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The effects of 400 keV helium ion irradiation dose and temperature on the microstructure of the Ti3SiC, ceramic were
systematically investigated by grazing incidence x-ray diffraction, scanning electron microscopy, and transmission electron
microscopy. The helium irradiation experiments were performed at both room temperature (RT) and 500 °C with a fluence
up t0 2.0 x 10!7 He*/cm? that resulted in a maximum damage of 9.6 displacements per atom. Our results demonstrate that
He irradiations produce a large number of nanometer defects in Ti3SiC; lattice and then cause the dissociation of Ti3SiC; to
TiC nano-grains with the increasing He fluence. Irradiation induced cell volume swelling of Ti3SiC; at RT is slightly higher
than that at 500 °C, suggesting that Ti3SiC, is more suitable for use in a high temperature environment. The temperature
dependence of cell parameter evolution and the aggregation of He bubbles in Ti3SiC; are different from those in Ti3 AlC;.
The formation of defects and He bubbles at the projected depth would induce the degradation of mechanical performance.

Keywords: MAX, Ti3SiC,, helium irradiation, He bubble

PACS: 61.05.—a, 61.05.J—, 61.80.Lj, 81.05.Je

1. Introduction

The layered carbides and nitrides, MAX phase
ceramics,!!3! have received much attention since Nowotny
first synthesized a large number of carbides.!* The MAX ce-
ramic is generally written as M, 11AX,, where M is an early
transition metal, A is an A-group element (mostly IIIA and
IVA), and X is either C and/or N. The family of MAX ce-
ramics combine many excellent properties of both ceramics
and metals, such as good electrical and thermal conductivities,
high elastic stiffness, and easy machinability.[':>*3] These
properties are due to their unique nano-crystal structure fea-
tures with a hexagonal structure and P63/mmc symmetry,
which can be described as two edge-shared TigC octahedron
layers linked by a two-dimensional closed packed A layer.[6-8]
The most important character is that the MAX phase has out-
standing irradiation damage tolerance.3--°-1°1 Therefore, the
MAX ceramics are potential candidates for application in fu-
ture Gen-IV fission reactors and fusion reactors with much
higher burn-up, requiring that the material that can survive up
to 200 displacements per atom (dpa).?"!

Several MAX ceramics have been synthesized or theo-
retically predicted.!”) Among them, TizSiC,[3%:15:18:19.21-23]
and Ti3AlC, 11131424251 are representative materials in the
MAX phase and have been suggested for the next genera-
tion nuclear reactor applications thanks to their advantages of

thermal/mechanical properties at high temperature and radi-
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ation damage resistance. The irradiation effects on Ti3SiCy
and Ti3AlC, subjected to helium[312-1418:19.21.251 apnd heavy
jon!!5:16,22.23.26-28] jrradiations have been intensively investi-
gated. Spherical He bubbles were formed in Ti3SiC, after
He irradiation up to 1.0 x 10'® He/cm? at room tempera-
ture (RT).['* Tallman er al.!%°! studied the neutron radia-
tion effect in several polycrystalline MAX phases, including
samples of Ti3AlC,, Ti;AIC, Ti3SiC,, and TiAIN. The re-
sults showed that the lattice distortion occurred and the dis-
location loops formed in the samples of Ti3SiC,. Zhang et
al.B found that the high temperature He irradiation and post-
annealing offered a path for the recovery of irradiation dam-
ages in Ti3SiC,. Song et al.!!”! studied the migration and
clustering of He atoms in Ti3SiC; based on the theoretical cal-
culation. Zhang et al.!'8] revealed the microstructure changes
of Ti3SiC, from damage TizSiC,, damaged TiC precipitation
to crystal TiC phase formation due to He irradiation up to
1.0 x 107 He*/cm?. Pang et al.!*°! illustrated that the struc-
ture distortion in Ti3AlC, after combined Fe and He ions ir-
radiation was more serious than that by single Fe-ion irradia-
tion. Flem et al.!” performed the in-situ study of 92 MeV Xe
ion irradiation damage on Ti3(Si,Al)C;, materials by using an
transmission electron microscope (TEM) to elucidate the de-
formation mechanism at a very small scale. Different energies
of Au and Xe heavy ions irradiations were conducted to the
Ti3SiC, material for the purpose of separation of the effects of
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nuclear interactions from those of electronic ones.[!7-22]

