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ARTICLE INFO ABSTRACT

Keywords: Most models used to account for the hardening of nanocomposites only consider a global volume fraction of
Magnesium particles which is a simplified indicator that overlooks the particles size and spatial distribution. The current
Nanocomposite study aims at quantifying the effect of the real experimental particles spatial and size distribution on the
E‘Zszz:;:yprocessmg (FSP) strengthening of a magnesium based nanocomposites reinforced with Y05 particles processed by Friction Stir

Processing (FSP). X-ray tomographic 3-D images allowed to identify the best FSP parameters for the optimum
nanocomposite. A detailed analysis indicates that the observed hardening is mainly due to Orowan strengthening
and the generation of geometrically necessary dislocations (GND) due to thermal expansion coefficients (CTE)
mismatch between magnesium and Y,O3 particles. A multiscale characterization coupling 3D X-ray laboratory,
synchrotron nanoholotomography and transmission electron microscopy (TEM) has been used to investigate
particles size and spatial distribution over four orders of magnitude in length scales. Two dedicated micro-
mechanical models for the two strengthening mechanisms are applied on the experimental particle fields taking
into account the real particles size and spatial distribution, and compared to classical models based on average
data. This required to develop a micromechanical model for CTE mismatch hardening contribution. This analysis
reveals that the contribution from CTE mismatch is decreased by a factor two when taking into account the real
distribution of particles instead of an average volume fraction.

Strengthening mechanisms

1. Introduction

Magnesium based nanocomposites have attracted much attention
over the past few years [1] as a promising solution to light weighting,
energy saving and emission reduction, especially for automotive and
aerospace applications. This is due to magnesium's low specific weight
(1.74 g cm ), which gives it a huge potential to be used in applications
that require lightweighting. The addition of a low volume fraction of
nanoreinforcements results in the improvement of mechanical proper-
ties without compromising the density, but a homogeneous dispersion
of the reinforcement particles is needed in order to achieve a
strengthening effect [2-6].

Dispersion of the reinforcements is hence one of the main issues of
concern in the processing of magnesium based composites, together
with the quality of the reinforcement/matrix interface. Small particles,
especially nanoparticles due to their high surface to volume ratio, tend
to agglomerate and form clusters which are difficult to break, leading to
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an inhomogeneous distribution of particles within the matrix. Several
liquid and solid processing routes have been developed to elaborate
nanocomposites. Considering liquid phase techniques, Erman et al. [2],
Wang et al. [7] and Chen et al. [4] have used ultrasound assisted casting
technique, which uses high-intensity ultrasonic waves to break the
particles clusters in the molten metal [8], to disperse the particles more
uniformly. Ershadul et al. [3] and Chen et al. [9] have incorporated
Al,0O3 nanoparticles (1.5wt% and 3 wt%, respectively) into different
magnesium alloys using disintegrated melt deposition (DMD). This
process combines conventional casting and spray casting. Avoiding the
difficulty of wetting nanoparticles with the molten metal, powder me-
tallurgy has also been used by Wong et al. [10].

In the present study, Friction Stir Processing (FSP), a solid-state
processing technique derived from Friction Stir Welding (FSW), has
been used in order to fabricate Mg based nanocomposites reinforced
with Y,03 particles. During the process, a non-consumable rotating tool
penetrates in the material and advances along the processing area. The
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heat generated by friction of the tool turns the material malleable. The
material flow follows the movement of the tool, from the front to the
back of the tool and around the pin, where it cools down [11]. The large
plastic deformation involved in the process leads to a solid-state mixing
between the particles and the base material due to the fragmentation
and redistribution of particles [12,13].

FSP is an interesting technique for the processing of metal matrix
composites, since it leads to a better bonding between the reinforce-
ment and the matrix, when compared to other processes involving
casting [14-16]. FSP has already been employed for the elaboration of
magnesium based nanocomposites. Lee et al. [17] have incorporated
SiO, nanoparticles into an AZ61 magnesium alloy. The SiO, particles
lead to an improvement of the hardness and the wear property in the
stir zone. Faraji et al. [18] have incorporated 30 nm-sized Al,O5 par-
ticles. They have reported an improvement in the wear resistance for
the composite and shown the importance of the processing parameters
for obtaining a better particles distribution. Recently, Mertens et al.
[19] have incorporated short carbon fibers in different magnesium al-
loys (AZ31B and AZ91D) using FSP. The presence of the reinforcement
reduces the grain size and increases the yield strength from 15 to 25%.

Most of these studies show that the ability to disperse particles
during the elaboration of nanocomposites plays a key role in the me-
chanical performance of the obtained nanocomposite and particles
clustering has been associated with a loss of ductility [20]. However,
very few studies provide a well documented 3-D characterization and
quantification of the 3-D dispersion of particles in nanocomposites [21].
Given the ability of an heterogeneous distribution of reinforcements to
limit the mechanical properties of nanocomposites, it is important to
have a quantitative description of the spatial distribution of these
particles as done in Ref. [22].

Strengthening mechanisms associated with particles-dislocations
interactions have been traditionally treated with “averaged” micro-
structural properties, such as particles volume fraction and average
particles size. However, there are now evidences which indicate that
the overall strength of the material is affected by the particles size and
spatial distribution [23].

The aim of the present paper is to investigate in depth the spatial
and size distribution of Y,O3 particles in Mg based nanocomposites
processed by FSP and more precisely:

® how FSP processing parameters can be optimized to control particles
spatial distribution,

e how particles size and spatial distributions impact the relevant
strengthening mechanisms in nanocomposites.

