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Deformation Behavior of Mg-alloy-based Composites
at Different Temperatures Studied by Neutron Diffraction
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Deformation mechanisms in a Mg–Al–Ca alloy reinforced with short alumina fibres were studied by acoustic
emission and neutron diffraction method (ND). The microstructure after deformation was observed by electron
microscope (SEM). The fibres plane orientation with respect to the loading axis was found to be a key parameter,
which influences the active deformation processes, such as twinning and dislocation slip. In-situ neutron diffraction
tests were performed at room temperature (RT) and 100 ◦C. The relative twin volume in the matrix as a function
of the applied compressive load were evaluated from the ND tests. Acoustic emission results indicate a larger
twinning activity and more frequent fibre cracking in sample with perpendicular fibre plane orientation. Both of
these mechanisms increase in magnitude at 100 ◦C.
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1. Introduction

Magnesium alloys are the lightest metallic structural
materials. Therefore they have been attracting sub-
stantial attention in engineering for the last several
decades. Mg alloys have been widely used particularly in
aerospace and automotive industry due to their high spe-
cific strength, low density and excellent damping prop-
erties. Nevertheless, some of their properties as e.g. low
creep resistance, low ductility or degradation of the me-
chanical properties at elevated temperatures limit their
application potential. These disadvantages can be con-
siderably eliminated by adding of ceramic reinforcement
phases, as e.g. SiC or Al2O3 to the matrix alloy [1–4].

In composites besides the deformation mechanisms op-
erating in the matrix (basal and non-basal dislocation
slip, twinning) [5] reinforcement effects as e.g. enhanced
dislocation density, load transfer from the matrix to
fibers or grain refinement [4] are present. Thus, the me-
chanical properties of the composite are influenced by the
volume fraction of the fibers, as well as by theirs orien-
tation with respect to the loading axis.

The acoustic emission (AE) and neutron diffraction
(ND) are a powerful and reliable experimental techniques
for investigating deformation processes in composites.
Both of them gain experimental data from a large vol-
ume of the specimen. The AE is an elastic wave arising
from sudden energy release due to local dynamic changes
in the microstructure caused by the internal or exter-
nal forces. Consequently, the AE technique is capable
to detect acoustic signals originating from the processes
connected with plastic deformation of composites such
as collective dislocation motion, deformation twinning or
fiber cracking [6].
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Neutron diffraction method was used for the investi-
gation of the activity of twinning during deformation [7].
Owing to the large penetration depth of the thermal neu-
trons, this technique is able to bring information about
the deformation processes characterizing the whole gauge
volume. Since the diffraction pattern is sensitive on the
texture variation, the relative twin volume can be mea-
sured from the intensity changes of particular, twin re-
lated grains [8].

The present work focuses on the investigation of the
twinning and dislocation activity during deformation
(under an applied stress) in the unreinforced AX41
magnesium alloy and AX41 alloy reinforced with short
Saffil® fibers. The influence of the fibers’ orientation
with respect to the loading axis is discussed in details.

2. Experimental

AX41 magnesium alloy with a nominal composition of
Mg–6 wt.%Al–1 wt.% Ca was reinforced with 25 vol.%
short Saffils fibers (δ-Al2O3). The material was prepared
by squeeze casting technique. The preform, consisting of
Al2O3 short fibers showing a 2D planar isotropic fiber
distribution and a binder system (containing Al2O3 and
starch) were preheated to 1000 ◦C, inserted into a pre-
heated die (300–360 ◦C) and then infiltrated by the liq-
uid alloy using two-stage application of the pressure. The
mean fibers length and fibers diameter (measured after
squeeze casting) were ∼ 78 µm and ∼ 3 µm, respec-
tively. Specimens for deformation tests were cut from
the bulk with two orientations with respect to the fibers
plane: (i) with the fibers plane parallel (PaO) and (ii)
perpendicular to the longest sample axis which is iden-
tical with the loading direction (PeO). Samples were
not thermally treated. The specimens having dimen-
sion 20× 10× 10 mm3 were deformed in compression at
room temperature and 100 ◦C with an initial strain rate
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of 10−3 s−1. In addition, samples made from the ma-
trix alloy samples without any reinforcement were also
investigated.

The AE response was detected by a computer-
controlled PCI-2 system manufactured by Physical
Acoustic Corporation (PAC). The facility incorporated a
Micro2006 transducer (fabricated by DAKEL-ZD Rpety)
with a flat response between 50 and 650 kHz and a PAC
2/4/6 preamplifier giving a gain of 40 dB. The threshold
level was set at 26 dB, directly above the peak values of
the background noise.

Neutron diffraction measurements were performed
in a biaxial diffractometer TKSN-400 optimized for
the study of internal stresses in polycrystalline ma-
terials. Diffracted neutrons exhibited the wavelength
of λ = 2.3 Å, the neutron flux was approximately
105 n per cm2/s. The detector position was fixed during

the whole experiment. Duration of each measurement
was 4 h. The gauge volume was situated inside the sam-
ple with two 5.5× 5.5 mm2 slits.