It was proposed that irradiation would induce sub-

7,15,28]

stantial crystal structure defects! and cell volume

26.28] 45 well as the dissociation of MAX to

expansion,[
TiC,[12] which contributed to the volumetric swelling of the
MAX phases. 3% Usually, the amorphization of nuclear materi-
als would lead to degraded corrosion resistance and the materi-

31321 50 the transformation of MAX phases

als become brittle, !
from crystalline to amorphous under irradiation was consid-
ered to inevitably contribute to the degradation of the mechan-
ical property. Up to now, the previous studies suggested that
the MAX phases have not been completely amorphized even
the irradiation dose up to 116.9 dpa.[?3! The remarkable irra-
diation resistance of MAX ceramics was suggested to be as-
cribed to the A layer atoms offering the space to accommodate
point defects.[?!%1 Besides, Shen et al.!*3! proposed that the
Xe™ irradiation induced TiC nanograins enhanced the irradi-
ation tolerance of Ti3SiC, ceramic because the formation of
nanograins provided a higher density of boundaries.!'*] He-
lium irradiation caused the lattice expansion of TizSiC, at
a low irradiation dose and induced the phase transformation
from Ti3SiC, to crystal TiC phase.[!'8) Wang er al.!® directly
observed the mixing of Ti and Al atoms under Au ion bom-
bardment at atomistic-scale resolution, as well as the forma-
tion of fcc-(TizAl)C, phases.

Although the effects of ion irradiation on Ti3SiC, have
been reported before by Nappé et al.,[*’] Whittle et al.,!'f]
Zhang et al.,!"1 Shen et al.,'*3! and Zhang er al.'>'8] A sys-
tematic TEM investigation of the He irradiation damage with
respect to fluence and temperature is still necessary to under-
stand the evolution and mechanism of He bubbles in TizSiC,
lattice. In this work, the Ti3SiC, bulk samples are irradiated
with 400 keV He™ ions at both RT and 500 °C. The irradiation
induced damages are characterization by grazing incidence x-
ray diffraction (GIXRD) and TEM. The irradiation induced
defects are accurately obtained by comparing the microstruc-
ture in the irradiated area with that in the un-irradiated area
from the same Ti3SiC, grain. The correlations between the ir-
radiation damage and dose and temperature are analyzed and
discussed.

2. Experimental methods
2.1. Sample preparation

The TizSiC, bulk samples used in this study were synthe-
sized by a hot pressing method.>32>! The Ti (99%, 200 mesh),
Si (99%, 300 mesh), and graphite (99%, 200 mesh) powders
with a molar ratio of 3 : 1.2 : 2 were weighted and used as the
starting materials for synthesizing Ti3SiC, ceramic. The Ti,
Si, and C powders were dry mixed in a resin jar, followed by
ball milling for 12 h, and then sieved. The mixture powders
were put into a graphite die and uniaxially pressed at 5 MPa,

and then heated to a desired temperature of 1550 °C and hold
for 1 h under an Ar atmosphere. The as-obtained bulk sample
was finally cooled down to RT and pressed for 5 min. The
bulk specimens used for irradiation and characterization have
asize of 5 mm (L) x5 mm (W) x3 mm (T'), and were prepared
by cutting into pieces using a diamond saw and mechanically
polishing to remove the surface contamination.

2.2. Helium irradiation

The He irradiation experiments were performed at Michi-
gan Ion Beam Laboratory in University of Michigan. The
ion implantation energy was set at 400 keV with the sample
normal direction, which would result in a projected range of
1330 nm that was calculated by SRIM code.3***] The SRIM
code was also used to simulate the He irradiation induced
damage and He concentrations in the TizSiC, matrix and the
used displacement energies were 25 eV, 25 eV, and 28 eV
for Ti, Si, and C,!1233] respectively. The helium fluence was
in a range from 0.5 x 107 He*/cm? to 2.0 x 10! He*/cm?,
and the helium flux was set at 0.78 x 10} He™/(cm?-s) to
avoid the severe irradiation heating.!®! With the aim to un-
derstand the effect of temperature on the irradiation damage
in the Ti3SiC, ceramic, the temperature was kept at both
RT and 500 °C during the irradiation. The detailed irradia-
tion parameters can be found in Table 1. The irradiation in-
duced damage and He concentration as a function of depth
are shown in Fig. 1. It is clear that the He irradiations with
the fluences of 0.5 x 10'7 He™/cm?2, 1.0 x 107 Het/cm?, and
2.0 x 10'7 Het/cm? cause the damages of 2.4 dpa, 4.8 dpa,
and 9.6 dpa at the depth of 1330 nm, respectively. The He
concentration at the projected depth increases from 3.2 at.%
for the 0.5 x 107 Het/cm? fluence to 11.5 at.% for the
2.0 x 10'7 He*/cm? one. The specimens are designated based
on the irradiation conditions and listed in Table 1 as LT2.4,
LT4.8, LT9.6 for RT irradiations and HT2.4, HT4.8, HT9.6
for 500 °C irradiations.

