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ABSTRACT

Study of some binay and temary alloys of Fe-C-Mn type were
periormed to understand the mechanism of radiation hardening and

embrittiement in nuclear reactor low-carbon pressure vessei steeis,

Results of static tensile tests showed the substantial effect of carbon
and manganese contents, Carbon, resp. pearlite content in alloys, increases
the resistance against radiation damage during irradiation at 80 to 100 deg
C, while manganese content higher than 0,5 to 1.0 weight per cent
decreases this resistance,

"Supersaturation" connected with the decrease of vield strength, was
observed in iron and Fe-C type alloys at neutron doses higher than
5x101° /cmz.

Influence of the initial yield strength value upon its increase during
irradiation has been showr. for low-carbon cteel with various heat-treatment

™ v

or various cold work wvalue,
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Radiation damagie in low-carbon pressure vessel steels has been
intensively studied for more than last 15 years especially for their importance
in safe operation of the whole nuclear power plant. By this time we have
very comprehensive coilection of various results of radiation damage in this
type of steels, but only in last several years some partial studies of the
explanation of damage mechanism, especially physical and mechanical
property change and of the effect of steel structure and composition has

ensay c:.aﬂﬁd.

R Y

This paper tries to explain some of the basic problems which
substantially can influence the sensjbility of low-carbon sweis w ine
radiation damage. The study has been aimed to the isolation of the effect
of carbon and manganese cortents, first of all, as carbon and manganese
are elements which determine mechanical properties and structure of this

 type <f steels in significant manner, Mechanical properties of these alloys

depend also on other variables; thus the study of the influence of initial
stage of material were performed, too, For the first part of this study,
Fe-C-Vin type alloys, as repmsentétive alloys for low-carbon steels, were

used, while commercial steel for the A-~l1 reactor was used for the second

part of the experimental program,

The results of this study can be divided into three sections: (1) effect
of neutron dose and saturation effect, (2) effect of carbon and manganese
contents, (3) role of initial stage of material. As the conclusion the model
for radiation nardening in Fe-C-Mn type alloys is proposed,

Experimental detalls

Materials
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ingots was approximately 3 kg, Specimens were machined from forged rods
and then heai treated in vacuum at\_‘QOO C(1652 F )~1 hr * 650 C
(1202 F ) - 1 hr with cooling in vacuum furmace, Chemical composition of
all heats and their basic mechanical properties are summarized in Tab, 1
and 2, Solid solution nitrggen content was determined according to the
results of Shozo et al / 1 | as 15 to 20 whppm, Grain size in all heats
is very similar in diameter, approximately ASTM 6 to 8 grade, Microstructure
of alloys depends on chemical composition; some of alloys have pu;'e
ferritic structure ( pure iron and Fe-Mn type alioys ), other have ferrite ~
pearlitic type ( Fe-C and Fe-C-Mn type alloye ) and one alloy (XM has
‘almost eutectoidal one, Then the influence of carbon and manganese
contents can be studied separately in binary alloys and similarly the
combined effect of both elements in temary alloys, first of all in "diagonal"
of contents between O % (C+Mn) and O.35 % C + 1.8 % Mn, as it is seen

in Fig, 1

Low carbon steels, used in second part of this research programme,
were prepared by the same technology, as for the A-l pressure vessel,
l.e, a= €SN 13030,9 Ni, Al+ Ti modified steel, Parent material and welding
joints were studied; their chemical composition and initial mechanical
properties are summarized in Tab. 3,

Mecheanical Testing

Static tensile, microhardness and impact properties were measured,
For static tension tests two typesof specimens were used ~ specimens
with diameter 1,2 mm for Instron tensile machine { strain rate 7x10  sec t )
end with diameter 1 nun for Mi 34 Chevenard type machine ( strain rate
%107 sec™? ), all tests were pertormed at 20 C ( 68 F ), Strecs-strain
diagrams were evaluated with the use of digital computer to determine

several parameters, first of all parameters of Petch law according to
Cottrells / 2 | extrapolation method,

For impact tests, "hot cell" type specimens were used, with diameter
5 mm and 30 mm length with circumferential 1 mm deep V-notch with 60-~deg
angle and 0,25 mm bottom radius, Transition tcmperature increase has been
datermined from 3 kgmjm® fracture tougrness, which is very near to the
O4 criterion,

Microhardness was measured by Hanemann method with 20 g
load.