In a fist part, FSP processing parameters are determined considering
spatial distribution of particles measured on X-Ray micro-tomographic
images in order to process an optimum nanocomposite. In a second
part, an extended 3D multi-scale characterization analysis using dif-
ferent X-ray tomographic techniques is presented. It allows the detailed
investigation of the spatial distribution of Y,O3 particles across four
orders of magnitude of particles size. Finally, congruous micro-
mechanical models using the real particles size and spatial distributions
are either adapted either specially developed to account for particles
distribution on strengthening mechanisms.

2. Materials and experimental procedures
2.1. Materials

Magnesium matrix nanocomposites were elaborated from 99.95%
purity magnesium plates (from Magnesium Elektron) and Y,03 powder.
The detailed chemical composition of the magnesium plates provided
by the supplier is given in Table 1. The original Y,O3 powder has a
mean diameter of 3.5um [24]. The main advantage of using Y,O3
powder is its high thermal and chemical stability, which avoids the
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Table 1
Chemical composition of magnesium plates used in
this study.
Element Quantity (wt. %)
Mg Balance
Al < 0.005
Cu < 0.005
Fe < 0.005
Mn < 0.02
Ni < 0.005
Si < 0.01

formation of matrix/particles reaction by-products as observed for in-
stance in Ref. [25]. In addition, due to the large difference between the
atomic number (Z) of Y,03 (Z = 20.4) and Mg (Z = 12), Y,03 generates
a good contrast with respect to the magnesium matrix on 3-D tomo-
graphic images.

2.2. Friction stir processing

FSP is performed under displacement control on a HERMLE milling
machine where a rotating tool is mounted. In the present case, the
workpiece is an as-rolled magnesium plate with the following dimen-
sions: 3mm thickness, 250 mm length and 48 mm width. A linear
groove (1 mm depth, 220 mm length and 2mm width) is machined
along the centerline of the plate. The linear groove is filled with Y,03
powder (around 0.5 g) and is then covered with a 0.5 mm thick mag-
nesium plate (with identical composition as the base material) in order
to avoid powder loss during the process. The experiment set up is
shown in Fig. 1(a). The whole assembly is tightly fixed to a backing
plate with two clamps. The clamps provide a rigid fixing, ensuring the
tight fitting of the thin magnesium plate with the 3 mm thick plate. The
80 mm thick backing plate and the two clamps are both made of high
carbon steel. The experiment is installed in a tank fulfilled with cutting
oil in order to ensure the cooling of the backing plate. The FSP tool
made of H13 steel has a 20 mm diameter scrolled shoulder and a 2 mm
long M6 threaded Triflat pin (three sides of a hexagon inscribed in the
circle of the pin, see Ref. [26] for a schematic of the tool geometry). The
tool is tilted backwards by an angle of 1°.

The final microstructure and particles distribution are highly de-
pendent on the process parameters, such as rotational speed, advancing
speed and tool geometry [27]. Different processing parameters (see
Table 2) are thus tested in order to obtain the most homogeneous
particles dispersion. Each set of parameters is applied to one workpiece
and a total of 6 workpieces have been processed. For the sake of
comparison, pure magnesium samples were processed by FSP using two
magnesium plates without powder and are called reference samples.

Three series of FSP passes are carried out successively on each
workpiece. Each series comprises a first pass on the center axis (cor-
responding to the axis where the groove fulfilled with Y,03 powder is
located), a second pass shifted by 1.5mm from the center axis on the
advancing side and a third pass shifted by 1.5 mm from the center axis
on the retreating side (Fig. 1(a)). The advancing side (AS) corresponds
to the side where the rotational tool movement is in the same direction
as the advancing movement, while the retreating side (RS) is the op-
posite side. The tool displacement is parallel to the rolling direction of
the magnesium sheets. A large number of passes (3 X 3) is chosen in
order to reduce the clustering of reinforcements [17,28,29].

2.3. Multiscale microstructural characterization methods

The original Y,03; powder is fragmented during the elaboration of
the nanocomposite by FSP. The size of Y,03 particles found in the stir
zone can be categorized in three groups according to their sizes. The
first group consists of large Y03 particles with a typical size larger than
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Fig. 1. Schematic of FSP with micrography of the cross-section of the stir zone
(Mg + Y503 sample, FSP parameters: @ = 1500 rpm and v = 500 mm/min) in a
plane perpendicular to the tool advance direction with visualization of the 3
specimens locations for laboratory tomography (AS = advancing side,
RS = retreating side) (a). Schematic scenario of the microstructural evolution:
FSP breaks the Y,O3 particles into smaller fragments (b). Zoom in (b): GND
close to the large Y,03 particles and dislocation bowing around smaller frag-
ments (c).

Table 2
Process parameters used for the fabrication of the friction stir processed sam-
ples: advancing speed (v), rotational speed (w) and amount of Y,O3 particles.

Materials v (mm/min)  (rpm) Y203 (g)
Mg 300 1500 -

Mg 500 1500 -

Mg 500 1000 -

Mg + Y03 300 1500 0.526
Mg + Y,03 500 1500 0.457
Mg + Y03 500 1000 0.461
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1 um which corresponds to clusters of powder particles which were left
intact or broken into large fragments during processing. The second
group of particles with an intermediate size of a few hundreds of
nanometers corresponds to the fragmentation of the initial clusters of
powder particles. Finally, a third group composed of the smallest par-
ticles with a size ranging from one hundred of nanometers down to a
few nanometers results from the fragmentation of the individual poly-
cristalline powder particles. A 3-D multiscale characterization is thus
necessary to capture all the microstructural information across multiple
length scales. As an increase of resolution usually comes at the expense
of analysed volume, a multiscale characterization involving three dif-
ferent techniques will be used to study the microstructural hetero-
geneities at three relevant length scales, as detailed hereafter.

