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ABSTRACT ’: lcific activity, and the afterheat. These and
'Analyses have been made for different struc-’: -I'other associatgd quantities determine .the im-
‘tural alloys proposed for the International | :pact of‘.a fusion reacftor on the environment
Thermonuclear Experimental Reactor (ITER). : land dfec1de the requirements for th? safe
Candidate alloys include austenitic steels | joperation f’f thf" reactor_ and the safe disposal
stabilized with nickel (NiSS) or manganese : :Of the radicactive materials.
(MnSS).  The radioactivity, the decay heat, | Activation level and type in a neutron
and the waste disposal ratir!g of each alloy : jirradiated material depend on the constituent
have been calculated for the inboard shield of lelements of the material, the neutron spect-
the ITER design option utilizing water cooled lrum, and the exposure time. As a results, it
solid breeder blanket. The results show, for : |has been suggested that materials could be
the 55 cm inboard shield and after 3 MW.yr/m2 , itailored to reduce the impurities aud to sub-
T e atmmetiog v, oF e o ove | | {titute alloyine lemnts  idenvifled us s
much less than that of the NiSS. All the Mpss | | [P2Jor sourse of activation with other benlgn
lor low activation elements that have the simi-
:ltl::ys considered are qualified asrCltahss :gg : :lar alloying effects of the replaced one. For
etter low level waste. Most o e Aiss jexample, Ni could be replaced by Mn, Mo by W,
alloys are not qualified for near surface bur- , land Nb by Ta. -
ial. However, the short term decay heat gen- | |
eration rate for the MnSS is much higher than : : In Austenitic steels, this substitution
‘that of the NiSS. | jof element is rather complex, since the vari-
; | lous alloying elements affect the stability of
INTRODUCTION : jthe austenite phase in different ways. For
[ lexample, Mn is less effective than Ni sta-
Several  structural alloys are under lbilizing the austenite phase. Therefor, one
consideration for f_‘usmn reactors to ‘achieve : Imust add more Mn than the replaced Ni. How-
the prim.ary objective of low activation and ) iever, there is probably a limit on the allow-
Sire tf‘usmn :ysFe;ns. A: op:i;nuné crtl::ieceinft‘;:\s: : :able Mn concentration. It has been reported
'?r:zgigzionmaof?rtl::e’ f::ic;]:cesviroc:\ment. is the ! ithat at concentration above 122, the Mn stabi-
! ) 1 ilizing potency decreases and need to be aug-
;‘1’2: tlhiaf‘itit:nzs :;g?mu:npei:;tuic?dalragfg :2:‘:3’1‘?' : :mented by stronger austenitising elements such
}andg is indust:rially and economically viablit ! ':: Clor N _From t:e metallurgical sFandpolnt,
‘The operational performance 1is measured in : : © .at:.t:er .ls pre erred~ because ?f 1ts higher
. . solubility in Mn and since the increase in C
terms of the material strength; its resistance : jcontent leads to carbide precipitation which
to radlatlof‘ damag.e, corrosion, thermal 1 lincreases the risk of embrittlement and
fatigue, helium embrittlement ete.; and the :reduces corrosion resistance. However, N is
ease of manufacture. Induced activation is : ithe major source of the long lived We
1 lisotope, and 1its concentration should be
: Ilimited. Thus, optimizing the material
composition to fulfill the above mentioned
* gork sx/xg;f)‘cf)‘r:ted ?‘yFthg U.:. Department of :r :requirements, simultaneously, is quite
{ nergy ice of Fusion Energy i i\,nmplex.




turthermore,
material 1i$ '‘due to the combination of the
neutron cross-sections of the constituent
elements of the material and the local neutron
spectrum, the radioactivity of that particular

design to another, and from one location to |
the change of the neutron spectrum. Thus, a 1
material that has minimum activity in a design !
might not perform as well in another design. :
For this reason, one should be cautious
generalizing the activation results of
certain material
other designs. 1

i
Based on the existing data bases, thea{
austenitic stainless steel Type 316 has been-
selected as the primary candidate structural 1
material for ITER. It is important, however,
to consider the use of the low activation
austenitic steels. This paper shows the
‘impact of utilizing some of the proposed low
activation steels in ITER in terms of the
‘'radioactivity, the waste disposal rating
(WDR), and the decay heat.

