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Abstract

The effects of plastic deformation by ball milling on the structure of a partly amorphous-

Al87Ni8La5alloy were investigated by X-ray diffractometry. Lattice parameter, crystallite size 

and lattice strain of the fcc-Al precipitates were determined by Rietveld refinement, double-

Voigt approach and Williamson-Hall plots. The changes in lattice parameter of fcc-Al nano-

precipitates during ball millingare ascribed tothe uptake of Ni. The crystallite size decreases 

as a function of the milling time from about 100 nm in the as-atomized state to about 14 nm 

after 1440 min of ball milling time. A modelbased on shear deformation of precipitates in the 

amorphous phase is used to describe quantitatively the decrease in crystallite size and change 

in lattice parameter. 
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1 Introduction 

Aluminum based metallic glasses (MG) exhibit good ductility combined with a higher 

strength compared to conventional aluminum based alloys [1]. At appropriate conditions, both 

thermal and mechanical treatment of Al based metallic glasses were shown to result in the 

formation of fcc-Al nanoprecipitates embedded in an Al-depleted amorphous matrix which 

results in improved mechanical properties compared to the single phase amorphous alloy prior 

to heat treatment[2]. Modifying the amount, size and morphology of the crystalline phase in 

the glass should, therefore, allow tailoring of the material properties of the alloy. 

 Structural analyses of Al-based MG after severe plastic deformation using different 

deformation techniques like cold rolling [3], high pressure torsion [4], equal channel angular 

pressing [5] and ball milling have been performed revealing the formation of fcc-Al nanopre-

cipitates in or close to shear bands. Only qualitative correlations between the degree of de-

formation and the structural changes were, however, found. For a better understanding of the 

deformation mechanisms in partly crystalline Al-based alloys a quantitative correlation be-

tween the degree of deformation and the changes in microstructure must be established. This 

work deals with severe plastic deformation of the partly amorphous Al87Ni8La5 metallic glass 

which contains fcc-nanoprecipitates already in the as-atomized state. Plastic deformation is 

induced using a ball mill where the number of impacts between the balls in the mill and the 

powder particles can serve as a well-defined parameter for the deformation level. The changes 

in lattice parameter, internal strain and crystal size will be analyzed using X-ray diffractome-

try along with Rietveld refinement, William-Hall plots and a double Voigt approach. A qua-

litative model will be established to describe quantitatively the decrease in lattice parameter 

and crystal size as a function of the number of impacts between the balls in the mill and the 

powder particles.  

 

2 Experimental  

The alloywith nominal composition Al87Ni8La5 (at.%) was synthesizedin an induction heat 

furnace under argon atmosphere using nearly pure elements Al (99.98 %), Ni (99.7 %) and La 

(99.7 %). The meltwasheated up to approximately 1200°Cand was subsequently atomized 

with helium gas using the Nanoval process [6].As reference material to the fcc-Al precipitates 

in the Al87Ni8La5alloy, pure aluminum (99.97 wt%) annealed for 4h at 400°C was used for the 

XRD measurementin the unmilledstate and after 1440 min of ball milling time. 



Ball milling was carried outwitha Spex Mixer Mill 8000. The powder container and two 

balls with 12.7 mm in diameter consist of zirconia. Milling was done under argon atmosphere 

for different milling times (60 min, 120 min, 240 min, 480 min, 960 min and1440 min).To 

avoid a temperature rise of the powder during milling, the mill was stopped for 45 min to cool 

downafter each 15 min of milling time.The differential scanning calorimetry (DSC) analysis 

has been done by means of aPerkin-Elmer Pyris 1 calorimeter with a heating rate of 20 K/min 

and the transmission electron microscopy (TEM) by means of thePhilips CM30.A TEM la-

mella was prepared by embedding the Al87Ni8La5 powder in a special polymer. 

Angle-dispersive XRD measurements on milled specimens were carried out by means of a 

Bruker D8 Advancediffractometer using Cu K� radiation (wavelength� = 0.154 nm[7]). XRD 

patterns were analyzed in two ways.The first approach wasthe Rietveld refinement method 

implemented in DIFFRACTplusTopas 4.2.The fundamental parameter analysis for the Rietveld 

refinement was done with the NIST 660 XRD reference material. The background in the dif-

fraction patternswasfitted withChebyshev polynomials and the broad halo from the amorph-

ous phase was fitted with a “FP” type peak, which takes the diffractometerfundamental para-

meters and the amount of Lorentzian and Gaussian component of the peak shape into account. 

