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Abstract

A graded Fe based composite reinforced with tetragonal yttria stabilized zirconia, monoclinic
zirconia,-and wiistite and at a less extent, Zro.g973Fe0.02201.978 (Ftetragonal) and ZrogsYo.1501.03 (Ecubic)

was developed by high energy ball milling, compaction and sintering. Seme—other—phases—suech—as
Zro.0755€0.0.200, 975 F)r-and-Zro 35¥ 0450+ 93 (C)-were-also-putinto-evidence—in-the-bulk—material. Solid

state sintering entailed (i) the growth of Fe grains which remained submicrometric and (ii) the
coarsemng of oxides relnforcements formlng an interconnected network in the bulk graded composue

The increase of ox1de remforcements volume fraction enabled to obtain a material with a graded
electrical resistivity and a slightly graded hardness; the bending resistance of the as-developed
material was however decreased because of the weakness of the reinforcements — matrix bonds.
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1. Introduction

Because of the ever increasing demand that requires materials with combined performing
functional and mechanical properties to meet specifications of industrial applications, various metallic
matrix based composites (MMCs) have been developed. Numerous examples, such as Y20;
reinforced W based composites [1-2], metallic glass reinforced Al composites [3], Cu/Nb composites
[4] are for instance reported. Various reviews devoted to the topic, among which [5-9], can be cited. A
peculiar kind of MMC:s is further concerned by the graded MMCs [10]. These materials present a
graded microstructure with, for instance, an increasing volume fraction of reinforcements along the
material. This architecture confers them an evolution of their mechanical and/or functional properties.
The graded MMCs can be developed by various processes which proceed either (i) at the liquid state
such as casting, electroslag refining, spray forming, additive manufacturing, thermal spraying, or (ii)
at the solid state like natural sintering, hot isostatic pressing, spark plasma sintering, friction stir
processing or accumulative roll bonding etc.

The present study is a first step in the design of a graded Fe based composite for a railways
application which requires an evolution of both mechanical properties (hardness) and electrical
resistivity. The ticklish choice of the powdered reinforcements nature has been dictated by various
specifications, namely (i) their great electrical resistivity, (ii) their Young modulus close to that of Fe
of 211 GPa, (iii) their thermal expansion coefficient close to that of Fe of 12.1 (14.6)x 10 C! over
[20-100°C] ([20-800°C]) [11], (iv) their thermal stability for a pretty large range of temperatures and
(v) their absence of solubility in Fe. 3 mol.% yttria stabilized zirconia (YSZ) in the tetragonal crystal
lattice (with a stoichiometry of Yo.02Zro9s01.99) was chosen as reinforcement since it presents an
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electrical conductivity of 10 MS/m at 600°C [12], the highest fracture toughness among all the other
crystalline structures [13] and a Young modulus of 205 GPa. YSZ also presents a coefficient of
thermal expansion of 6-8.8x 10 °C™! [14], which should not entail too many thermal stresses during
the cooling stage of MMC elaboration. Besides YSZ has a large negative energy of formation, which
is very likely close to that of ZrO, equal to -1042.2 kJ at 27°C and to -818.2 kJ at 1227°C [11] or
lower than that of ZrO,, by comparison with other literature results [15]; its melting temperature
amounts to 2700°C and its tetragonal lattice structure is maintained up to 2360°C [#516], which
suggests its thermal stability. In addition, the diffusion coefficients of Zr and Y in Fe are respectively
2x1071% m2/s and 5%107'® m?/s at 977°C [3617], implying that coarsening should not be expected during
MMC elaboration. Zr and Y further present a very low solubility in the Fe matrix [11], Y>O; presents
no solubility in Fe at least at 1000 and 1200°C [##18] and ZrO; and Fe are not soluble at 1000°C
[#819]. YSZ should then pin Fe grain boundaries provided it experiences ne—eearsening a very
restrained coarsening process [20]. A graded oxide dispersion strengthened Fe based MMC was thus
developed by powder metallurgy, namely high energy ball milling, compaction and sintering. The
current paper aims (i) to characterize the microstructure of the graded MMC and to identify the
mechanisms of formation of the microstructure, (ii) to characterize the mechanical and electrical
properties of the graded MMC and (iii) to correlate the microstructure with the mechanical and
electrical properties of the graded MMC.

2. Experimental procedure

Iron (polygonal morphology, bimodal particle size distribution with 2 average modes of 5 and
20 um, and purity of 98%) and 3 mol.% yttria stabilized zirconia (YSZ) (spherical morphology with a
tendency to form agglomerates because of hygroscopic properties, monomodal particle size
distribution with a mode of 200 nm, and purity of 99%) powders were milled in various proportions to
obtain Fe - X vol.% YSZ eempesite blends with X =0, 5, 10, 20, 30 or 40. Milling was performed
under argon (with an oxygen content lower than 2 ppm and a water content lower than 3 ppm) for 100
hours in a Fritsch Pulvérisette 6™ planetary milling system made of stainless steel with a vial and
seven 10 diametered balls. The ball-to-powder weight ratio and the vial rotational speed were
respectively 4:1 and 727.2 rpm. The composite blends were then uniaxially compacted under 1600
MPa for 5 min and green compacts with a diameter of 10 mm and a thickness of 1.5 mm were
obtained. The composite subparts with an incremental volume fraction of reinforcements were
subsequently stacked and sintered in a free radial stresses matrix at 1250°C for 1 hour under a uniaxial
pressure of 50 kPa and secondary vacuum (2.6 x 10”7 atm), the heating and cooling rates being equal
to 10°C/min.

