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Abstract

Radiation effects on the mechanical behavior and the microstructure of pure hcp titanium polycrystals have been

investigated. Results have been analyzed in the frame of a dispersed obstacle hardening model and compared to those

previously obtained for pure metals with a fcc or bcc structure, such as Cu and Pd or Fe, respectively. Differences in the

defect accumulation rate and the dose dependence of hardening are discussed in terms of possible irradiation hardening

mechanisms for the hcp structure.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

During the past 10 years, a number of investigations

of radiation damage effects have been performed on

pure fcc and bcc metals, showing significant differences

in the defect accumulation rate and the dose dependence

of hardening between these two structures [1]. In hcp

metals, however, these aspects remain still unclear. The

anisotropy of the hexagonal lattice complicates the

problem in two respects; (i) defect migration becomes

anisotropic which can lead to different damage accu-

mulation behavior, and (ii) distinct types of dislocations

exist, moving and reacting with the defects in a different

way [2]. The changes in microstructure and mechanical

properties after irradiation of many hcp pure metals and

alloys have been object of numerous studies, see for

instance [3–7], and progress in the understanding of

radiation damage effects in these materials is continuing

[8–10].

The present paper is aimed at describing the effects of

radiation on the mechanical behavior and microstruc-

ture of pure Ti polycrystals, which have been investi-

gated by combining conventional mechanical testing

with transmission electron microscopy (TEM) observa-

tions. Results are tentatively compared with those pre-

viously obtained for pure metals with an fcc or bcc

structure.

2. Experimental procedures

Flat tensile specimens of 8 mm gauge length and

2.5 mm width were prepared from polycrystalline cold-

rolled (0.5 mm thick) foils of pure titanium (99.999%).

The tensile axis was chosen parallel to the rolling di-

rection. The specimens were mechanically polished to a

thickness of about 300 lm. They were then annealed in

vacuum at 973 K for 5 h. The final grain size was about

80 lm.

A series of specimens were irradiated in the proton

irradiation experiment facility, at the Paul Scherrer In-

stitute, with 590 MeV protons. These irradiations were

performed at two different temperatures, 300 and 523 K,

to doses ranging between 4� 10�4 and 4� 10�1 dpa.

The damage rate was approximately 10�7 dpa s�1.

The as-annealed and irradiated specimens were de-

formed at the irradiation temperature using a computer-

controlled Zwick testing machine. Experiments at 523 K

were performed in argon atmosphere. The strain rate

was 4� 10�5 s�1. Deformation experiments were per-

formed up to fracture.
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The defects produced by deformation and/or irradi-

ation were imaged in a JEOL 2010 transmission electron

microscope operating at 200 kV, using the bright/dark

field and weak beam techniques. The best diffraction

conditions to analyze dislocations were found to be close

to the zone axis [2 �11 �11 0]. There, the diffraction vectors

(0 0 0 2), (0 1 �11 0) and (0 1 �11 1) allowed to identify the

Burgers vectors a and c. The best diffraction vector in

terms of image quality is (0 1 �11 1).
Specimens for TEM were sectioned from the as-an-

nealed, irradiated and/or deformed specimens by using

an electrical discharge machine. They were electro-

chemically thinned at )35 �C, by means of a standard

double jet technique, in a solution of ethanol containing

3 vol.% perchloric acid and 37 vol.% 2-butoxyethanol.

The applied voltage was 20 V.

The accumulated dose of the irradiated samples was

calculated for each TEM specimen from the activity

measured with a gamma spectrometer.

3. Results and discussion

3.1. Defect microstructure

Specimens irradiated at room temperature to 4�
10�4, 4� 10�3 and 3� 10�2 dpa were investigated by

TEM prior to deformation. Fig. 1(a) shows an unirra-

diated sample. Fig. 1(b) shows a typical TEM micro-

graph of samples irradiated up to 4� 10�3 dpa. Some

defect clusters can be observed in dislocation free areas.

Note that the background intensity can be misleading as

illustrated in the previous image. Fig. 1(c) shows a typical

TEM micrograph obtained for specimens irradiated to

3� 10�2 dpa, which reveals black dot damage resulting

from the irradiation. They were identified as loops that

form nearly planar groups lying in the basal plane. Their

character (vacancy or interstitial) and Burgers vector

have not yet been determined. These groups appear ho-

mogeneously distributed in all the grains.

