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By Kazunori KITAJIMA *, Hironobu ABE**, 

and Noboru TsuKUDA ** 

Abstract 

Measurements were made on yield stress and their recovery characteris­
tics of single crystals of pure iron and iron containing carbon of lQ---....,50 
ppm irradiated in reactor to dose of 6xl016 nvt ("-'1 MeV) at---....,l6°K. At 
low temperatures <90°K, as irradiated specimen showed softening of yield 
stress, which recovered by annealing near 100°K with activation energy of 
about 0. 26 eV. Appreciable hardening was observed by annealing in the 
range of 50---....,100 °C. Compared with high pure iron, iron containing carbon 
shows larger hardening at higher temperature range. Mechanisms for soften­
ing and hardening were discussed. 

1. Introduction 

So many studies have been made for irradiation hardening of iron and 
steels since it concerns with the safety of high pressure vessel used in power 
reactors. However fundamental mechanisms of the irradiation hardening are 
yet in a stage of controversy. The problems to be solved may be: (1) What 
is the entity of lattice defects responsible for irradiation hardening, (2) 
what is the mechanism of the formation of the lattice defects, and (3) how 
is explained the mechanism of hardening based on interactions of the defects 
with dislocations. 

Low temperature irradiation studies so far developed have succeeded in 
clarifying some fundamental mechanisms of simplest type of defects, inter­
stitial and vacancy, but much ambiguities remain unsolved not only for the 
simplest types but also particularly for clusters of defects including impurity 
atoms 1). · 

As for the effects of irradiation on mechanical properties of iron, elec­
tron irradiation may provide m;;eful tool since it produces rather simplest type 
defects. Sato and Meshii showed that the interactions of self-interstitials 
with dislocations result in softening of yield stress at very low tempera­
tures 2 l 4 l 5 l and gave a explanation based on their theory of softening in BCC 
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metals si. similar softening was also found in iron irradiated by neutron at 
low temperatures by Groh on polycrystals 6> and Kitajima on single crys­
tals 7i 3>. Their works include the effects of annealings after irradiation. 

On the other hand large effects of impurity elements, paticularly of 
interstitial impurities on irradiation hardening of BCC metals have been 
emphasized 9>10>11 i 12>13 i_ In these works lattice defects responsible for the har­
dening are surmised to be some complex defects, i.e. irradiation defects 
combined with interstitial impurity atoms, which are formed at temperature 
range higher than room temperature, though the entity of the defects is not 
yet clear. 

To resolve the complexities in the problem, more systematic studies are · 
considered to be required at present. This paper intends to provide some 
fundamental informations for mechanisms of softening and hardening in single 
crystals of pure iron containing controlled amount of carbon, through mea­
surements of stress-strain characteristics of the specimens after irradiation 
of neutron at low temperature together with the effects of various post-irra­
diation annealings on them. 

2. Experimental Procedure 

2. 1. Specimen 

The starting material used in the present investigation was the vacuum­
melted re-electrolytic iron supplied by the Japan Iron and Steel Institute. The 
chemical composition of residual impurities in this material is listed in Table 
1. A rod of about 12 mm in diameter was zone-melted by one and 4 passes 
in atmosphere of wet and dry hydrogen respectively. The ingot was then 
cold-drawn down to the size of 1 mm in diameter by repeating 3 times cold 
working and intermediate annealings to obtain uniform structure of grain size 
of~O. 1 mm. Single crystals were produced by the strain anneal method. 
All specimens were then decarburized by annealing in wet hydrogen, and 
further in high pure hydrogen filtered by palladium foil at 450 °C for several 
days. By these treatments residual interstitial impurities such as carbon and 
nitrogen are estimated to be reduced to<O. 1 ppm. On the other hand, con­
trolled amount of carbon was doped into some of the specimens by annealing 
them in a flow of hydrogen gas ·passed through liquid normal heptane. 
Contents of carbon were estimated by measuring internal friction of monitor 
plates. Thus the specimens of 10 ppm and~50 ppm carbon were prepared. 

Table 1. Chemical analysis of re-electrolytic pure iron 

C Si Mn p s Ni Cr Cu 
.002 .0015 .0020 . 0009 .004 . 0040 .0012 .0006 

Mo w V Co Ti Al N 0 
. 0002 .0002 .0002 • 0098 • 009 • 0005 • 0024 • 0015 
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The single crystals were cut into the· 1ength of 25 mm and silver-soldered 
with end pieces at both ends. The gauge length of the tensile test specimens 
was 20 mm. 

