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Radiation-induced dislocation loop evolution in ion-irradiated commercially pure (CP) Ti was investigated
through both ex situ 4 MeV Ar beams and by in situ TEM irradiation with 1 MeV Kr ion beams at different
temperatures. The dominant mechanism for dislocation loop growth was loop coalescence. Both <a>- and c-
component loops exhibited an increase in size and density with increased irradiation dose and temperature. C-

component loops were observed only after reaching a threshold incubation dose (TID). In CP Ti, these loops
initiated at lower doses compared to previous observations in Zr, and the TID decreased with increasing

temperature.

1. Introduction

Titanium (Ti) alloys are widely used in the biomedical, aerospace
and automotive industry due to their high specific strength, excellent
fatigue and creep properties, corrosion resistance, good workability and
weldability, as well as their commercial availability. Ti-alloys are also
attractive for nuclear applications thanks to their compatibility with
coolants (lithium, helium, water) and low activation in radioactive en-
vironments [1]. As a result, Ti-6A1-4V(wt.%)" is currently used as beam
window material for high-intensity proton accelerators [2] and inves-
tigated as beam dump material for the Facility for Rare Isotope Beams at
Michigan State University [3,4]. Several studies have investigated ra-
diation damage in conventionally manufactured Ti and Ti-alloys, using
electrons [5], neutrons [6,7], protons [2,8-10] and heavy ions [3,
11-14] for doses lower than 9 dpa (displacement per atom). The
microstructural evolution of the irradiated hexagonal close packed (hcp)
materials, such as a-phase Ti, depends on the anisotropy of the inter-
stitial diffusion and is linked to the c/a ratio, where it is weakest for
ratios close to (\/§) [15,16]. For Ti the c/a ratio is 1.586 and basal loops
are not expected. Experimentally, this rule was proven to be inaccurate
for Ti [7] and other hcp materials like Zr [17] as both basal and
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E-mail address: boehlert@egr.msu.edu (C.J. Boehlert).

prismatic loops were observed [5,7,18,19]. At low irradiation doses,
black dots and prismatic <a>-type dislocation loops, which are mainly
interstitial, were observed in Ti-alloys [18] and are thought to
contribute significantly to radiation hardening[6,10,13,20]. Vacancy
basal <c>-component loops were reported at higher dose levels [5,19]
and are linked to irradiation-induced swelling [7,21].

In previous studies, only the final microstructure, after irradiation at
a certain dose level, was investigated, precluding a deeper understand-
ing of the evolution of the damage structures at different doses and
temperatures. The current work focused on the nucleation of radiation-
induced dislocation loops and their accumulation at higher doses. In situ
transmission electron microscopy (TEM) irradiation was used as it can
offer the capability to investigate the radiation damage evolution
through continual imaging and allow for quantitative and qualitative
microstructural studies [21-24].

The primary objective in this paper is to obtain a deeper under-
standing of the microstructural evolution in ion-irradiated commercially
pure (CP) Ti in order to eventually accurately model its mechanical
behaviour. To that end, a microstructural study was undertaken to
provide both quantitative data on defect formation and defect densities,
as well as qualitative information on defect interactions and growth

1 Henceforth all alloy compositions are provided in weight percent unless otherwise indicated.
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Fig. 1. Secondary electron SEM image showing the representative micro-
structure of the studied CP Ti.

mechanisms.
2. Experimental methods
2.1. Material

A description of the Grade 2 CP Ti material used in this study, which
was provided by the National Energy Technology Laboratory (NETL) in
Albany, Oregon, can be found in [25]. A 150 mm diameter ingot was
triple vacuum arc remelted and then upset forged, forge flattened, and
squared before rolling. The forging steps were performed at tempera-
tures above the p-transus temperature, while the rolling passes were
performed at temperatures below the p transus.

