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Irradiation embrittlement of A533B steels with low copper contents was investigated
from the point of dose rate and irradiation temperature effects. Changes of neutron flux
in the range from ~10'% to ~10'® n/cm?/s (E>IMeV) did not have a significant effect
on the embrittlement. Irradiation temperature change of 1°C resulted in the transition
temperature shift (AT,iy) of about 1°C and yield stress change (A oy ) of about
0. 8MPa. Factors that might affect the embrittlement of low copper steels are also

discussed.
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1. INTRODUCTION

Irradiation embrittlement of pressure vessel steels is
governed by various factors, such as chemical compositions,
heat treatment conditions, irradiation temperature and neu-
tron flux. Moreover, some of these factors are interactive.
When a steel contains high impurity copper (Cu), embrittle-
ment behavior is strongly dependent on the formation of Cu-
rich precipitates[1-3], including the dose rate dependence.
Japanese modern pressure vessel steels contain very low
concentration Cu and other detrimental impurity atoms like
phosphorus (P), and hence have very low susceptibility to
irradiation embrittlement. In the material with very low Cu
contents, effects of other metallurgical factors or irradia-
tion variables should become discernible[4]. However, irradi-
ation characteristics of low Cu steels (or highly purified

materials in a level of industrial product) is not well

established.
In the present experiment, embrittlement characteristics

of two low Cu steels of A533B with different phosphorus (P)
and sulfur (S) contents were evaluated in terms of effects

of dose, dose rate and irradiation temperature.

2. EXPERIMENTAL PROCEDURE

2.1 Materials

Materials mainly used in the present irradiation
experiments are two kinds of MnMoNi steels (A533B), which are
hereinafter referred to as L and M. Both materials were
produced as thick plates (thickness: 200 mm). The alloy L is
of a very low impurity material for an industrial product

(P:0.003, Cu:0.02, S:0.003 in wt%). The alloy M is of slight-
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ly higher impurity material (P:0.006, Cu:0.03, $:0.014). In
particular, M contains higher manganese {Mn) to adjust to

increased S level, and hence contains larger amount of MnS

inclusions. Chemical compositions and heat treatment condi-

tions are shown in Tables 1 and 2, respectively. Micro-

structure of these materials consists of bainitic structure.

2.2 Irradiation

- Neutron irradiations were conducted in Japan Materials
Testing Reactor (JMTR) to fluences to ~2x10"® and
~2x10%*®°n/cm?® (E>1MeV) at temperatures of 260, 275 and 290°C.
Two different dose rates were adopted at 290°C irradiation

one at -1x10*®n/cm?/s (E>1MeV), which irradiation was
conducted at a second aluminum reflector regicn, and the
other at ~0.5-1x10%3n/cm?/s (E>1MeV), which irradiation was
conducted at a second beryllium reflector region of JMTR
core. Irradiation at positions of different neutron flux
inevitably induced the change of neutron spectrum. However,
the spectrum difference in the present experiment was not
considered to be large to cause significant spectral ef-
fect. Both of neutron spectra in position A (higher dose
rate) and B (lower dose rate) are shown in Fig.l. Parameters

relating to the neutron energy spectral are as follows:

parameter Position A Position B

(higher flux) (lower flux)

thermal/fast neutron flux ratio -8 ~18

dpa/fast fluence ratio, cm® 2.16x10" =% 2.46x10— =1
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2.3 Mechanical property tests

After irradiation, Charpy impact, tensile and hardness
tests were performed. Specimens were machined from the
quarter thickness portion (1/4T) of the plate. The notch
orientation of Charpy specimens were T-L in the ASTM designa-
tion. Procedures for Charpy test and specimen preparation
were in accordance with JIS-B7722 and JIS Z2202 (standard
10x10x55 mm> size), respectively. Tensile specimens had
dimensions of 4 mm in diameter and 22 mm in gauge length.
Vickers hardness (DPH) measurements were conducted using the

brittle fractured Charpy specimens.