2.3.1. Mesoscale characterization

Material flow within the stir zone is complex and can result in
heterogenous microstructures between the three different locations
defined as the center of the stir zone, the retreating side (RS) and ad-
vancing side (AS) [12]. An optical image of the cross-sectioning of the
weld along a plane perpendicular to the tool advance direction is pre-
sented in Fig. 1(a) and shows the different zones of the weld. In order to
identify the set of parameters ensuring the most homogeneous particles
distribution within the stir zone, three cylindrical samples (800 um
diameter and 1.8 mm height) are extracted in the center, AS and RS
zones of each FSPed nanocomposite samples (see Fig. 1(a)) and char-
acterized by laboratory tomography. Tomographic scans are performed
on a Nanotom XL from RX Solution with a Quadro 4320 detector and a
nanofocus X-ray tube. The resolution of the laboratory tomography
(voxel size of 0.5um) allows us to characterize large particles and
clusters of particles (up to a few um) over a large volume (=0.1 mm?).
Considering the achieved resolution, laboratory tomographic scans will
hence give access to the breaking and redistribution of large particles
all over the FSPed zone but not to intermediate and small particles.
Y,05 reinforcement particles were also characterized based on Scan-
ning Electron Microscope (SEM) images. In order to reveal the grain
boundaries and FSP zone macrostructure, FSPed reference samples
were etched using Nital solution (5mL of nitric acid and 95 mL of
ethanol) and FSPed samples with Y,O3 particles (Mg + Y,O3) with
acetic picral (5g picric acid, 10 mL acetic acid, 100 mL ethanol and
10 mL H,0), see Fig. 1(a).

2.3.2. Microscale characterization

Synchrotron X-ray nanoholotomography was used in order to
quantitatively characterize the size and spatial distribution of particles
with intermediate size, i.e. a size of a few hundreds of nanometers.
Synchrotron X-ray nanoholotomography scans were performed on
ID16A nano-imaging Beamline at the European Synchrotron Radiation
Facility (ESRF). Radiographs were taken at four sample-source dis-
tances while keeping the detector position fixed. The distances were
modified in order to obtain a voxel size of 25 x 25 X 25 nm? and a field
of view of 50um X 50um x 25um. Since the sample diameter (500 ym)
is significantly larger than the field of view, local tomography is per-
formed after selecting the relevant region of interest from a low re-
solution tomography scan previously recorded. Further details about
the imaging set-up can be found in Ref. [30].

2.3.3. Nanoscale characterization

Transmission electron microscopy (TEM) was used to study the
smallest particles (smaller than a hundred of nanometers). TEM foils
were sampled at 1 mm beneath the top surface such that the TEM foil
normal is along ND defined in Fig. 1(a). These foils were first me-
chanically thinned down to 100 um and then electrochemically po-
lished using a solution of perchloric acid (1%) and ethanol at 50 V and
-5°C. TEM micrographs with a resolution of approximately 2 nm were
taken on a LaB6 Jeol 2010 with an accelerating voltage of 200 kV. In
situ TEM experiments using thermal cycling, between room temperature
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and 400°C, were also performed on a LaB6 Jeol JEM-2010 microscope
at 130kV in order to investigate the dislocation-particle interactions in
the nanocomposite.

2.4. Texture analysis

X-ray diffraction measurements were performed in the gage length
of the sample that corresponds to the SZ, on both the base Magnesium
plates and the FSPed plates, with and without particles. Incomplete pole
figures were obtained as the tilt angle ¥ from the normal direction of
the sample surface varies from 0° to 75°.

2.5. Mechanical characterization

Tensile tests were performed at room temperature on FSPed re-
ference samples and nanocomposites in order to quantify the effect of
the addition of Y,03 particles on the yield stress and the strain hard-
ening behavior of nanocomposites.

Two flat tensile specimens were extracted inside the stir zone of the
FSPed samples (reference samples and nanocomposites) such that the
tensile direction is along the process direction (FSP, defined in
Fig. 1(a)) and the gage zone within the SZ zone. The samples were
fabricated using electrical discharge machining (EDM) with a gage
width, length and thickness of, respectively, 1.5 mm, 3 mm and 1.5 mm.
Tensile tests were performed using a Gatan Microtest MT2000EW ten-
sile stage (ex situ) with a cross head velocity of 7.10 "2 mm/min and an
initial engineering strain rate of 4.10~ s~ 1.

3. Experimental results

Firstly, the results of the laboratory and SEM analysis are presented
in order to select the best processing parameters for producing an
“optimum” nanocomposite with optimum dissociation of the clusters of
initial powder particles. Then, the results of the X-ray tomography, TEM
and mechanical characterizations of this optimum nanocomposite are
presented.

3.1. Effect of FSP parameters on particles distribution at the mesocale

The effects of FSP processing parameters (see Table 2) on the grain
size, proportion and distribution of Y,03 particles in the Stir Zone (SZ)
are detailed hereafter.

3.1.1. Grain size

Fig. 2 shows a macrograph of the transverse cross-section of one
typical FSPed sample, the Mg + Y,O3; sample processed using a rota-
tional speed of 1500 rpm and advancing speed of 500 mm/min. The stir
zone (SZ) presents a basin shape morphology and is almost symmetric
in both advancing AS and RS. Thermomechanically affected zone or
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Table 3

Characterization of the Y,Os3 particles in the Mg + Y,O3; samples. Surface
fraction (f;) was obtained from SEM micrographs, while volume fraction (f,)
and mean equivalent particle diameter (D.q— meqn) from laboratory tomography
scans. The equivalent diameter of a particle is the diameter of a sphere with the
same volume.