Irradiations

Irradiations were performed partially in the Institute of Nuclear Research
' 8 2 .
lnﬁeinearpragu.in\NR-Sreactoruptothedoses.zxiol njcm® at

,wsaotomoc(:?stozmF)mdpamanymthemsutu:eof

2
Atomic Energy in Moscow in SMreactoruptothedoses.bc:lo /cm

‘at temperatures 160 to 180 C ( 320 to 356 F ). All doses, mentioned in

tmspap_er,meenneutronswithenergyhlgherﬁmlm.
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E neulron dose and saturation effect

For iron and pressué vessel steels several relations for yield
sh!ngthhcmasehavebeendéﬁved.Asthesimplerebﬁonswihllz or
1/3 root dependence are not valid in whole dose interval, Makin /3]
pmpos‘dfoncwhgm:ptesslod,basedmﬂmeideamusahraﬁmeﬁectnﬁg)n
take place at higher irrediation doses : '

1y
aoy = 4[1-8.exp(°c'¢t)] (1)

wharve A, B, C are constants,
gt is neutron dose,

Blewitt [ 4 | used improved calculations of de Wit / 5 / and Foreman
/Gllottheacttvwmsh'essofmsacaasourcemdtomdforme

vield strength value of copper :

oy -A(B,*B,ﬁ)% Zn .(A:ﬁb-ﬂ—- B . (2)
where A, B'r th B are M
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This expression involves not only saturation effect but also effect of
some "supersaturation”, Last one is caused by the shortening of mean
distance between zones below some critical value and must be expressed
as “softening", Le. by lowering of yield strength value. From equation (2)
it is very difficult to determine some simple relation for yield strength
increase, it is clear that the exact value of exponent must fall, as neutron
dose s rised, |

For b.c.c. metals, including our experimental iron alloys, according
tc the Johnson s | 7 /| interpretation of Petch law, we can suppose that
above mentioned equation (2) is valid only for "friction" stress, 9 . Only
for high doses, higher than approximately 101° njcm>, it is possible to use
approximation as

gy = Oy (3)

as the second part of Petch law, Le. kyd  , is falling down to the zero;
accuracy of this apprcximation is better than 10 %. Dossibility of this

approximation is illustrated in Fig, 2, wherevalues for lower yield strength,
gy » friction stress, J

, and 5 % flow stress, 05 , are sketched
together, )

The "saturation" dose is than given as

expLZ (B"l"fnﬁ__] - (4)

B,

(¢t )sat

and for pure iron, according to tie experimental results, calculated value
is 6x10%° n/cmz, which is very close to experimental one, which has been
found as 4x13° nfem®. Both these values are in a good agreement with
calculations of Beeler | 8 |/ or experiments of Bement [/ 9 [ and McRickard
/ 10 |, Supposing the parameter B, characterizes the eficiency of neutron
bombardment, i.e. number of zones, produced by one neutron In ccm, then
parametr B - represents initial density of precipitates and other similar
defects, detennlning vield strength value. Bryner [ 11 / observed that B,

for irradiated Iron is equal to 5.6x10 which is approximately by three or
-four orders smaller, than theoretical value from simple hard sphere model

cak:uhhaxs.&thememdastancebetweenhnomsatsaumﬁonzom
1sequalto (B,88,.Pteg:) -

-
L '2{3[4‘17'8:(#)‘4] } , (20)

thers this distonce for iron lies between 00 and 900 A , which is at least
tenﬁmesmger‘&nnﬂ)emmmdm.

Existence of the "supersaturation" is in the best way illustrated by
FNe—Ctypeaﬂoys,&sisseenhF‘ig.&hcwasehoarbmcMcauses
ﬂmedecxeaseo(sahraﬁmdoseandﬂmemompmneed”m*m
supereaturation region. Process of softening, observed in yleld strength
changes, does not influence plasticity properties. Both elongations -hoaogenas
uuitotalndea-easedwiﬂmhigherneumndosesasthelﬂglmmn&dim
of zones ( nonhomogenities in material ) must cause smaller elongation in
spedmemHighercmtentofpeaﬂitemancyscmxseshrgerweldsmgﬂx
decreasedmng @asahtaﬂmﬂnstactshowsﬁ\edm:haﬁlgmleo(
pe&ﬂbmhseﬁec&&:hmhulalmlarsharpyleldwdlophos
not been observed., During Irradiation not only ferrite, but peariite is
damagedtoo.DamGgeMEerritecausesitshatdenlr@andthehalow
soﬂenhgmmesupersahmaﬁonregimmﬂmecommry,damagelnpoaﬂib
(wrﬁch!sver;b.a.ndandbﬁtﬂephasemwymdmstishw
yieldsu-engmvame)cancauseonlymesoaernngofusptmbyu
accelerateduﬁgraﬁmolpohudefectsazdcamonabms.somdmem
boundaries ( between ferrite and cemantite ) must change from sharp form
to the diffusion type which results in yield strength decrease. In the same
wayatsmwondosememdlmmmaenms(mdmrw
of defects ) §s smaller than 1000 A which is much less than the
thickness of peerilte lamelias - ussmall'distanceuzd.ugheorm
otwmmmwm