3. RESULTS AND DISCUSSION
3.1 Dose and dose rate effects on Charpy impact properties

Both of the alloy L and M are low copper steels, and
also contents of impurity atoms which are detrimental to
radiation embrittlement are small. Therefore, irradiation
embrittlement is expected to be very small. For example,
predicted shift of transition temperature (ATa15) after
irradiation to 2x101®°n/cm? (E>1MeV) by prediction equations

[5,6] are as follows:

Predicted shift
US R.G.1.99 Rev.2 [5] JEAC 4201[6]

Alloy L: 13.2°C 14.2°C
Alloy M: 13.2°C 20.7°C
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In the upper shelf region, The alloy M shows lower
toughness owing to the increased number density of MnS.

Fig.2 shows the absorbed energy transition curves after
irradiation to -~1x10*® and -2x101°n/cm® (E>1MeV) at
290°C.(*) Fig.3 shows the Charpy shift (AT415) as a
function of dpa (displacement per atom). At lower dose,
the alloy M shows larger shift than L. However, the shift of
I. becomes larger after irradiation to -2x10*®n/cm? (E>1MeV).
shift itself is much larger than expected.

For dose rate dependence, almost no effect is observed
for the alloy L. By contrast, M seems to be more embrittled
by lower dose rate irradiation (by about 12°C shift by one

order change of dose rate).

Hardness test results shows almost the same tendency
with the Charpy test results, i.e. only the alloy M shows the
slight difference of irradiation induced hardening by chang-
ing the dose rate (see Fig.4). However, the difference is
small as compared to the magnitude of scatter band. So,
one can conclude from the hardness measurements that dose

rate dependence is weak in the dose rate range tested for

both materials.

3.2 Irradiation temperature dependence

Fig.5 (a) and (b) shows temperature dependence of
irradiation effects. Fig.5(a) shows the transition tempera-
ture shift caused by irradiation to -2x10*® n/cm® (E>1MeV)

as a function of irradiation temperature. In the temperature

(*) Data on Charpy impact tests as well as other mechanical

tests are attached to Appendices of this report.



JAERI-Research 94-015

range from 260°C to 290°C, as the irradiation temperature
decreases by 1°C, transition temperature shift increases by
1°C for both alloys L and M.

Fig.5(b) shows the irradiation induced yield stress
increase as a function of irradiation temperature. Irradia-
tion temperature change of 1°C results in a yield stress
change of about 0.8MPa. Almost the same temperature depend-

ence is observed for both alloys.

3.3 Anomalousness of embrittlement characteristics

The present experiment showed the anomalous embrittle-
ment characteristics of the alloy L, which was caused in
spite of the low impurity content material. Key observation
for this anomalousness may be the very high ratio of transi-
tion temperature shift versus irradiation hardening. Usually
the shift of transition temperature is proportional to the

degree of hardening:
ATa 10 = a*AC_ .
¥

Here, the coefficient « lies in the range from ~0.45 to

~0.85 [7].

Fig.6 shows the ratio of ATa15/ADPH (=p) together with
various IAEA steels (IAEA coordinated research program Phase
I, JAERI contribution [8]) as a function of initial transi-
tion temperature. Most of the steels have p value of 1.7£0.7,
while that of L is about 6. It is clear that high p value of
the alloy L makes the transition temperature shift larger
than that of M, in spite of the smaller increase in yield