The identificationof aluminum Bragg peaks was done by determining the Bragg peak posi-

tions using the kinematic diffraction theory.For the determination of size and strain of the 

crystallitesthe double-Voigt approach[8]implemented in DIFFRACTplusTopas 4.2 was 

used.The diffraction patterns from Al87Ni8La5 revealed peaks with a minor Gaussian compo-

nent.This amount could be reproduced by means ofOriginPro with a Voigt fit resulting in full 

width at half maximum (FWHM) ofFWHMGauss(111)< 9�E-5°, and FWHMLorentz(111) � 0.28° for 

the Gaussian and Lorentzian contributions, respectively. The step size of the XRD measure-

ments was 2.77�E-2°.The Gaussian componentis practically not determinable.Therefore, it 

increased the standard deviation of the results (strain, crystallite size) drastically. It was ne-

cessary to deactivate the Gaussian component in the refinementto avoid meaningless parame-

ters and error messages and this did notsignificantly affect the mean value significantly. 

In the second approach, the crystallite size and lattice strain of the Al precipitates were de-

termined by the Williamson-Hall plot[9]. TheWilliamson-Hall plotcombines the Scherrer eq-

uation (with a Scherrer constant of 0.9 according to Ref.[10]) and the lattice strain equation 

from Stokes & Wilson [11]. For this plot, the XRD pattern was Rachinger-(K�2) and back-

ground-corrected.The Lorentz FWHM values were determined viapeak fitting by means of 

the analysis program OriginPro.The (400) reflections were not fitted because their intensity 



was of the sameorder of magnitude as the background.The correction of the instrument broa-

dening was done with the FWHM value of the Lorentz profile from the NIST 660 reference 

material. The crystallite size and strain were determined by the interception of the linear re-

gression function with the vertical axis and the slope of a linear regression function which was 

calculated from the data in the Williamson-Hall Plot according to Ref.[9]. 

3 Results and discussion 
In the as-atomized state,the Al87Ni8La5 powder contains fcc-Al precipitates which are em-

bedded in the Al depleted amorphous matrix, see Fig 1a. DSC measurements reveal an exo-

thermic heat flow (� 0.05 W/g) at temperatures above 133 °C, see Fig 1b,whichis ascribed to 

structural relaxation within the amorphousphase. The first pronounced exothermic reaction 

was observed at the onset temperatureof 325 °C. This event was ascribed to the eutectic crys-

tallization of Al3Ni and Al11La3, as determined byXRD-analysis of a sample annealed at 

355°C. In contrast to Al85Ni10La5[12]where a pronounced exothermal reaction around 270°C 

has been observed and assigned to the formation of fcc Al crystals, such a pronounced exo-

thermal heat flow could not be detected in the DSC diagram of Al87Ni8La5. Furthermore, the 

XRD patterndid not reveal further crystallization of fcc-Al inAl87Ni8La5 after annealing at 

290°C. These results hint to a completely crystallized fcc-Al phase in the as-atomized state.  

Plastic deformationof the Al87Ni8La5powder by ball milling resulted in two characteristic 

changes in the XRD patternswhich are (i) a shift and (ii) broadening of all fcc-Al reflections, 

exemplarily shown for the (311) peak in Fig.2a. The peak shift is a result of changes in the 

average lattice parameter. It is generally caused by interstitials andoccupancy with impurity 

atoms, and can also depend on the crystallite size[13,14]. In the next section theshift and 

broadening of the fcc-Al reflections will be discussedin more detail. 

3.1 Lattice parameter 
The lattice parameter of the fcc-Al precipitates was determined by Rietveld analysis of 

the characteristic peak positionstaking into account the zero correction for the sample dis-

placement, see Fig.2b. In the as-atomized state, the lattice parameter of the fcc-Al precipitates 

is identical to that of the aluminum reference material (aAl= 4.050 Å). This suggeststhat in the 

as-atomized state the Ni and La concentrations in the fcc-Al precipitates are negligible.During 

ball milling the lattice parameter aprof the fcc-Al precipitates decreases from apr(t = 0) = aAl= 

4.050 Åto apr(t = 1440 min) =4.046 Å. This is in opposite direction to the change in the lattice 

parameter of the reference material which increases to aAl(t = 1440 min)= 4.052 Åafter 