For - Jower neutron doses ferrite Ils the dominant factor, which results
in the increase of vield strength ( or stress 77 ) valus, For high doses,

both effects take place together. Attheugh.stdoses.wh

mmm,mmm,sog-mmmmmm
role in final result,




This combined effect of both phases is also confirmed by the
microhardness changes, as is seen in Fig. 4, Microhardness of ferrite shows
increasing tendency, at least up to the neutron dose of 5x1018 n/cm2
! range of measureme:its ) but nicronardness of pearlite first goes through
lncal minimum, caused probably by the misration of point defects ( vacancies)
to the phase boundaries, and then appears rapid tendency to saturation at

the values, lower than initial ones,

Mangarese, as substitute atom in solid solution, czuse! only alloy
atoms to the nitrosen and carbon atoms [ 12 | and point defects probably
creates complexes of theze manganese atons with carbon or nitrocen atoms
or point defects, This effect is pronounced only for manganese contents
higher than approximately 0,3 wt. %, as for lower contents” most of
manganese atons are not free ( are joined to carbon or nitrogen atoms )
and only excess manganes2 atoms are able to create avove mentioned
complexes, which substantially enlarge vyield strength increase, This.
assumption is also based on the Lizer microhardness increase in manganese
alloyed ferrite than in pure ferrite, which shows to the same additional
process of hardenin:, dependent on manganese presence. As Fe=Nin type
alloys are only one phase type { of ferritic -structure ) tendency to the
saturation and oversaturation is very similar to the hehaviour of pure iron;
only some tendency to the increase of saturation dose for higher manganesze
content has becri observed, as not all point defects and manganese atoms
took place in the zone formation ( because of some formation of comnplzxes
with manganese atoms ), so their diameters are smaller and their elficiency

in yield strength increase is lower,

In Fe-C-Mn type alloys both effects take place together, s0 allovs
with higher carbori content and lower manganese content (XL) show
saturation c'use to 5x10:lg n/cmz, otrer allovs, especially with higher
manganese f"ontent, are not saturated up to this neutron docze and their
calculated values are close or higher than 10° n/c:m2 This situation is
similar-to the irradiation effectz in pressure vessel steels, for which tﬁe
safuration dose has not yet been observed, it seem:; that all alloying
elémants, as Mn, €7, Ni atc,, or imp.writies, as P, € etc,, increase the
saturation dose to higher values, as the mechanism of radiation démage
bacomas more complex,

Effect of carbon and manganese content

Tensile properties

Results, discussed iIn previous chapter, have shown the substantial
influence of carbon and manganeée content on the radiation damage value
in Fe-C-Mn type alloys, as it is seen in Fig. 5. For lower irrediation doses
at 8C .to 100 C, changes in friction stress, 7 , are be'tar representative
for radiation damage mechanism  than yield strength increase, Decreasing
tendency of the friction stress change with increasing carbon content in

 iron alloys also shows to the fact that the most hardenable phase in this

type of alloys is ferrite only and that pearlite cannot practically participate
in radiation hardening., Proof of this assumption can be also seen in slopes
value of curves ior Fe-C type alloys; these slopes are almost independent
on neutron dose, "Softening" role of pearlite at these neutton doses has
not yet been pronounced, as the concentration of zones and defects is low
in relation to the dlmnsims of pearlite lamellas. Friction stress increase
is then directly proportional only to the ferrite comtent in. auoy and to the
neutron dose,

Manganese perceptibly influences friction stress increase in contents
higher than approximately O.5 wt%, as for alloy Fe-0,3 Mn no positive
effect of manganese has been observed. lndependem:y on manganese content
for the lowest dose can depend on the fact” that manganese atoms are not
vet active for complex creaﬂon, as the radiation induced damage is not
vet so large to ovemumber substantially the initial concentration of defects.
The Influence of manganesc content is raised with the dose increase, If the
manganesa content is. higher, the probability of complex creation ( Le.
cyeation of complexes of manganese atoms with carbon, nitrogen atoms or
point defects ) is higher. ’I‘I'nse complexes cause largs increase in ylold
strength or friction stress, A thelr plnnmgofdmlocaucns.