2.2. Sample preparation

2.2.1. Metallography and Electron Microscopy

Samples were mechanically polished using silicon carbide planar
grinding papers from 600 up to 4000 grit. To achieve a mirror finish, the
samples were polished between 1 and 2 hours with a chemical etchant
composed of 1 part HyO, to 5 parts Struers OP-S colloidal silica (0.04
um). Scanning electron microscopy (SEM) and electron backscattered
diffraction (EBSD) were performed on the metallographically prepared
samples using a Tescan Mira III SEM at 20 keV. EBSD was performed
using EDAX-TSL, Inc (Mahwah, NJ) version 6.1 OIM Data Acquisition
and Analysis software. The scanning step size was between 0.3 and 0.5
um for the a-phase with a typical 70° incidence angle. The average grain
size was measured using the line intercept method [26]. Energy
Dispersive Spectroscopy (EDS) was performed using a Tescan Mira III
SEM at 15keV together with an EDAX-TSL EDS system. Transmission
electron microscopy (TEM) and Energy Dispersive Spectroscopy (EDS)
were performed using a Talos F200X (Scanning)-TEM at the Center for
Nanoscale Materials (CNM), Argonne National Laboratory, IL, USA.

2.2.2. TEM sample preparation

After grinding the CP Ti to a thickness between 100 and 150 um, 3
mm diameter discs were punched and then electropolished using a
Struers Tenupol 5 twin-jet electropolisher at a temperature between -44
°C and -30 °C. A solution bath of 300 mL methanol, 175 mL 2-butanol,
and 30 mL perchloric acid was used. The thickness of the thin area in the
TEM foils was estimated to be 100 nm. Low keV ion milling was per-
formed as the last step to remove contaminants and improve TEM foil
quality. The beam energy was held between 2 and 3 keV and the milling
angle varied incrementally between 8° to 4°.

For material irradiated ex situ, the samples were thinned after irra-
diation to a thickness between 100 and 150 pm by mechanical grinding
on the unirradiated side only. The irradiated surface was covered by
Lacomit Varnish (Agar Scientific Ltd) to prevent material removal from
the irradiated side during the electropolishing step. Low keV ion milling
was also performed to remove contaminants and improve TEM foil
quality.

2.3. Microstructural characterization of the unirradiated material
A representative SEM image and an EBSD orientation map of the

studied CP Ti are provided in Figs. 1 and 2, respectively. The micro-
structure, which was not strongly textured, consisted of a-phase grains,
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Fig. 2. EBSD inverse pole figure (IPF) map of the studied CP Ti with the corresponding sample normal direction inverse pole figure unit triangle.
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Fig. 3. BF TEM images of the as-recieved CP-Ti: a- An image of an a-phase grain containing precipitates, b- A magnified image of the precipitate highlighted in a.

Ti
500nm

Fig. 4. TEM EDS analysis revealing Fe-rich precipitates in the studied CP Ti.

Table 1
Summary of the different irradiation conditions, where only the final irradiation dose is reported for the in situ experiments.
Beam  Energy Range Se (keV/ Flux (ions. Final fluence (ions. T Calculated final dose for 100 nm foil Dose rate
(MeV) (um) nm) em?s P cm 2 () thickness (dpa) (dpa/s)
In situ 84Kr 1 0.4 2.3 3.8 x 101 5 x 10® 30 9.4 8.1 x107*
irradiation 3.8 x 101 1.7 x 10 360 3.2 8.1x107*
3.8 x 101! 2.5 x 10™ 430 0.5 8.1 x 107
Ex situ OAr 4 1.8 3.2 2.18 x 10" 4.8 x 10'® 350 7.6 3.5 x 1072

irradiation “OAr 4 1.8 3.2 1.42 x 102 2.5 x 10'® 30 4 2.2x107*
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Fig. 5. Simulation of the damage profiles using SRIM software for *’Ar@4MeV
and ®*Kr@1MeV in Ti for the total ion fluences of 2.5 x 10'® jons.cm™2 and 1.7
x 10'° jons.cm~2, respectively.

ranging in size from 10 to 40 um, with an average grain size of 30 um.
Precipitates of around 1 pm in diameter were observed as well. The TEM
images in Fig. 3 show the initial, as-received grain structure. TEM EDS
characterization indicated that the precipitates were Fe-rich, see Fig. 4.

