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Improvement of microstructure and mechanical
properties of AZ91/SiC composite by mechanical
alloying
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AZ91 magnesium alloy reinforced with SiC particulates was fabricated via powder
metallurgy technique as well as mechanical alloying process where a planetary ball mill
was employed. Microstructure and mechanical properties of the fabricated AZ91
composites had been evaluated. Microstructural study showed that grain size of the
material was refined and SiC particulates were well distributed after mechanical alloying.
Mechanical tests of the composite showed an enhanced yield and ultimate tensile
strengths for the mechanically alloyed samples compared with those prepared via the
powder metallurgical route. © 2000 Kluwer Academic Publishers

1. Introduction ticulates are mixed with molten Mg alloys by stirring
Magnesium is one of the lightest metallic materialswhile in solid process, the metallic powder and ceramic
available. Owing to its low density, Mg has been re-particulates are mechanically mixed followed by sinter-
ceived much attention as an important structural maing. The major advantage of the liquid process is low
terial in recent years. The use of Mg is however lim-costand flexible in shape, but the solid process produces
ited due to its low stiffness, low strength, low wear MMCs with good mechanical properties.

resistance and high coefficient of thermal expansion. The major difficulty in the synthesis of Mg MMCs
To enhance its mechanical properties and corrosion rdés the high reactivity of Mg. Some factors involved
sistance, several alloying additions such as Al, Zn, Ndn from the fabrication process can cause degradation
and Si have been used. Since the last decade, Mg basadther than improvement to the mechanical properties
metal matrix composites (MMCs) have been developedf the resulting composite. Special attentions must be
and manufactured using various techniques to achievgiven to the reaction products at the interface between
low density composites with high specific strength,SiC particles and the Mg matrix [5]. MgO may arise
stiffness and creep resistance even at elevated tempeffaem oxide layer on the surface of the SiC as a result
tures [1]. Additional advantages of Mg composites overof heating during the fabrication, as well as from the
unreinforced Mg alloys are improvement in the fatiguereduction of oxides such as ADs. Although ALOs is

and wear resistance and a significant reduction in therstable in pure aluminium, it reacts with Mg in a Mg-Al
mal expansion. Reinforcements used in Mg MMCs arealloy such that [6]:

in the form of either particles, short fibres or long fi-

bres. Particle reinforced MMCs provide isotropic me- 3Mg + Al,03 <> 3MgO + 2Al

chanical properties and low fabrication cost although

the reinforcing effect is less than that using fibres as 3Mg + 4A1205 < SMgAI, 04 + 2Al
reinforcement. A volume fraction of at least 15-20%
reinforcement is preferred for an effective increase o
strength and stiffness in particle or short fibre reinforce . ) ; .
Mg MMCs [2, 3]. For applications that require tensile g,Siin the form of fine particles that are occasionally

; : f 10—-400 nm in size, appears to originate from the re-
creep strength, a short fibre reinforcement of advanci@ction between the S the surface of SiC and the

1ln addition to the oxide films, secondary phase parti-
les, mainly MgSi and AkoMg,; have been observed.

r resistant Mg all is recommended. z . - ) .
creep resista g alloys is recommended. Squee g matrix. Mg,Si is believed to cause embrittlement.

casting may be considered as an economical meth . . )
for producing short fibre reinforced Mg MMCs [2, 4]. he reactions of the Mg are as follows [7, 8]

