the Kolsky bar with strain rates of 2  103 to
6  103 s1, the UFG materials show higher ﬂow
strengths of 750–780 MPa, which are much higher than
the conventional Al 5083 which has strengths of about
320–350 MPa at both quasi-static and dynamic strain
rates.
The higher strength in the cryomilled Al 5083 must be
understood in terms of the strengthening mechanisms.
Therefore, the microstructures of as-received and deformed samples were characterized in terms of several
factors: the grain size, solute concentrations, precipitate
and dispersoid distributions, and dislocation structures.
The microstructure evolution during the cryomilling
process is very complex, e.g. the dispersoids interact
with grain boundaries and dislocations, and inhibit
grain growth; the solution of Mg and Mn aﬀects the
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larger compared to cryomilled pure Al [2]. Later, we
brieﬂy elucidate the likely reasons for the high value of
ky for cryomilled Al 5083.
The mechanism of solid solute strengthening is now
addressed. Magnesium and manganese are the primary
solute atoms in Al 5083 alloy, with 4.4 wt.% Mg and
0.7 wt.% Mn. Ryen et al. [13] examined the eﬀects of
magnesium and manganese. The strengthening due to
solute atoms can be estimated by [13]:
Dry

Figure 1. Quasi-static and dynamic responses of cryomilled UFG Al
5083 compared with conventional commercial Al 5083. (UFG
1  104 and 103 data from Han et al. [5,8].)

generation of precipitates; and oxides may stabilize the
grain boundaries [2]. It is diﬃcult to determine one single constitutive function including all of these factors. In
this work, the multiple mechanisms are examined separately, and the strengthening due to each mechanism is
calculated using a simpliﬁed model that accounts for
some (but not all) of the coupling. In general, these multiple strengthening mechanisms may interact with each
other. Phenomenological or statistical approaches have
been discussed to account for these synergetic eﬀects
(e.g. [12]). However, without the knowledge of the speciﬁc interactions, we choose a simple linear superposition in order to obtain qualitative estimates of the
signiﬁcance of each mechanism.
As is generally true for UFG materials, the grain size
reﬁnement is the fundamental strengthening mechanism.
In the cryomilled Al 5083, grains are reﬁned mainly in the
milling process, and the grain growth during hot isostatic
pressing and extrusion is inhibited by the presence of dispersoids. The material also shows grain anisotropy between extrusion and transverse directions. Based on
multiple TEM observations, the linear dimensions of
the UFG grains were measured in each direction. The
grains were elongated along the extrusion direction with
a mean length of 390 nm. In the transverse direction,
equiaxed grains were observed with a mean diameter of
150 nm. The Hall–Petch equation estimates the increase
of the yield strength due to the reﬁnement of the grains:
Dry ¼ k y d~1=2 ;

ð1Þ

where ky is the Hall–Petch coeﬃcient and d~ is the eﬀective grain size, which was calculated by assuming that
the grains are cylinders with a volume given by
V = pd2h/4 (d being the diameter of the equiaxed grain
in the transverse direction, and h being the length of
each elongated grain in the extruded direction). The side
of a cube of equivalent
volume
ﬃ is used to deﬁne the eﬀecqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
2
tive grain size d~ ¼ pd h=4. This eﬀective grain size d~
was found topﬃﬃﬃ
be
ﬃ 190 nm, and this, together with
k y ¼ 0:28 MPa m [2], gives a grain size strengthening
increment Dry of 640 MPa. Note that this ky is much

ss

¼ KC n ;

