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Primary among the top-down processing techniques that can be used to synthesize nanocrystalline materials is
ball milling. During milling, the gain size decreases with milling time, reaching a minimum grain size, dp;,.
Minimum grain size attainable is a characteristic of each material. Ball milling introduces considerable amount
of lattice strain, e. Such a strain increases rapidly with time, reaching a maximum value that coincides with d;.
By applying a recently developed dislocation model, which relates, d,,;,, to several physical parameters (such as
the stacking fault energy and hardness), and by adopting several fundamental concepts, which are related to

deformation behavior in materials, it is shown that d,,;,/b depends on (1/¢)*%*, wherebis the Burgers vector.The
validity of this functional dependence is examined by analyzing experimental data on several nanocrystalline

materials.

1. Introduction

An effective approach to strengthen metallic systems such as Al and
its alloys is via grain refinement. In general, as the grain size, d, is re-
fined, the strength increases 1/+/d according to the Hall-Petch re-
lationship [1,2] that can be represented by:

T=1,+c¢/Jd (€9)

where 7 is the flow stress, 7, is a friction stress and c is a constant. Eq.
(1) is also valid when the yield strength is replaced by the hardness, H
(H=61).

There are two types of processes that can be used for grain refine-
ment: Top-down processes and bottom-up processes. The former pro-
cesses refer to processes that have been used for grain refinement by
structural decomposition. In contrast to bottom-up processes, which are
normally associated with low mass buildup rate and small sample di-
mension, top-down processes are deemed to be cost-effective and cap-
able of producing nanocrystalline or ultrafine-grained materials in large
quantities.

In the last two decades, considerable efforts have been devoted to
exploring novel top-down processing techniques and to understanding
the underlying mechanisms for structural decomposition. Among these
methods, ball milling [3] has received considerable attention.

Ball milling induces heavy cyclic deformation in powders, and is
consists of repeated welding, fracturing, and rewelding of powder
particles [4,5]. As a result of this cyclic deformation during milling,
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materials experience severe impact deformation, resulting in grain re-
finement. Over the past several years, the characteristics of crystal re-
finement and development of nanostructures during ball milling have
been studied extensively. These studies have led to several important
findings. First, Oleszak and Shingu [6] have observed that the crystal-
lite size decreases with milling time and that continuous milling leads
to a minimum grain size, which is a characteristic of each metal. Eckert
et al. [7] have suggested that the minimum average grain size, d;,, is
obtained as a result of a balance between the formation of dislocation
structure and its recovery by thermal processes. Third, Fecht [8] has
proposed a phenomenological approach for grain refinement during
milling that involves the following three stages: (a) the localization of a
high dislocation density in shear bands, (b) the annihilation and re-
combination of dislocations, forming cells and subgrains (recovery),
and (c) the transformation of subboundaries into high grain boundaries.

By utilizing the aforementioned findings and suggestions, a theo-
retical dislocation model [9], which quantitatively describes the de-
pendence of the minimum grain size, d,;,, on several physical para-
meters in a nanocrystalline (nc) material, was developed. The model
may be represented by [9]:

dmin/b = ASeXp(_ﬁQ/4RT)(Dpo sz/VokT)O'zs(y/Gb)O's(G/T)l'zs (2)

where b is the value of the Burgers vector, Az is a dimensionless con-
stant, Bis a constant, Q is the self-diffusion activation energy, R is the
gas constant, T is the absolute temperature, D, is the frequency factor
for pipe diffusion, G is the shear modulus, v, is the initial dislocation
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velocity, k is Boltzmann's constant, yis the stacking fault energy and tis
the shear stress. The above equation was developed by combining
elements of dislocation theory with well-established fundamental con-
cepts and observations. As shown by Eq. (2), the model predicts that the
minimum grain size, d;,, depends on hardness, stacking fault energy,
and an exponential function of the activation energy for recovery.
These predictions were initially found to be in good agreement with
experimental data reported for nc-FCC and nc-BCC metals [9]. In ad-
dition, the model was extended to nc-HCP metals [10]. Furthermore, it
has been demonstrated [11,12] that the dislocation model for ball
milling is quantitatively applicable to the description of various severe
plastic deformation (SPD) processes such as Equal Channel Angular
Pressing (ECAP) and high-pressure torsion (HPT), regardless of differ-
ences in the mechanics and kinetics of the process, and the range of the
minimum grain size produced by each process