16
14+ dpa
17 Het 2 14
12L 2.0x10'7 Het/cm
—e—1.0X10'" Het/cm? 11.5 at. %4 12
| —=—0.5X107 Het/cm? [
10 10

He concentration

Displacement per atom/dpa
Helium atomic percentage/%

ST 18
2.0X10'" Het/cm?
6 --0--1.0x10'7 Het/cm? g-.q__l_f‘.t'% 16
--0--0.5X1017 Het/cm?/ & 1
T 3.2 a1.%14
2t d 12
() [y : el i om——
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Fig. 1. SRIM results of 400 keV helium irradiation on TizSiC,
to fluence of 0.5 x 10'7 He*/cm?, 1.0 x 10'” He"/cm?, and 2.0 x
107 He™/cm?, which induced a maximal damage of 2.4 dpa, 4.8 dpa,
and 9.6 dpa at the project depth of 1330 nm, respectively.
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Table 1. The detailed conditions for helium irradiation and the induced damages at the projected depth of 1330 nm in the as-implanted

sample based on the SRIM calculation.

Implantation Helium fluence Irradiation Helium concentration at Sample

Temperature/°C 17 N . Lo

energy/keV /107 He™-cm damage/dpa projected depth/at.% designation

0.5 2.4 32 LT2.4

RT 1.0 4.8 6.1 LT4.8

400 2.0 9.6 11.5 LT9.6

0.5 2.4 32 HT2.4

500 1.0 4.8 6.1 HT4.8

2.0 9.6 11.5 HT9.6

2.3. Microstructure characterizations

After irradiation, the cross-sectional TEM specimens
with thickness of around 100 nm were prepared by a focused
ion beam (FIB) lift-out technique in a Helios 650 Nanolab
workstation.[3*] The detailed FIB procedures for the TEM
sample preparation could be found elsewhere.**! Due to the
extreme thin irradiation surface layer, the structures of the ir-
radiated samples were examined by GIXRD using an X’pert
PRO MPD with a Cu Ko radiation working at 40 kV and
40 mA. The typical parameters for collecting the GIXRD pat-
terns were 30°-45° in 20 range, 0.02° in step size, and 3 s
in step time. The grazing angle was set to 2.3°, which cor-
responds to an x-ray penetration depth of 1350 nm calculated
by Mass-Absorption-Calculator in X’Pert Highscore software
using the density of Ti3SiC; (4.52 g/cm?).[1?! The sample sur-
face morphologies were observed using a Helios 650 Nanolab
SEM, which was equipped with an energy dispersive spec-
troscopy (EDS) utilized to acquire the element distribution of
Ti, Si, and C. The microstructures and crystal structures of
the irradiated samples were examined by bright-field image
(BF), annular dark-field image (ADF), and selected area elec-

Intensity

tron diffraction (SAED) of a JEOL 2010 F TEM operating at
200 kV with both TEM and STEM modes. The high resolu-
tion TEM (HRTEM) image was captured to obtain the shape
and distribution of the He bubbles.