Processing fs (%) f, (%) Deg - mean (Um)

parameters

v = 300mm/min, 0.54 + 0.12 0.037 = 0.015 2.1 * 0.14
@ = 1500rpm

v = 500mm/min, 0.26 = 0.09 0.021 = 0.006 2.2 * 0.05
@ = 1500rpm

v = 500mm/min, 0.73 £ 0.16 0.025 = 0.009 2.1 * 0.13
® = 1000rpm

heat affected zones are difficult to identify. During FSP, a dynamic re-
crystallization takes place and the grain size is reduced [31,32]. Indeed,
the average grain size of the as-received magnesium plates is about
50 um and is reduced to a mean grain size close to 10 um after FSP
regardless of the processing parameters or the presence of Y,O3 parti-
cles (see supplementary material for more details). This is probably due
to the low amount of Y503 particles that has been added (see Table 2).
A higher volume fraction of particles would have lead to smaller grains
in the nanocomposites than in pure Mg FSP samples since the Y,O3
particles can restrain grain growth after recrystallization, during the
cooling stage [33,34].

3.1.2. Volume fraction of Y03 particles

Table 3 shows the surface (f,) and volume (f,) fractions of Y,03
particles measured based on SEM micrographs and on laboratory to-
mography scans (three scans per sample), respectively. SEM micro-
graphs used for the surface fraction have been taken in different regions
of the stir zone. Furthermore, the volume fraction is averaged over the
three tomography samples (center of the stir zone, RS and AS, see
section 2.3.1). The surface and volume fraction given in Table 3 are
thus representative of the particle content within the whole stir zone.

SEM micrographs were taken at a magnification between 1400x to
4300x allowing a statistical analysis of particles larger than approxi-
mately 100 nm. It means that the first group of large Y,O5 particles (size
larger than 1um) and the intermediate family of particles (few hun-
dreds of nanometers) are taken into account for the surface fraction. On
the opposite, the resolution of the laboratory tomography only allows
us to observe particles larger than approximately 1 um, i.e. only the first
group composed of the largest particles. This explains why the surface
fraction of particles is much larger than the volume fraction (Table 3).

Table 3 indicates that for a fixed rotational speed, a lower advancing
speed leads to a higher surface fraction of Y,O3 particles. Furthermore,
for the same advancing speed, a lower rotational speed leads to a higher

Fig. 2. Macrograph of the stir zone (SZ) of a
Mg + Y,03; sample (processing parameters: rota-
tional speed of 1500 rpm and advancing speed of
500 mm/min) schematically representing the loca-

\AJV_%L _}\ B tions of the laboratory tomographic scans
L= Y ] =S S (RS = retreating side and AS = advancing side) and
\\ their corresponding 3-D images of Y,O3 particles.

S ] Each distinct particle is shown in a different color.
o (For interpretation of the references to color in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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surface fraction of Y,O3 particles. It has been defended in the litterature
[19,35] that an increase of the heat input, i.e. a lower advancing or
higher rotational speed, leads to a wider dispersion of the stir zone. This
should result in a lower volume fraction of reinforcements. As in our
case the surface of the stir zone is found similar for all processing
conditions, this effect is very limited and variation of f, could be at-
tributed to particles loss during the process. It has also been reported
that a higher advancing speed [19] or a higher rotational speed [36]
induces the fragmentation of the reinforcement into smaller fragments.
The sample processed with an advancing speed of 500 mm/min and a
rotating speed of 1500 rpm is hence expected to fragment the Y503
particles into smaller fragments. These very small fragments are hardly
identified by SEM and this sample has the lowest surface fraction of

The mean particles diameter determined from the laboratory to-
mography (Table 3) is close to 2.1 um for all conditions. As already
explained, only the larger particles which have not been well frag-
mented are detected by this technique. The size of these large fragments
is thus more dependant on the initial powder size (3.5 ym) than the FSP
parameters.

3.1.3. Spatial distribution of Y03 particles

Fig. 2 shows the 3-D tomography perspectives of particles dis-
tribution in AS, Center and RS of the sample processed with a rotational
speed of 1500 rpm and advancing speed of 500 mm/min). Each particle
is shown in a different color in order to highlight that clusters of par-
ticles are actually composed of large particles surrounded by many
smaller ones. A quantitative analysis of the particles distribution was
then performed on each of the 3 FSPed nanocomposite samples in order
to select the processing parameters leading to the most homogeneous
particles distribution.

If a point represents the center of each particle, a simple char-
acterization of the particles spatial distribution can be established by
comparing the mean and the variance of the measured nearest-neigh-
bours distances with the values calculated for an ideal random ar-
rangement (a Poisson distribution [37-39]). The parameter Q is defined
as the ratio of the experimental mean nearest-neighbor distances to the
mean nearest-neighbor distance of a Poisson distribution. Similarly, the
parameter R is defined as the ratio of the experimental variance of
nearest-neighbor distances to the variance of the nearest-neighbor
distances of a Poisson distribution. The combination of Q and R allows
us to distinguish between random sets (Q = 1, R = 1), short-range or-
dered sets (Q > I, R < 1), clustered sets (Q < 1, R < 1), and sets of
clusters with a superimposed background of random points (Q <1,
R > 1) [37]. The expressions for the expected mean and variance for a
3-D Poisson distribution are given in Ref. [38]:

i 4
Poissony _ - —1/3
mean (D, 0.893(37rp) &)

var (DFossony = 0.105(%@)‘2/3 @
where D,_. is the center-to-center distance and p is the volume density
of particles.