1440 min of ball milling time, see Fig. 2b.The different evolutionof the lattice parameter of 

the pure Al reference (+ 0.03 %) material and that of the precipitates (- 0.11 %) suggests that 

different mechanismsare responsible for the corresponding changes in lattice parameter dur-

ing ball milling. While the change in the lattice parameter of pure aluminum is probably 

caused by self-interstitials and mechanically induced strains, the changes in the lattice para-

meter of the precipitates in Al87Ni8La5are assigned to solid solution formation.The atomic 

radius of Ni (rNi=1.25 Å[15]is smaller compared to that of Al (rAl= 1.43Å[15]) while the 

atomic radius of La (rLa=  1.88 Å[15]) is bigger. The decrease in the lattice parameter of the 

precipitates may,therefore,be ascribed to the preferred uptake of nickel in the crystal lattice of 

the fcc-Al precipitates during ball milling. Neglecting the possible uptake of La in the fcc 

lattice of the precipitates, the concentration of Ni in the fcc-Al phase c(Ni) can be estimated 

via Vegard'slaw[16]: 
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 (1) 

 

where aAl= 4.050Å [17]and aNi= 3.525 Å [18]denote the lattice parameters of pure Al and 

pure Ni, respectively.Based on the assumption that the lattice parameter is exclusively 

changed by the uptake of Ni,0.85% of Ni isdissolved in the fcc-Al precipitates after 1440 min 

of milling time. The uptake of La into the fcc-Al lattice would require a larger Ni concentra-

tion in the lattice to obtain the same change in the lattice parameter.According to Okamoto 

[19,20],both Ni and La arenotsoluble in fcc-Al.AlsoDan et al. [21]reported aminor solubility 

of 0.01% of Ni in Al at 640 °C in a binary Al-Ni phase system. This is not a contradiction to 

the present results because it is known that plastic deformation can dramatically enhance the 

solubility in binary systems (see, e.g., ref.[22]).Furthermore, the diffusion of alloying ele-

ments in metallic glasses is known to be sensitive to the relative size of the diffusing atoms 

and the host atoms [23].  Higher diffusivity of the smaller Ni compared to the larger La in the 

amorphous Al-based matrix supports the hypothesis of preferred uptake of Ni from the 

amorphous phase intothe Al crystallites during ball milling. 

It has been reported that the lattice parameter increases or decreasesas a function of the 

crystallite size [14,24–27].There are several models which describe thecorrelationof the lattice 

parameter with the crystallite size based on (a) the surface energy [28–30], (b) the lack of the 

outermost bonding of the surface atoms [31],and (c) intra-crystalline pressure[32,33]. Accord-



ing to Qi et al. [14] the decrease in the lattice parameter (
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)of aluminum-

depends on the surface energy �, thecrystallite shape �(�=1 for spherical shape), the shear 

modulusGand the crystallite size D.According to Qi et al. [14]the changes of the lattice para-

meter (����)of Al nanocrystals in ball milled Al87Ni8La5can be described by 
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where the values of G and � are taken from Ref.[14].The dashed line plotted in Fig. 3reveals 

the change of the lattice parameter (����) as a function of the crystallite sizecalculated with Eq. 

2. 

The measured lattice parameter of the precipitates (red dots inFig.3)neither follows the 

trend described by Eq. 2(dashed line in Fig.3) nor matches the results from Woltersdorf et 

al.[26] who found a strong increase in lattice parameter with decreasing particle size, see 

black square dots in Fig. 3. According to Fukuhara[31] the outermost bonds of the crystallite 

surface atoms are missing. Therefore, the missing-electrontobond-electron ratio increases if 

the crystallite size decreases,i.e., when the surface-to-volume ratio increases. In the 

Al87Ni8La5 alloy fcc-Al crystallites are surrounded by an amorphous Albased matrix. Al 

atoms located at one side of the crystalline-amorphous interface will most probably be bonded 

to Al, Ni or La atoms at the other side of the interface. Interface effects between the crystal-

lites and the amorphous matrix will, therefore, haveonly minor influence on the lattice para-

meter. 