3. Results

3.1. Microstructure

The microstructure of the AX41 composite sample af-
ter deformation is shown in Fig. 1. Fibres have clearly
random orientation in fiber planes (Fig 1a–d). In case of
PeO the scanned plane (Fig. 1a, c) is the cross section of
the specimen while in PaO the observed plane is parallel
with the loading axis (Fig. 1b, d). In the PaO specimens
the occurrence of cracked fibers is low at room temper-
ature (Fig. 1b). However, the probability of fiber failure
increases at 100 ◦C (Fig. 1d). For sample with PeO the
fiber cracking is quite frequent even at RT (Fig. 1a).

Fig. 1. Secondary electron images of the deformed specimen with (a) Perpendicular orientation (PeO) (b) Parallel
orientation (PaO) at RT and with (c) PeO (d) PaO at 100 ◦C.
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3.2. Acoustic emission

The true stress-true strain curve for the al-
loy (Fig. 2a) and the composites with PaO (Fig. 2b)
and PeO (Fig. 2c) deformed in compression at room
temperature are depicted in Fig. 2. The yield stress
and ultimate stress is the highest for PaO orientation
(σPaO

y = 390 MPa, σPeO
y = 230 MPa, σPaO

m = 600 MPa,
σPeO
m = 410MPa) which indicates an effective load trans-

fer from matrix to reinforcement phase [9].

Fig. 2. True stress – true strain curves for (a) unre-
inforced alloy, (b) composite with PaO, (c) with PeO
deformed at room temperature.

The common feature of all AE curves is a signifi-
cant peak at the onset of straining. This behavior can
be attributed to the concurrent activity of dislocation
slip in basal and prismatic planes and deformation twin-
ning [10–12]. The steep decrease of the AE signal, which
is typical for magnesium alloys, has two main reasons:

• The dislocation density increases with the increas-
ing strain. Consequently, the mean free path of dis-
locations decreases. Since this parameter is directly
proportional to AE intensity [13], a rapid drop of
the AE signal is obvious.

• The twin nucleation can be expected as a significant
AE source, since it is a result of rapid, collective
motion of several hundred dislocations. As it is
shown in our recent paper [14], in compression the
twin nucleation is dominant only at the onset of
straining. Above the macroscopic yield point the
twin growth dominates, which is not detectable by
AE [15]. Consequently, the AE signal at higher
strains decreases under the detectable limit.

If we perform a closer inspection AE count rate for
the particular samples, we can find several substantial
differences between the AE response of composites PaO,
PeO and the unreinforced alloy, respectively:

• Lower AE activity in composites — this effect is
caused mainly by the presence of the fibers, which
act as obstacles for dislocation motion, and reduce
the mean free path of dislocations. Further, the
twin nucleation is suppressed owing to high internal
stresses [16]. It is noteworthy that there is a higher
intensity of the AE signal in the early stage of de-
formation for perpendicular fibers orientation. The
{1012}〈1011〉-type extension twins are expected to
be the main source of AE. In case of composite with
PaO either the number of nucleated twins is lower
or the size of twins, which also can be the reason for
the lower AE intensity. The combination of more
intensive twinning and a longer mean free path of
dislocations could result in a higher intensity of AE
in the PeO case.

• The AE signals in the terminal stage of the defor-
mation in composites — the observed increase of
the AE activity at higher strains is related to the
fibers failure [16]. As it is obvious from Fig. 2b, c,
this effect is more intensive for the sample with the
perpendicular fibers plane orientation. This feature
can be elucidated as follows: the force acting to
fibers aligned with the loading axis is create com-
pressive force on them. In contrast, forces which
acting to fibers laying in the plane perpendicular
to the loading axis bend the fibers. Such process
can more easily break the fibers making an effective
source of AE.

There are also similar features in the AE response of
composites and matrix, respectively. The yield point cor-
relates with the maximum of AE count rate. In case of
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unreinforced alloy the intensity starts to increase at low
stresses (∼ 40 MPa), which indicates that the twinning is
actives at low stresses [14]. The twinning in the compos-
ite sample with PeO was initialized around ∼ 80 MPa,
while the sample with PaO the activation starts approx-
imately at ∼ 110 MPa of applied stress. The onset of ex-
tension twinning before reaching the macroscopic yield
point is evident and often reported also by other au-
thors [17, 18].