M-»Mtypeanoysar comonodbycarbonwwu(i.e.bymu
conm-)dlmrdosos for higher doses the influence of mangonsse
bocomsmonlmpoﬂant.ﬂothdbdsmamnndammdh

vlrﬂcﬁmmwmsmWhapmManmmd
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Alloy XO, with lower manzanese content in co..parison with diagonal alloys,
has shown lower friction stress increase, as the carbon effect is higher

than manganese one,

Hicher irradiation temperatures { 160 to 180 C ) bave caused very
similar depeidence, as it can be seen in Fig, 3 and better in Mg, 6,
Maximun damage value in Fe=C type alloys can be observed at carbon
content about C,10-0,15 wk %; vield strength increase is higher than for pure
iron., Only at higher carbon contents the suppressing ecffect of carbon is
i local maximum could be caused by the precipitation of
metastable £ -carbides, as Damask ei al, [13/ observed in iron at this

temnperature range, Tese coarbides cause an extra hardening of ferrite, as

it is cbserved especially in alloy XB, The effect of hardening by € -carbides

cannot be observable in pure iron, as there are not cny sufficient sources

of suitable curbon in pure ferrite { as, on the contrary, acts pearlite phase
in Fe- type alloys ). For higher carbon content the ferrite content in

alloy is lower, so lower is the ferrite hardenins by € -carbi_de precipitation,
and lower is the vield strength increase in a.lloys,. because pearlite is not

effective in this process,

Behaviour of Fe=l\in type alloys is not different from that in lower

irradiation temperatures, as only one pnase =~ ferritic - alloys are present,

Radiation damage in Fe<C~NMn type alloys is influenced by manganese
content, preférably, only for alloy XO vield strength increasc is determined -
by low carbon ccntent as simultaneously manganese content in alloy is
relatively small, Different behaviour has been observed in vield strength
increasa in alloy X, which is difficult to explain - but the microstructure
of this alloy =~ large pearlitic blocks surrounded by chains of fine ferritic
grains must play important role, As the ferrite content is smazll then in this
case pearlitic phase must be hardened, too, probably by the precipriiation
of manganese carbides, similar to € ~carbides in iron.

Parameter ky is decreasing with neutron dose increase, for all
types of alloys. In Fe-C type alloys decrease of this paramcier, as it is
seen in Fig, 5, for doses up té 5x10'1'8 rx/c:m2 is approximatel s of the same
order - into O.8 to 1.0x10° C.G.C. units, while for Fe=Mn type alloys this
decrease is much sharper, especially for alloys with manganese content

- 10 =

higher than 1 wt, %; after the same dose parameter %y has decreased to
O.ix 107 C.G.S units, Fe-C-Vin type alloys also show decreasing tendency
in ky , similar to the superposition of both binary alloys. Large decrease
of ky to the low values demonstrate that the behaviour of grain and phacse
boundaries is influenced by irradiation, especially by the creation of
complexes of manganese atoms with point defects and carbon or nitrogen
atoms, as for Fe=iin type alloys this decrease is the most strong one.

Low values of k, indicate full exhaustion of carbon and nitrogen atoms
from solid solution { according to f14/ ) and inanganese atoms this process

accelerate.

Impact properties

For studied alloys, radiation embritlement, as defined by trénsition
temperature increase from impact notch tests, must be based on the simila:
mechanism, as radiation hardening. Specinens for these tests were
irradiated only by one dose ( at 80 to 100 C ), so it has not been possible
to study neutron dose effect.