2.4. Irradiation experiments

Details of all the irradiation conditions are provided in Table 1,
where only the final irradiation dose is reported for the in situ experi-
ments. The in situ irradiation experiments were performed using a
Hitachi H-9000NAR TEM at the Intermediate Voltage Electron Micro-
scopy (IVEM)-Tandem Facility of Argonne National Laboratory. A
typical TEM foil thickness of 100 nm allowed for homogeneous irradi-
ation of the entire thickness using a Kr ion beam. The TEM foils were
mounted in a double-tilt heating holder and tilted to an angle of 15° to
maintain a normal incidence angle of the Kr ion beam to the sample’s
surface.

The ex situ experiments were performed at Sta. ANA (Stable ion
Accelerator for Nuclear Astrophysics) at the University of Notre Dame.
Cooling and heating systems were used as required to maintain the
desired temperature during the irradiation experiment.

The Displacement per Atom (dpa) calculation was performed using
the Kinchin-Pease quick calculation with 5000 ions in the software
Stopping and Range of Ions in Materials (SRIM) [27] as recommended in
[28]. Using a threshold energy of 30 eV [29], the dose as a function of
irradiation depth was estimated for different ion beam energies, flux and
fluences as shown in Table 1. An example of the simulated dose as a
function of the irradiation particle energy is provided in Fig. 5. The
reported final irradiation dose in Table 1 was estimated as the average
dose over the 100 nm depth for a typical TEM foil thickness.

2.5. TEM imaging and counting methods

2.5.1. TEM imaging

Weak beam (WB) and bright-field (BF) techniques were used in this
work to image dislocation loops [30]. While full characterization by
tilting to multiple g vectors was not performed, the main types of
radiation-induced dislocation loops in Ti were investigated: i) <a> type
dislocation loops with a Burgers vector b = 1(2110) that can be imaged

with g=0110 and appear as circular or elliptical defects; and ii)
c-component dislocation loops in the basal planes that can be imaged
with g = 0002. Under the latter diffraction condition, these c-component
loops were imaged edge-on and appeared as linear segments perpen-
dicular to the 0002 g vector. For the same grain, tilting to the [2110]
zone axis allowed for the distinction between <a> and c-component
loops (see the Supplemental Material section for an example). This
approach [12] was chosen because the selected g vectors for imaging
each loop type are perpendicular. Under each diffracting condition only
one type of these loops is visible, where distinct differences in shape and
orientation enabled clear and unequivocal identification. While BF im-
ages were mainly used for loop counting, dark field (DF) images were
used when necessary to reduce the confusion in distinguishing between
hydrides and dislocation loops. An example of an identification of the
c-component loops is provided in Fig. 6. Hydrides or precipitates, which
were not examined in this work, are more easily identified from DF
images and were not included in the counting of the c-component loops
for example.

The Supplemental Material section provides further details of the
TEM imaging techniques as well as some examples of both <a> type and
c-component dislocation loop identification and measurements. The
observed length of the loop outline in the BF images was referred to as
observed loop length. For the irradiation experiments performed at
elevated temperature, the irradiating beam was stopped at each image
acquisition interval and the temperature was not decreased during

Fig. 6. a) BF and b) DF TEM images in the foil irradiated with 1 MeV Kr at 30°C at a dose of 1.2 dpa. Examples of c-component loops are indicated with orange
arrows in a). Features that are not identified as c-component loops are in yellow boxes in both images.
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Fig. 7. BF TEM images showing the <a> loops in different TEM foils irradiated with 1 MeV Kr ions at low and high irradiation doses at 30°C, 360°C and 430°C. The
<a> loops are indicated with orange circles or arrows.



