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Abstract

Single crystals of transition metal carbides from group IV, TiCix and ZrCi, have been
irradiated at room temperature (RT) with 1.2 MeV gold ions for various fluences in the range
2x10' - 3x10'6 ions/cm? and polycrystals for fluences between 2x10' and 4x10'° ions/cm?
alse—at—RTF. The irradiated samples were then characterized by micro Raman spectroscopy.
For this purpose, the evolution of main parameters of Raman spectra for both types of
samples (peak band positions, shifts, and intensities, and optical over acoustical band area
ratios) versus geld ion fluence are reported, eempared—and discussed. All acoustical and
optical bands increase and broaden with fluence. Yet no amorphization is achieved under the
highest fluence for both carbides. From the lowest fluence up to 10'3 ions/cm?2, point defects
like interstitials and vacancies are created. The increasing number of carbon vacancies
involves a local variation in stoichiometry accompanied by carbon release. For fluence above

10'° ions/cm?, ether—type—of extended defects (and—bigger) like dislocation loops and

dislecationnetwork appear, as eenfirmed-seen by TEM observations.
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1. Introduction

In nuclear reactors of the next generation, materials will be submitted to severe conditions
such as elevated temperature and high level of radiation damage. Transition metal ceramics
such as TiC and ZrC have been selected as candidates for fuel matrices (ZrC especially for
use as tri-structural-isotropic fuel particles: TRISO) in future high temperature gas cooled
reactors (HTGR) [1]. These ceramics are also considered as potential first wall materials for
fusion technology [2-3], thanks to their outstanding characteristics, such as refractory
behavior, high temperature stability (melting temperature higher than 3000°C), high
mechanical resistance, small neutron capture cross sections, and good fission product
confinement capability.

In group IV transition metal carbides, the overlap of 3- (or 4) d» and dx: — dyz orbitals of the
metal atoms with 2p orbitals of the non-metal atoms is known to induce a 0 hybridization.

The diagrams describing the-phenenvibrational density of state (VDOS) of TiC and ZrC have

been calculated by authors [4] [4-9]. All-these PDOS—diasrams—are—characterized—by—the

combining partial DPOSHrom T+ 3d-(Zr4d)y-and-C2p-orbitals {4-Group IV transition metal

carbides crystallize in the rock-salt structure. For stoichiometric compounds, each atom
occupies a symmetry inversion site leading to an On symmetry. Due to this fact, the first order
Raman scattering is strictly forbidden. However, the presence of C vacancies in sub-
stoichiometric cubic phase (M(IV) X-x) with M = Ti, Zr, and X = C) modifies the On
symmetry. As a result, these structural defects render first order Raman active by breaking
the usual g = 0 phonon wave vector selection rule [5]. A careful literature survey allows us
identifying a small number of Raman studies devoted to TiC and ZrC compounds [6-13].

They are essentially related to stoichiometry variations, but not to the consequences of



radiation damage. The most relevant result derived from these papers is that the stoichiometry
deviation plays a major role on the shape of the Raman spectrum. Therefore, we have
undertaken micro-Raman characterization of transition metal carbides in order to describe the
chemical environments existing in sub-stoichiometric TiC and ZrC compounds, and evaluate

their possible evolution under ion irradiation [ 14, 15].

2. State of knowledge

2 L TiC-and ZeCbehavi lerirradiati

2.1.1 TiC

A 100 keV electron irradiation of a <100> TiCoos thin foil at room temperature with a dose
rate of 10'/cm?/s (0.002 dpa/s) for 215 minutes induces the apparition of both an ordered
cubic superstructure TiCo 5 and graphite [16].

The first ion irradiation experiments of TiC are due to Hojou [22-24]. Low-energy (20 —
25 keV) molecular ion beams of hydrogen and deuterium were used at 18 K and the evolution
of the microstructure was followed by in situ TEM investigations. Amorphization was
observed for Ho* irradiation at ~10'” cm™, while no amorphization has been detected for D>*
irradiation at 4.5x10'7 cm™2, probably due to the difficulty to create Ti—D and/or C—D bonds.
Ti-H and C-H chemical bonds prevent the recovery of irradiation defects, leading to
amorphization [17-18]. Helium ion irradiation was carried out from RT to 1423 °K at 20 keV,
after 25 keV Hx' pre-injection or simultaneous dual beam implantation [19]. The He ion
fluence was varied from 1.5 to 9x10'” cm™ for a flux of 2.5x10'* cm™s™!. No amorphization
is detected. Helium bubble formation occurred but the bubble growth was limited to 1-2 nm

at RT and 7-8 nm at 1423 °K.