According to several reports [6,7,13], ball milling leads to a con-
siderable enhancement of the lattice strain and such a strain increases
rapidly, reaching a maximum value that coincides with the minimum
grain size, din. The broadening of Bragg peaks in the x-ray diffraction
patterns of powder after milling is the result of both the small size of the
diffracting grains and the lattice strain (Atomic level strain). The
equation that describes the dependence of the measured peak width,
(8s), on the volume averaged grain size, d, the lattice strain, ¢, and the
reciprocal space variable, s = 2sin /4, can be represented by [14]:

1 s T
=d-4.¢d| >
(8s0) 35S,

3
Y=A-BX

On the basis of Eq. (3), the grain size, d, and the lattice strain, € (root
mean square (rms) strain) can be determined by (a) plotting Y against X
for all of the measured peaks, and (b) performing a least-square fit.

It has been reported [7,15] that lattice strain as estimated from the
x-ray broadening increases with decreasing grain size and that the
maximum lattice strain increases with decreasing the minimum grain
size. For example, maximum lattice strains in Al whose d,;, is 25 nm
and Ir whose d,;;, is 6 nm are 0.18% and 0.9%, respectively [7]. Despite
this information, there is at present no quantitative analysis that can
predict the relation between lattice strain, €, and d,;,. Accordingly, it is
the purpose of this note to examine whether this relation can be es-
tablished on the basis of Eq. (1) and fundamental concepts.

In order to explore the possibility of establishing a quantitative
correlation between the minimum grain size, d,,;,, and lattice strain, €,
the following assumptions and approximations are made along with the
following relationships:

(a) During milling, there are three sources that contribute to lattice
strain: (i) dislocation density, (ii) grain boundaries, and (iii) Fe
introduced during milling. Based on experimental evidence, it is
suggested [7] that dislocation density, p, is the dominating con-
tributor to lattice stain.

(b) The dislocation density is rated to stress by the following well-
known expression [16]:

7/G = ab/p

Where a (~ 0.5) is a constant.

(c) As mentioned earlier, the grain size decreases with time during
milling. This observation was reported initially by Oleszak and
Shingu [6] and later was noted in other investigations [4-7]. Such a
decrease in the grain size is related to the deformation energy
provided by milling. This energy is a measure of deformation via
dislocation multiplication and motion. The deformation energy per
unit volume as a function of applied stress can, to a first approx-
imation, be given by [9]

U=fz'd5

4

(5a)
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Table 1
Structural Properties of ball milled powders.
Metal or alloy Strain (%) d min (nm) b (nm)
Al (FCC) 0.18 25 0.286
Al 6061 (FCC)+ 0.25 23
Al 5083 (FCC) + 0.25 22.5
Al-7.5Mg (FCC) + 0.2 22
Ag (FCC) 0.16 25 0.288
Cu (FCQ) 0.2 20.5 0.255
Ni (FCC) 0.4 11.7 0.249
Pd (FCC) 0.7 7 0.275
Rh (FCC) 0.3 7 0.267
Ir (FCQ) 0.9 6 0.271
Fe (BCC) 0.35 8.1 0.248
W (BCC) 0.5 7 0.274
+ The value of the Burgers vector, b, was taken equal to that of Al.
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Fig. 1. Plot of the logarithm of the normalized minimum grain size, d,;,/b,
against the logarithm of the reciprocal of the lattice strain.

It has been shown that the relation between stress, 7, and strain, ¢,
for many polycrystalline materials is parabolic [16] and may be
expressed [17] as: T = ¢;Ge%>, where ¢, is a constant. By substituting
for 7in Eq. (5a), integrating from O to cand writing the result of the
integration in terms of ¢, one obtains the following equation:

U = ¢, Ge'? (5b)

@

The Energy of dislocations per unit length can be expressed as [17]
(6)

where ¢, is a constant related to dislocation distribution and its
characteristic (edge and screw).

