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Abstract 

Elastic energy dissipation and dynamic elasticity modulus measurements were performed on nanocrystalline 
aluminium obtained by mechanical attrition and cold consolidation. Information has so far been obtained on 
the structural stability of the specimens with different grain sizes and defect contents. The anelasticity spectra 
from specimens where the ultimate grain size was reached (20 nm) show a well-defined relaxation process with 
an activation energy of 0.8-1-0.1 eV. Differential scanning calorimetry and transmission electron microscopy 
observations confirmed the defect density dependence and behaviour of the anelastic spectra. 

1. Introduction 

Recently it has been demonstrated that nanocrys- 
talline pure metals and alloys can be obtained by 
mechanical attrition [1-3]. 

Two parameters are of major concern in determining 
the formation of the nanocrystalline alloys or pure 
metals at their ultimate grain size after severe defor- 
mation induced by mechanical attrition. These are the 
amount of "stored enthalpy" during the milling process 
and the structure of the disordered interfacial regions, 
the "grain boundary phase", constituting in nanocrys- 
talline materials a relevant fraction [3--6]. 

The observed high density of defects generated during 
the early stages of cold deformation by mechanical 
attrition and their subsequent dynamics, with formation 
of dislocation substructures, and moreover the dynamic 
equilibrium reached during the milling between defect 
production and recovery are essential steps in under- 
standing the formation and behaviour of the nano- 
crystalline materials and in particular the reaching of 
the ultimate grain size and the structural stability [4]. 

Recently spectroscopy techniques were fruitfully em- 
ployed to gain insight into the structure of nanocrys- 
talline materials [7-9]. The anelasticity spectra showed 
significant difference from those corresponding to sim- 
ilar coarse-grained materials. 

On the contrary, it is well known that the above 
techniques in the past have provided significant results 
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in understanding the details of grain and subgrain 
boundary sliding and/or dislocation boundary interac- 
tions in coarse-grained materials [10-12]. Since for a 
deep knowledge of the mechanical properties of nan- 
ocrystalline materials it is necessary to understand their 
intimate connection with the grain size and "grain 
boundary" structure, in this work we have investigated 
the anelastic behaviour of pure nanocrystalline alu- 
minium obtained by mechanical attrition. Particular 
attention was paid to search for a connection of the 
specific features of the anelasticity spectra with the 
structural evolution at different milling times, i .e. for 
different grain sizes and defect densities. Moreover the 
search was also intended to show the specific anelastic 
relaxation processes linked to defects and/or disordered 
interfaces. 

Differential scanning calorimetry (DSC) analysis was 
performed to study the thermal behaviour of nano- 
crystalline aluminium, and in particular the enthalpy 
content v s .  the milling time. Field emission transmission 
electron microscopy (TEM) observations have been 
employed to follow the nanostructural modifications of 
the aluminium powders after different amounts of me- 
chanical attrition. 

2. Experimental details 

Pure AI powders (Alfa products; 99.99% purity) were 
employed in the present research. Mechanical attrition 
was performed by ball milling in a Spex mixer mill 
model 8000, with hardened steel balls and a tungsten 
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carbide vial. The process was conducted under an argon 
atmosphere with an oxygen content below 5 ppm. 10 
g of powders were milled and the ball-to-powder weight 
ratio was 8 to 1. The grain size and the atomic level 
strain variations during milling were followed by X-ray 
diffraction (XRD) procedures as reported elsewhere 
[13]. For the measurements of mechanical properties 
the milled powders were cold consolidated by means 
of a specifically constructed die under an axial pressure 
of 1.5-2.0 GPa. In this way, bar-shaped samples with 
dimensions of 4 mmx  1 mm in section, and a length 
of 20 mm were obtained. The internal friction and 
dynamic modulus measurements were performed by an 
inverted torsional pendulum operating in the 3-10 Hz 
range at a strain amplitude of less than 10 -s. Some 
measurements were also performed by a vibrating-reed 
technique in the 102104 Hz range at a strain amplitude 
less than 10 - 6  . All data acquisition and processing were 
completely computer controlled. 

