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Abstract: Titanium carbide (TiC) is an ultra-high temperature ceramic with potential as a 

structural material candidate for advanced reactor concepts. However, the irradiation tolerance of 

TiC is not well understood. Here, we reveal the key irradiation damage microstructure 

degradation processes in TiC using mixed spectrum neutron irradiations at dose of ~2 

displacements per atom (dpa) at temperatures of ~220, 620, and 1115 °C, combined with state-

of-art microstructure characterization using transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM). The helium injection (~65 atomic parts per million) produced by 

neutron transmutation also occurred in the sample. TiC was observed to form irradiation-induced 

interstitial-type dislocation loops and He-stabilized cavities. At 220 and 620 °C, the analysis of 

the electron diffraction patterns, rel-rod imaging and HRTEM revealed that the dislocation loops 

were faulted Frank loops with Burgers vector bFrank = 1/3<111> lying on {111} planes. A 

detailed Burgers vector identification performed by the g.b technique revealed that the 

dislocation loops forming at 1115 °C were unfaulted, edge-type, with Burgers vectors b=a<100> 

and a/2<110> with corresponding {100} and {110} habit planes. Using continuum mechanics, 

we estimated the critical radius at which a faulted dislocation loop transitions to a perfect loop to 

be 9 nm. Further, no amorphization occurred in TiC under-investigated irradiation conditions 

while macroscopic swelling under point defect swelling regime was observed. He-stabilized 

cavities were detected at 1115 °C, but not at lower temperature irradiation. These observations 

indicate the onset of long-range vacancy migration in TiC occurs between 620 and 1115 °C.  

Keywords: Neutron irradiation damage; radiation effects; ultra-high temperature ceramics; 

TiC; dislocation loops; TEM. 
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Introduction 

Ultra-high temperature ceramics (UHTC) from the transition metal series, with melting 

points exceeding 3000 °C and excellent high-temperature mechanical properties, are emerging as 

a promising new class of structural material candidates for the next generation of nuclear fission 

and fusion reactors [1,2]. Among various UHTCs, titanium carbide (TiC) having a rock-salt 

structure is envisaged for numerous cross-cutting applications for multiple advanced reactor 

concepts. For example, TiC is one of the most promising candidates for structural and fission 

product barrier coatings for BISO (bi-isotropic) and TRISO (tri-isotropic) nuclear fuel forms for 

gas-cooled fast reactors (GFRs), replacing or in addition to the currently used silicon carbide 

(SiC)[3,4]. TiC is also considered as a potential cladding material for sodium fast reactors 

(SFRs)[5]. The recent research concepts for enhanced accident tolerant fuel (ATF) development 

also propose TiC as a barrier for Ti2AlC cladding coatings [6]. Further, TiC is also a candidate 

for plasma-facing components in the future fusion reactors [1]. All these applications have one 

critical aspect that is common, which is the presence of extreme irradiation environments where 

TiC must meet a variety of rigorous criteria to be a successful candidate. The potential candidate 

must have a high melting point (excess of 2000 °C), adequate thermal conductivity (>10 W/m-K) 

and toughness (>12 MPa × m
1/2

), and an acceptable response to high dose neutron damage 

(swelling < 2% over service life (~80 dpa)). 

Currently, a basic understanding of the irradiation tolerance of most UHTCs, such as TiC 

is not well-established, which is the key to successfully deploying new materials for nuclear 

structural applications. Fundamentally, the interstitials and vacancies are the main defects (also 

known as point defects) that are created during any particle irradiation process. The clustering of 

point defects is what leads to the commonly known irradiation-induced two or three-dimensional 

defects such as dislocation loops and cavities, respectively. The temperature and irradiation dose 

at which the loops and cavities are formed depends on the material. For example, for 3C-SiC, the 

cavity formation onset temperature is beyond ~1000-1200 ˚C, while austenitic stainless-steels 

show cavity formation above ~350 ˚C [7–9]. The significant amount of vacancies and 

interstitials, which depends on the threshold dose value, are essential for the development of both 

cavities and loops.  However, the temperature-dependent mobility of the interstitials and 

vacancies (along with other parameters, including the defect cluster binding energies) ultimately 

governs the formation and growth of the defect clusters. Therefore, to understand the overall 

irradiation response of the material, the irradiation-induced defects, and the corresponding 

changes in properties should be studied as a function of both temperature and dose. It is 

important to note that TiC is stable over a wide stoichiometry in which the C/Ti ratio is < 1. 

Therefore, the irradiation response of the material will depend upon the pre-existing native 

carbon vacancies. 

Regarding the effect of irradiation on thermal, physical, and mechanical properties of 

TiC, data is sparse in the literature.  Keilholtz et al. [10,11] examined the effect of irradiation 
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temperature and fission reactor fluence on the macroscopic swelling behavior of TiC between 

~100 and 1100 ˚C and fluences of ~0.14 to 6 x 10
25

 n/m
2
, E > 0.1 MeV (~0.1 to 6 dpa). The 

swelling value decreased from 2.5 % at 350 ℃ to 0.25 % at 1100 ℃ with increasing irradiation 

temperature and did not significantly vary with dose above 0.14 dpa. It is indicative of behavior 

in the “point defect swelling” regime below the temperature where vacancies become mobile, 

and swelling is associated with elastic strains due to the accumulation of point defects and small 

defect clusters [10,11]. Between 1980-1990, a few papers have demonstrated that the 

measurement of electric resistivity can be directly linked to the damage caused by neutron (or 

electron) irradiation. For instance, Matsui et al. performed in-situ measurements of the electrical 

resistivity of TiCx (x = 0.56, 0.66 and 0.72) at liquid helium temperature under fusion (14 MeV) 

neutrons up to 1.92 x 10
21

 n/m
2 

( ~0.001 dpa)
  
[12]. The authors showed that resistivity increased 

almost linearly with the neutron dose except at the beginning of the irradiation event. The 

damage rate in TiC increased with higher carbon content. During postirradiation annealing, there 

were several recovery stages observed that were attributed to the migration of interstitial type 

defects. Even after an anneal at 67 ˚C, a large unrecovered resistivity remained which was 

attributed to the non-stoichiometry of the specimen.  

