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As a proof of concept, tubes of Ti3SiC, MAX phase were slipcast in order to investigate its potential for the
fabrication of fuel cladding for nuclear reactors. A slip consisting of 46% dry weight basis (dwb) water, 4% dwb
polyethyleneimine (PEI), 0.5% dwb methylcellulose was used to cast the tubes, which were then sintered for 2 h
under vacuum at 1450 °C. Silicon loss was observed at surface which resulted in the formation of TiC. The hoop
stress to destruction of the tubes was measured and achieved a maximum of 9.1 * 2.2 MPa/mm of tube

1. Introduction

Originally discovered in the 1960s [1], the family of layered ternary
nitrides and carbides known as M, +;AX,, phases have been heavily
researched since the discovery of their unusual combination of prop-
erties in the 1990s by Barsoum and El-Raghy [2]. They are formed from
a transition metal element (M), a metalloid element (A) and carbon or
nitrogen (X) and have the crystallographic space group P63/mmc. Over
150 different compositions have now been synthesised, with the ma-
jority of these having been discovered in the past few years [3]. Ex-
hibiting traits of both metals (high electrical and thermal conductivity
and reasonable fracture toughness) and ceramics (high temperature
strength and creep resistance) [4], they currently find use in high
temperature applications such as heating elements, furnace tubes and
burner nozzles [5].

Some MAX phases form a protective oxide scale upon heating in air
which protects the bulk from further oxidation [6]. They also show
excellent corrosion resistance in heavy liquid metals (HLM), with
Ti3SiC, being an example of a successful phase in liquid sodium [7] and
liquid lead-based systems, in the latter this includes the commercially
available impure MAXTHAL® 312 grade from Sandvik Kanthal reported
to contain ~10 wt.% Ti) [8-10]. These are the respective coolants for
sodium- and lead-cooled fast reactor designs (SFR and LFR). Fast re-
actors have the potential to be much more sustainable than current
thermal (slow) neutron nuclear systems e.g., pressurised water reactors
(PWR). This is because fast reactors are capable of breeding a net gain
of fresh fissile plutonium from depleted uranium allowing nuclear fuel
to be recycled many times, and they also generate negligible very long-
lived nuclear waste (minor actinides) and are even capable of
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transmuting stockpiles of these elements produced in thermal reactors.

Neutron and proton irradiation studies on select MAX phases per-
formed by Tallman et al. [11,12] and Ward et al. [13] respectively,
conclude that some phases (TisSiC, and TizAlC,) have some resistance
to amorphisation during irradiation at PWR temperatures (~350 °C)
however dissociation to TiC was seen. They are more promising at the
higher irradiation temperatures (greater than ~500 °C) typical of fast
reactors and may exhibit dynamic recovery at higher temperatures
(>695 °C).

The overall combination of properties has led to MAX phases being
proposed as a candidate for nuclear fuel cladding applications including
LFR and in accident tolerant fuel (ATF) for PWRs, as well as impellers
for LFRs [9,14]. Although, it should be noted that none of the currently
synthesised phases has yet been shown to be suitable for an ATF ap-
plication. While Cr,AIC has shown good corrosion resistance in PWR
water chemistry [15], its irradiation resistance has so far been found to
be unsuitable [16]. Cladding must also be of sufficiently low neutron
absorption and activation for its reactor application, with the require-
ment for ATF being much more challenging as the neutronics of cur-
rently used zirconium alloys are highly favourable [17]. A number of
Zr-based MAX phases have now been synthesised [3] but the corrosion
and irradiation resistance of phases tested so far has been insufficient
[9,18] as was the apparent mechanical strength [17] which dictates
required clad thickness and hence neutronic suitability. However, novel
Zr-based MAX continue to be synthesised and so it remains possible that
a suitable phase will be identified.

