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EFFECT OF BALL-MILLING ON MECHANICAL PROPERTIES
OF Mg -3 % Al ALLOYS
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Abstract. The mechanical properties of any structural material are among the most influential factors in determining its
potential application. The aim of this study is to look at how ball-milling affects the mechanical properties of Mg —
3 % Al alloy. Powder metallurgy approach integrating room temperature ball milling at different duration, cold
powder compaction, sintering at inert atmosphere, and hot extrusion techniques were used to fabricate high quality
ultra-fine grained and nanocrystalline Mg — 3 % Al alloy samples. X-ray diffraction (XRD) analysis revealed a
quick reduction in grain size followed by saturation of the grain size at around 36 nm in 30 hrs of milling. In order
to investigate the effect of grain refinement on the stress-strain response of the alloy, the extruded samples were
then subjected to large compressive strains under uniaxial compressive loading. Micro-indentation studies were
conducted with three separate peak loads of 3 N, 5 N, and 7 N to investigate the micromechanical behaviour of the
alloy produced from different milling durations. The loading-unloading curve of the micro-indentation test was
found to be strongly influenced by milling duration of the elemental powder. The grain refining affect was clearly
seen in measurements of microhardness and indentation modulus.
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BJMSTHUE [IIAPOBOT'O N3MEJbYEHUS HA MEXAHUYECKHE CBOMCTBA
CILTABOB Mg — 3 % Al
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Annomayun. MexaHUYECKre CBOICTBA JFOOOTO KOHCTPYKIIMOHHOIO MaTrephaia SIBJISIOTCS OJHHUMH W3 HAnOOJee BaXKHBIX
TIOKa3aTelIeH, OMPEIEISIONINX BO3MOXKHOCTH €ro npuMeHeHus. L[enbio HacTosied paboThl SIBISCTCS U3YYCHUE BITUSHUS
[IAPOBOTr0 M3MEJIbUCHHSI HA MEXaHHYECKHe cBOMCTBA cruiasa Mg — 3 % Al. Jlist M3roToBiieHusI BRICOKOKAUECTBEHHBIX
VABTPATOHKUX O0pasLioB M3 HaHOKpHCTaumdeckoro cmiasa Mg — 3 % Al wucmons3oBajics METOJ MOPOIIKOBOM
METAJUTyPruH, BKITFOYAIOIIM 1IapOBOM MOMOJI TP KOMHATHOM TeMIIepaType pa3iIMyHON MPOAOIIKUTEILHOCTH, XOJI0IHOE
VIUIOTHEHHE TIOPOILIKA, CTIEKAHHE B MHEPTHOM aTMOc(epe, ropsuyro SKCTPY3HI0. PeHTreHoCcTpyKTypHBI aHam3 (XRD)
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rokasajl ObICTpOE yMEHBIIICHHE pa3Mepa 3epeH C TOCICSIYIOIMMM H3MENbUeHHeM TpuMepHo g0 36 M 3a 30 4.
OKCTpYAMpPOBaHHBIE O0pa3Ibl OBUTH TTOIBEPTHYTHI CIUIGHOW JeopMaIii MpH OJHOOCHOW CXKMMAIOIIEH Harpyske ¢
LIETBIO MCCIIEIOBAHMS BIMSHUS M3METIbUCHHS 36pEeH Ha NMPOQuIb HaNpshKeHwWs W aedopmanuro crumasa. [t n3ydeHns
MHKPOMEXaHHYECKOTO TTOBEACHHS CIUIABA, MOJyYEHHOTO TIPU PA3IMIHOM JTUTEILHOCTH N3MENbUCHNS, OBUTH POBEICHEI
HCCIIeTOBAaHNS MUKPOJABICHIUS C TpeMs OTASIbHBIMI ITHKOBBIME Harpy3kamu B 3, 5 u 7 H. Beuio oGHapy»keHo, 910 Ha
KPUBYIO 3arpy3KH — Pasrpy3Kd CHIIBHO BJIWSIET MPOJOJDKUTEIFHOCTh M3MENBUYEHHMS TOpOoLIKa. BimsiHue M3MenbueHus
3epHa ObUIO YETKO BBIPKEHO IPY M3MEPEHNUN MUKPOTBEPAOCTH M 3HAYCHHH BIaBIIBAHMSL.