Iseki et al. [13] irradiated (TiC0.8)  to a maximum fluence of 6×10
26

 e/mm
2 

from room 

temperature to 800 ℃. The visible number density and the average size of the defect clusters that 

formed at irradiation temperatures below 400 ℃ were less than those formed above 600 ℃. The 

defect clusters decreased in number density and developed into dislocation loops during post-

irradiation annealing above 1000 ℃. They reported two temperature regions for the recovery of 

the defect clusters. The first one appeared in the temperature region around 600 ℃ and was 

attributed to the migration of carbon vacancies, and the second one appeared above 1000 ℃ and 

was attributed to the migration of titanium vacancies. Similarly, Morillo et al. [14] also measured 

the electrical resistivities of nearly stoichiometric TiC0.97 during fast neutron and 2.5 MeV 

electron irradiations at -253 ˚C. They studied the recovery of irradiation-induced defects up to 

127 ˚C. From these studies, we conclude that interstitial type defects in TiC are mobile at 70-150 

˚C while vacancy-type defects become mobile above 600 -1000 ℃. However, there are very 

limited results available in the literature which can provide detailed insights into the dislocation 

loop microstructure evolution in TiC. Gan et al. reported an absence of faulted loops but showed 

the presence of perfect loops and dislocation networks in TiC damaged by 1 MeV Kr+ at 800 °C 

to 10  and 70 dpa [15]. Dickerson et al. conducted proton irradiations at three doses of 0.17, 0.34, 

and 0.80 dpa at 600, 800, and 900 ˚C respectively and observed predominantly interstitial-type 

Frank loops. The perfect prismatic loops were only present at the highest temperature, and dose 

examined [16]. 

From the studies summarized above, it is clear that to date there is no detailed 

microstructural study conducted to understand the irradiation effects under the prototypic high 

dose (>1 dpa) reactor scenarios, where transmutation and neutron damage occurs simultaneously 

in TiC. In this context, we investigated the microstructural evolution of neutron-irradiated TiC to 

a fluence of 2 x 10 
25 

n/m
2
 (E > 0.1 MeV), corresponding to ~2 dpa, at three different 

temperatures between ~200 and ~1000 °C in the High Flux Isotope Reactor (HFIR) located at 

Oak Ridge National Laboratory (ORNL).  The evolution of various irradiation-produced lattice 
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defects in TiC, including tiny clusters historically called black-spot defects, dislocation loops, 

and cavities, was mapped as a function of the irradiation temperature. Helium was also 

simultaneously implanted into the material as a product of neutron-induced transmutation of 
10

B, 

which was added into the unirradiated material as a sintering aid. Helium effects in TiC have 

been previously reported [4,17], which served as a guideline to understand the present work. 

Helium is known to be mobile at a temperature greater than 1000 °C [4], and remarkable bubble 

growth and coalescence has been reported in TiC at a high temperature above 1200 °C [18]. The 

various techniques such as electron backscattered diffraction (EBSD), Raman spectroscopy, 

dual-beam focused ion beam (FIB) technique, conventional and analytical transmission electron 

microscope (TEM), high-resolution TEM (HRTEM), electron energy loss spectroscopy (EELS), 

were used during the present research work.  

Experimental details 

The powder-sintered, polycrystalline TiC specimens were provided by Princeton 

Scientific Corporation.  The materials were machined into small circular disks with 6 mm radius 

and 0.5 mm thickness.  The detailed microstructural and chemical analysis of the as-fabricated 

specimens was conducted to determine different phases, grain size, grain orientation, chemical 

impurity, and stoichiometry. The electron backscatter diffraction (EBSD) technique measured 

the grain size that varied between 10-80 um with an average diameter of ~10 um. The sample 

showed no distinct texture with the random orientation of crystals constituting polycrystals. The 

porosity was ~4% based on analysis of EBSD band contrast map. The as-fabricated specimens 

contained a low number density of artifact porosity that appears similar to irradiation-induced 

cavities and was imaged using through-focal techniques (see supplementary figure 1).  

 The elemental chemical impurity content in the TiC materials was measured using direct 

current plasma emission spectroscopy (DCP-ES) by Luvak Inc. (see Table 1). For good statistics, 

an entire as-fabricated circular specimen was used during the chemical analysis. The impurities 

to be noted in the sample are B (0.03 at. %) and Be (0.004 at. %), as they can transmute to 

helium under neutron irradiation. The other impurities Fe (0.41 at. %) and Si (0.04 at. %) are 

present in the form of precipitates attached to the artifact porosity present in the as-fabricated 

specimen. Based on the values in Table 1, the ratio of C/Ti concentration is 1.09, indicating more 

carbon than titanium.  However, the atomic concentration measured by DCP-ES is an average 

atomic concentration measured in an entire circular specimen and does not indicate 

stoichiometry. The stoichiometry is actually a measure of the proportion of the elements 

arranged in a unit cell that can determine the percentage of native vacancies in the material. 

Hence, it is important to emphasize that the additional carbon measured through DCP-ES 

technique might be the excess carbon that is uniformly distributed in the unit cell or that is 

present in the form of precipitates. To validate, complementary Raman spectroscopy 

measurements were conducted that make use of the broadening of Raman-active modes for 

detecting stochiometric variants. The broadening occurs because the translational symmetry of 

the lattice is reduced on deviation from simple, fixed cation ratios in the structure [19]. The 

Horiba scientific Raman spectroscope with a 473 nm laser beam and 50mW output power was 

used for this analysis. The full and enlarged view of Raman spectrum obtained from the as-
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fabricated specimen is shown in supplementary figure 2a and 2b.  Raman peaks between 500-

700 cm
-1

 are related to Ti-C bonds, which are the characteristic vibrations modes of the 

transverse optical (TO) and longitudinal optical (LO) phonons. The peaks between 1000 and 

1600 cm
-1

 are related to C-C vibrations or disordered carbon. The obtained enlarged Raman 

spectrum shown in supplementary figure 2b has similar peaks between 500-700 cm
-1

 to Raman 

spectrum obtained from TiC0.80 in [20]. The comparable spectrum, particularly between 500-700 

cm
-1

 to [20] confirms that the as-fabricated specimen has a stochiometric ratio of ~0.80. Raman 

results also confirm that ratio of C/Ti = 1.09 obtained from DCP-ES is due to free excess carbon 

as indicated by the presence of various peaks between 1000 and 1600 cm
-1

 in full Raman 

spectrum shown in supplementary figure 2a. These peaks only appear if there are free carbon 

clusters present in the specimen and are related to C-C vibrations. 