stress or hardness than M. In addition, unexpected embrit-
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tlement sometimes observed for high purity steels seems to be
related with high § value. Fig.7 compares the measured shift
(ATa 15 ) with the predicted value by JEAC 4201 for the IAEA
low copper materials. Although chemical compositions of these
materials are similar, measured shifts are widely scattered.
Microstructures are alsc almost identical,i.e., both steels
have a bainitic structure with carbides of M=C and M=C.
Reason for producing difference in irradiation characteris-
ties isg not clear, but would be related with the fine scale
microstructural difference. For example, morphology and
density of M=C carbides are different among these materials.
Fig.8 shows the carbides extracted onto the carbon replica
films. Fine needle-like particles of M=z=C are observed in
high density for the alloy JPI. By contrast, high B materials
{L and JPJ) contain larger M=C in less density. This tenden-
cy is more distinct for the alloy L. The reason for produc-
ing high p value is unknown at the present stage. We can say
at least that this embrittlement is not related with inter-
granular brittleness, nor with some strain rate dependent
phenomena. The former was confirmed by SEM observation of
fracture surface, and the latter was examined by the analysis
of instrumented Charpy test data. It may be related with the
nano-scale microstructural change which is related with the
strengthening mechanism of low alloy steels like "interaction
solid solution hardening" [9]. Re-distribution of portions of
various strengthening factors during irradiation may have
caused the anomalous mechanical property correlations of the
alloys L and JPJ. Microstructural variables (factors) are
considered to be more important for the purified steels for

the accurate embrittlement prediction.
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4., CONCLUSIONS

Irradiation embrittlement of A533B steels with low
copper contents was investigated from the point of dose rate
and irradiation temperature effects. Conclusions obtained

are:

1. Change of neutron flux in the range from ~1012 to
~10*3 n/cm®/s (E>1MeV) did not have a significant

effect on the embrittlement.

2. Irradiation temperature change of 1°C resulted in the
transition temperature shift (ATa1o) of about 1°C and

yvield stress change (Aoy) of about 0.8MPa.

3. High ratio of transition temperature shift versus irradi-
ation hardening was observed for the very low Cu impurity
alloy L. Microstructural variables become more important
to give an accurate prediction of irradiation embrittle-

ment for low Cu steels.
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Table t Chemical composition of the materials used. (wtk)

Alloy C Si Mn P S Ni Cr Cu Co Mo Vv N

L 0.17 0.24 1.39 0.003 0.003 0.60 0.07 0.02 0.009 0. 46 <0.01 0.0082

M 0.21 0.29 1.44 0.006 0.014 0.65 0.03 0.03 0.009 0.51 <0.01 0. 0096

Table 2 Material specification used for the irradiation experiment.

1) Material
A533 Gr.B cl. 1, Production form: plate 200 mm'

2) Heat treatment
Alloy L: Alloy M:
Normalizing 970C x 7. 0h (AC) Normalizing 920C x 7.0h (AC)
Tempering 660°C x 7. 0h (AC) Tempering 660°C x 7.0h (AC)
Quenching 900C x 7. 0h (WQ) Quenching 800°C x 7.0h (WQ)
Tempering 660C x 5. 0h (AC) Tempering 660C x 5.0h (AC)
SR 600°C x 25h (%) SR 600C x Z5h (%)

{(%¥) Heating and cooling rate 50C/h max.

3) Microstructure
bainite




JAERI-Research 94-015

(218J 2s0p JomO[) § puUe (91T 3sOp JAydry) y suoylisod JoJ ®vJioads A310UD UOIINAN

(A2) A3xouyg uoIINAN

g0 (0T 40T 0T 40T O (001 01 O OF =0l 01 501
LRSI N4 13010 1 10 1 1 i O
S -
|- m —
- .
= -

— i =
- m.. L =0Tl
N | 918l 0oSop Iamo] Jo uonisod B}

- .m -

- | @RI 9sop 1oy3y jo uonisod -
= H_ =401

LN i
it

- 4 ! —
= H e .
= | =
— m HﬁOﬂ
= < ={ei01
T 1 T 11 01 1 W X T Y

1814

(1S,.u0) ASreyzel Jmun Iod Xnjq



Absorbed energy (J)

Absorbed energy (J)

JAERI-Research 94-015

300 e e———pr—ty 0 v 0 ]
L 290C ¢ :~102 ‘ |
O :Un:rradmted B

250 A :Irradmted 10:10 n/cm’ :

v :Irrad)ated 131101 n/cm2

200 A -—~-‘-:Irrad1ated 1311{)19 n/cm’ & 1
2 4 :Irradiated 16):10 n/cm’ v :
1 H ; v 1

O o 1
Ty ]
100} Y =
°g vX

711 ] S s o A ,,,,,, T e i e E
i ! ; A : ]
R« o _ ]