Transition temperature increase in Fe~C type alloys, as is shown in
Fig, 7., depends on the ferrite content by the same way, as for tensile
properties,. The decrease of ferrite content in alloy has caused suppresing
of the sensitivity to the radiation embrittle:nent, Then ferrite must be, as in
previous case, the most sensitive phase of alloy and is most embrittled by
irradiation, Pearlite is much more brittle in the initial stage ( which results
in higher initial transition temperature wvalue ) than ferrite, thus radiation
danage cannot cause any large changes in properties, as in ferrite is
done,

Fe~Vin type alloys with manganese content higher than 1 wt.% have
shown strohg sensitivity to the radiation embrittiement which must be caused
by the same reason, as for yield strength increase, Behaviour of Fe-C-Mn
type alloys, lying in "diagonal" of comtents, is very similar to each other;
difference beiween individual alloys is very small ( less than £ 5 C ),

Thi=e results are in a good agreomont with several works with low carbon

steels, for which transition temperatun increase is pracﬂcally !nd-pondnnt
mmmmwcmmmmmotomx. Semew. & higher value for

alloyxsmcausadbyhlghermmmgmeeonhrtlnnbumtohcarbon
contont,butthtsvnlucisnotahovnryhrtmm&nothorvdm,
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Role of initial stage of material

In equation (2) parameter B, represents the initial concentration of all

types of defects which can 'mﬂueice the friction stress value in alloys,
Detailed calculations and comparison of the friction stress increase with the
vahie of Bl has not shown amr strong depehdence on this parameter for

all types of alloys; much more iauportant microstructure and type of alloy has
been discovered. This effect of the initial stage takes place especially in
the case when one type of alloy or steel ( or group of very similar steels)
is chosen and studied, Only in this event different initial conicentration of
defects, caused either by cold work or by heat and technological treatments,

are dominant factors for radiation damage value,

Simplifying equation (2), first approximation can be written as

oz & A(B*B,-9t)” < L(N,*N;, )" (5)

Then it can be shown for low irradiation doses the dominant role for
friction stress value plays initial concentration of defects, N_; for high
neutron doses becomes more important concentration of radiation induced
defects,N, . For small irradiation doses, it B, > Bz.cpt , - N_ > N
It Is possible to write ( neglecting higher order terms )

ir!

“ AN GE) | (6)

which means that for friction or vyield strength increase we can find
. . ) Ngs '
AT; =40y = A N, % ()

As the friction stress value for emall values of “Nl is proportional to the
sqmremotolwualcmcmtraumotdnbcts,l.e.toN% , then |t is
possible to rewrite the expression (7) as |

12 -
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ad; = Ao = Aoy ) (8)

which is wvalid for low neutron doses, For higher doses this dependence
becomes more complicated and exponent is decreasing to the zero, Results,
summarized in Fig, 8, illustrate well this situation, In part "a" several different
heats and welding joints of CSN 13030.9 Ni, Al+ Ti steel were studied,

For lower dose, 6,1x101°
dose, i.xlOlg n['cmz, exponent n is decreasing io G,6 with tendency w e
independent on the initlal yield strength value for very high doses, This
effect means steel with higher initial yield strength wvalue is hardened by
irradiation in a smaller degree, than steel with lower initial yield strength,

/cm this exponent is near to one, for higher

Part "b" In the same figure represents the -nasmfs from irradiated
specimens of the same steel with different initial cold work value, i.e. with
initial -dislocation density. Similar results, as for the part "a", are shown;
only changes in exponent are smaler as the neutron doses are lower.

This situation can be illustrated by curves in Fig. 1, as the higher initial
cold work value caused increase in initial yield strength 'value, but the
higher part of curve and final value at saturation dose must be the same |
( as this is the characteristic = property of material ), thus the inerease of
vield strength must be proportionally smaller,

Model of radiation hardening in Fe-C-Mn type alloys

The changes in stress-strain diagram of tensile test due to radiation
hardening can be divided into several steps;, differing in the rate of changes
of separate parameters, This procedure cannct be based only on the

changes of parameters in Peich law ( g7 and ky ) but other parameters,
as strength coefﬁcient K and strain hardening exponent n from Ludwig s
law (= Ke" ) must be taken into account, Only then coneclusions ”
concerning the form of stress-etrain diagram and Liders sfrain value can
be made, In principle, radiation hardening can be discussed In four stages,

‘aslsseeninvﬁg. 9,




Stage "a" can be observed for very low doses, approximately of 1015

to 1010 n/cmz, where local maximum of ky with neglecting increase in
stress  d is caused by irradiation. Only the initial part of diagram Iis
changed, following the increase of Liiders strain value, As the parameter
K and exponent n are not changed, post-Liiders parts of diagrem are
coinciding, Change In defects concentration, induced by irradiation, is
negligible to be able to restrict the Liders strain propagation through the
specimen, similarly as atoms, pinning the dislocations, dre in the pre -

irradiation location,

Stage "b" occurs at neutron doses around 1018 n/cmz, where friction
stress is increasing but without any large change in pavameter kY « As
value of strain exponent n is decreasing similarly to the decrease of
coefficient K, thus decrease in the slope of diagram and iricrease in

Liders strain are the results of both processes.