ð2Þ

where C is the concentration of the solute atom and K
and n are constants speciﬁc to each solute. The maximum possible solute strengthening due to Mg and Mn
can be estimated by assuming that all of the Mg and
Mn in Al 5083 are dissolved in Al. This maximum
strengthening due to 4.4 wt.% Mg solute (as in Al
5083) is 67 MPa [14]. In this material, however, we have
found that a large amount of Mg accumulates along the
grain boundaries together with a high density of oxygen
in the same area. The scanning transmission electron
microscopy (STEM) images of Mg and O are presented
in Figure 2. Thus the content of the Mg solute in the
grain interior has decreased due to precipitation at the
boundaries. It is estimated from the STEM information
that around 54% of Mg has segregated. Therefore, the
actual strengthening due to Mg solute is around
30 MPa. For Mn, according to Ryen et al. [13], the maximum strengthening is 18 MPa in commercially pure Al–
Mn with 0.7% Mn.
More than six kinds of dispersoid and precipitate
phases [7] are introduced or developed during the processing of cryomilled Al 5083. Our TEM work has
found multiple precipitates and dispersoids, which we
divide into three types according to their sizes and distribution: (i) Mg along the grain boundary; (ii) Mn-enriched intermetallic phases both inside grains and near
grain boundaries; and (iii) nanoparticles (size 6 10 nm,
of complex composition [7]) inside grains.
The precipitates in 5xxx Al alloys are complex and
their eﬀects on mechanical properties have been described [15,16]. In cryomilled Al 5083, the cryomilling
causes the supersaturation of the Mg in Al 5083 and
the separation of Mg to grain boundaries [4,17]. Lavernia et al. [2,4] compared the ﬂow stresses of Al–7.5% Mg
alloy with varying amounts of solute Mg, and controlled
the Mg segregation by heat treatments. They noted that
the net ﬂow stresses did not appear to change with Mg
content whether the Mg serves as solute atoms or precipitates along grain boundaries. This would imply that

Figure 2. The distribution of (a) Mg and (b) O along grain boundaries.
The bright and dark contrast maps the distribution of the speciﬁc
elements. The brighter an area, the higher the content of the related
element.
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although the strengthening due to Mg solutes has decreased, the strengthening due to the boundaries has increased, simultaneously resulting in little net change in
ﬂow stress. This appears to be just enough to compensate for the loss of Mg as solute atoms (i.e. K Mg C nMg þ
k y Mg d 1=2 should be approximately constant) according
to the data of Lavernia et al. [4].
There is evidence that the Hall–Petch coeﬃcient is affected by impurity segregation along grain boundaries
[18,19]. Wilson proved experimentally that ky could depend on solute segregation to the boundaries themselves
in steel [18]. Armstrong et al. attribute the larger ky for
mild steel and brass to the segregation eﬀect [19]. A thermodynamically derived model by Li [20] also showed
that the obstacle nature of the grain boundary, m (and
therefore the Hall–Petch coeﬃcient),
should
 
  increase
with impurity concentration, Nn ; as m  f Nn (n the solute atoms, and N the solvent atoms in the grains). In our
case, Mg segregates to the boundaries (Fig. 2),
consequently changing ky. These observations therefore
explain why ky for the cryomilled Al 5083 is apparently
much larger
[13]
pﬃﬃﬃ
ﬃ than that for cryomilled pure aluminum
(0:09p
MPa
m
) [2], and conventional Al 5083 (0:22
ﬃﬃﬃﬃ
MPa m), in which grain boundary segregation of solute
atoms is not observed [21].
In Al 5083, the content of manganese is in the range
of 0.4–1%. Although the maximum strengthening due to
the solute Mn is small (18 MPa as stated above), the precipitate strengthening due to Mn must be considered
since its presence is detected in the precipitates by energy-dispersive spectroscopy (EDS) and TEM. The
TEM image in Figure 3a shows a commonly observed
Mn-enriched intermetallic phase (indicated by the arrows) Al6Mn, with Fe, Cr and/or Ni substituted for
Mn. These precipitates are much harder than the surrounding matrix, showing no change or defects in their
structure after dynamic compression. They contribute
to the overall strengthening through the particle-sizedependent geometrically necessary dislocations (GNDs)
arising from the elastic moduli mismatch and coeﬃcient
of thermal expansion (CTE) mismatch between the particles and the matrix [22,23]. The corresponding strength
increments are [24]:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
DrEM
and
¼
3
gl
b
qEM
m
GND
GND
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
q
pﬃﬃﬃ
DrCTE
3blm b qCTE
ð3Þ
GND ;
GND ¼

6f r e
12f r ðDaDT Þ
CTE
are the GND
where qEM
GND ¼ bd r and qGND ¼
bd r
densities due to the elastic moduli and CTE mismatch,
respectively, Da is the CTE mismatch, e is the misﬁt
strain due to elastic moduli mismatch (assumed the same
as the strain due to CTE mismatch DaDT ¼ 0:0065), b is
the magnitude of the Burgers vector, lm ¼ 27 GPa is the
shear modulus of the aluminum matrix, and g = 0.5 and
b = 0.7 are geometric constants. The particle size is dr
(200–300 nm, measured from TEM), the particle volume fraction is fr (3.95%, computed assuming that
all of the Mn is in the precipitates), and DT (400 K)
is the diﬀerence between the processing temperature
and room temperature. We assume that the particles
are incoherent with the matrix, allowing dislocation generation at smaller misﬁt strains than those required for
coherent particles [25]. This strengthening mechanism
results in maximum strength increments of DrEM
GND ¼
30 MPa and DrCTE
GND ¼ 60 MPa, in the limit that all of
the Mn is in precipitate form.
The nanoparticles (shown in Fig. 3b) are distributed
evenly in the grain interior. The associated Orowan
strengthening can be estimated as [26]:

