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FURTHER OBSERVATIONS ON A533-B STEEL PLATE TAILORED
FOR IMPROVED RADIATION EMBRITTLEMENT RESISTANCE

INTRODUCTION

It has been shown conclusively that residual copper and phosphorus impurities in
low-alloy structural steels are highly detrimental to nuclear radiation embrittlement resist-
ance, The adverse effects of these elements on postirradiation notch ductility behavior
was first isclated with small (300-1b) laboratory melts of A302-B steel using split melt
procedures and selective impurity additions [1]. The melts further indicated the possibil-
ity for greatly improved radiation resistance by minimizing selected impurities in steel;
high-purity laboratory-melt casts showed practically nil sensitivity to moderate neutron
exposures (~ 3 X 1019 n/ecm2 > 1 MeV) at normal reactor vessel service temperatures
(~ 550°F, or ~ 288°C). To confirm both findings for improving nuclear steelmaking, a
commercial-scale (30-ton) demonstration melt of A533-B steel was ordered from Lukens
Steel Company to ASTM Specifications but also to NRI, supplemental requirements which
limited copper, phosphorus, and other impurities of concern [2}. The melt-processing
plan again called for a split melt procedure (Fig. 1) whereby a critical test of the copper
effect on radiation resistance could be made. Results of the initial radiation assessment
of the melt have been reported [2]. The demonstration test fully confirmed the labora-
tory findings, including the detrimental effect of copper on 550°F (288°C) radiation
resistance. The present report presents the results of more recent, detailed evaluations of
melt performance and of the copper contribution to apparent radiation sensitivity.

The present set of investigations focused on (a) the temperature dependence of the
copper influence, (b) postirradiation heat treatment (annealing) response versus copper
content, (c) the high-fluence capabilities of the primary melt composition (low copper),
and (d) Charpy-V (C,) performance relative to dynamic tear (DT) performance for low-
temperature (< 450°F, < 121°C) and elevated-temperature (~ 550°F, ~ 288°C) radiation
exposures.

MATERIALS

Extensive documentation of the fabrication, heat treatment, and properties of the
four 6-in.-thick plates from the demonstration melt is provided in Ref. 2. For this report
it is sufficient to note that plate sections A and B were secured from the low-copper
(0.08% Cu) ingot 1 and that plate sections C and D were obtained from the copper-
modified (0.13% Cu) ingot 2 (Fig. 1). All plate sections received a double-quench, temper
and thermal-stress relief heat treatment sequence typical of that of plates forming welded
nuclear-reactor pressure vessels. The heat treatment histories of the Class 1 plate sections
A and C were identical; those of the Class 2 plate sections B and D were also identical
but different from those of sections A and C.

3
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Fig, 1 — Schematic pian for processing the spe.
cial commercial heat of A533-B steel for radia-
tion sensitivity studies [ 2]

Chemical composition determinations for ingots 1 and 2 gave the following:

Cu C Mn Si Ni Mo P N3

Ingot 1 4.03 0.17 1.22 0.19 0.58 0.50 0.008 0.008
Ingot 2 0.13 0.17 1.21 0.20 0.56 0.50 0.008 6.007

SPECIMENS

Postirradiation notch ductility investigations involved standard C, specimens and 5/8&
in.-thick DT specimens {MIL-STD-1601 (SHIPS)). The C_ specimens were otiented in the
longitudinal (LT, RW}) test direction except for O vs DT postirradiation comparisons, for
which the transverse {TL, WR} test orientation was emploved. Postirradiation strength
changes were determined using either 0.252-in. diameter or 0.226-in. diameter by 1.250-
in.-gage length tensile specimens.

INVESTIGATION 1: TEMPERATURE DEPENDENCE
OF THE COPPER EFFECT

Initial evaluations of the demoustration melt involved a simultaneous iyradiation of
€, specimens from the four plate sections (A, B, C, D) at 550°F {288°C) to a fluence of
2.4 X 1019 nfem? > 1 MeV (@5, calculated neutron-spectrum fiuence} Resultant C, 30
ft-Ib transition temperature increases were 40°F (22°C) and 65°F {36°C) for the 0. 03%
Cu plate sections A and B respectively and 140°F (78°C) and 125°F (69°C) far the
0.13% Cu plate sections C and D respectively [2]. The objective of the present
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investigation was to determine relative differences in embrittlement behavior as a function
of copper content at successively lower irradiation temperatures and thereby broaden
knowledge of the copper contribution and basic postirradiation trends for low-copper
material.