The three TiC disks were irradiated using neutrons to fluences of 1.97, 2.16, and 2.24 x 

10 
25 

n/m
2
 (E>0.1 MeV) at three different temperatures of 220, 620, and 1115 ℃, respectively, at 

HFIR. The irradiation exposure corresponds to ~ 2 dpa, assuming average displacement energy 

of 40 eV. The two lower irradiation temperatures were determined by post-irradiation annealing 

of passive SiC temperature monitors using dilatometry [21]. Although this temperature 

estimation method is not strictly applicable for very high irradiation temperature (>1000 ℃), this 

study detected a thermal recovery temperature (an indication of irradiation temperature) of 

specimen length at 1115 ℃ as shown in the supplementary figure 3. The total irradiation time 

was approximately twenty-five days.  

 

The first step of post-neutron irradiated specimen characterization involved the 

measurement of the irradiation-induced length change. The diameter of multiple 6 mm specimen 

at each irradiation condition was measured using a micrometer with a precision of <1μm, which 

measured length change at an accuracy of ~0.03%. The same location was measured before and 

after irradiation to minimize measurement error. The locations were identified based on engraved 

marks on the specimen surfaces. The second step involved the confirmation of the likely 

presence of helium due to the transmutation of 
10

B detected in the as-fabricated specimen. This 

was confirmed by using thermal desorption spectroscopy (THDS) in the Low Activation 

Materials Development and Analysis (LAMDA) laboratory, ORNL.  THDS was performed by 

using the versatile gas study station which can reach a maximum temperature of 1800 °C. The 

gas study station is equipped with a quadrupole mass spectrometer which can detect masses 

between 1-100 amu and operates under base vacuum ~5 x 10
-8

 torr.  
 

The four TEM specimens, including one from unirradiated sample and three from 

samples irradiated with neutrons at three different temperatures, were fabricated using a FEI 

VERSA 3D dual-beam focused ion beam system (FIB) in LAMDA. The initial thinning of the 

specimen was performed using 30 keV gallium (Ga) ions, while the final polishing was 

performed using 2 keV Ga ions. The detailed microstructural characterization of the neutron 

irradiated samples was also performed at LAMDA using the field emission gun-based 200 keV 

JEOL JEM 2100F electron microscope. This TEM is equipped with a Gatan Orius SC200 high-

resolution CCD camera, JEOL double tilt specimen holder and a Gatan GIF Quantum EELS 

spectrometer. Dark field rel-rod imaging to reveal the faulted dislocation loops, high-resolution 

TEM (HRTEM) and energy-dispersive X-ray spectroscopy (EDX) to reveal impurity phases 
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present in the microstructure was performed using a XFEG based FEI F200X Talos analytical 

scanning TEM (STEM).  More details on the equipment based at LAMDA can be obtained in 

[22]. For imaging cavities, the classic through focal-technique was used where bubbles appear 

white with a dark Fresnel fringe around when the objective lens is under-focused and vice-versa 

for over-focused conditions [23]. The evolution of cavity size and number density with 

temperature was determined.  

A detailed dislocation loop characterization was performed by diffraction contrast using 

the two-beam kinematic bright-field (KBF) imaging technique [23]. Dislocation loops are 

characterized by two parameters: Burgers vector (b) and dislocation line vector (u). The Burgers 

vector of the dislocation loop was determined by the invisibility criteria g.b =0 (g= diffraction 

vector, b= Burgers vector), by tilting the same area of analysis to obtain a set of images using 

different g vectors and at least two different low-index zone axes [24].  Typically, the defect 

Burgers vectors are the shortest lattice vector to minimize strain energy. Because TiC has NaCl 

face-centered cubic (fcc) crystal structure, the Burgers vector of the lowest energy dislocation is 

expected to be b = a/2<110> with a magnitude of b = a/√2. With this initial knowledge and by 

selecting a set of appropriate g (and analysis of the corresponding images), a set of 

visibility/invisibility criteria for the loops was generated as shown in Table 2. In this table, apart 

from just selecting a/2<110> type loop families, other well-known Burgers vectors that may 

form were also included for the sake of a rigorous analysis. These were <111> and <100> type 

Burgers vectors. In our analysis, different g vectors on [001] and [101] zone axes were used. The 

total number of g vectors to image a particular area were selected in a way so that each loop 

family shows a unique visibility pattern.  As can be seen in Table 2, there are unique 

combinations of different g’s with different b’s giving a visibility/invisibility set for each loop 

type. These visibility patterns were then tracked in the KBF images for over two-hundred 

dislocation loops, imaged using six different g vectors.  This detailed Burgers vector analysis 

was limited to the sample irradiated at 1115 ºC (~0.3 Tm, where Tm is the melting point) where 

both interstitials and vacancies are expected to be mobile. Therefore, the nature of loops (i.e., 

interstitial or vacancy type) was also determined. This information was obtained by using the 

inside-outside contrast technique using “Finish Start Right Hand (FSRH)” rule [23,24]. 

The important quantitative information such as volumetric density and size of the cavities 

and loops was extracted by measuring the thickness of the TEM foil by energy-filtered TEM 

(EFTEM) thickness mapping and using the log-ratio model [25].  The thickness determination 

error is usually ± 20 %. The cavity and dislocation loop sizes were both determined by their 

respective diameter. The number density for both the loops and cavities are determined from 

measurements on multiple TEM micrographs, and more than 200 loops were counted in each 

micrograph. The number density for a particular dislocation type family is determined by the 

sum of the number of loop present in all the planes of the family divided by the thickness of the 

foil.  The two principal sources of error while calculating the number density includes the 

statistical error from number of defects considered for this analysis and the error in thickness 

measurement.  
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Results   

3.1. Dislocation loop microstructure 

The neutron irradiation-induced dislocation loop microstructure of the TiC samples was 

investigated using the conventional diffraction contrast TEM imaging. For the 220 ºC case, it 

was difficult to obtain clear micrographs of the microstructure due to the high density of small 

black dot defect clusters. The small black dot defect clusters were superimposed with the damage 

produced by FIB milling and are shown in Supplementary Figure 4. Therefore, it was difficult to 

reveal the nuances of the dislocation loops at 220 ºC.  

