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Abstract Recent interest in nanostructured materials

stems, not only from their potential use in a variety of

applications, but also from the reported discovery of

novel fundamental phenomena. The consolidation

of cryomilled powder provides a potential pathway

towards large scale manufacturing of nanostructured

metallic materials. This approach typically engenders

the mechanical attrition of powders in liquid nitro-

gen, followed by consolidation, using established

commercial techniques, such as isostatic pressing and

extrusion. In this overview paper, published data are

reviewed and discussed with particular emphasis on the

following topics: nanostructure evolution mechanisms;

primary consolidation and secondary processing

methods; thermal stability of cryomilled materials;

and mechanical behavior of consolidated materials.

Recent mechanical behavior data and the associated

mechanisms of cryomilled Al alloys are discussed in an

effort to shed light into the fundamental behavior of

ultrafine grained and nanostructured materials.

Introduction

The successful synthesis of large-scale bulk nanostruc-

tured materials with a grain size in the range of

10–200 nm represents a major achievement in the

wide field of nanotechnology [1]. Large amounts of

nanostructured metallic powders can be prepared by

the approach of mechanical alloying [2], which involves

the transformation of plasticity-induced dislocation

structures into high angle grain boundaries. The end

product of the milled powder is usually consolidated

into fully dense nanocrystalline metallic compacts,

which have unique physical and mechanical properties,

as compared to those of their conventional counter-

parts.

Cryomilling is a variation of mechanical milling, in

which metallic powders are milled in a cryogen (usually

liquid nitrogen) slurry or at a cryogen temperature under

processing parameters such that a nanostructured

microstructure is attained [3–5]. Cryomilling takes

advantage of both the extremely low cryogen temper-

ature and the advantages that are provided with

conventional mechanical milling. The extremely low

milling temperature in cryomilling suppresses the recov-

ery and recrystallization and leads to finer grain struc-

tures and more rapid grain refinement [2]. A number of

recent studies report on the processing and behavior of

nanostructured materials via cryomilling [6–10].

In this overview paper, the mechanisms that are

responsible for the formation of a nanostructure during

cryomilling are reviewed and subsequent consolidation

techniques are discussed. More specifically, the present

review addresses the following topics: cryomilling

mechanisms; aluminum matrix composites processed

by cryomilling; consolidation approaches; thermal sta-

bility of cryomilled materials; and mechanical behavior

of consolidated materials. The mechanical behavior

and the associated mechanisms of cryomilled Al alloys

are discussed in an effort to shed light into the

fundamental behavior of ultrafine grained and nano-

structured materials.
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Nanostructure powders via cryomilling

During mechanical alloying, the materials experience

severe plastic deformation, resulting in grain refine-

ment [11]. Powder evolution during the milling process

involves five stages, i.e., particle flattening as a result of

plastic deformation, welding dominance stage, equi-

axed particle formation, random welding orientation of

the powder particles and steady-state processing,

during which a balance between fracturing and cold

welding is established and microstructural refinement

continues, as shown in Fig. 1 [12–14]. In view of the

fact that severe plastic deformation during milling is a

repeatable process, the milling time dominates the

overall deformation strain. In order to obtain a

microstructure with nanoscale grain sizes, adequate

milling time is required.

Microscopically, the formation of nanocrystalline

materials by mechanical alloying has been considered

to evolve via three stages, as proposed by Fecht [11]. In

the first stage, severe plastic deformation is applied to

the powders during milling. This deformation is local-

ized into shear bands containing a high density

network of dislocations. The atomic level strain

increases as a result of increasing dislocation density.

In the second stage, due to the successive accumulation

of dislocations in the microstructure, the large grains

are disintegrated into subgrains that are separated by

low-angle grain boundaries. The formation of these

subgrains is attributed to the annihilation and recom-

bination of dislocations, as well as the decrease of the

atomic level strain. In the final stage, as milling time

increases, further deformation leads to the formation

of additional shear bands and an associated reduction

of subgrain sizes, as well as the reorientation of final

grains with high-angle misorientations.

Cooling of the milling media and powders is an

effective approach to accelerating the fracture pro-

cesses and quickly attaining steady-state conditions.

There are several obvious advantages to cryomilling as

compared to milling at room temperature. First,

powder agglomeration and welding to the milling

media are suppressed, resulting in a more efficient

milling outcome (e.g., improved yield and microstruc-

ture refinement). Second, the oxidation during milling

is significantly reduced under the protection of a

nitrogen environment. Third, the milling time required

to attain a nanostructure is significantly reduced,

because the low temperature suppresses the annihila-

tion of dislocations and the accumulation of a higher

dislocation density is possible. As an example, a high

density of dislocations of 1.7 · 1017/m2 was observed in

a cryomilled Al–Mg alloy [5, 15], as shown in Fig. 2a.

In addition, many dislocations appear as dipoles, which

have been reported in many heavily deformed metals.

The dipoles are in fact dislocation loops with elonga-

tion along one direction so that they look like a pair of

single dislocations with opposite Burgers vectors. The

density of dislocations in cryomilled Al–Mg alloys is

much higher than that on cold-rolled Al–Mg alloys,

which is usually in the range of 1015/m2. In regions

without dislocations, deformation twins, which are

rarely observed in conventional aluminum alloys, have

been frequently observed in cryomilled Al–Mg alloy,

as shown in Fig. 2b. The existence of deformation

twins are attributed to the severe plastic deformation

introduced during milling, and not as a result of

recrystallization [15].