Specimens for TEM observations were prepared 
either by retrieving the as-milled aluminium powders, 
which are transparent to the electron beam on their 
edge, on lacey carbon-film-covered grids, either by 
retrieving on the same films after chemical thinning 
the powders by means of a solution of hydrofluoric 
acid at room temperature. Observations have been 
performed with an FEG Philips EM 400T electron 
microscope operating at 100 kV. 

Thermal analysis was performed before and after 
the mechanical attrition with a computer-controlled 
Perkin-Elmer DSC7 differential scanning calorimeter. 
The temperature was calibrated within 1 K, and the 
samples were cold welded on aluminium pans under 
an argon atmosphere. The enthalpy was measured at 
a heating rate of 10 K min-1 in a temperature range 
from 320 to 870 K under flowing argon and nitrogen. 

3. Results 

Figures 1-3 show the elastic energy dissipation coef- 
ficient Q- l ,  as a function of temperature, measured 
during a constant-heating-rate run (2 K min-1) on as- 
prepared specimens. The different curves refer to cold 
consolidated specimens obtained from powders milled 
for different times. Some specific features are worth 
noting. 

(1) The background damping is generally higher in 
specimens obtained from powders milled for short times 
(less than 5 h) and reaches a constant value for milling 
times in excess of 10 h. Taking into account the inverse 
dependence of the grain size on milling time, as pre- 
viously observed [9], it turns out that the low background 
damping values are reached at the ultimate grain size. 

(2) A damping peak can be observed in specimens 
milled for times longer than 5 h. The peak relaxation 
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Fig. 1. Internal friction vs. temperature behaviour for nano- 
crystalline aluminium specimens obtained after consolidation of 
the powders milled for the indicated times (frequency, 3 Hz). 
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Fig. 2. Internal friction (circle) and modulus (triangle) vs. tem- 
perature for specimens obtained from powders milled for 10 h, 
measured at two different frequencies: O, &, 4 Hz; O, A, 3000 
Hz. Note the anomalous modulus behaviour at temperatures 
higher than 600 K due to the nanostructure destabilization. 

strength is maximum for specimens milled for 10-24 
h. This peak is of relaxational type, as can be deduced 
by the shift in peak temperature with frequency (Fig. 
2). 

Noticeable modification of the anelastic spectra can 
be observed in the second thermal run after returning 
to room temperature from approximately 600 K (Fig. 
3). The background damping is strongly reduced, and 
peak-shifts of 10-20 K are seen at higher temperatures. 



A. A l  Sadi et al. / Internal friction, thermal and structural analysis o f  nanocrystalline A l  491 

50 

25 

2O 

0 
~ 15 
X 

o 1 0  

o 2 4 h  
,~10 
- 5  
, 2  o 

oo  o 

o 
o 

o ~, o 
aa  

a o 
o A o 

tt~eao. 
• o e ao  o o 

• o 0 ° o ~  A 

A A A A ^ O  A • • • A A A A A A A A O ~ A  

~g" •" •" %0 o 

ee~ ° oo ° ° °  o 

0 , I , ' , i 

25o sso  s5o 6so 7so 

T(~() 

Fig. 3. Same as in Fig. 1 during the second thermal run. 

TEM showed a strong increase in the defect density 
in the early mechanical attrition stages. For a milling 
time of 5 h a high density stressed defective morphology 
is present in the samples and is clearly evident in the 
micrograph in Fig. 4(a). In addition, from the electron 
diffraction pattern (Fig. 4(b)), it is possible to observe 
textured (111) and (002) zones in the sample. Aluminium 
crystals with sizes of 50-100 nm are still present. 

At longer milling times, e.g. 10 h, the defect density 
decreases, with a concomitant homogenization of the 
crystallite sizes to about 15-20 nm, in agreement with 
XRD analysis. 

Figure 5 shows the stored enthalpy H, measured by 
DSC, as a function of the grain size d. It must be 
observed that these data represent a lower estimation 
of the total stored enthalpy since the DSC scannings 
were performed only up to 870 K. It is note worthy 
that the stored enthalpy reaches a maximum value for 
d = 20-25 nm and decreases during further refinement 
of the nanostructure with d =  15 nm. 

