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Abstract

Irradiation hardening behaviors of body-centered cubic (bcc), face-centered cubic (fcc), and hexagonal close-

packed (hcp) alloys and pure metals were characterized after neutron, or proton and neutron irradiations at low

temperatures (6 200 �C). In the regression analysis, the radiation-induced increase in yield stress, DrYS, was expressed

in the form of a power law: DrYS ¼ hðdpaÞn, where h and n are the regression coefficients and dpa is displacements

per atom. The log–log plots of DrYS vs. dpa data showed two distinctive regimes: a low-dose regime where a rapid

hardening occurs and a high-dose regime where the log–log plot shows a considerably reduced slope. Mean values

for n obtained from the 19 metals were about 0.5 for the low-dose regime and about 0.12 for the high-dose regime.

Some ductile metals like Fe, Cu and Zr displayed lower h and n values. Doses to reach the regime of reduced

irradiation hardening, DS, were in the range 0.003–0.07 dpa. Comparisons between radiation effect parameters led to

a conclusion that the transition from the low-dose to the high-dose regime in irradiation hardening occurs either

when the tensile specimen undergoes prompt plastic instability at yield or when saturation of defect cluster density

occurs.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation hardening in metallic materials is strong

after irradiation at low temperatures (usually below 300

�C) because significant quantities of radiation-induced

defect clusters are retained, and they impede the gener-

ation and glide of dislocations during deformation [1–4].

A great deal of effort has been made to explain the

irradiation hardening behavior of metals, and to corre-

late the change in strength with the number density and

size of radiation-induced defects and with irradiation

dose [2,4–8]. Although there are multiple hypotheses

concerning the mechanisms of irradiation hardening

[6,7,9,10], the dose-dependence of the increase in yield
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stress, DrYS, has been explored frequently using models

based on barrier hardening theory [9,11].

Among the models for irradiation hardening, the

simplest is in the form of the power-law expression:

DrYS ¼ h/n; ð1Þ

where / is the radiation fluence, which can be replaced

by a factor related to defect cluster barriers, or by dpa

(displacement per atom) [9,12–14]. At low doses, the

exponent n has been measured to be about 1/2 for many

metals [6,9,13–15], and 1/4–1/3 for copper and gold

[12,15–17]. At higher doses, however, there is a tendency

towards saturation in irradiation hardening, usually

because of cascade overlap [18,19]. To consider the

saturation region, Makin and Minter [5] suggested a

two-parameter equation:

Dr ¼ A½1� expð�B/Þ�1=2; ð2Þ
YS

ed.
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where A and B are regression coefficients. Eq. (2) indi-

cates a progressive transition from the low-dose regime,

with /1=2 dependence, to the saturation regime with an

asymptotic value A at very high doses. In the present

authors’ earlier work on 3Cr, 9Cr, and A533B steels [14],

however, the transition between the low-dose and the

high-dose regimes was distinctive; a critical dose be-

tween the two regimes was determined without ambi-

guity, and the slopes of the log–log plots were distinctly

different for the two regimes. This implies that there is a

change in deformation mode and/or in defect-produc-

tion behavior around the critical dose. The objective of

this study is, therefore, to characterize the dose depen-

dence of irradiation hardening using two power-law

equations, and to explain the results in relation to the

plastic deformation and defect-cluster accumulation

behaviors.

Irradiation effects on the yield stress of 19 metals (10

bcc, 7 fcc, and 2 hcp metals) [20] were analyzed and

compared. The log–log plots of DrYS vs. dpa data are

presented for the 19 metals (24 cases). The coefficients of

the power-law expression were obtained for both the

low-dose and high-dose regimes, and the doses to satu-

ration in irradiation hardening were determined. The

critical doses to saturation in irradiation hardening and

to plastic instability at yield are compared. Also, it is

attempted to elucidate the relationships among material

behaviors such as irradiation hardening, plastic insta-

bility, deformation mechanism, and defect-cluster num-

ber density.
2. Experimental

During the past several years, the authors have

investigated the mechanical properties for many com-

mercial and model alloys, and pure metals, after neutron

or neutron and proton irradiation at low temperatures

(under 200 �C). In the present study, the irradiation-

hardening behavior of some 24 cases (19 metals) was

analyzed. Table 1 includes the chemical compositions of

the metals and their heat treatments, along with speci-

men types, SS-3, S-1, and BES/NERI types [14,21,22]

and their gage section dimensions. Among the 19 metals,

bcc metals consisted of 3 pure metals (Fe, Nb and V), a

pressure vessel steel (A533B), a bainitic steel (3Cr–

3WV), and 3 ferritic/martensitic (F/M) steels (9Cr–

1MoVNb, 9Cr–2WVTa, 9Cr–2WV); fcc metals were 2

pure metals (Cu and Ni) and 5 austenitic stainless steels

(316, 316LN, EC316LN, HTUPS316, and AL6XN); hcp

metals were Zr and Zr-4.