3.2 Lattice Strain and stress 
Lattice strain and small crystallite sizes generally causepeak broadening in the diffrac-

tion pattern. Dislocations, incorporation ofimpurity atoms,antisite defects, micro- and macro-

stresses can contribute to the strain induced peak broadening[8,11,34]. The double-Voigt ap-

proach implementedin the Rietveld refinement(see Fig. 4a)and the Williamson-Hall plot(see 

Fig. 4b) are used todetermine the domain size and strain from the peak broadening. In the 

diffraction pattern (Fig. 4a) four peaks with high intensity and threepeaks with lower intensity 

are visible. An additionalWilliamson-Hall plot (WH4) was createdusing the high intensity 

peaks only. This procedure resulted in smallerdeviationsfromthe linear regression curve in 



comparison with the Williamson-Hall plot created with seven peaks (WH7).As a result, the 

crystallite size and strain determined from the Williamson-Hall plots with four peaks (see Fig. 

4c,d) is in better agreement withthe results from the double-Voigt approach thanthe William-

son-Hall analysis with seven peaks. 

The internal strain ��= 0.1 - 0.2 % in the precipitates in the as-atomized stateistwo or-

ders of magnitude higher than the strain���0.002 % of the aluminum reference material. The 

strain analysis method is probably more sensitive to vacancies, impurities like Ar, and to so-

lutes (Ni and La) in the fcc-Al lattice than the Rietveld analysis which revealed identical lat-

tice parameter of the precipitates to that of the Al reference material in the initial state.That 

means the high strain in the fcc-Al precipitates in the as-atomized condition is presumably 

caused by defects like impurity atoms, self-interstitials or vacancies frozeninto the fcc-Al lat-

tice during the gas atomization in contract to the (approximately) defect free annealed Al-

reference material.As a result of plastic deformation, the strain in the precipitates strongly 

increases within the first 120 minutes of milling time to����0.3-0.4 %, depending on the type 

of analysis. WH4 and WH7 yield a decrease in strain in the fcc-Al precipitates upon further 

milling beyond t = 240 min while the double Voigt approach results in continuous increase in 

strain up to the maximum milling time, see Fig.4c. After 1440 min of ball milling time the 

strain & = 0.045 %in the Al reference material is one order ofmagnitude lower than the strain 

��������in the fcc-Al precipitates of Al87Ni8La5. The internal stress 	in the nanocrystalswas 

determined using the Young’s Modulus (E = 72MPa[35]) of pure aluminumas an approxima-

tion of theYoung’smodulus of the fcc-Alprecipitates and using the experimentally determined 

values of the strain �: 

 

	 � �& � ' (3) 

 

The maximum stress in the precipitates determined in this way is 226 MPa. This value 

is 3-6times larger than the tensile strength (40-80 MPa[35]) and larger by about a factor of 8-

22compared tothe yield strength (10-30 MPa[35]) of pure aluminum. With Eq. 3 the internal 

stress of the reference material isdetermined to be 32 ± 6 MPa after 1440 min of milling time 

which is in agreementwith the values fromRef.[35].It is known from Ma et al. [36] that the 

Young’s modulus in a metallic glass is similar to the Young’s modulus of the crystalline 

phase of the main component of the metallic glass. The Young’s modulus is generally not 



very sensitive to small changes in the composition. It can, therefore, be assumed thatthe 

Young’s moduli of the precipitates and of pure Al are about the same. This means that the 

Young’s moduli of the fcc-Al precipitates and of the Al-based amorphous matrix in 

Al87Ni8La5 alloy should be similar. Deformation induced stress in the amorphous phase of 

Al87Ni8La5 alloy should, therefore, not lead to strain in the precipitates, which differsconside-

rablyfrom the strainin the Al-reference material.It can, therefore,be concluded that thehigh 

strain-and stress values in the precipitates in the as-atomized state and after ball milling are 

mainly caused by impuritiesin the as-atomized state and by the uptake of Ni during ball mil-

ling, respectively. 

3.3 Crystallite size 
In the as-atomized state the crystallite size D determined by the double-Voigt and Wil-

liamson-Hall approach is in the range of 80 - 120 nm, see Fig. 4d. Within the first 480 mi-

nutes the crystallite size decreases strongly,then it tends to saturate. After 1440 min of milling 

time, the crystallite size decreased to D � 14 nm. Hebert et al. [3]did not observe dislocations 

below the critical length scale of 11-18 nm of fcc-Al crystallites and deduced that dislocations 

are not stable below this critical crystallite scale.From this we conclude that dislocations do 

not contribute significantly to strain in the precipitatesafter 1440 minof milling 

time.Furthermore,according to Fig. 4c the strain stays nearly on the same level from 120 min 

to 1440 min of milling time, while the crystallite size decreases from around 100 nm to 

14 nm. This leads to the conclusion that dislocation have no or only a minor influence on the 

average lattice strain during ball milling. It rather supportsthe assumption that the large inter-

nalstrain in the precipitates induced by ball milling is mainly chemically driven. 

