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Abstract

AJ51 alloy (5A1-0.6Sr balance Mg in wt.%) reinforced with short
3-Al,0; fibres (Saffil®) has been deformed in compression at
temperatures between 23 and 300 °C. The yield stress and the
maximum stress decrease with increasing testing temperature. The
influence of reinforcement on both characteristic stresses falls
down with increasing temperature. Various strengthening terms
were taken into account. Individual strengthening terms were
calculated and compared with experimental results. Acoustic
emission signal recorded during plastic deformation of the matrix
alloy and composite was used to elucidate details of the plastic
deformation in the matrix alloy and composite. Residual thermal
stresses, generated due to a great difference between the thermal
expansion coefficients of the alloy and ceramic reinforcement, in
the composite matrix at different strain levels were estimated
using neutron diffraction method.

Introduction

Magnesium alloys reinforced with short ceramic fibres combine
good properties of both types of materials: a high stiffness of
ceramic fibres and plasticity of metallic matrix [1]. Such materials
have unique and desirable mechanical and physical properties [2].
Metal matrix composites (MMC) have higher stiffness [3, 4],
higher strength [5, 6], better fatigue properties [7] and lower
thermal expansion [8] than their metallic counterparts. On the
other hand, plasticity of MMCs is lower, especially at lower
temperatures. In spite of many attempts to reveal deformation
mechanisms in composites and their link to microstructure of such
materials, there is no comprehensive explanation of the role of the
reinforcing phase in the plastic deformation of magnesium alloy
based composites. New Mg-Al-Sr alloys are being developed with
the aim to find cast alloys with good creep resistance and good
strength alloys and replace expensive rare earth alloying elements
with some cheaper one [9]. Further possibility how to improve
mechanical properties of the Mg-Al-Sr alloys is to add the
reinforcing phase and prepare a composite. Such materials have
great potential in automotive, high performance defence and
aerospace applications.

The main objective of this study is to investigate mechanical
properties of an AJ51 magnesium alloy reinforced with short
Saffil fibres with the aim to reveal the main features of the
deformation mechanisms. Mechanical tests, acoustic emission
(AE) and neutron diffraction (ND) were used.

Experimental
AJS51 alloy (the nominal chemical composition: Mg—5A1-0.6Sr in

wt.%) was reinforced with 6-Al,O; short fibres (Saftil). The
preform consisting of Al,O; short fibres showing a 2D planar
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isotropic fibre distribution and a binder system (containing Al,O3
and starch) were preheated to 1000 °C and then inserted into a
preheated die (300-360 °C). Preforms were preheated and then
infiltrated by the liquid alloy using two-stage application of the
pressure. The mean fibre length and fibre diameter (measured
after squeeze casting) were ~78 um and ~3 um, respectively.
Volume fraction of fibres was estimated to be (17.9 + 0.3) vol%
Al,Os5. Cylindrical samples were cut so that the stress axis was
parallel to the fibres plane. Compression tests were carried out in
an INSTRON universal testing machine with the displacement
control at a nominal strain rate of 8.3 x 107 s in a wide
temperature range from room temperature (RT) to 300 °C. Fig. 1
shows microstructure of the composite studied taken from the
section perpendicular to the fibres plane. The grain size exhibited
in the non-deformed state for composite d; = (44+13) um and d,
= (110+30) um for the alloy prepared with the same technology of
the squeeze casting.

Fig. 1: Microstructure of the as cast sample (section perpendicular
to the fibres plane).

The computer controlled DAKEL-XEDO-3 AE system was used
to monitor AE on the basis of two-threshold-level detection,
which yields a comprehensive set of AE parameters involving
count rates N¢; and N¢, (count number per second [10]) at two
threshold levels (giving total AE count and burst AE count).

The in-situ neutron diffraction tests were performed at high
resolution two axis stress/strain diffractometer TKSN-400 at
steady state reactor LVR-15.