The grain refinement process during milling is

accomplished via the formation of shear bands under

localized deformation and then the extension of shear

bands to the entire sample [11]. The presence of

elongated grains is often associated with insufficient

milling time. Therefore, it would not be surprising to

find microstructural features that manifest different

relative degrees of deformation, and not simple

lognormal distributions of randomly oriented equiaxed

grains. In a cryomilled Al–7.5 wt.% Mg alloy after

cryomilling for 8 h, two distinctive components of the

microstructure, a random distribution of equiaxed

grains between 10 and 30 nm diameter and elongated

grains measuring 100–200 nm long by 30 nm wide,

were revealed [5, 15], although the latter was less

frequently observed, as shown in Fig. 3a, b. A similar

microstructure with two distinctive components was

also observed in several other cryomilled materials. It

is interesting to note that the mean width of the
Fig. 1 The five stages of powder evolution during mechanical
alloying [12–14]
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elongated regions in cryomilled powder was essentially

equal to the average grain size of equiaxed grains. With

an increase of milling time, the grain size in a

cryomilled Al–7.5%Mg alloy tends to decrease slowly

to a saturated value, as shown in Fig. 4 [16].

Experimental and theoretical studies suggest that

for each material, there is a minimum grain size that is

obtainable by milling, and that its value is related to

the intrinsic properties of the material [17]. Essentially,

it has been proposed that the minimum grain size

obtainable by milling scales inversely with the melting

temperature or the bulk modulus. Mohamed recently

developed a dislocation model to quantitatively

describe the minimum grain size obtainable during

milling [18]. According to this model, the minimum

grain size is governed by a balance between the

hardening rate introduced by dislocation generation

and the recovery rate arising from dislocation annihi-

lation and recombination. By balancing the rate of

grain size decrease and the rate of grain size increase,

the minimum grain size (dmin) is given by [18]

dmin=b ¼ A3expð�bQ=4RTÞðDPOGb2=mokTÞ0:25

ðc=GbÞ0:5ðG=rÞ1:25
ð1Þ

Fig. 2 Dislocations and deformation twins and stacking faults in
a cryomilled Al–Mg alloy [5, 15]

Fig. 3 (a) Frequently observed equiaxed grains and (b) less
frequently observed elongated grains in a cryomilled Al–Mg
alloy [5, 15]
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where b is the value of Burgers vector, A3 is a

dimensionless constant, b is constant, Q is the self-

diffusion activation energy, R is the gas constant, T is

the absolute temperature, DPO is the diffusion coeffi-

cient, G is the shear modulus, mo is the initial dislocation

velocity, k is Boltzmann’s constant, c is the stacking

fault energy and r is the applied stress. The model

predicts that the minimum grain size scales inversely

with hardness, proportionally with the stacking fault

energy and exponentially with the activation energy for

recovery. This model also predicts that the minimum

grain size decreases with milling temperature.

During mechanical milling of a matrix/reinforce-

ment mixture, the ductile matrix can still be deformed,

flattened and cold welded in the same manner as in a

monolithic metal; the presence of the hard reinforce-

ment does not preclude grain refinement in the matrix,

as discussed below [19]. Mechanical milling provides

an advantage in that it eliminates the need for liquid or

gaseous phases and high temperature processing, and

therefore can prevent the formation of undesirable

intermetallic phases that disrupt the interface and lead

to poor mechanical properties. With mechanical mill-

ing the reinforcement particles are enfolded in the

matrix material, which can eliminate the voids between

the matrix and the ceramic reinforcement and poten-

tially achieve solid state bonding between them. Ye

et al. investigated the use of cryomilling to fabricate

Al/B4C composite powder [19] (and subsequent bulk

samples [20]) as an alternative to conventional high-

temperature infiltration methods. Interfacial phases

normally observed were not seen in either the powder

or the consolidated bulk material, as indicated by

arrows in Fig. 5.

Another advantage of the mechanical milling tech-

nique as a method to synthesize metal matrix compos-

ite powders is the ability to provide a homogeneous

distribution of the reinforcement in the matrix. Con-

ventional blending methods often lead to clustering of

the reinforcement, which can lead to poor mechanical

behavior. Studies with both nanometric and micron-

sized reinforcements indicate that homogeneous dis-

tributions of the reinforcement in the matrix can easily

be achieved by using cryomilling [19, 21]. Figure 5

demonstrates that the reinforcement did not cluster in

the Al/B4C cryomilled powder; the nanostructured

grains in the 5083 Al matrix can also be observed.

The presence of hard particles can affect the

fracturing process (e.g., facilitate fracture) and thus

the process of grain refinement in the metal matrix. As

a consequence, a shorter milling time may be required

to attain steady state conditions during milling. Chung

et al. [22] reported that a small introduction of AlN

particles with an initial size of 2 lm into Ni facilitated

the grain refinement process for Ni during cryomilling,

greatly reducing the Ni grain size from 132 nm for pure

Ni down to 65 and 37 nm for Ni with 0.5 and 2.0 wt.%

AlN, respectively, after milling for 8 h. During cryo-

milling, the AlN particles fractured into nanoscaled

particles, from 2 lm down to 20–300 nm. This

enhancement in the grain refinement process for the

Fig. 5 Microstructure of cryomilled 5083 Al composite powders
with 10% B4C particles [19]

Fig. 4 The grain size and microstrain as a function of milling
time in a cryomilled Al–7.5%Mg alloy [16]
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Ni matrix was interpreted on the basis of a mechanism

involving the interactions of dislocations with fractured

small hard particles, and the thermally induced dislo-

cation generation due to the difference in thermal

expansion coefficient between matrix and reinforce-

ment [22].