Proton irradiations were conducted using three doses (0.17, 0.34, and 0.80 dpa) for three
temperatures (600°C, 800°C, and 900°C), and the samples were examined by TEM to
evaluate the irradiation-induced microstructures [20]. The main feature observed was the
formation of mainly unfaulted aggregate defects and Frank-type dislocation loops. Moreover,
the evolution of the loop sizes and densities versus temperature suggested an increase of the
vacancy mobility above 800°C due to carbon vacancy reordering in the Ti lattice.
2.1.27ZxC

Taubin et al. performed neutron irradiation of ZrCoo up to 4x10' cm™ with a fast neutron
component (E > 1 MeV). Two neutron fluxes were chosen: 4.8x10'* and 3.3x10" cm™s™,
The maximum temperature of the sample did not exceed 700 °K. The thermal conductivity,
the thermal expansion, the heat capacity and the specific electric resistivity were
simultaneously measured during irradiation [21, 22]. It was shown that the thermal
conductivity increases while the thermal expansion, the heat capacity and the electrical
resistivity decrease with increasing neutron fluence for both flux values. Moreover, a strong
recovery is reached after irradiation in a very short time (less than 5 minutes) essentially due
to the mobility of defects.

Gosset et al. carried out 4 MeV Au ion irradiation of ZrC polycrystals for fluences from 10!!
to 5x10° cm? at RT [23, 24]. Three damage stages were determined using TEM
investigations: (i) at low fluence (<10'2 cm™), only very small modifications are observed; (ii)
at intermediate fluence, micro-strains appear together with small faulted dislocation loops;
(iii) at the highest fluence used (>10'* cm™), the micro-strains reach a maximum and the loops
coalesced to form a dense dislocation network. A moderate cell parameter increase,
corresponding to 0.6 % volume swelling is found. These results show that the irradiation

behavior of ZrC is similar to cubic metals.



Jian Gan et al. irradiated ZrC with two types of particles: 1 MeV Kr ions to doses of 10 and
30 dpa at 27°C or 10 to 70 dpa at 800°C with a damage rate approximately 3.0x107
dpa/s [25]; 2.6 MeV protons at 800°C to a fluence of 2.75x10' cm™, corresponding to 1.8
dpa [26]. In the case of Kr ion irradiation, no radiation-induced amorphization was found and
a lattice expansion of approximately 7 % was observed at 800°C for a dose of 70 dpa. In the
case of proton irradiation, no change of lattice constant can be detected. Proton irradiation for
1.8 dpa exhibits less radiation damage than Kr ion irradiation. Moreover, faulted loops were
observed in the proton-irradiated sample and not in the Kr-ion irradiated one.

Fast neutron irradiation (E>0.1 MeV) was carried for high purity ZrCooz in dose and
temperature ranges of 1-10x10%' cm™ and 635-1480°C, respectively [27]. It was shown that
this ceramic is quite stable in these conditions; small dislocation loops were observed at
670°C evolving to Frank loops at 1280°C and transforming in prismatic loops around 1480°C.
Reynolds et al. [28] irradiated four experimental fuel particle types based on zirconium
carbide (with porous and dense pyrocarbon coatings) with fast neutrons (E > 0.18 MeV) at
1200°C up to 5x10?' cm™. Stereoscopic, metallographic and electron-beam microprobe
examination of the irradiated particles showed that ZrC possesses exceptional resistance to
chemical attack by fission products and good mechanical stability under irradiation.

An ab initio study of point defects in ZrC showed that: (i) C vacancies can easily be formed;
(i1) C interstitials are the most stable interstitial defects since they form trimers along the
<101> direction. By contrast, antisite defects or Zr vacancies or interstitials were shown to be
dramatically less stable [29].

Recent reviews were published concerning the irradiation behavior of ZrC in the aim of
nuclear fuel applications [30-32]. Ion irradiations conducted even at low temperature (L20°K)
clearly demonstrate that ZrC is very resistant to amorphization, likely because chemical

disordering is very difficult to introduce in the lattice. It also appears that strength and creep



(thermal and under irradiation) at elevated temperatures are among the critical properties
which are largely missing at present from the literature survey.