Results and discussion

Strengthening effect of fibres

True stress-true strain curves obtained for the composite at
various deformation temperatures are presented in Fig. 2. It can be
seen that only at lower temperatures strain hardening is observed.
At higher temperatures, the maximum stress the ultimate
compression strength (UCS) is observed at lower strains. Ductility



at low temperatures exhibits only several percent, at 200 and 300
°C about 10 or 20%, respectively. The values of the compressive
yield stress (CYS) estimated for various temperatures are given in
Table 1. For comparison, the values of the CYS estimated for the
unreinforced alloy are also presented. The reinforcing effect of
fibres estimated at room temperature exhibits 267 MPa and it
decreases with increasing testing temperature up to 156 MPa at
300 °C.

500 — . . ; “
TTRT ]
,;;,’:’,’Z:MMMM
™
400 T100°C
b e
£ s00 T
& ~ T#200°C
% e kY
T
£ 200
E T T=300°C
= e
100+ —
o , , . ,
o 4 8 12 16 20

Plastic strain [%)

Fig. 2: Deformation curves measured at various temperatures.

AJ51 alioy AJS1+ ALLO;
T(°C) CYS(MPa) UCS(MPa) CYS(MPa) UCS (MPa)
23 87 249 354 454
100 81 250 337 447
200 7l 170 290 350
300 57 124 213 246

Table 1: The yield stress and ultimate compression strength
estimated for the unreinforced alloy and composite.
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Table 2: Individual contributions to strengthening following from
the presence of the reinforcing phase.
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it P Po
L fibre length.t b Burgers vector, €, plastic strain
fibre thickness, o5 B=10 for fibres, { volume fraction
alloy stress, y=1./i  AcATl thermal strain of libres
Oun ooma Ao
A distance between o, yield stress in K, Hall-Pech
fibres the matrix constant, d grain
size

Table 3: Meaning of the quantities introduced in Table 2.

The difference between the stress necessary for deformation of the
composite and the stress acting in the unreinforced alloy is a
complex value containing various contributions due to the
presence of fibres: (a) load transfer of the applied stress to the
well bonded fibres [11] (Ac_r): (b) increase of the dislocation
density accommodating the thermal stresses in the particle/matrix
interface which are generated due to the difference of the
coefficients of thermal expansion (Aa) between matrix and
particles [12] (Accrg); (¢) increase in grain boundary area due to
grain refinement — the Hall-Petch strengthening (Acgs); (d)
Orowan strengthening (Acor); (e) generation of geometrically
necessary dislocations which accommodate the fibre/matrix
interface during plastic deformation [13] (Acggo) and (f) residual
thermal stresses Aory (remaining in the matrix when stresses
exceeding the yield stress are accommodated with newly created
dislocations [8]. The stress o¢ necessary for the composite
deformation may be expressed as

Oc = Op +AO—LT + AO—OR + AO—CTE +AO-(:,S + AUGEO + AUTH . (])
Note that the plus sign has in this case only formal meaning,
because indeed we do not know exactly, how to combine the
individual strengthening terms [14]. The models briefly
summarised in Table 2 (meanings of symbols used in Table 2 are
given in Table 3) show that a composite strengthening depends on
the geometrical parameters of reinforcements (size and shape of
fibres or particles, volume fraction of the reinforcement,
interparticle distance), on the physical properties of the
components (thermal expansion coefficients, bonding at the
interface matrix-reinforcement), on the microstructure and
mechanical properties of the components. Contributions to the
strengthening were calculated using model relationships
introduced in Table 2. Results are summarised in Table 4. For
calculation of the individual terms, the following constants were
used: a(AJ51) = 26x10° K' (the own measurements), o Saffil) =
6x10°K™ [15], the shear modulus G = 17GPa, b=3.2x10""m, K,
=0.28 MPam™" [16], Taylor factor y [17], &, =0.35 [18].
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Table 4: Contributions of various strengthening mechanism to the
yield stress of the composite at room temperature.