R50 -100 -50 0 50 100 150 200
. Test Temperature (°C)

300 e ,
M 290 C @ : ~1012

250 e} :Un;irradiated?w O
4 A :Irréadiated Q.le() 11.('5:1]12
b v lrradiated  15x10 a/em? ]

200 A :Irr;adiated 1.0x10 l:n’t:m2
: v :Irriadiated 18x1!}1 n/t‘:m2 ]

150} % — ;

8
N |

BOF oy R RN AN . S e S SO
| &%&& ]
F g o . . L R ]

-950 -100 -50 0 50 100 150 200

Test Temperature (°C)

Fig.2 Absorbed energy transition curves before and after irradiation

to 1x10'% and 2%10'° n/cm® (E>1MeV} at 290°C for the alloys

L and M



Charpy shift (AT41J, C)

Hardness increase (ADPH)

JAERI-Research 94-015

100 - dose rate

L O ~2.5E-8 dpals =
1 ® ~2E-9 Lo
80 . ........ R s N
an O ~26E-8 dpa/s - .
M M —2E9. I A

40

101 100 101 102

Neutron dose (mdpa)

Fig.3 Charpy shift (ATsi;) as a fuaction of dose (dpa).

40 P A : :
’”25E-8 dpa/s

E YO

30}

m0.

0 : R P
10-1 100 107

Neutron dose (mdpa)

Fig.4 Hardness increase {ADPH) as a functien of dose {dpa).



JAERI-Research 94-015

120

100
17T/1C

T
Vi

Ta1s shift (C)
g

40 - '
® 1.8.21 x 101%
20 i O 1518 x 10*
M z3.28 x 10!°
[0 1314 x 16*%n/cm! (E>1MeV}

250 260 270 280 290 300
Irradiation temperature ()

100 -
{b) §
A ~-0.8 MPa/T
\O
P 40} : e
!
<]
2 - 26 1 1019n/em?, E>1MeV
950 260 270 280 290 300

Irradiation temperature (T)

Fig.5 Effects of irradiation temperature on {a) transition
temperature shift and (b) vield stress increase,
after irradiation to ~2x10"° n/cm® (E>IMeV).



Charpy shift (AT41J)

Hardness increase (ADPH)

JAERI-Research 94-015

10
I
8
6l OL
| PUIL
T )

Transition temperature before irradiation (T)

Fig.68 Ratio of ATe1y/ADPH (=38} for the alloys L, M
and the [AEA heavy section steels.

<Charpy T41J shift>

100

" Low copper steels " JRQS

o =] ®
=] = =

Measured value (C)

b2
=]

00 . 20 4.0 60 80 100
Predicted value by JEAC 4201 (T)

Fig.7 Comparison of measured and predicted Charpy
Teyry shift.



JAERI-Research 94-015

Fig.8 Carbide distribution for the alloy L (a,b), JPJ {c,d} and
JPI (e, f} observed by TEM for carbon extraction replicas.
Large ones are M:C and others M.C.
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Table A-1 Charpy impact test results-1

533 Gr.B CL. 1,

Material L

Irradiation Condition

Material Irradiation Estimated Estimated 41J Transition
conditicn Temperature fluence flux tenperature
°C n/cn’ nécmz/s °C
E>1MeV¥ > Me¥
as received — — — -61.5
irradiated 290+2 .o x 10'® | 5 2x10*° -55
_______ G4
irradiated 290+ 2 1.2-1.4x10°% | 6.2-7.3 -48
,,,,,,, (534h) |
irradiated 29042 1.3 x 10'° 6. 8x10"" -6
,,,,,,, (s30thd | e
irradiated 29072 1.5-1.7x10'° | 7.9-8.9 -4
_______ (5301 |
irradiated 290=8 1.6 x t0'? 8. 5x10'® 1
(525h>
____________________ | ISUSSUUNSSRS WSRO SRR EERRESSE AR
irradiated 280+ 10 1.9-2.2x10°° | 1.0-1.2 1
(525h) xig'?
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Table A-2 Charpy impact test results-2