For the 620 ºC case, HRTEM imaging was performed to reveal the irradiation-induced 

defects in the microstructure. An HRTEM image recorded along the [101] zone axis is shown in 

Fig. 1a, where two family of linearly arranged defects ~5 nm in length can be seen aligned along 

the {111} planes. These defects were faulted dislocation loops where HRTEM images captured 

the contrast of the stacking fault associated with the loops. In Fig.1a, the edge-on defects were 

normal to the [ ̅ ̅   and [1 ̅ ̅   directions marked in the image, indicating that ( ̅ ̅   and (1 ̅ ̅   

were their habit planes. Such type of defects were absent in the HRTEM images of both the 

unirradiated and 220 ºC specimens. The [101] zone axis diffraction pattern corresponding to Fig. 

1a is shown in Fig. 1b. Based on the 620 ºC diffraction pattern, the sample has a crystalline 

single phase with no amorphous character, and streaks (relrods) are observable along <111> 

directions. To validate the information obtained from HRTEM imaging, relrod TEM imaging in 

the centered dark field (DF) mode was also performed using the [101] zone axis. The diffraction 

pattern obtained under these imaging conditions also revealed streaks along <111> directions. 

The appearance of such streaks in the diffraction pattern is normally associated with the presence 

of stacking faults, which leads to diffuse electron scattering[24]. Figs. 2a and 2b present DF 

images obtained by selecting the disjointed streaks along  [ ̅    and [    ̅ directions, which 

revealed the stacking faults associated with the dislocation loops. From above, the presence of 

faulted dislocation loops with the habit planes {111} and Burgers vectors along <111> directions 

for the 620 ºC case was confirmed. Number densities of these faulted loops, obtained from the 

DF relrod images, was (2±0.4)x10
23 

m
-3

 with an average diameter ~5 nm.   

For the 1115 ºC case, the Burgers vectors of the dislocation loops was determined using a 

combination of <220>, <200> and <111> diffraction vectors close to [101] and [001] axis. 

Assuming there can be typically <100>, <111> and <110> type loop Burgers vectors possible in 

the cubic irradiated materials, the corresponding visibility/invisibility criteria for a<100>, 

a/3<111> and a/2 <110> type dislocation loops are shown in Table 2 for the selected g vectors. 

The comprehensive analysis revealed the presence of both a<100> and a/2<110> type 

dislocation loops in the microstructure for the 1115 ºC case. This is shown in Fig. 3, where each 

image was obtained by tilting the same zone of study at different angles for selecting the 

appropriate diffraction vector g mentioned in Table 2. It is noteworthy that a/3<111> type loops 

were not detected for the 1115 ºC irradiation condition. All of the identified families of 

dislocation loops imaged near [101] and [001] zone axes are indicated in Fig. 3.  Using the 
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visibility/invisibility criteria summarized in Table 2, it can be seen that family A (denoted by 

most of the vertical loops in Fig. 3a) represents b = ±a[010] which are contained along the plane 

of projection of (020) and are seen edge-on. Similarly, Fig. 3b shows family B, represented by 

most of the horizontal loops, which are contained along the plane of projection ( ̅   . Although 

both [100] and [10-1] loops have same I/V signature, loops lying on-edge along {200} type 

planes is a peculiarity of prismatic <100> type dislocation loops in cubic crystals and therefore 

family B is expected to be [100] type dislocation loops. 

 In Fig. 3c, where g =  ̅ ̅ , both the families A and B with b = ±a[010] and ±a[100]  are 

visible, as in this case       ≠ 0. In addition to that, the C family of loops having b = ±a/2[110] 

represented by the diagonally aligned loops are also visible in Fig. 3c. The latter are also present 

as edge-on loops.  Fig. 3d contains both loop families A and B. However, family C with Burgers 

vector ±a/2[110] does not satisfy the visibility criteria for this condition, and is hence invisible. It 

is evident from images at different g’s, e.g. in Fig. 3c, that the proportion of a<100> type 

dislocation loops is much higher than a/2<110> type loops. The number density of a<100> type 

dislocation loop was found to be (5±0.95)x10
 21 

m
-3 

as compared to (1±0.25)x10
 21 

m
-3 

for
 
a<110> 

type dislocation loop. However, the diameter of both types of dislocation loops was measured to 

be the similar, ~20 nm. The difference in the number density of a<100> and a/2<110> type 

dislocation loops for the 1115 ºC case is plotted in Fig. 4. 

It is important to mention that due to the unavailability of literature on the effects of 

irradiation on TiC, particularly on the nature of loops, the invisibility/visibility table was 

generated for approximately 200 loops over 6 g’s   As will be mentioned in the discussion 

section on the general nature of dislocation loops in fcc (NaCl) materials, generally a/3<111> 

and a/2<110> type dislocation loops are expected in a fcc (NaCl) material such as TiC. However, 

in our case, the presence of a<100> type dislocation loops (which in fact was the predominant 

configuration at 1115 ºC) is unexpected from strain energy considerations because of the larger 

Burgers vector magnitude. In summary, pure edge-type dislocation loops with a<100> and 

a/2<110> type Burgers vector on {100} and {110} habit planes, respectively were observed in 

the samples irradiated by neutrons at 1115 ºC. The density of a<100> type dislocation loop was 

~5 times higher than a/2<110> type dislocation loop. 

The overall evolution of the size and density of the dislocation loops with neutron 

irradiation temperature is presented in Fig. 5. Fig. 5a shows the pronounced decrease of total 

loop density in the sample irradiated at 1115 ℃ as compared to 620 ℃. The loop density at 1115 

℃ is calculated by considering both a/2<110> type and <100> type loops. The loop density at 

1115 ℃ is almost 100 times lower as compared to the 620 ℃ case. The average loop size at 1115 

℃ was 4 times the average loop size at 620 ℃ case, as shown in Fig. 5b.  