Fig. 3(a) presents the Q and R ratios for the three different regions of
the stir zone (RS, Center and AS) for the three sets of FSP parameters.
Whatever the processing parameters used, all the tomographic samples
extracted in the center and in the AS have a quite random distribution
of particles, indicating a limited tendency to clustering (i.e. Q = 1,
R = 1). In the retreating side of the stir zone, the analysis indicates the
presence of clusters superimposed on the random distribution (i.e.
Q<1, R>1) for two sets of FSP parameters (v = 300 mm/min,
® = 1500 rpm and v = 500 mm/min,w = 1000 rpm, respectively sam-
ples 1 and 3 in Fig. 3). The sample processed with the fastest advancing
speed (v =500mm/min) and the fastest rotational speed
(w = 1500 rpm), i.e. sample 2 in Fig. 3, has a quite random distribution
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of Y,03 particles, even on the retreating side. Fig. 3(b) shows 3-D
perspectives of particles distribution in the RS for each set of FSP
parameters. It is quite clear that clusters of particles are found in sample
1 and 3 while it seems more homogeneous for sample 2.

3.1.4. Optimum processing parameters

A more homogeneous dispersion of Y,03 particles is observed when
using a higher rotational speed (1500rpm) and a higher advancing
speed (500 mm/min). The nanocomposite processed using this set of
parameters will be called optimum nanocomposite in the following. The
next section will be dedicated to the detailed microstructural and me-
chanical characterization of the optimum nanocomposite.

3.2. Multiscale characterization of the particles

A 3-D multiscale characterization of the Y05 particles in the SZ at a
higher resolution than the one achieved with laboratory tomography is
performed on the optimum nanocomposite using 3-D nanoholotomo-
graphy and TEM in order to quantify particles size and spatial dis-
tribution.

3.2.1. Size distribution

Fig. 4(a), (b) and (c) show the number-weighted and volume-
weighted cumulative size distribution of the particles observed by la-
boratory tomography, nanoholotomography and TEM, respectively.
The equivalent diameter D, of a particle corresponds to the diameter of
a sphere of same volume. It is clear that the used multi-scale procedure
coupling laboratory tomography, nanoholotomography and TEM al-
lows us to characterize particles across four orders of magnitude (i.e.
particle size ranging between a few nm up to 10 pm).

Fig. 4(b) shows that approximately 90% of the Y,O3 particles
(number-weighted) are smaller than 500 nm. These small particles,
however, only contribute to about 30% of the volume fraction of par-
ticles. The global volume fraction of particle F&° is equal to 0.33%, in
reasonable agreement with the surface fraction of particles measured by
SEM (0.26% for the selected nanocomposite, see Table 3).

It was also shown in Section 3.1 that the volume fraction of particles
observed by laboratory tomography is quite low (0.021% for the op-
timum nanocomposite, see Table 3). This can be explained based on
Fig. 4(b): particles larger than 1um represent a small fraction (ap-
proximately 20%) of the total volume of particles. Since only these
particles are imaged with laboratory tomography, it justifies that the
FGbal measured with laboratory tomography is one order of magnitude
smaller than the FS°? measured with nanoholotomography.

3.2.2. Short-range neighbouring

A 3-D finite body tesselation has been applied in order to char-
acterize the short range neighbouring of these particles. In this method,
a network of cells is constructed around each particle in such a way that
every point within a cell is closer to the corresponding particle than to
any other [40,41]. It is thus very similar to a simpler Voronoi tessel-
lation, except that in this case the tesselation is based on the whole
particles and not only on the centroids of the particles (see Fig. 5(a) for
a schematic of the procedure in 2-D). A 3-D visualization of this pro-
cedure applied for the synchrotron X-ray nanoholotomography images
is shown in Fig. 5(b), where Y,03 particles and tessellated cells are in
blue and grey respectively. Tessellated cells are generally used to
compute local indicators on a particle-by-particle basis of the homo-
geneity a particles distribution as for instance in Ref. [42]. Among these
local indicators, the local volume fraction of particle (FF**) is defined
as the ratio of the particle volume to the volume of its associated cell.

The parameter F-°% is normalized by the global volume fraction of
F‘)Loca

1
o smaller or
Fi

particle (FS*% = 0.33%) in such a way that a ratio

v
larger than one indicates isolated particles or particles with neighbours

F ‘f‘ocal

in close proximity, respectively. Fig. 6 shows the distribution of —X——
Fy
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Fig. 3. (a) Characterization of Y,O5 particles spatial distribution based on the normalized mean and variance of the nearest-neighbor distance in the different regions
of the stir zone for the three sets of FSP parameters. Circle, square and cross dots indicate samples extracted in the retreating side, center and advancing side of the stir
zone, respectively. (b) 3-D laboratory tomography perspective of Y,05 particles distribution for the specimen extracted in the retreating side of the sample for the

three sets of FSP parameters.

associated with each particle. As it can be clearly seen in Fig. 6, the
ratio 70
particlve, the higher the chances that it is located in a volume densely
filled with particles. This can be explained by the progressive breaking
of the particles with the number of FSP passes. Large um-sized Y,O3
particles are broken into smaller fragments dispersed at the subsequent
FSP passes. The particle size progressively decreases with the number of
passes. However, a few large particles are broken into smaller frag-
ments during the last passes and these fragments remain in close
proximity to the parent particle. A more detailed discussion of this

phenomenon can be found in Ref. [41].

increases with the equivalent diameter D,g, i.e. the larger the

3.3. Mechanical properties

In this section, the tensile mechanical behavior of the optimum
nanocomposite is studied as well as texture and TEM analysis of par-
ticles/dislocations interactions.

Fig. 7(a) shows the true stress strain response of tensile samples
extracted from the optimum nanocomposites and from the reference
sample (pure magnesium processed with the same FSP parameters:
v = 500 mm/min and @ = 1500 rpm). Their corresponding mechanical
properties are presented in Table 4.

