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The  thermal  stability  of nanostructured  aluminum  powder  synthesized  by high  energy  milling  was  stud-
ied through  isothermal  annealing  at  high  temperatures  for various  times.  Strain  relaxation  and  grain
growth  of milled  powders  were  studied  at different  milling  times  by differential  scanning  calorimetry
(DSC).  The  results  showed  a  high  level  of  stored  enthalpy  due  to  milling  procedure.  After  25  h  milling,
powder  particles  reached  a steady  state  with  equiaxed  morphology  and  90 nm  crystallite  size  in average.
Isothermal  grain  growth  kinetics  of  nanocrystalline  Al powder  was  investigated  using  X-ray  diffraction
anostructured materials
rain growth
echanical alloying

hermal stability
-ray diffraction

(XRD).  A  critical  temperature  (∼0.8  of melting  point)  was  distinguished  at  which  a  considerable  increase
was  observed  in  the  grain  size.  At  below  this  temperature,  the  mean  grain  size  remains  almost  stable  for
long annealing  times  due  to small  amounts  of  interstitial  and  substitutional  impurities.  However,  grain
growth  was  pronounced  significantly  depending  on  settling  time  above  it.  Stability  of  powder  hardness
after  annealing  was evaluated  by  micro-indentation.  The  results  revealed  a down-shift  of  the  hardness

ratur
beyond  the  critical  tempe

. Introduction

Recently, a great deal of attention has been paid to nanostruc-
ured materials because of their specific mechanical and physical
roperties conferred by their fine grains, superior to those of their
oarse-grained counterparts [1].  Nevertheless, since a strong con-
ection is established between material properties and grain size,
hese properties may  diminish due to the thermal instability of
ano-sized grains. Thermodynamic instability of nanocrystallites

eads to the rapid grain growth and the energy reduction of the
ystem which is due to the decrease in the total grain boundary
nergy [2,3]. Therefore, a deep knowledge about the thermal sta-
ility of nanostructured materials with respect to grain growth is
f great concern [4].

In the fabrication of bulk nanostructured materials, consolida-
ion at elevated temperatures can be hardly avoided, especially
rom the powder precursors prepared by mechanical alloying
echnique (MA) [5].  Owing to these facts, grain growth and ther-

al  stability of nanostructured materials have been the subject

f intensive study in recent years including experimental [6–10]
nd theoretical studies [11–13].  A detailed comparison between
he kinetic and the thermodynamic aspects of grain growth of

∗ Corresponding author. Tel.: +98 9123192887; fax: +98 21 8288 3381.
E-mail address: habdoli@alum.sharif.edu (H. Abdoli).

921-5093/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2011.05.057
e.
© 2011 Elsevier B.V. All rights reserved.

nanocrystalline alloys has been given by Liu and Kirchheim [14].
A model has been developed by Song et al. [15] to describe
the correlation of thermodynamics and grain growth kinetics of
pure nanocrystalline cobalt both theoretically and experimentally.
Mechanisms through which thermal stability of nanocrystalline
microstructures (nanostructures) might be further enhanced has
been investigated by Malow and Koch [16].

Several studies have been performed on thermal stabil-
ity of nano-crystalline aluminum powder by some researchers
[8,10,17–20]. Zhou et al. [10] studied the grain growth of nanostruc-
tured milled aluminum particles and found that grain size stability
resulted from the pinning forces arising from impurities as well
as finely dispersed particles which is formed during milling proce-
dure. Tellkamp et al. [19] investigated the grain growth behavior
of a nanostructured 5083 Al–Mg alloy and found an approximate
activation energy of 142 kJ/mol above the restructuring temper-
ature which is consistent with the activation energy for lattice
self-diffusion in pure Al. Shaw et al. [8] investigated the ther-
mal  stability of Al93Fe3Ti2Cr2 alloys after mechanical alloying and
expressed the inhibition of grain growth below 330 ◦C is due to
solute drag, whereas grain growth is impeded by second phase
(Zener) drag above 450 ◦C. Between 330 and 450 ◦C, a slowness

of grain growth has been observed likely due to the solute drag,
second phase drag, or both. Castro and Mitchell [17] mechanically
milled aluminum using stainless steel and nylon media and con-
cluded that Al grain size exhibits higher stability in nylon due to

dx.doi.org/10.1016/j.msea.2011.05.057
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:habdoli@alum.sharif.edu
dx.doi.org/10.1016/j.msea.2011.05.057
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impurities such as Fe into the aluminum lattice from the milling
medium [27].
H. Abdoli et al. / Materials Science a

he impurity entrance. Jafari et al. [20] studied the thermal sta-
ility of nanostructured Al2024 alloy and concluded a low grain
rowth at low temperatures due to the solute and second phase
rag. They founded that at high temperatures (T > ∼400 ◦C) a homo-
eneous Al–Cu–Mg solid solution was formed during annealing and
he grain growth was hindered by Cu and Mg  solute drag forces.