At the doses around 3 to 5x101% n/cm2 stage "c" appears. This
stage is characterized by continued increase in friction stress with
simultaneous decrease in parameter ky . For these doses parameter K
shows small increase but the exponent n is continuously decreasing.

As a result the slope of stress-strain curve is almost kept without change,
but Lilders strain value begins to decrease, In this dose region the stress
necessary for propagation of dislocations through specimen is so high '

{ due to the increase in friction stress as a result of irradiation induced
concentration of defects ) that slip does not appear’ only in one group of
planes,' but starts simultaneously in more groups., This so called "turbulent”
slip appears ( on the contrary to the wﬁrradiated stage ) just after Liuders
band propagdion has finished,

For doses higher than 5x1018 n/cm2 stage "d" can be observed,

In this stagé friction stress is still continuously increasing but parameter

kY strongly falls to zero value. At the same time decrease in exponentn

continues and parameter K begins to decrease, too., In consequence of
both these changes slope of stress-strain curve'is decreasing further,
Result of all effects is expressed In the disappearing of Liders strain and
physical vield point, For these doses it is possible to suppose the
concentration of obstacles is so high as to suppress free propagation 6f
Liiders strain and this high concentration causes enhanced migretion’ of

- 14 -

.carbon and nitrogen atoms out of dislocations (and creating obstacles far

from them) so that the vield point can disappear ( for doses higher than
1x10nfcm?).

All these conclusions are valid especially for pure iron, without any
exceptions, For other type of alloys there can be some differences caused
by dif'erent milrostructure and by carbon and manganese presence in

alloys,

Conclusions

Results of the radiation damage study {( at 80 to 100 C ) in binary
and termary Fe-C-Mn type alloys show some effects; the most important ones
are : '

- radiation damage in this type of alloys results in hardening and
embrittlement; hardening is expressed especially by lncrease of friction
stress and yield strength, and by decrease of parameter ky .
Embrittlement causes elongation decrease and transition temperature
increase ( based on impact tests )

-~ radiation damage saturated at doses higher than 1019 n/z‘:m2 and then
"supersah;ration" region has been observed for severa! types of alloys,
especially for Fe-C~ type, "Supersaturation" is characterized by "softening"
in strength properties, l.e, by yield strength decrease, without any
increase in elongation | : |

~ this type of alloys has strong structural sensitivity o radiation damage :
-structure influence predominates over the free carbon and nitrogen content
effect

- for the same type of alloys or steels radiation damage value is dependent
on the initial concentration of obstacles, i.e. on the initial yield strength
value

-~ radiation damage value Is strongly dependent on the carbon and
manganese content in alloys

= influence of carbon content is expressed by the ferrite content in alloys,

As the ferrite is the predominently hardensble phase, with the decrease

- 15 -
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ot forrite content in alloys radislicss domaze is decreased oo, Pearlite
influences radiation damage vaiwe ecpecially in the '"supersaturation®

region due to softening of phase boundaries

- manganese atoms create complexes with carbon or ritrogen atoms or point

defects during irradiation and thus substantially enlarge radiation
hardening and embrittlement

~ increase of irradiation temperature up to 160 to 180 C causes enlarged
hardening in alivys with ~ca 0,10 to 0,15 % C, because in this
temperaiure range additicnal hardening by precipitation of € - carbides

appears; this process can take place only in tr= pearlite presence

- on the basis of the changes of individual parameters, found out during
tensile tests, model for radiation hardening of Fe-CalMih type alloys has

bceon proposed.
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Tab, 1. Composition of the %q&gﬁﬂfﬂ—oﬁw