In order to investigate their microstructure, the composite powdered blends were dispersed,
embedded in a mounted carbon resin and polished up to 1 um while the sintered materials were cut
and polished up to 1 um. Nital solution enabled to etch the Fe grain boundaries in the sintered
composites.

The microstructure of the milled powders and of the sintered material was characterized by light
microscopy, and by scanning electron microscopy (SEM) by means of a JSM 7800F, JEOL®
microscope with secondary electrons (SE) or back scattering electrons (BSE) mode and X-ray energy
dispersive spectroscopy (EBX EDS). Thin foils sampled in both (i) the inner of a Fe-40 vol.% YSZ
milled powder particles mounted in carbon resin and (ii) the graded bulk composite have been
prepared by focused ionic beam in a FEI Strata DB 235 microscope with a double beam. They were
analyzed by transmission electron microscopy (TEM) with a FEI Tecnai G2 20 microscope equipped
with EBX EDS spectrometer and a FEI Titan Themis 300 microscope. The Tecnai G2 microscope has
a LaBs filament and operates at 200 kV. The TITAN Themis 300 S/TEM is equipped with a probe
aberration corrector and monochromator, allowing special resolution of 70 pm and energy resolution
of 150 meV. The microscope has also a super-X windowless 4 quadrant SDD (silicon drift detector)
detection system for the STEM-EBXEDS mapping and several annual dark field detectors. The
experiment has been performed at 300 kV with spot size 9, semi-convergence angle of 21 mrad and
probe current of approximately 100 pA. For the high angle annular dark field (HAADF) images,
collection angles were between 50 mrad and 200 mrad. For the STEM-EELS (Electron Energy Loss



Spectroscopy) experiment, the excitation of the monochromator has been set at 0.6 allowing energy
resolution of 140 meV at the zero loss peak. The semi-convergence angle was 15 mrad and the
collection angle was 49 mrad.
In order to identify the nature of phases, X-ray diffraction (XRD) analyses were performed at room
temperature in a Philips X Pert Pro® equipment using a Bragg-Brentano configuration and a Co
anticathode with a wavelength of 1.78901 A. An in-situ XRD experiment using a Bragg-Brentano
configuration and a Cu anticathode with a wavelength of 1.54056 A was also carried out with a D8
HTK1200N apparatus on the Fe-40 vol.% YSZ composite under primary vacuum to identify the
nature of phase transformations during heating. The heating rate was 10°C/min and XRD patterns
were recorded periodically each 50°C from 400 to 800°C and each 25°C from 800 to 1150°C.
Some dilatometry tests and differential scanning calorimetry analyses were also carried out to get
additional data about these phase transformations. Dilatometry tests were performed on the Fe-40
vol.% YSZ composite in a horizontal dilatometer DIL 402C, Netzsch® using the sintering thermal
cycle under primary vacuum. Differential scanning calorimetry (DSC) analyses on the Fe-40 vol.%
YSZ powder were carried out in a calorimeter DSC 404C, Netzsch®; the milled composite powder
was heated at 10°C/min up to 1350°C under argon flow.
The geometrical density of the green compact was calculated; the density of the sintered material, as
well as the open and closed porosities contents were measured by Archimede’s method according to
NF ISO5017 standard [#92021] using absolute ethylic alcohol.

With regard to the mechanical properties, Vickers microhardness tests under a load of 25 g for
15 s were performed on each sub-composite part of the sintered graded material.
Some 3 points static bending tests were also carried out according to NF EN ISO 14125 standard
[202122] on 10 mm diametered and 15 mm long graded bulk MMCs in which the central part
contained 40 vol.% YSZ while the YSZ content decreased from the central part towards the cylinder
bases. The upper mechanical support was a 5 mm diametered cylinder whose speed was 1 mm/min. It
has been applied on the central part of the graded material. The 2 lower mechanical supports were
fixed at a distance of 3.25 mm from the centre of the graded material. The load applied on the upper
mechanical support was in-between 100 N and 20 kN.

The electrical conductivity of each sub-composite part was finally measured by the Van der
Pauw method [242223]. The latter method consists in joining 4 Cu wires with the sintered composite
material by means of silver lacquer. An electrical current is introduced between 2 of these 4 Cu wires
while the voltage is measured between the 2 remaining wires so as to calculate the electrical
conductivity of the composite.

3. Results

3.1.Fe matrix crystallite/grain size

Sintering led to the growth of the nanometric Fe grains generated by ball milling. Indeed the Fe
crystallite size is in-between 5 and 15 nm in the Fe-40 vol.% YSZ milled powder (see yellow
boundaries in figure 1a) while the Fe-40 vol.% YSZ sintered material presents some Fe grains with a
mean size close to 500 nm (figure 1b and c).
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Annular Dark Field (HAADF) image with Fast Fourier Transform (FFT) pattern of Fe (a), and in the
sintered Fe-40 vol.% YSZ bulk material etched with nital (BSE/SEM) (b and c).