The present research is aimed at investigating the effect of heat
reatment on the properties of milled aluminum powder. Structural
nd thermal properties of powders were evaluated after various
illing times. Thermal stability and grain growth kinetics concern-

ng with the final product of milling process were investigated to
eveal the heating effect at elevated temperatures.

. Experimental procedure

High purity aluminum powder (Merck, Germany) was  mixed
ith 1.5 wt.% stearic acid (Merck, Germany) as the process control

gent (PCA). The milling operation was conducted in a planetary
all-mill at room temperature in argon atmosphere using hard-
ned steel vials. The milling medium was chromium steel balls,
0 mm in diameter. The ball-to-powder weight ratio (BPR) and
otational speed were 20:1 (12.5 g Al powder in each vial) and
70 rpm, respectively. The powder was milled for different periods
f time ranging from 0 to 25 h. More details about the characteris-
ics of milled powders have been reported elsewhere [21,22].

Differential scanning calorimetry (NETZSCH STA 409 PC/PG) was
erformed at a rate of 10 K/min in a continuous flux of argon to
etermine the relaxation of stored energy and structural changes

n the material during the annealing process. The milled pow-
ers were annealed at temperatures of 743, 763, 783, 803 and
23 K in hydrogen atmosphere for the time ranging from 0 to
00 min. Crystallite sizes were measured by means of a Siemens
-ray diffractometer (using 30 kV and 25 mA). The crystallite size
nd lattice microstrain of the milled powder particles were deter-
ined using the full-width at half maximum (FWHM) by applying
illiamson–Hall equation with regard to the instrumental broad-

ning effect by Warren’s equation [22]. Microscopic observations
ere performed by scanning electron microscope (SEM) model

hilips XL30 and transmission electron microscope (TEM) model
hilips CM-200 FEG at 200 kV. For TEM sample preparation, the
illed powder was dispersed in methanol using an ultrasonic bath,

nd then a small drop of the particle suspension was placed on a
u grid coated with carbon film. Micro-hardness evaluations were
arried out using Vickers method at a load of 10 g.

. Results and discussion

.1. Microstructural and structural characteristics

Fig. 1 shows the morphology of aluminum particles before and
fter milling procedure, i.e. at 0 and 25 h. Rather equiaxed morphol-
gy was obtained after reaching the steady-state condition.

Fig. 2 shows the variation of grain size and lattice strain
ith milling time. Both parameters were measured by means

f Williamson–Hall method [23]. Decrease of the crystallite size
nd increase of the lattice distortion were resulted from nano-
rystallization induced by deformation. The severe deformation
ntroduces a high level of dislocations and creates new grain bound-
ries. However, beyond a particular milling time, when grains are
n the nanometer-sized range, further grain refinement ceases due
o the inability of dislocation generation in these small grains, the

train therefore remains constant [11].

The minimum grain size is governed by a balance between the
ardening rate introduced by dislocation generation and the recov-
ry rate arising from dislocation annihilation and recombination
Fig. 1. Morphology of (a) as-received powder and (b) milled powder for 25 h.

[13,24,25].  Mohamed [13] proposed a model to identify material
parameters including hardness, melting temperature and stacking
fault energy affecting the value of the minimum grain size of milled
powders.

The characteristic peaks of milled powders are compared in
Fig. 3. The width of peaks increased and their intensities became
weaker as milling prolonged. This is attributed to the decrease in
the grain size due to the formation of new defects. However, the
presence of a large amount of residual lattice distortion in the pow-
ders can cause geometrical recrystallization and grain growth due
to the stress fields associated with the multiplication of the disloca-
tion. This is the reason why nanostructured materials synthesized
by high-energy milling are susceptible to the rapid coarsening at
elevated temperatures [24,26].  Furthermore, the slight change in
the position of peaks was, mainly, resulted from the dissolution of
Fig. 2. The variation of grain size and lattice strain with milling time.
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Fig. 3. XRD patterns of Al powders after various milling times.