An improvement of the yield strength (YS) and the ultimate tensile
strength (UTS) is observed for the nanocomposite and will be analysed
in details in section 4. The addition of particles does not have a strong
impact on the ductility: the observed decrease of fracture strain with
the addition of Y,Oj3 particles is not significant considering the inherent
statistical variability in damage mechanisms. This could be due to the

optimization of processing parameters in order to ensure a good
breaking of clusters of particles (see Section 3.1), generally associated
with a loss of ductility [20,43]. A higher strain hardening coefficient is
also noticeable in the samples containing YO particles, which is in
agreement with [44,45]. The increase in strain hardening is better
evidenced in the Kocks plot given in Fig. 7(b), where the hardening rate
(@ = do/de) is plotted as a function of the stress level. The increase of
the ultimate tensile strength is directly related to the higher strain
hardening observed in the nanocomposite, which is confirmed by the
increase of the initial hardening rate ©, that describes the dislocation
storage rate.

3.4. Microstructure

3.4.1. Texture analysis

A texture analysis has been performed in order to study the influ-
ence of FSP and of the addition of particles on the texture of magne-
sium. The as-received magnesium plates have a strong fibre texture in
the (0002) pole figure: the basal planes are parallel to the rolling di-
rection. This is the typical texture expected for magnesium plates [46].
The incomplete pole figures presented in Fig. 8 show a reorientation of
the c-axis between 20 and 30° towards the FSP direction in FSPed
samples compared to the base material. Previous studies show a texture
evolution within the process zone: the tilt of the c-axis with respect to
the normal direction varies between 20 and 90° which is coherent with
the observed texture ([46,47]). No significant modification of the tex-
ture is observed after FSP with the addition of Y,O3 particles.

Considering the very strong texture observed on FSP samples, the
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Fig. 4. Number-weighted and volume-weighted cumulative size distributions of Y,O3 particles of the optimum nanocomposite measured on a 3-D laboratory
tomography rendering (a), nanoholotomography rendering (b) and TEM bright field micrographs (c). The equivalent diameter D, of a particle corresponds to the

diameter of a sphere of same volume.

Taylor factor M is assumed to be equal to the inverse of the Schmid
factor (m) calculated for a single crystal with a misalignement angle
between the c-axis and the loading axis between 60 and 70° based on
Fig. 8:

m = cos(a). cos(90 — a) = sin(2a)/2 3)

The Taylor factor value varies hence between 2.31 and 3.11.

3.4.2. Particles dislocations interactions

Two types of dislocation-particle interactions have been in-
vestigated by in situ TEM experiments using thermal cycling. Fig. 9(a-d)
shows a dislocation bowing around a Y,Oj3 particle, signature of Or-
owan strengthening. It is clear from this example that particles, as small
as a few tenth of nanometers, can already induce dislocation bowing.
This observation suggests that Orowan strengthening is active for the
smallest particles. Furthermore, these particles smaller than 50 nm re-
present 80% of the total number of particles observed in TEM foils (see
Fig. 4(c)). This means that the TEM is the relevant technique to

characterize this strengthening mechanism.

The second type of dislocation-particles interactions is due to the
difference between the coefficient of thermal expansion (CTE) of the
magnesium matrix and the Y,O3; reinforcement particles. This CTE
mismatch effect leads to the generation of geometrically necessary
dislocations (GND) at the interface between the reinforcement and the
matrix during cooling after FSP. A higher concentration of dislocations
at the interface between the magnesium matrix and the Y,O3 particles
have been observed on TEM images which would be consistent with the
GND generation mechanisms. (Fig. 9(e)).

4. Discussion
4.1. Identification of strengthening mechanisms
The improvement of the yield stress of the metal matrix nano-

composite with respect to the unreinforced magnesium could result
from the contribution of different strengthening mechanisms: Hall-
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identical particles, the GND density is higher for a particle embedded in a
smaller cell (i.e. in a dense region) compare to an isolated particle.
Visualization of the result of the finite body tesselation procedure applied in 3-D
to a sub-box of the nanoholotomography image (b). Y,O5 particles are in blue
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legend, the reader is referred to the Web version of this article.)
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size.

Petch strengthening, load transfer effect, Orowan strengthening and
coefficient of thermal expansion (CTE) mismatch [48-50]. In addition,
the mechanical behavior of magnesium is known to be strongly related
to texture due to the HCP crystal structure of magnesium, which leads
to a significant plastic anisotropy. The stress-strain response when
tensile twinning is activated (tensile stress along the c-axis) can be
completely different from the one obtained if tensile twinning is fa-
vorably oriented [51]. As detailed in Section 3.4, as the FSPed pure
magnesium and the nanocomposite have very similar texture, the im-
provement of the yield stress cannot be attributed to a texture effect.
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Mechanical properties of pure magnesium and nanocomposite: yield strength
(YS), ultimate tensile strength (UTS), ductility (fracture strain) and strain

hardening rate (©,).

Properties Mg Mg + Y,03(0.33%)
0.2% YS (MPa) 524 = 25 68.7 + 1.8
UTS (MPa) 1152 += 1.1 142.1 *= 8.6
Ductility (%) 26.4 = 3.6 225 + 2.6
©9 (MPa) 635 + 112 1062 + 31

Since magnesium deforms mainly by basal slip or twinning, the texture
analysis indicates that the deformation occurs probably by basal slip.
Twinning would promote a reorientation of the crystal and a mis-
orientation would be observed on the pole figures after tensile testing,
which is not the case (see Fig. 8). A study of the deformation me-
chanisms when the same nanocomposite is favorably oriented for
twinning is presented in Ref. [52].

As mentionned in Section 3.1, the addition of Y,O3 particles has a
very limited influence on the grain size: Hall-Petch strengthening
cannot be the mechanism responsible for the strengthening observed in
Fig. 7(a). The load transfer effect takes into account the transfer of the
load from the soft matrix (magnesium in the present case) to the hard
reinforcement (Y,O3 particles) when an external load is applied. This
contribution is proportional to the size and volume fraction of re-
inforcement. Since in the present case, the volume fraction of Y,O3
particles is low (only 0.33%, see Section 3.2), the contribution of the
load transfer effect to the strengthening is expected to be negligible.