The samples irradiated to 4� 10�4 dpa exhibit the

same microstructure characteristics, but with a lower

defect cluster density. The defect size distribution was

determined in all irradiated specimens and it appears

that defects have a mean size of 2.4 nm over a range of

doses. About 5% of them are identified as dislocation

loops with apparent sizes up to 10 nm.

A high density of dislocations is present at 4� 10�3

dpa, in some regions. Some of them were seen to be

highly mobile under the electron beam, leaving slip

traces at the surfaces. Tilt experiments confirmed their

basal character. While they also appear in specimens

irradiated to the lowest dose, 4� 10�4 dpa, they are not

visible in unirradiated specimens or in the specimens

irradiated up to 3� 10�2 dpa. This high mobility is an

indication that the defects created during the irradiation

are not strong enough to pin the dislocations and/or the

irradiation-induced dislocation loops.

Fig. 2 shows the defect density (N) as a function of

the accumulated dose for all the observed samples irra-

diated at 300 K. A linear fit of the data gives a slope of

0.55, significatively lower than the values obtained for

Fig. 1. TEM images of pure Ti: (a) unirradiated, (b) irradiated at 4� 10�3 dpa, (c) irradiated at 3� 10�2 dpa, (d) irradiated at 4� 10�1

dpa and deformed, (e) unirradiated and deformed, (f) irradiated at 4� 10�3 dpa and deformed, (g) irradiated at 3� 10�2 dpa and

deformed, (h) irradiated at 4� 10�1 dpa and deformed. Both irradiation and deformation temperature was 300 K.
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Cu, tan h ¼ 1 [11], Pd, tan h ¼ 0:9 [12] and Fe,

tan h ¼ 0:96 [13]. These materials present a clear linear

dependence of the defect accumulation rate in a first

stage followed by a (dose)1=2 dependence related to sat-

uration. In the case of Ti no clear linear stage is ob-

served, at least for the investigated dose range. TEM

investigation of the samples irradiated at 523 K is under

way and will be reported later.

3.2. Mechanical behavior

Fig. 3 illustrates tensile stress–strain curves of the

annealed and irradiated specimens. Fig. 3(a) shows re-

sults from tensile tests carried out at room temperature

on samples irradiated at 300 K, while Fig. 3(b) shows

results from tests performed at 523 K on samples irra-

diated at the same temperature. No yield drop was ob-

served at any irradiation dose or temperature. Main

effects of irradiation can be described as radiation

hardening and reduction of ductility.

Samples irradiated at 300 K, however, do not exhibit

a clear loss of ductility with increasing dose up to

4� 10�1 dpa, due to the large scattering in the values

obtained for total elongation. The reason for this dis-

persion could be that the thickness of the specimens is

small compared to the grain size. Therefore, only a few

grains in the thickness are actually contributing to the

deformation process. Nonetheless, the samples irradi-

ated at 523 K exhibit a clear reduction in ductility with

increasing dose. The total elongation measured for the

samples irradiated and tested at 523 K decreases by

about 10% when the damage level reaches 9� 10�2 dpa.

The radiation hardening, given by the increase in the

yield stress (Dry) as a function of dose, is plotted in Fig.

4 for both sets of specimens. The values obtained at

room temperature follow a linear behavior (on a log–log

scale), for all the investigated doses. No saturation is

observed in this range. The calculated slope of the linear

fit is 0.23, that is, Dry is proportional to the fourth root

of the dose. Results from the specimens irradiated at

523 K show a lower increase in the absolute value of the

yield stress, but the calculated slope increases to 0.35,

that is Dry is proportional to the third root of the dose.

The results obtained at room temperature can be

compared with those obtained for other proton-irradi-

ated pure metals. The behavior of Dry for Ti irradiated

at room temperature is closer to that of polycrystalline

bcc Fe (Dry proportional to the fifth root of the dose

[13]), than to Pd and Cu single crystals. In the latter

cases, Dry was found to be proportional to the third root

[12] and to the square root [11] of the dose, respectively.

Both Ti and Fe exhibit lower increase rates, however,

the absolute values of Dry are much lower in the case

of Ti than in Fe, showing that radiation damage at

the investigated doses in titanium has a less effect. The

values of Dry at 523 K are also lower for Ti than

for Fe [13], but while results at 523 K for Fe show no

Fig. 2. Defect cluster density versus irradiation dose at room

temperature.