.2. Thermal properties

It is well-known that mechanical alloying introduces a substan-
ial amount of defects such as vacancies, dislocations and new grain
oundaries into the crystals, leading to the presence of a highly
tored enthalpy in the powder [8,28–30]. The stored enthalpy as
igh as 15–20% of the enthalpy of fusion has been determined
8,9,31]. When polycrystalline materials are subjected to severely
lastic deformation (like high-energy ball-milling process), three
ypes of structural changes are expected to be observed upon heat-
ng including strain relaxation, grain growth and melting [19,32].
ig. 4 compares DSC curves of nanostructured aluminum powders
fter various milling times. A broad exothermic regime is seen, in
SC curves of milled particles (for example the sample 25 h-milled
owder), at the initial stage of heating in the temperature range of
bout 373–673 K. The area under the DSC curves is proportional to
he stored enthalpy release in aluminum. The higher free energy
f the structure leads to more thermal instability. As Revesz and

endvai [32] proposed, the stored enthalpy consists of two  parts:
he enthalpy of grain boundaries and the elastic energy of dislo-
ations. The former is originated from structural changes of grain

Fig. 4. DSC scan of milled powders for various times.
Fig. 5. DSC scan of 25 h-milled powder in the range of 625–800 K.

boundaries or the entered impurity atoms (introduced from PCA
or milling medium to the powder) during the milling process. The
latter, however, is created due to the introduction of lattice defects
into the structure, which increases free Gibbs energy. Generation
of dislocation during milling process and/or interaction of grain
boundaries with impurities are thought to be the source of lat-
tice defects. Heating the material provides the required activation
energy for releasing part of the elastic energy and residual stresses
stored in the material. Also, heating the deformed material results
in the recovery process in which some dislocations are eliminated
or rearranged to form sub-grains and reduce the total free Gibbs
energy of the system [21,22].

Further heating the sample generates the recrystallization pro-
cess in which sub-grains, previously formed in the former recovery
process, resulted in the formation of new grains. The driving force
for recrystallization is the stored internal energy of the strained
grains. Grain growth, occurs after recrystallization completion,
gains its driving force from the reduction of overall stored internal
energy by reducing the number of high energy grain boundaries
[19]. An exothermic peak, related to recrystallization and sub-
sequent grain growth, can be seen around 743 K. This process
decreases the free energy of the system by decreasing the volume
fraction of total grain boundaries and causes to enthalpy release.

At elevated temperatures, i.e. about 931 K, an endothermic sharp
peak was  seen which is related to the melting of aluminum. Slight
shift (similar to that of XRD peaks) towards lower temperature
occurred in the equilibrium melting temperature with prolonging
milling procedure that is corresponded to the impurities dissolu-
tion as well as formation of nanostructures [27,33].  Given by the
DSC experiments, this reduction in the melting temperature was
about 4 K for 25 h milled powder. DSC scan of 25 h-milled powder in
the range of 625–800 K is depicted in Fig. 5. The irregular heat flow
of the sample at the temperature above 743 K may  be attributing to
the pinning mechanism which is also expected in the plastic flow in
the presence of intense strain ageing (Portevin–Le Chatelier effect
[34]). The authors suggested that the activation energy of disloca-
tions released from the pinning sources have caused endothermic
peaks observed in the DSC curve at temperature above 743 K.

3.3. Grain growth

As discussed earlier, upon temperature rising, grain size was
increased and crystallites were rearranged in a more stable state.

Fig. 6 depicts the growth tendency of the 25 h-milled powder, with
the initial crystallite size of 90 nm,  after isothermal annealing at
various temperatures. As seen, there are two well-defined growth
regimes with a transition at about 743 K (0.8 of melting point,
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Table 1
Parameters obtained by fitting Eqs. (2) and (3) to the measured data points of Fig. 6.