533 Gr.B Cl. 1,

Material M

Irradiation Condition

Material [rradiation Estimated Estimated 41J Transition
condition Temperature fluenge flux temperature
T z C
Moy | ST

as received — — — ~41.2
irradiated 290 0.8-0.9X10'* | 4.2-4.7 -20

_______ (534h) | A ]
irradiated 290 .5 x 10'® 7, 8x10*" -15

______ (5840 |
irradiated 290 %2 [.0-1.1x10"° | 5.2-5.8 -2

_______ (5301 | X
irradiated 2902 1.8 x 10*° g. 4x10*° 8

_______ (5301h> |
irradiated 294+ 4 1.2-1. 4X10'° | 6.3-7.4 -11

_______ (5250) X ]
irradiated 2007 2.4 X 19'° i.8x10"? 1

(525h)
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Table A-3 Charpy impact test results-3

(Temperature

533 Gr.B Cl. 1.

effect)
Material L

Irradiation Condition

Material [rradiation Estimated Estimated 41F Transition
condition Temperature fluence flux temperature
°C n/cm’ n/cm®/s °C
E>[MeV >iMe¥
as received — — -~ -68
irradiated 2759%5 1.5-1.6x10'* ] 7.9 - 8.4 20
______ (520h) | b
irradiated 275+5 1.8-1.9x10*° | 9.5 10.0 21
,,,,,, (5200 | X
irradiated 2605 1.7-1.8x10'% | 8.9- 9.4 29
_______ (6300) | et
irradiated 260 =10 2.0-2.2x10%° 1 10.5-11.5 35
(530h) x10'?
533 Gr.B Cl.1, HKaterial X
Irradiation Condition
Material [rradiation Estimated Estimated 41) Transition
condition Temperature fluence flux temperature
C n/cm® nécmz/s °C
E> [ Me¥ > Me¥
as received - — - -40
irradiated 275%3 .25 - 1.4 6.6 - 7.4 16
______ (620h) Lot X1t
irradiated 275%5 2.25 x10'° 11. 8 18
,,,,,, Gagwy | ]
irradiated 2603 1.35 - 1.45 | 7.1 - 7.6 20
_______ (5300 | Xt w0t
irradiated 26010 2.6 x 10'° 13. 6 39
(530h) xi0*?
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Table A-30 Vickers hardness test data sheef-!

Material : 5333 G6r.B Cl. 1
Heat : L
Material condition: as received

compents

Tests performed at: Load 10kgf

by:  Vickers Hardness Tester JAERI (JPDR Labo.) (" 94.2)

Measurement # Vickers hardness
1 183
2 184
3 181
4 184
H 186
6 182
7 185 Average 186
8 190
9 185 o 5
10 179
I 192
12 195
13 188
14 186
15 185
16 190
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Table A-31
Material 533 Gr.B Cl. 1
Heat L
Material condition: Irradiated

comments

[rradiation Capsule

Vickers hardness test data sheet-2

JMTR G0M-3A

¢~1012

Tests performed at:

Load 10kgf

Vickers hardness tester

by: Tokai Hot Laboratory (" 92.  Hot Labo #319)
Specimen Hardness test
Specimen :Irradiation YEst1mated Measurement | Hardness
nunber : Temperature uence #
: () xlg n/cm
L24 i 290 0,10 L 186. 1
; 2 194. 3 average
3 189. 8 190. 6
4 193.9 o
5] 188.7 3.1
L27 1 290 0.13 1 182. 3
: 2 188.1 average
3 182.7 187. 1
4 193.4 o
5 189. 2 4.2
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Table A-32 Vickers hardness test data sheet-3