In a related study, however, Ye et al. [19] observed

that the Al alloys with different contents of B4C (0–

25 wt.%) produced relatively invariable Al grain sizes

(25 nm) after 8 h of cryomilling, which indicates that

the existence of B4C has an insignificant effect on the

nanostructure formation of the Al matrix. In that

study, the change in size of the B4C particles was small,

from 1–7 lm down to 0.2–2 lm. Similar reinforcement

behavior has been observed for Si3N4, where the size of

the Si3N4 changed from 8.6 to 1 lm after the mechan-

ical milling of Al/Si3N4 [23]. In contrast, the size of

AlN can decrease to 30 nm after the cryomilling of Ni/

AlN and Al/AlN [23] and SiC particles were reduced

to an average size of ~1 lm from an original size of

100 lm [23]. These studies indicate that the influence

of reinforcements on the matrix grain refinement and

of the cryomilling process itself on the reinforcement

refinement is complex. The matrix grain refinement is

also influenced by the intrinsic properties of the matrix,

such as the minimum grain size obtainable during

milling [18].

Consolidation of cryomilled powders

Widespread application of nanostructured metallic

powders requires effective methods of consolidation

to produce useful shapes, of sufficient size, with close

to 100% theoretical density and maximum level of

bonding between powder particles [24–26]. There are

several approaches currently being employed to con-

solidate the nanostructured metallic and composite

powders, such as hot isostatic pressing (HIP), cold

isostatic pressing (CIP), Ceracon forging, spark plasma

sintering (SPS), ultra high pressures (UHP) during

pressing, and shock consolidation, as well as others.

The final microstructure of the material in a form

suitable for application depends not only on the milling

parameters, but also on the method used to consolidate

the powder. Several currently employed approaches

for making large-scale cryomilled materials are dis-

cussed as follows.

Beginning with the earliest work [3], the most

common primary consolidation route has been hot

isostatic pressing (HIP). The densification of the HIP

process has been described as a three-step process,

beginning with loose packing of powder in the can,

elimination of connected porosity due to the growth of

necks at contact points between adjacent particles, and

reduction of the size of individual pores [27, 28]. The

growth of necks and filling in of pores at each stage is

accomplished by a combination of plastic deformation

of the powder particles, power-law creep, and mass

diffusion to the remaining free surfaces. The driving

force to achieve densification is associated with the

reduction of surface area and, hence, surface energy of

the pores. The pressure and temperature are two

critical parameters for consolidation [26]. Since the

consolidation of the milled powder usually requires

high temperatures for long time, there is a challenge

for retaining nanoscale grain size. In the case of HIP

consolidation, diffusional processes can lead to micron-

size grains forming in the triple-point areas between

the nano-grained prior powder particles [21, 29].

Recently, cold isostatic pressing (CIP) has been

employed to compact the cryomilled powders [9, 20,

30]. Although CIP is operated under a much higher

isostatic pressure than that in HIP, the particle bonding

due to diffusion in CIP is much weaker.

Ceracon forging [31–33], a quasi-isostatic forging

with a relative high speed (lasting only several

seconds), can enable both consolidation and impart

shear stresses to improve ductility, removing the need

for HIP, and thus is very attractive for larger scale

consolidation. The process uses a heated granular

pressure-transmitting medium to achieve full density in

green compacts that are rapidly heated to the desired

consolidation temperatures. As a cost competitive

alternative to HIP, the Ceracon forging of canned

powders can be used as an effective preparation step

for secondary operations such as hot extrusion, rolling

and superplastic forming. Ceracon forging can also be

used to produce small near-net shape forms of rapidly

solidified metal powders and metal/ceramic particu-

lates using a conventional forging press [32].

Although nearly full density is attainable in the

consolidated materials, the ductility of the materials

processed via isostatic pressing is generally low [34]. This

is due to the presence of prior particle boundaries,

usually decorated with a surface oxide, that are not

removed by isostatic deformation. In addition, small

amounts of porosity usually exist after the primary

consolidating step. To break up the prior particle

boundaries, a shear stress needs to be applied to the

material. Therefore, secondary processing, such as

extrusion, rolling or forging is necessarily performed.

Recent attempts involving the combination of HIP or

CIP and extrusion were performed on cryomilled Al–

Mg alloys [8, 9, 20, 30, 35–37] and composites [20, 21].

The microstructure of a cryomilled 5083 Al processed

123

1664 J Mater Sci (2007) 42:1660–1672



via CIP and extrusion is shown in Fig. 6 [38]. The

average grain size of 200 nm in cryomilled 5083 Al

regions is obtained. Grain growth during the subsequent

extrusion step is relatively small because of the relatively

short time involved as compared to that used in HIP.

Therefore, the microstructure after CIP and extrusion in

cryomilled Al alloys is generally homogeneous.

