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Short C fibres–Mgmatrix composites have been produced by friction stir processing sandwiches made of a layer
of C fabric stacked between two sheets of Mg alloy AZ31B or AZ91D. This novel processing technique can allow
the easy production of large-scale metalmatrix composites. The paper investigates themicrostructure of FSPed C
fibre–Mg composites in relation with the fragmentation of the C fibres during FSP and their influence on the
tensile properties. 3D X-ray tomography reveals that the fibres orient like onion rings and are more or less
fragmented depending on the local shear stress during the process. The fibre volume fraction can be increased
from2.3% to 7.1% by reducing the nugget volume, i.e. by using a higher advancing speed inAZ31B alloy or a stron-
ger matrix alloy, like AZ91D alloy. A higher fibre volume fraction leads to a smaller grain size which brings about
an increase of the composite yield strength by 15 to 25%. However, a higher fibre volume fraction also leads to a
lower fracture strain. Fracture surface observations reveal that damage occurs by fibre/matrix decohesion along
fibres oriented perpendicularly to the loading direction.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Magnesium alloys have attracted much attention over the last few
years, mostly in view of applications where their low specific mass
could be an advantage [1]. In particular, Mg matrix composites appear
as possible substitutes for Al alloys [1–4].Moreover, Mgmatrix compos-
ites can present a better creep resistance than the unreinforced matrix
alloy [4]. However, their production is faced with a number of chal-
lenges as well for the liquid routes as for the powder metallurgy route
[2,3,5,6]. Friction Stir Processing (FSP) is a novel solid-state process
that has developed recently based on the same principles as Friction
Stir Welding (FSW) [7]. The method has now established itself as a
very effective and versatile tool for modifying microstructure and, in
particular, for processing MMCs in view of tailoring material proper-
ties [8,9]. The method for inserting the reinforcing phases in the matrix
is an essential experimental parameter for the production of MMCs by
FSP [3,10]. A number of different methods have been described in liter-
ature. They have been recently reviewed by Avettand-Fenoël et al. [10].
Particles or short fibres either have been deposited on the alloy surface
ulty of Applied Science, A&M
lytech 1, Allée de la Découverte
[11] or have been placed in grooves [4,10,12] or in holes [13]. Alterna-
tively, particles have also been loaded in holes drilled in the FSP tool
[14,15]. Experimental procedures are quite complex and there is always
a risk that porosities remain in the composite [11].

A new, easier and much less labour intensive method for dispersing
the reinforcing phase in the bulk of the composite has recently been
devised by the present authors [16,17]. It consists in placing a layer of
C fabric in between two sheets ofMg alloy and in subsequently applying
FSP to this assembly, as schematically represented in Fig. 1. This pro-
cessing route for the production of short fibre MMC could be extended
to the production of larger structural parts. This newprocess has already
been shown to lead to sound composites when optimizing FSP parame-
ters (i.e. rotational and advancing speeds) [17]. Preliminary optical mi-
croscopy observations showed that FSP brings about a significant grain
refinement [16,17], as a result of the high temperature and intense plas-
tic deformation, which induce dynamic recrystallization and precipitate
dissolution or coarsening [7–9,18]. The presentwork investigates the ef-
fect of the processing parameters on the fragmentation of the C fabric
into short C fibres, along with its influence on microstructure evolution
and on tensile properties after FSP. The process was used for producing
C fibre reinforced composites, comparing two different Mg–Al–Zn
matrix alloys with different strength. Alloy AZ31B is a fairly ductile
single-phase α Mg alloy, while alloy AZ91D is stronger but shows
much less ductility. The paper analyses the fragmentation and the
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Fig. 1. Schematic representation of the method used for inserting the reinforcing phase
into the substrate, with definition of the x, y and z directions. A layer of C fibre fabric
is stacked between two sheets of Mg alloy, and the resulting sandwich is friction stir proc-
essed to produce a composite reinforced with short C fibres.

Fig. 2.Micrographs of basematerials: (a) Opticalmicrograph of AZ31B after etchingwith a
solution of 10 ml of acetic acid, 4.2 g of picric acid, 10 ml of deionized water and 70 ml of
ethanol and (b) SEM micrograph of AZ91D.
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orientation of the fibres in view to gain a deeper understanding of
the influence of these parameters on grain size and on mechanical
properties.