Furthermore, before MAX phases can be considered for a cladding
application, the ability to form them into the required long thin tube
geometry must be explored. There are several possible options to create
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tube structures for ceramics. These include extrusion [5,19] and 3D
printing [20]. It is tempting, given the novel nature of MAX phases, to
apply a ‘high tech’ solution to this challenge. However, slipcasting is a
traditional process that is widely used in ceramic technology e.g., for
the fabrication of sinks, toilets and decorative pottery. Although not
frequently utilised for technical ceramics, slipcasting of Ti,AIC MAX
phase components has been demonstrated by Sun et al. [21], while Hu
et al. slip cast highly oriented Nb4AIC; in a magnetic field which they
densified using Spark Plasma Sintering (SPS) [22]. Moreover, Barsoum
and El-Raghy reported that Ti3SiC, may be cast to complex geometries
for the manufacture of non-stick moulds for latex gloves and condom
formers [4,23]. The use of slipcasting has also been shown to be able
produce complex shapes from MAX phases [5]. In this paper, we
therefore explore the possibility of producing tubes from MAX phases
via slipcasting.

2. Materials and methods

Commercial Ti3SiC, (MAXTHAL® 312) was used as substituent for a
potential reactor-suitable MAX phase cladding composition to demon-
strate proof of concept. The powder contained approximately 15 wt%.
of TiC impurity. It should be noted that Ti3SiC, would be unsuitable for
ATF applications due its poor oxidation resistance at high temperatures
[24], though its potential application in LFR cladding is more promising
as discussed in the Introduction. The particle size of the feedstock
power is shown in Fig. 1. Particle size data was collected on a Malvern
Mastersizer 2000 with the powder dispersed in water at 2.75% ob-
scuration. Mie scattering analysis was used, with an absorption value of
1 and a refractive index estimated from Ali et al. [25]. The powder/
water suspension was ultrasonicated between data collection runs to
break up agglomerates. The powder was found to have a mass median
diameter of 7.07 + 0.30 pum.

2.1. Slipcasting

2.1.1. Slip formation

PEI (Sigma Aldrich, molecular weight (M,,) 25,000, <1% water)
was used as dispersant in the slip, while methylcellulose (Sigma
Aldrich, viscosity of 4000 centiPoise (cP)) was used as a thickener to
increase the viscosity without further raising the solids loading. Moulds
were fabricated from Plaster of Paris (JW Superwhite) according to the
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Table 1
Composition of the slips used for rheological testing.

X Water (%dwb) PEI (%dwb) Methylcellulose (%dwb)
A 46.0 4.0 0.0
B 46.0 4.0 0.5
C 46.0 4.0 1.0
D 50.0 4.0 0.0
E 50.0 4.0 0.5
F 50.0 4.0 1.0
G 52.0 4.0 0.0
H 52.0 4.0 0.5
J 52.0 4.0 1.0

manufacturer's instructions with modelling clay used to create a seal,
and washing-up liquid to act as mould release.

Methylcellulose is hygroscopic and prone to clumping when added
to water. However, it has the unusual property of being insoluble in hot
water (>50 °C) while having a high solubility in cold water which,
along with the high viscosity and strand forming tendency of PEJ, led to
the following procedure being used for slip preparation. To ensure
proper dispersion, PEI was weighed into a beaker to which the appro-
priate volume of water was added to correspond to the correct
H,0 : PEI ratio to give the concentrations specified in Table 1. The
solution was placed on a hotplate (Jenway 1000) set at 70 °C while
being intermittently stirred with a glass rod, until the strands of PEI had
completely dissolved, after which the beaker was removed from the
hotplate (while still only lukewarm i.e., <70 °C to minimise losses of
H,O through evaporation). The methylcellulose was weighed and
quickly added to the beaker. The Ti3SiC, powder (Maxthal® 312,
Sandvik Kanthal which was measured by XRD to contain 10-15 vol.%
TiC impurity and a median particle size of 7.07 = 0.30 pm by low
angle laser scattering) was weighed and added with additional stirring.
The warm slip was transferred to an Azlon mill bottle (250 ml) and the
samples were roller milled as they cooled at 30 rpm (Brook Crompton
TYP T-DA63MB-D).

