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In the present work neutron di�raction has been applied for ex situ investigation of residual stresses in
Mg�4%Al�1%Ca (AX41) magnesium alloy reinforced with short Sa�l �bers. Samples were deformed in com-
pression at room temperature. Two types of �ber arrangement were investigated. In both samples the �bers were
homogeneously distributed and arranged in parallel planes with a random �ber orientation. In the �rst sample
these planes were parallel with the loading axis and in the second one they were perpendicular to the loading
direction. Signi�cant dependence of both the mechanical properties and residual strains on the �bers orientation
was observed. Sample with parallel �ber arrangement showed higher hardness and lower ductility. Further the
increment of residual tensile lattice strain in the matrix with a macroscopic deformation is much higher than in
the other case. It was found that the residual strain evolution strongly depends on the orientation of grains in the
matrix.
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1. Introduction

Magnesium alloys belong to the lightest structural ma-
terials and therefore they are attractive candidates for
many industrial applications. Nevertheless, some of their
properties, as e.g. the low creep resistance or the ob-
served degradation of the mechanical properties at el-
evated temperatures, limit their application potential.
These disadvantages can be considerably eliminated by
an adding of ceramic reinforcement phases, as e.g. SiC
or Al2O3, to the matrix alloy [1�4].
The investigation of the deformation mechanisms of

�bers reinforced magnesium-based composites is a chal-
lenging task. Beside the deformation mechanisms op-
erating in the matrix (basal and non-basal slip, twin-
ning) [4], further reinforcement e�ects (e.g. load transfer
from the matrix to �bers; enhanced dislocation density
due to geometrical and thermal mismatch between ma-
trix and �bers) have to be taken into account. Thus, re-
sultant mechanical properties of a particular composite
are in�uenced by several factors such as size and volume
fraction of �bers and their orientation with respect to
the acting load [5] and existing residual internal stresses.
Understanding the role of these parameters in the plastic
deformation process is crucial from the point of view of
the possible production of high-performance composites.
The neutron di�raction method has been found as an

e�ective experimental technique for the investigation of
the metal matrix composites [6]. Owing to the large pen-
etration depth of the thermal neutrons, the results char-
acterize a large sample volume. Since the di�raction pat-
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tern is sensitive to the changes of the lattice parameter,
the lattice strain and the residual stress distribution can
be evaluated.
The present work focuses on the investigation of

the evaluation of the residual strains in the deformed
AX41 magnesium alloy reinforced with short Sa�l �bers.
The in�uence of the �bers orientation with respect to
the loading axis is discussed in detail.

2. Experimental

AX41 magnesium alloy (nominal composition Mg�
4 wt% Al�1 wt% Ca) reinforced with 20% of short Sa�l
�bers (δ-A2O3) was investigated in this study. The mate-
rial was prepared by the squeeze casting technique. The
�bers exhibited the mean length of 80 µm and a diameter
of 3�5 µm. Specimens with the size 20 × 10 × 10 mm3

were fabricated from ingots with two orientations of the
�bers plane: respectively parallel and perpendicular to
the stress axis. Within a given �bers plane, the �bers
had random orientation (see Fig. 1).
Neutron di�raction measurements were performed in

a high resolution (∆d/d ≈ 2−3 × 10−3) biaxial di�rac-
tometer TKSN-400 optimized for the study of internal
stresses in polycrystalline materials. Di�racted neutrons
exhibited the wavelength of λ = 2.3 Å, the neutron �ux
was approximately 105 n per cm2/s. The di�ractometer
was equipped with two-dimensional 3He positive sensi-
tive detector with 220 × 220 mm2 active window and
space resolution of 0.8× 0.8 mm2. The detector position
was �xed during the whole experiment. Duration of each
measurement was 4 h. The gauge volume was situated
inside the sample with two 5.5× 5.5 mm2 slits.
The tests took place ex-situ, i.e. the specimens were

pre-deformed at room temperature in compression with
an initial strain rate of 10−3 s−1 to predetermined strain
values. The lattice strain of the magnesium matrix was
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Fig. 1. Scheme of the �bers orientation in the speci-
mens (a) �bers plane parallel to the load axis (parallel
orientation), (b) �ber plane perpendicular to the load
axis (perpendicular orientation).

evaluated as a function of the macroscopic stress level.
Lattice strains were measured in both axial and radial
geometry, i.e. in parallel and perpendicular orientation
of the di�raction vector with respect to the loading and
�bers plane directions. Since the di�raction spots from
individual grains were visible in the di�raction ring, the
sample was rotated during measurement in order to in-
crease a number of di�racting grains in the irradiated
gauge volume and improve the averaging of the measured
lattice strains.

3. Results and discussion

As it is obvious from Fig. 2, the mechanical proper-
ties show a strong in�uence of the �bers orientation with
respect to the loading axis. In the case of the parallel
orientation, the sample exhibit signi�cantly higher yield
and tensile strength. As it was shown by several au-
thors [7, 8], the largest contribution to the strengthening
of �bers reinforced composites is given by the load trans-
fer from the matrix to the �bers. The observed behavior
is in agreement with the shear lag model [9], which deter-
mines the stress necessary for deformation of a composite
due to the load transfer as follows [10]:

σLT = σm

(
1 +

(L+ t)A

4L

)
f + σm(1− f), (1)

where σm is the yield stress in the matrix, L is the �ber
size in the direction of the applied stress, t is the �ber
size in the perpendicular direction, A is the �ber aspect
ratio (L/t) and f is the volume fraction of the �bers. Us-
ing the above listed values determined from experimen-
tal data, the ratio between the σ‖LT and σ⊥LT is approx-
imately 2, which corresponds (within the experimental
error) to the ratio between yield stresses measured in par-
allel (σ‖02 =287 MPa) and perpendicular (σ⊥02 =150 MPa)
direction, respectively.

