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1. Introduction

The V-15Cr-5Ti alloy is a potential candidate material for structural

components in a magnetic fusion reactor (MFR) [1], Irradiations of this alloy

with neutrons (E > 0.1 MeV) and energetic (3-4 MeV) metallic ions have

demonstrated an inherent resistance to swelling that results from production

of irradiation damage [1]. However, the simultaneous production of helium

atoms from nuclear transmutation reactions and irradiation damage in the

V-15Cr-5Ti alloy in the MFR environment may have an impact on the swelling

resistance and microstructural evolution of this alloy [2-4]. The helium

production rate in the. V-15Cr-5Ti alloy in the MFR environment has been

calculated to be 57 appm/MW»Y/m or 5.2 appm/dpa (dpa=displacements per atom)

[1].

In this paper we present the rasults of an investigation on the effects of

implanted helium on the swelling and microstructural evolution that results

from energetic single- and dual-ion irradiation of the V-15Cr-5Ti alloy.

Single-ion irradiations were utilized for a simulated production of the

irradiation damage that might be expected from neutron irradiation of the

alloy in a reactor with a fast neutron energy spectrum (E > 0.1 MeV). Dual-

ion irradiations were utilized for a simulated production of the simultaneous

creation of helium atoms and irradiation damage in the alloy in the MFR

environment. The implantation of helium atoms and the production of displaced

*Work supported by the U. S. Department of Energy, BES-Materials Sciences, and
the Office of Fusion Energy, under Contract W-31-109-Eng-38.



atoms from neutron interactions with lattice atoms can be expected to induce

significant changes in local concentrations of the constituent alloy atoms and

to have an impact on the microstructural evolution [5]. Therefore,

experimental results are also presented in this paper on the radiation-induced

segregation (RIS) of the constituent atoms in the single- and dual-ion

irradiated alloy.

2. Materials and Procedure

The V-15Cr-5Ti alloy for this investigation was prepared by arc-melting

the constituent metals in a purified argon atmosphere. The Chemical analysis

for the alloy is presented in Table 1. Specimens of the alloy (0.13-mm thick)

were annealed at 1100°C for 7.2 x 10^ s to give a fully recrystallized

microstructure with a dislocation density of ~5 x 10 m .

Alloy specimens, each with a diameter of 3.05 mm, were mounted in a four-

by-four array in a tungsten holder for simultaneous (dual) irradiations with

3.0-MeV ->lv+ an<j energy-degraded 0.87-MeV -*He ions. The specimens were

irradiated at 425, 540, 625, 640, and 675°C iu a cryogenically pumped chamber

evacuated to 1.3 x 10~° Pa in the Dynamitron irradiation facility at Argonne

National Laboratory. Also, specimens of the alloy were mounted in a tungsten

holder for single-ion irradiation with either 4oO-MeV 5 1V + + ions or 4.0-MeV

58N±++ i o n S j dual-ion irradiation with 3.0-MeV ^V** ions or 3.0-MeV 5 8Ni + +

ions and 0.25-MeV 3He + ions, and helium implantation using 0.50-MeV *He+ ions

C O I I

followed by irradiation with 4.0-MeV JONi ions. These specimens were

irradiated at 600, 650, 675, 725, and 750°C in a cryogenically pumped chamber

evacuated to 1.1 x 10 Pa in the 2-MeV Tandem irradiation facility at Argonne

National Laboratory.

