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Abstract

The deformability and fracture appearance of neutron irradiated Ti±Zr alloy were investigated. It was shown that

irradiation at 200±250°C resulted in a drastic decrease of uniform elongation. The material irradiated at 350°C and over

was characterized by high deformability. The dimple ductile transgranular fracture was found to be typical for the

examined material both in initial state and after the low temperature irradiation. Elements of ductile intergranular

fracture were observed in the material after neutron irradiation at 400°C. Ó 1999 Elsevier Science B.V. All rights

reserved.

1. Introduction

The titanium a-alloys are characterized by a high

speci®c strength, plasticity, corrosion resistance, low

disposition to vacancy swelling, low (as compared with

austenitic steels) disposition to be activated in neutron

¯ux, small modulus of elasticity and small thermal ex-

pansion coe�cient [1,2]. This unique combination of

properties along with low atom number, high work-

ability and good weldability allows the titanium alloys

to be considered as future advantageous materials for

fusion reactors. However, lack of experimental data on

irradiation in¯uence within a large range of tempera-

tures and neutron ¯uences makes it di�cult to study

more carefully the possible use of these materials in as-

semblies and components of fusion reactors.

One of the most studied alloys from the point of

radiation resistance is the alloy RK-20, which was spe-

cially designed for nuclear power engineering. This alloy

is an equilibrium, binary, solid solution of 20 mass

percent zirconium in hcp a-titanium (Table 1). This

high-plastic material of medium strength is not practi-

cally disposed to ageing and has a high corrosion resis-

tance in corrosive environments, including H2

environment. The neutron in¯uence on mechanical and

corrosion properties including hydrogenation, is care-

fully studied in papers [3,4]. In this paper data are pre-

sented on TEM microstructures and fracture

mechanisms of RK-20 alloy with respect to its irradia-

tion hardening and embrittlement within a wide range of

irradiation temperatures as compared with Ti±Al±V

alloy.

2. Experimental procedure

Chemical composition and mechanical properties of

examined materials in the initial (unirradiated) state are

given in Table 1.

The neutron irradiation up to the dose 4 ´ 1025 n/m2

(E > 0.5 MeV) was carried out in the active zone of

research water±water WWR-M reactor. The irradiation

at the temperatures below 100°C was carried out directly

in the ¯ux of the coolant (water). At the higher tem-

peratures the samples were irrradiated in the hermetical

experimental assemblies with a controlled heat gap.

Temperature control was performed by thermocouples.

The fast reactor BOR-60 was used to achieve the max-

imum neutron ¯uence � 2 ´ 1026 n/m2 (E > 0.1 MeV).

Methods of transmission and scanning electron mi-

croscopy were used to study the microstructure and

micrography of the fracture surface of RK-20 alloy in its

initial state and after irradiation with neutron ¯uence

4 ´ 1024 n/m2 at 200 � 250°C and 400°C. The features
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of the defect structure evolution in the process of plastic

deformation were studied on the samples strained after

low temperature (200 � 250°C) irradiation at uniaxial

tension with a rate 10ÿ3 secÿ1 up to e � 3:3%.

3. Experimental results

3.1. Characteristics of radiation resistance

Figs. 1 and 2 show the radiation dose characteristic

curves of the yield strength, uniform and total relative

elongation of RK-20 alloy. It is characteristic of these

curves that they have a long incubation period during

which the properties do not appreciably change. The

duration of the incubation period depends on irradiation

temperature, chemical and phase composition. In the

same ®gures are shown the radiation dose curves char-

acterizing strength and plasticity of a typical a + b alloy

of Ti±Al±V system (b-phase content is up to 5%,

(Table 1)). It is seen that this material has a short incu-

bation ¯uence as compared with one-phase alloy RK-20

and possesses a higher disposition to irradiation hard-

ening and embrittlement up to the dose 2 ´ 1024 n/m2.