There are in general two methods employed in the . .
fabrication of Mg MMCs, namely, liquid process and 2Mg+ Si — Mg,Sl
solid process. In liquid process, the reinforcement par- 4Mg + SiO; — Mg,Si+ 2MgO
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Precipitation of the Al,Mg,, phase from solid solution 3. Results and discussion
in AZ91 Mg alloy takes place when the saturated alloy3.1. Microstructure
is aged. In general, the precipitate is in the form of fine3. 7. 7. Powder metallurgically
platelets along the grains of the matrix alloy or as larger prepared MMC
particles at the SiC/matrix interfaces. Fig. 1 shows the microstructure of the matrix material in
Mechanical alloying (MA) or mechanical milling two orthogonal directions, namely, the transverse and
(MM) has been used [9] to improve the mechanicallongitudinal directions. The matrix consists of glob-
properties of Mg MMCs. The technique, although orig-ular Mg grains with lamella AbMg;, decorating the
inally developed for the synthesis of oxide dispersiongrain boundaries (Fig. 1a). Inthe longitudinal direction,
strengthening materials, has been widely used for synAl1,Mg, ; structure about few hundred microns long is
thesizing different kinds of metallic and non-metallic aligned in the direction of extrusion (Fig. 1b). Itis clear
materials [10-12]. In this technique, powder particlesthat the Al,Mg,, is coarse even after the extrusion.
are energetically milled in a vial. After MA or MM, The average grain size of the matrix is 4bn.
very fine grain size with homogeneous structure can be Figs 2 and 3 show the typical microstructure of PM1
obtained [13, 14]. The difficulty in MA is oxidationand and PM2 specimens respectively. The microstructure
contamination which may entirely affect the propertiesof the composite shows that some maodifications to
of the materials being milled [15]. Therefore a goodboth the matrix grains and the eutectig Aflg,; phase
control of the milling atmosphere and milling duration have taken place. It is noted that;A\1g,, precipi-
are critical. tates are always located near the SiC particulates. This
The present investigation focuses on the influence ofs the result of high stress field near SiC due to ther-
MA on microstructural evolution and the correspond-mal mismatch between Mg matrix and the SiC partic-
ing mechanical properties of Mg MMCs. Two different ulate during the thermal process. It has been observed
processing routes, namely, powder metallurgy (P/M)16] that certain orientation relationship exists between
and MA, are used in the study. Al12Mg,; and SiC, namely, [117] wmg,,//[1101sic
and (110),,mg,,//(1120X;c.
Instead of large globular grains, smaller grains with
size of about 5um for the MMC reinforced with 15em

. SiC and 22um with 38 um SiC have been presently
2. Experimental procedures

Nominal composition of the base material used was

Mg9%AI0.7%Zn0.15%Mn. Mg MMCs were fabri-

cated via two different processing routes, conventional 3 i "

P/M and MA process. For the P/M process, 5 batches -(.N et |
i

of MMC samples were fabricated via mixing the base
metal with 10 vol.% of SiC of average particulate sizes
of 15, 20, 25, 38 and 5@m, respectively designated as
PM1 to PM5. For the MA process, the base metal was
first mixed with different amounts of SiC particulates,
namely, 2, 4, 7 and 10 vol.%, designated as MA1 to
MA4 respectively. 2 wt.% of stearic acid was used as
a process control agent. MA was carried out in a plan-f
etary ball mill (Fritsh 5) at an angular rotational speed
of 200 rpm. 40 g of powder mixture was used in each
vial.

Hardened balls of 15 mm diameter with weight ratio
of ball to powder mixture weight ratio of 20:1 were (@)
used. Before milling, the vials were filled with purified
Ar to minimize oxidation of the milled powder. MA
was carried out for different durations, after which the
powder was collected in a glove box filled with Arand |
directly loaded into a die for cold compaction. The cold
compacts were later sintered at 460for 2 hours fol-
lowed by extrusion at an extrusion ratio of 20 : 1. Struc-
tural changes of the extruded rods were monitored using
a Shimadzu Lab-XRD-6000 x-ray diffraction (XRD)
machine with Cu K; radiation operated at 30 kV and
20 mA.

Tensile specimens were machined from the extrudec
rods to 6 mm diameter and 30 mm gauge length. Strai
gauge of 25 mm was used to record the deformatio
of the specimens during tensile test. Tensile test was |
performed using an Instron 8500 at a strain rate of

(b)

0.027%ls. Figure 1 Microstrcture of base metal fabricated using P/M route.