The small Y,03 particles act rather as obstacles for dislocation
movement (observed in Fig. 9(a-d)) so that Orowan strengthening is
expected to contribute to the macroscopic strengthening.

It can be concluded that the two mechanisms responsible for
hardening are Orowan strengthening and CTE mismatch. In order to
quantify the influence of particles distribution on these two mechan-
isms, parameters related to particles size and spatial distribution are
introduced in analytical equations used to describe Orowan and CTE
mismatch strengthening. The modified Orowan and CTE mismatch
strengthening equations are presented in the next section.

4.2. Influence of particles size and spatial distribution on strengthening

Orowan strengthening is sensitive to the spatial distribution of
particles [23]. In areas of the glide plane where the particle density is
high, the particle spacing is reduced and the resistance to dislocation
motion increases locally. On the opposite, a reduction in glide re-
sistance is associated with the less populated areas appearing as the
degree of clustering increases.

As observed in Fig. 9(a-d), dislocation bowing is expected to occur
for particles smaller than 50 nm. Nanoholotomography, with 25 nm
resolution, does not allow us to capture accurately the size and the
spatial distribution of the particles involved in Orowan strengthening
which are hence characterized on TEM micrographs (see Section2.3.3)

30 mm Fig. 7. True stress vs. true strain tensile loading curves
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Fig. 8. (0002) and (1011) incomplete pole figures (0° < x < 75°) obtained by X-ray diffraction of pure magnesium and optimum nanocomposite prior and after tensile
testing. FSP direction is the same as the rolling direction of the original plates. Tensile direction is parallel to FSP direction.

with a pixel size of approximately 2 nm, see Fig. 10(a). Y503 particles
observed in the micrograph are segmented by manual thresholding.
Particles labelling (see Fig. 10(b)) and parameters measurement are
performed using MatLab [53].

Foreman and Makin [54] proposed an empirical expression to cal-
culate the stress required to move a dislocation through an array of
impenetrable obstacles randomly distributed (z/*"%™). De Vaucorbeil
et al. [23] have used a modified areal-glide model to show that the
effect of particles aggregation can be taken into account simply by di-
viding this empirical expression for 7™ by a so-called “aggregation
parameter” P calculated from the spatial distribution of particles on the
glide plane. In order to determine P, a regular grid of nodes is super-
imposed such that the node density is equal to the particle density, see
Fig. 10(c). The parameter P is then calculated as [23]:

1 1 Nnodes  Mi d?
1'2Ls2 Nuodes

i=1 j=1 M; (@)

where dj; is the distance between the ith node and the centroid of its jth
neighbouring particle, L, is the average distance between particles (L

= Pl, with p, the number of particles per unit area) and M; is the
S

T
.

A" " |

%

(o

number of neighbouring particles for the ith node. A particle is con-
sidered as a neighbor of one node if no other particle lies in the smallest
circle connecting these two. The parameter P is equal to 1 for a perfectly
random distribution of particles and increases as the degree of clus-
tering increases. For the experimental distribution of particles (Fig. 10),
the parameter P is equal to 1.22. This means that the distribution of
small Y03 particles in Fig. 10(a) is not far from a random distribution.
The modified empirical expression for the stress required to move a
dislocation through the gliding plane is then given by Ref. [23]:

. 2 - B
* 7"c,random _ 0'963 2(1 6)

T,

¢ N VP 5)

where f is the strength parameter of the obstacle to the dislocation
motion (§ = cos(%) with ¢ the critical bowing angle) and 7, ;qndom is the
critical shear stress for randomly distributed impenetrable obstacles. In
this equation, 7, is dimensionless and needs to be multiplied by £z2 G’”b to
obtain the corresponding absolute value, where G,, is the matrix shear
modulus (16.5GPa for pure magnesium [55]) and b is the Burgers
vector magnitude (0.32 nm for magnesium).

Assuming that Y,O3 particles are impenetrable (i.e. = 1), the

200 nm_

Fig. 9. Bright field TEM (LaBg Jeol JEM-2010 MET at 130 kV) micrographs showing (a-d): dislocation bowing around a Y,O3 particle and (e): dislocations at the
Y03 particle/matrix interface. Dislocations on the left part of the particle are not in diffraction condition due to a slight bending of the TEM foil around the particle.
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(c)

Fig. 10. (a) TEM micrograph of the Y,O3 particles in the center of the stir zone of the nanocomposite. (b) Thresholding and labelling of the particles. (¢) Visualization

of the nodes grid and particles centroid to calculate the “aggregation parameter” P.

Orowan contribution to strengthening is equal to 19.4 MPa. The con-
tribution predicted by this simple model seems too large when com-
pared with the experimental improvement(16.3 + 2.1 MPa). Actually,
this areal-glide model assumes that the line tension is constant and
overlooks the self-interaction of a dislocation with its own stress field.
As proposed by Bacon et al. [56], this interaction effect could be simply
taken into account by saying that impenetrable obstacles can, when
interactions are included, be treated as penetrable obstacles in the line
tension model. Thus, if f is decreased from 1 to 0.7, the Orowan con-
tribution to the strengthening is decreased to 13 MPa.