2. Experimental procedure

2.1. Base materials

The two Mg–Al–Zn alloys are commercial rolled sheets of alloy
AZ31B, and as-cast plates of alloy AZ91D. Table 1 summarizes the
alloy composition measured by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) along with their hardness. Small
amounts of Mn are present in both alloys in order to fix Fe and other
detrimental impurities into relatively harmless intermetallic precipi-
tates [19]. The base material (BM) for alloy AZ31B exhibited more or
less equiaxed α-Mg grains (Fig. 2(a)). The as-cast plates AZ91D BM ex-
hibited a two-phase microstructure with β-Mg17Al12 intermetallic pre-
cipitates coarsely distributed at the α-Mg grain boundaries (Fig. 2(b)).
Some porosity was present as casting defects. The reinforcing phase
was inserted in the form of a Lyvertex® C fabric produced by Carbone
Lorraine, the characteristics of which are given in Table 2 [20].

2.2. Processing conditions

Friction stir processing was carried out under displacement control
using a Hermle milling machine. The sample was a sandwich made
by inserting one layer of C fibre fabric between two sheets of alloy
AZ31B, or between two plates of alloy AZ91D (Fig. 1). The total thick-
ness of the sandwich was always 3.5 mm. The FS processing direction
was perpendicular to the rolling direction of the sheets AZ31B. The
FSP parameters were reproduced from a previous study that aimed at
identifying the parameters ensuring a homogeneous distribution of
the reinforcement [17]. The composites with matrix AZ31B were
FSPed with a rotational speed of 1500 rpm and an advancing speed
of either 80 mm/min or 300 mm/min. The composites with matrix
Table 1
Chemical composition (wt.%), measured by ICP-OES, and hardness [HV10] of the twoMg-
Al-Zn alloys.

Al Zn Mn Si Ni Fe Cu Mg Hardness [HV10]

AZ31B 2.85 0.73 0.45 b0.01 b0.01 b0.01 b0.01 Bal. 91.99 ± 1.2
AZ91D 8.95 0.59 0.16 0.04 b0.01 b0.01 b0.01 Bal. 74.28 ± 0.53
AZ91Dwere FSPedwith a rotational speed of 500 rpmand an advancing
speed of 80 mm/min (Table 3). Fig. 3 shows macrographs of the com-
posites obtained according to these three sets of processing conditions.
Usewasmade of a tool of 20 mm diameter with scrolled shoulder and a
6 mm diameter pin. The pin was 2.7 mm long and threaded with three
flats (see Fig. 1 in [21]). The tool was tilted backwards by an angle of 1°.
In order to obtain a sufficiently homogeneous distribution of the rein-
forcing phase in the nugget, three partially overlapping passes were
carried out at y = 0 mm, y = −1.5 mm and y = 1.5 mm (see Fig. 1).
An identical procedure was applied to reference samples consisting of
two metal sheets without carbon fibre fabric inserted in between.
Fig. 4 presents records of the tool temperature during the process. It
shows that the temperature profiles are identical for the reference sam-
ples as for the composites.
2.3. Microstructure characterisation

The microstructure of the homogeneous nugget zone of the C–Mg
composites was characterised by optical microscopy and scanning
electron microscopy (SEM). Samples for microstructural examination
were polished following standard procedures. In some cases, they
were etched with a solution of 10 ml of acetic acid, 4.2 g of picric acid,
Table 2
Characteristics of the C fibre fabric used as reinforcing phase [20].

Thickness
(mm)

Fibre volume
fraction (%)

Fibre density
(g/cm3)

Fibre diameter
(μm)

Young's
modulus
(GPa)

0.52 30-35 1.74 7 230



Table 3
Average grain size as a function of processing conditions for C fibres–Mg composites and
for reference samples.

Material AZ31B AZ91D

Processing
parameters

80 mm/min,
1500 rpm

300 mm/min,
1500 rpm

80 mm/min,
500 rpm

Without C fibres 15.9 ± 5.3 μm 16.4 ± 5.6 μm 9.3 ± 3.1 μm
With C fibres 12.9 ± 4.0 μm 10.0 ± 3.6 μm 6.2 ± 1.9 μm

Fig. 4. Temperature profiles recorded upon processing composites AZ91D and reference
samples, using two thermocouples inserted in the tool centre at distances of 3 mm and
13 mm from the shoulder, respectively. The processing parameters are an advancing
speed of 80 mm/min and a rotational speed of 500 rpm.
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10ml of deionizedwater and 70ml of ethanol [22], in order to reveal the
grain structure.