Deposited energy densities as a function of ion range in the alloy from a

computerized TRIM code were converted to displacements per atom (dpa) and



helium atom deposition using a threshold energy of 40 eV [6], The depths in

the alloy specimens for peak irradiation damage during 3.0-MeV V and 4.0-

MeV V ion irradiation were computed to be 910 nm and 1300 nm, respective-

ly. The depths in the alloy for peak irradiation damage during 3.0-MeV and

4.0-MeV DOMrr' ion irradiation were computed to be 850 and 1150 nm, respec-

tively. The depths for peak deposition of helium atoms during 0.25-MeV

He and 0.50-MeV Tie'" ion implantation were computed to be 670 and 1110 nnij

respectively. The specimens were irradiated to displacement damage levels

ranging from 15 to 300 dpa at a damage rate of ~5 x 10 dpa/s. In the case

C O i i

of specimens implanted with helium prior to 4.0-MeV JONi ion irradiation,

the helium concentration ras 780 appm. The helium implantation rate for the

dual-ion irradiations was either 3, 5, 9, 10, or 50 appm/dpa. In the case of

the simultaneous irradiations of the specimens with 3.0-MeV 51V and

3 + "i +

"degraded" 0.87-MeV He ions, the energy of the He ions was degraded to

give a helium deposition-depth distribution that was similar to the damage-

depth distribution produced by the 51V ions.

The dependence on depth in the irradiation-damaged layer (~1500-nm

thickness) of the RIS of solute atoms was determined by use of the Auger

Electron Spectroscopy (AES) technique in combination with sputter-ion erosion

of the specimen surface. AES; analyses at ambient room temperature were

performed using a primary electron beam at 5 keV with a diameter of 10 ym to

excite the electron transitions. Depth profiling was accomplished by sputter-

ion erosion with 1-keV argon ions in an argon atmosphere of 6.5 x 10 Pa.

The sputter-ion erosion rate was ~180 nm/s for specimens eroded to a depth of

~100 nra. It should be noted that the AES analyses did not show the presence

of Ni atoms which might be attributed to the irradiations with Ni ions.



The specimens were sectioned from the irradiated surface to a depth of

~50 nm in front of the peak damage region or the peak helium deposition

region, then thinned from the backside to perforation in a 80% CH3OH-20% H2SO^

solution at 5°C. The microstructure of the uuirradiated and irradiated alloys

were observed by transmission electron microscopy (TEM) in a Philips EM 400

electron microscope operated at 120 KV. The thickness of the specimens for

TEM was typically 90 nm. The concentrations of alloy constituents in the

vicinity of grain boundaries and in precipitates in the alloy were determined

by use f energy dispersive, x-ray spectroscopy (EDXS) and electron energy loss

spectroscopy (EELS) techniques in conjunction with scanning transmission

electron microscopy (STEM) imaging.

3. Experimental Results

3.1. TEM for the unirradiated alloy

The microstructure that was characteristic for the V-15Cr-5Ti alloy prior

to irradiation is shown in Fig. 1. The microstructure contained precipitates

with a diameter of 2-6 pm (3.5 x 10 particles intersected/m ) and precipitates

with a diameter of 45 to 100 nm and a number density of 3.6 x 1019/m2. The

average grain diameter in the annealed material was 40 inn. Since the

irradiation-induced change in the microstructure of the alloy was rather

subtle, it was necessary to observe the microstructure in the alloy after

further annealing for the time of the irradiation, e.g., 2.5 x 10 s (6.9 h)

for 125 dpa. The microstructure of the alloy after an anneal at 725°C for

2.5 x 10 s is shown in Fig. 2. This heat treatment resulted in the formation

21 —^of precipitates with a diameter of 4-8 nm and a number density of 5 x 10 m .

3.2. Single-ion irradiations

The TEM observations of the microstructure in the V-15Cr-5Ti alloy

specimens following irradiations at 425°C to 750°C with either 3.0-MeV 51V+,



4.0-MeV 5 1V + +, or 4.0-MeV 5 8Ni + + ions to damage levels of 50 to 300 dpa showed

an absence of voids and the presence of a high density of disc-shape

precipitates. The raicrostructure for the alloy following irradiation at 725°C

v?ith 4.0-MeV 51V ions to 125 dpa contained precipitates with a diameter of

20-30 nm and a number density of 2 x 1022rn~3 (Fig. 3). These thin (~2 nm),

coherent precipitates had a {110} habit plane.