The #-depth thermal conductivity depth profile of 2.6 MeV proton-irradiated ZrCi o
polycrystals has been directly measured using scanning thermal microscopy (SThM) by
Jensen et al. [33]. This method has been used for the first time to map the thermal
conductivity (k) profile of cross section of proton-irradiated ZrC sample. The measured
profile is independent of topography. They found a value greater than 66% reduction of k
between the damaged and undamaged material, most likely due to heat carrier scattering from
the large dislocation loops.

The effect of the stoichiometry on the damage evolution in proton-irradiated ZrCx at 800°C up
to a dose of 3 dpa (dose rate: 4.7x107 dpa/s and flux: 1x10'® ions/cm? /s) was studied with x
varying in the 0.9-1.2 range [34]. A high density of dislocation loops was observed by TEM.
The loop size and density are both dependent on the dose and on the stoichiometry. ZrCj .
shows a quite different behavior as compared to the lower C-ratio stoichiometries. However,
no irradiation-induced voids were observed in any sample.

Recently, Pellegrino et al. have studied the radiation response of TiC and ZrC single crystals
irradiated in the nuclear energy loss regime (1.2 MeV Au ions), and have compared the results
to those obtained on SiC [35, 36]. The evolution of the microstructure of carbides versus ion
fluence was followed by combining RBS/C, XRD and TEM. At the lowest Au fluence used
(2.8x10'" cm™, corresponding to 1.3 dpa), the accumulation of defects created by nuclear
collisions leads to the amorphization of SiC. In contrast, TiC and ZrC do not amorphize up to
Au ion fluence of 3.3x10' cm™2 (corresponding to 13.6 dpa for TiC and 20 dpa for ZrC). The
authors assumed that the pronounced metallic character of the Ti—C/Zr—C bonds may play a
major role to explain this difference in the radiation tolerance of ZrC and TiC as compared to

SiC. Hobbs and coworkers [37] highlighted some criteria, such as the type of structure, the



ionicity, the melting point and the homologous crystallization temperature, for the occurrence

of the crystalline-amorphous phase transformation.

3. Experimental

TiC and ZrC single crystals (from MaTecK-Germany) and polycrystals (from CEA) were
implanted with 1.2 MeV Au?* ions at room temperature using the JAPET™ 2 MV Pelletron™
TANDEM at the JANNuS Laboratory CEA Saclay [42]. Ion fluences ranged from 2x10' to

3x10'% cm? for single crystals and from 2x10' to 4x10' cm™ for polycrystals. The



respective values of the projected ion ranges were ~150 nm for TiC and ~140 nm for ZrC (see
table 1 calculated by SRIM [43]).

Raman characterizations were carried out with a Renishaw Invia Reflex device equipped with
a Leica DM2500 microscope (x100 objective) at the JANNuS laboratory in Saclay. Raman
scattering measurements were performed using the 532 nm line of a frequency-doubled Nd-
YAG laser with an output power of around ImW to avoid sample heating. Additional details
on the experimental configuration are available in Ref. [44]. The Raman bands were fitted
with the Eabspee Originpro 8.0 software using pseudo-Voigt functions after careful

background subtraction.

4. Results

4.1. TiC

Figure 1 presents Raman spectra recorded on TiC single and polycrystals. We have fitted the
spectra with Originpro 8.0 and we put the results in green and red on the figure. TiC single
crystals (Fig. 1a) exhibit two well-separated acoustic bands located at 288 cm™ (TA-A4,) and
386 cm’! (LA-A4.) and two well-separated optical bands located at 580 cm™ (TO-F2¢) and 670
cm’! (LO-Eg) [14]. Table 2 summarizes the four main Raman bands on TiC and ZrC single-
and polycrystals samples.

The separation region between the highest frequency of the acoustic bands and the lowest
frequency of the optical bands is about 100 cm™. The shoulder visible around 550 cm™ for
TiC on the virgin single crystal (see the arrow in Fig. 1a) disappears with irradiation. This
band likely corresponds to a pure phonon mode of TiC which is a zone-center not found for
ZrC [45]. The four main peaks increase and broaden continuously with increasing Au ion

fluence, due to the damage accumulated during irradiation. Moreover, at the smallest fluence



used (2.4x10' cm?), the four peaks shift towards lower frequencies. This shift is more
pronounced for the lengitudinal-LLA phonons (see Fig.2). The LA/TO ratio, which is
representative of the number of vacancies created by irradiation [10], increases with
increasing ion fluence (see Fig. 3).