T (K) Eq. (2) Eq. (3)

R2 k (×104) n R2 k Dmax (nm)

723 0.95 1363 0.208 0.99 16.16 211
743 0.97 10052 0.200 0.97 24.18 260
763  0.97 76 0.268 0.98 73.15 473

Calculation of Q suggests that the grain boundary migration is
to be controlled by impurity-drag as the impurity concentration
increases along grain boundaries. This increment is a consequence
of the grain boundary area reduction as well as the segregated

R² = 0.956

R² = 0.963
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ig. 6. Measured grain sizes as a function of annealing time for 25 h-milled alu-
inum powder.

m) which is termed critical or transition temperature (Tc) [10].
elow Tc, the mean grain size remains stable for long anneals but
bove this temperature, grain growth is significantly pronounced.
he value of Tc is consistent with previous results. Zhou et al. [10]
eported the value of Tc as high as 0.78Tm and Castro and Mitchell
17] reported 0.72Tm for pure aluminum, but 0.83Tm for those

illed in nylon. Less facile grain growth of aluminum powder in the
atter medium is due to impurity (nylon phase), which is presented
ntil it decomposes in the sample by heat treating (about 0.83Tm).
lectrodeposited nanocrystalline nickel, whereas, has shown grain
rowth at only 0.33Tm [9].  Almost any diversity of the reported
c levels in different experiments could be connected to several
actors which interrupt the growth kinetics and affect the grain
oundary mobility in nanocrystalline materials including remnant
ore drag [35], grain boundary segregation [36], solute-impurity
rag [6,37],  second-phase drag (Zener) [7,37] and chemical order-

ng [38], all leading to an inhibition of grain growth.

.4. Kinetics of grain growth

The earliest theoretical consideration of the kinetics of normal
rain growth postulates a differential equation for the growth rate
dD/dt) and the average grain size (D) [39,40]:

dD

dt
= k

D
(1)

here k is temperature-dependent rate constant. The integration
f Eq. (1) yields the following equation [41]:

1/n − D1/n
0 = kt (2)

here D0 is the initial grain size and n is the grain growth exponent
hich is ideally equal to 0.5. However, in experiments it appears as

 limiting case and much lower values of n are generally observed
42]. This difference and consequence deviation from Eq. (2) is
ommonly owing to (i) the solute segregation to grain boundaries
r second phase particles, (ii) the presence of a preferred orien-
ation which dictates the grain boundary characteristics, and (iii)
o self-consistency of the grain size distribution. Additionally, it

s well-known that grain growth is accompanied by texture alter-
tions, but the changes in the energy and mobility of the grain
oundaries are not taken into account in Eq. (2) [43].

Another equation has been proposed by Burke [40], regarding
he pinning effect of a second phase on grain boundary mobility as
ollows:
D0 − D

Dmax
+ ln

(
Dmax − D0

Dmax − D

)
= k

D2
max

t (3)

here Dmax is the maximum grain size when the growth is finalized.
783 0.95 112 0.269 0.98 108.55 526
803 0.94 235 0.266 0.97 146.47 583

The experimental data (Fig. 6) were fitted into Eqs. (2) and (3)
by root mean square method and the fitting parameters are listed
in Table 1. It is seen that correlation coefficient (R2) is close to
unity and more accuracy was obtained when Eq. (3) was applied.
Prediction of Dmax, implying the maximum grain size at a certain
temperature, by Eq. (3) is also noticeable.

The relation of the rate constant, k, with temperature, T, is usu-
ally expressed by an Arrhenius-type equation:

k = k0 exp
(

− Q

RT

)
(4)

where k0 is a constant, R is the gas constant, and Q is the activation
energy for grain growth. Q can be subsequently obtained from plot-
ting ln k vs. 1/T. By using the obtained k values from both Eqs. (2)
and (3) (Fig. 7), Q was calculated to be 143.58 and 143.14 kJ/mol,
respectively, which is in good agreement with that of aluminum
lattice-diffusion (124–143 kJ/mol) [44]. Also, previously, Tellkamp
et al. found a close value of activation energy (142 kJ/mol) for a
nanostructured 5083 Al–Mg alloy above its restructuring tempera-
ture [19]. Generally, Eqs. (2) and (3) should provide an appropriate
analysis for the whole range of temperatures. However, in case of
using Eq. (2) (Fig. 7), it was  not practical to calculate the Q amount
for all temperatures range. Apparently, the overall points did not
fit to a straight line, although three points corresponding to T > Tc

did so and yielded reasonable activation energy of 143.58 kJ/mol.
For T < Tc, however, having only two  points made fitting impossible
due to lack of physical meaning to represent a curve. Previously,
Zhou et al. [10] have reported a similar difficulty to report the acti-
vation energy. They expressed k value by means of Eq. (2) for lower
temperatures than Tc and Eq. (3) for higher ones and rationalized
that this fact could imply that the growth regime could not be a
single-step phenomenon. More precise works, however, should be
done to investigate the mechanism of grain growth by calorimetric
methods [45,46], such as non-isothermal DTA [47].
1000/RT  (mol/J )