Irradiation experiments were performed in the

Hydraulic Tube facility of the High Flux Isotope

Reactor (HFIR) at the Oak Ridge National Laboratory

for fast neutron irradiations, and at the target area of

the Los Alamos Neutron Scattering Center (LANSCE)
accelerator at Los Alamos National Laboratory for

high-energy proton and spallation neutron irradiations.

Four of the 19 metals were irradiated in two or three

irradiation experiments, making 24 cases in total. Irra-

diation doses achieved from the two facilities were 0–1.3

dpa from fast neutrons and 0–25 dpa from protons and

spallation neutrons, respectively. Also, the irradiation

temperatures in the two facilities were in the ranges

60–100 and 50–160 �C, respectively. The details of the

irradiation conditions can be found in [14,21–23]. All

tensile tests were conducted at room temperature in

screw-driven machines at a nominal strain rate of about

10�3 s�1. Irradiation and testing conditions, and baseline

tensile data for the 24 cases, are listed in Table 2.
3. Results and discussion

3.1. Dose dependence of irradiation hardening

In Figs. 1–5, the dose dependencies of increase in

yield stress, DrYS vs. dpa, are presented in the log–log

format to reveal two distinct regimes, the low-dose and

the high-dose regimes. Only representative trend lines

are drawn for material groups to avoid being crowded,

so the coefficients obtained for the trend lines may not

be identical to those from regressions for individual

cases, as listed in Table 3. For each regime, the regres-

sion curve of DrYS vs. dpa data was expressed in the

form of the power law given by Eq. (1) [9,12]. The values

for the coefficients h and n for both regimes are listed in

Table 3, along with the values for the dose to saturation

(or reduced rate) in irradiation hardening, DS.

In Fig. 1 the DrYS vs. dpa data for bcc alloys are

presented. Although the initial yield stresses of A533B

steel, 440–500 MPa, were lower than those of the 3Cr

and 9Cr steels, 540–570 MPa, the radiation-induced

hardening was always higher in the A533B steel. It is

clear that there exists a reduction in the slope of each

log–log plot at a dose of about 0.04 dpa, at which the

irradiation hardening changes from the low-dose regime

to the high-dose (saturation) regime. As listed in Table

3, the values for the exponent n, representing the slopes

of the log–log plots, ranged narrowly from 0.54 to 0.62

in the low-dose regime, and from 0.07 to 0.18 in the

high-dose regime. With regard to the LANSCE-irradi-

ated 3Cr and 9Cr steels, regression was not made for the

low-dose regime because there were too few data

belonging to the low-dose regime. In the high-dose re-

gime, the exponents were the highest among the 3Cr and

9Cr steels, possibly because of additional hardening ef-

fects caused by helium bubbles [21,24]. A comparison

between the data in Table 3 also indicates that the

coefficient h, which represents the magnitude of irradi-

ation hardening, was more material-dependent than the

exponent n; higher h-values were obtained for the A533B



Table 1

Materials, heat treatments, and specimen types

No. Materials Chemical composition (wt%) Heat treatment (in vacuum unless

specified)