2.1.2. Rheology

An initial slip was created using 50% dwb of water, and 2.5% dwb
PEI (equivalent to 40:20:1 MAX phase:water:PEI). This slip was not de-
gassed prior to casting and produced a poor green body strength with
many large air inclusions. Subsequent slips were de-gassed (see below),

Abundance (%)
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Fig. 1. Particle size analysis data for MATHAL312 powder feedstock.
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and a more thorough investigation of slip composition carried out. The
de-gassing process was required to remove the many bubble inclusions
in the slip after mixing, and involved placing the slip container in a
vacuum chamber and pulling a vacuum for 5 min, then rapidly re-
storing atmospheric pressure.

Small batches of slips were prepared and kept agitated on a tube
roller (Cole Palmer) at 30 rpm with varying water and methylcellulose
content, displayed in Table 1. All percentages are given as a fraction by
weight of the Ti3SiC, used (dwb). The samples were tested using an
AR2000 rheometer (TA instruments), using cone and plate geometry
(40 mm diameter, 2° angle, 55 um truncation) at 25 °C. A pre-shear
phase with constant shear rate of 1 s~* was applied for each sample for
120 s. This was performed largely to ensure the sample was well dis-
tributed between the plates, and to check there were no large ag-
glomerates or air bubbles. The shear rate was then increased logarith-
mically between 0 and 100 s~ * with 10 s on each of 16 steps.

2.1.3. Mould preparation and casting

A mould was made to approximately the radial dimensions of a fuel
cladding rod. The mould former was 11.5 mm in diameter, 15 cm in
length with a rounded bottom edge to facilitate easier removal. The
former was used to make both a one and a two piece mould, and was
designed in FreeCAD v0.15 software and then reproduced in polished
brass (Fig. 2). The two piece mould was made with three keying fea-
tures to ensure the halves were aligned correctly. Immediately prior to
casting, slips were de-gassed to remove bubbles by placing the open
mill bottle in a vacuum desiccator and evacuating for 5 min (KNFlabs
N86KT.18 pump, 160 mbar) and then quickly restoring atmospheric
pressure by removal of the hose.

The slip was poured into the mould and left for 2 min (topping up
the slip level if needed), whereupon the excess slip was poured from the
mould and the resulting cast left to drain and dry for 2 weeks before de-
moulding was attempted. We note that drying periods in the ceramics
industry are typically much shorter in optimised processes (~24 h) but
longer times were used at this proof of concept stage to minimise the
risk cracking on removal.

2.2. Sintering

Green parts were sintered following a two-step process. Polymers
and organics were removed from the slip by heating for 1 h at 500 °C.
This was followed by sintering for 2 h with temperatures trialled be-
tween 1300 and 1450 °C in a tube furnace under flowing argon
(Carbolite STF 15/75/450, ~0.25 L/min) or vacuum (Elite TSF15-50/
180-2416 with Edwards RV3 pump, 2 2 X 103 mbar ultimate pres-
sure). Both furnaces were atmosphere-controlled tube furnaces, with
heating elements external to the alumina tubes.

2.3. Characterisation

Density measurements were performed using a helium pycnometer

~25cm
|

Fig. 2. Brass mould former shown with a one piece and a two piece plaster
mould.
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and the Archimedes method with water (immersion density). Samples
often contained open porosity so density/porosity measurements were
also undertaken using ImageJ software (Version 1.51 u, National
Institute of Health). Densified samples were sectioned (Buehler Isomet),
polished and examined using a Hitachi TM3030 scanning electron mi-
croscope (SEM) equipped with energy dispersive x-ray (EDX) spectro-
scopy (Bruker Quantax 70). Samples were ground using P260 and P600
diamond grinding discs (MetPrep Cameo Platinum series) using water
lubrication. Polishing was carried out using a 3 pm Apex Diamond
Grinding disc (Buehler) and 1 um water-based diamond suspensions
(MetPrep monocrystalline) on cashmere polishing cloth (MetPrep).
Fracture surfaces after hoop strength testing were also examined by
SEM. X-ray diffraction (XRD) was performed on a Bruker D2 Phaser
from 10° < 26 < 70° and a 0.02° step size using a Cu ka source.