Fig. 7. (ln k) vs. (1000/RT)  for calculation of activation energy, Q, derived from Eqs.
(2)  and (3).
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Fig. 8. (a) Dark field-image of 25-h milled aluminum powder. (b) Corresponding
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value (VHN) against the inverse square root of the grain size (d−1/2)
revealed the value of 7.3 ± 2 MPa  and 373 ± 75 (nm)1/2 MPa  for H0
and K, respectively. These values are consistent with those reported
hemical analysis (represented by the red sign). (For interpretation of the references
o  color in this figure legend, the reader is referred to the web version of this article.)

mpurity atoms from the lattice. The impurities therefore may  give
ise to a retarding force which depends on the grain growth process.
he enhancement of the retarding force on boundary migration
as been recently stressed [6].  The aluminum grains remained
anosized for long anneals at homologous temperatures as high
s 0.8Tm. It is suggested that [6,8] the major mechanism which
mparts thermal stability to nanostructured milled powder is grain
oundary-pinning by impurities as well as solute drag. During

sothermal heating, the retarding force arising from unavoidable
mpurities or solute atoms limits the grain boundary movement
nd ‘locks up’ the grain size. Carbon, oxygen and iron, which are
onstituents of PCA and/or introduced from milling medium, are
he main impurities leading to the formation of the second phase
nd results of the Zener-pinning effect. Fig. 8a shows the TEM image
f an aluminum powder milled for 25 h and annealed at 773 K for
0 min. Nanosized dispersoids include aluminum oxide and alu-
inum carbide (Al4C3) with typical sizes less than few nm which
ere identified regarding the characteristic peaks of chemical anal-

sis (Fig. 8b). These phases were formed during milling process
nd may  give rise to the retarding force to grain boundary migra-
ion due to the Zener-pinning effect [48]. In other words, higher
nergy would be required to mobilize grain boundaries due to the
econd-phase particle-pinning effects [41].

.5. Microhardness

Fig. 9 shows the drop of hardness with the annealing tem-
erature after 30 min  for 25-h milled powders. Hardening the
echanically milled powder has been shown to be influenced

y the combination of several factors: (1) lattice strain, which
ncreases as a result of a large amount of deformation during ball

illing and introduces a large density of dislocation in powders.
he dislocation density contributes to the strength of the material

nd can be calculated on the basis of the Taylor equation [49]; (2)
ispersion hardening, which can be estimated using the Orowan
trengthening mechanism [50]; and (3) grain size which is the most
Fig. 9. Hardness vs. annealing temperature of annealed powder for 30 min.

important factor and can be explained by the Hall–Petch relation-
ship.

As can be seen in Fig. 9, a significant drop occurred around 743 K
which is equivalent to Tc implying the softening of milled powders
as a result of exposing the deformed structure to heating. At tem-
peratures below Tc, the decrease in the hardness value is slight.
This is mainly due to the stress release induced by dislocations
elimination or rearrangement; easing the dislocation movement
in the deformation process and minimizing the strength of mate-
rial against indentation. By transition to temperatures above Tc, the
reduction of hardness value becomes pronounced, the grain growth
will occur based on Hall–Petch relation and hardness will drop. The
relation between grain size and yield strength can be explained as
follows for polycrystals:

H = H0 + Kd−1/2 (5)

where H0 and K are constant and expressed as friction stress and
Hall–Petch constant, respectively. The variation of hardness versus
inverse square root of the grain size (d−1/2) is plotted in Fig. 10.
A proper linear fitting to the experimental results of the hardness
Fig. 10. Hardness of annealed powders as a function of grain size of annealed powder
for 30 min.
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reviously by Bonetti et al. [51] for milling a nanocrystalline alu-
inum samples.

. Conclusion

Thermal stability of the nanostructured aluminum powder, pre-
ared by mechanical milling starting from elemental powders
as investigated in this study. Three kinds of structural changes
ere observed upon heating the milled powders using DSC scan

nd hardness evaluation including strain relaxation, grain growth
nd melting influenced by milling time. A critical temperature
Tc = 0.8Tm) was defined at which the grain size was transformed
rom stable to unstable status. The observed thermal stability up to
c was attributed primarily to the Zener-pinning mechanism aris-
ng from the fine dispersoids and the solute drag effect as well.
bove Tc, hardness level was dropped significantly due to the grain
rowth with respect to the Hall–Petch relation.
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