Specimen typea

1 A533B-a Fe–0.22C–0.25Si–1.48Mn–0.52Mo–0.68Ni–

0.018S–0.012P

Annealed at 880 �C for 4 h and air

cooled, tempered at 660 �C for 4 h,

reheat at 610 �C for 20 h

BES/NERI

2 A533B-b ’’ ’’ SS-3

3 A533B-c ’’ ’’ SS-3

4 3Cr–3WV Fe–0.091C–0.3Mn–0.09Si–0.009S–0.015P–

0.02Ni–3.05Cr–0.24V–0.02Cu–3.01W

Heated for 1 h at 1040 �C in flowing

argon and cooled to room tempera-

ture in the cold zone; then reheated

for 1 h at 760 �C and cooled

SS-3

5 9Cr–1MoVNb Fe–0.09C–0.36Mn–0.08Si–0.004S–0.008P–

0.11Ni–8.62Cr–0.98Mo–0.209V–0.063Nb–

0.002Ti–0.013Co–0.03Cu–0.013Al–0.01W

’’ SS-3

6 9Cr–2WVTa Fe–0.11C–0.44Mn–0.21Si–0.015P–8.9Cr–

0.01Mo–0.23V–0.012Co–0.03Cu–0.017Al–

2.01W–0.06Ta

’’ SS-3

7 9Cr–2WV Fe–0.12C–0.51Mn–0.23Si–0.007S–0.014P–

8.95Cr–0.01Mo–0.24V–0.012Co–0.03Cu–

0.018Al–2.01W

’’ SS-3

8 9Cr–2WVTa Fe–0.11C–0.44Mn–0.21Si–0.015P–8.9Cr–

0.01Mo–0.23V–0.012Co–0.03Cu–0.017Al–

2.01W–0.06Ta

’’ S-1

9 Mod. 9Cr–

1Mo

Fe–0.092C–0.09Ni–8.32Cr–0.86Mo–0.48Mn–

0.15Si–0.055N–0.06Nb–0.2V

’’ S-1

10 Fe-a (99.995% purity) Annealed at 600 �C for 1 h BES/NERI

11 Fe-b Fe–0.013C–0.018Mn–0.018Ni (99.94% purity) Annealed at 600 �C for 1 h SS-3

12 Nb Nb–0.3Si–0.01Ni–0.06Ni–0.05Ta–0.005C–

0.001S (99.5% purity)

Annealed at 900 �C for 1 h BES/NERI

13 V V–0.026Si–0.039Mo–0.027O–0.0096N–

0.0024C (99.8% purity)

Annealed for 30 min at 900 �C BES/NERI

14 316-a Fe–0.059C–1.86Mn–0.57Si–0.018S–0.024P–

17.15Cr–13.45Ni–2.34Mo–0.1Cu–0.02Co–

0.031N

Annealed at 1050 �C for 30 min BES/NERI

15 316-b ’’ ’’ SS-3

16 316LN Fe–10.2Ni–16.3Cr–2.01Mo–1.75Mn–0.39Si–

0.11N–0.029P

Annealed at 1050 �C for 30 min SS-3

17 EC316LN Fe–12.2Ni–17.45Cr–2.5Mo–1.81Mn–0.39Si–

0.024C–0.067N

Annealed at 950 �C for 1 h S-1

18 HTUPS316 Fe–16.2Ni–13.9Cr–2.46Mo–2.04Mn–0.12Si–

0.076C–0.021N–0.15Nb–0.52V–0.27Ti

Annealed at 1200 �C for 12 min S-1

19 AL6XN Fe–24Ni–20.5Cr–6.3Mo–0.4Mn–0.4Si–0.02C–

0.22N

Annealed at 1110 �C for 30 min S-1

20 Cu Cu–1.6S–0.09Cr–0.22Ni–0.1P–0.27Fe–4.8Ag Annealed at 450 �C for 30 min BES/NERI

21 Ni (99.99% purity) Annealed at 900 �C for 30 min BES/NERI

22 Zr-4-a Zr–1.4Sn–0.015C–0.1Fe–0.001S–0.06O–

<0.1Ni-<0.001N

Annealed at 670 �C for 30 min BES/NERI

23 Zr-4-b ’’ ’’ SS-3

24 Zr Zr–0.0058Hf–0.0056Fe (99.94% purity) Annealed at 670 �C for 30 min BES/NERI

aGage section dimensions for SS-3, S-1, and BES/NERI types are 0.76· 1.52· 7.62, 0.25· 1.2· 5, and 0.25· 1.5 · 8 mm3, respec-

tively.
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steel cases. For 3Cr, 9Cr, and A533B steels, the doses to

saturation in irradiation hardening, DS, were in the

range 0.03–0.05 dpa, with an average of 0.04 dpa.
Pure bcc metals also showed a clear transition in the

dose dependence of DrYS, as seen in Fig. 2. Two Fe cases

showed similar irradiation hardening behaviors in spite



Table 2

Irradiation conditions, testing conditions, and baseline tensile data

No. Materials Crystal

structure

Irradiation

facility

Dose range

(dpa)

Irradiation

temperature

(�C)

Test tem-

perature

(�C)

Yield stress

(MPa)

(0 dpa)

Uniform

elongation

(0 dpa)

