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Power, torque, and rotation speed of the impeller of an attritor mill were measured during preparation of metal matrix
composite powders. Compositions of Al�MgO and Al�B4C were selected to include ductile (Al) and brittle components.
Brittle components, MgO, and B4C, were respectively softer and harder than the milling media (hardened steel). Yield
strength of pressed powder compacts and x-ray diffraction peak width were treated as indicators of the achieved structural
refinement. Both peak width and yield strength increased for both materials at longer milling times. Torque and power
increased for Al�MgO but decreased for Al�B4C at longer milling times. The results were interpreted considering differences
in hardness of MgO and B4C. Amplitudes of rapid oscillations of the milling process parameters were also monitored and
were observed to correlate with the material refinement. Utility of real-time milling progress indicators for different types of
materials is demonstrated. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1088–1095, 2013
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Introduction

Mechanical milling is widely used for the preparation of
various advanced materials.1 Material is refined and modified
as a result of multiple interactions with milling balls occur-
ring at different impact energies and configurations. Most
commonly, the milling progress is assessed by recovery of
partially milled samples at regular time intervals. Such sam-
ples are evaluated based on their particle sizes, shapes, crys-
tal structures, or mechanical properties to establish the time
necessary to prepare the required material.2–4 This approach
is labor-intensive, and more streamlined methods capable of
quantifying the milling progress are desired.

In the past, several research groups have realized the diffi-
culty in tedious evaluations of partially milled samples and
identified alternative ways of assessing the milling progress.
Some of the parameters proposed to track the milling pro-
gress include power consumption and torque from the motor
attached to the mill,5–8 temperature inside the milling
vial,6,9,10 vial vibration frequency and amplitude, and fre-
quency of ball impacts.11 In addition, visualization of the
ball motion and analysis of the recorded high-speed videos
was discussed.12

One of the early attempts to use real-time diagnostics was
by Goodson et al.,5 who used Charles equation correlating
the specific energy input to the mill E [kW�h/kg], and
median particle size dp [lm], as E¼Adp

a, where A and a are
parametric constants. The experiments were carried out using
a laboratory attritor with a mixture of tungsten carbide and
cobalt powders. The specific energy input, E, was obtained
from the power draw for the mill. After milling, the powder

samples were pressed and vacuum sintered. The density,

coercivity, Rockwell hardness, and specific magnetic satura-

tion of milled and sintered cylinders were measured as func-

tions of milling time. Charles equation was shown to describe

the experimental results. However, it reduced the effect of

milling conditions to one fixed parameter, energy input to the

mill, which may not hold true for a broader range of milling

conditions. The value of E can change when the properties of

the milled material evolve, although preset milling parameters

remain fixed. Further, parameters A and a certainly are mate-

rial-specific and, for some materials, they may not remain

constants while properties of the materials being milled

change as a function of the milling time.
Kimura and Takada6 set up a data acquisition system on a

custom rotating arm ball mill (similar in operation to the

attritor mill used in this work). Apart from the torque on the

rotating arm, the temperature inside the vial was also moni-

tored as a function of milling time. The aim was to track a

solid state amorphization transformation in Co-Zn alloys.

The measured torque was established to be sensitive to

changes in powder structure, whereas the attrition tempera-

ture was proposed to be a direct indicator of the kinetics of

solid state amorphizing transformations. Thus, utility of

tracking torque and temperature as real-time indicators of

milling progress was shown. Extension of these results to

other materials systems and correlations between the changes

in torque and temperature on one hand, and properties of the

milled material systems, on the other hand, became of sub-

stantial interest.
Temperature measurement was also considered as a reac-

tion progress monitor in some of the earlier projects from
the present research group.9,10 The systems under considera-
tion included mechanically alloyed Al-Mg powders as well
as materials capable of highly exothermic reactions. Both

Correspondence concerning this article should be addressed to E. L. Dreizin at
dreizin@njit.edu.

VVC 2012 American Institute of Chemical Engineers

1088 AIChE JournalApril 2013 Vol. 59, No. 4



shaker and planetary mills were instrumented to read out the
vial temperature. For the mechanically alloyed powders, the
temperature measurement was useful in establishing different
stages of the milling process, for example, formation of
flake-like particles, breaking down the flakes, and formation
of composite and then alloyed powders.13 For the exothermi-
cally reacting materials, as is common in reactive milling,14

the temperature jump in the milling vial may show directly
and very clearly when the reaction has occurred.