Knrouesvie cnosa: crinas Mg — Al, mopolkoBasi METaLTyprust, U3MeNbHHUE Ha [IapOBOH MEJIbHHIIE, MEXaHUYECKUE CBOWICTBA
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Introduction

Magnesium-based alloys and their composites are
gaining increased attention for a variety of applications,
including those in the automotive, aviation, and defence
industries [1 — 2]. One of the prime concerns for the
automobile and aviation sectors is the reduction of fuel
consumption and low tail-pipe emissions while improv-
ing safety. Thus, recent developments in lightweight
and high-specific-strength materials, Mg — alloys and
their composites are among the most viable options for
addressing these issues due to their low density and
enduring mechanical properties [3 — 4]. However, the
HCP structure of magnesium limits it plasticity and
corrosion resistance, which somewnhat restricts its use at
large scale in structural application. Despite the many
obstacles encountered, there have been several studies
on magnesium and its alloys and composite over the
past few decades. Most of the studies include designing
of alloy and composite and their optimization, micro-
structural refinement and the characterisation of the
developed materials according to requirements. These
studies were helpful in promoting the applications of
magnesium and its alloys and composites. The open
literature search suggests that the addition of alloying
elements to magnesium has the potential to significantly
enhance the basic properties of magnesium, and thus
the trend in research is to develop magnesium alloys [5
— 6]. As an example, small weight percentage of Al,
which primarily serves as a solid solution strengthening
element, can be added to Mg to enhance its strength and
ductility [7]. The addition of Al content is generally
thought to be small (< 5 wt. %) in order to avoid the
formation of second phase intermetallic particle
Mgz7Al;, that can reduce ductility. Grain refinement is
another strategy that has been a focus of research over
the last two decades, as it is widely regarded as one of
the most successful technique for enhancing strength,
ductility, and formability at the same time [8 — 9].

The main focus of this study is to design and pro-
duce Mg — 3 % Al alloys using powder metallurgy
technique. As the distribution of the grain structure in
the powder metallurgy process largely depends on the
milling time, the powders of the alloying elements were
milled for different duration to produce bulk extruded
samples. The impact of ball milling on the macro and
micro mechanical properties (TS, YS, and ductility) of
the alloys was thoroughly investigated. The compres-
sive behaviours of the alloys prepared with varying
milling times were discussed. The study of micro-
indentation tests under various loading conditions were
reported.

1. Experimental procedures

Pure commercial Mg powder (particle size 60 —
300 pum, purity 98.5 %) and pure commercial Al
powder (particle size 5 — 15 um, purity 99.5 %)
were obtained from Merck, Germany and Alfa Ae-
sar, USA, respectively. Magnesium was selected as
a base material because of its low structural density
and high specific strength, while Al was chosen as
an alloying element because of its capacity to im-
prove Mg’s strength and ductility. The powders
were mixed at a weight ratio of 97:3 Mg to Al and
then degassed and dried for 2 hrs at 200 °C under
vacuum, and the subsequent manipulation was car-
ried out in an argon filled stainless steel glove box.
The oxygen and moisture levels were reduced to
less than 1 ppm inside the glove box. The degassed
powders were placed in a 500 ml hardened steel vial
with 51 hardened steel balls (12.5 mm in diameter)
and sealed within the glove box for conventional
milling. To avoid excessive cold welding, small
amounts of stearic acid were added to the powder.
The ball milling of the powder mixture was carried
out in an inert atmosphere for 0, 10, 20, and 30
hours using a Retsch planetary mill (Model: PM
400). The milling machine was set to 250 r.p.m. at
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room temperature. In order to avoid excessive tempera-
ture rise, 30 minutes of milling were alternated with 30
minutes of rest for cooling using the system's integrated
fans. After milling for a stipulated period, the powders
were opened inside the glove box, and then a hollow
cylindrical compaction die was filled with the milled
powder. The mechanically alloyed powders were cold-
pressed with a 50-ton load through a solid cylindrical
rod, and then they were sintered at 450 °C for 2 hours in
an inert atmosphere. The cold compacted sintered billet
(38 mm dia and 38 mm height) was then extruded at
350 °C with a 25:1 extrusion ratio. The billets were
shocked at 350 °C for 30 minutes before extrusion to
ensure uniform temperature. Fig. 1 is presented the flow
chart of the fabrication process of the Mg — 3 % Al al-
loys prepared from the different milling durations.

X-ray diffraction linewidth analysis was used to
determine the average grain size, constituent phases,
and textural changes of milled powders and extrud-
ed samples. A Shimadzu Lab XRD-6000 X-ray dif-
fractometer using Cu K, (A = 0.154 mm) radiation
and operating in the 6 — 6 geometry was used. The
Hall-Williamson method was employed to estimate
the grain size of the milled powder and their bulk
extruded samples. The average grain size of the
bulk extruded un-milled samples was estimated us-
ing a high-resolution optical microscope.