2.4. Finishing and hoop strength testing

Sintered tubes were drilled out to an internal diameter of 6 mm
using a tool steel bit in a pillar drill. The tubes were hand polished using
SiC papers to ensure an even wall thickness which was checked with a
calliper. P200 paper was used initially, and subsequently P600, P1200
and P1800. Tubes were covered in the paper and ground with a com-
bination of axial and rotational motion by hand. Sections that deviated
from the proscribed thickness were excluded from testing, along with
any bevelled or damaged pieces. 6 mm long sections were cut from the
tubes and tested on a bespoke hoop stress rig (modelled in FreeCad
v0.15) simplified from other designs in the literature [26-28]. The rig
(Fig. 3) compresses a polyurethane bung uniaxially within the tube
section, which exerts radial force on the inside face of the tube until it
fractures, thus simulating increasing internal pressure in a sealed
system such as increasing fission gas pressure in a clad tube. Lamé’s
equation was used to determine the maximum hoop stress gy (Eq. (1)).
Thin wall approximations were not valid for the tested tube dimensions
(the thickness was greater than a tenth of the radius), and so hoop stress
would vary non-negligibly through the thickness as a function of the
radius.

(B = B)r’r,?
(r* = r)r? (€8]

rizPi - rOZPO

Op =
(* =12
where: P; and P, are the internal and external pressure (atmospheric)

respectively, r; and r, are the internal and external radii of the tube, and
r is the radius at a given point through the thickness.

3. Results
3.1. Slip rheology

The viscosity of the slips with increasing shear rate is shown in
Fig. 4, along with values displayed at a shear rate of 10 s™'. Slips

without methylcellulose behaved approximately as Newtonian fluids
(viscosity independent of shear rate), with decreasing water content

Fig. 3. (Clockwise from left) CAD models of the steel baseplate, polyurethane
bung with aligning pin, and steel press ram.
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3

Viscosity (Pa.s)

Fig. 4. Viscosity of slips with increasing shear rate (left), Viscosities at point a (10 s~ ') displayed in expected increasing viscosity (based on quantity of additives).

increasing the viscosity. The addition of methylcellulose resulted in
shear-thinning (decreasing in viscosity with applied shear strain), as
well as an increase in viscosity compared to the samples with only PEL.
Viscosity increased with decreasing water content but slip C with 46%
dwb water, which was expected to be the most viscous, was actually
less viscous than slip F with 50% dwb water, possibly due to the hy-
groscopic and hydrophilic nature of methylcellulose [29]. There was a
higher degree of variation in the shear-viscosity curves for samples with
no methylcellulose. This could be due to a poor suspension, or ag-
glomerations. This was not seen in methylcellulose containing samples,
so these were chosen. Slips J, F, and C were too viscous to pour easily,
so slip B (46% dwb water, 4% dwb PEI, 0.5% dwb MC) was selected to
use for further experiments.

3.2. Sintering

Samples sintered in argon were very weak and powdery after
heating, with little consolidation taking place but samples sintered
under vacuum at 1400 and 1450 °C did densify. TiO5 was also observed
in samples sintered under argon; this is attributed to incomplete pur-
ging of the furnace, or an issue with the sealing of the tube. XRD traces
are shown in Fig. 5. The starting powder contained some TiC, however,
the intensity of TiC peaks increased after sintering, suggesting partial
decomposition of the Ti3SiC,.

SEM and EDX spectra mapping was used to characterise cross-sec-
tions cut from the tube. A tube made without de-gassing showed bubble
inclusions (Fig. 6) and EDX maps revealed a Si deficient layer at the
edge, which was also observed on the inner surface of the tube. Pre-
ferential loss of the ‘A’ element occurs in MAX phase thermal break-
down, due to its weaker bonding, and impurities in the material can
lower the temperature at which this occurs [4]. We note that the outer
region can be removed by grinding due to the excellent machinability of
MAX phases and so does not represent a barrier to exploitation as
cladding which is typically ground to ensure a smooth surface finish.
ImageJ density estimates of tubes sintered at 1450 °C under vacuum for
2 h gave values equivalent to ~89% of theoretical density. Fig. 7 shows
the tube microstructure and open porosity. Fig. 8 shows examples of
cast tubes at various points during processing. Some samples had off-
centre holes due to uneven bulk thickness of the plaster mould. Some
longer tubes sagged and bent during sintering, so smaller straight sec-
tions were cut from these. After drilling and hand-grinding, the re-
sulting tubes are shown in Fig. 9. Great care was taken to ensure even
wall thickness while grinding. Despite de-gassing, some minor pits and
bubbles were still visible at the surface.