3. Results
3.1. Microstructure of TizSiC, virgin sample

An SEM image of surface morphology of pristine
Ti3SiC, sample is shown in Fig. 2(a) and the corresponding
EDS mapping images of Ti and Si elements from the area in
Fig. 2(a) are shown in Figs. 2(b) and 2(c). Figure 2(d) shows
the XRD pattern of the pristine TizSiC, sample, showing that
the pristine sample consists of the majority phase of Ti3SiC,
and some impurity phases of SiC and TiC. The Ti3SiC, has
a hexagonal structure with P63 /mmc symmetry and the lat-
tice parameters (LP) are @ = 0.3072 nm and ¢ = 1.7677 nm.
The pristine TizSiC; shows a layered and lath-shaped feature
with grain size (in length) of over 5 pm, as shown in Fig. 2(a).
According to EDS mapping results, the SiC and TiC impurity
phases cover areas of ~ 8.8% and ~ 6.8%, respectively.

Ti3SiC;

L (d) A TisSiC,

e TiC/SiC

—

[\

o

=)
T

50 60
20/(°)

20

30

Fig. 2. (a) SEM image of Ti3SiC, before irradiation. EDS mapping of (b) Ti and (c) Si elements from the area shown in (a). (d) XRD pattern

acquired from Ti3SiC, before irradiation.
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The SAED pattern obtained in TEM analysis confirms
the crystal structure of the TizSiC, sample. A TEM lamel-
lar of the pristine sample across the interface between TizSiCo
grains and impurity phases was prepared by an FIB lift-out
method. Figures 3(a) and 3(b) show the STEM-ADF image
and EDS mapping of Si element of the pristine Ti3SiC, sam-
ple. The SAED patterns taken from the Ti3SiC; grain and the
Si-enrich area are shown in Figs. 3(c) and 3(d), which are in-
dexed as Ti3SiC; and SiC phases with the zone axes of [1010]
and [110].

Ti3SiCy

Ti3SiC, [1010]

_+€ 0008
<1015 B

<1015
‘€1013

‘€ 1013
: +€ 0000

Fig. 3. (a) STEM-ADF image of a Ti3SiC, TEM specimen prepared
by FIB method cutting across grain boundaries of TizSiC, and impu-
rity phases. (b) EDS mapping of Si element of the area shown in (a).
(c) and (d) SAED patterns taken from the Ti3SiC, and impurity phase
grains along the viewing directions of [1010] and [110], respectively.

3.2. He irradiation induced microstructure changes

Figure 4 shows a series of SEM images for the Ti3SiC,
samples irradiated at RT (Figs. 4(a)-4(c)) and 500 °C
(Figs. 4(d)—4(f)). No significant morphology change has been
found on the surface for all irradiation conditions. In compar-
ison, significant grain boundary cracking was found by Huang
et al.® and Clark et al.?) in Ti3AlC,. Helium irradiation in-
duced the anisotropic swelling of the Ti3 AlC; structure, which
provided the driven energy for the formation of cracks.* Sur-
face exfoliation was found on TizAlC, after He irradiation to
1.0 x 107 He*/cm? at RT.!*! This result implied the differ-
ent irradiation effect and He bubble evolution mechanism in
TizSiCy and TizAlC,. Therefore, it is supposed that TizSiC;
exhibits better irradiation resistance than Ti3AlC,.

Figures 5 and 6 show the BF images and SAED patterns
of Ti3SiC, samples after He ion irradiation at RT and 500 °C,

respectively. A damaged surface layer is clearly shown in the
BF images and the thickness of the damaged layer is consistent
with the calculated results by SRIM code. For each BF im-
age of the sample irradiated at different condition, three zones
coexist; i.e., FIB-Pt zone, irradiation damaged zone, and non-
irradiated zone. In order to analyze the irradiation induced
damage, two SAED patterns were taken from the irradiated

zone and non-irradiated bulk areas in the same Ti3SiC, grain.

Fig. 4. SEM images of Ti3SiC, specimens after He irradiation up to
2.0 x 10'7 He'/ecm? at (a)—(c) RT or (d)—(f) 500 °C.