In order to investigate the effect of grain refine-
ment via ball milling on the macro-mechanical proper-
ties of extruded Mg — 3 % Al alloy, quasi-static uniaxi-
al compression tests were conducted on specimens pre-
pared from as-received, 0, 10, 20 and 30 h milled pow-
ders. The test were performed at strain rate of 4 - 10
s on a fully automated Hounsfield mechanical testing
machine (H50KS) as per ASTM E9-09 standard. Ex-
truded cylindrical samples with a diameter of 6 mm and
a length of 6 mm (aspect ratio (I/d) of unity) in accord-
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ance with the ASTM standard were subjected to a com-
pressive load parallel to the extrusion direction. The
fracture surface of compressive specimens was exam-
ined using a field emission scanning electron micro-
scope (FESEM).

Microindentation tests were carried out using a load-
controlled, completely automated MTR3/50-50/NI in-
strument (supplied by MICROTEST S.A., Spain)
equipped with a Vickers indenter to investigate the mi-
cromechanical behaviour of the Mg — 3 % Al alloy fab-
ricated from various milling hours. Load-displacement
curves were recorded with three distinct peak loads of 3
N, 5N, and 7 N, with a loading speed of 1 N per mi-
nute. Prior to the indentation test, the samples were
metallographically polished to provide a flat surface.
All indentation tests were performed at a constant tem-
perature of 24 °C.

2. Result and discussion

The experimental results of the bulk Mg — 3 %
Al alloys obtained from different milling hours are
discussed in this section. The results of grain size
measurements on dispersed milled powders and
bulk extruded samples prepared from as-received, 0,
10, 20, and 30 h milled powders are presented in
Table 1. It is clear evidence that the average grain
size is reduced with the milling duration, whereas
the average grain growth is around two to three fold
in their bulk extruded samples. The observed grain
growth was inevitable because of the application of
high temperatures during sintering and hot ex-
trussion that was required for high densities, the
removal of adsorbates, and improved inter-particle
bonding. The optically measured average grain size
of the un-milled extruded sample was about 12 pum.
The details pertaining to XRD analysis were report-
ed in our previously published articles [9 — 10].
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Table 1

The average grain size of Mg — 3 % Al milled powders and their bulk extruded samples

Mg -3 % Al Milling duration (in hrs.)
alloy 0 10 20 30
Powder — 94 nm 40 nm 30 nm
Extruded samples 12 ym 148 nm 120 nm 91 nm

Fig. 2, a illustrates the true compressive stress-
strain curves for the bulk Mg — 3 % Al alloys sam-
ples produced via the powder metallurgy and the
corresponding deformed compressive specimens are
presented in Fig. 2, b. The curves represent the
compressive behaviour of samples prepared from
as-received, 0, 10, 20 and 30 h milled powders, hav-
ing 12 um, 148 nm, 120 nm and 91 nm average
grain sizes, respectively. The stress-strain curves of
all four types of samples demonstrate that the mill-
ing duration has a significant effect on compressive
deformation behaviours. The specimens produced
from 20 h and 30 h milled powders withstood large
strains without showing any indications of failure.
The macroscopic appearance of the deformed sam-
ples shows that the samples were coined as a result
of a softening or mushing effect. In contrast, the
bulk extruded samples made from 0 h and 10 h
milled powders showed relatively low strains to
failure of about 16 and 23 %, respectively. The
macroscopic appearance of their deformed samples
reveals that failure occurred at 45 degrees to the
compression loading axis. The 0 and 10 h milled
samples exhibited work hardening behaviour. Con-
versely, the samples with 20 and 30 h milled sample

showed elastic followed by large plastic behaviour.
When the average grain size of the alloy samples
reaches the nanoscale range due to longer milling
durations (20 and 30 h), the work hardening and
work hardening rate decline and almost transform
into perfectly plastic-like behaviour. The reduction
of work hardening rates in the nanocrystalline mate-
rials may be due to the incompetence to develop
dislocation pileup and cell structures in the same
manner as coarse-grained metals. A significant im-
provement in strength can be noticed in the samples
made from 10 h milled powder when compared
with the samples made from 0, 20 and 30 h milled
powders. The substantial improvement in strength
in the sample milled for 10 hours is a result of grain
refinement in accordance with the Hall-Pitch rela-
tionship. While further milling reduces strength, this
might be due to the activation of grain boundary
sliding and diffusion that reduces work hardening.
Mallick et al. [9 — 10] reported similar results ob-
tained from the tensile behaviour of Mg — 3 % Al
alloy. The alloys were prepared with the same pro-
cedure and milling duration.
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Fig. 2. Compression test on Mg — 3 % Al alloys (a) True stress-strain behaviour of the samples and (b) image of the de-
formed samples after test
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Fig. 3, a — d presents the representative loading-
unloading curves obtained from the microindenta-
tion test. The effect of indentation force on the in-
dentation features of each batch of the samples was
predicted by using three different maximum inden-
tation forces (3, 5 and 7 N).