3.3. Acoustic emission at elevated temperature
The true stress-true strain curves obtained in com-

pression at 100 ◦C are shown in Fig. 3 for both orien-
tation of the fibers plane. The yield stress and ultimate
stress is lower for both orientations (σPaO

y = 270 MPa,
σPeO
y = 190 MPa, σPaO

m = 405 MPa, σPeO
m = 245 MPa),

than that for RT. The AE response is clearly higher at
elevated temperature than at RT. This difference of AE
activity mechanical properties is caused by the influence
of thermally activated processes. It is believed that the
non-basal slip systems (pyramidal and prismatic) is in
background of this behavior [19]. Both twinning and the
non-basal slip become easier at higher temperatures. The
critical resolve shear stress (CRSS) at room temperature
is almost 100 times higher than for basal slip. Since the
Burgers vector of this systems is large in comparison to
the lattice spacing of magnesium, the glide of these dis-
locations is rather difficult, requiring thermal activation.
Consequently, the CRSS for the prismatic and pyramidal
slip systems decreases rapidly with increasing tempera-
ture [19, 20].

It was measured previously with in-situ ND that large
tensile strain is present in the matrix, which suppresses
the twinning. The tensile strain reduces at elevated tem-
perature making smaller influence on twinning [9]. Thus,
twinning becomes more dominant and this process in-
creases the activity of AE.

The AE signals in the terminal stage of the deforma-
tion in composites also increased, which indicates to the
more frequent fiber cracking process and nucleation of
cavities. The measured count rate suggests that fiber
cracking in case of PeO is a more dominant mechanism
than for PaO.

3.4. Twinning in Mg composites
The twinning mechanism has significant effect on the

diffraction peaks. Integrated intensity of particular re-
flections changes when twinning occurs. Therefore, ND
experiments are excellent tools for estimation of the
twinned volume. In compression, grains having their
c-axis perpendicular to the loading axis, are optimally
oriented for extension twinning {1012} [13]. In axial
direction, these grains have {1010} and {1120} orien-
tations. The {1012} extension twinning reorientates
the grain by almost 90° making parent-daughter rela-
tions between grains with reflections {1010}–(0002) and
{1120}–{1013}. Relative intensity decrease of the parent
grain peaks is proportional to the twin volume. Concur-
rently, the relative intensity of the daughter grain orien-

tations increases because the part of the newly emerg-
ing twins starts to contribute to the intensity of these
reflections.

Fig. 3. True stress – true strain curves and work hard-
ening rate curve with AE response for (a) composite
with PaO (b) with PeO deformed at 100 ◦C.

In Fig. 4a–f the relative intensity changes of parent
grains determined by single peak fits with respect to their
initial state are presented. In axial direction the {1010}
and {1120} reflections are shown for both PaO (Fig. 4c)
and PeO (Fig. 4e) sample and also for the unreinforced
alloy (Fig. 4a). In radial direction (0002) and {1013}
plane are in parent orientations for specimens (Fig. 4b)
for PaO (Fig. 4d) and PeO (Fig. 4f). According to the
results twinning activates much earlier for PeO than for
PaO. The decrease of relative intensity takes place at
∼ 100 MPa). For samples with PaO twinning is virtu-
ally inactive up to 200 MPa. This behavior is differ-
ent in case of magnesium alloys were the twinning is
observed already at low applied stresses (< 10 MPa).
This difference can be explained with the presence of
fibers. The delayed activation of twinning on macro-
scopic scale in sample with PaO can be explained by the
high LS in the matrix in axial direction [9]. The applied
compressive load has to first compensate the tensile LS.
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Fig. 4. Relative intensity evolution of the grains with “soft-orientation” for: (a, b) the alloy, (c, d) sample with PaO,
(e, f) sample with PeO. In axial direction (a, c, e) {1010} and {1120} peaks represent the parent grains while in radial
direction (b, d, f) the same role corresponds to (0002) and {1013} reflections.

Only after this step the matrix is virtually compressed,
which induces twinning. Another interesting difference
between two orientations is the relative twin volume at
the end of deformation. In sample with PaO twinning is
less dominant, and approximately 20 vol.% of favorably
oriented grains undergo twinning. For PeO this ratio is
around 60 vol.% while for alloy it reaches the 80 vol.%.
This explains the larger ductility of PeO sample.

Conclusions
In this work AX41 composite reinforced with short Saf-

fil fibers was investigated by both acoustic emission and
ex-situ neutron diffraction methods. The influence of de-
formation temperature and fiber plane orientation on the
deformation mechanisms was revealed. The measure-
ments was completed with microstructure investigation
by scanning electron microscope.
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The following conclusions can be drawn:

• Deformation tests show that parallel fiber plane ori-
entation (PaO) has larger reinforcing than the per-
pendicular one (PeO).

• Twinning is more active for perpendicular fiber ori-
entation (PeO) and it activation starts at lower
applied stresses than that for parallel orientation
(PaO). The relative twin volume is smaller than
that for the alloy but much larger compared to the
parallel orientation.

• The increasing testing temperature results in more
frequent twin nucleation at the beginning of defor-
mation for both type of fiber plane orientations.

• Fiber cracking is influenced by fiber plane orien-
tation — in case of perpendicular orientation the
probability of fiber cracking during deformation is
larger. Fiber cracking is more frequent at higher
temperature.
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