3.2. Unfaulting of the dislocation loops 

We studied the evolution of the electron diffraction patterns at the different neutron 

irradiation temperatures. For the 220 °C case, although the TEM images were not clear due to the 

high density of small defect clusters, the selected area diffraction patterns obtained at [101] zone 

axis revealed the presence of streaks (Fig. 6a) along the <111> directions. For the 620 °C case, 
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as discussed earlier, the diffraction pattern from [101] zone axis revealed streaks along <111> 

directions (see Figs. 6b and 1b). These streaks indicate that at both 220 and 620 °C the 

dislocation loops were faulted with {111} habit planes and <111> type Burgers vectors. 

However, at 1115 ºC case, all the diffraction pattern obtained at same [101] zone axis showed no 

presence of streaks (Fig. 6c). The absence of streaks for 1115 ºC case attests that there were no 

stacking faults associated with the loops at this irradiation temperature. Therefore, assuming the 

typical dose-dependent dislocation loop evolution for fcc materials (initial formation of 

a/3<111>{111} loops that unfault to produce a/2<110>{111} prismatic-type perfect loops with 

subsequent habit plane rotation to produce a/2<110>{110} edge-type perfect loops), it can be 

inferred that the unfaulting of the loops in TiC occured prior to a dose of 2 dpa at 1115 ºC 

leading to the formation of edge-type perfect loops.  

3.3. The loop nature determination 

Relatively large diameters of the dislocation loops for the sample irradiated at 1115 ºC 

allowed us to determine the nature (interstitial or vacancy type) of the dislocation loops by 

performing conventional BF imaging using both ± g diffraction vectors and by utilizing the 

inside-outside contrast technique[24]. Fig. 7a and 7b show two images using g =    ̅   and 

g=    ], respectively. Using the inside-outside criteria mentioned in [24,26], for interstitial type 

loops the inside contrast arises when (g.b)sg >0 and outside contrast arises when (g.b)sg <0.  The 

criteria are reversed for vacancy type loops. A few examples of inside-outside contrast of the 

loops are marked by yellow circles having b = a/2 [011] where inside contrast is displayed for g= 

[  ̅   and outside contrast for the reversed g. After applying this criterion to a large number of 

loops, vacancy type loops were found to be absent in the loop type with Burgers vector b = a/2 

[011]. All the loops with Burgers vector b = a/2 [011] were identified as interstitial type. For the 

loops with Burgers vector a<100>, the difference in the inside and outside contrast was not 

evident (c.f. Fig. 7a and 7b) and hence, the determination of loop nature was not possible. 

Due to small sizes of the loops at 620 ℃, images with distinct contrast were also difficult 

to interpret. Hence, the determination of nature of dislocation loops at 620 ℃ was also not 

possible. 

3.4. Helium-induced cavity formation and desorbed helium detection: TEM and THDS 

analysis  

Here, it is important to recall that the as-fabricated specimen contains natural boron as 

detected during chemical analysis. Under neutron irradiation, boron transmutes through the 

thermal neutron 
10

B(n, α)
7
Li reaction. As summarized in Table 1, the total quantity of natural 

boron detected in the as-fabricated specimen is 0.03 at.%. The natural boron contains two 

different isotopes in different proportions: ~80 % of 
11

B and ~20 % of 
10

B isotope. Nearly all of 

the 
10

B is transmuted to helium due to the high thermal neutron cross-section for the 
10

B(n, α) 

reaction, whereas the helium production from other nuclear reactions is calculated to be less than 

1 appm. Therefore, the expected amount of helium implanted in our case is ~20 percent of the 

total 0.03 at % of natural boron detected, i.e., 65 appm. We verified the presence of helium 

                  



 11 

through THDS. The THDS spectrum also contains information on the temperature where helium 

starts to release in TiC.  

Fig. 8 shows the temperature-dependent helium desorption spectrum. The two main 

primary desorption peaks appeared at 122 ºC and above 1100 ºC.  The integrated quantity of 

helium detected was only 0.372 appm (versus 65 appm total helium calculated to be present) due 

to the heating furnace’s maximum operating temperature limit (i.e., most of the transmuted He 

might require temperatures above 1400 ºC for desorption).  

The study of helium-induced cavity formation was conducted using TEM for each 

neutron-irradiated condition. There was no evidence of visible cavities present in the specimen 

irradiated to 220 and 620 ºC. At 1115 ºC, the neutron irradiation-induced helium bubbles were 

revealed by using through-focus series TEM imaging technique. Figs. 9a-b show under-focus 

and over-focus bright field images in which the blue arrows highlight cavities. The cavity 

distribution was homogeneous within the matrix and were mostly spherical in shape. Many 

cavities that were heterogeneously nucleated on the grain boundaries had coalesced to form 

oblong shapes, as shown in Figs. 9c-d. The number density of the matrix cavities was 

(0.83±0.06) x 10
22 

m
-3

  and the average size of the helium bubble was between ~2-3 nm. 

The swelling induced by the cavities was calculated by determining the ratio of the 

volume occupied by the cavities over the volume in which the total number of bubbles were 

counted. The estimated swelling value was (0.13±0.009)%. One must note that the polygonally 

shaped cavities which were present as an artifact in the as-fabricated sample remained 

unchanged under neutron irradiation at high temperature. They were easily distinguished from 

the helium-induced bubbles, and their presence was ignored for the swelling calculations. 

3.5. Neutron irradiation-induced dimensional change 

The measured diameter change after irradiation was converted to the volumetric swelling 

assuming the TiC was isotropic and has no grain texture. The decrease in macroscopic swelling 

with increasing temperature was observed and is plotted in Fig. 10. The average volumetric 

swelling plotted in Fig. 10 was reported to be 2.05 ± 0.10 %,  1.25±0.11 %, -0.25%±0.28 % for 

specimen irradiated at 220 ℃, 620 ℃ and 1115 ℃, respectively.  