The chemical composition of five bulk cryomilled Al

alloys is listed in Table 1. The cryomilled Al alloys

usually contain various extraneous elements, in addition

to their alloying elements. Iron, nickel, chromium and

manganese are contaminants from the milling media

(stainless steel balls and vial) used in the milling process.

Nitrogen, oxygen, carbon and hydrogen are introduced

into the material from the process control agent (0.2–

0.3 wt. pct of stearic acid CH3(CH2)16CO2H) that is

frequently used during cryomilling. Silicon, copper, zinc

and titanium probably originate from the starting

material powders. Similar types, but higher levels, of

contamination occur when composite materials with

hard reinforcements are cryomilled [19]. The existence

of contamination elements can influence both the

microstructure and the mechanical performance of the

cryomilled Al alloys [37].

In the following sections, the microstructural stabil-

ity and mechanical properties of cryomilled materials

are discussed.

Thermal stability of cryomilled Al alloys

A high thermal stability of a cryomilled 5083 Al alloy

processed via HIP and extrusion is evident from

microstructure studies after creep tests at two temper-

atures: 573 and 623 K [39]. An average grain size of

200 nm was observed in the microstructure of the

cryomilled 5083 Al. After a long time exposure for

nearly 1000 h at temperatures of 573 and 623 K (0.61–

0.66 Tm, where Tm is the melting temperature of the

material in Kelvin scale), there is only slight grain

growth. An average grain size of approximately

220 nm and an average grain size of approximately

280 nm were observed after holding for 996 h at a

temperature of 573 K and 938 h at a temperature of

623 K, respectively. After holding at elevated temper-

atures, however, extremely fine precipitates of approx-

imately 20~50 nm were observed. As discussed in the

preceding sections, after mechanically alloying in

liquid nitrogen, most of the alloying elements are

essentially dissolved into the aluminum matrix, form-

ing a supersaturated solid solution [8, 16, 36]. Small

amounts of impurity elements (O, N, C, H, Fe, Cr, etc.)

are also introduced into the aluminum alloy during

cryomilling processing, with some of them forming

nanoscale dispersions [6]. The above effects enhance

the retarding force on grain-boundary migration. The

existence of second phases (nanoscale aluminum oxide,

nitride, carbide, or precipitates), in combination with

grain boundary segregation of solute and/or impurity

elements is considered to play a significant role in

stabilizing the microstructure.

Fig. 6 Microstructure of a cryomilled 5083 Al processed via CIP
and extrusion [38]

Table 1 Chemical composition of cryomilled Al alloys

Materials (wt.%) Elements (wt.%) Refs.

O N C Fe Cr Mn Ni Si Cu

Al–5.05Mg–0.59Mn 0.41 0.16 0.132 0.2 0.13 0.59 0.16 – – [6]
Al–4.23Mg–0.67Mn 0.45 0.71 0.197 0.27 0.081 0.67 0.008 0.16 0.077 [39]
Al–5.24Mg–0.51Mn 0.31 0.37 0.164 0.25 0.017 0.51 <0.002 0.52 0.061 [40]
Al–6.91Mg 0.28 0.38 0.111 0.12 0.004 0.0027 0.012 0.11 0.044 [8]
Al–7.37Mg–0.21Sc 0.3 0.3 0.157 0.055 0.014 0.003 0.014 0.049 0.005 [36]
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In a recent study, thermal stability of a cryomilled

5083 Al alloy was analyzed [40]. The bulk cryomilled

5083 Al with an average grain size of 305 nm was

investigated in the temperature range of 473–673 K for

different annealing times of 1–50 h, as shown in Fig. 7.

Appreciable grain growth was observed at tempera-

tures of >573 K, whereas there was limited grain

growth at temperatures <573 K even after long anneal-

ing times. Preliminary studies on cryomilled 5083 Al

composites indicate that the introduction of hard

particle reinforcements does not affect the thermal

stability of the alloy matrix, even when the reinforce-

ment is in the nanometer size range [20, 41].

The kinetics of grain growth is often expressed by

the following form [42]:

Dn �Dn
o ¼ kt ð2Þ

where D is the average instantaneous grain size, Do is

the initial grain size, n is the grain growth exponent, t is

the annealing time, and k is a rate constant that

depends on the temperature but is insensitive to the

grain size. Thus, k usually can be expressed by

Arrhenius equation:

k ¼ koexp
�Q

RT

� �
ð3Þ

where ko is a constant, Q is the activation energy for

grain growth and R is the molar gas constant. By

differentiating Eq. 2, the isothermal rate of the grain

growth can be represented by

dD

dt
¼ k

n

1

D

� �n�1

ð4Þ

The value of n can be estimated from the slope of

straight line of log (dD/dt)–log (1/D). It is observed

that the grain growth exponent, n, decreases from 23 to

9.4 with the increase of annealing temperature from

473 to 673 K [40]. The values of the grain growth

exponent, n, deduced from the grain growth data are

higher than the value of 2 predicted from elementary

grain growth theories. The discrepancy was attributed

to the operation of strong pinning forces on boundaries

during the annealing treatment in the cryomilled 5083

Al alloy, which is most likely related to the presence of

dispersion particles, which are mostly introduced

during cryomilling [40].