2. 2. Neutron irradiation and tensile tests 

The specimens were irradiated in the low temperature loop of Kyoto 
University Reactor at 16 °K for 70 hr to the total neutron dose of 3 x 1016 nvt 
C>l MeV). After irradiation the specimens were inserted to liquid nitrogen 
container and brought back to Radio Isotope Laboratory of Kyushu Univer­
sity by air transport. 
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Tensile tests were carried out on the items: Measurements of stress­
strain curves at temperatures of 77°K and 90°K. Measurements for the 
effects of post irradiation annealings at temperatures up to 200°K on y~eld 
stresses at 90°K, and those of post irradiation annealings up to higher tem­
peratures on yield stresses at 200°K. Tests at 77°K and 90°K are made 
in the bath of liquid nitrogen and oxygen respectively, and those at 200°K 
in the bath of ethyl alcohol cooled by dry-ice. Annealings of specimen at 
programed temperatures were performed in the bath of liquid propane for 
the range of 90°K~200°K, ethyl alcohol for 200~350°K, water for 350~. 
373°K and silicone oil for above 373°K. Isochronal annealing tests were 
made on same specimen by measuring the yield stresses after successive 
annealings for 30 minuits increasing temperatures by step of about 20°K. 
The yield stresses were determined as the flow stress saturated approxi­
mately for increments of strain after yield drop if it presents. Residual 
strains for each test were about 0. 3~0. 5 o/o. The test temperature of 90 
°K was adopted in order to avoid occurrence of twinning and fracture on 
one hand and appreciable recovery on the other hand. 

3. Experimental results 

Fig. 1 7> demonstrates the general characteristics of the stress-strain 
curves of single crystals with 2 mm in diameter tested at 77°K, where the 
specimens were ZrH2 purified and have the same orientation shown in the 
figure. Compared with that of the unirradiated specimen, the flow stress of 
the low temperature irradiated specimen shows hardening at small strain 
and softening at larger strain. This is sharp contrast to the large harden­
ings observed in the specimen irradiated at ambient temperature. On the 
other hand, the specimen irradiated at low temperature and then annealed 
at 60°C for 30 minutes shows hardening similar to that irradiated at ambi­
ent temperature, then fractured by cleavage. This may show that the lat­
tice defects responsible for the hardening are formed at high temperatures. 
In order to pursue the mechanisms we studied the effects of post-irradiation 
annealings on the low temperature irradiated specimens. 

Fig. 2 shows variations of the magnitude of recovery of softening tfo. 
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Fig. 1 The stress-strain curves of high purity iron single crystals 
tested at 77°K. U; unirradiated specimen, I'; ambient tem­
perature irradiated specimen, I; low temperature irradiated 
specimen, and right hand curve; the same specimen annealed 
at 340°K for 30 min and retested at 77°K. 
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Fig. 2 Isochronal annealing curves in 90~200°K on the recovery 
of 90°K yield stress of low temperature irradiated pure 
iron single crystals. 
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defined as the increment of yield stress measured at 90°K after isochronal 
annealings of about 30 min. The remarkable recovery of softening takes 
place around 100 °K, and is followed by saturation to the value of flow stress 
in unirradiated specimen near 200°K. Fig. 3 shows similar isochronals of 
single crystals of pure iron and iron containing 10 ppm carbon with same 
crystal orientation. Fig. 4 shows the relations between the saturated value 
of .Ja and the flow stress of as irradiated specimen ay measured at 90°K 
on some groups of specimens. The group in upper left region of the figure 
corresponds to the specimen containing 50 ppm carbon. This shows that the 
softening is suppressed in specimens containing large amount of carbon in 
contrast to those containing small amount of carbon. In order to obtain 
further informations about the recovery stage near 100°K, isothermal an­
nealing tests were carried out at the temperatures of 100°K, 105°K and 
110°K as shown in Fig. 5. The activatoin energy of the recovery determined 
from the 3 curves is about 0. 26 eV. 

On the other hand isochronal annealing curves for the recovery at the 
temperatures higher than 200°K are shown in Fig. 6 and 7. The main 
characteristics of the recovery stage are that, stages of hardening near 200 
°K and 370°K appear in pure iron, while stage near 200°K is suppressed 
but large hardening accompanying large upper yield stress and sharp yield 
drop appear in iron containing large amount of carbon Fig. 6, but the vari­
ation is small in iron containing small amount of carbon, Fig. 7. Isothermal 

%2 90 K Test 
mm 

40 

X 

(1 

0 pure 
C 

0 carb. 
30 X 

100 T K 200 

Fig. 3 Isochronal annealing curves in 90-----200°K on the recovery of 
90°K yield stress of pure iron and iron containing 10 ppm C 
single crystals with same orientation. 20K/30min. 

213 



214 K. KITAJIMA et al. 

annealing curves near 370 °K are shown in Figs. 8 and 9 for pure iron and 
iron containing large amount of carbon respectively. Fig. 10 summarizes the 
recovery characteristics of single crystals of pure iron and iron containing 
large amount of carbon over whole range of temperatures, where the chain 
lines show the results obtained for pure iron and iron containing carbon 
irradiated at ambient temperature. 

