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Abstract: Fracture behaviour of nano alumina reinforced magnesium-alloy composites was investigated in
terms of the plane strain fracture toughness (KIC or KIQ) and fracture mode. Also evaluated and reported are
the corresponding Micro Hardness and Flexural Strength. The main aim of this paper was to determine the
amount of AI203 reinforcement that results into best combination of Flexural Strength and Micro Hardness.
Magnesium nano composites containing 3.5,7.0 and 14.0 volume percentage of Al203. Conditional fracture
toughness (KI1Q) is found to decreases moderately with increase in the crack length due to the change in fracture
mode form grossly tensile to predominant shear which is further confirmed by the fractography. A consistently
increasing R curve behaviour was indicated in both the materials with significant increase in total fracture
energy release rate (JIC) with the normalised displacement (6/6c). Fractographic analysis followed by property
index calculations clearly shows that property index remains almost constant with respect to the property for the
two process conditions and thus, confirming the fact that the extent of quasi cleavage facet controls the fracture
shown. A higher value of property indices again indicates that the 7 Vol.% Al203 material exhibits better
strength  properties, which was found to result in increase in fracture resistance bringing out the fact the
3.5Vol.% Al203 materials, studied here obey SEM.
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I. INTRODUCTION

Magnesium material has assumed significant technological importance as structural materials because
the newer design and development methodologies, adopting Alumina reinforcements, have resulted in
enhancement of the fracture resistance of monolithic Magnesium by several fold [1-6]. Among various
Magnesium materials, amorphous Magnesium iniquity combines different to suit several select technological
applications [7-10]. These properties include, high melting point combined with high thermal shock resistance
and excellent thermal as well as electrical insulating properties [8,10]. However, the mechanical properties of
Magnesium material in the monolithic form are far from acceptable levels. Magnesium, in its bulk form, has low
strength (both tensile and flexural) and extremely low fracture toughness as compared to several structural
ceramic material [8]; thus, needing significant improvements so that it can be accepted for any structural
application. One of the means of achieving improved mechanical properties is by using either two-or three
dimensional (designated commonly as 2D- and 3D-, respectively) networks of continuous Alumina as
reinforcements to the Magnesium -matrix material leading to near structural material, known as Magnesium
Metal Matrix Nano Composites. Numerous studies have been conducted in the last two decades on the
toughening of this class of Magnesium. These studies have been comprehensively reviewed [2] as well as by [4]
and later, by [6]. However, to the best of our knowledge, there are no fracture toughness/energy studies reported
so far for the MMNC:s,
During the fracture process of a MMMNCs, various event/developments take place in the three regions of the
fracture, namely the wake of the crack, at the crack tip and finally in the region of process zone ahead of the
crack tip. These influence the net enhancement in the fracture resistance of a MMMNCs. They include some or
most of the following [2,3,5].
1. Local increase in the stree level with the application of external loading,
2. Reative displacement of matrix/interface elements,
3. Matrix microcracking, leading to matrix failure (with or without significant crack path meandering, i.e,crack

deflection and/or branching),

4. Debonding of matrix interface (with or without significant frictional forces),
5. Frictonal silding of the along the matrix Alumina,
6. Loss of residual strain energy.

These process/stages, schematically in Fig.1, result in significant energy dissipation through frictional
events in the wake and process zones, acoustic emission and Magnesium debonding, breakge. Contributions
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fron these stages of crack tip and fibre reinforcents interactions, with or without the contributions from matrix
fracture events, have led to unified models for the fracture resistance in materials that exhibit crack bridging [2-
6].The toughening in these cases of crack bridging is essentially due to ductile or brittle reinforcements. In case
of present MMMNCs, it is later that makes contribution to the toughening.

In the present paper, the fracture behaviour of a two-dimensional (2D) Magnesium — Alumina-
reinforced, Magnesium - matrix composite is presented and discussed.Various parameters of fracture resistance
have been used to quantify the fracture resistance of the material. These include, the plane strain fracture
toughness (KIC), elastic-plastic fracture toughness (JIC) and total fracture energy release rate (JC).Also reported
and discussed are the effects of notch orientation and notch depth on the fracture resistance in these composites.

I1. EXPERIMENTAL PROCEDURE

The composition of nano and micro sized fraction that gives the best mechanical properties, we
experimentally determined to be Mg-3.5%vol.Al203 [1].The powders were compacted into a mold of 45x6x3 by
cold uniaxial pressing at 30 ton/mm---2.The compacted samples have been sintered in a Resistance Furnace at
the temperature of 630°c for 2 hours in an atmosphere of high purity Argon 15L/Min. In these sintering
conditions, established as adequate Oxidation i.e. any loss of Mg was completely prevented. After sintering, the
maximum determined weight losses were under 10%.