As for Orowan mechanism, the influence of particles size distribu-
tion on CTE mistach hardening is investigated. When the nanocompo-
site is cooled from the processing to room temperature, misfit strains
are caused by the difference between the thermal expansion coefficients
of the particle and the matrix and the associated thermal stresses can be
sufficient to punch prismatic dislocation loops. GND are hence gener-
ated at the Y,0j3 particle interface. The misfit strain due to the differ-
ence ACTE between the thermal coefficient of the matrix and the par-
ticle is given by Ref. [57]:

gn = ACTE. AT (6)

where ACTE is the difference between the coefficient of thermal ex-
pansion of the matrix and the reinforcement and AT is the difference
between the temperature reached during FSP and room temperature.
The coefficient of thermal expansion of magnesium and Y,O3 are, re-
spectively, 25 and 8.1 10 K. In the present study, the temperature
in the SZ was not measured. As it depends on process parameters and
especially on the ratio “’—:, it can be approximated using the relationship
validated by Commin et al. on AZ31 processed by FSP [58]. The ob-
tained value of AT is 392K * 40K. The number of dislocation loops
generated in each direction on each particle in order to accommodate
the misfit strain may be approximated by ngnp = D.q. ACTE. AT/b
[59]. It is not expected that particles smaller than a critical size con-
tribute to strengthening if no prismatic loop is punched [20]. This
critical diameter Dféﬂ is defined as the diameter for which a particle
punches a single loop for each of the active glide direction and is given
by BC;“ = TR which gives a critical size of about 50 nm. It is also in
good agreement with the experimental observations showing that this
phenomena occurs on large particles (a few hundreds of nm), see Sec-
tion 3.4. Nanotomography is well suited to study this mechanism and a
statistical analysis of particles larger than about 50 nm can be carried
out.

The dislocation density o in the matrix due to punching can be
calculated by Ref. [57]:

. _ pram 1
CTE b(1 _fp) P

)

where B is a geometric constant (12 for equiaxed particles), t is the
smallest dimension of the particle (D, for a spheroidal particle) and £, is
the volume fraction of particles.

10

The contribution of this dislocation density to the strengthening of

the composite can be calculated by the classical Taylor relationship
[57]:
Aol = MAGyub [Bery (8)
where M is the Taylor factor (=2.5, see Section 3.4), A is the strain-
hardening constant with a value taken equal to 0.5 (between 0.3 and
0.6 for metals [60]). If the dislocation density is uniform in the matrix
as it is often assumed, then the contribution to the strengthening
AcSlbal is equal to 15.1 + 1.5 MPa. The term “global” refers to the fact
that in this case, the global volume fraction of particle FZ°"% = 0.33%
and the average equivalent diameter of particles D,; = 217 nm mea-
sured by nanotomography have been used.

However, the local dislocation density is not uniform: different sizes
of particles generate a different number of GND. Furthermore, for a
similar size of particle (and thus a similar number of punched dis-
locations ngnp), the density of dislocations is higher in the vicinity of
particles in particle-rich regions [20], as illustrated in Fig. 5(a). In order
to take this effect into account, the global volume fraction F&*" and
the average equivalent diameter of particles D,, are replaced by the
local value associated with each particle. The distribution of the in-
dividual contribution of each particle to the strengthening Ac,eq is
shown in Fig. 11. In this case, the tessellation cells can be seen as a
mesh of elements with each element associated to a certain stress. The
macroscopic contribution from the distribution of Agy,.q is then given
by the calculated cell-volume-weighted average <Acj e, >. The value of
<A0rocq> is found equal to 7.2 = 0.7 MPa, indicating that the effect of
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Fig. 11. Cumulative distribution of the local contribution Acjeq of each par-
ticle to the dislocation strengthening caused by thermal mismatch. <Aoyeeq> is
the volume-based average strengthening over all the cells of the volume and
Adgiebal 1s the strengthening computed from global parameters.
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the particles size and distribution inhomogeneity reduce by a factor 2
the strengthening contribution of CTE mismatch mechanism. From this
analysis, it can be concluded that the inhomogeneity of the particles
size and spatial distribution is expected to decrease more significantly
the strengthening contribution from CTE mismatch compare to the
Orowan contribution. Indeed, it has been shown that these two me-
chanisms are associated with two different sizes of particles: the ana-
lysis revealed that the spatial distribution of very small particles asso-
ciated with the Orowan strengthening is almost random (P equal 1.22)
and thus has only limited effect. On the opposite, the contribution from
CTE mismatch is decreased by a factor 2 when taking into account the
real spatial and size distribution of particles.

5. Conclusions

In the present paper, we performed and exploited multiscale 2D and
3D characterization techniques in association with dedicated modified
micromechanical models in order to successfully produce and probe a
Magnesium based nanocomposite reinforced by Y03 particles.

The FSP processing parameters have been successfully optimized by
analyzing the particles spatial distribution through 3D tomographic
images of several nanocomposites processed with different advancing
and rotational speeds of the tool. The in situ tensile tests show that the
homogeneous incorporation by FSP of a low volume fraction of Y503
particles (0.33%) inside a Mg matrix increases by 30% the ultimate
tensile stress and by 23% the yield strength with an insignificant lost in
terms of ductility.

The investigation of the microstructural features (grain size, texture,
dislocations and the presence of the particles) reveals that Orowan and
CTE mismatch strengthening effects are the main mechanisms re-
sponsible of the enhancement of the mechanical properties whereas
Hall-Petch strengthening and load transfer effects are negligible. The
size and the spatial distribution of the particles inside the matrix have
been quantified over four length scales and introduced in dedicated
micromechanical hardening models for each mechanisms (Orowan and
CTE mismatch). The analyses show that as the spatial distribution of
small particles associated with Orowan strengthening is almost random
in the present material (P equal 1.22), such strengthening effect can be
well described and estimated assuming a random particles distribution.
On the opposite, the strengthening effect due to CTE mismatch is
overestimated by a factor 2 when using the common approach based on
the global volume fraction of particles. Instead, our analysis reveals that
better predictions of the enhancement of the mechanical properties are
obtained by using the real particle size and spatial distribution ex-
tracted from 3D nano-holotomography images.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical and time limitations.
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