For materials containing dispersion particles, Burke

developed a model of grain growth based on the drag

forces exerted by the dispersion particles on the

migrating grain boundaries [43]. In his model, it is

considered that the grain growth rate is controlled by

the decreasing difference between the ultimate limiting

grain size and the changing value of the instantaneous

grain size, rather than by the instantaneous grain size.

Burke’s model may be expressed by the following

equation:

Do �D

Dm
þ ln

Dm �Do

Dm �D

� �
¼ kot

D2
m

exp
�Q

RT

� �
ð5Þ

where Dm is the limiting ultimate grain size for the

particular annealing temperature. In his model, Burke

has assumed that the drag force is independent of grain

size. As indicated by Michels et al. [44], such an

assumption is reasonable under the condition that the

source of pinning does not depend on grain size. This

situation exists when dispersion particles or pores

produce pinning. By differentiating Eq. 5, the following

growth rate equation is obtained:

dD

dt
¼ k

1

D
� 1

Dm

� �
ð6Þ

From the linear plot of dD/dt–1/D, the value of slope

(k) at the different annealing temperature can be

determined. Using Eq. 2, the value of activation energy

for grain growth can be determined from the plot of

ln(k) as a function of 1000/RT [40]. From values of

activation energy for grain growth, two-grain growth

regimes were identified: the low-temperature region

(<573 K) and the high-temperature region (>573 K).

For temperatures lower than 573 K, the value of
Fig. 7 The grain size as a function of annealing time at different
annealing temperature of a cryomilled 5083 Al alloy [40]
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activation energy of 25 ± 5 kJ/mol was determined. It

is suggested that this low activation energy represents

the energy for the reordering of grain boundaries in the

UFG material. For temperatures higher than 573 K,

the value of activation energy of 124 ± 5 kJ/mol was

measured. This value of activation energy, 124 ± 5 kJ/

mol, lies between that for grain boundary diffusion and

lattice diffusion in analogous aluminum polycrystalline

systems [40].

Mechanical properties of cryomilled materials

Figure 8a shows the plots of true tensile stress as a

function of true strain of four 5083 Al alloys, i.e., a

cryomilled 5083 Al alloy consolidated via CIP and

extrusion with an average grain size of approximately

150–200 nm [9, 38], a cryomilled 5083 Al alloy consol-

idated via HIP and extrusion with the mean grain size

of about 500 nm (Han and Lavernia, unpublished data,

2003), a cryomilled bimodal 5083 Al alloy [6], and a

coarse-grained 5083 Al [45]. The cryomilled bimodal

5083 Al alloy [6] is reported to possess small grains of

about 30 nm, and some large grains of approximately

several hundred nanometers in microstructure after

extrusion at elevated temperatures. The coarse-grained

5083 Al alloy has a grain size of 200 lm [45]. The

highest value of yield strength of 713 MPa is observed

in the cryomilled 5083 Al alloy consolidated via CIP

and extrusion. Such a high strength is mostly attributed
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Fig. 8 (a) True tensile stress as a function of true strain of
cryomilled 5083Al alloys (CIP + ext) [9] and cryomilled 5083 Al
(HIP + ext1) (Han and Lavernia, unpublished data 2003), cryo-
milled 5083 Al (HIP + ext2) [6] and coarse 5083 Al alloys [45]). (b)
Tensile stress as a function of strain of bimodal cryomilled Al 5083
alloys [9]. (c) Comparison of yield strength (shadow column) and

fracture toughness (open column) of cryomilled 5083 Al alloys [49]
with those of conventional 5083 Al. (d) True tensile stress as a
function of true strain of a cryomilled 5083 Al consolidated via
CIP and extrusion [9], and a cryomilled 5083 Al consolidated
via HIP and extrusion [50], a cryomilled 5083 Al consolidated via
HIP [50], and a conventional 5083 Al [8]
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to the grain size effect compared to other 5083 Al

alloys. However, an extremely low ductility of 0.3% is

observed in the cryomilled 5083 Al alloy consolidated

via CIP and extrusion. It appears that ductility in

cryomilled Al alloys decreases with decreasing grain

size, same as observed in many other nanostructured

materials.

Large increases in strength are frequently reported

for nanostructured metals, a phenomenon that is

explained in part by grain refinement and the well-

known Hall–Petch relationship. However, low ductility

is a serious deficiency in most of these materials [46].

Low ductility, and the associated loss of toughness,

reduces the potential for engineering application.

Inspection of the relevant literature reveals that a

number of approaches have been proposed in an effort

to enhance the ductility of nanostructured materials [6,

47]. In earlier studies, Tellkamp and co-workers

reported on the mechanical properties of a nanostruc-

tured cryomilled 5083 Al alloy, with a yield strength of

334 MPa, ultimate strength of 462 MPa and an elon-

gation of 8.4% [6]. In this study, it was suggested that

the presence of coarse grains was responsible for the

observed ductility. The coarse grains arose as a result

of thermomechanical processing of the nanostructured

powders, i.e., consolidation and extrusion. More

recently, enhancement of ductility in cryomilled mate-

rials has been accomplished via the introduction of a

bimodal microstructure [9, 48]. For instance, the

cryomilled 5083 Al alloys with 15% unmilled coarse

grains (CG), 30% CG and 50% CG are processed by

the same procedures of CIP and extrusion as those in

above cryomilled 5083 Al alloy [9]. In the consolidated

material, there are both the nanostructured regions

with grain sizes of 100–300 nm and larger grained

bands, originating from the unmilled powder, which

have a grain size of ~500 nm–1 lm. There is a trend of

decreasing strength and increasing elongation with an

increasing fraction of micron-grain material, as shown

in Fig. 8b. The bimodal cryomilled Al alloys show an

improved ductility without much decrease in strength.