A. Amroussia et al.

Zg 30 °C

50
40
30

20
10 IIIII
0

70
60 360 °C
50
40
30
20
10
0 Lo Ui LIRIe  Uie  Live ke CLIE U1 N Bl o -

W9.4 dpa Median length: 27 nm|

0.05 dpa Med. length: 16.7 nm
0.07 dpa Med. length: 22.3 nm
1.9dpa Med. length: 24 nm

Defect density (x10'> m2)

70
60 | 0 |
50
40
30
20
10
0

00.05 dpa Med. length: 27.6 nm
80.6 dpa Med. length: 26.8 nm

| rrrrrrrrrrrs

N S

S W H R v DD
N & %@ qi;') %Q?a %5% D‘Q’b‘ bbb D

Length of the <a> loops ‘

Fig. 8. Distribution of the length of <a> loops in CP Ti irradiated in situ with 1
MeV Kr at: 30°C, 360°C and 430°C.

imaging. An adjustment to the WB conditions was performed to correct
for any drift before acquiring the images.

2.5.2. Dislocation density
The dislocation density was calculated from the acquired TEM

30°C k¥
4 dpa |

images at the specified diffraction conditions, and the defect density
evolution as a function of irradiation dose was determined in the same
volume for each sample. The details of the loop identification and
counting methods are included in the Supplemental Material section.

Three different methods were used to represent the dislocation
densities: (i) Area dislocation number density: This is a measure of the
number of dislocation loops (<a> or c-component) in the imaged area;
(ii) Dislocation number density: This is a measure of the number of
dislocation loops (<a> or c-component) in a unit volume (Area x foil
thickness); (iii) Linear area dislocation density: This additional density
was used for c-component loops as their wavy character, especially at
high irradiation doses, can make it difficult to determine individual loop
length. It is a measure of the sum of the length of the specific dislocation
loop types in a unit area.

3. Results
3.1. Observation of <a> dislocation loops

3.1.1. In situ observation of <a> dislocation loops

The nucleation habit plane of the prismatic <a> dislocation loops
formed during in situ TEM irradiation with 1 MeV Kr ions, regardless of
temperature and dose, was {1120}, with Burgers vector b= 1(2110)
[7]. At low doses between 0.05-0.07 dpa at 25, 350 and 430°C, <a>
loops, appearing as black dots in BF images, were homogeneously
distributed throughout the grains, as shown in Fig. 7. For higher doses,
the <a> loops exhibited a more elliptical shape and a larger size, as
illustrated in Fig. 7. High densities of defect clusters were observed in
the foil irradiated at 360 and 430°C, ( see Fig. 7).

The distributions of the observed length or perimeter of <a> loops in
the investigated samples are illustrated in Fig. 8. For samples irradiated
at 30°C (see Fig. 7), <a> loops were observed at 0.05 dpa and the
average length of the loops was 9 nm. Since the loops were too small for
precise length quantification, the area number density of these defects
was counted using brightness maxima in the image processing tool Fiji
[31]. All the distributions of the length of the loops were slightly right
skewed. For each irradiation temperature, as the dose increased, the
skewness moved further right. As a result, the median values of the <a>
loop length increased as a function of dose for each irradiation tem-
perature (see Fig. 8). The area under the curve also increased as the dose
increased, which suggests a cumulative increase in total defect number
density.

3.1.2. Ex situ observation of <a> dislocation loops
For the samples irradiated ex situ with 4 MeV Ar ions, the irradiation
dose corresponds to the dose at the preserved surface of the sample.

Fig. 9. BF TEM images with g = 0110 showing the CP Ti sample irradiated ex situ with 4 MeV Ar ions at the indicated surface doses and temperatures. The orange
arrows indicate some of the <a> loops, which were significantly larger at both higher temperature and dose.
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Fig. 10. Quantification of <a> dislocation loops in CP Ti irradiated in situ with 1 MeV Kr and ex situ with 4 MeV Ar at different temperatures as a function of dose.
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Fig. 11. Threshold incubation dose (TID) for c-component loops as a function
of temperature.