(e) The total length of dislocations per unit volume is equal to twice the
dislocation density, p (the number of dislocations per unit area)
[18]

(f) The energy of dislocations per unit volume based on (d) and (e) can
be written as [19]:

U = ¢,Gb%

E = ¢,Gb?

()

Having provided the above information, attention is now placed on
the correlation between the minimum grain size obtainable from ball
milling, d,,;,, and lattice strain, €. This correlation can be made via three
steps:

Step 1: By comparing Egs. (5b) and (7), dislocation density, p, can
be expressed as:

e = c3(e15/b?) (8a)
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where c; is a constant.
Then, by taking the root square of Eq. (8a), Eq. (8a) becomes:

\/ﬁ = ¢,(°75/b)

where ¢,is a constant.
Step 2: Combining Egs. (4) and (8b) to remove pleads to the fol-
lowing result:

(8b)

7/G = ¢5¢%7°

9

where ¢sis a constant.
Step 3: By substituting for /G from Eq. (9) into Eq. (2), the fol-
lowing relation is obtained:

dmin/b = Aexp  (—BQ/ART)(Dyo Gb*/vkT)**(y/Gb)*>(1/€075)1-25
(10a)
Eq. (10a) can be written in the following final form:

dmin/b = A exp(=BQ/ART)(Dpo Gb*/vkT)*?(y/Gb)*3(1 /€)% (10b)

Eq. (10b) predicts an almost linear relation between the minimum
grain size obtainable from ball milling, d,;,, and lattice strain, ¢.

In order to examine quantitatively the validity of the above pre-
diction, data on d,,;, and ¢ that are given in Table 1 were used. The data
are available for seven FCC metals (Ag, Al, Cu, Ir, Ni, Pd, and Rh), 3 FCC
alloys (Al-6061, Al-5083, and Al-7.5 Mg), and two BCC Metals (Fe and
W). The values of d,,;, and ¢ were taken from references [6, 7,9]. Also
included in the table are the values of the Burgers vector (9).

According to Eq. (10b), when the logarithm of the normalized
minimum grain size, d,,;,/b, is plotted against the logarithm of the re-
ciprocal of the lattice strain, ¢, straight line having a slope of 0.94 re-
sults. The data in Table 1 are plotted using this presentation in Fig. 1.
An examination of the figure reveals two characteristics: (i) the data of
all metals scatter about a straight line, which represents the best fit
(using the least-square method), and (ii) the slope of this line is 0.91.
These two characteristics agree well with the prediction of Eq. (10b).

In summary, studies on ball milling have reported two primary
findings: (a) the crystallite size, d, decreases with milling time and
continuous milling leads to a minimum grain size, d,,;,, which is a
characteristic of each metal; and (b) the lattice strain increases rapidly,
reaching a maximum value that coincides with the minimum grain size,
dmin- In the present investigation, it is demonstrated that the relation
between the minimum grain size obtainable from ball milling, d,;,, and
lattice strain, ¢, can be described by the following equation:

dmin/b = B(1/5)0'94

where B is a parameter that depends on factors such the stacking fault
energy and the activation energy for recovery. An analysis of experi-
mental data reported for ball milling of several metals and alloys show
that when the logarithm of the normalized minimum grain size, d,;,/b,
is plotted against the logarithm of the reciprocal of the lattice strain, €,
the plot results in a straight line having a slope of 0.91, in agreement
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with the prediction of the above developed equation.
Acknowledgments

This work is the outgrowth of research previously supported by the
National Science Foundation United States of America under several
grants including DMR-0702978. The author would like to thank his
former graduate students, Dr. Ming-Je Sung and Dr. Khinlay Maung, for
their assistance.