ALLOYS' COMPOSITIONS

Two groups of stainless steel alloys are

considered; the first is nickel stabilized
steels (NiSS) including PCA, 316SS, and
:3045S. The second group includes several

proposed experimental and commercial manganese
stabilized steels (MnSS). Table 1 shows the
compositions of the alloys used in this work.
The alloys Mn_a, Mn_b, Mn_c, Mn_d, Mn_e, Mn_f,

and Mn_g are ORNL (Oak Ridge National
Laboratory) experimental heats. The PCA has a
imore  detailed chemical <composition that

compositions for the other alloys are not as
comprehensive as that of PCA.

As will be indicated later, Mn isotopes
are responsible for major part of the decay
'heat of all these alloys. The Mn content
{(weight percentage) in NiSS ranges from 1.26%
to 2%. In MnSS, the Mn content ranges from 10%
to 21.13%. On the other hand, the concen-
tration of Ni, which induces long term activa-
tion, ranges from 9.5% to 16%
only two MnSS (AMCR types) contain .26-.7%
Ni. The percentage of C in the NiSS is from
.G05 to .058. All the MnSS alloys, except
AMCR35, contain high carbon content which
varies from .2 to .25%. The AMCR35 alloy
contains .03% C. NiSS alloys contain .007 to
i.01% N, and only two of the MnSS alloys have

in NiSS, and
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because the activation of “a20303132about .055% N. Notice also the absence of Mo

material could vary from one fusion reactor ——{—|

another location in the same design because of-—7—

inTT— T 1
a !

in a particular design L0

:and Nb in the MnSS alloys.

|
:GEOMETRY AND COMPOSITION

! water-cooled solid-breeder {WCSB)

concept, which 1is wused 1in these

is one of the US design options
__1for ITER. In earlier phase of ITER design,
Ithe main machine parameters are 4.04 m major
lradius, 1.4 m minor radius, and 631 MW fusion
lpower, and about 1.1 MW/m2 average neutron

The
iblanket
lcalculations,

—wall loading. The inboard shield thickness is
::1.55 m. The WCSB inboard shield consists of

jthree structural zones followed by one lead
lzone. The outer radius of the inboard first ‘!
lwall (FW) is 2.53 m. Moving inward; the first .
;zone is 1 cm thick and has 70% S5 (stainless
isteel), and 30% H20; the second zone is 32 cm
:thick and has 90% SS, 10% H,0; the third zone
(is 19 cm thick and contains 5% SS and 95%
ITiHD,). The average neutron wall loading on
!the inboard is 1 MW/m°. The WCSB outboard
jpblanket consists of successive layers of
Isteel, water, Be, and Li20 followed by carbon

:reflector and steel shield.

: The neutron flux has been calculated
lusing toroidal cylindrical geometry, in which
'the mutual neutronic coupling between the
Jinboard and outboard blankets is 1included.
ITwo transport calculations have been made, the
(first one uses the above stated inboard compo-
Isition with Type 316SS. Fig. 1 shows the
'average neutron spectrum in the three inboard
jzones for this case. To show the effect of
Ithe neutron spectrum, the second transport
lcalculation has been made such that the second
(inboard zone contains 80% W, 10% 316SS, and
110% Hy0. The neutron spectra in the inboard

:zones of this W-case are shown in Fig. 2.

: The comparison of these two figures shows
lclearly the effect of W on the neutron spec-
:trum and how effective the tungsten is in
jreducing the neutron flux in the third zone.
IBecause the large inelastic cross section of
:H, however, the neutron population in the
ienergy range of 1 keV to 1 MeV has increased
lin both the first and second zones. Conse-
:quently, neutron reactions favoring this
(energy range will increase.

1

| The effect of using different steels on
jthe neutron spectrum is neglected and the two
ineutron fluxes, calculated using 316SS, have
Ibeen used for all other steels in the radio-
:activity calculations. Operation time of 3

jfull power years, yielding 3 MW-yr total

1
}

|
|
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Chemical Composition

Table 1.