The size distribution and the local orientation of the fibres in the
composite have been analysed by 3D X-ray tomography using a labora-
tory equipment with a procedure already described in detail in Buffiere
et al. [23]. Given the small size of the particles and the faint attenuation
contrast between C and Mg, special care has been taken in the imaging
conditions. The transmission X-ray tube (W target) was operated at a
low accelerating voltage (50 kV) and high intensity (275 μA). The size
of the X-ray spot in these conditions is about 1.5 μm. The number of
projections was 900 and the exposure time for each radiograph was
2 s. To overcome saturation, each radiograph was an average of 3 expo-
sures of 667 ms each. The voxel size was set at 1.6 μm.

In order to improve the counting statistics and signal to noise ratio in
the reconstruction and to reduce the ring artefacts, a new “scan averag-
ing” procedure was also adopted in this work. Three similar scans of
each sample were acquired, the sample being physically translated of
30 μm along the rotation axis between each scan. These three scans
were then registered back and combined by an arithmetic averaging
of the grey level of each voxel. The boxes' cross-section sizes were
320 μm × 320 μm and 1.6 mm long for each sample. 6 boxes were ex-
tracted for composite AZ91D and 16 boxes for composite AZ31B. Fig. 5
shows a 3D visualization of the segmented fibres in a portion of these
boxes, i.e. in one of the five sub-boxes of size 320 μm× 320 μm× 320 μm.

The tomography data were treated in order to extract the fibre ge-
ometry and orientation. This treatment is rather similar to the one in
Landron et al. [24]. It includes segmentation of the grey level images
to obtain a binary image, then labelling of this segmented image. After
labelling, each cluster of connected voxels has different grey level and
Fig. 3. SEMmacrographs providing an overview of the processed zone in the three homogeneo
sitions where the tensile specimens were machined in the homogeneous nugget zone of the F
it becomes easy to measure the morphology of each cluster (i.e. each
fibre fragment). The inertia momentum and corresponding length, di-
ameter and orientation of each fibre fragment can thus be measured.
Only the particles presenting a diameter larger than 4 μm and smaller
than 11 μm, thus reflecting the initial narrow diameter distribution of
the fibres around a mean value of 7 μm (Table 2), as well as a shape fac-
tor (i.e. length/diameter ratio) larger than 1.5 were analysed. This
allowed to extract and analyse the larger pieces of fibres and to exclude
the background noise. However, it has for consequence to eliminate
smaller fibre fragments from the analysis. A sensibility analysis showed
that these parameters provide the best compromise between loss of
data and treatment of the noise in the 3D images. It is believed that
the orientation of the larger fragments is representative of the popula-
tion. The orientation of the fibres was then determined with respect to
the coordinate system according to the definitions in Fig. 1.

2.4. Mechanical tests

Vickers hardness (10 kg) was measured in the centre of the nugget
on the transverse section of the samples (i.e. plane (x, y)). Two or
three specimens per condition of production were tensile tested. The
usly distributed samples in composites AZ31B and AZ91D. The dashed lines show the po-
SPed samples.



Fig. 5. 3D view of a treated cubic X-ray tomography sub-box of edge size 320 μm for the
composite AZ31B-300 mm/min. Five of such sub-boxes in the z direction (with the same
(x, y) position of their centre) are used to obtain the fibre orientation at a given (x, y) po-
sition. In the supplementary materials, available on the internet, a movie shows various
views of this sub-box.
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tensile specimenswere 0.8mm thick, 5mmwide and 60mm long, with
an initial gauge length equal to 22mm. As indicated by the dashed lines
in the macrographs of Fig. 3, they were machined in the homogeneous
nugget zone of the FSPed material. The tensile specimens were system-
atically verified under optical microscopy to ensure that they had been
correctly extracted from the composite zone. Strain gauges were stuck
on both sides of the tensile specimens for the measurement of the
Young's modulus.
Fig. 6. Fibre size distribution as a function of the nature of the matrix and of the processing para
equivalent ellipsoid. (a,b) Fibre diameter distribution considering only the fibres larger than 4
distribution considering all fibres (from SEM images). (d) Fibre length distribution for X-ray to
3. Results and discussion