Figure 4 shows Raman spectra at high wave numbers exhibiting-the-C-C-bands: the disorder
one (D band) at 1300-1400 cm™ and the graphite one (G band) at 1550-1600 cm™. Upon
irradiation, free—ecarbons—are—released—so—that D and G peaks bands broaden, the D band
becomes less intense while the G band increases gradually [47, 48]. G refers to sp2 aromatic
carbons and D to defects at the edges of aromatic sheets. At the highest fluence used

(3x10'¢ cm™), the two peaks are not well separated. Afterthefitsandfromthe ratioIpfcwe

Raman spectra on TiC polycrystals (Fig. 1b) exhibit four main peaks bands at values close to

those obtained for single crystals: 280 cm™ for TA, 398 cm™! for LA, 610 cm™ for TO and 700
cm’! for LO. It is worth mentioning that the peak intensity increases with increasing fluence

2 and then decreases at 4x10'> cm™. The shape of the spectra is almost

up to 9x10" cm-
unchanged at all fluences but the interval between the two (TO-LO) optical bands reduces as
compared to the virgin spectrum with a broadening of the peaks for both single (see fig. 6)

and polycrystals. We can note that the displacements towards lower frequencies are negligible

as compared to those observed for single crystals (Fig. 1a).

4.2. 7rC

Figure 6 presents Raman spectra recorded on ZrC single (a) and polycrystals (b). We have

fitted the spectra with Originpro 8.0 the results are in red and green on the figure. ZrC single



crystals (Fig. 7a) exhibit two well-separated acoustic bands located at 204 cm™ (TA) and 275
cm™! (LA) and two well-separated optical bands located at 515 cm™ (TO) and 600 cm™! (LO)
[14]. A comparison of the spectra of Figure 6a with those shown by Wipf and coworkers [13]
indicates that the stoichiometry of virgin crystals is close to ZrCoo. A difference of 200 cm™ is
found between the region of the highest frequency of the acoustic band and that of the lowest
frequency of the optical one. A shoulder appears near 325 cm™ (arrow in figure 6a). Two
Raman anomalies occur at ~720 cm’! (additive TO+TA) and at ~820 cm™' (additive TA+LO).
The four main peaks increase in intensity and broaden with increasing ion fluence due to the
damage accumulation. A shift towards low frequencies is observed for the four peaks (Fig. 7)
similarly to TiC but for a higher fluence (2.6x10'5 cm?). This shift is more important for
longitudinal optical mode. The broadening of the peaks induces a reduction of the frequency
interval for each doublet (especially for optical modes), as compared to the virgin spectra. The
ratio LA/TO representative of the number of vacancies created by irradiation [10] increases
with fluence (Fig. 3).

Figure 9 shows the C-C-bandsDiserder D band @3) at 1300-1400 cm™' and the Graphitie band
(G)-at 1550-1600 cm™’. For the first fluence of 2.4x10' cm, D and G peaks are separated

and then broaden with increasing fluence. At the highest fluence used (3x10'® cm™), D and G

bands are convoluted and form one totally amorphous peak with a third contribution [47, 48].

Raman spectra on ZrC polycrystals (Fig. 6b) exhibit four main peaks at values close to those
obtained for single crystals: 210 cm™ for TA, 280 cm™ for LA, 520 cm™ for TO and 615 cm™
for LO. The peak intensity increases with increasing ion fluence. A comparison of the
spectrum recorded on the virgin sample with those obtained by Wipf [13] indicates that the

stoichiometry of ZrC polycrystals corresponds to ZrCo.os. The prominent TO peak at 540 cm’!



disappears at the first irradiation fluence and the acoustical peaks are very weak. The peak at
360 cm’, that is visible on the spectrum recorded on the virgin sample, decreases upon
irradiation. The TA band which is very weak on virgin sample increases immediately with the
lowest fluence of 2x10'* cm™. After that, the shape of the spectrum seems to be conserved for
all fluences but the interval between the two optical bands (TO-LO) appears to be reduced
with the broadening of the peaks. No clear frequency displacement towards lower frequencies
is observed for polycrystals.