3.4 The model�of�fragmentation
Plastic deformation of metallic glasses proceeds via shear bands which are regarded as 

local areas of high strain in the amorphous matrix [37]. Ball milling induces shear bands in an 

amorphous powder particle at each impact. According to Liu [38] the orientation of the shear 

bands induced by ball milling is distributed randomly and the relative amount of shear band 

volume in a particle increases with increasing number of impacts, while the non-deformed 

volume content decreases. For crystalline materials, Maurice and Courtney [39] used the 

model of a particle with ductile binary layers (instead of crystallites) which wereplastically 

deformed by ball milling. In that model the thickness of the layers decreased exponentially as 

a function of the milling time (which is equivalent to the number of impacts). Based on dislo-

cations in fcc-Al nanocrystals observed after cold-rolling, Hebert et al. [3] predicted a shear-

induced fragmentation mechanism for precipitates ina partly amorphous Al-based metallic 



glass. A study oflayered nanocomposites made out of crystalline Cu and amorphous Cu-

Zr[40]reported the strain-induced formation of a homogeneous shear deformation zoneth-

rough the layers. Shear band formation was also detected in the amorph-

ous/nanocrystallinelayerof a Ti based composite material [41]. Based on these results it can 

beassumedthat ball milling deforms the Al87Ni8La5powder particles via shear bands in the 

amorphous matrix. The shear bandstraversethe fcc-Al precipitates, leaving behind dislocations 

which cause fragmentation of the precipitatesand, therefore, crystallites of lower X-ray cohe-

rency length.A schematic depiction of the decrease in crystallite size during ball milling is 

shown in Fig. 5.  

Similar to Al85Ni10La5[38], the volume content of non-sheared material of the 

Al87Ni8La5powder particle decreaseswith each impact. Starting with the initial crystallite size 

D0 in the as-atomized state, the amount of sheared crystallites increases and the average crys-

tallite size D decreases exponentially as a function of the number of impacts n and approaches 

the saturation value Dsat= D(n = �)of the crystallite size. The decrease in crystallite size D as 

a function of n can be described by: 

 

 �(� � 
 � )*
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where
D = D0 - Dsat and w is the damping coefficient. The Spex Mixer Mill workswith a 

shaking frequency of f = 17 s-1, and the two balls (number of balls nB= 2) hit the powder twice 

a circle (once at the bottom and once at the top). Therefore, n can be calculated from the mil-

ling time tbythe following equation: 

 

( � !� � 0 � (1 � 2 (5) 

 

The crystallite size Das a function of nalong with a fit of equation (4) to the datais 

plotted in Fig. 6a. The value of the damping coefficient was determined to bew = (1.1 ± 0.3)� 

106 for the Williamson-Hall plotwith four peaks, w = (1.1 ± 0.2) · 106for the Williamson-Hall 

plot with seven peaks, and w = (1.0 ± 0.3) · 106 for the double-Voigt approach. Within the 

experimental uncertainty the values of warethe same for all three types of analyses. The satu-



ration value of the crystallite size is in the range of /�0= 13 - 15 nm for all three types of 

analysis.This saturation value is of the same order of magnitude as the shear band thickness 

(10 nm [42]) in Al-based glasses. In amorphous alloys crystallization occurs in or near the 

shear bands [42–45] caused by2 to 4 times higher diffusivity in the shear bands in comparison 

to the bulk material [46].Due to the high mobility of atoms in the shear bands,deformation 

induced formation of nanocrystals along with recrystallization of pre-existing precipitates is 

expected to occurin or near the shear bands.The saturation value of the crystallite size is, 

therefore, the result of at least two competing processes, fragmentation and crystallization of 

precipitates.Growth of pre-existing precipitates may also occur.The saturation value caused 

by fragmentation is determined by a critical crystallite size value below which dislocations are 

not stable. Further fragmentation during deformation is, therefore, no longer possible.The 

existence of even lower threshold values of crystallite sizes is known from plastic deformatio-

nof pure crystalline metals [47]. Moreover,the saturation value of the crystallite size in 

Al87Ni8La5is in agreement withHebert et al. [3] who could not observe dislocations below the 

critical length scale of 11-18 nmin fcc-Al crystallitesin cold-rolled Al88Y7Fe5 metallic glass. 