These were 4 dpa and 7.6 dpa for the irradiation temperatures of 30°C
and 350°C, respectively. These samples exhibited both <a> dislocation
lines and <a> loops, as indicated by orange arrows in Fig. 9. The size of
the loops was larger in the sample irradiated at 350°C (Fig. 9).

3.1.3. Effect of dose and temperature

The area <a> loop number density?, and their median length as a
function of dose for CP Ti irradiated at different temperatures, are pre-
sented in Fig. 10. For the sample irradiated at 30°C, the <a> loop area
number density decreased from ~10'® m~2 to 10> m~2 with increasing
dose. This significant decrease in number density per unit area corre-
sponded with a significant increase in the median loop size from 9 nm to
27 nm. In contrast, for the sample irradiated at 360°C, the area number
density increased slightly between the doses of 0.05 to 0.07 dpa, while
the median loop size went from 16 nm to 22 nm. With the higher dose of
1.9 dpa, the <a> loop area number density appeared to saturate at a
value of 1.8 x 10> m~2. At 430°C, the <a> loop area number density
increased significantly, from 4 x 10 m™2 to 1.8 x 10*® m™2, with
increasing dose, but the loop size did not increase significantly. At the
low irradiation dose, the sample irradiated at the lowest temperature
had a much higher defect density and a smaller loop size. As the tem-
perature increased, the defect number density decreased, and the loop
size increased.

2 The area loop number density is defined as the number of specific dislo-
cation loop types (<a> or c-component) in a unit area [m].

3.2. Observations of c-component dislocation loops

3.2.1. In situ observations of c-component loops

The threshold incubation dose (TID) of c-component loops in CP Ti
was determined at different temperatures. The TID for c-component
loops as a function of irradiation temperature is plotted in Fig. 11, where
the TID decreased from 1.2 dpa to 0.2 dpa as the irradiation tempera-
tures increased from 30°C to 430°C. Although these TID values observed
in CP Ti are significantly lower than reported for pure Zr, the decrease of
the TID as a function of dose is consistent with other studies [32]. The
difference between c-component loop nucleation in Zr and Ti alloys will
be discussed later.

Figs 12-14 illustrate the observed increase in c-component loop
nucleation as a function of increasing dose at 30, 360 and 430°C.
Dislocation denuded zones® at the grain boundary were not observed in
irradiated CP Ti for any of the temperatures examined. In fact, c-
component loops were observed at a distance less than 10 nm from the
grain boundary in all samples. Fig. 15 shows an example of the observed
coalescence of smaller neighboring loops to form longer features that
were identifiable as c-component loops.

The distributions of the length of the c-component loops in foils
irradiated in situ at 30°C, 360°C and 430°C, at different doses, are shown
in Fig. 16. All the distributions are right-skewed. As the dose increases,
the right-skewed distributions move further to the right. As a result, the
median values of the c-component loop length increase as a function of
dose for each temperature. For the irradiation temperature of 360°C and
between the doses of 0.9 and 1.9 dpa, the size of previously nucleated
loops increased while a few new loops formed (see Fig. 16).

A similar trend was observed for the sample irradiated at 430°C. The
increase in c-component loops length above 50 nm with increased dose
was significant (see Fig. 16). At the final irradiation dose of 0.6 dpa, both
small (between 5 and 10 nm) and large (above 50 nm) loops were pre-
sent in the foils and as shown in Fig. 16 for 430°C, and red arrows
indicated the two highest loop diameter peaks.

3.2.2. Ex situ observation of c-component loops

TEM foils made from CP Ti samples irradiated ex situ with 4 MeV Ar
ion beams at 30°C and 350°C were also examined. As the irradiation
temperature increased, the c-component loop length increased, see
Fig. 17.