1 A533B-a bcc HFIR 0–0.89 60–100 25 497 0.13

2 A533B-b bcc HFIR 0–1.2 60–100 25 444 0.10

3 A533B-c bcc HFIR 0–1.28 60–100 25 447 0.11

4 3Cr–3WV bcc HFIR 0–1.2 60–100 25 546 0.08

5 9Cr–1MoVNb bcc HFIR 0–1.2 60–100 25 570 0.07

6 9Cr–2VWTa bcc HFIR 0–1.2 60–100 25 545 0.08

7 9Cr–2WV bcc HFIR 0–1.2 60–100 25 541 0.07

8 9Cr–2VWTa bcc LANSCE 0–10.2 60–160 25 552 0.07

9 Mod. 9Cr–1Mo bcc LANSCE 0–10.2 60–160 25 562 0.08

10 Fe-a bcc HFIR 0–0.79 60–100 25 213 0.26

11 Fe-b bcc HFIR 0–1.07 60–100 25 104 0.29

12 Nb bcc HFIR 0–0.37 60–100 25 240 0.21

13 V bcc HFIR 0–0.69 60–100 25 304 0.19

14 316-a fcc HFIR 0–0.78 60–100 25 234 0.56

15 316-b fcc HFIR 0–1.2 60–100 25 223 0.70

16 316LN fcc HFIR 0–1.2 60–100 25 277 0.54

17 EC316LN fcc LANSCE 0–10.7 60–160 25 290 0.48

18 HTUPS316 fcc LANSCE 0–10.7 60–160 25 179 0.37

19 AL6XN fcc LANSCE 0–10.7 60–160 25 279 0.48

20 Cu fcc HFIR 0–0.92 60–100 25 39 0.30

21 Ni fcc HFIR 0–0.6 60–100 25 63 0.42

22 Zr-4-a hcp HFIR 0–0.8 60–100 25 396 0.13

23 Zr-4-b hcp LANSCE 0–24.6 60–160 25 386 0.11

24 Zr hcp HFIR 0–0.63 60–100 25 44 0.35
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Fig. 1. Dose dependence of irradiation hardening in 3Cr, 9Cr,

and A533B steels.
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of a big difference in their initial yield stresses, about

100 MPa for the high-purity Fe (Fe-b case) and about

210 MPa for the Fe-a case. This similarity in irradiation
hardening behaviors of Fe metal with different puri-

ties produced a sharp contrast to the result [20] that

the doses to plastic instability at yield, DC, were very
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different for those two cases, 6 dpa for the high-purity

Fe and 0.2 dpa for the other case. The dose parameter

DC is defined as a minimum dose to have zero uniform

ductility; above which the material will deform in a

necking mode after yield [20]. As for the high-purity Fe,

the n value was evaluated at a relatively low value of

0.26 for the low-dose regime. Also, it is noted that Nb

and V behave alike in irradiation hardening. The dose
dependencies were rather close to those of 3Cr and 9Cr

steels; however, their transitions to the saturation regime

occurred at a much smaller dose of 0.003 dpa.

The dose dependencies of irradiation hardening in

the fcc metals are seen in Figs. 3 and 4. Their n values

were in the range 0.31–0.48 in the low-dose regime and

0.01–0.24 in the high-dose regime; the average for the

low-dose regime, 0.4, was slightly lower than that for bcc

metals, 0.55. Also, a trend band for 316 stainless steels

irradiated and tested at low temperatures (6 100 �C)
was obtained from the database for 316 stainless steels

[25] and is displayed in Fig. 4, in which tensile data from

more than 15 experiments were integrated. The dose

dependence found in Fig. 4 was similar to those of

various austenitic stainless steels in the present study; the

n values for the database were 0.38 and 0.04 for the low-

dose and high-dose regimes, respectively. The DS value

was determined to be 0.04 dpa for Ni and stainless steels

and 0.05 dpa for Cu. It is worth recalling that the DC

values for fcc metals were strongly material-dependent

and ranged widely from about 0.2 dpa for Ni and Cu to

40 dpa for 316LN stainless steel [20].

Fig. 5 shows the dose dependence of irradiation

hardening for pure Zr and Zr-4 alloy. Relatively-low n
values were obtained for the pure Zr: 0.35 for the low-

dose regime and 0.02 for the high-dose regime, whereas

the values for Zr-4, 0.62 and 0.11 for the two regimes,

were rather close to those of 3Cr and 9Cr steels.

Usually, the exponent n for the low-dose regime has

been taken to represent irradiation-hardening behavior

before reaching saturation. As given in Table 3, the

average of all n values measured in the low-dose regime

in this study is 0.5, which is the same as the theoretical

value from barrier hardening models, assuming that the



Table 3

Summary for dose dependence of irradiation hardening

Case no. Materials Dose range

(dpa)

DS

(dpa)