The bimodal microstructure in cryomilled Al alloys

also leads to an enhancement of fracture toughness.

Figure 8c compares the strength and fracture tough-

ness of several cryomilled 5083 Al alloys [49] with

those of conventional 5083 Al alloy (a benchmark

material). The cryomilled 5083 Al alloy is processed by

CIP and followed by extrusion [9]. The cryomilled 5083

Al alloy (HIP and ext1) and the cryomilled 5083 Al

alloy (HIP and ext2) are processed by HIP and

followed by extrusion at temperatures of 473 and

498 K, respectively [34]. As shown in Fig. 8c, the

cryomilled 5083 Al alloy has a much higher strength,

but with a low fracture toughness. With increasing

volume fraction of coarse grains, the fracture tough-

ness of bimodal 5083 Al alloys increases. It is worth

noting that the values of fracture toughness of cryo-

milled 5083 Al alloys processed by HIP and extrusion

are also high compared to those processed by CIP and

extrusion. The intrinsic bimodal microstructure that

evolves during HIP gives a better combination of

strength, ductility and toughness than that given by the

consolidation of mixture of cryomilled and unmilled

powders by CIP. This may imply that the interfacial

bonding fostered during HIP is strong.

The mechanical behavior in the form of tensile true

stress as a function of true strain of four 5083 Al alloys,

i.e., a cryomilled nanostructured 5083 Al alloy consol-

idated via CIP and extrusion [9], and a cryomilled

nanostructured 5083 Al alloy consolidated via HIP and

extrusion [50], a cryomilled nanostructured 5083 Al

alloy consolidated via HIP [50], and a conventional

5083 Al [8], is shown in Fig. 8d. The highest value of

yield strength of 713 MPa, however, an extremely low

ductility of 0.3%, is observed in the cryomilled 5083 Al

alloy consolidated via CIP and extrusion. The cryo-

milled 5083 Al alloy consolidated by HIP has a smaller

grain size, but both strength and ductility are lower

than those of cryomilled 5083 Al alloy consolidated via

HIP and extrusion. The poor mechanical performance

of the former cryomilled 5083 Al alloy may be

attributed to the residual porosity or poor interfacial

bonding in the HIP microstructure. Both a high

strength and a high ductility are observed in the

cryomilled 5083 Al alloy consolidated via HIP and

extrusion. The good combination of mechanical prop-

erties is attributed to the intrinsic bimodal microstruc-

ture, which is introduced during HIP. Obviously, there

is a significant influence of consolidation routes on the

properties of cryomilled 5083 Al alloys.

Recently, an Al–5%Mg alloy was processed by a

modified cryomilling processing [51], in which the

liquid nitrogen flows around the vial to cool the milling

process rather than flows into the vial to form a liquid

nitrogen slurry during milling. In addition, the Al–Mg

alloy powders were joined together to form several

small balls, without a need for consolidation. Inspec-

tion of chemical composition indicates that there are

similar levels of O and Fe by this small scale milling to

those by large scale milling as those reported in

Table 1. Because of the lack of consolidation steps,

the average grain size of 26 nm after milling was

reported. It is interesting to note that there are both

high strength (tensile yield strength of 612 MPa) and

good ductility (ductility of 8.5%) from their stress–

strain curves by using a miniaturized tensile specimen
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[51]. Although the in situ consolidated Al–Mg alloy

with the grain size of 26 nm has a strength level similar

to the cryomilled Al alloys consolidated by HIP or CIP

and extrusion with the grain size of 200 nm, it has

much higher tensile ductility. The high ductility is

attributed to the much fewer artifacts in the in situ

consolidated Al–Mg alloy [51].

Recently, a cryomilled 5083 Al composite with a tri-

modal microstructure was processed [20]. The tri-modal

composite consists of 10% B4C particle, 50% unmilled

coarse-grained 5083 Al and the balance nanostructured

5083 Al. It is interesting to note that there is high yield

strength of 1065 MPa. In addition, a relatively straight

elastic deformation line was observed, without an

evidence of micro-yielding, although it is expected in

the stress–strain behavior under compressive load,

because the unmilled coarse-grained 5083 Al yields at

a stress below 300 MPa. This unique phenomenon can

be explained in terms of the load transfer associated

with the tri-modal microstructure. The applied load on

the coarse-grained Al can be effectively transferred to

the nanocrystalline Al, because a good interface

between the coarse-grained Al and the nanocrystalline

Al can easily be developed during consolidation due to

the same chemical composition in both regions. In

the tri-modal composite, however, the load applied on

the nanocrystalline Al can be further transferred to the

stronger B4C particles, because a good interface

between the nanocrystalline Al and the B4C can be

formed during cryomilling. As a consequence, most of

the applied load is sustained by the nanocrystalline Al

and the B4C particles and only a small fraction of the

load remains in the coarse-grained Al, which is insuf-

ficient to cause yielding. In summary, the load transfer

that occurred in the tri-modal composite behaves like a

‘‘relay race’’, from the coarse-grained Al to the nano-

crystalline Al and then to the B4C particles. Conse-

quently, most of the applied load is sustained by the

B4C particles, resulting in a material with extremely

high yield strength [20].