3.2. Reinforcements
3.2.1. Reinforcements distribution

Comparison between the Fe-40 vol.% YSZ milled powder and the Fe-40 vol.% YSZ bulk material -
The Fe — 40 vol.% YSZ milled powder is made of composite particles which present a very fine
dispersion of reinforcements, as displayed in figure 2ate-}-nte-e2a to n, p to q. Their size is lower
than 200 nm and many present a mean size of 20 nm; their spacing is lower than 100 nm as shown in
the dark field images depicting some monoclinic zirconia and YSZ reinforcements (figures 2 ;41
and-ol, m, n and q). After sintering, the bulk Fe-40 vol.% composite is composed of a Fe matrix
together with a network (at least in 2 dimensions) of few micrometers sized coarse reinforcements
(figure 2¢te-s2s to u). These reinforcements are either intergranular (yellow arrow in figure 1c) or
intragranular (green arrow in figure 1c). Some reinforcements with a rounded shape can be very fine
(0.1 to 2 um) (see yellow and green arrows in figure 1c and black arrows in figure 2su). It is worthy to
note that the finest ones present the same shape and size as those of the elemental YSZ particles. In
BSE mode (figures 2¢;-+and-s2s, t and u), different contrasts can be noted and are directly linked to
the chemical nature of the phases, namely a bright contrast linked to YSZ reinforcements, a light grey
contrast related to Fe grains and a dark grey contrast linked to iron oxide phases, which will be
presented in §3.2.2.

Microstructure of the graded bulk composite — Figure 3 displays the graded architecture of the second
phases in the bulk composite constituted of the different composite subparts, each containing X vol. %
YSZ with X over the range [0-40]. An interconnected network of reinforcements can be noticed
through the global graded bulk composite (figure 3) like that observed in the Fe-40vol.% YSZ bulk
composite subpart (figure 2gu). In addition, the pressure applied during sintering enabled to get
porosity free interfaces between the various subparts of the sintered material (see rectangular zones in
figure 3 which show the localization of the initial interfaces between the various subparts). The
location of these well-bonded interfaces has been able to be identified thanks to the presence at the
bulk material periphery of very small zones, where there was a lack of bonding between the different



subparts. NeNeither evolution of porosity content nor change of the shape and size of the spherical
finest reinforcements has been noticed along the graded composite.




Figure 2: Distribution of the reinforcements in the inner of Fe-40 vol.% YSZ milled particles:
HAADF-STEM image (a) and respective X-ray maps of Fe Kq, Zr Kq—and; Y Ky and O Kq
(EBXEDS-STEM) (b to de); HAADF-STEM image at a finer scale (ef) and respective X-ray maps of
Fe Kq, Zr Kega1d; Y Kq and O Kq (EPXEDS-STEM) (fg to hj); bright field TEM image (k) and dark
field TEM images (jk-anddl,m and n) linked to the colored spots in the electron spot diffraction
pattern (1o); bright field TEM image (ap) and dark field TEM image (eq) linked to the colored spot
in the electron spot diffraction pattern (pr).

Details of the inner of the bulk Fe-40 vol.% YSZ sintered composite (BSE/SEM) (g+te-ss to
u).



Figure 3: Graded architecture of the second phases in the bulk composite (BSE/SEM). The blue
rectangles surround the localization of the initial interfaces between the different subparts of the
graded sintered material.

3.2.2. Nature of reinforcements

Comparison between the Fe-40 vol. % YSZ milled powder and the Fe-40 vol. % YSZ bulk material —
X-ray diffraction pattern of the milled powder depicted in figure 4 shows that the Fe-40 vol.% YSZ
milled powder consists of, beside Fe a, monoclinic (M) ZrO; (also observed by TEM (figure 2 +te-mk
to 0)), tetragonal (T) (also observed by TEM (figure 2 ate-pp to r)) and/or cubic (C) YSZ (their Bragg
peaks are so close that it is difficult to determine with accuracy the crystal structure of YSZ), and
Fes;0s4. The latter phase together with Fe,O3 was also detected by Raman spectroscopy and X-ray
Photoelectron Spectroscopy (not presented here). Concerning the sintered sample, it presents the same
nature of phases as the milled powder and the Bragg peaks of these phases are better defined since the
phases are well crystallized (figure 4). An additional phase, namely FeO, is however also put into
evidence in the sintered sample (figure 4). An increase of the monoclinic ZrO, phase is also noted
after sintering.
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Figure 4: X-ray diffraction patterns of Fe-40 vol.% YSZ composite after milling and sintering. C, T
and M abbreviations are respectively used for cubic, monoclinic and tetragonal crystal structures.

Phase transformations during sintering — Dilatometry (figure 5a) and differential scanning
calorimetry (figure 5b) were respectively performed on the Fe-40 vol.% YSZ green compact and
milled powder to detect the onset temperature of phase transformations occurring during sintering and
to identify the endothermal or exothermal feature of these phase transformations. Three phase
transformations were noted in the dilatogram, namely at 540°C (blue arrow in figure 5a), at 770°C
(green arrow in figure 5a) and at 940°C with a marked contraction (black arrow in figure 5a). Figure
5b further indicates that the first one is exothermal (blue arrow in figure 5b), the second one is
endothermal (green arrow in figure 5b) and the third one endothermal (black arrow in figure 5b). The
dilatogram also indicates that some shrinkage occurs at 1050°C (red arrow in figure 5a). Some other



events marked respectively by orange and grey arrows are noted in the DSC pattern (figure 5b) at
temperatures close to 1210 and 1330°C. The marked endothermal event occurring at 1330°C is very
likely due to melting of a phase or to eutectic transformation.