AMCR AMCR35 T304p T304r

Mn_f

316585 Mn a Mn b Mn ¢ Mn d e

PCA

Mn_g
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exposure, 1S used.
for the ‘structure only, and are given per cm
'of the blanket vertical length. The computer
codes used in this work are the radioactivity

code RACC3 and the neutron transport code
ONEDANT.
RADIOACTIVITY

Consider first the MnSS alloys, the

| I—
The results shown here areZQSOSlS%SEFe(n,zn),

[
I
|
}

S
i
{
T 7
1
1
I
J

and 58Ni(n,a) ) domxnates the
jactivity in the period from 6 months to 10
lyears after shutdown.
|
' To appreciate the fferences in the

__4short -term activities of the MnSS alloys, Fig.

14 shows the activities of these alloys rela-
ltive to the activity of the Mn_a alloy which
1is also shown. At shutdown, the activities of
lthe MnSS alloys depend on the Mn content and

radicactivities of the alloys in this group, lis dominated by 6Mn(tg =2.6 hr) which is
after reactor shutdown, are shown as a func-—p—t—produced primarily (-~ 88@% by the 55Mn {n,y)
tion of time in Fig. 3. The short- term"T""Trgaction and partly by Fe(n,p), Fe(n d),
activities are of the same magnitude, however,__r____15 Fe (n,t), and 2’Co (n,a) reactions. Up to
after 100 years, the activities of the AMCR lJabout 1 hour, Mn_d, which has the largest Mn
alloy (.7% Ni, .05% N) and the AMCR35 alloy I lcontent (21.13%), has the maximum activity. On
{(.26% Ni, .06% N) are 4400 and 1500 times-»! :the other hand, AMCR (the least Mn content of -

larger than the average activity of the ORNL-»

alloys, respectively. The long-term
activities of the AMCR alloys are largely due

to the ©3Ni (t}=100 yr), which is produced by
the (n,y) reaction with °°Ni (2bundance=3.51)
and the (n,2n) reaction of Ni(abundance=
.91%). The other part of the AMCR alloys
long-term activities is due to V¢ which
generated by the N(n,p) reaction. These
AMCR alloys' activities are, however, much

less than that of the NiSS alloys as discussed
later.

|
|
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) Figure 3
After shutdown radioactivities of the MnSS
alloys.
For the ORNL alloys, the long-term
activities, though very small, depend on _the
contents and are attributed to 3Hn

§t5=3.7 X 105) yr), which is generated by the
Fe(n,d) reaction and the 8% decay of
53Fe(ti=8.5m) which in turn is produced by the
Fe{n,2n) reaction. In all the alloys, the
SFe isotope (t}=2.7 yr; Fe(n,y),

110%), has the minimum act1v1t§ for about 3
:months after shutdown. After °“Mn decays in
jabout 10 hours, _the SuMn isotope (ti=312d;

15%Mn {n,2n) and °"Fe (n,p) reactions) starts
'to dominate the activities of the MnSS alloys
for about 5 years. Tungsten, if present, is
iresponsible for the relative peaks at about 1
day. At that time and for the tungsten-Mn S
|alloys, the 87y isotope (t} ~ 1 day; H
i(n,y) reaction) contributes about 25% to 30%
lof the activities of W-MnSS alloys; Mn_g,
jrichest in W, has the maximum activity.

o
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I

124

0.9

m h d w nm y
0.8 <t—yrm WL uu ™ IT T TIT ll T
P i Tl i Tl
! Time After Shutdown {sec)
Figure 4§

1
|MnSS alloys' activities (left scale) relative
:to Mn_a's activity {right scale).

{

: Consider now the NiSS alloys. The acti-

lvity of the 316SS alloy is shown in Fig. 5

:(rlght scale), and relative to it, the other
jalloys' activities are also plotted (left
iscale). Because the 304 steels have the least

:amount of Mn, Mo, Ni, and have no Nb content,
\they exhibit the minimum of both the short and

tlong terms activities. PCA, richest in most
|
l
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maximum “activity most of the time and is
exceeded only in the time interval from 1 year
to 4 years by tne 304 alloys which have the

[of these element ( Mo, Ni, and Mn), yields the3d3303133start to decrease sharply and after 100 years,

H
'it become two (AMCR alloys) to five (ORNL |
alloys) orders of magnitude less than the NiSS |
lactivities. !

maximum Fe contents. The 304 alloys' activi- ] iy 3
ties transcends that of 316SS at about 1——mgq— |0 1
month after shutdown and for about 10 years. : ! E
121 N ]
|10 1
‘ : ] 31655 ]
B - ‘g; *7 - §£4r
. W S BN F < SN T o % A Ll et Ll s et ol _‘
s o T 103 ———— Mn_,
, — g ks 1o
- -_—16 o] 3
g st ="—| 10" ]
& 5 | ] -
~ 094 : . -
g ] B : 10-4- 1
g 3165S ! E 1
o‘j PCA | ]
--------------- L304p ) 8 m h d wmo y
————— t304r 1 10— ey
| 100 10 18 1 18 i i 100 1
o.'r: | Time After Shutdown (sec)
o B 4w mo ] . Figure 6
0.8 Jrrrm—rrrrme=rrrrier e b IThe activities of MnSS and NiSS alloys
1¢ 10 10 10 10 1 1 10 1 1 lrelative to the 316SS activity.
Time After Shutdown (sec) |
Figure 5 I

The NiSS alloys activities normalized to the
316SS activity (right scale-thick solid line).