Dose6DS DosePDS

h n h n

1 A533B-a 0–0.89 0.05 2300 0.62 530 0.08

2 A533B-b 0–1.2 0.03 2200 0.56 510 0.11

3 A533B-c 0–1.28 0.03 2710 0.58 510 0.14

4 3Cr–3WV 0–1.2 0.05 1590 0.62 290 0.07

5 9Cr–1MoVNb 0–1.2 0.03 1850 0.60 350 0.11

6 9Cr–2WVTa 0–1.2 0.04 1740 0.60 360 0.11

7 9Cr–2WV 0–1.2 0.04 1230 0.54 320 0.11

8 9Cr–2WVTa 0–10.2 0.04a 370 0.17

9 9Cr–1MoVNb 0–10.2 0.04a 350 0.18

10 Fe-a 0–0.79 0.05a 240a 0.26a 150a 0.11a

11 Fe-b 0–1.07 0.05 240 0.26 150 0.11

12 Nb 0–0.37 0.003 1970 0.52 280 0.18

13 V 0–0.69 0.003 4510 0.62 280 0.13

Average for bcc group: 0.55b 0.12b

14 316-a 0–0.78 0.04a 2230 0.48 460 0.15

15 316-b 0–1.2 0.04 1060 0.40 380 0.07

16 316LN 0–1.2 0.04 1020 0.39 390 0.08

17 EC316LN 0–10.7 0.04a 360 0.22

18 HTUPS316 0–10.7 0.04a 480 0.18

19 AL6XN 0–10.7 0.04a 380 0.24

20 Cu 0–0.92 0.05 710 0.31 290 0.01

21 Ni 0–0.6 0.04 1660 0.44 700 0.19

Average for fcc group: 0.40 0.14

316 database 0–39 0.04 1120 0.38 370 0.04

22 Zr-4-a 0–0.8 0.01 2350 0.62 210 0.11

23 Zr-4-b 0–24.6 0.01a 210 0.07

24 Zr 0–0.63 0.07 350 0.35 150 0.02

Average for hcp group: 0.49 0.07

Average for whole group: 0.50 0.12

aValues are adopted from another case of the same or similar composition because of insufficient number of data for the case.
b 0.58 and 0.13, respectively, excluding the values for Fe cases.
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production of stable defect clusters is proportional to

dose [4,6,9]. However, it is also noted that some of the

pure metals have lower n values than others; those val-

ues, 0.26, 0.31, and 0.35 for Fe, Cu, and Zr, respectively,

are rather closer to 1/4 or 1/3 than to 1/2. In this low-

dose regime, the exponent n has been measured at about

1/2 for many metals [4,9,15] and 1/4–1/3 for Cu and Au

[12,15,16].

Detailed studies on irradiation-hardening behavior

have been performed for Cu [16,17,26–34], and various

exponent values have been reported. The exponents

measured were either 1/3 [26] or 1/2 [26–30]. It has also

been proposed that n ¼ 1=4 is the appropriate dose

exponent for Cu [31,32]. Zinkle and coworkers

[16,17,33,34] showed that the defect-cluster density in

pure Cu was initially linearly proportional to fluence at

low doses (6 0.0001 dpa) and exhibited a square-root

dependence before saturation. Consequently, the hard-
ening exponent should change from 1/2 to 1/4 at a dose

of �0.0001 dpa. The exponent should be lowered again

due to a saturation of defect-number density at a higher

dose. This change corresponds to the transition from the

low-dose regime to the high-dose regime in the present

study. It was also stated that the change from linear to

square root behavior in defect-cluster density was

dependent on impurity level [17]. Considering the sig-

nificant amount of impurities in the current Cu speci-

mens (see Table 1), the change might occur at a dose

higher than the lowest dose of 0.0001 dpa in this irra-

diation experiment, and therefore, the hardening curve

could be a combination of the curves with exponents of

1/4 and 1/2. Although the data points are too few to

render the change precisely visible, the measured expo-

nent, 0.31, for Cu seems reasonable. It is believed that

the above discussion on the irradiation-hardening

behavior of Cu can be applied to the other high-purity



Nb

0.001

0.01

0.1

0.001 0.01 0.1 1 10 100

DC, dpa

D
S
, d

pa

1

1

Fe-b

Ni

Cu
Fe-a

Zr

V

Zr-4-a

Zr-4-b

3Cr, 9Cr, and 
A533B steels

Austenitic 
stainless 
steels

316SS database

DS: dose to saturation in irrad. hardening
DC: dose to plastic instability at yield

Fig. 6. Relationship between the doses to saturation in irradi-

ation hardening and to plastic instability at yield.

92 T.S. Byun, K. Farrell / Journal of Nuclear Materials 326 (2004) 86–96
metals, Fe and Zr, as well. It is also noted that the lower

purity metals, V, Nb, and Ni, exhibited dose depen-

dencies closer to 1/2, which is believed to be a common

exponent for alloys in the low-dose regime. More sys-

tematic study is needed to explain fully the role of

impurity and alloying atoms in defect-cluster accumu-

lation and irradiation hardening.