In addition and in order to identify the nature of the phase transformations, in-situ X-ray diffraction
patterns were recorded during heating, up to 1150°C and at a heating rate of 10°C/min. Their
comparison highlighted the occurrence of phase transformations at temperatures (i) between 500 and
550°C with the attenuation of the intensity of FesOs Bragg peaks and the formation of FeO (blue
circles in figure 6), (ii) between 600 and 650°C with Fea - Fey (green circles in figure 6), and (iii)
near 950°C with ZrO, (M) — ZrO, (T) (the 2 dimensional map of in-situ XRD over [800-1150°C]
range is not presented here). The temperatures of phase transformations are consistent with those
supplied by dilatometry and DSC experiments. It is worthy to note that the contraction due to
allotropic transformation of Fe is almost not visible in figure 5a. The event at 770°C may correspond
to the completion of the allotropic transformation of Fea - Fey (figure 6), which is known to be
endothermal [2324]. In addition, the monoclinic to tetragonal transformation of zirconia leads to a
contraction as depicted in figure 5a and is an endothermal reaction, as already indicated in literature
[22-2324-2525-26]. However no phase transformatron could have been 1dent1f1ed peither—at a
temperature e eena § e A por-at of
1210°C. The endothermal s1gnal at 1330°C (grey arrow in flgure 5b) very hkely corresponds either to
(ZrO, + FeO - liquid) eutectic transformation occurring at 1332°C or to FeO melting occurring at
1371°C in equilibrium conditions [242627].

a
1400 ¢ _—
‘l' ¢‘L P Temperature (°C)
s 4 ~—dL/Lo ~ 0E+00
1000 -
I, - -1E-02
=
E 800 - /I .
£ ’ 2E-02 2
2 600 - / S
p /
E / 3E-02
E 400 - 5
= /
200 / -4E-02
/
V4
0= SE-02

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Time {min)



3,0E-01
2,5E-01 - |, Exothermal
2,0E-01 -

1.5E-01 - I

1,0E-01 - ‘L
5,0E-02 - T TT

0,0E+00 -

Heat flow (mW/mg)

-5.0E-02 ; : ; : ; ‘ ; ‘ ; . ; : :
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Temperature (°C)

Figure 5: a) Thermal cycle and dilatogram of a green compact of milled Fe-40 vol.%YSZ powder and
b) differential scanning calorimetry pattern of the milled Fe-40 vol.%YSZ powder during heating at a
heating rate of 10°C/min. The first part of the dilatogram and of the DSC curve is very likely due to
the inertia of furnace.

AL, Al,O; Al,0, ALO,
1 FeO FeO Fe(y) Fely) l FeO l l _ Peaks
h A A A intensity

800 %7000

- 6000
700 t
- 5000

600
4000

Temperature (°C)

3000
500

2000

400

30 50 60 70

40
Fe;0, Fe3%eF(eo(g; Fe,0, Fe(a)
Figure 6: Example of the two dimensional map showing the Bragg peaks positions and their
intensities (see color bar) vs. the temperature range of [400-800°C] (in-situ XRD analysis of the Fe-40
vol.% YSZ blend with a heating rate of 10°C/min and a step of 50°C). Alumina signal results from the
backing plate.
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ldentification of local phases at the atomic scale in the sintered material - Some local phases were
also identified by HAADF/STEM (figure 7). They deal with ZrO, (M), Zrog78Fe0.02201.973 (T) and
Zr085Y0.1501.03 (C). Their chemical composition was confirmed by EBXEDS analyses (not presented
here). Some twins (not presented here) have been observed in ZrO, (M), which suggests that it results
from the phase transformation ZrO; (T) = ZrO, (M) occurring during the cooling stage of sintering.
The latter phase transformation is indeed known to be accompanied by twinning during cooling
[222425]. The FeO phase has finally been identified next to zirconia (figure 8e) and at the Fe;Os-Fe
interface (figure 8f and g). EELS spectra from the areas shown in figure 8g are given in panel h of the



same figure. An energy shift is observed towards higher energies, which indicates a change of
oxidation state towards Fe**. This is a clear evidence of the presence of both FeO and Fe;0s4.
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Figure 7: HAADF—TEM micrographs of sintered Fe-40 vol.% YSZ: atomic arrangements and Fast
Fourier Transform (FFT) patterns of a) ZrO» (M), b) Zro.978F€0.02201.978 (T) and ¢) Zro.85Y0.1501.93 (C).
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Figure 8: HAADF-STEM image of Fe — 40 vol.% YSZ sintered material (a) and respective X-ray
maps of Fe Kq, Zr Kq and Y Kq (EBXEDS-STEM) (b to d). e) and f) are respective magnifications of
red and blue encircled zones in figure a. The white encircled area in figure f is magnified in panel g,
and associated EELS spectra are shown in panel h.

3.2.3. Volume fraction of phases

Table 1 compares the volume fractions of the phases contained in the Fe-40 vol.% YSZ blend
after milling and after sintering. The estimation by the Rietveld method of the phases volume
fractions in the milled powder is quite ticklish because of the very large Bragg peaks which present a
low intensity and which can be convoluted. It can be noted that the amount of both Fe and FeO after
sintering almost corresponds to that of Fe before sintering while the proportion of monoclinic ZrO,
and of YSZ after milling evolves during sintering.

According to inductively coupled plasma (ICP) analyses, the oxygen content in the milled Fe-40
vol.% YSZ powder amounts to 10.10 mass.% while the calculated oxygen content of this mixture
before milling was equal to 8.53 mass.%. In addition, the estimation of the oxygen content in the
sintered Fe-40 vol.% YSZ composite from the data of Table 1 leads to an oxygen content of 10.96
mass.%. These calculations prove that there was some contamination by oxygen during milling (very
likely because of a lack of hermeticity of the vial for a long milling time despite its conditioning under



argon) and sintering. The contamination by oxygen very likely also occurred during the handling and
use of powders under air between the processing and analyzing steps.

Table 1: Volume fractions of phases after milling and after sintering for the Fe-40 vol.% YSZ blend
according to Rietveld method. The uncertainty of the values is close to 0.05.