At RT, for the LT2.4 specimen, the SAED patterns from
the irradiated and non-irradiated areas in Fig. 5(a) are shown in
Figs. 5(b) and 5(c). Both patterns can be indexed as TizSiC,
with the zone axis of [2130]. There is no remarkable differ-
ence between these patterns, indicating that the Ti3SiC, lat-
tice refrains from severe damage of 2.4 dpa He™ irradiation.
After being irradiated to 4.8 dpa, it is clear in Fig. 5(f) that
some diffraction spots labeled become much brighter, while
others become slightly weakened. It is worth mentioning that
the labeled spots can also be indexed as TiC with fcc structure
along [110] direction, implying the dissociation of Ti3SiC; to
TiC. The formation of TiC due to neutron and He ion irradia-
tion has been reported by Tallman et al.!®! and Song et al.%!?]
With dose increasing up to 9.6 dpa, all of the spots viewing
from the [1010] direction become si gnificantly diffused, which
is likely to be due to the production of much more structural
defects. The completely amorphous ring was not observed for
the highest irradiation dose, indicating the excellent irradiation
resistance of Ti3SiC,.
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[2130]

[1010]

non-irradiated
area

Fig. 5. BF images of specimens (a) LT2.4, (d) LT4.8, and (g) LT9.6. Helium irradiation induced an irradiated layer with a thickness
around 1330 nm, which was followed by the non-irradiated bulk. The corresponding SAED patterns taken from the non-irradiated
area and irradiated area are respectively shown in panels (b), (e), (h) and (c), (f), (i). The SAED patterns in panels (b), (e), and (h) are
indexed with the zone axes of [2130], [2130], and [1010], respectively.

[1010]

<0008
<1015 <1015
€1013 <1013
+< 0000

2.4 dpa

[oo11]

1100 1010

0110 =
0110 ,

1010 T390 =

4.8 dpa
[1010]

a00d 1015
Z {(1013

o / non-irradiated |
e ;

A area -- /

L

Fig. 6. BF images of specimens (a) HT2.4, (d) HT4.8, and (g) HT9.6. The corresponding SAED patterns taken from the non-irradiated area
and irradiated area are respectively shown in panels (b), (e), (h) and (c), (f), (). The SAED patterns in panels (b), (e), and (h) are indexed with
the zone axes of [1010], [0001], and [1010], respectively. (i) With increasing irradiation dose, the diffraction spots in SAED pattern become
dispersed at 9.6 dpa.
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[1010]

(0001)

Fig. 7. BF image of LT9.6 specimen in which a lot of He bubbles
formed at the projected depth. The inset shows the SAED pattern taken
from this area.

Figure 7 shows a HRTEM image acquired from the pro-
jected layer of LT9.6, in which the inset presents the SAED
pattern taken from the same area. A great many of individual
He bubbles were formed in this area due to the aggregation of
He atoms. It can also be found that some He bubbles start to
merge into a string lying on a preferential plane of TizSiCs
(0001).5371 1t is well-known that the Si layer, having larger
lattice space, represents nano-scale interfaces that function as
natural sinks for defects.[®3? Zhang er al.[>!! observed that
helium atoms prefer to accumulate within the layers where Si
atoms have been dislodged creating 2-dimensional channels.
Song et al.!"”! demonstrated by theoretical calculation that the
largest He clusters with no more than 7 He atoms were formed
in the Si layer.

At 500 °C, for the HT2.4 specimen, the SAED patterns
taken from the non-irradiated and irradiated areas are shown
in Figs. 6(b) and 6(c), respectively. The SAED patterns are
indexed as [1010] zone axis of Ti3SiC,. No apparent change
is found by comparing these SAED patterns, which is in ac-
cord with that for the LT2.4 specimen. After irradiated to
4.8 dpa, there is no discrepancy between the SAED patterns
before and after irradiation. This might be due to that the
high temperature provides more energy for the annihilation of
point defects. Moreover, it is well-known that irradiated in-
duced defects in Ti3SiC; are preferred to accumulate in the
Si layer,[®?! thus it is not clear to see the defects from the
viewing direction close to c-axis. Once the dose increased to
9.6 dpa, most of the diffraction spots become weakened or al-
most disappear, while others are no longer circular and start to
evolve to polycrystalline rings. These transformations should
be attributed to the structure distortion or the disappearance
of Ti3SiC, nanolamellar structure.3®! The diffraction spots la-
beled in Fig. 6(h) for the Ti3SiC;, phase can also be indexed
as the twin crystal of TiC phase with angle of 110° along
[1120] viewing direction. The labeled spots of TiC overlap
with those polycrystalline rings, which indicates that He irra-

diation causes the Ti3SiC; grain broken and leads to the for-
mation of TiC nanograins. (!5