4. Discussion 

Prolonged milling induces noticeable structural mod- 
ifications. The grain size displays a significant reduction 
during the first hours of milling (Figs. 4(a) and 5). At 
milling times in excess of 10 h the grain dimension 
approaches the ultimate value (20 nm). No further 
grain refinements were observed for times up to 40 h. 
The r.m.s, atomic level strain, determined by XRD 
analyses [8, 9, 13], increases strongly up to 5-10 h 
milling and subsequently reaches a constant value. 

O 

m l  _ m  

Fig. 4. (a) Detail of the defective structure developed after 5 h 
of mechanical attrition in pure aluminium. Extended strain con- 
trast and high dislocation density is present. (b) The corresponding 
electron diffraction pattern indicates, in addition, (111) and (002) 
textures. 

The strong increase in the r.m.s, microstrain in the 
early stages of milling is mainly determined by the 
mechanical deformation with high energy transfer. The 
strong cold plastic deformation considerably enhances 
the dislocation density, when the grain size at the 
beginning of the process is still relatively large (Fig. 
4(a)). 
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Fig. 5. Evolution with grain size respectively of background damping (@), microstrain E (A) and the stored enthalpy H (O). 

This strong modification of dislocation density and 
dislocation link length distribution might reasonably 
induce strong anelastic effects. In the near kilohertz 
frequency range, the elastic energy dissipation coefficient 
which expresses dislocation anelasticity, may be written 
in the form [14] 

Q -  1 = CA]3Bw 

where C is a constant for a given specimen at a fixed 
temperature, l is the effective average dislocation loop 
length, A is the dislocation density, B is the quasi- 
viscous damping constant for dislocation motion and 
w is the frequency. 

The observed background damping trend (Fig. 5), 
which decreases when the ultimate grain size is reached, 
may be connected to the decrease in both A and 1. A 
dislocation density decrease in the grain by reducing 
the grain size was experienced in ball-milled AI [9] 
and observed in Ni-Mo by TEM [15]. Moreover, DSC 
analyses indicate that a strong reduction in the stored 
enthalpy of the milled products occurs when reaching 
the ultimate grain size (Fig. 5), in agreement with the 
hypothesis of a defect density and stress reduction. 

The states of equilibrium induced by milling are 
intrinsically of metastable type. At temperatures as low 
as 350 K, thermally induced structural modification 
may occur in the course of an isochronal measurement 
at constant heating rate. These structural variations 
are brought into evidence by irreversible modulus en- 
hancement during isothermal measurements [7]. In this 
regard, Weller et al. observed an irreversible increase 
in the shear modulus by aging nanocrystalline Pd at 
400 K; the underlying activation energy was 0.65 eV. 
This modulus increase was ascribed to interatomic 
rearrangement in the interfaces with free volume re- 
duction. Only the specimens milled for a long time 

(greater than 24 h) when saturation of the grain size 
has been reached (Fig. 5) show a relatively stable 
structure with small modifications of the anelasticity 
spectra after successive thermal runs up to 600 K. On 
account of the experimental results obtained from XRD 
which do not show a significant grain size increase for 
aging below 550 K, the structural modifications re- 
sponsible for the modulus increase should mainly involve 
the structure of the disordered interfacial regions. 

The damping peak observed at about 450 K (4 Hz) 
is of relaxational type (Fig. 2). Thus an averaged 
activation energy H may be obtained from the peak 
shift in temperature by changing the measurement 
frequency from oJ1 to tOE using the equation 

1 l _ k  in(tO2 / 
1"1 T 2 E \ ~1 !  

where T1, T2 are the peak temperatures and k is the 
Boltzmann's constant. However, in our case it must be 
pointed out that the conditions both for a Debye-type 
relaxation and of the relaxation time temperature in- 
dependence are not fulfilled. 