Mulas et al.11 employed a piezoelectric transducer and
magnetic position sensor to measure impact frequency,
impact time and vial velocity in a single-ball vibro-mill and
a shaker mill. The primary objective was to establish the
right amount of energy and thereby, milling parameters nec-
essary to initiate a self-propagating reaction in the materials
system of interest.

Iossanna and Magini7,8 reported electrical and mechanical
power consumption measurements on a planetary mill in
their two successive articles. Their work stemmed from the
interest in comparing the theoretical energy consumption in
a ball milling process predicted by on mechanistic collision
models to that obtained from experimental power consump-
tion measurement. The authors established a satisfactory cor-
relation between the two for a planetary ball mill and sug-
gested that the same concept could be extended to other
devices.

In summary, the utility of the real-time measurements of
the consumed power, vial temperature, and some of the other
characteristics of the milling process has been well estab-
lished. Most successful real time measurements indicated
qualitative changes in the material properties, such as forma-
tion or destruction of flakes and occurrence of exothermic,
self-sustaining chemical reactions. However, detection of
more subtle changes in the materials properties, for example,
evolution of the particle sizes, development of the alloyed
phases, altering mechanical strength and hardness, has
proven to be more challenging. All related measurements
were performed for individual materials systems and custom-
ized milling configurations. Thus, it remains unclear whether
such trends, identified rather narrowly for specific materials
systems and milling devices, are capable of predicting
milling progress for different materials or different milling
configuration.

It is interesting that many related efforts involved shaker
and planetary mills, devices that are very common in labora-
tory experiments, but not readily scalable for commercial
manufacturing. Conversely, the data on correlations between
real-time power consumption and torque and material refine-
ment in the attritor mills are very difficult to find, whereas
attritors are most likely to be used in larger scale production
of new materials. This lack of data for attritor mills is espe-
cially surprising considering that some of the popular com-
mercial attritor mill models, for example, by Union Process,
are routinely equipped with sensors and a data acquisition
board, enabling users to read and record power, rotation rate,
and torque readily.

This project is aimed to establish an experimental founda-
tion for assessing milling progress while preparing materials
in an attritor mill utilizing noninvasive, real time process
indicators. A systematic approach is proposed, relying on si-
multaneous measurements of the motor torque, power, and
rotation speed (rpm) during preparation of mechanically
milled materials. In addition to assessing the milling process
parameters averaged on the time scale comparable to

the overall milling time, short-time deviations of these
parameters are also considered to help describing milling dy-
namics. Such time-resolved data affected by ongoing
changes in the material properties might be particularly use-
ful when comparing experiments with numerical descriptions
of the ball milling process, for example, using a discrete ele-
ment model.4,9,10,15

Changes in the time-averaged values of real-time indica-
tors are compared to changes in the structure and mechanical
properties of the milled materials. Two materials with dis-
tinctly different characteristics are selected for this study.
Both materials are metal matrix composites consisting of
ductile and brittle components. Material compositions are
chemically inert; hence no new compounds could have
formed affecting the mechanical properties of products.
Therefore, work hardening and powder morphology evolving
as a result of milling were the only parameters affecting me-
chanical properties of the prepared composite powders. The
brittle components were chosen to have substantially differ-
ent hardness to investigate its effect on both the milling pro-
gress and milling parameters measured in real time.

Experimental

Materials

Prepared composite powders included aluminum, as a duc-
tile component, with inclusions of one of the brittle compo-
nents: magnesium oxide, MgO, or boron carbide, B4C. Pure
aluminum powder (�325 mesh, 99.9% pure, by Atlantic
Equipment Engineers) served as a starting material for the
milling. Starting materials for brittle inclusions were magne-
sium oxide (�325 mesh, 99% pure, by Aldrich Chemical
Company, Inc) and boron carbide (\10 Micron Powder,
99% pure, by Alfa Aesar). As was shown in earlier experi-
ments,4,16,17 during milling, aluminum does not react chemi-
cally with either MgO or B4C, and the milling yields
Al�MgO and Al�B4C dispersion-strengthened composites.
The compositions for both materials included 30 wt % of the
brittle component. Mechanical properties of the starting com-
ponents as well as those of the hardened steel milling balls
used in experiments are shown in Table 1. The milling
media material (hardened steel) is harder than magnesium
oxide but is softer than boron carbide.