3.2. Irradiation hardening and deformation parameters

It is well known that irradiation increases the ten-

dency for premature plastic instability during tensile

testing, and many metallic materials show prompt

necking at yield after significant irradiation, with a

subsequent negative slope in the engineering strain–

stress curve [14,21,35,36]. This early plastic instability is

often blamed on the softening effect from the clearance

of radiation-induced defect clusters by the initial glide

dislocations as well as on the reduction of irradiation-

hardening rate [8,14,36–38]. However, it has recently

been shown that prompt necking at yield is caused not

by the softening effect but by the high yield stress

exceeding the dose-independent plastic instability stress

of the material [20]. When the strain-hardening rates

before and after irradiation are compared at the same

true stress level, they are very similar; at least, there is no

sign of reduction in true strain-hardening rate by irra-

diation. This observation suggests that the apparently

reduced strain-hardening rate after irradiation is directly

related to the high stress, low strain-hardening rate

portion of the stress–strain curve of unirradiated mate-

rial. This tends to disapprove the hypothesis that the

reduced strain-hardening rate should be related to the

dose dependence of irradiation hardening. Elucidating a

relationship between the irradiation-induced hardening

and plastic instability behavior is attempted below. Also,

that behavior is related to the deformation mechanisms

and number-density of defect clusters.

An effective way to describe the radiation-induced

behavior may be to make a comparison of the dose to

saturation in irradiation hardening, DS, with the dose to

plastic instability at yield, DC. Fig. 6 compares those two

parameters. They exhibit a one-to-one proportionality

(DC ¼ DS) for doses up to �0.05 dpa; at higher doses, DS

shows a saturation in the range 0.04–0.07 dpa. Pure bcc

metals, V and Nb, showed low DC and DS values below

0.01 dpa [4]. (Although its data are excluded in this

paper, the metal that showed the lowest critical doses

was molybdenum [37]. It was not possible to evaluate

the dose parameters for Mo because of immediate grain

boundary embrittlement at the lowest dose of 0.0001

dpa in this experiment.) Zr-4 was also among the metals

showing low DC and DS values, whereas the pure Zr

showed the highest DS value of 0.07 dpa. Data for

A533B and the 3Cr and 9Cr steels are located at around

the knee of the band. Data for Fe and the fcc metals
(austenitic stainless steels, Ni, and Cu) fell in the near-

horizontal band. A data point (DC ¼ 25 dpa, DS ¼ 0:04
dpa) for the tensile data in the 316 stainless steel data-

base [25] is indicated in Fig. 6. No fcc metal showed a DS

value below 0.04 dpa.

Except for the high-purity Fe (Fe-b), the data for bcc

and hcp metals were within the experimental error

bounds at both sides of the DC ¼ DS line. This result

suggests that saturation in irradiation hardening and

plastic instability at yield often start at similar doses.

Since several metals are involved, the concurrence of the

two events cannot be interpreted as a one-time incident

that both phenomena happen to occur at similar doses

without any inter-relationship. The concurrence of the

two events may be possible if the plastic instability at

yield occurs before saturation in defect-cluster density,

which is also directly related to the saturation in irra-

diation hardening. A possible interpretation for the

equality (DC ¼ DS) is that the plastic instability at yield

has reduced the increasing rate of yield stress due to

irradiation, leading the irradiation hardening to a satu-

ration in the high-dose regime. For all cases, DS has not

exceeded DC, within experimental error. This indicates

that the extension of the low-dose regime in irradiation

hardening was stopped by the plastic instability at yield.

A question is how the plastic instability affected the

yielding process before which the elastic behavior sup-

posedly governed the deformation. A clue for an

explanation can be the local micro-strain occurring be-

fore macroscopic yielding. The micro-strain occurs in a

narrow strain range before the macroscopic yielding

[39]. Its contribution to the macroscopic strain is limited.

If an irradiated tensile specimen is loaded to a stress

level just below its apparent yield stress but above its
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plastic instability stress, local plastic deformation might

occur in a microscopically high-stress region of the

specimen around the strongest stress concentrator. The

plastic deformation in the high-stress region must be

subjected to a plastic instability condition because the

stress is above the instability stress of the material. In

such a situation, the ability to increase macroscopic

stress by elastic deformation should be reduced. Since

the local plastic instability may lead to a more severe

stress concentration, the macroscopic stress cannot

continue to increase, but it will decrease as the localized

strain propagates into the entire specimen cross section,

showing apparent macroscopic yielding. After the

yielding process, strain hardening might resume if the

stress has decreased below the plastic instability stress.

If the high-dose regime in irradiation hardening of

the bcc and hcp metals is due to a plastic instability,

deformation in this regime should be prone to producing

channels at doses around their DS values, because the

plastic instability always occurs at a reduced strain-

hardening rate. The lowest doses at which channel

deformation has been observed are: 0.007 dpa for Nb

[4]; 0.01–0.05 dpa for Zr-2 and Zr-4 [22,40]; �0.001 for

V and �0.1 [41] for A533B [22]. These doses are similar

to the DS and DC values for those metals. Therefore,

three phenomena: prompt plastic instability at yield,

dislocation channeling, and the transition between the

low-dose to the high-dose regimes in irradiation hard-

ening, seem to occur at similar doses in many bcc and

hcp metals with alloying elements or high impurities.