3.1. Microstructure

3.1.1. Fibre size distribution
The C fibre size distribution was characterised by X-ray tomography

and SEM image analysis. Fig. 6(a–c) show the fibre diameter distribu-
tion for all three composites investigated. The minor axis of an equiva-
lent ellipsoid is considered to correspond closely to the diameter
provided by X-ray tomography. Fig. 6(a,b) shows the fibre diameter
distribution for fibres presenting a diameter larger than 4 μm, which is
the cut-off diameter for the X-ray tomography images due to the
lower resolution of that technique (Section 2.3). A similar distribution
is found for the three composites investigated. The mean diameter of
the distribution provided by the X-ray tomography data was 5.8 μm in
the three composites (Table 4). The SEM image analysis of fibres larger
than 4 μm in diameter reveals a slightly larger mean diameter (6–
6.3 μm), which is rather similar for the three composites investigated.
The small difference between SEM images and X-ray tomography re-
sults may be explained by the slightly arbitrary choice of grey level
threshold for the fibre identification. These diameters are slightly
lower than the nominal diameter of 7 μm announced for the fabric
(according to Table 2). They reflect some erosion of the fibres during
processing, which may also be related to the observation of small
fragments of C fibres in the matrix (Fig. 7, and particularly Fig. 7(b)).
Fig. 6(c) presents the diameter distribution resulting from the whole
SEM image analysis (i.e. below and above 4 μm). The resulting bimodal
distribution in fibre diameter clearly shows that there are either fibres
with a diameter slightly below the initial 7 μmdiameter and, in addition,
debris resulting from the erosion of the fibres that have a typical size
around1.5 μm. Fig. 6(c) also shows that theproportion of debris is larger
in composite AZ31B processed at 300 mm/min compared to composite
AZ31B processed at 80mm/min. Composite AZ91D presents the largest
proportion of such small debris.
meters. The fibre diameter analysed by SEM images is assumed to be the minor axis of an
μm in diameter for (a) X-ray tomography images and (b) SEM images. (c) Fibre diameter
mography images.



Table 4
Fibre volume fractions andmean fibre lengths in C fibres–Mg composites, as a function of the nature of the matrix and of the processing conditions. All data are obtained by X-ray tomog-
raphy except if explicitly mentioned (for SEM data, error reflects the dispersion between images). Fv = Fibre volume fraction, Fs = Fibre surface fraction, Fs (%) b 4 μm = Fibre surface
fraction presenting a diameter below 4 μm, d = Fibre mean diameter, L = Fibre mean length, s = Fibre mean aspect ratio, PL (b15 μm) = Proportion of fibres smaller than 15 μm, PL
(N30 μm)= Proportion of fibres larger than 30 μm.

Mg alloy Processing conditions Fs (%) (SEM) Fs (%) b4 μm (SEM) Fv (%) (i.e. N4 μm) d (μm) L (μm) s PL (b15 μm) (%) PL (N30 μm) (%)

AZ31B 80 mm/min, 1500 rpm 2.3 ± 0.3 0.3 1.8 5.8 18.6 3.2 42.5 10.8
300 mm/min, 1500 rpm 3.6 ± 0.5 1.0 1.6 5.8 15.5 2.7 59.5 5.6

AZ91D 80 mm/min, 500 rpm 7.1 ± 0.5 2.4 2.5 5.8 15.6 2.7 59.4 5.3
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Fig. 6(d) presents the fibre length distribution in the three compos-
ites. This can only be investigated by X-ray tomography. Table 4 pro-
vides the mean length and proportion of fibres smaller than 15 μm
and larger than 30 μm. Composite AZ31B processed at 300 mm/min
exhibits ~40% more short fibres (b15 μm) and half the proportion of
larger fibres (N30 μm) compared to the AZ31B composite processed at
80 mm/min (Table 4). This translates into a reduction of mean fibre
length by a factor of about 1.2 (Table 4). The reduction in fibre length
(Fig. 6(d)) and the presence of more debris of fibres (Fig. 6(c)) can be
ascribed to the higher shear strains associated to the lower maximum
temperature at higher advancing speed. Fig. 6(d) and Table 4 show
that the length distribution is similar in composite AZ91D as in compos-
ite AZ31B processed with a speed of 300 mm/min. The proportion of
small fibres (~60%) and large fibres (~5%) is also very similar for those
two cases (Table 4). Owing to the higher strength of alloy AZ91D and
to the lower temperature associated to the lower rotational speed,
fibre length is lower in composite AZ91D than in composite AZ31B proc-
essed with the same advancing speed of 80 mm/min. This difference is
particularly evidenced in the proportion of large particles (N30 μm),
Fig. 7. SEMmicrographs of composites AZ31B processed at a rotational speed of 1500 rpm
and (a) an advancing speed of 80 mm/min, and (b) an advancing speed of 300 mm/min.
The x, y and z directions corresponding to the FSP process (Fig. 1) are provided in the inset.
which is twice larger in composite AZ31B processed at 80 mm/min
(Table 4) than in composite AZ91D. The presence of a larger amount
of debris (~1.5 μm in size) in alloy AZ91D is also a sign of the influence
of the stronger matrix on the fibre erosion during FSP. The average fibre
aspect ratio is close to 3 in all three composites (Table 4) and it was
found to be very little dependent on position inside the nugget.