Fig. 2. True stress-true strain curve of AX41 compos-
ite (a) with perpendicular �bers plane orientation, (b)
with parallel �bers plane orientation.

The residual lattice strain was calculated using the
Bragg law, which gives the relation between the scat-
tering angle (θ) and lattice spacing (d) as

2d sin θ = λ. (2)
The strain (e) is given by di�erentiating the Bragg
equation

e =
d− d0
d0

= −(cot θ)(θ − θ0). (3)

The angle θ0 was measured for each di�raction peak on
the reference sample, which was the unreinforced AX41
magnesium alloy which was considered to be in the stress-
free state. Four peaks were measured with the 2D detec-
tor: (00.2), (10.0), (11.0) and (10.3).
The residual strain is plotted as a function the applied

stress for both types of composites in Figs. 3 and 4. In
the composite with the parallel �ber plane orientation the
residual strain on all four planes has a tensile character
already in the initial state. This feature can be explained
by the di�erent thermal expansion coe�cient (CTE) of
the matrix and alumina �bers (Mg: 27 × 10−6 K−1,
Al2O3: 7.2×10−6 K−1) [11]. Owing to the larger CTE of
magnesium, the hydrostatic tensile thermal strain arises
during the solidi�cation process [12] and following cool-
ing to ambient temperature. This e�ect is not present
in the axial direction for the perpendicular �ber plane
orientation, most probably due to the high aspect ratio
of the �bers (Fig. 4a). On the other hand, high tensile
strain appears in the radial direction (Fig. 4b).

Fig. 3. Residual strain evolution in AX41 composite
with parallel �ber plane orientation (a) in axial direc-
tion, (b) in radial direction.
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Fig. 4. As in Fig. 3, but for perpendicular �ber plane
orientation.

An interesting e�ect can be observed at both compos-
ites in the axial direction (Figs. 3a and 4a). The lattice
strain evolution shows an inverse behavior, i.e. the com-
pressive deformation increases the residual tensile strain
in the matrix. In the case of the parallel �ber orientation
this e�ect can be explained as follows: the reinforcement
phase during macroscopic loading deforms elastically and
during unloading returns to its initial state. The matrix,
owing to the previous compressive deformation, needs to
elongate, which creates tensile strain in it [13]. In the
case of perpendicular �ber orientation the appearance of
the tensile strain is rather unexpected. Its presence can
be attributed to the not perfectly planar distribution of
the reinforcement, i.e. the longitudinal axis of the major-
ity of the �bers is not quite perpendicular to the loading
direction (Fig. 5).

Fig. 5. AX41 composite with �ber plane perpendicular
to the load axis.

In the radial direction, the initial tensile strain de-
creases for both �ber orientations (Figs. 3b and 4b). This
e�ect is caused by the balancing Poisson reaction to the
axial tensile stress that increases with increasing di�er-
ential �ow of the matrix relative to the �bers.
Based on the lattice strain results two further com-

ments can be proposed:
First, in the axial direction the lattice strain in the

matrix is larger for the parallel �ber plane orientation,
which indicates a more e�ective �bers e�ect of the �bers.

Second, in the radial direction the compressive lattice
strain reached a higher level for the perpendicular �ber
orientation. As it can be seen in Fig. 1a, the perpendic-
ular specimen is more ductile. It means that the matrix
was more deformed and during the unloading the larger
compressive strains arose owing to the di�erent response
of the matrix and �bers on this process.
It is obvious that the evolution of the residual lattice

strains with the applied stress is di�erent for the partic-
ular planes. Similarly to the observations in the liter-
ature [14-15] �soft-orientations� and �hard-orientations�
were observed. The extensive twinning on the {112̄0}
planes belongs to the most probable deformation mode
in magnesium along the basal slip [16]. The measured
{00.2} and {10.3} planes represent parent orientation
with respect to the axial detector in the given experimen-
tal geometry. Figures 3a and 4a show a relaxation of the
{00.2} and {10.3} lattice strains at the stress levels close
to the experimental yield stress, which emphasizes the
important role of the {112̄0} twinning mode in the strain
accommodation. Consistently, the daughter {10.0} and
{11.0} orientations have to accumulate larger portion of
load, since the twinning process reorients them out from
position favorable for both basal slip and extension twin-
ning. Therefore their deviation has an opposite sign than
that of their counterparts.

4. Conclusions

In this work AX41 composite was investigated with ex
situ neutron di�raction method. The following conclu-
sions may be drawn:

� Deformation curves show signi�cant di�erences be-
tween the two types of composite samples. Paral-
lel �ber plane orientation signi�cantly improves the
yield stress and strength. On the other hand, the
ductility decreases in comparison to the perpendic-
ular �ber plane arrangement.

� Neutron di�raction measurements support the me-
chanical test results. The residual lattice strain in
the matrix in axial direction, is higher for paral-
lel �ber plane arrangement, which indicates a more
e�ective reinforcement e�ect of the �bers.

� For the perpendicular �ber orientation, the com-
pressive lattice strain in the matrix achieved a
higher level (measured in the radial direction),
which is caused by the higher plastic deformation
of the matrix.
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