Material 533 Gr.B C1. 1
Heat L
Material condition: [rradiated

conments Irradiation Capsule JMTR 89M-44 ¢~10"°
Tests performed at: Load 10kgf Vickers hardness tester
by: Tokai Hot Laboratory (' 92.  Hot Labo #220)
Specimen Hardness test
Specimen ! Irradiation gEstimated Measurement | Hardness
number gTempﬁiifure ;xflgggigmz ¥
. ! B)lHeV
L2 i 298 L6 1 203.5
: 2 194. 7 average
3 189. 4 195.6
4 193. 8 o
5 196. 6 4.6
L5 | 295-a 2.0 1 194. 7
| 2 199. 0 average
3 194. 3 196. 3
4 194. 3 o
5 199. 4 2.3
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Table A-33 Vickers hardness test data sheet-4

Material 533 Gr.B Cl1. 1
Heat L
Material condition: [rradiated

comments [rradiation Capsule INTR 89M-5A $~10""
Tests performed at: Load 10kgf Vickers hardness tester
by: Tokai Hot Laboratory ("92.  Hot Labo #400)
Specimen Hardness test
Specimen ?Irradiation éEstimated Measurement | Hardness
number iTemperature | fl?gnce . #
i (e g XI8>1ﬁé%m
L4 | 292-a L3 L 190. 7
| 2 189. 5 average
3 197. 3 192. 8
4 197. 3 o
) 189.4 3.7
Ly 290 1.7 1 197. 4
; 2 191.7 average
3 191. 2 195.5
4 201.7 o
5 195.7 3.9
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Table A-34 Vickers hardness.test data sheet-h

Material : 533 Gr.B CL. 1
Heat : X
Material condition: as received

comments

Tests performed at: Load 10kgf

by: Vickers Hardness Tester JAERI (JPDR Labo.) (" 94.2)

Measurement # Vickers hardness
l 183
2 187
3 205
4 196
5] 130
6 185
7 203 Average 191
8 196
9 201 o 7.5
10 180
[1 185
12 192
13 188
14 186
15 184
16 191




Table A-35 Vickers hardness test data sheet-6

JAERI-Research 94-015

Material 533 Gr.B CL. 1
Heat ¥
Material condition: Irradiated

comments

Irradiation Capsule

JHTR 90X-3A

¢~1012

Tests performed at:

Load 10kgf Vickers hardness tester

by: Tokai Hot Laboratory ("92. Hot Labo #319)
Specimen Hardness test
Specimen §Irradiation EEstimated Measurement | Hardness
number ETemperature | fl$§nce , 4
: (c) §X18>lﬁé%m
22 i 290 0.08 ! 193. 2
: 2 199.1 average
3 191. 8 197.5
4 200. 3 o
5 203.2 4.3
N2 290 0. 15 [ 196. 6
1 2 197.5 average
3 196. 2 198. 0
4 199. 1 o
5 200. 7 1.7
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Table A-36 Vickers hardness test data sheet-7

Material 533 Gr.B Cl. 1
Heat L
Material condition: [rradiated
comments Irradiation Capsule JHTR 89M-4A o ~10"°
Tests performed at: Load 10kgf Vickers hardness tester
by: Tokai Hot Laboratory ('92. Hot Labo #220)
Specimen Hardness test
Specimen ?Irradiation | Estimated | Measurement | Hardness
number iTempﬁi?;ure Ex{lgggigmz £
: § E>IMeV
N7 290 L2 L 202. 4

; 2 202. 5 average
3 208. 4 204. 6
4 206. 7 o
5 202.8 2.5

W 295 2.4 1 209. 1

| 2 208.1 average
3 205. 8 208.9
4 203. 8 o
5 204.3 2.1
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Table A-37 Vickers hardness test data sheet-8

Material ;533 6r.B Cl. 1
Heat : L
Material condition: [rradiated
comments - Irradiation Capsule JMTR 89M-54 ¢~10""°

Tests performed at: Load [{kgf Vickers hardness tester

by: Tokai Mot Laboratory (" 92.  Hot Labo #401)