5554



"~

. Meexu

(b)

Figure 3 Microstructure of Mg alloy MMC reinforced with 5am SiC
in (a) transverse direction and (b) longitudinal direction.

observed. It is clear that the presence of SiC has mod-
ified the structure of MMC. Average grain sizes of the
MMC as afunction of size of SiC particulates are shown

in Fig. 4. It can be seen that the grain size decrease
with the decrease in size of the SiC particulates. ASfé\ _
grain boundaries possess a higher surface energy, gras, 40 |
generally tends to grow in order to minimize energy 2 '
during sintering and solution treatment. When fine SiC &
particulates are used, the spacing between the particE
ulates decreases resulting in strong pinning effect tc®
resist grain growth. From the microstructures, the dis-
tribution of SiC particulates appears to be reasonably !
homogeneous although some clustering of particulate: s Do
could be seen. Due to plastic flow of the matrix metal, 10 20 30 40 50 60
SiCis alignedinthe longitudinal direction together with
the Al;oMg;; phase.

Figure 2 Microstructure of Mg alloy MMC reinforced with 15m SiC
in (a) transverse direction and (b) longitudinal direction.

50

Particulate size of SiC (um)

Figure 4 Grain size as a function of SiC particulate size.

3.1.2. Mechanically alloyed MMC

Fig. 5 shows the microstructure of MAed Mg matrix in cally dispersed into the Mg matrix. Although some big
the transverse direction where two phases of Mg and\l1,Mg, particles can still be observed from the mi-
Al12Mg;; can be identified. Compared with the non- crostructure, most of the particles are small. The exis-
MAed MMC, much fine structure can be seen from thetence of the big particles may probably be due to the
MAed counterpart. The fine structure is the result ofshort milling duration and Al has not been well dis-
the original large powder particles of Mg and Al be- tributed and refined.

ing continuously fractured and cold welded during the Fig. 6a and b show the microstructures of the rein-
MA process, thus causing a reduction in grain size. Ndorced Mg MMC with different volume percentages of
large lamellar Mg,Al 1, structure could be observed reinforcement in the transverse direction. Due to the
from the microstructure since Al has been mechanirepeated fracturing and rewelding process to break up
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Figure 6 Microstructure of AZ91 base MMCs reinforced with different
amounts of SiC: (a) 4 vol.% and (b) 10 vol.%.
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Figure 7 Structural evalution of MAed powders at different milling
durations: (a) 0 hour, (b) 2 hours, (c) 6 hours.

Although the MAed MMC has been subjected to high
temperature solution treatment, it still possesses fine
magnesium grains with very fine intermetallic com-
pounds forming along the grain boundaries, a result
of the growth of grain size and MgAl 12 being prohib-
ited by the presence of dispersed fine oxide particles
and SiC.

Results of structural investigation on the MAed pow-
der mixture are shown in Fig. 7. As usual, Mg grain
refinement is clearly indicated by the broadening of
width of the Mg diffraction peak at its half maximum
intensity. Although intensity of the Al diffraction peaks
decreases, they can still be seen after 6 hours of MA
indicating that Al has not fully been dissoluted into Mg.
Longer milling duration may lead to further dissolution
of Alinto Mg but contamination of Fe from the milling
tools may take place because of the existence of hard
SiC particulates. It may therefore be better to shorten
the duration of MA once homogenization has been
reached. The diffraction peaks of SiC can also be ob-
served to decrease as the duration of milling increases.

The decrease in intensity of SiC diffraction is at-
tributed to the reduction of SiC particulate size. Struc-

the Mg and Al powders, a significant improvement in ture of the MAed and extruded Mg specimen after solu-
the distribution of SiC particulates in the matrix can betionising is given in Fig. 8a. With disappearance of Al
observed. At the same time, SiC particulates are alspeaks, it is clear that Al has been fully dissoluted into
being fractured. Since these particulates are harder thahe Mg. Formation of AlMg,; can be detected after
Mg and Al powders, they get embedded into the matrixageing the solutionised Mg MMC, but as its amount of
under collision. Only some clustering of SiC particu- Al1,Mg,; is relatively low and the strongest (330) peak
lates in the composites could be detected as comparexverlaps with the Mg (101) peak, only low diffraction

to that prepared by blending process.
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Figure 10 Variation of hardness with aging duration at 168

cipitate which appears in discontinuous form is not fine

o °l r ﬂ and dense enough, it is unable to produce a significant
* ) strengthening effect.
The present results show that the MMCs reinforced
L S with larger SiC particulates have relatively higher mean
30 40 50 60 70  hardness value as compared to those with smaller SiC
particulates. This hardness increase may be attributed