Analysis, wt, per cent

c Mn si P s Cr Ni Mo Cu
XP «~Fe 0,02 - 008 0001 0010 003 004 O -
XB - Fe-0,15 C O.15 0,08 0,02 0,018 0,028 0,08 0,04 o 0,08
XC - Fe-(325 C 027 010 005 0,002 0,009 0,03 0,04 o -
) XD - Fe-040 C | 039 007 Q05 0005 0,012 G003 0,03 o _
- XE - Fe-Q,3 Mn 001 028 001 0002 0,010 0,03 0,03 o -
) XH - Fe-LO Mn | 001 105 Q02 0006 0025 GO03 005 O 0,06
XI -~ Feal25 Mn . ,. 001 427 001 0,003 0,010 O3 0,04 o -
X0 -~ Fe-Q1 C -0,3 Mn 0,08 0,27 0,07 0002 0,016 004 0,07 o 0,08
XX -~ F-0Q,1 C -0,7 Mn 0,12 ‘0,66 Q01 0,003 0,011 O 0,05 o -
XS «Fo-0.1C - 12 Mn 006 1,25 0,01 O0011 0,024 QO3 0,05 o 0,07
XL = Fe-0,2 C - 0,8 Mn G20 085 0,01 0,001 0,010 0,05 0,05 O 0,01
XM ¢ Fe-0,3 C - 1.8 Mn Q3¢ 1.83 00t 0002 0010 003 0,05 o 0,01
R - ) e
Tab, 2, Properties cf the experimental alloyss at room temperature
.Wmoﬁq o MW_«“H»_@M Elongation Friction r« MM”MMMMM_ ure
Alloy Strength Strength 10 x D m:_.mmm ( Impact )
kg/ mm? kg / um? ‘ % kg / mm? CeGreSelle deg C
XP ~ Fe 14,3 26,8 34,2 8,2 1.6x10° - 48
XB = FRFe-0,15 C 27,0 37,6 31,7 16,3 1.4 + 12
XC - Fe-025 C 17,9 39,7 28,6 16,7 0,3 + 33
._... XD =~ Fe-040 C 21,0 43,7 24,2 18,0 - * 62
© XE = FesO3 Mn 17,3 27,2 33,2 12,5 1.1 + 72
' XH &~ Fe=-1,0 Mn 16,5 31,0 31,0 12,6 1,0 - 50
XI -~ Fe=l,25 Mn 19,2 33.3 30,4 12,5 1.4 - 40
X0 =~ Fe=Q1C-0,3Mn 20,4 33,6 31,3 14,3 1,0 -
XX - Fe-0,1C-0,7Mn 19,5 35,1 32,0 11,9 1.4 - 24
XS « PFe-=Q1C-1,2Mn 22,6 37.2 29,0 14,3 1.4 - 48
XL -~ Fe-Q2C-0,8Mn 22,8 42,8 27,1 19,7 0,6 - 25
XM <« Fe~0,3C~1,8Mn 39,6% 69,4 15,4 - - + 12
¥ - Q2 % offset yield strength




Tab, 3, Composition and properties of €SN 1303Q,9 Ni, Al+T: steel
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Fig, 1. Grre.phxca.l reprebentdtxon of carbon and manganese content in
experimental heats.

Fig, 2. Dependence of friction stress ¢ , lower vield stress iy  and

5 per cent flow stress J§  on neutron dose for iron {XP),

irradiated at 80 to 100 C ano 160 to 190 C.

Fig. 3. Changes in yield .strength value as a function of neutron dose
for Fe-C, Fe-Mn, and Fe-CaMn type alloys irradiated at 160 to
190 C,

Fig, 4. Microhardness value of ferrite and pearlit.e as a function of
neutron dose for Fe-C and [Re~Mn type allcys irradiated at 80
to 100 C,

Fig. 5. Changes in friction stress 0; and ky wvalues as a function
of elements content for Fe-C, Fe-Mn, and Fe-C-Mn type alloys,
irradiated at 80 to 100 C

1 - 1,39x10%8 njem? 2 ~ 2,41x10® nfem®

3 - 3.41x10%® njem® 4 -~ 523x20%° nfem”

Fig. 6, Changes In vield strength value as a function of elements ~ontent
for Fe-C, Fe-Mn, and Fe~C-Mn type alloys, irradiated with several
neutrorn doses at 160 to 190 C

1 - 0,78x10%? njem® 2~ 1, 55x1019 nfem

3 - 3,43x10%% nfem?® 4 - 511x10'? njem®

2

transition temperatures as a furiction of elements content

g, 7, Change= in

for Pe<C, Fe—M:n, and Fe-C~lVin type auoys after neutron irradiation

' to404x1018 n/cm at 80 to 100 C,

Fig{a. Changes in yleld strength increase as a function of its initial

values for CSN 13030,9 steel after neutron irradiation at 80 to
100 C.
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Fig. 9.

neutron dosesz as a result of radiation hardening.