3.1.2. Volume fraction of C fibres
The nugget extension and the volume fraction of the C fibres have

been determined using SEM combined with image analysis (Table 4).
The macrographs of Fig. 3(a and b) show that, in composite AZ31B,
the nugget spreads over a wider volume when the advancing speed is
lower. This broadening of the processing zone for decreasing advancing
speeds is due to the increase of the heat input when the advancing
speed is lower. This effect has been previously reported by Lee et al.
[25] during FSW of alloy AZ31B and more recently by Razal Rose et al.
[26] upon FSW of alloy AZ61A. Fig. 3(c) shows that the nugget zone ex-
tension is even smaller in composite AZ91D which was processed with
an advancing speed of 80 mm/min but with a rotational speed of
500 rpm. A smaller nugget volume brings about a distribution of the
reinforcing phase over a smaller volume, which leads to a higher fibre
volume fraction. This effect can be observed on the SEM micrographs
of Fig. 7. Table 4 presents the fibre surface fraction in the three compos-
ites measured by SEM combined with image analysis: the surface frac-
tion is lower in composite AZ31B processed at 80 mm/min (Fig. 7(a))
than in the same composite processed at 300 mm/min (Fig. 7(b)) and
the highest surface fraction is measured in composite AZ91D. Consis-
tently, surface fractions measured by SEM are roughly proportional to
the inverse of the area of the nugget sizemeasured on themacrographs
(Fig. 8).

X ray tomography measurements largely underestimate the fibre
surface fraction measured by SEM (Table 4). This underestimation is
due to the lower resolution of X ray tomography, which cannot take ac-
count of the smaller fragments of C fibres. Table 4 provides the surface
fraction of fibres presenting a diameter below 4 μm, as identified from
SEM image analysis. This confirms that a large proportion of fibres are
below the resolution of X-ray tomography and that this proportion
depends on the processing parameters and the matrix material as
discussed in Section 3.1.1.
Fig. 8. Fibre volume fraction (data from SEM image analysis, Table 4) as a function of the
nugget cross-section area (measured on the macrographs in Fig. 3). The fitting curve
shows a tendency to inverse proportionality.



Fig. 9.Opticalmicrographs of (a) a sheet of AZ31B friction stir processedwithout Cfibres (reference sample) and (b) a composite Cfibres-AZ31B, after etching. In both cases, the processing
conditions were an advancing speed of 300mm/min and a rotational speed of 1500 rpm; (c) reference sample AZ91D and (d) composite C fibres-AZ91D, both processed at an advancing
speed of 80 mm/min and a rotational speed of 500 rpm after etching. The black dots in figures (b) and (d) are carbon fibres.

Fig. 10. Distribution of (a) angle aX (angle between the main axis of the fibre and the
x-axis) and (b) angle aZ (angle between the main axis of the fibre and the z-axis) in the
centre of the processed zone (y = 0) at 0.3 mm from the top of the nugget obtained by
the analysis of 3D X-ray tomography performed on composites AZ31B processed with
an advancing speed of 300 mm/min.
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3.1.3. Matrix grain size
FSPwas originally developed as away to bring aboutmicrostructural

modifications such as grain refinement induced by dynamic recrystalli-
zation [4,7–10]. The matrix grain size in the composites was observed
on etched samples, and compared with the grain size in the base mate-
rial and in the reference samples (Fig. 9 and Table 3). The grain size in
composites AZ31B is 20% and 40% lower than in the corresponding
FSPed reference samples for the advancing speed of 80 mm/min and
300 mm/min, respectively. Similarly, the grain size in composite
AZ91D is 33% lower than in the reference sample. This is consistent
with previous literature reports on FSP composites [4,10]. It can be
ascribed to the following.