CO I I

The microstructure for the alloy specimens after 4.0-MeV JONi ion

irradiation at 600, 675, 700, and 750°C to 200 dpa are shown in Fig. 4. Voids

were not visible in the microstructures of these irradiated specimens. The

principle effect of these irradiations on the unirradiated alloy microstruc-

ture was the formation of a high density of disc-shape precipitates in the

matrix and on the dislocation structure. An increase of the irradiation

temperature from 600 to 750°C resulted in an increase of the average diameter

of the precipitates from ~1 nm to ~90 nm. In the case of the irradiation at

600°C, the precipitates were uniformly distributed in the matrix with a

diameter (~1 nm) near to the resolution limit of the electron microscope. An

increase of the irradiation temperature above 600°C resulted in the redis-

tribution of these small diameter precipitates and growth of the precipi-

tates. The microstructures suggested that the precipitates were sited primarily

on the dislocation structure, /n increase of the radiation damage level from

125 dpa to 300 dpa on irradiation at 725°C resulted in growth of the

precipitates from 25-nm average diameter to 40-nm average diameter (Fig. 5).

3.3. Dual-ion irradiation

The irradiation parameters for the V-15Cr-5Ti alloy specimens that were

irradiated with 3.0-MeV 5 1V + ions and "degraded" 0.87-MeV 3He + ions were (1)

30 dpa + 10 appm He/dpa at 425, 540, and 625°C, (2) 30 dpa + 50 appm He/dpa at

625 and 635°C, (3) 60 dpa + 3 appm/dpa at 625 and 640°C, and (4) 15 dpa + 10



appm He/dpa at 650 and 675°C. Dual-ion irradiation of the alloy at

temperatures less than 625°C resulted in the formation of a dense dislocation

network (5 x lO^m"2) which is shown in Fig. 6a for the specimen irradiated at

540°C to 30 dpa (10 appm He/dpa). Cavities, which were voids that may have

contained helium, were only observed in the microstructures of specimens that

were irradiated at 640°C (Fig. 6c), 650, and 675°C (Fig. 6b). Cavities with a

bi-modal size distribution were distributed uniformly in the matrix with a

number density of the order of 10 m . The diameter of the cavities ranged

from 2-4 nm (largest diameter at the arrow in Fig. 6b). In addition to the

profuse cavity population, dual-ion irradiation using He ions with

"degraded" energy resulted in the formation of an aligned precipitate

structure with a {110} habit plane (Fig. 6c). This aligned precipitate

structure was a notable difference from the precipitate distribution in

single-ion irradiated specimens where the precipitates were generally sited on

the dislocation network as shown, for example, in Fig. 3. The microstructure

for the V-15Cr-5Ti alloy after dual-ion irradiation at 675°C with 3.0-MeV

5 1V + f ions and 0.25-MeV 3He + ions to 200 dpa (5 appm He/dpa) is shown in Fig.

7. This microstructure contained a high number density (~10 m ) of cavities

with a diameter of ~5 nm. A bi-modal distribution of cavities sizes was not

evident in this microstructure. The microstructure for the alloy after dual-

ion irradiation at 725°C with 3.0-MeV 5 8Ni + + ions and 0.25-MeV 3lle+ ions to

125 dpa (9 appm He/dpa) is shown in Fig. 8. Cavities with diameters ranging

from 4 nm to 8 nm (cavities with the largest diameter at the arrow in Fig. 8)

and number density of 10 m J were discernible in this microstructure. In

addition to this cavity population, there appeared to be a population

(10 m~J) of cavities with a diameter of 2-4 nm. The aligned precipitate

structure with {110} habit plane was also visible in this dual-ion irradiated



microstructure.

The swelling of the V-15Cr-5Ti alloy that was attributable to the presence

of cavities produced during these dual-ion irradiations was negligible

(< 0.1%). The evolution of the microstructure in the alloy did not appear to

depend on the choice of ion for production of displacement damage, i.e., Ni or

V ions. Moreover, the microstructural evolution did not appear to depend on

the use of helium ions with degraded energy.

3.4= Helium pre-injection and Irradiation

The TEM microstructure for the alloy specimen implanted with 780 appm He

(0.50-MeV ^He+ ions) at ambient room temperature prior to 4.0-MeV " M . * * ion

irradiation at 725°C to 125 dpa is shown in Fig. 9. This microstructure

appeared very similar to the microstructure of the alloy specimen irradiated

at 725°C with 4.0-MeV 5 1V + + ions to 125 dpa (Fig. 3). The precipitates that

formed during both of these irradiations had a {110} habit plane and were

generally associated with the dislocation network. Cavities were not

discernible in the matrix of this pre-implanted-helium specimen.