Changes in stress-strain curves for iron irradiated to various

[21M] INFINOD 3SINVONVW

01

Sl

0z

N

CONTENT [wT ]

=
»

-0 &

3

T

-




’- Fe-C Fe - Mn
-

50 50 + X 50 -
i ./'/o

40 40 yd 40 - ~

N
o

YIELD STRENGTH INCREASE [kp/wm]
3 S

i L l 0 | l I 1 |
3 4 5xi0" 0 1 2 3 4 50"
NEUTRON ~EXPOSURE  [n/em® > 1MaV]

FiG. 3
100 i r 1 | 1 .—' - I Y T T T T : T r T ' |
" ‘ . : i
- . -
~— 50 — =
£ | T
¢ = -/X// ; . { ~
e/ _-_.___,._._——/-_——:’X;/
& /A’"/
75} — ]
- ! 6&.7 |
10 | ~
b G,
l J A - J. L i 11 l 1 { i l .
10" 5«10 10" 50*

NEUTRON EXPOSURE [n/emt > 1MeV]

FIG. 2

RSO




] T I T 1 ; T 1 T J" T T \ T . . | T T 4
a0 , 2 ..BH il | ]
1) o ) 3 ﬂw«..l... ‘ , . .
& W0 BT »...M.u TR T 2.3 , o
hl | 1 B 1 e S R I »\: | R L I .4 )
. fe-C Fe ~Mn Fe-C-Mn
w’ T T T T LI R B 4. T T T T T T — - —
&30t 30+ 30+ -
N | + .
1] B . -
R [ , - :
S B ]
2 0 T8 |
- lﬂ/ /nr/. b a i
m s /4/ —— -
//b/./.qll.. 3 U
P | - / " R
S - 1 .
m i o//o B . | ig
5 o, o Q5 10 15 20%My

| ¢+ 11 A 1 N
10 M 01 02 Q03 04%C
ELEMENTS CONTENT m. <S.N..\ |

0 07 d2 03 0i%C 0

FIG. o

| jAw.w_wm._:_j e BN e s e j]__..H..P_A. .W

w __Tm e &\ GRS

M ' 1T fp T\ 19

- . \\ 3

./, A\ | 2

CE ‘/ IR - o A\ / 4m

_. & v(./ | X u/ | & %,r -

| [% \ -@ / 1 b ow /// den KX =
S Ny || M s // g m_
B %...\\ | [¢ "z, 1 [ e /.r/. ,, h

M .N\\ .% _ Ry
y/2nn lin IR
_P__v\m\r_____ _b______.fr ___r_bhtrro_wuLO
g § 8 g 8 2 8

[ ] SSINGEVHOHIIW NNYWINVH




CEm—————————

. T T 0 i | — R 1] 1 A 1 | T | T ¥ ] -
.m_. Fo-C Fe - Mn Fe-C~Mn 7
3 100\ 100 -+ 100 -
o , 1 L
2
W i -
S | [

m 50 50 A~ 4 50- v — @ /,4
T T ]
M . ~
R . e 4+ 4 | e
= Q —t + - —— Q F G I S T S Y SR N S S NN O @u ﬂ.-Q ﬂ.“ N.Qa}
0 01 02 03 04%CO 05 10%Mn G 0f 02 Q3. 04%C
" ELEMENTS CONTENT [wT %]
FIG. #

,';ill-‘l;li e —— —

B T T T T T T Aﬂ. N B B S N B B RO T ] | . .. — L l
Fe-C Fa-Mn \ Fe--C-Mn 4/
- gT 4 : ) -
3
50 | 50+ \\ | n
o ot | \\ -
IW:hQ 40 -+ \ . \M\ —
=l A Y S 1
Y Y B

g0 30-- \ g i -
S - y : | .
m 20 8%9\\0 —~
M 10 10 -+ -

Q :
Q L L L 1 Q PO NN U KON T S W S A S ' Q . Q__.u ﬂb | A-M ngxx\v

0 01 g2 03 04%C 0 a5 1024 Mn | M Q@2 03 04xnC

: | | ELEMENT CONTENT [WT %]
FIG. 6




694

NIVLS
— T s q_ |
.@_
..mm () ._@ -F
m@ . Y .
) s 3P \.u\\ ()
0P 03— w v P =" e~ |
=l T
W3 |

(9)

S, —— AT RS FPATTAT SONEA R VIR
40 M _ . 1 20 A L ] T
M | ....Im, 30
_, N3
o=
|
M 20
z
2
S.
Q
v
>
10 ,
20 30 40 50 20 30 40 50
INITIAL YIELD STRENGTH [kp/meit] INITIAL YIELD STRENGTH [ip/ven]