• Particle stimulated nucleation (PSN) of a new grain at a pre-existing
sub-grain in the deformation zone surrounding a particle [27],

• and to the restraining of grain growth by the particles after recrystal-
lization during the cooling stage [10].

The smaller average grain size in composites AZ31B and AZ91D ap-
pears to be related to the difference in fibre volume fraction between
the composites, depending on the advancing speeds (Table 4). Indeed,
a larger fibre volume fraction is expected to lead to a more efficient
PSN and to a more efficient pinning of the grain boundaries during the
cooling stage. In composites AZ31B, the larger proportion of shorter
fibres at higher advancing speed brings about a slightly smaller grain
size after processing at an advancing speed of 300 mm/min (Table 3).

3.1.4. Fibre orientation
X-ray tomography also allowed obtaining the local distribution of

fibre orientations. This is an original result as the only FSPed metal
matrix composite analysed in the literature concerns non-elongated
particles (i.e. SiC particles) [28]. Figs. 10 and 11 show the results of
such measurements in composite AZ31B processed at 300 mm/min.



Fig. 11. Evolution of themean angles aX and aZ as a function of the transverse (y) position
at 0.3 mm and 1 mm from the top of the nugget for composite AZ31B processed with an
advancing speed of 300 mm/min.

Fig. 12. Scheme explaining (a) the angle definition and (b) the fibre orientation in a com-
posite material after the last processing pass. The centre of the tool during this last pass is
located at y = 1.5 mm. The top scheme represents the (x, y) transverse section with the
light grey dotted ellipse representing the nugget of the last processing pass (i.e. third
pass). The bottom scheme represents the (y, z) plane as viewed from the top of the proc-
essed zone. The light grey curved line represents the feature observed on the top surface of
a processed zone.
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The analysed volume is composed of 16 square boxes of cross-section
320 μm × 320 μm × 1.6 mm. Fig. 12 shows a scheme of the fibre orien-
tations across the nugget in planes (x, y) and (z, y) together with the
definition of the angles: aX is the angle between the axis of the fibre
and the x-coordinate axis and aZ is the angle between the axis of the
fibre and the z-coordinate axis. AS and RS designate the advancing
side and the retreating side of the tool. Fig. 10 shows the distribution
of angles aX and aZwhen the box is located in the centre of the nugget
(y = 0) at 0.3 mm from the top of the specimen (in the x direction).
Fig. 11 shows the variation of the average of angles aX and aZ as a func-
tion of the transverse position when the box is located either at 0.3 mm
or at 1mm from the top surface of the sample. For a fibre oriented along
the y-axis, the angles aX and aZ are equal to 90°. Hence, Figs. 10 and 11
Table 5
Vickers hardness and tensile properties for composites AZ31B and for reference samples produc
thickness, E=Young'smodulus, measured using strain gauges, σy= yield stress, σmax= true s
of the composites as predicted by the shear lag model (Eq. (1)).

FSP parameters HV10 E [GPa] σy [MPa]

Without C fibres 80 mm/min 54.3 ± 0.8 44 ± 4 67 ± 5
300 mm/min 55.0 ± 1.8 42 ± 4 74 ± 1

With C fibres 80 mm/min 61.1 ± 0.8 41 ± 3 77 ± 4
300 mm/min 62.3 ± 1.6 46 ± 4 87 ± 5
show that, at 0.3 mm and at 1 mm from the top, the fibres are oriented
close to the y-axis. According to Fig. 11, the mean of angle aX is slightly
lower than 90° and slightly increases with increasing y (at least at
0.3 mm from the top). This reflects the general orientation of the fibres
like onion rings which can be observed at lowmagnification in the nug-
get of the third FSP pass. In contrast, angle aZ is larger than 90° and it de-
creases when y increases. This indicates that the fibres orient in parallel
with the circular flow of the material under the action of the tool.