However, the concurrence of multiple phenomena can-

not be generalized for all metals. Highly ductile metals,

especially fcc metals, show those phenomena occurring

at different doses, as described below.

In the fcc metals and high-purity Fe, the saturation

of irradiation hardening (in yield stress) always occurred

at doses lower than the doses to plastic instability at

yield; i.e., DS < DC. It is remarkable that the DC values

for stainless steels and high-purity Fe are 2 to 3 orders of

magnitude higher than their DS values, in the range

0.04–0.05 dpa. This indicates that in those metals the

saturation in irradiation hardening occurs well before

the metals experience plastic instability at yield, so the

transition from low-dose to high-dose regime is less af-

fected by the plastic instability. A mechanism that can

initiate the transition may be channel deformation. For

Cu, many investigators have reported that channel

deformation occurs after irradiation to doses above 0.01

dpa [29,42]. Further, the channel deformation in stain-

less steels seemed to occur at similar doses (>�0.1 dpa)

as the DS value, 0.04 dpa [22]. In some experiments,

however, channel deformation has been observed at

much lower doses: 0.0005–0.004 dpa in Cu [43–46],

0.002–0.02 dpa in Ni [15,47], and 0.0025–0.4 dpa in Fe

[42,48]. (A fluence to dpa ratio of 6 · 1024 nm�2/dpa was

used in conversion from fast neutron fluence (E > 1
MeV) to dpa.) It seems that the dose to channel defor-

mation is dependent on the material condition, such

as impurity level, whereas the irradiation hardening

behavior is less sensitive to the material condition, as

implied in Figs. 1–5. For example, the high- and low-

purity irons showed almost the same dose dependence in

hardening behavior in Fig. 2. However, the generaliza-

tion of this observation might require more evidence on

a larger variety of material conditions. Also, it is inter-

esting to note that the highly ductile metals deformed in

a channeling mode when the strain-hardening rate was

high and the strain level was well below the plastic

instability strain [15,23]. Therefore, we can conclude that

the occurrence of channel deformation is not always

consistent with plastic instability at yield or with a

change in the regime of irradiation hardening.

Although neither plastic instability at yield nor

channel deformation can account for the transition from

a low-dose to a high-dose regime in highly-ductile met-

als, another phenomenon that can cause the transition

is the saturation of defect-cluster density [16,17]. Two

reasons for the saturation of defect-cluster density have

been suggested on the basis of cascade simulation results

[18]: (1) as the inter-defect spacing becomes smaller, it is

more likely that the defects in the next cascade will react

with existing clusters at the expense of new clusters, and

(2) it becomes more likely that the next cascade will

occur on the top of existing defects and will erase them.

Both effects from overlap of cascades might result in

fewer net defects [18,19]. Since irradiation hardening is

presumed to be proportional to the defect-cluster den-

sity, its saturation, or reduced accumulation rate at high

doses, should result in similar behavior in irradiation

hardening. A number of investigations on defect mi-

crostructures have shown that the defect cluster density

in fcc metals increases with dose and reaches a satura-

tion level in the dose range 0.01–0.1 dpa at low

temperatures [16,33,34,37,49]. Among the fcc metals

the most widely studied ones for defect accumulation

behavior are Cu and its alloys [16,17,33,34,37,49–52]. In

Cu, the accumulation of defect clusters (mostly stacking

fault tetrahedra) at low temperatures (<�300 �C) was

found to be linear with dose at low doses below 0.0001

dpa and to have a square-root dependence on dose in

the range 0.0001–0.1 dpa, followed by a saturation at

doses above �0.1 dpa [17]. In Ni, saturation was reached

after irradiation to doses above 0.1 dpa, although the

visible defect density was 5–10 times lower than that in

Cu [33,37]. Further, the results of transmission electron

microscopy (TEM) and positron annihilation spectro-

scopy (PAS) showed that the dose dependence of defect-

cluster density for Fe-b (high purity Fe) was similar to

that for Cu, although the defect-cluster density was at

least one order of magnitude lower than that of Cu [52].