3.5. AES, EDXS, and EELS analyses for RIS

The RIS of the Cr, Ti, C, and S solute atoms in single-, dual-, and helium

implanted plus single-ion irradiated V-15Cr-5Ti alloy specimens after

irradiation at 725°C is shown in Figs. 10-13. A comparison of the solute

segregation results from the AES analyses for the single- and dual-ion

irradiated alloy shows that the simultaneous production of irradiation damage

and deposition of helium resulted in enhanced depletion of Cr solute in the

near-surface layers (0-10 nm), and enrichment of Ti (0-25 nm), C (0-70 nm),

and S (0-30 nm) solute atoms. An increase of the irradiation damage level

from 0 to 169 dpa resulted, in general, in an increase of the solute

concentration in the near-surface layers of the specimens. In the case of



specimens that were pre-injected with helium prior to single-ion irradiation

to 103 dpa, the Cr and S concentrations in the near-surface layers were

increased whereas the Ti and C concentrations were decreased relative to the

concentrations for the single-ion irradiated specimens. The concentration and

distribution of oxygen, silicon, and nitrogen solute atoms in the near-surface

layers of the irradiated specimens were not significantly altared from the

concentration and distribution of these solutes in the unirradiated specimen.

EDXS analyses on the unirradiated alloy showed in some instances an

exceptionally high concentration (20 a/o) of Si in the vicinity of a grain

boundary. The more typical concentration of Si in the grain boundary region

was 0.5-1.0 a/o. The" S concentration in the grain boundary region was

typically 1-2 a/o. The EDXS analyses on the unirradiated alloy showed that

the Cr and Ti concentrations wera exceptionally uniform.

The EELS analyses on the precipitates in the alloy specimen irradiated at

750°C with 4.0-MeV 58Ni"H" ions to 200 dpa (Fig. 4d) revealed that the

irradiation-produced precipitates had a composition corresponding to Ti-jO.

EDXS analyses on an alloy specimen irradiated at 650°C with 4.0-MeV 5 1V + + ions

to 50 dpa revealed no significant variation of the Ti concentration in the

matrix microstructure, but the intrinsic precipitates in, for example, Figs. 1

and 2, contained 26 a/o Ti. EDXS analyses on the specimen irradiated at 650°C

to 50 dpa showed that the grain boundaries in the microstructure were enriched

to 16 a/o in Cr concentration. The EDXS analyses also showed that the TioO

precipitates were surrounded with a layer that was depleted to 4 a/o Cr

concentration. EDXS and EELS analyses have not been conducted on the dual-ion

irradiated specimens.
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4. Discussion of Results

The effect on microstructural evolution in the V-15Cr-5Ti alloy of

simultaneous helium implantation and production of irradiation damage during

dual-ion irradiation, in comparison with irradiation damage production without

helium implantation during single-ion irradiation, was to induce the formation

of a high density of small diameter cavities and to alter the precipitate

morphology, e.g., compare Fig. 3 with Fig. 8 and Fig. 4b with Fig. 7.

Nevertheless, the swelling of the alloy due to cavities (voids) was negligible

(< 0.1%) for dual-ion irradiations at temperatures to 725°C and irradiation

damage levels to 200 dpa and for single-ion irradiations at temperatures to

750°C and damage levels to 300 dpa.