The indentation load (N) vs. penetration depth
(um) curves in all cases had a smooth appearance
without signs of fracture or cracking. The response
to induced elastic strain deformation is primarily
represented by the loading curve, whereas the un-
loading curve represents the response to elastic re-
covery. As can be observed from Fig. 3, a — d the
profile of the loading-unloading curves for various
peak loads are in good agreement for every individ-
ual batch of Mg — 3 % Al alloy samples. As ex-
pected, the indentation depth increases with the in-
crease of indentation load for each case. Fig. 4 de-
picts load-indentation depth curves for the samples
prepared from 0, 10, 20 and 30 h milled powders.
All the samples were subjected to maximum 5 N
indentation load. The result revealed that the 10 h
milled sample had a lower penetration depth than
the un-milled sample. In addition, the nearly verti-
cal unloading curve suggests a small recoverable
(elastic) deformation in the 10 h milled sample. The
higher hardness value in the alloy obtained from 10
h of milling was corroborated by the lower penetra-
tion depth and small elastic recovery. Smaller grains
with a large grain boundary network accumulate
strain energy and dislocation density, which may be
responsible to enhance the hardness in 10 h milling
sample [11]. In contrast, the samples prepared from
20 and 30 h milled powders exhibited higher inden-
tation depths and consequently lower hardness val-
ues. The samples with longer milling times (20 and
30 h) may have had weaker solid solution strength-
ening, resulting in lower hardness values. The solu-
tion of Al in Mg grains may have decreased due to
increase in the volume percentage of MgAIl,O4 0x-
ide particles during extended milling times. Based
on TEM results, Li et al. [8] reported that the 30 h
milled sample did not exhibit any dislocation activi-
ty after deformation. Table 2 lists the indentation
depth, Vickers microhardness, and indentation
modulus corresponding to various indentation loads
for each category of alloy samples. The Oliver-
Pharr method [12] was used to calculate the
microhardness and indentation modulus at room

temperature by using the indentation depth and the
unloading portion of the indentation curve. In each
batch of the synthesised alloy, the hardness dimin-
ishes steadily as the indentation depth increases,
indicating indentation size effect (ISE) with de-
creasing hardness as the load is increased. This can
be explained by the fact that the surrounding matrix
of the indenter acts as a supple substrate at higher
indentation depths, resulting a reduction in the
strain hardening. In most cases, a similar trend was
observed for indentation modulus. The indentation
test results are consistent with the compressive pa-
rameters of the milled and un-milled samples.

The following main findings can be reached
from the material development, mechanical proper-
ty evaluation, and comparison:

Bulk Mg — 3 % Al alloy samples were successful-
ly fabricated using a series of controlled processes,
including room temperature ball milling at different
time duration, cold compaction, conventional sinter-
ing under inert environment, and hot extussion.

The relationship between flow stress and average
grain size of the bulk extruded Mg — 3 % Al alloy
samples was demonstrated by the results of uniaxial
compression tests at a strain rate of 4 - 10~ s on
mechanically milled bulk samples prepared from as-
received, 0, 10, 20 and 30 h milled powders.

3. Conclusions

Milling time strongly affects yield strength,
compressive strength, and strain to failure; as a re-
sult of grain refinement, these values increased
nearly twofold, 12 and 44 %, respectively, in the 10
h milled sample when compared to the 0 h milled
sample. However, when the milling period was
raised to 20 and 30 h, the yield strength and com-
pressive strength declined.

As milling time was increased, the work harden-
ing and work hardening rate reduced, and the mate-
rial tended towards perfectly plastic behaviour as
grain size approached the nanoscale range.

Higher hardness values and lower indentation
depth are associated with the sample made from 10
h milled powder when compared with the sample
made from O h milled powder. In contrast, the sam-
ples made from 20 and 30 h showed high indenta-
tion depths and consequently lower hardness values
when compared with 10 h milled sample.

The optimization of the milling parameters are
crucial to develop Mg — 3 % Al alloy.
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Fig. 4. Loading-unloading curves during micro-indentation under 5 N load for the Mg — 3 % Al alloys with varying milling duration

-77 -



BectHrk CHOMPCKOrO rocyIapCTBEHHOTO HHAYCTPHAIbHOro yHHBepeuteta Ne 2 (44), 2023

Table 2
Load dependent indentation
Millin Load =3 N Load=5N Load=7N
time hrqs hpen.a HV: Eind., hpen.a HV: Eind.x hpen.: HV1 Eind.,
L am kg/mm? GPa um kg/mm? GPa um kg/mm? GPa
0 10.8 111 62.3 14.4 102 57.1 18.3 89 53.5
10 9.4 156 66.7 12.7 140 82.2 16.5 92 59.2
20 10.8 110 67.7 17.0 71 68.6 20.1 63 67.9
30 13.2 78 67.6 17.4 72 58.4 22.8 61 35.0
. hpen — peNetration depth; H, — micro-hardness; E;,q — indentation modulus
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