The effect of the load transfer is based on the existence of shear
stresses at the interface between the matrix and the reinforcing
phase fibres. It is calculated considering the perfect or nearly
perfect bonding between the both components of the composite.
The contribution to the load transfer can be calculated according
to
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using the stress 6, estimated for the unreinforced alloy. Because
in this case all fibres are not aligned into the stress direction, they
are randomly distributed in the fibres plane, only a component of
this stress was applied Ao 1., where } is a mean value of the
direction cosines.

From Table 4 it is obvious that the load transfer and enhanced
dislocation density may significantly increase the composite flow
stress. Other strengthening mechanisms are less important for the
composite strength. Comparing the calculated value of the total
stress with the experimental one it follows that the measured value
is higher. The difference is approximately 100 MPa. This
estimation is surprising because in the case of other magnesium
alloys reinforced with short Saffil fibres the agreement was better
and usually the calculated values of the composite CYS were
higher than corresponding experimental values [19]. This fact
may have these reasons:

i) It is not clear how to combine particular strengthening
terms. In principle synergetic action may be
considered.

ii) Models for composite strengthening consider the

uniform distribution of the reinforcing phase fibres
(or particles). As it can be seen in Fig. 1 this
condition is not fulfilled.

iii) Contributions to strengthening were not exactly
calculated. Probably the equations used are too
simple and it is necessary to take into account more
aspects. Thermal stresses induced into matrix and
load transfer depend strongly on the quality of the
interface bonding [20]. It is possible that the
residual thermal stresses and load transfer are
higher that the calculated values.

To check the possibility that the residual thermal stresses are
higher, neutron diffraction (ND) measurements were performed.
Strain/stress measurement by neutron diffraction is a non-
destructive technique that uses the diffraction of a beam of
thermal neutrons to determine the atomic spacing within a small
gauge volume inside polycrystalline materials.
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Fig. 3: Residual stresses estimated in axial and radial directions.
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The strain dependence of residual stresses estimated using ND in
both axial and radial directions in the cylindrical sample are
shown in Fig. 3. Performing correction using value of the residual
thermal stress estimated using ND the resulting theoretical stress
necessary for deformation of the composite at room temperature is
311 MPa that is closer to an experimental value of 354 MPa.

Deformation mechanisms

It is generally accepted that during straining of a composite,
deformation occurs in the matrix and short ceramic fibres deform
only elastically. Deformation of the scp AJ51 matrix alloy may be
realised by the dislocation motion in basal and non-basal planes as
well as by mechanical twinning. The hardening processes are
connected with the storage of dislocations on non-dislocation and
dislocation type obstacles. In the case of composites, different
obstacles for the dislocation motion in the matrix should be
considered. There are a) non-dislocation obstacles such as grain
boundaries, precipitates, short fibres and b) dislocations in
different slip systems — the dislocation forest. On the other hand,
the moving dislocations can cross slip and/or locally climb; these
are mechanisms leading to a decrease in the dislocation density.
Introducing the reinforcing phases into the metal matrix
influences not only the densities of the thermally formed and
geometrically necessary dislocations, but also the dislocations
stored at reinforcements during deformation. Considering these
effects, the total dislocation density in composites can be written:

Proal = PT + PG (Ps TPa), €)
where pg is the statistically stored dislocation density in
unreinforced matrix, p, is the diminished part of the statistically
stored dislocations due to the addition of a reinforcing phase. The
strengthening in the matrix is attributed to the deformation
resistance induced by the reinforcing phase. According to the
Taylor relation, the contribution to the total stress due to the
presence of dislocations in the matrix may be written:

2
Ao =ayGblpr + p + ps +pa) ° @
This higher matrix dislocation density as well as the
reinforcement/matrix interfaces can provide high diffusivity paths
in a composite. Such possibility may play an important role in the
softening process(es).