Fig. 3. Tensile stress–strain curves of pure Ti irradiated and

tested at (a) room temperature, (b) 523 K.

Fig. 4. Increase in yield stress versus irradiation dose at room

temperature and at 523 K.
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dependence of Dry on dose, the dependence obtained for

Ti at that temperature becomes obvious (see Fig. 4).

TEM micrographs of unirradiated samples and

samples irradiated at room temperature to doses of 4�
10�3, 3� 10�2 and 4� 10�1 dpa and subsequently de-

formed at the same temperature are shown in Fig. 1(d)–

(h). After the earliest stages of the deformation process,

the defect clusters are not visible anymore, apart from a

few isolated dislocation loops, even for the highest dose

(Fig. 1(d)). Arrays of parallel twins and deformation

cells are present. Dislocation walls formed in the first-

order prismatic planes by the slip of a-type dislocations.

No differences were found between the irradiated (Fig.

1(f)–(h)) and the unirradiated specimens (Fig. 1(e)).

3.3. Radiation hardening

The dose dependence of the yield stress increment,

Dry, and the defect density (N) have been found to be

proportional to 0.23 and 0.55, respectively, which leads

to a relationship Dry / N 0:42. The same exponent was

found for Pd [12], while a value of 0.5 was found for Cu

[11]. Such a square root dependence is consistent with

the idea of a disperse obstacle hardening model with

dislocation loops acting as hardening sources [14]. In

such a model, the radiation hardening can be written as

Ds ¼ alb
ffiffiffiffiffiffiffiffiffiffi

d � N
p

; ð1Þ

where Ds is the change in critical resolved shear stress

due to irradiation, l is the shear modulus (42 GPa for

Ti), b the magnitude of the Burgers vector (0.295 nm for

a-type dislocations in Ti), d is the defect mean size (2.4

nm), N the defect density and a a constant related to the

strength of the obstacle [14]. Eq. (1) should be multiplied

by the Taylor’s factor (M ¼ 5 for titanium polycrystals

[15]) to convert to tensile stresses.

Fig. 5 shows Dry as a function of (d � NÞ1=2. As it can

be seen, the extrapolation of the linear fit to lower

densities yields Dryð0Þ 6¼ 0, which is inconsistent with

the model. The same result is systematically found when

the hardening model is applied to polycrystals [16–18]. A

radiation-modified Hall–Petch effect has been proposed

to explain the differences observed [16]. In any case, the

corrections of the hardening model for polycrystals

should be validated experimentally at low densities of

defects. In this sense we are limited by the lowest density

of defects resolvable in TEM measurements (’1021

m�3). However, from the data plotted in Fig. 5 and the

slope of the linear fit, it was possible to calculate the

strength of the obstacle, a ¼ 0:04. This value is consid-

erably lower than that obtained for fcc metals, a ¼ 0:1
[11,12]. The corresponding breaking angle of the defects

for Ti is calculated to be u0 ¼ 2 � cos�1ða=0:9Þ2=3 [19].

The obtained result is u0 ¼ 166�, which corresponds to

very weak obstacles, to be compared to the value of 154�
obtained for Cu [11].

This preliminary study shows that Ti exhibits a dif-

ferent mechanical response to irradiation than that ob-

served in other pure metals. It should be noted that the

hardening model used here applies to the case of an

isotropic source hardening, which is not the case of the

defect morphology that develops in a hexagonal struc-

ture. To take in account this effect, the disperse obstacle

hardening model as described above should be refor-

mulated in terms of different interbarrier spacings. As a

consequence, further investigations are needed in order

to elucidate the type of defect clusters that are created by

irradiation, in terms of Burgers vector, habit plane and

interstitial/vacancy character.

4. Conclusion

Irradiation effects on the mechanical behavior and

microstructure of pure Ti polycrystal have been inves-

tigated. As previously observed for fcc and bcc pure

metals, proton irradiation at ambient temperature of

pure hcp titanium produces hardening of the material,

that was found to be proportional to the fourth root of

the irradiation dose, a behavior similar to that of pure

bcc iron. A stronger dependence is found at 523 K.

The microstructure of irradiated and/or deformed

specimens is similar to that previously observed for pure

fcc metals, the formation of twins being intrinsic to de-

formation of hcp titanium. When analyzed in the frame

of a dispersed obstacles hardening model, the irradiation

defects can be considered as weak obstacles, with a

lower strength than those observed for pure fcc metals.
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