As the fibres in the initial fabric are divided in equal parts between
orientations (aX = 90°, aZ = 90°) and (aX = 90°, aZ = 0°), it could
have been expected to find a bi-modal angular distribution of angle
aZ. This is not observed: fibre orientation is entirely determined by the
material flow field during FSP.

3.2. Mechanical properties

3.2.1. Young's modulus
The Young's modulus values measured by means of strain gauges

during tensile testing are given in Tables 5 and 6. All FSPed samples,
whether the composites or the reference samples, present a very similar
Young's modulus close to 44 GPa. Within the experimental accuracy,
this value is close to the value of 45 GPa commonly reported for alloys
AZ31B [29] and AZ91D [30].

Using a simple shear lag model [31], the Young's modulus of a short
fibre composite Ec can be evaluated as follows:

Ec ¼ f vE f 1−
tanh nsð Þ

ns

� �
þ 1− f vð ÞEM ð1Þ

where Ef is the Young's modulus of the fibre equal to 230 MPa (see
Table 2), EM is the Young's modulus of the matrix, i.e. magnesium,
equal to 45 GPa [29,30], s is the fibre aspect ratio equal to 2.7 or 3.2
depending on the samples (see Table 4) and n is given by the following
expression [31]:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2EM
E f 1þ νMð Þ ln 1= f vð Þ

s
ð2Þ

where νM is Poisson's ratio of the matrix equal to 0.35. This leads to the
Young's modulus of the composite insignificantly different from the
Young's modulus of magnesium as reported in Tables 5 and 6. At least,
the fact that measured Young's moduli are close to the values predicted
by a shear lagmodel is an indication that FSPed specimens are devoid of
porosity.

3.2.2. Plastic properties
Fig. 13 presents true stress versus true strain curves of the FSPed com-

posites and reference samples. Hardness and tensile properties are pro-
vided in Tables 5 and 6 for samples AZ31B and AZ91D, respectively.

Tensile curves of FSP samples exhibit an S-shape that typically at-
tests for the activation and extension of {1012} twinning during tensile
straining [32,33]. This is consistent with numerous previous reports ac-
cording towhich FSP induces a strong texturing ofMg alloys [see e.g. 18,
34–37]. It has been shown that the basal plane generally tends to orient
along thematerial flow. In the centre of the nugget zone (i.e. where the
tensile specimens have been extracted), the basal plane is perpendicular
edusing a rotational speed of 1500 rpm. HV10=Vickers hardness 10 kg,measured atmid-
tress at fracture, εf = true strain at fracture. The last column provides the Young's modulus

σmax [MPa] εf E [GPa] predicted by shear lag model

269 ± 12 0.187 ± 0.005 /
265 ± 1 0.149 ± 0.001 /
237 ± 11 0.115 ± 0.007 45.0
168 ± 1 0.051 ± 0.004 44.8



Table 6
Vickers hardness and tensile properties for composite AZ91Dand for reference sample. HV10=Vickers hardness 10 kg,measured atmid-thickness, E=Young'smodulus,measuredusing
strain gauges, σy = yield stress, σmax = true stress at fracture, εf = true strain at fracture. The last column provides the Young's modulus of the composites as predicted by the shear lag
model (Eq. (1)).

HV10 E [GPa] σy [MPa] σmax [MPa] εf E [GPa] predicted by shear lag model

Without C fibres 75.8 ± 0.9 44 ± 1 124 ± 4 329 ± 68 0.110 ± 0.051 /
With C fibres 89.3 ± 1.2 43 ± 1 156 ± 6 280 ± 23 0.069 ± 0.023 45.1
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to the tool advance direction whereas the c-axis is parallel to this direc-
tion (which is the specimen tensile direction). Such an orientation is
known to be favourable for the occurrence of {10 1 2} twinning [33,
35,38], which brings about a low critical resolved shear stress [34]. For
FSPed AZ31B samples without C fibres, the high strain hardening ability
exhibited at higher strains (Fig. 13) is consistent with the behaviour re-
ported by Agnew et al. [32] for equal channel angular processed AZ31B
deforming by twinning, and by Yuan et al. [33] for FSP AZ31-H24.
This behaviour has been attributed to various mechanisms: (i) twin-
induced grain refinement [33], (ii) transformation of dislocations from
glissile to sessile [33] and (iii) the fact that twinning re-orients portions
of the crystallites into hard orientation, hence giving rise to rapid and
sustained hardening [29,32].