To reveal details of the deformation mechanisms operating during
straining of AJ51 alloy reinforced with short Saffil fibres AE
measurements have been used. The true stresses plotted against
the true strain together with the strain variation of the AE count
rates and amplitudes of the AE signals are shown in Fig 4 for the
matrix alloy (a) and composite (b). The strain dependence of the
AE signal has its characteristic course usually observed in
metallic polycrystals with the pronounced maximum at the
beginning of the straining followed with the rapid decrease of the
AE. Observed peak of the AE signal at the low strain can be
described to the twin formation and collective motion of
dislocations [21]. On the other hand, during deformation of
composite, two different maxima of the AE activity are observed.
A higher activity of the AE at the beginning of the straining
decreases with increasing strain. The second Ilower local
maximum is observed at a higher step of straining before the
composite failure.
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Fig. 4: Count rates and amplitudes of the AE signal recorded
during plastic deformation of the matrix alloy (a) and composite
(b) at room temperature and strain rate of 1075,

The first peak of the double maximum at the deformation
beginning is connected with of the generation of the primary

twins {1012}(1010) [22]. According to Klimanek and Pétsch [23]

the second peak may be attributed to the secondary twins’
production in the {IOTI} 1012; system. Following decrease of

the AE activity in the alloy and composite is connected with the
growth of twins. Such mechanism has substantially lower AE
response comparing with the twins nucleation. The observed
increase in the AE activity in the composite close to the end of the
stress-strain curve is connected with the breakage of fibres. The
fibres may be also pulled out from the matrix, which is also a
possible source of the AE signal. Note that results obtained for the
alloy and composite are not directly comparable. Both materials
have different grain size; the mechanical twinning is strongly
dependent on the grain size [24], the comparison of the alloy with
composite can be made only qualitatively. Characteristic
frequencies of the AE signals were estimated using Fast Fourier
Transform. 180 kHz and the higher frequency range from 370 up
to 450 kHz (see Fig. 5). Results are shown in Fig. 5a for the alloy
and 5b for the composite.
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Fig. 5: Characteristic frequencies of the AE signal estimated for
the matrix alloy (a) and composite (b).

Two main frequency intervals were observed; 130-180 kHz and a
higher frequency range from 370 up to 450 kHz (see Fig. 5).

Li and Enoki [25] considered that the signals characterised with
the higher frequencies originate from the twins nucleation while
the lower frequencies are characteristic for glide of dislocations.
Characteristic frequencies estimated during plastic deformation
showed that the early stages of the plastic deformation of the alloy
are realised with both slip of dislocation ensembles and
mechanical twinning. In the composite the role of twinning is not
so important Increasing dislocation density and relatively low
grain size (with respect to twinning) in the composite could
indicate that the dislocation motion is more significant during
deformation of the composite.

Experiments with the AE measurements were repeated at an
initial strain rate of 10 s™. The results are shown in Fig. 6a for
the matrix alloy and 6b for the composite. Differences between
both results presented in Figs. 5 and 6 for both materials may be
easily estimated. It is clear that in this case the twinning plays
more important role in both materials in comparison with results
obtained at the higher strain rate. The obtained results indicate a
significant sensitivity of the twins” formation to the strain rate.
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Fig. 6: Characteristic frequencies of the AE signal estimated for
the matrix alloy (a) and composite (b). The strain rate used was
1077,

Conclusions

Magnesium alloy AJ51 and AJ51 alloy reinforced with 17.9 vol.
% of short Saffil fibres were deformed at various temperatures
from room temperature up to 300 °C. Samples for deformation
were cut from the castings so that the fibre plane was parallel to
the stress axis. During deformation at room temperature, the
acoustic emission signal was measured at two strain rates.
Strengthening effect of fibres was analysed. An increase in the
dislocation density and load transfer were found as the significant
contributions to the fibres strengthening. Neutron diffraction
revealed high level of the residual stresses in the composite
matrix. In both alloy and composite pronounced maxima of the
AE signal at the onset of plastic deformation; in the composite
additional maximum of the AE activity was observed in the
vicinity of the maximum stress. This maximum was described to
the fibre breakage and pulling out of fibres. Fast Fourier
Transform of the AE signal showed that the AE signal frequency
exhibits two regions. Lower frequencies may be described to the
glide of dislocations while the twins” nucleation can be
characterised with higher frequencies. The activity of both
mechanisms is sensitive to the strain rate.
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