Discussion

Strengthening mechanisms

The reported high strength in cryomilled materials

could be the result of the contributions of several types

of strengthening mechanisms, such as grain size effect,

solid-solution hardening, dispersion strengthening, and

precipitate strengthening, etc. On the basis of the Hall–

Petch relationship ( rd ¼ ro þ ky � d1=2, where ro is a

frictional stress required to move dislocations and ky is

the locking parameter), there is an increase in strength

with a decrease in grain size [52]. The grain size effect

was considered to play a significant role in the

strengthening of cryomilled Al alloys and composites

[8, 20, 36]. A second contribution to strength in

nanostructured materials may arise from solid solution

strengthening. Ball milling usually extends the solid

solubility of solute elements [2], thus leading to the

larger solid solution strengthening than that in con-

ventional materials. This contribution to strengthening

can be estimated, to a first approximation, from the

following expression [53]: Drss ¼ 2
ffiffiffi
2
p

0:2ð Þ3=2Gd3=2c1=2

where G is the shear modulus of the matrix, d is the

mismatch parameter and c is the atomic fraction

concentration of the solute. A third contribution to

strength in nanostructured materials that may arise

involves strong interactions of dislocations with dis-

persoids or precipitates, i.e., Orowan strengthening,

which is dependent on the volume fraction and

interparticle distance of particles. In addition to above

mentioned strengthening mechanisms, the composite

strengthening exists in the nanostructured composites

consolidated from milled powders [20]. For the dis-

continuously reinforcements, the rule of mixtures

(rc = rm(1–f) + rrf) is used to estimate the strength

of nanostructured composites, where rc, rm and rr are

the yield strength of the composite, matrix and

reinforcement, respectively, and f is the volume frac-

tion of the reinforcement. Because of the improvement

in the reinforcement–matrix interface and the homo-

geneity of the reinforcement within the matrix, how-

ever, the behavior observed in the composites made

from cryomilled powders is not fully explained by this

rule [20].

Work softening

After yielding, there is a phenomenon of a stress-drop,

which is frequently observed in nanostructured mate-

rials. Nanostructured materials processed via consoli-

dation of milled powders usually contain contamination

elements and nanoscale dispersoids that are generated

during milling. For example, nanostructured Al alloys

processed via cryomilling processing usually contain

other elements, in addition to their alloying elements [6,

36]. The existence of extraneous elements and nano-

scale dispersoids influences both the microstructure and

the mechanical performance of the cryomilled Al

alloys. One possible explanation for the phenomenon

of stress-drop is the detachment of dislocations from

ultrafine oxide or nitride dispersoids in materials

consolidated from milled powders [8, 54]. Dislocations

can accumulate around ultrafine dispersoids during
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plastic deformation. When dislocations burst out from

nanometric dispersoids under high applied stresses or

annihilate each other in the vicinity of dispersoids, a

stress-drop can occur in the stress–strain curve [8]. A

similar stress drop phenomenon has been observed in

other UFG materials consolidated from milled powders

[54–56], and has been attributed to the collective

movement of large numbers of mobile dislocations that

were previously pinned by a complex network of fine

dislocation cells. The subsequent flow stress plateau

was attributed to the reduced resistance to glide of

unpinned dislocations [55]. The above-mentioned stress

drop phenomenon has been associated with the initia-

tion of Lüders bands in cryomilled Al alloys [9]. During

Lüders band formation, subsequent plastic deformation

is observed to accelerate on one side of the Lüders

band. In addition, propagation of the Lüders band is

limited by the presence of glide obstacles and does not

extend across the gage section of the alloys as it does in

conventional materials. Therefore, it has been pro-

posed that the deformation strain that follows the

attainment of the peak stress in cryomilled nanostruc-

tured Al alloys is principally related to the formation

and propagation of Lüders strain [9].

Following the initiation of Lüders band or necking,

the phenomenon of low strain hardening or work

softening behavior is often observed in the stress–strain

curves, which is another characteristic that is often

observed in nanostructured or UFG Al alloys [6, 36,

54–61]. Although the underlying mechanisms of the

low strain hardening or work softening behavior are

not fully understood, three possible explanations can

be offered as follows.

First, in an investigation of MA Al alloys, the work

softening behavior was rationalized on the basis of a

modified theory of low energy dislocation structure

(LEDS) [55, 62]. In this study, it was proposed that the

work softening was accomplished via a reduction of

dislocation density or a reduction of the Hall–Petch

strengthening effect. It is quite likely that during the

course of mechanically alloying, exceptionally high

dislocation densities may have been introduced. In

fact, high dislocation densities, on the order of

1.3�1017 m–2, are indeed observed in cryomilled Al–

Mg powders with a grain size of ~25 nm [5, 15]. After

consolidation, the dislocation densities in cryomilled

Al alloys may remain high, since dislocations are likely

to be stabilized via interactions with nanometric

particles; such dislocation/particle interactions have

been documented for a variety of systems [36, 55, 63].