Figure 8 shows the GIXRD patterns collected from the
virgin sample and the specimens irradiated at RT and 500°C
to different doses. All of patterns have been indexed as
Ti3SiC, phase, where the three major peaks are labeled as
(1011), (1014), and (1015). It should be pointed out that subtle
changes were found on (1014) and (1015) peaks. These two
peaks shift towards to lower 260 angles, suggesting that a crys-
tal distortion occurred after irradiation. At RT, the position
of the (1015) peak continuously drops with the increasing He
fluence. In comparison, the crystal structure of Ti3SiC, would
not be seriously modified with the He irradiation fluence at
500 °C. The structure parameters of TizSiC,, a-LP, c¢-LP, and
cell volume, derived from the GIXRD patterns are tabulated in
Table 2.

1000

(1011) (1014) (1015) 500 °C
800 |
iy l
= 600 2.0x10'7 Het/cm?
o ;
Q H
b= 400 b -0X1017 Het /cm?
g /

200

1008 F o

{ 2.0X1017 He*/cm?

800

1.0X10'7 Het/cm?

(=)

o

o
T

Intensity

i 0.5x1

'S

(e

o
T

0!7 Het/cm?

200

i before irradiation

32 34 36 38 40 42 44
20/(°)
Fig. 8. GIXRD patterns of Ti3SiC; specimens after He irradiation at (b)
RT and (a) 500 °C with fluence increasing from 0.5 x 10'7 He*/cm? to
2.0 x 10'7 Het/em?.

At RT, a slight reduction of a-LP and an obvious ex-
pansion of ¢-LP, leading to the volume expansion of 0.74%,
are observed after irradiated to 2.4 dpa, as shown in Fig. 9.
With the dose increasing from 2.4 dpa to 9.6 dpa, the ex-
pansion of ¢-LP increases remarkably from 0.74% to 2.53%,
leading a volume swelling from 0.21% to 1.93%. However,
a-LP seems to be independent of the He fluence. These re-
sults should be attributed to the formation of defects!®?8! in
the lattice and the He bubbles in the Si layer,!'>!# which is
consistent with the HRTEM observation that He bubbles lying
on the (0001) plane. The FWHM:s of the (1014) and (1015)
peaks after Ti3SiC, irradiated under different conditions are
listed in the last two rows of Table 2. Both of the (1014) and
(1015) peaks broaden with the increasing He fluence, espe-
cially for the (1015) peak where its FWHM increases from
0.29° to 0.98° after irradiated to 9.6 dpa. This peak broaden-
ing exhibits the production of much more defects in the cor-
responding crystal plane, which alternately induces the loss of
crystallinity of Ti3SiC,.
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Table 2. The Ti3SiC, crystal structure parameters, a-LP, ¢-LP, and cell volume, calculated from the GIXRD patterns (Fig. 8) of
the specimens before and after He irradiation. The full widths at half maximal (FWHMs) of (1014) and (1015) peaks after Ti3SiC,

specimens irradiated under different conditions are listed in the last two rows.

Structure parameters Virgin LT2.4 LT4.8 LT9.6 HT2.4 HT4.8 HT9.6
a-LP/nm 0.3072 0.3064 0.3065 0.3063 0.3063 0.3067 0.3076
a-LP shrinkage/% / -0.26% -0.23% -0.29% -0.29% -0.16% 0.13%
¢-LP/nm 1.7677 1.7807 1.7984 1.8124 1.7843 1.7849 1.7752
c-LP expansion/% / 0.74% 1.74% 2.53% 0.94% 0.97% 0.42%
Cell volume/A’ 144.47 144.78 146.31 147.26 144.97 145.40 145.46
Cell volume expansion/% / 0.21% 1.27% 1.93% 0.35% 0.64% 0.69%
(10T4) 0.31° 0.42° 0.44° 0.45° 0.35° 0.38° 0.36°
(1015) 0.29° 0.50° 0.56° 0.98° 0.41° 0.38° 0.40°
1.86 been reported by Tallman ez al.'! Shen et al.!*>*>3 demon-
s 184 RT -e-a  500°C——a (3 B .
£ 1s2f —omC © % strated.that the. Xe and He.: 101.1 1rr.ad1.at10n woulld induced the
£ 180} R formation of TiC nanograins in Ti3SiC, and Ti3AlC, ceram-
g 178y =57 ics. The precipitation of TiC nanograins would be beneficial
§ 1;61 J for improving the irradiation resistance of MAX ceramics. The
8 T 1 dissociation of Ti3SiC; has been well explained by theoretical
£ 03070 ¢ calculations that the bonding between Ti and Si is relatively
= 0.3060 i weaker than Ti—C bonds, which can induce the removal of the
0.3050 ' 05 10 15 50 Si layer leaving the TiC unperturbed.!'*! Zhang et al.!3! found
He ion fluence/10'7 ions-cm™? that He bubble aggregation in Si layer at high temperature pro-
149.0 vided a path for Si loss and the formation of TiC nanograins.
r —RT 500 °C () The mechanism of the formation of fcc-TiC phase has been
By 148'0: clearly understood in atomistic scale by Wang et al.!8! Un-
g 1470k der Au ion irradiation, the Al atoms would left their original
%’ - sites and enter the TiC lattice to randomly replace the Ti atoms
; 146.01 and to form the metastable y -(Tiz Al)C, and the fcc-(Tiz A)C,
S I phases. ®! Therefore, the fcc phase product formed during the
145.0 7
,:‘/f/ dissociation of Ti3SiC; phase should be ascribed to the forma-
144.0%5 05 10 1E 35 tion of fcc-(TizSi)C, while the Si atoms enter the TiC lattice