3.2.3. Effect of dose and temperature
To better understand the effect of the dose and temperature on the

3 Dislocation-free zone observed in the case of irradiated Zr alloys [66].
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Fig. 12. BF TEM images showing the c-component loop evolution and growth in samples irradiated with 1 MeV Kr at 30°C at increasing doses in the same area.
Orange arrows point to some of the observed c-component loops in each micrograph. The grain boundary (GB) is indicated with a white arrow in each image.
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Fig. 13. BF TEM images showing the c-component loop evolution and growth in samples irradiated with 1 MeV Kr at 360°C at increasing doses in the same area. The
grain boundary (GB) is indicated with a white arrow in each image. Orange arrows indicate some of the observed c-component loops.



A. Amroussia et al.

0 dpa

Fig. 14. BF TEM images showing the c-component loop evolution and growth in samples irradiated with 1 MeV Kr at 430°C at increasing doses in the same area.
Orange arrows indicate some of the observed c-component loops.

Fig. 15. BF TEM images showing coalescence of smaller neighboring loops to form longer strings, identifiable as c-component type loops, in foils irradiated with 1
MeV Kr at 360°C at increasing doses.



A. Amroussia et al.

60

9.4 dpa Median length: 23.6 nm
3.5dpa Median length: 17.9 nm
O1.2dpa Median length: 8.6 nm

50

40

30

20

10

0
60

n1.9dpa Median length: 20.1 nm
50 ©0.9dpa Median length: 17.7 nm
| 00.5dpa Median length: 9.4 nm
40+ || g

30
20

10

Area defect number densitv (x10!3 m2)

m0.55 dpa Median length: 20 nm
130.4 dpa Median length: 19.6 nm
00.2dpa Median length: 12.3 nm

50

40
30
20

10

Loop length (nm)

Fig. 16. Distributions of the observed length of c-component loops in samples
irradiated in situ with 1 MeV Kr at 30°C, 360°C and 430°C. Red arrows in the
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evolution of c-component loops in CP Ti at different temperatures and
doses, defect number densities, linear densities, and median values of
the c-component loop length were plotted (see Figs. 18 and 19). For in
situ irradiations, the defect number densities for the sample irradiated at
30°C were the lowest observed and they increased with increasing dose.
A similar trend of increasing defect number densities with increasing
dose was observed for the 430°C data, but at 360°C, a shallower increase
in defect densities was observed with increasing dose. Assessment using
the defect linear defect density in Fig. 19 provides a more distinct sep-
aration of the data trends. Additional higher dose data are needed at 30
and 430°C to verify whether the c-component loop evolution saturates at
lower than 0.6 dpa, at 430°C, and to determine if the rate of increase of
the defect densities at lower doses is similar to that at the other two
temperatures.

Ex situ irradiation at 30°C resulted in a higher density of shorter c-
component loops than during in situ irradiation at a similar dose (4 dpa).
Consequently, the defect linear density was consistent with the trend
observed for samples irradiated in situ (Fig. 19). On the other hand, the
samples irradiated ex situ at 350°C and for a dose of 7.6 dpa exhibited a
significantly lower defect number density and a higher median loop
length (27 nm). It should be noted that 20% of counted loops were larger
than 50 nm.

4. Discussion
4.1. Evolution of <a> loops

For hep metals, prismatic <a> dislocation loops have been corre-
lated with an increase in hardness and reduction in elongation-to-failure
[5]. A high density of small dislocation loops, constituting a hardened
microstructure [11], was observed in the investigated grains at lower
irradiation doses (Fig. 9). These small defects were also observed in Zr
[32] and are identified as <a> dislocation loops formed by the collapse
of vacancy and interstitial clusters [7]. As the irradiation dose increased,
the loop size increased, as observed for all irradiation temperatures (see
Fig. 10). Similar to the case of Zr [32], loop growth is thought to occur as
aresult of loop calescence, i.e. the absorption of smaller loops into larger
loops [12,13]. Although this coalescence was not observed experimen-
tally for <a>loops in this work, Fig. 8 shows that small new loops were
continuously nucleated while the loop number density decreased espe-
cially for doses higher than 1 dpa, consistent with Fig. 10. The final
damage structure at 360 and 430°C included dislocation loops and
clusters (see Fig. 9).