Milling devices and conditions

An attritor mill by Union Process, model 01HD, was used.
The milling vial volume is 750 mL. It is a stationary vial
made of hardened steel. A steel impeller rotating at an
assigned speed agitates the milling balls. The vial is cooled
by room-temperature water. Further details on the geometry
of the mill can be found elsewhere.4

Case hardened carbon steel balls of 9.5 mm diameter were
used. The ball to powder mass ratio was 36, powder mass
was 50 g, and the rotation speed of the impeller was 400
rpm. The total milling durations used to prepare the Al�MgO
and Al�B4C composite materials were 4 and 6 h,

Table 1. Material Properties of Pure Powders in
Comparison to Milling Media

18

Property Al MgO B4C Hardened Steel

Vicker’s hardness, MPa 167 660 4980 1700–2300
Shear modulus, GPa 25.9 87–124 192 � 80
Poisson’s ratio 0.31 0.36 0.21 0.28
Density, g/cc 2.7 3.75 2.51 7.8
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respectively. Partially milled samples were recovered every
1-h for mechanical and structural characterization. For some
experiments, samples were also recovered and examined in
30-min milling intervals.

Milling progress indicators

Material Characteristics Various material parameters,
including particle size, dimensions of the formed inclusions,
mechanical characteristics, or crystallographic characteristics
can be used as indicators of refinement achieved as a result
of milling. In this study, both mechanical and structural
characteristics were exploited. Specifically, yield strength
measured while preparing consolidated powder samples and
a width for an aluminum peak in the x-ray diffraction
(XRD) patterns were determined.

In mechanically milled composites, the yield strength typi-
cally increases as milling progresses due to formation of dis-
persion-strengthened materials. The crystallite sizes decrease
when the material becomes more refined, for example, as a
result of a longer milling time. In the XRD measurements,
wider peaks correspond to more refined materials. Hence, an
increase in the peak width with time is expected.

The methodology to obtain the yield strength was pre-
sented in Ref. 4 and is only briefly outlined here. The pow-
der is compacted in a cylindrical die and the displacement is
obtained as a function of the applied load using Instron
5567. The compression curves are replotted in terms of
inverse porosity as a function of pressure; obtained trends
are interpreted using a modified Heckel equation,19 in which
yield strength is treated as an adjustable parameter.

XRD experiments were performed on a Phillips X’pert
MRD powder diffractometer operated at 45 kV and 45 mA
using Cu-K�a radiation (k ¼ 1.5438 Å). A typical pattern for
the aluminum-boron carbide sample is shown in Figure 1.
The peaks for which the widths are indicated belong to the
aluminum XRD pattern (38.5� and 44.5�). The peak width is
measured at the level equal to half of its maximum height,
also known as the full width half max (FWHM). Results for
both aluminum peak widths were consistent to each other, so
only the FWHM values for the peak at 44.5� are presented.

Real Time Milling Progress Indicators A data acquisition
system by Baldor is built in the control unit of the Union
Process HD-01 attritor mill. The parameters measured
include speed of rotation (rpm), power, and torque. The data

were recorded after different milling times in 10-s bursts
with 1 ms time resolution. Figure 2 shows typical acquired
signals.

Results

Particle shapes and sizes

Powders were recovered every 1-h for both materials and
scanning electron microscopy (SEM) images with back-
scattered electron detector were taken. The SEM images of
samples obtained at certain milling times are presented in
Figures 3–5 to illustrate the evolution of the particle shapes.
In all images, (a) corresponds to Al�MgO and (b) to Al�B4C.
The pictures on the left and right sides of each figure indi-
cate the same sample shown at two different magnifications
(scale shown at the bottom of each image). The milling
times are indicated in the top left corner of each picture.

For both materials a qualitatively similar evolution in the
particle morphology as a function of milling time is
observed. Qualitatively, three steps are identified:

1. Formation of flake-like particles (Figure 3)
2. Breaking down the flakes into smaller, more equi-axial

fragments (Figure 4)
3. Agglomeration of the produced fragments into larger

particles with relatively stable sizes. (Figure 5)
Within this overall sequence, there were important differ-

ences between materials with different compositions. The
agglomeration of the broken flake fragments occurred much
sooner for Al�B4C compared to Al�MgO, resulting in the
substantially larger dimensions of the stabilized agglomerates
of the former compared to latter. Second, the surface of
flakes and surface of the formed agglomerated particles was
relatively homogeneous for Al�MgO, cf. Figures 3a, 4a and
5a; conversely, inclusions of B4C were clearly visible at the
surface of the Al�B4C composite particles, Figures 3b, 4b
and 5b. Furthermore, unattached B4C were detected in the
Al�B4C composite material until 1 h of milling Figure 4b,
while unattached MgO particles could not be detected in any
of the inspected, partially milled samples.