In the Fe-b the defect density continued to increase

with dose over the test dose range of 0.0001–0.72 dpa;
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however, it showed near saturation above 0.1 dpa. In

stainless steels, the doses needed to approach the satu-

ration of defect cluster density were in the range 0.1–1

dpa [51,53]. Therefore, a dose of about 0.1 dpa should

be a common dose for the saturation of defect cluster

density in fcc metals and high-purity Fe. Since the

strength of a material under barrier-hardening model

cannot continue to increase rapidly without rapid

accumulation of defect clusters, a dose of 0.1 dpa must

be a ceiling dose to the low-dose regime in the radiation-

induced hardening; this is consistent with the obser-

vation that the doses at the transition between the

low-dose to the high-dose regimes are in the range

0.03–0.07 dpa, as shown in Fig. 6. Based on the above

discussion, it is suggested that the transition between the

low-dose to the high-dose regimes occurs (1) when the

tensile specimen undergoes plastic instability before

yield or (2) when the defect-cluster density approaches a

saturation level.

3.3. Irradiation hardening and onset of channeling

The fact that channeling can occur at a dose well

below DS supports the finding in Ref. [20] that the true

stress–true strain curve, if compared at the same true

stress, is not significantly changed by irradiation; this

also indicates that the channel deformation does not

change the post-yield true strain-hardening behavior of

polycrystals even though it may appear to reduce the

engineering strain-hardening rate. Although channel

deformation is believed to be evidence of localized

deformation, with background contrast from removable

defects, this does not necessarily mean negative strain

hardening. Further, a numerical simulation showed that

a back stress of similar magnitude to the applied stress

could be developed at the edge of a channel [54]. Since

the back stress is a key component of the strain-hard-

ening stress, the hypothesis that channel deformation

can induce strain softening, the underlying meaning of

which is a negative strain-hardening rate, may be

incorrect.

Although the detailed mechanism of channel forma-

tion is largely unknown, some of the dislocations formed

during channeling may form pileups against strong

obstacles, such as grain boundaries, without being

transferred to an adjacent grain, and the back stress due

to the dislocation pileups might stop further slip in the

channel [54,55]. A drop of shear stress in the channel

may occur in the early stage of channel formation.

However, the stress should recover quickly to the stress

level in the adjacent regions as the back stress builds up.

Also, the volume fraction of channels under formation is

small, thus the overall contribution by the developing

channels to macroscopic stress may not be more signif-

icant than that due to formation of any deformation

band without irradiation defects (for example, a L€uders
band). Actually, as long as channel formation spreads to

another region, the local strain-hardening rate cannot be

negative. Negative strain hardening cannot give rise to a

diffusion of plastic deformation, and should cause

immediate failure without large necking ductility. How-

ever, most of the tested metals retained significant

necking ductility, even with prompt necking at yield.

Further, no negative slope in the true stress–true strain

curve has been calculated for the necking deformation

after significant irradiation [23,35]. Positive macroscopic

strain hardening with localized deformation was also

reported for pre-strained Cu single crystals [56,57]. It

was also shown by an elastic energy theory that localized

deformation can occur in dispersion-hardened materials

if any work-softening obstacles are contained in the

materials; negative macroscopic strain-hardening rate is

not required for strain localization [58]. Therefore, al-

though more studies are needed for generalization,

channeling (or localized deformation) is believed to be a

common phenomenon for high-stress deformations; it

occurs more easily when the strain-hardening rate is

much reduced from the pristine condition of the mate-

rial. So, whether the saturation in irradiation hardening

occurs simultaneously with channel deformation or not

seems to depend on the material properties, especially

on the ductility and strain-hardening capability before

irradiation.
4. Conclusions

Irradiation-hardening behaviors have been investi-

gated for bcc, fcc, and hcp metals after low-temperature

(<200 �C) irradiations. The following conclusions were

drawn:

(1) The log–log plots of DrYS vs. dpa data showed

two distinct regimes: a low-dose regime and a high-dose

regime. Regression analysis was performed for those

regimes using a power-law function DrYS ¼ hðdpaÞn.
Mean values for n obtained from the 19 metals were

about 0.5 for the low-dose regime and about 0.12 for the

high-dose regime. Some pure metals like Fe, Cu, and Zr

displayed lower values.

(2) The doses to saturation in irradiation hardening,

DS, were in the range 0.003–0.07 dpa, and were com-

pared with their doses for the onset of prompt plastic

instability at yield, DC. Most bcc and hcp metals had

data falling within the bounds for the DC ¼ DS line up to

�0.05 dpa. The DC values for pure Fe, Zr, and fcc metals

formed a horizontal band with a dose span of 0.04–0.07

dpa.

(3) The transition between the low-dose to the high-

dose regimes in irradiation hardening seems to occur

either when the tensile specimen undergoes plastic

instability at yield or when a saturation of defect-cluster

density is reached.



T.S. Byun, K. Farrell / Journal of Nuclear Materials 326 (2004) 86–96 95
(4) Although channel deformation is common at

doses around DS (or DC), it is not necessarily the cause of

plastic instability at yield or the approach to saturation

in irradiation hardening. It seems to be more a result of

the higher stress associated with irradiation hardening.
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