He ion fluence/10'7 ions-cm™2

Fig. 9.(a) The a-LP, ¢-LP and (b) cell volume of Ti3SiC, change as a
function of irradiation temperature and fluence.

At 500 °C, the reduction of a-LP and the expansion of
c-LP are 0.29% and 0.94%, respectively. However, with the
dose increasing from 2.4 dpa to 9.6 dpa, a-LP starts to expand
to 0.13%, while the expansion of ¢-LP drops from 0.94% to
0.42%, indicating that the TizSiC; cell starts to recover with
the higher He fluence. This phenomenon is contrary to the re-
sult from the RT irradiation. The FWHMs of the (1014) and
(1015) peaks both show a slight broadening after 2.4 dpa irra-
diation, and then have a tiny change with the post-irradiation.
It can be concluded that TizSiC, has better irradiation resis-
tance at high temperature compared to that at RT, which might
be due to the higher annihilation of point defects at high tem-
perature.

4. Discussion

The SAED results demonstrate that the dissociation of
Ti3SiC, to TiC phase occurred after He irradiation, which has

and occupy the Ti sites.

At both RT and 500 °C, the SAED and GIXRD results re-
vealed the volume swelling after He irradiation, which could
be easily understood that the He bubbles aggregating at the Si
layer induce the c-LP expansion and volume expansion.1314]
In comparison, the volume expansion of TizSiC; increases re-
markably with the increasing He fluence at RT, while it shows
a slight increase at 500 °C. This may imply the different mech-
anisms of He atoms diffusion in the Ti3SiC, lattice. It is
well-known that the Si layer, having larger lattice space, repre-
sents nano-scale interfaces that function as natural sinks for He
atoms and defects.[>*°] The presence of Si layer is responsi-
ble for the outstanding irradiation resistance of Ti3SiC; phase.
Therefore, it is easily understood that the He bubbles grow
along the c-plane with the post-irradiation and induce the c-
LP expansion at RT and 500 °C.

The mechanism of He bubble aggregation is proposed to
interpret the different changing tendencies of Ti3SiC, cell pa-
rameters irradiated at RT and 500 °C. Figure 10 shows the
schematic atomic arrangement of Ti3SiC, crystal structure
viewing from [1120] direction. As reported by Nowotny,!
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Ti3SiC, material has a structure with 2-dimension close-
packed Si intercalating into the TiC lattice.”>! TiC twin crys-
tals are separated by the Si layer with an angle of 110°.13%1 It
is evident that the interaction between Ti and C atoms is quite
strong, [1:10-21.2438] j¢ i5 hard for the He atoms incorporating
into the TiC lattice. However, it was proposed that the irradi-
ation would produce a lot of point defects in the TiC lattice,
which can further induce the contraction of TiC and TizSiC,
lattices. At RT, the density of radiation defect increased with
the increasing He fluence, which would cause the continuously
shrinkage of a-LP in Ti3SiC,.