Yield strength

The yield strengths for both prepared composite powders
as a function of milling time are presented in Figure 6.

Figure 1. X-ray diffraction pattern for Al�B4C sample
recovered from the attritor mill after 2 h; the
FWHM is marked.

Figure 2. Real-time milling process parameters
recorded for an Al�B4C sample after its 2-h
milling.
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Each data point is an average of six measurements repre-
senting six consolidated pellets for Al�MgO and three meas-
urements/pellets for Al�B4C. In both the cases, at very short
milling times the yield strength is small. This is associated
with formation of Al flakes as presented in the SEM images
in Figure 3, while aluminum is not yet work hardened. The
flakes are readily deformed under pressure, resulting in lower
measured yield strength. As the milling continues, the flakes
are broken apart and composite particles form. This is
accompanied by an increase in the yield strength. This
increase is substantial for both materials. Also, upon further
milling, the yield strength appears to stabilize for both cases.

X-ray peak width

Figure 7 shows the widths of aluminum peaks or FWHM
for the two materials as a function of milling time.

The overall trends in Figure 7 show that the peak width
increases as a function of milling time, indicating formation
of increasingly more structurally refined materials. The struc-
tural refinement appears to occur from the very beginning of
the milling process and is unaffected by the formation of
flakes at short milling times. For Al�MgO, the refinement of
aluminum crystal grains is slower than that for Al�B4C.
Also, the final peak width achieved is greater for Al�B4C.

These observations are likely explained by a greater effec-
tiveness of harder boron carbide inclusions as milling aids
accelerating the fracture propagation in the composite par-
ticles as compared to softer inclusions of MgO.

Real-time measurements

The fractions of data presented in Figure 2 are shown at
an expanded time scale in Figure 8. Changes in power and
torque occur in phase with each other whereas changes in
rpm occur in the opposite phase. The main period of the
observed oscillations, approximately 0.15 s, correlates with
the period of the impeller’s rotation set at 400 rpm.

At different milling times, average values of the measured
power, torque, and rpm changed, and these changes were
explored as possible indicators of the milling progress. In
addition to the change in the average values of the measured
parameters, changes in the amplitudes of their respective
oscillations were also noticed. The latter changes were quanti-
fied considering standard deviations of the measured parame-
ters taken over a period of 10 s. The processed results of real
time measurements for both material systems are shown in
Figure 9. The standard deviations in rpm are shown instead of
the relatively stable average rpm values. The standard devia-
tions for torque and power follow trends similar to the

Figure 3. SEM Images Al�MgO (a) and Al�B4C (b) recovered after 1 h and 0.5 h of milling, respectively.

AIChE Journal April 2013 Vol. 59, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1091



standard deviations for rpm and are not plotted for brevity;
these standard deviations are represented by the error bars for
their respective average values shown in Figure 9.

All three parameters tracked, including power, torque, and
standard deviation of rpm, show opposite time-dependent
trends for the two materials systems studied. There is an
increase in rpm variations, torque and power for the alumi-
num-magnesium oxide system as a function of the milling
time; however, with the exception of the first hour, the same
process indicators decrease with milling time for the alumi-
num-boron carbide composite. Also, despite identical milling
conditions, the initial values for all three real time indicators
are much higher at the outset for the boron carbide system.
This disparity in the trends between the two materials is
likely a consequence of the different refinement mechanisms
in the two powders. This is turn, is attributed to the differ-
ence in properties as shown in Table 1 and discussed below.

Discussion

It is first interesting to directly correlate changes in the
powder characteristics, yield strength, and FWHM, with
changes in the milling process parameters measured in situ.
Because measured changes in power, torque, and standard

deviation for rpm are well correlated with one another for
each material, as shown in Figure 9, only changes in power
are taken for direct comparison with yield strength and
FWHM. These correlations are shown for both materials in
Figure 10. Please note that vertical scales for power are dif-
ferent for different materials.

For Al�MgO composite, changes in all three trends, pre-
sented in Figure 10, correlate with one another. As the pow-
der becomes more and more refined and work hardened, the
power required to maintain the preset rpm increases. A
harder powder also becomes more difficult to compact, as
indicated by the increasing yield strength. The increase in
FWHM shows a consistent structural refinement as a func-
tion of the milling time.