As compact pressure increases, plastic deformation takes place in the contact zone between the
particles starts to break. The porosity in the assembly decreases as particles are squeezed into the remaining free
space. The cold welding that occurs during deformation at the inter particle contacts contributes to the strength
of the component. Final compactnesses of 78-88%, depending on the compactness after pressing Mg powder. It
is more evident in the case of the materials elaborated on the basis of Mg spherical powder. The greater the
compacting pressure and the longer the sintering duration the more the compactness reduce.

Single edge notch beam (SENB) specimens of 45x6x3 were used to determine the flexural strength
ASTM standard [2] and plane strain. The fracture toughness was evaluated with the help of notches of different
initial length introduced in using 0.15 mm thick diamond wafer blade, mounted on a standard Isomet cutting
machine. A specially designed jig was used to obtain straight notches by moving the job across the cutting
plane. The notches thus introduced were found to have a finite root radius p typically of the order of 100 pum.
The p values were determined by scanning electron microscope and the crack lengths were found to be in the
range of 0.30, 0.45 and 0.60 times the specimen width. Among these, specimens with crack lengths in the range
specified by the ASTM standard E-399 (0.45-0.55) times width of specimen were only considered for the
determination of K1C values. All the fracture toughness tests were conducted on a computer controlled, servo
hydraulic Instron 8801 test system using a self-articulating 3-point bend fixture. The tests were conducted at
ambient temperature (~25°C) and in laboratory air atmosphere [10,11]. The notched specimens were loaded in
ramp control at a constant ramp rate of 0.5 mm/min. Further, K1Q values were estimated using the equation

P,.S a
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PQ or Pmax is the load corresponding to the a set of unstable fracture (the determination of values is
specified in ASTM Standard E-399 [3], S the span of 3-point bend loading specimen, B the thickness, W the
width and a the crack length. The other specimens with larger crack lengths have essentially used to determine
the values of total fracture energy release rate(J1C) as per the procedure ,dividing in details by Eswara
Prasad[4,12] .The load-displacement curves thus obtained were analysed to obtain various measures of fracture
resistance, and the results are presented and discussed in the following sections.

Figs.4 (a) show the basic data of the load variation with displacement for the two test specimens
obtained from the 3-point bend loading of notched specimen tested of for plane strain fracture toughness, K1C.
The details of the specimens and the properties derived from these fracture toughness tests have been given in
Table 1. The load-displacement curves in Fig.2 clearly indicate that all the specimen fail without noticeable
extent of stable curve extension and thus the Pmax values correspond to failure and use of Pmax values in Eq.1
yield K1C or K1Q. Though specimens with varied a/W ratio were tested, data corresponding to specimens with
a/W Values in the range of 0.30-0.0.60, as specified by ASTM standard E-399, were used to derive K1C value.
The values of Kmax and KQ derived form their tests are also listed in Table 1. The data in Table 1 show that the
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material exhibits valid Kmax/ KQ values (<1.1) for all values of a/W in the range of 0.3-0.0.6. In view of these
observations, the KQ values derived from specimens with a/W of 0.30, 0.45 and 0.6 in all case. The values of
conditional fracture toughness (K1Q) were found to decrease moderately with increase in the crack length. This
is due to the change in mode of fracture with increased crack length. At higher crack lengths, the fracture mode
gradually changes to predominantly shear, while the same at lower areas lengths (a<0.60 W) is predominantly
tensile. This is true for all conditions as is evident from the microstructure.

The values of both Pmax (12-25 N) and critical displacement at fracture, dmax (0.02-0.04) are also
very small, the determination of which requires extremely low capacity low cells and highly sensitive linear
variable differential transducers (LVDT). Single edge notch beam (SENB) specimens of 3 mm thickness, 6 mm
width and a span length of 45 mm were used. The fracture toughness/energy was evaluated in notch
orientations, namely crack divider orientation, in which the notch is along the orientation of the thickness
direction.