® 6 ¢
¢

¢ ¢
® 6 6O s

b__
ﬁ / dric(111)

k;" @-ric
ﬁj'l'i(f‘(Z()y ()
¢ ¢

® 6 6O s

TiC

@
@ Ti2
@ si
®C

¢ ¢
® ® TiC

Fig. 10. The atomic arrangement of Ti3SiC, crystal structure viewing
from [1120] direction.

In contrast, the He bubbles exhibited different diffu-
sion and aggregation mechanism at 500 °C. Once the defects
formed in the TiC lattice, they would play an important role
as natural sinks for He atoms. Song et al.!>!! found that the
He atoms could be trapped by vacancies in the C layer based
on the first-principles calculation. For fcc-TiC, the {111}
plane is the habit plane with lower formation energy of de-
fect. The implanted He atoms tend to incorporated into the
{111} planes.[*! As shown in Fig. 10, the (111) and (200)
planes of TiC phase are parallel to the (1013) and (1015) of
Ti3SiC, phase. The accumulation of He bubbles on the {111}
planes induces the expansion along ¢ direction of TizSiCp. It
was reported that the He bubble induced expansion of {111}
planes would allow the {200} planes to expand more uni-
formly for fec-ErT,.!*!! From the arrangement of Ti3SiCs, the
(2020) plane lies at 55° to the a direction of Ti3SiCs. The ex-
pansion of two (200) planes of twin TiC crystals would arise
a larger expansion in the a direction of Ti3SiC,. As a re-

sult, we believe that this expansion contributes to the a-LP ex-
pansion of TizSiC, with the increasing He ion fluence above
0.5 x 10!7 Het/cm?, which is in accord with the GIXRD re-
sults. Zhang et al.'>! found that the He atoms would diffuse
out of the He bubble formed on Si layer, enabling the diffusion
of mobile Si back to their original sites at high temperature.
This fact indicates that the He atoms are not energetically sta-
ble at the Si layer, and prefer to be trapped by the defects in the
TiC lattice at high temperature irradiation. Moreover, the high
temperature annealing was suggested to play a positive role
in the recovery of He irradiation damage in Ti3SiC», ! which
manifested the decrease of c-LP with increasing He fluence
above 0.5 x 10!7 He*/cm? very well in this study.

In comparison to TizAlC»,[?% Ti3SiC, exhibited a bet-
ter irradiation resistance that was conforming to the results
of Tallman et al.!"' and Shen et al.”?3! The most important
reasons should be ascribed to the absence of surface exfolia-
tion and smaller volume expansion in Ti3SiC, after He irra-
diation. It seems that the temperature dependence of cell pa-
rameters in Ti3SiC, under He irradiation was different from
that in Ti3AlC,?3) which has been well explained by the
different migration and aggregation of He atoms in TizSiC,
and Ti3AlC,. The detailed investigation of He atom diffusion
and defect evolution at an atomistic scale is still preferred for
understanding the different irradiation effects in TizSiC, and
TizAlC,. Meanwhile, the Ti3SiC, ceramic should be more
suitable for using at high temperature environment due to the

high annihilation of the irradiation defects.[%18:19:21]

5. Conclusions

The He irradiation damage on TizSiC, with different He
fluence and irradiation temperature was systematically inves-
tigated by GIXRD, SEM, EDS, and SAED techniques. He-
lium irradiation of 2.0 x 10'7 He*/cm? fluence causes a max-
imal damage of 9.6 dpa at the projected depth. At both RT
and 500 °C, the results show that He irradiations produce a
large number of defects in the Ti3SiC, lattice, which evolve
to the dissociation of Ti3SiC; to TiC with the increasing He
fluence. At RT, the cell volume swelling of Ti3SiC; increases
continuously with the He fluence, indicating the accumulation
of He bubbles on the Si layers. In comparison, the volume of
Ti3SiC, shows a slight swelling during irradiation at 500 °C,
while the a-LP starts to expand at higher He fluence. This sug-
gests that the He bubbles prefer to migrate into the TiC lattice
rather than the Si layer at higher temperature. It is evident
that the changing tendency of the cell parameter and the He
bubble aggregation in Ti3SiC; is significantly different from
that in TizAlC,. It is proposed that Ti3SiC; is more suitable
for use in a high temperature environment and exhibits better
irradiation resistance than Tiz AlC,.
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