Figure 8 Structural changes in AZ91/4wt.%SiC specimen: (a) after {g the probability of the hardness indentor hitting onto

Z?'l“;ggs'”g at410C and (b) after solutionising at 410 and ageing 5 |5rger particle was much higher than smaller particu-

lates.
3.2. Effect of aging
3.2.1. Powder metallurgically 3.2.2. Mechanically alloyed MMC
prepared MMC Fig. 10 shows the hardness of the MAed specimens

MMC as a function of ageing duration. The mean hard-at ahout 6 hours, much shorter than that of convention-
ness value reveals that the MMCs achieve their peally processed specimens. This is because the structure
ageing at about 15 hours. However, the increase igf the MAed specimen is generally finer compared to
hardness after ageing is not significant as compared the original non-MAed structure. By the repeated cold
the hardness of the splutio'nised speci.m'eng. The reas@fk|ding and fracturing of the matrix, the end product
may be that after being given a precipitation hardenpgssesses a fine and uniform dispersion of reinforce-
ing heat treatment, an incoherent coarse precipitate ghent material even though the internal stress field could
Al12Mg; 7 was produced without the formation of GP pe higher than that in non-MAed specimens. It is gen-
has shown that the precipitate formed in an ageing harghe internal energy is high. However, the increase in
ened Mg-9%Al alloy consisted coarse;AWg,; plates  hardness after aging was not significant as compared
lying on the basal planes of the matrix. Since the preyg the solutionised specimens. The same trend has also
been observed in MAed Al alloys [17, 18]. This phe-
nomenon is believed to be associated with the dom-
[ ¢I5pm ®20um 4 25um O38pum X 50pm inating effect of dispersion strengthening. The major
difference between non-MAed and MAed specimens
is the difference in grain size. In general, large effect
of precipitation hardening can be obtained if precipi-
tation takes place within the grains. The MA process
causes more areas of grain boundary to be formed. Pre-
cipitation takes place more readily in the area of grain
boundary leading to low hardening effect.
Compared with Fig. 9, the overall hardness of the
MAed MMCs is higher than that of conventional non-
S MAed MMCs. This is most likely due to the effect of
0 5 10 15 20 25 small grain size and well distributed SiC. Itis also noted
Ageing duration (hrs) that as the voIl_Jme of SiC particulates increased, almost
no difference in hardness among MA1 to MA4 spec-
Figure 9 Variation of hardness with aging time at €8 for un-  iImens could be detected, suggesting that the highest
reinforced and reinforced composites of various sizes of SiC. hardness have been achieved.
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3.3. Mechanical properties 300 ]
Fig. 11 shows the tensile test results in terms of 0.2% urs ] z
yield strength (YS), ultimate tensile strength (UTS)and 20 | ——__ e / 17 0
Young's modulus for the non-MAed specimens. As carg i \ ] «
be seen from the figure, the 0.2% YS and UTS of the2 200 | eSS :;
specimens decrease with the increase in SiC particula g ! — * ] g
size. Young's moduli of the specimens are found to% 150 ¢ W 1 2
remain almost constant with respect to the size of SiC 0o F ] §
Elongation measurement in Fig. 12 shows that the : 1 >
effect of size of SiC on the ductility of the MMC is P e 1 95
minimal. In general, in the range measured, size of Si( 0 2 4 6 8 10 12

does not strongly affect the ductility of the specimens.
Based on theoretical consideration, fracture toughness

SiC  (vol.%)

is a function of Young’s modulus, tensile strength andrigure 13 0.2%YS, UTS and modulus of MAed MMC.

particle spacing. Although increase in particle spacing

may lead to an increase in fracture ductility, the de-

crease in yield stress and Young’s modulus may cause Several factors can contribute to the enhanced me-
a decrease in ductility. Therefore the overall effect onchanical properties. Firstly, in the MA process, grains
ductility due to increasing particle spacing and decreasare refined by repeated fracturing. Submicron and even

ing yield stress and Young’s modulus is neutralized.