The TEM observations of the microstructure in the dual-ion irradiated

specimens suggested that a bi-modal distribution of cavity sizes existed in

specimens irradiated at 675°C to 15 dpa and at 725°C to 125 dpa and implanted

simultaneously with helium at the rate of 9-10 appm He/dpa. However, the bi-

modal distribution of cavity sizes was not apparent in a specimen irradiated

at 675°C to 20C dpa and implanted simultaneously with helium at the rate of

5 appm/dpa. These results suggest that a helium implantation rate in the

range of 5 to 9 appm/dpa causes the accelerated growth of some helium-filled

cavities in the alloy to give a bi-modal distribution of cavity sizes. The

formation of a bi-modal distribution of cavity sizes can result in a substan-

tial increase in swelling [3]. Since the helium production rate in the MFR

environment has been calculated to be 5.2 appm/dpa, it may be anticipated that

swelling of the V-15Cr-5Ti alloy in an MFR will be negligible to higher damage

levels (> 200 dpa) and to possibly higher temperatures than realized in the

present study.
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The irradiation-produced precipitates in the V-15Cr-5Ti alloy after

single-ion irradiation were sited on {110} habit planes and were generally

associated with the dislocation network, whereas these precipitates were

aligned on {110} habit planes in the dual-ion irradiated alloy. We have no

clear understanding for the difference in the precipitate morphology that

resulted from the single- or dual-ion irradiation. The EDXS and EELS analyses

of the precipitates in the single-ion irradiated alloy have shown that the

precipitates have a composition of TigO. Loomis, et al. [7] have postulated

that this particular composition for the precipitates contributes to the

remarkable stability of this alloy to irradiation-induced swelling. We have

not performed similar analyses on the precipitates in the dual-ion irradiated

alloy. On the basis of the AES analyses, it might be conjectured that the

concentrations of Ti and C in the precipitates produced during dual-ion

irradiation were significantly different from the concentrations in the

precipitates produced during single-ion irrcdiation. The different precipi-

tate morphology for the single- and dual-ion irradiated alloy and the presence

of cavities in the dual-ion irradiated alloy suggest that the mechanical

properties obtained for the alloy after neutron irradiation in a fast neutron

energy spectrum may not be applicable for guidance on these properties in the

MFR environment because of the different levels of helium generation.

5. Conclusions

1. The swelling of the V-15Cr-5Ti alloy from the presence of cavities {voids)

is negligible (< 0.1%) for dual-ion irradiations at temperatures to 725°C

and irradiation damage levels to 200 dpa and for single-ion irradiations

at temperatures to 750°C and irradiation damage levels to 300 dpa.

2. The morphology and distribution of irradiation-produced precipitates are

distinctly different for single- and dual-ion irradiated V-15Cr-5Ti alloy.
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3. A helium implantation rate in the range of 5 to 9 appm He/dpa causes the

accelerated growth of some helium-filled cavities in the V-15Cr-5Ti alloy

to give a bi-modal distribution of cavity sizes.

4. The resistance of the V-15Cr-5Ti alloy to irradiation-induced swelling is

due to the formation of Ti^O precipitates.

5. The mechanical properties for the V-15Cr-5Ti alloy that are derived from

irradiations of the alloy in a fast neutron energy spectrum may not

provide reliable data on these properties in an MFR.
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Table 1. Chemical analysis for the V-15Cr-5Ti alloy

Element Concentration (a/o)

Cr 14.1

Ti 6.6
0 0.10
C 0.14
N 0.18
S 0.03
Si 0.05
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Figure Captions

Fig. 1. TEM microstructure for V-15Cr-5Ti alloy prior to irradiation

(marker = 500 nm).

Fig. 2. TEM microstructure for V-15Cr-5Ti alloy after an anneal at 725°C for

2.5 x 10* s (marker = 500 nm).

Fig. 3. TEM microstructure for V-15Cr-5Ti alloy after 4.0-MeV 51V"H" ion

irradiation to 125 dpa at 725°C for the (a) bright field and (b) dark

field condition (marker = 100 nm).

Fig. 4. TEM microstructures for V-15Cr-5Ti alloy after 4.0-MeV 5 8Ni + + ion

irradiation to 200 dpa at (a) 600°C, (b) 675°C, (c) 700°C, and (d)

750°C (marker = 500 nm).

Fig. 5. TEM microstructure for V-15Cr-5Ti alloy after 4.0-MeV 58Ni"H" ion

irradiation to 300 dpa at 725°C for the (a) bright field and (b) dark

field condition (marker = 100 nm).