At shutdown and for about 1 hour, the
56Mn isotope generates more than_ 30% of the
NiSS alloys' activities. The 2°Fe isotope
produces ~ 50% ( at ~ 1 day after shutdown) to
90% (at 5 years) of the NiSS alloys activi-
ties. At 100 years after shutdown, more than
90% of the giSS alloys' activities is attribu-
ted to the °3Ni isotope.

are
and

Other long-lived isotopes, that
important for the waste disposal rating
contribute to the activities of some of the
NiSS alloys, are 9%Nb (mainly from Nb, and
part%g from Mo), 997¢ (from Mo), e (from N)
and 2°Ni (from Ni). Thus, the presence of N,
Nb, Mo, or N1 will render the materials radio-
active for very long time and is detrimental
in rating the waste of these materials as
.discussed shortly.

If the two groups are compared, Fig. 6,
we find that the average activity of the MnSS
alloys is factor of 3-4 larger than the aver-
age activity of the NiSS alloys for about 1
hour after shut down. After that, the rela-
tive difference decreases and at 1 day after
shutdown the MnSS activities are about the
same or slightly larger than the NiSS activi-
ties. After 1 day and for about 6 years, the
MnSS activities remain higher than the NiSS
activities, hereafter the MnSS activities

o o0 s SR A e e mm e R e e G e e e e e = e A D G G G S = e e e e = e S S R W e e w e o
-

|
IWASTE DISPOSAL RATING
|

‘ The waste disposal rating of the alloys
jare shown in Table 2. These ratings are
laccording 10CFR61.° The specific activity
lused to evaluate the WDR is equal to the total
jactivity of the 3 zones divided by the sum of
the volumes of the individual zones. To obtain
:the WDR of crushed (compacted) solid waste
imultiply the values in this table by 1.67.

|

[
' Table 2.

WDR

Alloy Class Value Dominant Isotopes

Mna A 2.49 x 1075 Mc(100.9)
Mob A 2.59 x 103 Mc(100.%)
Mnc A 2.38 x 1073 lc(100.%)
Mnd A 2.59 x 1073 Mc(100.8)
Mne A 2.49 x 1072 Mc(100.%)
M f A 2.28 x 1079 Mc(100.8)
Mng A 2.59 x 105 :ﬂc(ioo.z)
AMGR C  0.31 146(73.98), E3n1(25.51), I
AMCR35 C  0.22 63C(86.4%), O3y1(25.51), 51
316S5 GTCC 2.3 SN1(69.6%), Fwa(25. 11},
63Tc(2.5$). 63N1(1.6$). c
PCA  GTCC 4.2 142§§63;§$§9 NI(43.9%),
. NI(1.08), PI7C
T304p GTCC 1.3 53N1(84.0$).5{£C(9.OS). a
23NB(4.5%), ?ﬂxcz.oz), R
T304r GTCC 1.3 9un1(82.92), C(9.1%),
NB(5.4%), 2In1(2.0%), 997¢C
]
: According to the 10CFR61 concentration

jlimits, all the ORNL-MnSS alloys are classi-
:fied as Class A waste. | C, generated by 13(1

:

I




reaction, is the only
the ratings of these alloy.

(n’Y)
isotope to
if the wastes of these alloys are compacted, |
they remain Class A. The fact that the ORNL !
ratings are U4 orders of magnitude less than '
the maximum 1limit of Class A,
these alloys to meet the low level waste (LLW) !}

Class C 1limits or better with reasonable—%——-
amounts of impurities.

Even

!
I
Because of the higher Ni and C contents :

contrxbutlng29303162

l
!
!
|
I
would allow ——i—qy

debtiniial s daniad oo daand od paiiu

in the MnSS-AMCR alloys, the radiocactive—
wastes of these alloys, uncompacted
compacted, are classified as ClLass C.
dominant 1so%opes 1n the ratings of the AMCR
alloys are ' 'C and 63yi. On the other hand, |
the WDR of all the NiSS alloys are greater-»{
than Class C (GTCC) and.according to the pre--»
sent regulations, these alloys are unqualified |
for shallow land burial unless the irradiation !
time is reduced or waste dilution is allowed.
Nickel, an essential alloying element in the
NiSS steels, contributes 44% (in PCA) to 8iU%
«{in t304p) to the WDR of these steels. Sub-
!stantial part of the WDR of the NiSS steels is
Edue to N, Nb, and Mo. It is possible, how-
‘ever, for some of the NiSS alloys, e.g. 304SS,
to meet Class C limit, if the inboard shield
is mixed with the outboard blanket.