At this length scale the crystallite size in Al87Ni8La5will not be further reduced and will adopt 

its equilibrium size for infinitely large milling times. 

Eq. (4) can be modified to describe the decrease in lattice parameter of the 

precipitates, apr, by replacing the crystallite size with the lattice parameter: 

��(� � 
�34 � )*
+(
, - . �/�0 (6) 

where
apr = ao - asat,ao and asat are the values of the lattice parameter of the precipitates at t = 

0 and at t = �, respectively. Fitting Eq. 6 to the experimentally determined values of the 

lattice parameter,see  Fig. 6b, results inw = (1.0 ± 0.1)·106 for the damping coefficient.The 

similarity of the values deduced from changes in crystallite size and from decrease in lattice 

parameter suggests that the same processes are responsible for the changes of these parame-

ters.The exponential decay of the lattice parameter suggests a process in which certain volume 

fractions of the precipitates are completely saturated with Ni. When a particle is sheared due 

to an impact from a ball in the mill, the amorphous phase in the particle will be deformed by a 

shear band. For the sake of simplicity, it will be assumed that the deformation of the particle 

proceeds in a straight direction, i.e., the shear deformation penetrates the crystallite as shown 

in Ref.[40]. Similar to the glassy matrix, the deformation will cause a local increase in tem-

perature in the Al precipitates near the shear deformation zone which allows the Ni atoms to 



diffuse from the amorphous matrix into the shear deformed zone of the precipitate leading to 

local saturation of the Al-lattice in Ni within the precipitate.With increasing ball milling time 

the crystallite size decreases due to the increasing number of particle shear processes. There-

fore, the amount of newly formed precipitate surface induced per impact decreases with in-

creasing ball milling time. At large ball milling times, when the crystallite size remains con-

stant,the deformation zones do not pass the precipitates and do not create newprecipitate sur-

faces. Hence, further uptake of Ni at shear surfaces of the precipitates does not occur any lon-

gerand the lattice parameter remains constant. This mechanism is still speculative and further 

research has to be done to clarify this point. 

Liu [38] measured the decrease in the number of Al nearest neighbors around Ni and 

La atoms during plastic deformation of bulk amorphous Al85Ni10La5 alloy with the same mill. 

He used a similar exponential lag function to describe the decrease of non-sheared volume 

inan amorphous powder particle during ball milling and found values of w which agree with 

the present values of w withina factor of less than 2. This supports the assumption that fccna-

nocrystals are sheared when shear bands traverse the powder particles. The comparison of our 

results with those of Liu [37] suggests that the present model is an extensionof Liu´smodel of 

increasing shear band volume in Al85Ni10La5metallic glass to partly amorphous metallic 

glasses. 

4 Summary and conclusions  
Changes in lattice parameter, crystallite size and lattice strain of fcc-Al precipitates in 

partly amorphous Al87Ni8La5 alloy during severeplastic deformation by ball milling were in-

vestigated by X-ray diffractometry. The data were analyzed by Rietveld refinement, double-

Voigt approach and Williamson-Hall plot. It was observed that severe plastic deformation of 

partial amorphous Al87Ni8La5 decreased the lattice parameter of the fcc-Al precipitates from 

4.050 to 4.046 Å, that it decreased the crystallite size from 80 - 120 nm to � 14 nm and in-

creased the internal strain from �� 0.1 % to �� 0.4 % at large ball milling times of t = 1440 

min. The analysis of the fcc-Al precipitates in the as-atomized state revealed a strain of 

&�= 0.11-0.15% which is two orders of magnitude larger than the strain in the pure Al refer-

ence material. Ball milling leads to a drastic increase in strain up to &�= 0.28-0.43% within the 

first 120 min of milling time. After 1440 min of ball milling time the strain is still one order 

of magnitude higher than the strain in the pure Al reference material. The result from the 



strain and lattice parameter analysis implies that ball milling leads to the formation of an Al-

Ni solid solution due to the uptake of Ni in the fcc-Al lattice. 

A quantitative model was developed which describes the decrease in the crystallite size 

and change in lattice parameter during ball milling. The changes in crystallite size and change 

in lattice parameterwere described by the same model and resulted in damping coefficientsof 

similar size. This suggests that the uptake of Ni in the fcc-Al precipitates correlates with the 

fragmentation process. 
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