nano-sized grains can be formed by the process. The

The mechanical properties of MAed specimens aresmall grains contain large grain boundary area which
summarised in Fig. 13. Several features can be obacts as obstacle to dislocation slip by limiting the slip

served:

(i) Both 0.2%YS and UTS of the MAed specimens
are almost 80% higher than those of non-MAed ones
(i) Both 0.2%YS and UTS decrease with the in-

crease in volume of SiC particulates;

(iii) Young’s moduli increase as the amount of SiC
was increased. Overall, the Young moduli are higher a

compared to the non-MAed specimens.
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Figure 11 0.2%YS, UTS and modulus of non-MAed MMC.
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Figure 12 Elongation as a function of size of SiC.
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distance. The boundaries prevent easy passage of slip
from one grain to another resulting in dislocation pile-

.up. Mabuchiet al. [19] studied the mechanical proper-
‘ties of ingot metallurgical (I/M) and rapidly solidified

(R/S) Mg-Si alloys and found that the yield strength of
R/S material was about 4 to 5 times higher than that of
M material. Based on Hall-Petch equation, itis known

at yield stressy, is a function of grain size], as

o =oo+ Kd™/? 1)

whereoy is the stress to move dislocations akdis a
constant.

Developed from Taylor's theory, Armstrongt al.
[20] showed that constari is proportional to the
square of Taylar factoM and to the shear stress
as:

K coM?1, (2)

The value ofM can be determined by finding the com-
bination of slip systems that minimized the summation
of shear strain but still satisfies the required continu-
ity at the grain boundaries. Since less slip systems are
available in a hcp structure of Mg alloy, the valuel\bf

for Mg is larger than that of fcc structure of Al [19, 20].
From Equations 1 and 2 it can be seen that the yield
stress of Mg is strongly influenced by Taylar's factor
M. When M is large, the influence of grain size on
yield stress becomes a dominant factor. Therefore, for
Mg alloys, grain size is important parameter to improve
mechanical properties.

Secondly, the ball milling process also reduces SiC
particulate size by high energy collision. It is known
that strength of MMCs is associated with the spacing
between reinforcement particulates. When the size of
particulate is reduced causing a reduction in spacing be-
tween the particulates, an increase in resistance to the
movement of dislocations will be caused. Lastly, ball
milling may introduce extra reinforcement particulates



such as MgO due to oxidation which is almost unavoid- 16 F
able owing to the presence and increase in surface are i
of Mg particles with milling process. All these factors 4 | N
will contribute to the increase in strength of the MMC. &£ : )

Strangely, it was found that 0.2%YS and UTS de- F
creased as the SiC content increased (Fig. 13). Onec2 |, |
the possible reasons could be the low extrusion ratiogo ot

used which was unable to reduce defects such as voidsS 0.8 |

When high volume of SiC is used, defects become an 3 o
important factor. In the ball milling process, since the 0.6 t

size of the Mg particle is small, surface area per unit 04 T . e .
volume of particle is thus very large. Lat al. [5] has ’ 0 5 4 6 8 10 12

found that as a result of the high reactivity of Mg, SiC
has been observed to react with Mg. SiC particles are SiC  (vol.%)
frequently separated from the matrix by an interfacial
film composed of nanocrystalline MgO particles (10—
70 nm diameter) to a depth depending upon conditions

of_fabncauon_. These f||m's, whlch.can beupto500nm Incorrespondingly increased, resulting in the subsequent
thlckness, will promote interparticle fracturg. The for- reduction in the ductility of the MMC.

mation of MgO is due to the presence of oxide layer on
the surface of the SiC particulate. Si@an be reduced
by Mg during heating. With the increase in volume of
SiC particulates, more brittle MgO layers are formed
leading to a decrease in tensile strength.

In addition, Mg also reacts with SiC particulates to
form an interfacial reaction compound of Mg at the
interface between the Mg matrix and SiC. The presenc
of Mg, Si layer could also weaken the interfacial bond-
ing and cause early debonding of the particulates upon
loading.