Figure 3. (a) Mn- and Fe-enriched intermetallic phase; (b) nanoparticles inside grains.

Figure 4. Dislocation structures in cryomilled UFG Al 5083: (a)
untested; (b) compressed at a strain rate of 6000 s1.

lm b
;
ð4Þ
L  2r
where L is the distance between the particles and r is the
particle size (both measures obtained from the TEM
analysis). The dispersoids played a more important role
in preventing grain growth than contributing to the
strengthening directly via the Orowan mechanism in
mechanically alloyed aluminum [27]. We draw similar
conclusions here: the compressive strengthening due to
these nanoparticles is only around 40 MPa and does
not play an important role in overall strength of the
cryomilled material.
The ﬁnal strengthening mechanism considered here is
the dislocation strengthening due to prior plastic work.
Figure 4a and b shows, respectively, the dislocation
structures in the as-received and dynamically deformed
samples with a strain rate of 6000 s1. Even in the as-received samples, there is a high density of dislocations
due to previous plastic deformation during processing.
The dislocation densities in samples compressed at
6000 s1 are estimated to be 1014–1015 m2 [28,29],
and similar densities are apparent in the as-received
material. The increase in the shear strength due to dislocations can be estimated by [26]:
pﬃﬃﬃ
Ds ¼ Alm b q;
ð5Þ
sb ﬃ
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Table 1. Strengthening in cryomilled Al 5083. Minimum and maximum values are given considering the uncertainty in the dislocation
density and minimizing the overlap of solute strengthening and
precipitate strengthening with respect to Mn content.
Strengthening mechanisms

Strengthening (MPa)
Max.

Min.

Grain reﬁnement
Solid solution
4.77 wt.% Mg
0.68 wt.% Mn
Precipitate
Nanoparticles
Intermetallic
Mg along grain boundary
Dislocations

640

640

30
0

30
18

40
90
0
85

0
0
0
27

Total

885

715

where A is around 0.2 for face-centered cubic (fcc) materials [26]. The hardening due to dislocation strengthening is thus around 27–85 MPa.
Oxygen and nitrogen are introduced into cryomilled
Al alloys during powder processing [2]. These can react
with aluminum to form oxides, nitrides and oxynitrides,
which can be dispersed in the material, but may be difﬁcult to observe [1–3]. The main function of these dispersoids is stabilizing the grain size through Zener
pinning [1,3]. They also contribute to strengthening via
the Orowan mechanism [30]. The precise Orowan
strengthening due to these is diﬃcult to compute because the dispersoids are so rarely observed given their
likely size. A small amount of hydrogen (18–425 ppm)
has also been detected in this material [2], which might
contribute to strengthening by pinning the dislocations,
but this contribution can be ignored compared to
strengthening due to other mechanisms.
The multiple strengthening mechanisms that contribute to the higher strength in cryomilled Al 5083 are summarized in Table 1. Minimum and maximum values are
given considering the uncertainty in the dislocation density and minimizing the overlap of solute strengthening
and precipitate strengthening with respect to Mn content. The contribution from Mg segregation is included
in grain reﬁnement strengthening. Compared to the
experimental results shown in Figure 1, the total
strength from all these mechanisms predicts the minimum strengthening that the material can achieve. The
grain size reﬁnement plays the most important role,
and hence controlling the grain size is the most eﬀective
way to improve strength. Precipitates and solid solution
strengthening involve complex mechanisms due to their
distributions in the material and contribute more to preventing grain growth than directly to strengthening. Due
to the previous heavy plastic deformation during processing, no further work hardening is expected. The mild
rate sensitivity observed in the cryomilled material but
absent from the conventional coarse-grained material
over this range of strain rates is likely a grain size eﬀect
[31] that has been previously observed in fcc metals.
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