Figure 9 presents a TEM image recorded on a TiC thin sample prepared from a TiC single
crystal irradiated at 1.2x10'> cm? (the beginning of the second step in damage build-up of TiC

[36]) by using a Focused lon Beam (FIB). Dislocation loops are clearly created upon

irradiation, with an average loop size of < 4 nm. The-graphitic-elustersize-of 3-5-nmis—in
| L4 the TEM of on(Fie 10}

S. Discussion
Raman spectra of such disordered and non-stoichiometric materials reflect the VDOS
including acoustic and optical branches. A direct relationship exists between the VDOS
phonon-density-of-state diagrams-of TiCi.x and ZrC, x and the Raman spectrum as discussed
by Jockym [4] and Schwarz [38].—NeekelH4; Pridi {5}, Zhukev{9}and-Sehwarz {43}
InFC «theaective Ramanbands—arerespeetively—identitied—as—A o E.and—To.—In—this

. . k- Klein [44] Fies that tl cal ol Lo Lin the R

Bif on-200-450-cm-t Lated | . F T _whiled cal ol
(Foe-and-Eg)-located-between-500-and-800-em "—correspond-to-the-motion-of-C-atoms—The
relative—intensity—varies—in-thefolowingorder—E>A1>T2.- The intensity of both types of
bands (acoustical and optical) increases with the increase of the stoichiometric deviation (x).

This tendency was also observed by Lohse for TiC synthesized by ball milling [40, 41]. Peak



The general features discussed above for TiCi.x Raman spectra also apply to ZrCix as stated

by Wipf [13]. Two well-separated acoustic bands are located at 200-210 cm™ (Al) and at
270280 cm! (A2) and two well-separated optical bands are located at 530-540 cm™! (O1)
and at 600 cm™! (02) for ZrC [18]. Nevertheless, a specific feature is worth mentioning: the
separation—region gap between the highest frequency of the acoustical band located near 300
cm’! and the lowest frequency of the optical one appearing close to 500 cm™ is wider than that
existing for TiC. This property is due to the higher mass difference between metal and non-
metal atoms in ZrC as compared to TiC [13].

The similarities and differences observed in the Raman spectra obtained for TiC and ZrC
virgin samples derive from both the shape of their VDOS density—of-states—and—the—band
structure-diagrams. The separation between the highest frequency of the acoustic band and the

lowest frequency of the optical one is larger for ZrC than for TiC, due to the higher mass

difference between metal and non-metal atoms in ZrC as compared to TiC. Fhisresultisin

Whatever the Au ion fluence used, the four main peaks due to acoustic and optical phonons

are conserved. This means that the amorphization is not reached for both carbides. This
observation is in fairly good agreement with the results obtained by RBS-C Rutherford
backseattering—speetrometry experiments conducted in channeling mode [19] where the
aligned spectra never reach the random level, meaning that a total disorder is never attained in
the irradiated thickness. The LA/TO ratios increase with increasing fluence for both TiC and
ZrC, namely with the increasing number of vacancies created by irradiation, as shown by

Chen [10]. The shape of the Raman spectra recorded on TiC and ZrC single crystals at 3x10'°



2 is similar to that obtained at 4x10'> cm? for polycrystals. This result shows that

cm’
polycrystals samples are more radiation tolerant than single crystals probably due to the role
of defect annihilation sinks played by grain boundaries.

The displacement towards lower frequencies observed on Raman spectra when the Au ion
fluence increases, which may reveal the occurrence of an internal stress induced by
irradiation, is more pronounced for single crystals than for polycrystals. Such a result may be
due to the relaxation of the internal stress by the presence of grain boundaries in polycrystals.
Another explanation for this shift would be due to a decrease of the stoichiometry similar to
that already observed by Wipf [13]. In single crystals this shift starts at higher fluence for ZrC
than for TiC. Actually, for TiC this shift is visible at the weakest fluence of 2.4x10'* cm™,
whereas it occurs above 1.4x10'> cm™ for ZrC. This result indicates that ZrC is more stress
resistant than TiC upon irradiation. Such a conclusion may also be derived from XRD
experiments [19] where TiC exhibits an elastic strain higher (0.44 %) than that of ZrC (0.38
%).

The gap between the two optical bands for each carbide increases gradually with increasing

ion fluence. This phenomenon underlines the fact that peaks broaden upon irradiation. It

confirms that the disorder increases due to the increasing number of carbon vacancies ¢eptical

intense-with-inereasingfluence: The two broad bands located at 1400 and 1600 cm™ (Figures

4 and 8), which are not found for virgin samples (no free carbon) and appear only after
irradiation, reveal the formation of carbon aggregates elusters clearly increasing for the

highest fluence—A




;CEM—&t—a—ﬂaene%ef—lf%eL@é‘em%—}n—'ﬁGéFi-g.—LO)—For different orientations, the lattice

parameter and structure have been checked by electron diffraction. The crystalline structure
Fm3m still unchanged after irradiation for both carbides. Further High Resolution TEM
studies are definitely needed to confirm that these loops are interstitial carbon loops.