Specimen Hardness test
Specimen fIrradiation rEstlmated Measurement | Hardness
number : Temperature | luence #
: (c) { xl%) lécm
Ng . 290 LI 1 210.6
: | 2 206. 0 average
3 207. 2 209.4
4 212. 0 o
5 2110 2.3
M4 L 290 L8 1 209. 9
: | 2 211.9 average
3 208.9 211. 4
4 208. 7 o
5 217. 4 3.2
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Table A-38 Vickers hardness test data sheet-9

Material 533 Gr.B Cl1. 1
Heat L
Material condition: Irradiated

conments

[rradiation Capsule

JHTR 91X-3A

¢~1013

Tests performed at:

Load 10kgf

' Vickers hardness tester

by: Tokai Hot Laboratory (' 92.  Hot Labo #426)
Specimen Hardness test
Specimen ' Irradiation ' Bstimated ¥easurement | Hardness
number ;Temperature E flggnce . #
(¢ §X18>1ﬁé%m

L65 259x2 1. 70 1 201. 1
2 208, 7 average
3 209. 1 203.9
4 199. 0 o
5 208.5 4.1

L68 262+£2 2.02 l 212.1
2 209. 2 average
3 208.°1 209. 8
4 209. 9 o
5] 209. 5 1.3

L72 267=%3 2. 571 1 207. 1
2 208. 8 average
3 210.5 208.8
4 207.7 o
5 209.7 1.2
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Tabie A-39 Vickers hardness test data sheet-10

Material 533 Gr.B Ci. 1
Heat L
Material condition: [rradiated

conments

Irradiation Capsule

JETR 91M-4A ¢~10"°

Tests performed at:

Load [0kgf

Vickers hardness tester

by: Tokai Hot Laboratory (" 92. Hot Labo #428)
Specimen Hardness test
Specimen ' [rradiation ‘Estlmated Measurement | Hardness
number : Temperature @ fluence #
(c) xlg n/cm

L78 273 149 1 202.7
2 202.3 average
3 204.7 201.3
4 198.2 o
b 198. 6 2.5

L80 270 1. 91 1 207.0
2 212. 1 average
3 205. 8 209. 4
4 212. 1 a
2 210. 1 2.6

L82 2802 2.24 1 215. 9
2 230.4 average
3 224.7 217.5
4 211.5 o
5 205. 2 9.0
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Table A-40 Vickers hardness test data sheet-11

Material 533 Gr.B Cl.1
Heat : ¥
Material condition: I[rradiated

comments

Irradiation Capsule

JHTR 91M-3A

¢~1013

Tests performed at: Load 10kgf

Vickers hardness tester

by: Tokai Hot Laboratory (" 92. Hot Labo #426)
Specimen Hardness test
Specimen | Irradiation i Estimated | Neasyrement | Hardness
number | Temperature ; fl?gnce . #
R 1 i
N63 2592 | .44 l 218.2
2 216.0 average
3 216.2 216.3
4 217.3 o
5 214. 0 1.4
N70 2601 .61 1 214.7
2 217.0 average
3 214.7 215.5
4 218. 1 o
) 213.2 1.8
¥64 253*2 2.59 1 229. 6
2 221.0 average
3 215. 4 221.6
4 225.8 o}
5 220.2 3.9




JAERI-Research 94-015

Table A-41 Vickers hardness test data sheet-1%

¥aterial 533 Gr.B ClL. 1
Heat X
¥aterial condition: Irradiated

comments

Irradiation Capsule

JHTR 91M-44A

¢~1013

Tests performed at:

Load 1Qkgf

Vickers hardness tester

by: Tokai Hot Laboratory (' 92. Hot Labo #428)
Specimen Hardness test
Specimen | Irradiation | Estimated | Measurement | Hardness
number gTemp?;?;ure gxflgggjgmz ¥
; 8>1MeV

M76 275 1. 19 1 217.3
2 211. 1 average
3 210.5 209.8
4 212. 7 o
6] 197. 4 6.6

M78 275 1.4 l 206. 7
2 207. 1 average
3 206.0 208.9
4 210. 4 a
5 214. 4 3.1

N73 270 2. 26 1 211. 2
2 216. 6 average
3 212.7 216. 1
4 222.5 a
5 217.5 4.0