Phase Fe FeO 71O, YSZ Fes;04 and
monoclinic tetragonal Fe,0;
M) (T)
After milling ~0.61 ~0 ~0.13 ~0.26 Difficult to
estimate
After sintering 0.47 0.22 0.18 0.13 ~0.01

In addition, the volume fraction of iron oxides in the sintered composite subparts is similar whatever
the amount of zirconia based reinforcements in the subpart.

3.3. Density of the bulk sintered graded composite

Sintering improved the density of the Fe-40 vol.% YSZ composite subpart green compact of about
14.7 units. The green density amounted to 72.0% while the sintered density reached 86.7%. In
addition, the sintered density of the bulk graded composite material is evaluated at 90.7% with an
open porosity percentage of 2.5% and a closed porosity percentage of 6.8% according to Archimede’s
method. The calculation of the theoretical density of the graded material has been made taking into
account the mass of each composite subpart. For the calculation, only the YSZ reinforcements were
considered, which is not perfectly rigorous.

3.4. Electrical and mechanical properties of the bulk sintered graded composite

Electrical conductivity — The electrical conductivity of the composite parts is divided at least by 4
compared to that of sintered pure Fe (figure 9). In addition, the greater the YSZ content in the
composite subpart, the lower the electrical conductivity is (figure 9). The electrical conductivity of the
composite with the greatest YSZ content remains far greater than that of YSZ.

Microhardness — The results of microhardness tests are displayed in figure 9. The presence of
reinforcements enables to strengthen pure iron but the different composite subparts do not see their
microhardness evolve a lot with the YSZ content.
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Figure 9: Microhardness and electrical conductivity of the various subparts of the bulk sintered
composite.



3 points bending properties — According to the 3 points bending tests, the graded sample withstood a
4270 N force which generated a largest deflection of 0.85 mm in its middle before its failure. Its
fracture energy, which supplies information about its toughness, amounts to 1.51 J. This low value
can be explained, at least, by the incomplete densification of the material. The fracture patterns of the
specimen are displayed in figure 10. Some cracks can be observed inside the reinforcements and at the
interface of reinforcements and Fe matrix. The polyphased material also presents some lacks of
bonding as well as porosities, which proves that densification was not complete and which confirms
the density values.

Figure 10: Fracture surface of the graded_MMC after 3 points bending test (SE/SEM).

4. Discussion
4.1. Phase transformations

Various phase transformations occurred during sintering of the graded composite leading to the
formation of hybrid reinforcements.

Allotropic transformation of Fe — According to dilatometry (figure 5a) and X-ray diffraction analyses
(figure 6), the allotropic transformation of Fe occurs at a temperature in-between 600 and 650°C. It is
worth noting that this temperature is far lower than the equilibrium point of 910°C [11]. This can very
likely be explained by the nanometric mean size close to 5-15 nm of the Fe crystallites in the milled
powders (figure 1a) and by the strain induced in the powders during high energy ball milling which
enables to reduce the required energy to achieve the transformation [2829].



Phase transformations of ZrO: and YSZ — An increase of the volume fraction of the monoclinic
zirconia at the expense of tetragonal YSZ was observed in the sintered material compared to the
milled powders (Table 1). This suggests a destabilization of tetragonal YSZ during sintering. During
heating, Y and/or Fe contained in zirconia network may have diffused outside the YSZ network
leading to a Y»0s3 or Fe,Os content, lower than that required of 3 mol.% [222425], to stabilize the
tetragonal structure of zirconia at room temperature. This could have reduced the oxygen vacancies
content introduced in the aliovalent dopants such as Y and Fe and destabilized the tetragonal YSZ
[222425]. During cooling, the zirconia depleted of Y»,Os; and Fe»Os; would have recovered its
monoclinic structure stable at room temperature.

Formation of ternary Zr based phases - Tetragonal Zroo7sFe0.02001.978 and cubic ZrossY0.1501.93 have
been identified (figure 7). The first phase Zrog7sFe0.02001.978 s maintained at room temperature and
seems to correspond to B-ZrO,, which can contain 2.2 mol.% FeO in solid solution and exists at
equilibrium over [1170-2347°C] range as mentioned in literature [242627]. FeO in solution in
zirconia would thus enable to stabilize the tetragonal structure of zirconia at room temperature. In the
same way, the insertion of yttria into zirconia to form ZrossYo0.1501.93 enabled the stabilization of the
cubic structure of zirconia at room temperature, as already shown in literature [4516].

In addition and contrary to some observations reported in literature concerned by sintering of Fe-ZrO,
composites [25-2727;29-3028,30-31], it is worth noting that e-ZrsFe;O, which appears at 900°C and
results from a reaction between iron and not stabilized zirconia [25-2727;29-3028,30-31], has not
been detected in the sintered materials. Likewise, no Fe, Y and O bearing phase was detected in the
present study unlike some results reported in literature [273031].