4. Discussion 

4.1. Neutron irradiation-induced dislocation loop microstructure evolution 

The conventional diffraction contrast TEM imaging showed a high density of small black 

dot defect clusters for the 220 ºC irradiation. As mentioned in the introduction section, the 

interstitials in TiC are known to be mobile between 70-150 ˚C [12–14]. In the present work, 

evidence for interstitial mobility is demonstrated by their clustering in the form of “black dot” 

aggregates at 220 ºC. For the 620 ºC case, the bright field (BF) HRTEM imaging revealed the 

presence of a singular type of faulted dislocation loops with {111} habit planes and a/3<111> 

Burgers vectors (i.e., Frank partial dislocation loops). The DF relrod imaging technique and the 

electron diffraction patterns confirmed that the dislocation loops were faulted. To the best of our 

knowledge, only one study in the literature on TiC0.83 exists where Frank loops were identified as 
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the dominant defect type. These defects were observed following proton irradiation at 800 ºC 

with doses of 0.17-0.80 dpa [16]. However, at 900 ºC the proton irradiation study observed that 

the dislocation loops evolved from faulted to perfect prismatic loops, similar to our observations 

between 620 and 1115 ºC. Here, it is important to recall that for the 1115 ºC irradiation in the 

present work, perfect dislocation loops with a<100> and a/2<110> type Burgers vectors on 

{100} and {110} habit planes, respectively were revealed by TEM. Along with the diffraction 

pattern which showed no relrod streaks at 1115 ºC (Fig. 6), an additional evidence that the loops 

were  perfect loops at 1115 ºC is obtained from the absence of stacking fault fringe contrast 

within the center of the loops [24,26]. See Fig. 3.  

Here, one must recall that TiC is a f.c.c. crystal and hence the closest packed planes 

(preferred for defect cluster nucleation) are {111}[27]. Under events such as irradiation and 

high-temperature annealing, the clustering of point defects such as interstitials and vacancies 

occur. As the loop grows, the most energetically stable configuration changes from a small-sized 

faulted loop (b=1/3<111>) to a large-sized perfect dislocation loop (b= (1/2) <l10>) without a 

stacking fault. The critical radius for this change is approximately proportional to l/γ where γ is 

the stacking fault energy. If the value of γ is very high in the material, then all the loops are 

expected to be perfect up to very large sizes [28]. Zinkle et. al [29] used continuum mechanics 

calculations to quantitatively compare the energy associated with a perfect vacancy loop and 

faulted vacancy loops for different f.c.c. metals as a function of size in order to determine the 

most stable defect cluster configurations. In the present paper, calculations similar to [29] were 

conducted and the value of critical radius where a faulted loop transitions to a perfect loop in TiC 

was derived. For the energy associated with a faulted loop, the expression Ef = 
  

 

    
 
+      was 

used, where bf and b are the magnitude of the Burger vectors associated with a faulted and a 

perfect loop, respectively. In our case, bf=  
  

  
 is the scalar magnitude of the faulted loop (bfrank = 

1/3<111>) observed at 620 ℃, and b= 
  

  
  is the scalar magnitude of the perfect loop (b = 

(1/2)<l10>) observed at 1115 ℃. The value of lattice parameter    for TiC is 0.49 nm [30]. The 

value of the stacking fault energy γ for TiC is 0.8 J/m
2 

[31]. The value of Ep, which is the energy 

associated with a perfect loop was calculated using the continuum mechanics formulas in [29]. 

The energies associated with the perfect and faulted loops are plotted in Fig. 11. Using this 

approach, we calculate that the critical radius where the perfect loop energy and faulted loop 

energy intersect is ~9 nm in TiC. This value matches the experimentally observed radius of the 

perfect loops observed for 1115 ℃ using TEM. Therefore, these calculations are consistent with 

our observations that under irradiation at high temperature the initially faulted a/3<111> loop 

transforms to an a/2<110> perfect dislocation loops when it grows above a critical radius of ~9 

nm.  

Concerning the loop stability in TiC at elevated temperatures, the increase of temperature 

(from 620 to 1115 ºC in the present work and 800 to 900 ºC in [16]) was the only parameter that 

changed while the other parameters such as irradiation dose and dose rate were constant.  From 

both studies, it could be concluded that for doses ~1 to 2 dpa and irradiation temperature near T= 

800 ºC, the stacking faults and hence the faulted loops in TiC0.83 were present and a higher 

irradiation temperature (or higher dose) is needed to grow the loops above the critical size to 
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transform them into perfect loops. Dickerson et al. [16] performed a calculation on the number of 

interstitials present in the loop versus total number of mobile interstitials created with increasing 

temperature at different doses. They found that the density of interstitials in loops suddenly 

decreases around 800 °C. It indicated that above 800 °C there was a significant change in the 

manner in which the microstructure of TiC evolved. This was likely due to increased mobility of 

vacancy point defects (at least on the carbon sublattice), which caused a higher rate of 

recombination with interstitials. They also reported that the transition from an ordered to the 

disordered arrangement of carbon vacancies in the Ti lattice could have contributed to the change 

in vacancy point defect behavior which occurs within the temperature range of 765–785 °C, 

primarily for TiC with ratios of C:Ti=0.6. This increase in vacancy mobility caused by 

disordering caused an increase in recombination which led to fewer surviving interstitials 

available for loop formation as indicated by their lower loop density at 900 ºC. In contrast to the 

above explanations, another study conducted at 800 ºC reported the absence of faulted loops, but 

found the presence of perfect loops and dislocation networks in TiC damaged by 1 MeV Kr+ to 

high doses of 10 and 70 dpa as compared to the present study [15]. The larger loop sizes 

produced by this high dose irradiation would be energetically favored to convert from faulted to 

perfect loops. Therefore, the precise condition at which the faulted loops convert to the perfect 

loops may depend on several parameters such as irradiation temperature, dose, stoichiometry and 

the type of ion used during irradiation. 

The enormous coarsening observed in terms of dislocation loop size from 620 to 1115 ℃ 

at the expense of their density is commonly observed in irradiated materials with increasing 

irradiation temperature [32]. A similar trend has been reported in proton irradiated TiC at doses 

between 0.8 to 2 dpa where the Frank loop diameters increased gradually with increasing 

temperature from 620 to 1115 ℃, while the loop densities decreased dramatically with increasing 

temperature [16].   