With respect to the FSPed reference samples, the addition of the
carbonfibres brings about an increase of the yield stress and of the hard-
ness of the nugget

• by 15–18% and 13%, respectively, for composites AZ31B (Table 5)
• and by 26% and 18%, respectively, for composites AZ91D (Table 6).

In the case of AZ31B, when the advancing speed increases from
80 mm/min to 300 mm/min, the yield stress increases by 7–10 MPa
both in the composites and the FSPed reference samples (Table 5
and Fig. 13). As shown in Section 3.1.3, a higher advancing speed gives
rise to a smaller average grain size in the composite (Table 3), which
brings about higher yield strength. The higher strength of the composite
materials compared to the reference samples can also be ascribed to the
grain refinement associated to the presence of the fibres (Table 3). How-
ever, the variation of the yield strength of the FSPed samples does not
exactly follow the classical Hall–Petch law. Indeed, reference specimens
processed with different advancing speeds exhibit different values of
the yield stress in spite of their very similar grain size. This suggests that
local textural effects related to changes in the dynamic recrystallization
processes as a function of the advancing speed may play a role in the de-
formation [25,35]. The beneficial effect of the addition of carbon fibres on
the yield strength and hardness is thus demonstrated.

In contrast to the yield strength, a change of the advancing speed
seems to have a more limited impact on the hardness. Indeed, if the
material presents a high strain hardening ability, hardness is related
more to the ultimate tensile strength than to the yield strength [39].
For the composite specimens, as discussed in the following section,
Fig. 13. True stress versus true strain tensile curves of the reference and composites
samples for matrices AZ31B and AZ91D.
the decrease of the ultimate tensile strength at higher advancing
speed can be attributed to the occurrence of damage.

3.2.3. Composite failure
Although the ductility of the composites is lower than that of

the FSPed reference samples, the composites still maintain good level
of ductility. In particular, composite AZ31B processed at an advancing
speed of 80mm/min exhibits amaximumelongationof 0.12. In addition
to the high Young's modulus (Section 3.2.1), such a high elongation at-
tests that the composites are devoid of major defects. The true strain at
fracture of composite AZ31B processed at 300 mm/min is less than half
the true strain at fracture of composite AZ31B processed at 80 mm/min
(Table 5 and Fig. 13). This is associated to the fact that the fibre volume
fraction in composite AZ31B processed at a higher advancing speed is
higher by a factor of 1.6 (Table 4).

Fig. 14 shows the fracture surface of a specimen of composite AZ91D
after tensile testing. It shows evidence of fibre/matrix decohesion for fi-
bres perpendicular to the loading direction. Composites AZ31B exhibit
very similar fracture surfaces. This mode of fracture initiation results
from the fact that, in the centre of the tensile specimens where the
stress triaxiality is the highest, carbon fibres are oriented essentially
perpendicularly to the loading direction. This suggests that it would be
preferable to use a larger number of overlapping processing passes
with a small shift between each pass in order to orient the fibres more
favourably.

4. Conclusions

Short Cfibres–Mgmatrix composites have been produced by friction
stir processing sandwiches made of a layer of C fabric stacked between
two sheets either of themore ductile alloy AZ31B, or of the stronger and
less ductile alloy AZ91D. The following conclusions could be drawn.

• Fibre fragmentation and erosion are larger when the maximum
temperature reached during FSP is lower or when thematrix material
is stronger.

• A lower advancing speed brings about a broader nugget zone, which
leads to a lower fibre volume fraction.
Fig. 14. Typical fracture surfaces of the composites C fibres-AZ91D (similar images were
found for composites AZ31B).



133A. Mertens et al. / Materials Characterization 107 (2015) 125–133
• Matrix grains are smaller in the composites than in the reference FSP
samples. The higher thefibre volume fraction, the lower the grain size.

• 3D X-ray tomography image analysis has revealed that, during FSP, fi-
bres orient along the direction of the material flow. Thus, their final
orientation is not reminiscent of the initial bi-modal orientation of
the fibres in the fabric.

• The presence of the reinforcing phase and the grain size reduction
cause an increase of the yield strength by 15 to 25% even though the
fibres were not favourably oriented with respect to the loading
direction.

• The fracture strain of the composites is lower than the fracture strain
of the reference samples and it decreases when the fibre volume frac-
tion increases.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matchar.2015.07.010.
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