Fig. 11 shows the temperature dependence of flow stress in single crystals 
of pure iron as irradiated at low temperature, and after annealed at 200 °K 
comparing with those in unirradiated pure iron, and pure iron and iron con­
taining large amount of carbon (100 ppm) irradiated at ambient temperature. 

50 

ID-2·2 

40 •W-2·4 
• I -J-5 

•l-3-4 •ll-2-5 
• IU-3- I 

• I -2-3 

•ID-3-5 

20 

el·2·1 •l-2·5 
•ID-3-2 • 1-1-3 

•1•1-5 
~-2-l •l-2-2 

•l-1-4 

00:;-----------------:!:s-~--------~ 
Alf kg_/, 

/mm 

Fig. 4 Increments of 90°K yield stresses by annealings up to 200°K 
6,<1 vs. 90°K yield stresses of pure iron and 50 ppm C-iron 
single crystals, 1-3-4, 5, 111-2-1, 2, 4 are 50 ppm C-iron. 
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35 t min 75 115 

Fig. 5 Isothermal annealing curves at 100, 105 and 110°K on the 
recovery of 90°K yield stress of pure iron single crystals 
with same orientation. 
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Fig. 6 Isochronal annealing curve in 200,....__,420°K on the recovery 
of 200°K yield stress of pure iron and 50 ppm C-iron 
single crystals with same orientation, 
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Fig. 7 Isochronal annealing curves in 200~420°K on the recovery 
oi 200°K yield stress of pure iron and 10 ppm C-iron single 
crystals with same orientation. 

3 100 C 

Fig. 8 Isothermal annealing curves at 343°K and 373°K on the 
recovery of pure iron single crystals with same orientation. 
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Fig. 9 Isothermal annealing curves at 351 °K and 373°K on the recovery 
of 10 ppm C-iron single crystals with same orientation. 

100 200 300 T K 400 ~ 600 700 

Fig. 10 General characteristics of isochronal annealing curves of pure 
iron and 50 ppm C-iron single crystals irradiated at low tem­
perature. 90°K test for 90""200°K, 200°K test for 200"-'420°K. 
300°K test for above 420°K on ambient temperature irradiated 
specimen. 
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Fig. 11 General characteristics of temperature dependence of yield 
stresses of irradiated iron single crystals. The low tempe­
rature irradiated pure iron, the one annealed up to 200°K, 
the ambient temperature irradiated pure iron, and the iron 
containing 100 ppm C for full lines upward from lower 
most to upper most curves. respectively Dotted curve is 
unirradiated specimen. 
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Fig. 12 The stress dependence of activation volume of low temperature 
irradiated pure iron single crystal, open circle, and the one an -
nealed at 200°K, cross mark. 
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We may notice that the softening at 77 °K is smaller than that of 90 °K. 
This tendency was confirmed on many other specimens. Temperature de­
pendent hardening and temperature independent hardening in single crystals 
of pure iron and iron containing large amount of carbon were reported in the 
previous paper 12

). Fig. 12 shows the comparison of activation volumes in 
irradiation softened single crystals of pure iron and the same crystals an­
nealed up to 200~K. The activation volume is smaller in softened crystals, 
while that in recovered crystals is nearly equal to that of unirradiated ones. 

4. Discussion 

Softening observed at the temperatures <90°K in irradiated iron may 
correspond to those in electron irradiated specimens reported by Meshii 2

)
4

)
5

) 

(E=2 MeV, l016'"'-'5Xl018 e/cm2, <60°K) and Groh 5 ) (E=3 MeV, l017'"'-'5X 
1018 e/cm2, 20°K) and in neutron irradiated specimens reported by Groh 5) 

(E>l MeV, 5Xl015'"'-'5X1018 n/cm2
). Comparisons of the amount of softening 

among these data, however, are difficult because test temperatures, specimens 
used and types of irradiation are diverse. Specimens of Groh are polycrys­
tals of 0. 2 mm thickness plate with grain size of 0. 01 mm, while those of 
Meshii are single crystals of 0. 3 x 1. 2 x 3 mm and 0. 35 x 1. 2 x 7 mm. Follow­
ing to Groh 6 l we shall assume the production of Frenkel pair is 10-16 per 
e/cm2 for electron irradiation, while 5 x 10-15 per n/cm2 for neutron irradia­
tion, then our 3 x 1016 n/cm2 corresponds to 1. 5 x 1017 e/cm2

• Meshii's data 
show ..Jc5 =2 kg/mm2 for tests at 60°K by 2 x 1017 e/cm2

• This is rather 
small compared with ..Jc5=5 kg/mm 2 for test at 90°K. This may partly due 
to the difference of test temperatures. Groh however showed ..Jc5 =35 kg/mm2 

for 3x 1018 e/cm2 and ..Jc5 =20 kg/mm2 for 7 x 1017 n/cm2
, and stated that 

homogeneously distributed defects obtained by electron irradiation produce 
larger softening then inhomogeneous ones by neutron. Furthermore the 
temperature dependence of yield stress in the softening is different, i.e. 
Meshii's data show softening is maximum about'"'-'60°K and decreases as the 
temperature increases, in contrast to our case where softening increases up to 
90°K, Fig. 11. On the other hand Groh's data show softening is minus for 
<6xl016 n/cm2, while ours ..Jc5=2 kg/mm2 for,..,_,lxl0 16 n/cm2, and softening 
decreases from 77°K to 100°K contrary to ours. These discrepancies among 
data must be re-examined by further works. 