The measured defect number density of the <a> dislocation loops,

Fig. 17. BF TEM images showing evolution of c-component loops in CP Ti samples irradiated ex situ with 4 MeV Ar ions (§ = 0002) at 30°C and 350°C. Orange

arrows indicate some of the observed c-component loops.
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Fig. 19. C-component loop defect linear density increased with both increasing dose and temperature.

and their equivalent circular diameter (ECD)*, are compared to the re-
sults of ion [11] and proton [9] irradiation in Fig. 20. As expected, both
temperature and dose dependencies were observed for all samples. High
defect densities and smaller defect sizes were reported at a low tem-
perature in the samples irradiated with 1 MeV Kr and 590 MeV protons
[9]. The defect density decreased for higher temperatures while the <a>
loop size increased.

Since the radiation induced defect structure is dependent on the
irradiating particles, temperature, dose, and the dose rate, the effect of
the latter on the evolution of <a> dislocation loops in Ti was investi-
gated in Fig. 20 and the corresponding Table 2. The comparison between
ex situ and in situ irradiations in the current work shows that the dose
rate effect was minimal at low temperature while it was more significant
at 350°C. Ex situ irradiation was performed at a higher dose rate than in
situ irradiations and resulted in a lower <a> loop density. This is
consistent with observations in a similar CP Ti [11], as well as lower
defect densities after proton irradiations. At higher temperatures, defect
densities resulting from proton irradiations [9] at lower does rates were

4 ECD is calculated using the area (A) and the perimeter (P) of the <a>

2
dislocation loop: ECD = (/%4 + (%)

higher than those for ion irradiation in results from both the current
work and in [11]. At higher temperatures, higher dose rates resulted in
higher defect densities due to the enhanced mobility of point defects and
their recombination [32].

4.2. Evolution of c-component loops and TID

Radiation-induced growth in hcp metals is enhanced for samples
containing c-component loops [33], which prompted extensive studies
of c-component loop nucleation in Zr and Zr alloys [33-36]. The diffu-
sional anisotropy difference (DAD) model [37], where single interstitial
atoms (SIA) are more mobile on the basal plane and vacancies have
anisotropic diffusion, provides an explanation of the growth of
c-component loops [36]. As a result of DAD, grain boundaries and dis-
locations parallel to the c-component axis absorb most interstitial atoms
formed after irradiation leading to elongation along the <a> axis and
contraction along the c-component axis [38]. Investigations of
c-component loops in Ti are limited [7,12,19] and the current study is
the first (to the authors’ knowledge) to investigate their evolution in situ
at different temperatures and doses. The stability and evolution of
c-component loops depend on the presence of impurities, the tempera-
ture, the dose and their TID [5,24,32].

Similar to Zr alloys [32,39], the current work shows that
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Fig. 20. Defect number density and the equivalent circular diameter of <a> loops in CP Ti verses dose comparing the current work (diamond symbols) with prior
research [9,11]. A high density of small loops is observed at low temperature. At higher temperature, proton irradiation at lower dose rates resulted in higher defect
densities with comparable loop diameters. Overall, the equivalent circular diameter of <a> loops increased with increasing dose.