Formation of iron oxides — After sintering, the global volume fraction of iron oxides is greater than
that obtained after milling while pure Fe volume fraction is reduced (table 1). The milled Fe powders
were shown to present at their surfaces Fe3O4 according to XPS and Raman analyses although milling
was performed under not perfectly pure argon. In addition, Fe may also oxidize during sintering
although sintering occurred under secondary vacuum and low oxygen pressure. In-situ X-ray
diffraction analyses indicate that the Bragg peaks of Fe3O4 become less intense at a temperature close
to 540°C while FeO is formed (figure 6). FeO is also detected at the Fe-Fes;Oj interface (figure 8f,g,h).
Dilatometry and differential scanning calorimetry analyses further show that FeO is formed via an
exothermal reaction. The FeO phase would thus result from the reaction of Fe with Fes3O4. This
assumption is in agreement (i) with the Fe-O equilibrium phase diagram according to which the phase
transformation happens at 570°C [11] and (ii) with thermodynamical data which indicate that the
chemical reaction is exothermal and that its AH® is -75058 J/mol [11]. The difference of the
temperatures of reaction can be explained by the nanometric features of the compacted powders.
Moreover, many FeO phases are aggregated next to zirconia rich zones (figures 2q to s and 8e) and
Fe;0s4 rich zones (figure 8f to h). The diffusion of O* ions supplied by YSZ, which is faster than those
of Zr** and Y3* ions [283332], and whose kinetics is high from 800°C [293233], as well as the
diffusion of Fe**/Fe** from Fe;O., which is faster than that of O* [283332] may have entailed, under
temperature effect, FeO formation and depletion of stoichiometric zirconia in oxygen vacancies. The
latter argument would nevertheless remain to be proved.

Finally, FeO is maintained in the sintered material at room temperature (figure 4) while according to
the equilibrium Fe-O phase diagram [11], the Ellingham diagram [303334] and literature [343435],
stoichiometric FeO is not stable at room temperature and atmospheric pressure. Its stabilization at
room temperature is however reported in literature (i) following its formation in a wet and oxidizing
atmosphere [32-3335-3636-37], or (ii) under high pressure [343738], or (iii) following its elaboration
by milling of Fe and Fe;04, cold compaction under 150 MPa, sintering at 1100°C for 1 h under Ar
and high isostatic pressing at 900°C for 1 h under 50 MPa under vacuum [353839] or (iv) following
Fe infiltration in tetragonal yttria stabilized zirconia [363940]. In the present case, FeO stability at
room temperature would be explained by the fact that sintering occurs under secondary vacuum in a
reducing atmosphere. The low oxygen pressure could hinder FeO dismutation into Fe and Fe;O4
during cooling.

4.2.Densification and sintering mechanisms



4.2.1. Factors promoting the densification

Two factors, namely the powders nanostructuration and the presence of iron and yttrium
dopants, were gathered in order to promote the sintering kinetics and-then-the-densification.

Nanostructuration and defects — The fineness and nanostructuration of milled powders (figure 1) are
actually known to favor the sintering kinetics, as already observed in literature [37-3840-4141-42].
During milling, the powders stored high strain energy. In addition, compaction leads to increase the
density of dislocations in the powder particles. Thus the high vacancies and dislocations density
favors the atomic diffusion during sintering, which accelerates the sintering kinetics.

Dopants — With regard to dopants, YSZ sintering is suggested to be activated by yttria dopant, which
was native in the elemental powder, or by iron oxide dopant provided its content is greater than 1
mass.% [39-4042-4343-44]. Fe is indeed known as YSZ dopant which improves the sintering kinetics
of YSZ, all the more that sintering occurs under oxygen poor atmosphere, the interstitial defects
density being more important in YSZ under a low oxygen pressure [414445]. Zr“'*#g“‘—Feg‘“—&Hd—Qz’

e%ysbﬂ#e%mm—akeady—d%ﬁ%d&ed—&ﬁsﬁde%&eﬁ*&e#ﬂ&eﬁe%&ven the Fe content in tetragonal

phase of zirconia, Fe** is expected to be in interstitial sites. The doping defect of Fe** promotes the
jumps frequency of Zr**. Fe** is indeed expected to migrate via a mechanism of vacancies diffusion
during sintering. In addition, Feg*_faé&s—égéé—ﬁe%ﬁ%—ts—smaﬂer—eh&n—&“—eﬂe—é@% its
insertion in ZrO, lattice weakens the resistance of Zr-O bonds and the activation energy for Fe**
diffusion is lower than those of Zr** and Y**. This entails an increase of diffusion coefficient of Zr*
and of its diffusion speed, which promotes YSZ sintering kinetics [424546].

However, the reached density for the (graded) composite (§3.3) was lower than expected,
which is explained in the following part (§ 4.2.2).

4.2.2. Factors hindering the densification and sintering mechanisms
4.2.2.1. Density

Sintering of the Fe-40 vol.% YSZ composite enabled to improve the densification of the green
compact, which is consistent with literature [384442]. The sintered densities of both Fe-40 vol.% YSZ
and graded composite (86.7% and 90.7%, respectively) are slightly lower than those indicated in
literature for a 60% YSZ reinforced austenitic stainless steel based composite [293233], for a graded
YSZ reinforced steel base composite with YSZ contents in-between 20 and 90% [434647] and lower
or greater than those of a monolithic YSZ sintered material [444748] and [454849], respectively.

4.2.2.2. Reasons for uncomplete densification

With regard to the sintered Fe-40 vol.% YSZ and graded composite, their respective densities
(86.7% and 90.7%) are not as high as expected given despite the gathered factors which should have
favored their densification (§4.2.1); many reasons can explain their lack of densification, namely the
work-hardening of milled powders, the sintering conditions and the competition between densification
and coarsening.

Work-hardening of powders — The milled metallic based powder experienced work-hardening and lost
some abilities to be deformed during compaction step, which explains the limited green density of the
green compacts.



Sintering conditions and sintering mechanisms — Sintering was performed in an open matrix under a
low uniaxial pressure of 50 kPa. Even if the sintering temperature and soaking time at this
temperature favored the deformation of grains and diffusion leading (i) to an increase of contact areas
between the powder grains and (ii) to the formation of necks entailing material densification
[384142], the combined effect of temperature, soaking time and pressure did not lead to complete
densification in the present work. The sintering temperature was chosen to remain slightly lower than
usual sintering temperatures of YSZ [44;4544;4845,49] so as to maintain the nanometric distribution
of reinforcements developed during milling. The soaking time was very likely insufficient as well as
the sintering pressure—Fhe-latter-parameter-was however chosen so as to avoid the fracture of green
compacts all the more that it was applied before sintering cycle began.