Data availability statement

The raw data required to reproduce these findings cannot be shared
at this time as the data also forms part of an ongoing study

References

[1] E.O. Hall, The deformation and ageing of mild steel, Proc. Phys. Soc. Lond. vol. B64,
(1951) 747-753.

N.J. Petch, The cleavage strength of polycrystals, J. Iron Steel Inst. 174 (1953)
25-28.

C. Suryanarayana, Mechanical Alloying and Milling, Marcel Dekker, New York, NY,
2004, p. 333 (Ch #13).

C.C. Koch, Synthesis of nanostructured materials by mechanical milling: problems
and opportunities, Nanostruct. Mater. 9 (1-8) (1997) 13-22.

D. Witkin, E.J. Lavernia, Synthesis and mechanical behavior of nanostructured
materials via cryomilling, Prog. Mater. Sci. 51 (2006) 1-60.

D. Oleszak, P.H. Shigu, Nanocrystalline metals prepared by low energy ball milling,
J. Appl. Phys. 79m (1996) 2975-2980.

J. Eckert, J.C. Holzer, C.E. Krill, W.L. Johnson, Structural and thermodynamic
properties of nanocrystalline fcc metals prepared by mechanical attrition, J. Mater.
Res. 7 (1992) 1751-1761.

H.J. Fecht, Nanostructure formation by mechanical attrition, Nanostruct. Mater. 6
(1995) 33-42.

F.A. Mohamed, A dislocation model for the minimum grain size obtainable by
milling, Acta Mater. 51 (2003) 4107-4119.

F.A. Mohamed, Correlation between the behavior of nanocrystalline HCP metals
and the dislocation model for the minimum grain size obtainable by milling, Mater.
Sci. Eng. A 527 (2010) 2157-2162.

F. Mohamed, S.S. Dheda, On the minimum grain size obtainable by high-pressure
torsion, Mater. Sci. Eng. A 588 (2012) 59-63.

F. Mohamed, S.S. Dheda, On the minimum grain size obtainable by equal angular
pressing, Mater. Sci. Eng. A 580 (2013) 227-230.

H.H. Tian, M. Atzmon, Kinetics of microstructure evolution in nanocrystalline Fe
powder during mechanical attrition, Acta Mater. 47 (1999) 1235-1261.

T.R. Malow, C.C. Koch, Grain growth in nanocrystalline iron prepared by me-
chanical attrition, Acta Mater. 45 (1997) 2177-2186.

H.P. Klug, L. Alexander, X-ray Diffraction Procedures for Polycrystalline and
Amorphous Materials, John Wiley, New York, 1974.

J.E. Bird, A.K. Mukherjee, J.E. Dorn, D.G. Brandon, A. Rosen (Eds.), Quantitative
Relation between Properties and Microstructure, Israel Univ. Press, Jerusalem,
1969, p. 255.

D. Hull, D.J. Bacon, Introduction to Dislocations, Butterworth-Heinemann, Oxford,
2001, p. 224.

G. Shoeck, Correlation between dislocation length and density, J. Appl. Phys. 33
(1962) (1945-1747).

M. Meyers, K. Chawla, Mechanical Behavior of Materials, second ed., Cambridge
University Press, 2009, p. 282.

[2]
[3]
[4]
[5]
[6]

[7

[8]
[9]

[10]

[11]
[12]
[13]
[14]
[15]

[16]

[17]
[18]

[19]


http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref1
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref1
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref2
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref2
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref3
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref3
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref4
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref4
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref5
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref5
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref6
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref6
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref7
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref7
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref7
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref8
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref8
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref9
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref9
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref10
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref10
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref10
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref11
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref11
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref12
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref12
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref13
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref13
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref14
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref14
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref15
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref15
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref16
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref16
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref16
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref17
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref17
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref18
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref18
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref19
http://refhub.elsevier.com/S0921-5093(19)30220-5/sbref19

	Correlation between the minimum grain size obtainable by ball milling and lattice strain
	Introduction
	Acknowledgments
	Data availability statement
	References