As of the four main peaks remain present, we can deduce that TiC and ZrC single or
polycrystals are not amorphized even at the highest fluence used. In both carbides, the nature
of defects created upon irradiation corresponds to the first two steps of the damage build-up as
observed by Motta and coworkers [31], Gosset [23, 24] and Pellegrino and coworkers [36]: (1)
the creation of point defects (Frenkel pairs) at low fluences (below ~10'°> cm™), and (ii) the
formation of extended defects (interstitial and/or vacancy clusters and dislocation loops) when

the fluence is increased above 103 cm (see Figure 9).

6- Conclusion

For all-samples—and-all-struetures single crystals and polycrystalline samples of TiCix and
ZrCix, 1.2 MeV Au ion irradiation induces point defects like Frenkel pairs at lowest fluence
and mere—extended defects at the highest fluence, like dislecations—and dislocation loops
showed by TEM observations. But-Yet no amorphization is observed in any case. The
vartation increase of LA/TO band ratio in Raman spectra with fluence for all samples

indicates that the number of carbon vacancies increases. and—may—modify—theloecal

stotchiometry. At the same time, widths of the—peaks Raman bands increase and the-C-C

carbon related bands appear toe—(free-carben)-and-becomegraphitie with increasing fluence.
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Figure Captions

Figure 1: Raman spectra on TiC single crystals fitted curves in green and red (a) and TiC polycrystals
(b) irradiated with Au ions at the indicated fluences (cm™).

Figure 2: Shift of the four main Raman peaks (Av/v) in TiC as a function of the Au fluence (in
logarithmic scale).

Figure 3: Ratio LA/TO as a function of the Au fluence for TiC and ZrC single and polycrystals. The
red curve represents the 2™ degree polynomial fit with all experimental data.

Figure 4: Raman spectra at high wave numbers representing the C-C bands for TiC single crystals
irradiated with 1.2 MeV Au ions at the indicated fluences. Red and green curves are Gaussian fits of
the experimental peaks.

Figure 5: Gap between TO and LO bands for TiC and ZrC single and polycrystals.

Figure 6: Raman spectra on ZrC single crystals, fitted curves in green and red (a) and ZrC polycrystals
(b) irradiated with Au ions at the indicated fluences (cm™).

Figure 7: Shift of the four main Raman peaks (Av/v) in ZrC as a function of the Au fluence (in
logarithmic scale).

Figure 8: Raman spectra at high wave numbers representing the C-C bands for ZrC single crystals
irradiated with 1.2 MeV Au ions at the indicated fluences. Red and green curves are Gaussian fits of
the experimental peaks.

Figure 9: TEM image of a TiC thin film prepared by FIB irradiated at 1.2x10'> cm?2 (~7 dpa) with

1.2 MeV Au ions. White arrows indicate the presence of dislocation loops.
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Table caption

Table 1: Parameters for 1.2 MeV Au ion irradiation of TiC and ZrC (obtained from SRIM
simulations [48].

Table 2: Wavenumbers of the main Raman bands for TiC and ZrC single and polycrystals.



Table 1

Sample TiC ZrC

Projected Range R, 151 141
(nm)

Range straggling AR, 35 44
(nm)

Fluence (cm?)

2x10"3-2x10™
4%x10'3-3%10'6

2x103-2x10'4
4%101-3x10'°

dpa* 0.08-0.83 0.12-1.22
16.5-124 24-182
(dE/dX)nuctear (ke V/um) 5300 5900
(dE/dX)electronjc(keV/u. m) 3 1 30 2670

*to calculate the number of dpa, we have used SRIM in Full damage cascades mode. For
displacement energies we have used Eq =50 eV for Zr and 30 eV for C; and Eq-40 eV for Ti

and 30 eV for C. For densities number of atoms per cm?, we have used 4.93 g/cm3 for TiC and

6.9 g/cm? for ZrC.
Table 2
sample type Acoustic (cm™) Optical (cm™)
Single 288 386 580 670
TiC Poly 280 398 610 700
Single 204 275 515 600
7rC Poly 210 280 520 615