Fig. 6. TEM microstructures for V-15Cr-5Ti alloy after dual-ion irradiation

with 3.0-MeV 5 1V + and degraded 0.87-MeV 3He + ions at (a) 540°C to

30 dpa (10 appm He/dpa), (b) 675°C to 15 dpa (10 appm He/dpa) and (c)

640°C to 60 dpa (3 appm He/dpa).
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Fig. 7. TEM microstructure for V-15Cr-5Ti alloy after dual-ion irradiation

with 3.0-MeV 5 1Ni + + and 0.25-MeV 3He"H" ions (5.0 appm Ile/dpa) at

675°C to 200 dpa (marker = 250 nm).

Fig. 8. TEM microstructure for V-15Cr-5Ti alloy after dual-ion irradiation at

725°C with 3.0-MeV 5 8Ni + + ions and 0.25-MeV 3He + ions to 125 dpa

(9 appm He/dpa) (marker = 250 nm).

Fig. 9. TEM microstructure for V-15Cr-5Ti alloy after 0.50-MeV 4He + ion

implantation (780 appm) and subsequent 4.0-MeV ^ 8Ni + + ion irradiation

at 725°C to 125 dpa (marker = 250 nm).

Fig. 10. RIS of Cr in ion-irradiated V-15Cr-5Ti alloy.

Fig. 11. RIS of Ti in ion-irradiated V-15Cr-5Ti alloy.

Fig. 12. RIS of C in ion-irradiated V-15Cr-5Ti alloy.

Fig. 13. RIS of S in ion-irradiated V-15Cr-5Ti alloy.



Fig. 1. TEM micro8tructure for V-15Cr-5Ti alloy prior to irradiation

(marker • 500 nis).

Fig. 2. TEM microstructure for V-15Cr-5Ti alloy after an anneal at 725°C for

2.5 x 10* s (marker - 500 nm).



Fig. 3. TEM mlcrostructure for V-15Cr-5Tl alloy after 4.0-MeV 51V"H ion

irradiation to 125 dpa at 725°C for the (a) bright field and (b) dark

field condition (marker = 100 nm).



(b)

Fig. 4. TEM microstructures for V-l5Cr-5Ti alloy after 4.0-MeV 5 8N1 + + ion

irradiation to 200 dpa at (a) 600°C, (b) 675°C, (c) 700°C, and (d)

750°C (marker - 500 nm).



Fig. 5. TEM raicrostructure for V-15Cr-5Ti alloy after 4.0-MeV 5 8Ni + + ion

irradiation to 300 dpa at 725°C for the (a) bright field and (b) dark

field condition (marker = 100 nm).



Fig. 6. TEM mlcrostructurea for V-15Cr-5Ti iloy after 3.0-MeV 5 1V* and

degraded 0.87-MeV 3He + ion irradiation at (a) 540°C to 30 dpa (10

appm He/dpa), (b) 675°C to 15 dpa (10 appa He/dpa) and (c) 640°C to

60 dpa (3 appm He/dpa).



Fig. 7. TEM mlcrostructure for V-15Cr-5Ti alloy after dual-ion irradiation

with 3.0-MeV 5 1Ni + + and 0.25-MeV 3He + + ions (5.0 appm He/dpa) at

675°C to 200 dpa (marker - 250 nm).



fig. 8. TEM microstructure for V-15Cr-5Ti alloy after dual-ion irradiation at

725°C with 3.0-MeV ^Ni*4" ions and 0.25-MeV 3He + ions to 125 dpa

(9 appm He/dpa) (marker = 250 nm).



Fig. 9, TEM microstructure for V-i5Cr-5Ti alloy after 0.50-MeV 4He + ion

implantation (780 appm) and subsequent 4.0-MeV 5 8Ni + + ion irradiation

at 725°C to 125 dpa (marker - 250 nm).
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Fig. 11. RIS of Tl In lon-trradtacsd V-15Cr-5Tl alloy.
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Fig. 12. RIS of C in ion-irradiated V-15Cr-5Ti alloy.
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Fig. 13. KIS of S In lonHLrradlatad T-15Cr-5Tt alloy*