Repeated measurements on several (ten) specimens 
milled for times in excess of 10 h showed statistically 
reproducible Q-  1 curves of which Fig. 2 reports typical 
trends. The calculated mean activation energy resulted: 

E =  (0.8 +0.1) eV 

with a pre-exponential factor ro = 10 -12 s. 
It is note worthy that this value is close to the 

activation energy for grain boundary diffusion in A1 
[16]. A similar value was obtained by Berry and Pritchet 
[17] for a peak observed in A1 thin films with a grain 
size of 100 nm deposited onto fused silica substrate. 
In coarse-grained polycrystalline aluminium, higher 
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values of the activation energy (about 1.4 eV) for the 
"orthodox" grain boundary peak or "Ke peak" was 
observed [1]. This value is close to that for lattice 
diffusion. The difference in mean activation energy 
between pure nanocrystalline and coarse-grained alu- 
minium should indicate that sliding by a vacancy mech- 
anism becomes important at smaller grain sizes. This 
hypothesis is in agreement with the reported transition 
from a deformation behaviour controlled by dislocation 
to a diffusion-controlled mechanism when entering the 
nanometre range [18]. 

5. Conclusions 

The anelasticity measurements on nanostructured 
pure A1 obtained by mechanical attrition have shown 
specific features when the ultimate grain size is reached. 
These are a strong reduction in the background damping 
with concomitant evidence of a well-defined anelastic 
relaxation peak. 

TEM observations and DSC analyses indicate that 
in the course of the milling process a strong initial 
dislocation density and atomic level strain increase occur 
as well as a strong increase in the stored enthalpy. In 
this condition, higher background damping is experi- 
enced. The following strong reduction in defect density 
and enthalpy for times in excess of 10 h when reaching 
the ultimate grain size corresponds to the nanostructural 
conditions, giving evidence of the relaxation peak. 

Acknowledgments 

The authors are indebted to Professor G. Cocco, 
Universitfi di Sassari, for supplying the milled aluminium 

powders and to Professor S. Enzo, Universit~ di Venezia, 
for XRD analyses. 

References 

1 E. Hellstern, H.J. Fecht, Z. Fu and W.L. Johnson, J. Appl, 
Phys., 65 (1989) 305. 

2 H.J. Fecht, E. Hellstern, Z. Fu and W.L. Johnson, Metall, 
Trans. ,421, (1990) 2133. 

3 J.S.C. Jang and C.C. Koch, J. Mater. Res., 5 (1990) 498. 
4 J. Eckert, J.C. Holzer, C.E. Krill III and W.L. Johnson, J. 

Mater. Res., 7 (1992) 1751. 
5 H. Fecht, Mater. Sci. Forum, 126-128 (1993) 803. 
6 H. Fecht, Phys. Rev. Lett., 65 (1990) 610. 
7 M. Weller, J. Diehl and H.E. Shaefer, Philos. Mag. ,4, 63 

(1991) 527. 
8 E. Bonetti, G. Scipione, G. ValdrS, G. Cocco, R. Frattini 

and P.P. Macri, J. Appl. Phys., 74 (1993) 2053. 
9 E. Bonetti and G. ValdrS, Philos. Mag. B, 68 (1993) 967. 

10 T.S. Ke, Phys. Rev., 71 (1947) 533; 72 (1947) 41. 
11 J. Woirgard, J.P. Amirault and J.De Fouquet, Proc. 5th Int. 

Conf. on Internal Friction and Ultrasonic Attenuation in Solids, 
Aachen, 1973, Springer, Berlin, 1975, p. 392. 

12 E. Bonetti, E. Evangelista and P. Gondi, Phys. Status Solidi 
A, 53 (1977) 653. 

13 S. Enzo, A. Benedetti and S. Polizzi, Z. Kristallogr., 170 (1985) 
275. 

14 A. Granato and K. Lucke, J. Appl. Phys., 27 (1956) 583. 
15 M.L. Trudeau and R. Schullz, Mater. Sci. Eng., ,4134 (1991) 

1361. 
16 F.M. d'Heurle and P.S. Ho, in J.M. Poate et al. (eds.), Thin 

Films - Interdiffusion and Reactions, Wiley, New York, 1978, 
p. 243. 

17 B.S. Berry and W.C. Pritchet, J. Phys. (Paris), Colloq. C5, 42 
(1981) 1111. 

18 E. Hellstern, H. Fecht, Z. Fu and W.L. Johnson, J. ,4ppl. 
Phys., 65 (1989) 305. 