An open question in this study arises from the observance of a<100> type dislocation 

loops in TiC. From a free energy perspective, the larger Burgers vector associated with a<100> 

loops compared with a/2<110> loops does not satisfy the minimum strain energy criteria 

associated with the Frank rule for dislcoations [27]. We believe this observation of relatively 

high-energy perfect loop configurations in high temperature irradiated TiC deserves a dedicated 

study in the future.    

 

4.2. Transmutation of 
10

B and helium bubble formation: Results   

The THDS experiment confirmed the anticipated presence of helium due to the 

transmutation of 
10

B under neutron irradiation. The confirmation of helium was important as the 

cavities observed at 1115 ℃ could be misinterpreted as voids (formed due to the clustering of 

vacancies without any gas) rather than helium-filled bubbles. The nature of bubbles at the grain 

boundaries and the detection of helium through THDS confirm that spherical cavities detected by 

TEM were helium induced.  
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 Through the literature review discussed in the introduction section, it was established 

that vacancies in TiC appear to be mobile around two temperature regions: ~ 600 ℃  and above 

1000 ℃ for the carbon and titanium sublattices, respectively [12–14]. Despite the mobility of 

carbon vacancies at 600 ℃, there was no indication of helium bubble formation under TEM in 

the specimen irradiated at 620 ºC. It implies that the mobility of carbon sublattice vacancies 

alone was not sufficient at 620 ºC to nucleate visible bubbles under TEM. However, significant 

vacancy mobility could be inferred in the samples irradiated at 1115 ºC from the large faceted 

coalesced cavities at the grain boundary and the homogeneous presence of spherical bubbles in 

the matrix at 1115 ºC (see Fig. 9). In other transition metal carbides/nitrides such as TiN and ZrC  

[33,34] having the same crystal structure,  helium bubbles are also not known to form at 

temperatures ≤ 1000 ℃ even when the helium concentration is as high as up to ~22000 appm. 

Also, the size of the helium bubbles observed at 1100 ℃ in these studies was comparable to our 

1115℃ case (i.e., around the resolution limit of TEM ;1-2 nm). However, the bubble density was 

20 times higher (23 x10 
22 

m
-3

) as compared to the present study due to the extremely high value 

of helium ion fluence used [33]. From the above, it can be said that in TiC cavity swelling 

appears at an irradiation temperature around 1115 ℃ (i.e., around 0.3 Tm, where Tm is the absolute 

melting temperature; ~3430 ℃ for TiC) for helium concentrations between ~65 appm up to very 

high values of ~22000 appm. In the present study, the calculated value of swelling due to helium 

bubbles is minor and only amounts to ~(0.13±0.009) % for the helium concentration of ~33 

appm/dpa.  

From the THDS experiment, helium desorption peaks were observed in both low (i.e., at 

122 ℃) and high-temperature regions (i.e., at >1400 ℃). The small peak at T< 200 °C might be 

attributed to small He-vacancy (He-V) clusters which could become mobile at such low 

temperatures. Please note that due to the low stoichiometry of C/Ti ~0.8, there are 20 % of native 

vacancies present in the material. Considering the relatively low quantity of transmutant helium 

in the material, it is unlikely that the He-V clusters have a high He/V ratio or high pressure and 

hence the small helium release at T< 200 °C might occur through substitutional vacancy 

mechanism due to the large concentration of vacancies [35]. The pronounced He release starts 

from 1000 °C and continues to the maximum examined temperature of 1430 ℃. This helium 

release is consistent with the detection of helium bubbles for the 1115 ℃ irradiation case. Both 

the formation of helium bubbles and helium release confirms significant vacancy mobility at 

1115 ℃. Other studies have also shown the major release of helium starting at T ≥ 1000 °C in 

TiC [4]. Further, other similar materials such as TiN and ZrC [33,34]  also show helium release 

only above T ≥ 1000 °C.  

Another significant result from the present study is that no amorphization was observed 

in TiC at 2 dpa dose over a wide range of irradiation temperatures from 220 to 1115 ℃. In 

general, amorphization in irradiated ceramics only occurs when one or more of the cation or 

anion interstitials are immobile[36]. This lack of amorphization is therefore consistent with 

interstitals on both sublattices in TiC being fully mobile at temperatures above 70-150 ˚C [12–

14].  
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At 1115 ℃ and 2 dpa (33 appm He/dpa), the value of swelling induced by helium bubbles 

is only ~(0.13±0.009)%. Also, helium induced grain boundary cracking was not observed for the 

condition of 33 appm He/dpa even for the highest irradiation temperature of 1115 ℃ (equivalent 

to ~0.3 Tm for TiC). This suggests that TiC is a reasonable candidate for structural material 

applications in various nuclear energy system concepts, although additional studies including 

irradiation with applied stress are needed to establish overall feasibility. In our case, the value of 

He/dpa of 33 appm (65 appm for 2 dpa neutron dose) is comparable to the expected helium 

concentration in both fission and fusion reactor systems. For SiC and similar low Z materials, the 

value of helium per dpa for fusion reactor first walls is ≈ 100 appm He/dpa whereas in fast 

fission reactors the corresponding value is ~ 1appm He/dpa [37]. 