Figs. 3 and 4 show curves of the yield strength and

uniform elongation of RK-20 alloy as a function of ir-

radiation temperature. Irradiation at temperatures less

than 250°C results in a large irradiation hardening and

embrittlement of the studied material while a tempera-

ture increase up to more than 300°C almost transfers the

alloy into the class of materials weakly disposed to ir-

radiation embrittlement. The absence of drastic changes

in local area reduction W should also be noted as a

characteristic feature of the RK-20 alloy radiation

Table 1

Chemical composition and mechanical properties of the alloys

Alloy Chemical composition, wt% Phase composition Mechanical properties Ttest� 20°C

Al Zr V Ti ru, MPa r0:2, MPa dt, % du, % W, %

RK-20 ÿ 20 ÿ the rest a 615 520 29.0 17.5 66.0

PT-3B 5.0 ÿ 2.5 the rest a + 3.5%b 725 650 10.0 6 24.0

Fig. 1. Yield strength of RK-20 alloy as a function of neutron

¯uence (E P 0.5 MeV). Irradiation temperature, °C: . ± 50, ,

± 230±250, ´ ± 300, d ± 350±370, s ± 400, ± 360±380, reactor

BOR-60 (E P 0.1 MeV), m ± 50, Ti±Al±V alloy. Ttest�Tirr.

Fig. 2. Total and uniform relative elongation of RK-20 alloy as

a function of neutron ¯uence (E P 0.5 MeV). Irradiation tem-

perature, °C: , ± 250, ´ ± 300, m ± 50, Ti±Al±V alloy.

Ttest�Tirr.
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behaviour. The values W� 67% and W� 65% have been

measured after an irradiation to 4 ´ 1024 n/m2 at

Tirr� 200 � 250°C and Tirr� 400°C, respectively. The

control (unirradiated) data are W� 70% for

Ttest� 200 � 250°C and W� 75% for Ttest� 400°C.

The threshold type of dose and temperature curves

Figs. 1±4 enables us to assume that there exist di�erent

mechanisms of irradiation in¯uence in the low temper-

ature (less than 250°C) and in the high temperature

(more than 350°C) regions. In order to understand this

phenomenon it is necessary to carry out a detailed study

of the nature, density and distribution of irradiation

defects arising in the alloy after irradiation at

Tirr < 250°C.

It is also necessary to have information about fea-

tures of the defect structure evolution in the process of

plastic deformation up to the stage of critical structure

formation which directly precedes the macroscopic

fracture, along with the results of fractographic studies.

Some of the preliminary results of these studies are

presented below.

3.2. Microstructure

The microstructure of the alloy in the initial unirra-

diated state consists of a-phase plates of 0.2±2 lm width,

parallel to each other and grouped in colonies of average

size about 30 lm (Fig. 5(a)). The density of the uni-

formly distributed dislocations does not exceed 5 ´ 1012

mÿ2. High angle boundaries of colonies and low angle

boundaries of plates are free from any precipitations.

Neutron irradiation at 200 � 250°C results in a large

quantity (5 ´ 1023 mÿ3) of 2±3 nm radiation defects of

`black dots' type, uniformly distributed in the a-plates

(Fig. 5(b)). The observed defects do not give additional

re¯ections in di�raction patterns and therefore they

cannot be interpreted as radiation-induced precipitation.

Most likely, the black dots are clusters of interstitial

atoms. It should be noted as well that low temperature

irradiation doesn't change the state of boundaries and

that they remain free of precipitation.

After neutron irradiation at 400°C, the defect struc-

ture of the alloy is di�erent from the structure described

above. In the inside volumes of plates the density of the

uniformly distributed dislocations increases and dislo-

cation loops of 10±30 nm are formed. The volume

density of these loops doesn't exceed 0.5 � 1 ´ 1021 mÿ3

(Fig. 5(c)). At the high-angle boundaries of colonies the

precipitates of 0.1±0.2 lm were found (Fig. 5(d)). By

means of microdi�raction methods and EDX-analysis,

these precipitates were identi®ed as intermetallides Ti-

ZrFe0:5Ni0:5 having hexagonal lattice of a� 0.523 nm,

c� 0.853 nm parameters.

The formation of narrow long bands (channels) with

reduced radiation defect density was found to be typical

for the microstructure of the sample strained up to 3.3%

after the low temperature irradiation (Fig. 5(e)). The

dislocations observed within some of the channels

(Fig. 5(f)) were identi®ed as C + A dislocations.

Fig. 6 shows the fracture appearance of the irradi-

ated RK-20 alloy. It is seen that the dimple ductile

Fig. 4. Uniform elongation of RK-20 alloy as a function of

irradiation temperature. Neutron ¯uence, n/m2 (E P 0.5

MeV): s ± 2.5 ´ 1024 n/m2, d ± 6 ´ 1024 n/m2, ´ ± 1.1 ´ 1025 n/

m2, , ± unirradiated. Ttest�Tirr.