3.3. Hoop strength tests

Hoop strength tests were performed on tubes (labelled 1-6) sintered

45 i T T T T
S hkl TiSIC,
4t ¢ ; :
500°C Burnout S » TiC ¢ TiO,
< [Te]
36 [ S e % 1l& ~ o 2o 1
S & & 2=
= | N B2 _AF
225 1300°C (Ar) + U |
w
+
SR TN | S Y S
1.5 . 1400°C (Vac) J . |
1E ?L IL,WM,J“~‘AJ_M~.,.,_. M ~ zl\_j.\—.._.fu-_‘w\»-—:
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Fig. 5. XRD data for samples sintered under different conditions.



T. Galvin, et al.

Nuclear Materials and Energy 22 (2020) 100725

Fig. 6. SEM images of a tube cross-section, showing bubble inclusions (top left), and the edge (top right). EDX spectra maps of the tube edge showing loss of silicon at

the surface.

at 1450 °C under vacuum. Lame's equations for thick walled tubes give
results that vary throughout the bulk, but values displayed in Fig. 10
show the maximum hoop stress (at the internal surface) for the tested
tubes. There is significant variation for samples of similar wall thickness
(all with the same process route), likely due to variation in internal
defects and bubbles (see below). Table 2 shows the data gathered from
the hoop strengths tests. Tube 4 gave the best value of maximum hoop
stress per unit thickness (9.1 = 2.2 MPa/mm). Uncertainty was con-
servatively estimated as + 20%, for which further details are given in
[30].

SEM images of the fracture surfaces are shown in Fig. 11. They re-
veal regions with small bubbles ~100 um across, as well as grain pull-
out. Tube 4 had large fissures on its fracture surface which most likely
appeared post testing.

4. Discussion

The PEI only slips exhibited more variation in their rheology than

i

those that containing methylcellulose. The addition of methylcellulose
appeared to improve the rheological characteristics of the slurry and
resulted in a shear-thinning which was beneficial as lower viscosity
during pouring permits better permeation within the mould. Moreover,
thickening within the mould slows the uptake of water resulting in a
more uniform deposition. The de-gassing procedure significantly im-
proved the open porosity of the casts. Many tubes however, had offset
central holes after casting and required careful drilling. This was due to
mould design in which one side was marginally thicker than the other,
and so had more capacity for water uptake. These issues could most
likely be resolved with future work if the technology was deemed
promising for the fabrication of cladding. The sintered densities of the
tubes were too low to be hermetically sealed, and in future a feedstock
with smaller average particle size should be used to improve the den-
sity.

It should be noted again that in future iterations of slipcast tube
fabrication, machine lathing can be used to remove the TiC layer, as
discussed by Hwang et al. [31]. It is hoped that the relative thinness and

A D97 x25k  30pm

Fig. 7. SEM images of sintered microstructure, showing porosity.
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Tube broken during drilling

Sintered and sprues removed

Fig. 8. Cast tubes at various stages during sintering and finishing.

low density of the binary carbide layer will ease removal; however the
higher density tubes required for the application may present more of a
problem.

There was a wide variation in the maximum hoop stresses, with no
apparent correlation between wall thickness and failure stress, in-
dicating a high degree of inconsistency in the manufacturing process.
Porosity is visible in the fracture surfaces in Fig. 10 and most likely
constituted flaws at which cracks initiated. Hairline cracks may also
have been introduced through grinding, drilling and sectioning. Elim-
ination of such strength-limiting flaws is critical for any future fabri-
cation process.

Tube 4 had a wall thickness of 2.66 mm and reached a maximum
hoop stress at the internal surface of 20.95 + 4.19 MPa, giving a
maximum hoop stress to wall thickness ratio of 9.07 + 2.16 MPa/mm,
which was the highest value for those tested. However, the required
hoop strengths are far larger in current nuclear fuel clads.