The increase in Young’s modulus is not surprised. It
can be explained by the Tsai-Halpin model [21] which
takes the geometry of the reinforcement into account:

Figure 14 Elongation as a function of volume percentage of SiC.

3.4. Fractography

Fractography of the non-MAed MMC is given in

Fig. 15. It can be seen that fracture occurred due mainly

to debonding at the matrix and SiC particulate interface.
he presence of segregation of SiC particulates in the
g matrix leads to separation of the particulates since

_ Em(1+25q\p)

Ec = 1-qve 3)
_ (Ep/Em) -1
~ (Ep/Em) +2S )

where Ec, Em, and Ep are respectively the Young's
moduli of the composite, matrix and particl&4, vol-
ume fraction of particles, and S, particle aspect ratio.

It can be seen that basically the modulus of the MMC
is a function of the Young’s modulus of Mg matrix, SIC
as well as volume percentage of SiC. Increase either ir 4
E, or V, will lead to an increase in Young’s modulus | "
of the MMC.

Ductility of the MAed specimens was significantly
reduced with the increase in the amount of SiC
(Fig. 14). This reduction in ductility could be explained
by the initiation of debonding between the matrix and
the SiC reinforcement by producing voids and microc-
racks and by weakening the bonding. The latter could
be caused by the reaction compounds or poor interfac
ing due to low extrusion ratio. The other explanation
could be that the SiC particulates are being incorpo-
rated into the MMC along the grain boundary of the Mg
matrix during the ball milling process and these acted
as obstacles to the diffusion across the grain boundary
and restricted the movement of dislocations. Hencegigyre 15 Fractograph of AZ91 MMCs reinforced with different size
as SiC content increased, the hindrance effect of SiGf SicC: (a) 15um and (b) 5qum.

(b)
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Figure 16 Fractograph of AZ91 MMCs reinfiorced with different

amount of SiC: (a) 2 vol.%SiC, (b) 7 vol.%SiC and (c) 10 vol.%SiC.

both of these are brittle, it is not surprising that interfa-
cial decohesion takes place before particle cracking.

For larger particles size in the range of @& and
50 1, damage was confined mainly in particle clusters
(Fig. 15b). High tensile stresses in the particle clus-
ters resulting from constrained plastic flow and triaxial
stress intensification led to damage by patrticle cracking
as well as interface decohesion.

Fig. 16 shows the fracture morphologies of MAed
MMCs. For the MMCs reinforced with 2 and 4% SiC,
crack propagation took place by the micro-void co-
alescence of the interconnecting matrix at interface
(Fig. 16a). For the 7% (Fig. 16b) and 10% (Fig. 16c)
SiC reinforced material, particle-matrix debonding and
particle cracking can clearly be seen from the frac-
tographs. These failure modes are the results of local-
ized stress concentration developed at the interface. As
SiC content increases it appears that defects like re-
action compound MgSi and brittle intermetallic com-
pound Ak,Mg,;atthe interface between the matrix and
the particles and at the grain boundaries respectively
begin to play a dominant role not only on the fracture
morphologies but also the mechanical properties of the
composites

4. Conclusions

AZ91/SiC composite materials have been fabricated
via powder metallurgy and mechanical alloying tech-
niques. The composites showed a slight decrease in
yield and tensile strengths when the size of SiC par-
ticulate was increased. An improvement in yield and
tensile strengths was however observed after mechani-
cal alloying.

The increase in mechanical properties of the mechan-
ically alloyed composite could be attributed to grain re-
finement, homogeneous distribution of SiC particlates
and small intermetallic precipitates.

The present results showed that the increase in
amount of SiC in the composite led to a decrease in
yield and tensile strengths. This observation was asso-
ciated to interface reaction between the reinforcement
and the Mg matrix. The interfacial reaction between
Mg, SiC and SiQ during sintering and extrusion re-
sulted in a brittle interface, which finally led to early
debonding between the reinforcement and the matrix.
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can also be observed. This is closely related to thd&teferences

Mg, /Al 1, precipitates located along the grain boun

aries. The presence of the precipitates weakens the graig

boundaries.
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