Fig. 3. Yield strength of RK-20 alloy as a function of irradia-

tion temperature. Neutron ¯uence, n/m2, (E P 0.5 MeV): s ±

2.5 ´ 1024 n/m2, d ± 6 ´ 1024 n/m2, ´ ± 1.1 ´ 1025 n/m2, , ±

unirradiated. Ttest�Tirr.
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transgranular fracture is typical for the examined ma-

terial after the low temperature irradiation (Fig. 6(a)).

Both dimple transgranular fracture and the elements of

the ductile intergranular fracture are observed in the

material after neutron irradiation at 400°C (Fig. 6(b)).

4. Discussion

The observed microstructural features clearly dem-

onstrate the nature of the sharp di�erence between the

values of irradiation hardening at Tirr < 250°C and at

Tirr > 350°C. (Fig. 1). It is natural that the observed

microstructural di�erences should in exactly the same

way a�ect the plasticity characteristics because of the

change of plastic deformation mechanisms. Deforma-

tion of material irradiated at 400°C and characterized by

a relatively small density of dislocation loops would

proceed in a normal way in the initial stages of plastic

¯ow due to slipping and climbing of single dislocations,

which, in a ®rst approximation, are uniformly distrib-

uted in a volume. In material irradiated at 200 � 250°C,

Fig. 5. TEM microstructures of RK-20 alloy: a ± unirradiated, b ± 4 ´ 1024 n/m2, Tirr� 200 � 250°C; c,d ± 4 ´ 1024 n/m2, Tirr� 400°C;

e,f ± 4 ´ 1024 n/m2, Tirr� 200 � 250°C; e � 3:3%.
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where the defect structure consists of a great number of

irradiation defects uniformly distributed in a volume

and being powerful barriers (pinning points) for moving

dislocations, typical channelling of plastic strain is ob-

served. Already at small values (about 0.7%) of plastic

strain, localization of plastic ¯ow takes place. In this

case the strain is proceeding at mesolevel, concentrating

in narrow long channels, practically free of radiation

defects, where C + A dislocations move easily (Fig. 5(e)

and (f)). As the strain develops, more and more volumes

are becoming free of irradiation defects, and further

evolution of strained structures proceeds by general laws

typical for the high-plastic a-alloys [5]. It is completed

by the formation of speci®c fragmented microstructure

in which ductile transcrystalline microcracks are nucle-

ated, grow up and join [6]. Just for this reason, in spite

of a sharp reduction of uniform elongation values, the

alloy irradiated at low temperature is ruptured after the

same local strain, due to the same mechanisms of voids

nucleation, growth and coalescence with formation of a

typical dimple transcrystalline fracture, what in the ini-

tial unirradiated state (Fig. 6(a)).

As to the fracture mechanisms of RK-20 alloy irra-

diated at 400°C, they are combinations of dimple

transcrystalline fracture with the elements of an inter-

granular one (Fig. 6(b)). The last mentioned is explained

by a redistribution of Fe, Ni impurities between the

matrix and grain boundaries and by precipitation of

intergranular intermetallide phases. The appearance of

the intergranular components a�ects only characteristics

of ultimate plasticity. Because of the ductile nature of

intergranular fracture and its relatively small contribu-

tion, the observed reduction of ultimate plasticity char-

acteristics is quite negligible.

5. Conclusions

Mechanical properties, microstructure and fracture

appearance of two titanium a-alloys for fusion applica-

tion were studied after neutron irradiation to

1025 � 2.2 ´ 1026 n/m2 at 50±400°C. The following was

observed.

1. The incubation period and the threshold type of dose

and temperature curves are characteristic features of

titanium alloys radiation behaviour. The incubation

¯uences of Ti±Zr alloy are higher as compared with

that of Ti±Al±V alloy.

2. Ti±Zr alloy demonstrates strong radiation hardening

at Tirr6 250°C and low hardening at Tirr > 300°C.

High values of total elongation and area reduction

as well as ductile fracture appearance are typical for

this material at all examined irradiation temperatures.

3. The radiation defects uniformly distributed within

the a-plates of Ti±Zr alloy are the black dots at

Tirr6 250°C and dislocation loops 10±30 nm at

Tirr� 400°C. TiZr(Fe, Ni) grain boundary precipi-

tates are formed during high temperature irradiation.

4. The mechanism of plastic deformation by channel

formation is observed in Ti±Zr alloy after the low

temperature irradiation.
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