The dislocation densities in the dispersion-strength-

ened materials might be higher than those in disper-

soid-free materials. Therefore, subsequent plastic

deformation will cause the dislocation density to be

reduced to the equilibrium status and thus the flow

stress will not increase, since every new glide disloca-

tion loop will give rise to the annihilation of more than

its own length, resulting in work softening behavior

[55]. Work softening may also be related to a reduction

in the friction stress of the Hall–Petch strengthening

during the unlocking of dislocations from impurity or

alloying atmospheres, and/or during the breaking of

barriers in grain or dislocation structures [64].

Secondly, an alternative explanation for the ob-

served low strain hardening or work softening behavior

is the occurrence of dynamic recovery during plastic

deformation [8, 64]. Mobile dislocations can be trapped

by both impenetrable obstacles and forest dislocations,

forming additional obstacles to glide that contribute to

strain hardening. On the other hand, immobile dislo-

cations may be annihilated due to cross-slip or

rearrange to form sub-boundaries of relatively low

energy, contributing to dynamic recovery [65, 66]. In a

related study of the tensile and compressive behavior

of UFG AlFeVSi alloy, it was proposed that dynamic

recovery occurs in the low-strain-hardening region

[67]. Although solute additions usually retard dynamic

recovery by increasing lattice frictional stress and

thereby inhibiting dislocation slip, a high disorder

region, as well as the associated high vacancy concen-

tration in cryomilled Al alloys may facilitate recovery,

causing low strain hardening and a relatively high

ductility.

Lastly, the activation volumes of cryomilled Al

alloys were recently calculated from strain rate jump

tests and relatively low values were observed [68]. The

low values of activation volume during plastic defor-

mation suggest that dislocations do not accumulate

within the grains but glide to grain boundaries,

resulting in the elastic–perfectly plastic behavior of

cryomilled Al alloys [68].

The role of bimodal structure

The mechanisms of enhancement of ductility in

bimodal cryomilled materials have also been investi-

gated in recent studies [9, 69]. The microstructure of

bimodal cryomilled materials processed after extrusion

is analogous to short-fiber metal matrix composites, in

that the submicron-grained bands are distributed

parallel to the extrusion direction. Several toughening

mechanisms have been proposed to explain ductile-

phase toughening of composite microstructures, such

as crack bridging, crack blunting, crack deflection,

stress distribution of crack tip, crack front convolution

and local plane stress deformation, etc. [70, 71]. On the
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basis of microstructural characteristics of bimodal

cryomilled materials, a model of crack bridging com-

bined with the concept of delamination has been

developed, as illustrated in Fig. 9 [9]. The figure shows

the propagation of a micro-crack in a nanostructured

material with a bimodal lamellar structure. In the

bimodal Al alloys, microcracks are expected to nucle-

ate first in the harder nanostructured regions and

propagate along grain boundaries. When a microcrack

meets a submicron-grained band, the band will retard

propagation by blunting the crack and/or by delami-

nation of interfaces between submicron-grained and

nanostructured-grain regions, as shown in Fig. 9a.

When more dislocations are emitted into the submi-

cron grain, a new slip surface may be formed, eventu-

ally leading to necking and cavitation within the

submicron-grained bands, as shown in Fig. 9b. Finally,

dimples on the submicron-grained regions and delam-

ination at interfaces will be generated on fracture

surface (as revealed in Fig. 9c). The delamination at

interfaces and the necking deformation of ductile

submicron-grain regions will cause significant energy

loss, resulting in an enhanced tensile ductility.

Summary and conclusions

Cryomilling processing for nanostructured or ultrafine-

grained metallic materials is reviewed. During ball

milling, the materials experience repeated severe

plastic deformation, which leads to the grain refine-

ment and eventually the formation of nanostructured

grains. Cryomilling, which is conducted in a cryogen

(usually liquid nitrogen) slurry or at a cryogen

temperature, takes advantage of both the extremely

low cryogen temperature and the advantages that are

provided with conventional mechanical milling. The

extremely low milling temperature in cryomilling

suppresses the recovery and recrystallization and leads

to finer grain structures and more rapid grain refine-

ment. The milling time used for metal matrix compos-

ites was shorter than that needed with normal

mechanical milling which is extensively applied to

fabricate nanocrystalline metallic materials. In addi-

tion, there is a homogeneous distribution of the

reinforcement and good matrix/reinforcement inter-

faces in metal matrix composites processed by cryo-

milling.

Conventional powder metallurgy processes such as

hot isostatic pressing have been used as the primary

consolidation approach for bulk nanostructured mate-

rials. After the primary processing of isostatic pressing,

a secondary process such as extrusion or forging can be

applied to remove residual porosity and improve

mechanical properties. The consolidation conditions

have a significant effect on mechanical properties of

bulk nanostructured materials. Low ductility and low

toughness in nanostructured materials can be over-

come by adding submicron grains into nanostructured

region for the formation of bimodal microstructures.

The high strength is primary attributed to the grain size

effect by the Hall–Petch relation, solid solution hard-

ening and Orowan dispersion strengthening. The low

strain hardening behavior in nanostructured materials

processed by milling can be attributed to dislocation

annihilation or dynamic recovery during plastic defor-

mation. Low ductility in cryomilled materials can be

overcome by adding submicron grains into the nano-

structured region for the formation of bimodal micro-

structures. The delamination at interfaces and the

necking deformation of ductile submicron-grain

regions in bimodal cryomilled materials will cause

significant energy loss, resulting in an enhanced tensile

ductility.
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