In respect of a possible ATF application, then maximum hoop stress
values have measured in literature by biaxial liquid pressure burst test
in unirradiated (oxidation and hydrogen embrittlement excluded)
Zr-1%Nb VVER cladding (Russian PWR equivalent) as ~950 MPa
(~1350 MPa/mm) at ambient temperature, ~650 MPa at operational
temperatures (~950 MPa/mm) and ~200 MPa (~300 MPa/mm) at
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Fig. 9. Finished tube samples.
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Fig. 10. Hoop stress maximum values (internal surface) of tested tubes. Bars represent a conservatively estimated measurement uncertainty of = 20%.

Table 2
Summary of hoop strength test results with measurement uncertainty values.

Sample ~ Wall thickness Maximum hoop stress ~ Max. hoop stress per
(mm) (MPa) thickness (MPa/mm)

1 1.9 £ 0.3 49 =1 27 = 0.8

2 22 = 0.3 26 = 05 1.2 £ 03

3 22 = 0.2 51 = 1.0 23 = 0.6

4 23 = 0.2 21.0 = 4.2 9.0 = 2.2

5 27 £ 0.2 10.7 = 21 40 = 0.8

6 27 £ 0.2 209 + 4.2 79 £ 1.7

Fig. 11. Fracture surfaces of tube 1 and 4. Images oriented so tube radius is
vertical.

~700 °C, although the value is almost nothing at ~1000 °C [32]. It
should be noted that significantly variability has been reported between
the maximum hoop stress values recorded for zirconium cladding alloys
by different testing techniques including between liquid pressure burst
tests and expansion due to compression (EDC) tests [33] as used in this
paper.

For an SFR or LFR application, then the minimum hoop stress that
must be withstood at operational temperatures of 480 — 550 °C should
be anticipated to be in the range 100-150 MPa [34].

One factor that should be noted is Ti3SiC, [35] and other MAX
phases [36], unlike zirconium [32] and proposed fast reactor steel
cladding alloys [36], do not lose significant strength below 1000 °C
compared to ambient temperature values. However for this to be of
benefit, then the strength of MAX phases at operational temperature
must be competitive, taking into account the neutronically permissible
thickness, i.e., significantly better than achieved in the present study.

In this regard, the thickness of the MAX phase tube able to be
produced thus far by the method presented must also be considered — a
wall thickness of 2.66 mm would not be feasible neutronically for
current PWRs [17] (cladding thickness ~0.6 mm [38]) or fast reactors
for which designs usually have even thinner clads [37,39], though ty-
pically of steels which have higher neutron absorption than zirconium
cladding alloys.

Fabricating textured MAX phase tubes may provide way to improve
the strength, and resist irradiation swelling. This could be achieved
using a related technique called ‘centrifugal slipcasting’, where the
mould is spun on its axis at a high rpm, while slip is fed into the mould
through a coupler. This technique has been shown to preferentially
orient platelet grains in the green body [41-43].

The work reported above nonetheless illustrated the potential for
MAX phase tubes to be fabricated using slipcasting and was sufficiently
successful to give confidence that further study would be able to ad-
dress flaws and improve density, based on previous optimisation pro-
grammes undertaken using different materials. Using textured MAX
phases or composites, similar to research being carried out with SiC/SiC
fibre-reinforced material [40], could also provide a workable solution
to improve the overall properties.

5. Conclusion

Ti3SiC, based slips containing PEI and methylcellulose were tested
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for their rheological properties, and a slip containing 46% dwb water,
4% dwb PEI and 0.5% dwb methylcellulose was determined to have the
most appropriate properties for slipcasting. Sintered slipcast tubes were
89% dense, with some silicon loss at the outer edges of the sintered
part, which would be removable with grinding or machining.
Destructive hoop strength tests at room temperature in atmospheric
pressure were performed on hand finished sections, with the best result
being 9.1 + 2.2 MPa/mm of tube thickness. This value is too low to
consider using as a cladding replacement at this juncture, but this work
serves as further proof of concept that slipcasting can produce MAX
phase tubes. Improvements in processing and densification would be
expected to yield superior properties due to the elimination of internal
flaws.
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