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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. Contri-
butions from the several mechanisms (boundary strengthening, solid solution strengthening, precipitate strengthening and disloca-
tion strengthening) are discussed and estimated using simplified models. Comparison with experimental data suggests some
directions for materials design.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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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 mate-
rials. Mechanical tests show that the strength of cryo-
milled ultrafine-grained (UFG) Al 5083 is improved
significantly [3,5] compared to conventional coarse-
grained Al 5083. This high strength provides the basis
for further processing to make high-strength, light-
weight materials with good ductility [6]. Therefore, it
is important to understand the fundamental strengthen-
ing mechanisms in cryomilled Al 5083. A couple of pa-
pers 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 ex-
truded to achieve a UFG structure [4,5,7]. The micro-
structures of the as-received and post-deformation
cryomilled Al 5083 were observed by transmission elec-
tron microscopy (TEM) using a Phillips EM420 oper-
ated at 120 kV, and by high-resolution TEM using a
CM300 operated at 300 kV. The samples were com-
pressed along the extrusion direction both quasi-stati-
cally [5,8] and dynamically using a compression

Kolsky bar [9]. As a comparison, a conventional com-
mercial 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 10�3 s�1 [8] and 720 MPa
at a strain rate of 10�4 s�1 [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 dis-
cussed 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 s�1, 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 de-
formed 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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generation of precipitates; and oxides may stabilize the
grain boundaries [2]. It is difficult to determine one sin-
gle constitutive function including all of these factors. In
this work, the multiple mechanisms are examined sepa-
rately, 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 mul-
tiple 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 spe-
cific interactions, we choose a simple linear superposi-
tion 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 dis-
persoids. The material also shows grain anisotropy be-
tween 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 ky
~d�1=2; ð1Þ

where ky is the Hall–Petch coefficient and ~d is the effec-
tive 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 is used to define the effec-

tive grain size ~d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pd2h=4

3

q
. This effective grain size ~d

was found to be 190 nm, and this, together with
ky ¼ 0:28 MPa

ffiffiffiffi
m
p

[2], gives a grain size strengthening
increment Dry of 640 MPa. Note that this ky is much

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 ss ¼ KCn; ð2Þ
where C is the concentration of the solute atom and K
and n are constants specific to each solute. The maxi-
mum 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 max-
imum 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 pro-
cessing of cryomilled Al 5083. Our TEM work has
found multiple precipitates and dispersoids, which we
divide into three types according to their sizes and distri-
bution: (i) Mg along the grain boundary; (ii) Mn-en-
riched 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 de-
scribed [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]. Laver-
nia 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 pre-
cipitates 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.

Figure 1. Quasi-static and dynamic responses of cryomilled UFG Al
5083 compared with conventional commercial Al 5083. (UFG
1 � 10�4 and 10�3 data from Han et al. [5,8].)
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