With the sintering conditions and according to the microstructural observations (figure 1b and c), iron
sintering has very likely proceeded at the solid state given the polygonal morphology of iron grains. In
addition, the DSC signal did not reveal any endothermal transformatron of iron from solid to hqurd
state up to 1250°C (flgure 5) ;

Fe grain growth during srnterrng led to subrmcrometrrc grarns Wthh tends to confrrm that Fe
remained at the solid state during sintering.
Concerning iron oxides, they have very likely been sintered at the solid state except FeO which may

have become hqurd Very locally (see frgure 2u) I-ndeed—gwe&th&preme&en—ef—ph&s&traﬂsfemraﬁeﬂs

An increase of sintering temperature could lead to 11qu1d phase s1nter1ng and then to better
densification.

Competition between densification and coarsening — Finally, tFhe presence of an interconnected
network of reinforcements in the sintered materials (figures 2q, r and s and 3) is-the-lastreason—which
can explain the lack of densification. Indeed its presence confirms that there-has-beer a competition
occurred between composite densification and reinforcements coarsening during sintering.
Coarsening of reinforcements, has already been—reported in literature [384442], and indicates that a
marked surface diffusion occurred in reinforcements at the early stages of sintering, which delays and
causes harm to densification [37:4640,4941,50]. Coarsening can result from (i) the presence of
nanometric Fe crystallites in the powder particles (figure 1a), (ii) nanoreinforcements agglomerates
(figure 2ate-e2a to q) with a large size distribution and eventually containing some porosities or (iii) a
large ratio between grain size of matrix and reinforcements, as already reported in literature
[3%46;4740,49;5041,50,51]. The presence of significant volume fractions of fine reinforcements of
zirconia and iron oxides (figure 2 and table 1) can also favor the formation of agglomerates.
According to numerical simulation results, an increase of the reinforcements volume fraction and/or a
reduction of their size is shown to slow down the densification kinetics [475051]. At last, the
chemical nature of reinforcements can also play a role on coarsening as developed in §4.3.

4.3. Coarsening

In addition to the phase transformations, coarsening confirms that the milled composite
powders are not thermally stable during sintering.

Firstly, YSZ reinforcements coarsened during sintering. Their size under 200 nm after milling
reached a few micrometers after sintering (figure 2). As aforesaid, coarsening of oxides was
predominant compared to densification during sintering, leading to the formation of an interconnected
network of reinforcements. Some coarsening phenomena of zirconia have already been reported in



literature [485452]. Indeed grain growth of YSZ cubic phase is 30 to 250 times faster than that of
tetragonal YSZ phase while a limited grain growth is observed in tetragonal YSZ phase doped with Fe
and sintered at 1150°C [424546]. In addition to the nanometric size and the wide size distribution of
reinforcements and the presence of agglomerates as already mentioned, other factors can govern the
thermal stability of reinforcements. Actually, the dispersoids are thermally stable (i) if their Gibbs
energy of formation is very low, (ii) if they are not soluble in the matrix and (iii) if the cation of the
oxide presents a low diffusivity [495253]. The Gibbs energy of formation of monoclinic zirconia and
FeO are respectively -1042.2 and -241.2 kJ/mol at 27°C and -818.2 et -165.8 kJ/mol at 1227°C [11].
No data has been found for YSZ at these temperatures in literature but it can be supposed that it
presents a similar energy of formation as monoclinic zirconia, or a lower one, by comparison with
other literature results [15]. Besides, Zr and Y are not soluble in Fe matrix [11]. Finally, as already
mentioned, the diffusion coefficients of Zr and Y in Fe are respectively 2% 107® m?/s and 5% 10'® m?/s
at 977°C [$617]. The low Gibbs energy of formation of FeO can thus explain the coarsening and the
percolation of FeO during sintering. The uncertainty about the Gibbs energy of formation of YSZ
cannot enable to conclude about the YSZ thermal stability according to the previously exposed theory
[5253]. The coarsening mechanism of oxide dispersoids is however controversial by Belyakov et al.
who suggest that it is due to oxygen diffusion at grain boundaries [505354]: the oxygen diffusion,
which is fast at high temperature, would indeed promote defects mobility. Oxygen ion diffuses more
rapidly than cations in ZrO; and Y203 and very likely also in YSZ, while Fe cation diffusion is faster
than that of O ion in iron oxides such as Fe;O4 and Fe>O; [283432]. This mechanism could thus
explain the coarsening of YSZ and ZrO, during sintering. The kinetics of coarsening is very likely
increased since the reinforcements distribution is nanometric in the milled powders (figure 2) and the
milled powder is nanostructured (figures la and 2). The high density of grain boundaries and
reinforcements / matrix interfaces indeed promoted diffusion [545455].

Secondly, the mean crystallites size of Fe is multiplied by a factor in-between 33 and 100
after sintering: it indeed reached 500 nm after sintering while it was close to 5-15 nm after milling
(figure 1). The Fe grain growth remains however limited all the more that sintering occurs at a
homologous temperature (defined as the ratio between the absolute sintering temperature and the
absolute Fe melting point) of 0.84. The nanograins tend to grow with temperature because of the
energy excess essentially stored in the grain boundaries [5#5455]. The high density of grain
boundaries favors the diffusion processes leading to the grain growth whose driving force is all the
greater that the grains are small [522829]. In the present study, Fe grain growth is very likely due to
the weak and low pinning of grain boundaries by intergranular reinforcements (figure 1c). The latter
ones experienced coarsening during sintering despite their fine distribution after milling.