Table 2
Irradiation conditions corresponding to the data plotted in Fig. 20

Beam Energy (MeV) T (°C) Calculated dose for 100 nm foil thickness (dpa) Dose rate (dpa/s)
In situ irradiation 84Kr 1 30 9.4 8.1x107*
360 3.2 8.1 x 107
430 0.5 8.1 x107*
Ex situ irradiation “OAr 4 350 7.6 3.5 x 1072
30 4 22x107*
Ref [11] Ti2+ 6 300 3 22x107*
Ti2+ 6 430 0.6 23x107*
Ref [9] Proton 590 250 0.61 1077
Proton 590 30 0.4 1077

c-component loops occur after reaching a TID and that temperature is
one of the main factors assisting the formation of these loops. The TID in
the current work was reported in the same way in [32] and is defined as
the dose at which c-component loops were unambiguously identified in
BF TEM images. In CP Ti, c-component loops nucleated more easily in
samples irradiated at higher temperatures, as shown in Fig. 21. While

previous observations of c-component loops were made at the low dose
of 0.6 dpa [12], the actual TID was much lower in the currently inves-
tigated CP-Ti, especially compared to Excel Zr alloy [32]. The migration
and formation energies of vacancies and interstitials in Zr are higher
than those of Ti [35], which may explain the lower doses at which
c-component loop were observed in the current work. Other factors
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Fig. 21. The TID for c-component loops in CP Ti from the current work is lower
than that for Excel Zr alloy [32] irradiated in situ with 1 MeV Kr ions at the
IVEM facility.

assisting the formation of c-component loops are alloying or impurity
elements, especially Fe [24] and hydrogen [40]. Radiation induced
dissolution of the Fe-rich precipitates, present in the studied CP-Ti
(Fig. 4), or hydrides that formed during TEM sample preparation
could contribute to the early c-component loop growth. Compared to
c-component loops in Zr [24], the observed edge-on c-component loops
were not straight. Their curved or wavy appearance was enhanced at
higher temperatures (see Figs. 12-14). This phenomenon could be
explained by dislocation loop climbing as a result of vacancy absorption,
which is enhanced at higher temperatures [5,11].

The c-component loop growth mechanism in CP-Ti is similar to Zr
[11,12,32], relying on loop calescence as shown in Fig. 15. A compari-
son between the evolution of c-component loops in CP Ti and Zr [24]
during irradiation with 1 MeV Kr ions is presented in Fig. 22. Although
the area defect number densities were comparable, the average lengths
of the observed c- component loops are higher in Zr than in CP Ti.
Radiation-induced swelling is therefore expected to be higher in Zr. Data
on the swelling of Ti was not available to confirm this hypothesis.

5. Conclusions

This study explored the impact of heavy ion radiation damage on CP
Ti and provided a systematic quantitative analysis of radiation-induced
defects that can be used to model the changes to its mechanical prop-
erties. The observations of the nucleation and growth of <a> and c-
component loops led to the following findings:

(1) Observation and quantification of prismatic <a> dislocation
loops during in situ TEM irradiations with 1 MeV Kr ions at 30°C,
360°C and 430°C were reported. At doses between 0.05 dpa and
0.06 dpa, the <a> loops appear to be homogeneously distributed
throughout the grains. As the irradiation dose increased, these

3 80
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loops unfaulted and their size in the TEM foils increased at all the
investigated irradiation temperatures. Dislocation clusters were
only observed in the final damage structure at 430°C. At this
temperature, the average loop diameters were ~8.5 nm.
C-component loops were only observed after reaching a TID.
These loops nucleated at much lower doses in CP Ti than for Zr.
TID decreased with increasing temperature for doses of 1.4 dpa,
0.55 dpa, and 0.24 dpa, and for irradiation temperatures of 30°C,
360°C and 430°C, respectively. The migration and formation
energies of vacancies and interstitials in Zr are higher than those
of Ti and this could explain these lower TID values in addition to
thermal and radiation-induced dissolution of Fe-rich precipitates
and hydrides.

Loop growth occurred as a result of loop coalescence or the ab-
sorption of smaller loops into larger loops was observed for c-
component loops. Alongside the already formed loops, small new
defects were also present. The size of c-component loops and their
defect number densities increased linearly at 30°C and 360°C
without showing signs of saturation up to a dose of 9.4 and 1.9
dpa respectively. The foil irradiated at 430°C seemed to reach a
maximum loop size and loop density at the low dose of 0.6 dpa.

(2)

3
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