DECAY HEAT

Modified by the decay energies of the
different isotopes, the profiles of the decay
lheat generaticn rate (DHGR) resemble that of
the activities profiles. The DHGRz of differ-
ent alloys, normalized to the DHGR of the
3168S, are shown in Fig. 7. Also shown in
this figure are the DHGRs of W/316SS and
W/Mn_a cases using the tungsten-3165S flux
mentioned earlier. At shut down, the rate of
heat generation in the MnSS alloys is 7 times
that of 316SS and remains so for 1 hours. In
this period, the manganese isotope 56Hn
produces 93% to 97% of the MnSS heat and about
73% to 78% of the NiSS heat. In the W/Mn_a
case, the °°Mn contribution drops to about 41%
iof the heat in the same period. From 1 day to.’
about 3 years, the MnSS DHGRs are 1.5 to 2.5
times that of 316SS heat generation rate. The
54Mn isotope is the dominant heat generator in
the MnSS alloys, more than 97%, and is an
important producer of the NiSS alloys' heat,
about 20% to 40%.

/

/
/
/
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wmo
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'The DHGRs of different MnSS and NiSS alloys
normalized to the 316SS DHGR.

How the material or the system responds
jto such rates of heat generation depends on
ithe design details, and on the boundary and
'the initial conditions. In LOCA (Loss Of
[Coolant  Accident) analysis, for example,
tadiabatic conditions are wusually assumed to
lgive a conservative estimate of the tempera-
jture of the materials. In this case, assuming
lthat the MnSS and the NiSS alloys have similar
:thermal properties, the integration of the
theat generation rates provides reasonable way
'to compare the temperature responses of the
'ditferent alloys. Normalized to the
dntegrated DHGR of the 316SS, the integrated
‘DHGR of the alloys seen in Fig. 7, are shown
'1n Fig. 8. As seen in Fig. 8, the accumulated
meat in the MnSS alloys is 7 to 9 times that
'of' the 316SS for about 3 hours after
:shutdown. After 1 month and for 100 years,
ithe MnSS decay heat is more than twice that of
the 316SS. This large difference in the
accumulated energy, particularly in the first
few hours, indicates that, in the case of
LOCA, the temperature rise in the MnSS alloys
would be much higher than in the NiSS alloys.

IE is interesting to notice that in
TIBER,” there was considerable concern about
the decay heat generated in the W inboard
shield. In Fig. 8, the integrated heat from
the MnSS alloys is even higher than that of
the W cases. However, the use of W with Mn_a
has considerably diminished the accumulated
decay energy in the inboard as seen in both
Figs 7 and 8. This is attributed to the facts
that there are less steel and less low energy
Peutrons in the W-case than in the all-steel
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case.
such as W or B is used to compete for the
thermal* “neutrons with the manganese, the

afterheat of the MnSS alloys could probably be
.comparable to the 316SS afterheat.

104 3

Wem : Wem

'm:nle After Shut.c%orn (sec)
Figure 8
integrated DHGRs of different MnSS and
NiSS alloys normalized to the 316SS integrated
DHGR.

.The

CONCLUSIONS

Activation analyses have been made for
two kinds of austenitic steels, nickel
stabilized and manganese stabilized steels,
after being used in the inboard shield of
ITER. The radioactivity, the WDR, and the
afterheat characteristies of the alloys in
both groups have been discussed and compared.

The results show that the use of the MnSS
alloys, in the inboard shield of ITER,
provides considerable advantages with respect
to the long-term activation problems. Unlike
the NiSS alloys, the radioactive wastes of all
the MnSS alloys considered are qualified for
shallow land burial. However, the large
amount of decay heat produced by the Mn
,isotopes, 1in the first few hours after
‘shutdown, could result in large temperature
rise in the structure in the case of LOCA
unless an active and reliable safety scheme is
employed. The decay heat in the MnSS alloys
could be reduced, however, if high neutron
absorbers are used to diminish the number of
low energy neutrons.
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