4.4. Performances and graded feature of the bulk composite

Concerning the electrical conductivity of the bulk graded composite with all the composite
subparts, it diminishes from 9.93 MS/m in Fe to 0.4 MS/m in the Fe — 40 vol.% YSZ (figure 9).
According to literature, an increase of the reinforcements volume fraction [53;5455;5656,57], an
angular shape of reinforcements [545657] and/or a reduction of reinforcements size and spacing
[53;5555;5756,58] were shown to increase the electrical resistivity of a metal matrix composite. With
regard to the current results, the volume fraction, size and spacing of reinforcements are very likely
the predominant factors which can explain the evolution of the electrical resistivity along the graded
composite, since the reinforcements shape is similar in the various composite subparts at least at a
microscopic/mesoscopic scale (figure 3). The difference of thermal expansion coefficients of the
reinforcements (12-18 x10°° °C™! for FeO from 100 to 1000°C [353839], 6-8.8 X 10 °C! for YSZ and
monoclinic zirconia [14]) and 14.6x10° °C! at 800°C for the Fe matrix [11]) can lead to thermal
stresses in the composite during the cooling stage of sintering. In addition, the ZrO, (T) = ZrO, (M)
transformation of zirconia during cooling stage leads to a 3-5% volume increase entailing residual
stresses and even microcracks [222425]. The relief of a part of these stresses can lead to the formation
of dislocations at the reinforcements-matrix interfaces. The dislocations density is all the greater that
the interfaces are more numerous with the reinforcements volume fraction. Some residual stresses are
moreover maintained at the reinforcements-matrix interfaces. The strain fields thus entailed in the
matrix around the reinforcements constitute an energy barrier to electrons flow originating an increase



of the electrical resistivity [835556]. The weak electrical conductivity of oxide reinforcements, their
interconnected network together with the presence of closed porosities (figure 2#t) are also expected
to promote the increase of electrical resistivity of the metal matrix composite compared to pure iron.

With regard to microhardness, the gradation along the bulk material presented in figure 9 is
slight and not as high as expected. The microhardness of the material depends (i) on Fe grain size, (ii)
on defects density, (iii) on the porosities amount, (iv) on the quality of reinforcements/matrix
interfaces and (v) on the nature and distribution of the reinforcements in terms of spacing, size and
volume fraction. The global volume fraction of reinforcements was shown to increase when the YSZ
content increases from 5 to 40 vol.%. This very likely increased the defects density entailed by the
thermal expansion coefficient mismatch, but not necessarily decreased the Fe grain size because of the
interconnected network of coarsened reinforcements. Besides, the respective hardness of FeO and
Fe304 are 250 HV and 450 HV [565859], while the respective hardness of monoclinic ZrO, and 3
mol.% yttria stabilized zirconia are 1220 HV [14] and 1230 to 1360 HV [14]. The volume fraction
and the nature of reinforcements, the defects density and the porosities are very likely the
predominant factors which explain the microhardness evolution along the bulk material. It is worth
noting that if there had not been coarsening of reinforcements during sintering, the strengthening may
have been more important and graded.

As for the 3 points bending tests, the fracture patterns display some pulled-out reinforcements
and interfacial debonding (figure 10) which suggest the existence of weak bonds between the matrix
and the reinforcements. In addition, the brittle and hard oxide reinforcements, which play the role of
stress raisers, as well as the residual stresses, entailed during sintering by the thermal expansion
coefficients mismatch between reinforcements and matrix and by the ZrO, (T) = ZrO, (M) phase
transformation during cooling stage of sintering, can initiate cracks in the reinforcements and at the
reinforcements-matrix interfaces. The presence of closed porosities and of an interconnected network
of reinforcements can further promote the cracks propagation in the bulk material.

5. Conclusions

In conclusion, a graded Fe based composite strengthened with oxides hybrid reinforcements,
namely tetragonal yttria stabilized zirconia, monoclinic zirconia, wiistite and at a less extent,
tetragonal Zro.97sF€0.02201.978 and cubic ZrossYo.1501.03 was developed by high energy ball milling,
uniaxial compaction and sintering. fs-density-ameuntsto-90-6%— The formation of wiistite very likely
resulted from the reaction between Fe;O4 formed during mechanical alloying and Fe, and from the
diffusion of oxygen ion from zirconia based phase towards Fe.

Sintering proceeded essentially at the solid state; some iron oxides have however very likely
melted but only very locally. Sintering entailed (i) the growth of Fe grains which however remained
submicrometric and (ii) the coarsening of both yttria stabilized zirconia and iron oxides
reinforcements which constitute an interconnected network in the bulk graded composite, the
coarsening occurring at the expense of densification (a density of 90.6% was indeed reached). Seme
phases—suaeh-asZrO,-M)Zro.978Fe0.0.2004 975 (1 -and-Zrg s5¥ 0150193 {C)-were-also-put-into-evidencein
the-bulk-material

The weak reinforcement-matrix bondings is—weak—andand the porosities originateds the low
toughness and the bulk material fracture during three points bending tests. Along the bulk composite,
Aa slight graded hardness was noticed as well as anda graded electrical conductivity. are—finally
noticed alongthe-graded-bullkccompeosite The latter one was explained by the gradation of both (i) the

volume fraction, size and spacing of oxide reinforcements and (ii) the defects density.
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