4.3. Dimensional changes after neutron irradiation: 

The macroscopic swelling of neutron-irradiated TiC was observed to decrease with 

increasing irradiation temperature between 220 and 1115 °C (Fig.10).  The measured 

macroscopic swelling at 1115 ℃ was zero within the experimental error (Section 3.5). The 

similar swelling trend in TiC was also observed by Watson et al.[11] at similar irradiation 

conditions to the present work, which is also plotted in Fig.10.  Such reduction in the volumetric 

swelling with increasing irradiation temperature in TiC is consistent with other irradiated 

ceramic materials such as SiC[38] and Al2O3[39] in the “point defect swelling” regime  that 

occurs below the void swelling regime (void swelling typically occurs at ~0.3 to 0.6 Tm; this 

would correspond to ~1100 to 1950 ℃ for TiC). In SiC, at 1 dpa the measured macroscopic 

swelling value at 200 ℃ is approximately five times that for 800 ℃ irradiation. This reduced 

swelling with increasing irradiation temperature is primarily attributed to enhanced 

recombination of cascade produced Frenkel defects due to lower interstitial clustering density for 

higher temperatures [38]. Vacancies are reported to become mobile in TiC at temperatures above 

~600 and ~1000 °C for the carbon and titanium sublattice, respectively  [13]. At irradiation 

temperatures above ~1000 °C, cavity formation would be expected to emerge in TiC since both 

Ti and C vacancies would be mobile according to ref. [13]. This is in agreement with our 

experimental observations of no visible cavities at 220 or 620°C and the appearance of tiny He-

filled cavities in the specimen irradiated at 1115°C. Therefore, our experimental observations are 

consistent with a “point defect swelling” regime in TiC (limited or no vacancy diffusion) below  

~1000 °C and a void swelling regime above ~1000 °C.   

 

5. Conclusions:  

Neutron irradiation of TiC to a dose of ~2 dpa at 220 to 1115 °C resulted in faulted dislocation 

loops at lower temperatures and perfect dislocation loops and cavities at the highest temperature. 

Amorphization was not observed at any irradiation condition. The detailed g.b analysis of the 

dislocation loops conducted using TEM revealed the presence of faulted a/3<111> loop at 620 

°C and unfaulted perfect a/2<110> loops at 1115 °C. The transformation of initially small-sized 

faulted loop at 620 °C to a perfect large sized dislocation loop at 1115 °C is predicted from 

continuum elasticity calculations to occur above a critical radius of ~9 nm. The mechanism 

responsible for the observed additional a<100> type dislocation loops in TiC at 1115 °C remains 
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to be unidentified. Due to the limited vacancy mobility at low temperature, no helium bubbles 

were observed in the sample irradiated at temperature of 220 °C and 620 °C. Helium induced 

cavities having small size ~1 nm were observed at temperature of 1115 °C. Overall, the 

temperature-dependent microstructure is consistent with high interstitial mobility above ~150 °C 

and onset of vacancy migration in TiC above ~1000 °C.  
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Fig. 1. HRTEM image of defects in TiC irradiated at 620 ℃, conducted on [101] zone axis 

showing defects on {111} planes shown in (a). The diffraction pattern obtained at [101] zone 

axis is shown in (b). The diffraction pattern revealed the streaks along <111> direction.  
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Fig. 2. DF TEM rel-rod images of defects in TiC irradiated at 620 ℃, obtained using the streaks 

 shown in diffraction pattern on the [101] zone axis. (a) and (b) presents the disjointed streaks in 

[ ̅11] and [11 ̅  direction.  
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Fig. 3. Dislocation loops and g.b analysis for sample irradiated at 1115 ℃. Images (a, b, c and d) 

are obtained by tilting the same zone of study at different angles to select the appropriate 

diffraction vector g. See Table 2 for more details. Imaging performed on [001] and [101] zone 

axis. Kinematical bright field images, deviation parameter s>0. Each inset A, B or C shows a 

different family of loop.   
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Fig. 4. The histogram of the number density of a<100> and a/2<110> type dislocation loop for 

1115 ºC case. 
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Fig. 5. (a) The graph showing the decrease of total loop density in the sample irradiated at 1115 

℃ as compared to 620 ℃ case. (b) The graph showing the increase of average loop size with the 

increase in temperature.  
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Fig. 6. Evolution of the electron diffraction patterns with the irradiation temperature. The relrods 

are clearly visible in the diffraction patterns for 220 and 620 ℃ case and are marked by blue 

arrows. No relrods detected at 1115 ℃. All the diffraction pattern are obtained at [101] zone axis. 
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Fig. 7. The inside and outside contrast of dislocation loops at 1115 ℃, imaged at g= ±020 and 

zone axis [001]. Some interstitial type loops are clearly marked. The sub-script to the oval 

represent the interstitial type loop. 

 

 

 

 

 

 

 

 

 

 

 

                  



 27 

 

 

Fig. 8. The temperature-dependent desorption of helium flux from TiC samples irradiated by 

neutrons at 1115 ºC. 
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Fig. 9. BF TEM images of (a) under focus condition and (b) over focus condition. The circled 

region shows the cavity with precipitate which existed prior to irradiation. The arrows indicate 

the helium induced bubbles due to the irradiation at 1115 ℃. Images (c) and (d) show the large 

grain boundary cavities, implying significant vacancy/He-vacancy cluster mobility.  
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Fig. 10. The macroscopic swelling of neutron-irradiated TiC decreases with increasing 

irradiation temperature between 220 and 1115 °C. The error bars represent the standard deviation 

value calculated over multiple specimen (minimum 3) in each case. 
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Fig. 11. The energy of the faulted and perfect loop calculated using continuum mechanics 

equation. 
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Table 1. Element chemical analysis from Luvak Inc. Note the concentration of B and Be as they 

can transmute under neutron irradiation. 

  

Element C B Ni Be Al Ti Cr Cu Fe Mn Na Si 

Atomic % 5.19E+01 3.23E-02 6.81E-04 4.77E-03 5.31E-02 4.76E+01 2.75E-03 1.16E-03 4.12E-01 6.46E-03 2.27E-02 3.77E-02 
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Table 2: The set of visibility/invisibility criteria of a<100>, a/3<111> and a/2 <110> type 

dislocation along 6 selected different g’s. The different g were selected in such a manner to 

provide a unique set of criteria for each burger vector. Here V refers to visible and I refers to 

invisible.  

 

 

 

 

 

 

 

 

 

 

 

 

b\g 020  ̅ ̅0  ̅    ̅11  ̅    ̅   

100 I V V V V V 

010 V V I V I V 

001 I I I V V I 

111 V V V V I I 

11 ̅ V V V V V I 

1 ̅1 V I V V I V 

 ̅11 V I V V V V 

110 V V V I V I 

 ̅10 V I V V V V 

10 ̅ I V V V V V 

011 V V I V V V 

  ̅1 V V I I V V 

101 I V V I I V 

                  