Notches of varied length were introduced using 0.3 mm thick diamond wafer blades, mounted on a
standard Isomet cutting machine. A specially designed jig was used to obtain straight notches by moving the job
across the cutting plane. The notches thus introduced were found to have a finite root radius, p, typically of the
order of 160 um. The P values were determined by Delta TM 35 x-y profile projector. The notch root radii, in
the crack divider orientation, were found to be similar. The crack lengths were maintained in the range of 0.30
to 0.6 times the specimen width. Among these, specimens with crack lengths in the range specified by the
ASTM standard E-399 [2] (0.45-0.55 times the specimen width) were only considered for the determination of
Klc values. The other specimens with larger crack lengths were employed essentially to determine the work of
fracture [5], which results will be reported separately. The fracture energy determined from the load-
displacement data were used to determine the elastic-plastic fracture toughness, JIC and the total fracture
energy release rate, Jc. The later two fracture resistance parameters are based on J- integral [6].

All the fracture toughness tests were conducted on a computer controlled, servohydraulic. Instron 8801
rest system using a self-articulating 3-point bend fixtures of MTS 880 test system. The tests were conducted at
ambient temperature (~230C) and in laboratory air atmosphere. The notched specimens were loaded in ramp
control at a constant ramp rate of 0.5 mm/min. The load-displacement curves thus obtained were analysed to
obtain various measures of fracture resistance, and the results are presented and discussed in the following
sections.

The load-displacement data obtained for crack divider orientations are shown in Figs.3. Crack lengths
are given as normalized values (crack length ‘a’, normalized with the specimen width, ‘W’). Though three tests
with different a/W values were conducted in the crack divider direction, for the sake of clarity, only three load —
displacement plots are included in Fig. 3. On the other hand, all the three load-displacement plots obtained are
included in Fig.3 for the crack divider direction.

I1l. FRACTOGRAPHY

SEM fractographs obtained from the specimens tested till failure under flexural (3—point bend loading)
testing are shown in Figs.4 Mg-Al203 and AlI203+ Ni conditions. Though large numbers of fractographs at
different magnifications are obtained in each of the two process conditions, for the sake of clarity only one
representative fractograph for each condition is included. These fractographs clearly show that Mg material in
Mg- AI203 and Mg- Al203 -Ni conditions fail by mixed fracture comprising of low degree of ductile,
microdimples and transgranular shear fracture, with predominant extent of low energy quasi-cleavage faceted
fracture[7,8].In case of Mg- Al203, the size of the quasi-cleavage facets are much finer. This is because of the
fact that the Mg material in as Al203 condition is of finer grain size as also, because the crystallite size too is
much smaller. The fracture facets under these conditions comprise of more cleavage planes where fracture
initiated needs to relocate additional facets in the neighbouring grains for further crack extension. Such process
needs higher fracture energy as compared to the situation where in the cleavage facets have to encounter less
number of grain / crystallite boundaries. In addition, higher the energy required for the fracture process, the
material would withstand fracture till higher stresses [8,9]. Such high fracture stresses facilitate the formation of
more number of microdimples and higher extent of transgranular shear fracture. Hence, with increasing grain /
crystallite size, the facets are much coarser and the extent of microdimples and transgranualr shear is much
lower (see Fig.4); thus, resulting in much lower flexural strength and fracture energy values K1Q or K1C or JC
or J-R —Aa. The fact that Mg material with coarser grain resulted in net decrease in the cleavage facet area
showing an inverse relation between mechanical property (of or K1Q) with the extent of quasi-cleavage
fracture facets( %QCF).

The strength and fracture toughness properties of Mg evaluated and reported are the results thus
obtained are discussed in terms of the micro structure, grain size and fracture mode in two most widely
employed process conditions of as and
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Figure 3: Representative Load-Displacement Curves sho

fracture energy release rate (J.) of Mg/(3.5Al,05+Ni)

Figure 4: fractographs showing: (a) cleavage failure in pure Mg, (b) localized dimple like structure in
Mg/3.5Al,0;, (c) uniform dimple like features in Mg/(3.5Al,03+3.0Ni) and (d) Mg/(3.5Al,05+6.0Ni), with

predominant crack formations.
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IV.CONCLUSIONS

The MMMNCs material has been comprehensively evaluated for its fracture resistance. These properties pertain
to the values at ambient test temperatures. The significant findngs are:

The MMMNCs material exhibits a grossly different nature of variation in the load with displacement in
crack divider arester orientations.

The KIC values determined for the material are conservative in nature. The values determined are 2.05
MPa m in the crack divider orientation.

The fracture process in the crack divider direction was found to occur under stable conditions, validating
all the three fracture toughness parameters evaluated in the present study. The same in the crack arrester
direction is less deterministic as the matrix failure occurs under apparent unstable conditions.
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