It is interesting that in Figure 10, only changes in yield
strength reflect the effect of flake formation at short milling
times. From Figure 9 it is apparent that changes in the stand-
ard deviation of rpm reflect this effect as well. Although not
shown in separate plots, changes in standard deviations for
torque and power also correlate with the observed flake for-
mation. Thus, both changes in standard deviations of the
milling parameters measured in real time and change in the
yield strength are useful in tracking the flake formation for
this material.

Figure 4. SEM Images Al�MgO (a) and Al�B4C (b) recovered after 2 h and 1 h of milling, respectively.
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For Al�B4C composite, the power is observed to decrease
as a function of the milling time. This may be attributed to
the presence of very hard, fine B4C particles, which behave
as an abrasive and create significant friction at earlier times
during milling. At longer milling times, when these particles
are more and more embedded into Al matrix, their direct
interactions with the milling tools are diminished. Appa-
rently, this effect is stronger than that caused by work hard-
ening of the produced Al-matrix composite particles. The
yield strength for this powder is affected by changing me-
chanical properties of the composite particles as well as by
changes in the particle shapes. At early milling times, when
flakes are formed, the yield strength increase is small
because of the ease with which the flakes are deforming.

Effect of flake formation on the measured process parame-
ters may be tracked to the increase in power (as well as tor-
que, and amplitude of oscillations of rpm and other parame-
ters, cf. Figures 9, 10) at short milling times. Embedding ab-
rasive B4C particles in Al flakes may have caused this
effect. For MgO, the flake formation occurred simultane-
ously with fragmentation of the original MgO particles (not
observed in any partially milled samples), while B4C par-
ticles retained their shapes and sizes until much later in the
milling process.

The effect of abrasive B4C particles is less noticeable in
the slow compaction, so that the changes in yield strength
are dominated by properties of readily deformed Al flakes,
similar to Al�MgO.

As soon as the composite particles are produced, the yield
strength increases. Its further changes are similar to that of

Figure 5. SEM Images Al�MgO (a) and Al�B4C (b) recovered after 4 h of milling.

Figure 6. Yield strength for Al�MgO and Al�B4C samples
recovered at different milling times.
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Al�MgO composite, that is, due to the formation of work
hardened aluminum with tiny embedded boron carbide par-
ticles as observed in SEM images. However, the measured
in real time power and torque decrease; as mentioned above,
likely because of the reduced number of abrasive B4C par-
ticles interacting directly with the milling tools.

A consistent increase in the FWHM shows continuous
structural refinement of the Al-based composite material.
The rate of this refinement appears to be higher when unat-
tached B4C particles are present (shorter milling times). The
rate is reduced once most of the B4C particles are embed-
ded; however, the structural refinement continued during the
entire experiment.

Changes in the motor power measured in real time (and
other real time indicators) as well as changes in XRD pattern
as reflected by FWHM and the yield strength and were found
to correlate with the structural refinement in this material.

Conclusions

Changes in structural and mechanical characteristics of
metal-matrix composite materials prepared by mechanical

milling and recovered at different milling times are com-
pared to changes in the parameters characterizing milling
process in real time. For the material with components softer
than the milling media, increasing yield strength, and struc-
tural refinement directly correlated with increasing motor
power, torque, as well as with increase in the amplitudes of
rapid oscillations of all milling process parameters. Without
inspecting the partially milled powders, formation of flakes
at early milling times can only be unambiguously correlated
with changes in the amplitudes of rapid oscillations of the
milling process parameters, but not with time-averaged val-
ues of these parameters. For the material with a starting
component harder than the milling media, the abrasive action
of the harder starting particles (becoming less significant at
longer milling times) affected the motor power and torque
stronger than the hardening of the prepared composite.

Figure 7. FWHM for aluminum XRD peak at 44.5� as a
function of milling time.

Figure 8. Real-time milling process parameters
recorded for an Al�B4C sample after its 2-h
milling (cf. Figure 2) shown with an expanded
time scale.

Figure 9. Average values and corresponding standard
deviations for real-time indicators measured
to assess milling progress as a function of
the milling time.

Figure 10. Changes in power measured in real time
during ball milling compared to changes in
parameters of the powder samples (yield
strength and FWHM) recovered at different
milling times for Al�MgO and Al�B4C compo-
sites.
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Changes in the milling process parameters measured in real
time were found useful in tracking the milling progress,
although the reduction in the power and torque (as opposed
to their increase) correlated with the material refinement.
Formation of flakes at early milling times could be corre-
lated with changes in both time-averaged values of power
and torque as well as with changes in amplitudes of rapid
oscillations of the measured milling process parameters.
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