Meshii 3
) proposed a theory for softening phenomena in BCC metals con­

taining dispersed lattice defects. He assumed the linear elastic interaction 
between defects and dislocations and showed that when Peierls stress of screw 
dislocation is large, the part of dislocation near the defects is bowed by the 
stress field of the defects, thus the formation of kink pair is assisted. His 
theory may be reasonable when the mean distance is larger than the size of 
kink pair, but it may be difficult to explain similar softening in the case 
mean distance is smaller. Precise nature of neutron irradiated defects is yet 
unknown at the present time but available data show that the size of de-
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pleted zone is about 100 A and about 100 interstitials associate to one deple­
ted zone. Then the mean distance of interstitials may be about 5 atomic 
spacings. On the other hand the size of kink pair is about 20 atomic spac­
ings according to Fig. 12. 

Another explanation may be to take into account the interaction between 
dislocation core and defect. According to Suzuki's theory 14 l, the large 
Peierls stress of screw dislocation in BCC metal is attributed to the arrange­
ment of atoms in the core of screw dislocation peculiar to BCC lattice, i. e. 
equally spaced screw arrangement of atoms in the three neighbouring atomic 
rows along the axis <lll> in perfect lattice without dislocation changes to 
similar screw arrangement inside the core of screw dislocation where core 
potential is low, but changes to enforced symmetrical arrangement when the 
screw dislocation moves one atomic distance, where the core potential is high. 
Such cyclic change of potential of the core of screw dislocation in the move­
ment is the main cause of large Peierls potential. Then any cause which 
disturbs the regularity of the lattice may lower the Peierls potential locally, 
and formation of kink pair may be assisted. In this view both interstitial 
and vacancy are able to cause softening. A more accurate description, of 
course, must wait atomistic calculations. The decrease of activation volume 
by softening as shown in Fig. 12 is not inconsistent with the present 
explanation. 

Then the recovery of softening near 100°K in Fig. 2 may correspond 
to those of electric resistivity and internal friction in I stage 1). From Fig. 
3 activation energy is calculated as 0. 26~0. 27 eV which coincides with the 
value 0. 26±0. 03 eV reported by Bilger 1 ) for IE stage recovery. We may 
notice here the recovery is rather sharp compared with Groh's one ,i. 

From Fig. 5. we can see the two recovery stages in 160~320°K and 
320~470°K. The latter may correspond to the hardenings seen in specimens 
irradiated at ambient temperature. The defects responsible for the harden­
ing may be small cluster of interstitials formed by movement of some defe­
cts in these stages. But we can not identify them at present. 

According to observations 13 J by electron microscope the defects produced 
by ambient temperature irradiation up to 1019 nvt C>l MeV) do not pro­
duce any image contrast. So we may surmise that the size of defects may 
be as small as:Sl0 A. 

The iron containing large amount of carbon produces larger hardening 
than the pure iron as shown in Fig. 6. And the activation energy of the 
process of hardening is about 0. 8 eV from Fig. 9. which is nearly equal to 
that of diffusion of carbon atoms. From these evidences we may deduce 
that the hardening is caused by the complex defects composed of interstitial 
clusters combined with carbon atoms. The rapid recovery of the hardening 
in the stage near 300°C in Fig. 8 may be due to the dissociation of carbon 
from the complex clusters 12 J. 

The interpretation for the temperature dependence of yield stresses of 
irradiated single crystals shown in Fig. ll is as follows; low temperature 
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irradiated specimen shows softening of yield stress caused by interaction of 
dispersed interstitials with screw dislocation, the softening is recovered in 
the specimen annealed up to 200°K, where interstitials were disappeared by 
meeting to vacancies or forming small cluster of interstitials. The clusters, 
then, grow to larger one by migration of clusters at 100°C and cause har­
dening, which is weak and temperature dependent since the cluster is rather 
small size and not stable in the interaction with dislocation. However the 
clusters may be grown to larger one and stabilized combining with carbon 
atoms near 100°C, and form firm obstacles against the movement of screw 
dislcations which result in the tempereture independent type hardening as 
shown in iron containing large amount of carbon. 
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