Since comparable irradiation responses were originally observed for Class 1 versus

Class 2 plates of a given copper content, this investigation proceeded with the two Class 1
nlatoac Aanlv (r\'l-;nh:x A with 0.03% Cu and Plate C with 0.1 ao, r‘n\ The jrradiation axneri-

plates only (plate A with 0.03% Cu and Plate C with The irradiation experi
ment was designed to expose three groups of C_ specimens (both plates, random array)
at 370, 440, and 500°F (188, 227, and 260°C) to a fluence of 2.0 to 2.3 X 101? n/cm?
> 1 MeV. Results for individual as-irradiated conditions are compared in Fig. 2. The
upper graph pertains to the 0.03% Cu plate; the lower graph pertains to the 0.13% Cu
plate.

The data permit several significant observations:

® For a given irradiation temperature the 30 fi-1b transition temperature increase is
consistently less for the 0.03% Cu plate than fo 0.13% Cu plate. Accordingly, a
benefit to radiation performance can be derived from a low copper content for a broad

range of exposure temperatures below 550°F (288°C).

® A progressive decrease in irradiation effect above 370°F (188°C) is indicated for
the 0.03% Cu plate but not for the 0.13% Cu plate. An equivalent irradiation effect is
shown for 370°F (188°C) and 440°F (227°C) irradiation conditions for the 0.18% Cu
plate. For the 0.03% Cu plate the small difference in irradiation effect between these two
irradiation conditions is considered significant because of their fluence difference.

® Irradiation response of both plates was most sensitive to irradiation temperature
in the temperature interval 440°F to 500°F (227 to 260°C). From findings of the present
study versus the original study the irradiation response of both plates would not appear
especially dependent on irradiation temperature in the range of 500 to 550°F (260 to
288°C). A fluence difference of 2.0 versus 2.4 X 1019 njem2 > 1 MeV is noted for the
500 vs 550°F (260 vs 288°C) exposure conditions.

® The increase in transition temperature with 500°F (260°C) irradiation is only 25%
of that produced by 370°F (188°C) irradiation for the 0.03% Cu plate; however, the cor-
responding difference in transition temperature increase is 50% in the case of the 0.13% Cu
plate.

INVESTIGATION 2: INFLUENCE OF COPPER CONTENT ON
RESPONSE TO POSTIRRADIATION HEAT TREATMENT

The multitemperature irradiation experiment for investigation 1 also provided a
limited number of C, specimens for exploring the influence of copper content on response
to postirradiation heat treatment. Postirradiation heat treatment has been shown highly
effective toward notch ductility recovery (i.e., embrittlement relief) in some cases.

The heat treatment investigated was 650°F (343°C) for 168 hr. The heat treatment
duration was chosen to effect maximum recovery for the heat treatment temperature
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selected based on other studies. Results of the investigation are presented in Fig. 3.
Reference curves for the as-irradiated condition from Fig. 2 are separately identified by
the coded data symbols in parentheses. The following observations can be made:

® Significant recovery was achieved by annealing the 440°F (227°C) imradiated con-
dition but not the 550°F (260°C) irradiated condition for the 0.03% Cu plate. On the
other hand, comparable residual embrittlement in terms of transition temperature eleva-
tion after the anneal is depicted for both irradiated and annealed conditions.

® Significant recovery was achieved by annealing both the 440°F (227°C) and 500°F
(260°C) irradiated conditions of the 0.13% Cu plate. However recovery for the 440°F
(227°C) irradiated condition was approximately twice that for the 500°F (260°C) irradi-
ated condition. A slightly lower residual embrittlement after annealing for the 500°F
(260°C) irradiated condition compared to the 440°F (227°C) irradiation condition is
inferred by the data but may be data scatter (in view of the datum for the 370°F (188°C)
irradiated and annealed condition).

® Residual embrittlement after annealing was significantly greater for the 0.13% Cu
plate than for the 0.03% Cu plate (75 to 80°F vs 25 to 30°F, or 42 to 44°C vs 14 to
17°C).

In a separate experiment, hardness recovery following 550°F (288°C) irradiation was
also explored for the Class 1, 0.03% Cu and 0.13% Cu plates. In this case 1-hour heat
treatments at temperatures from 300 to 1050°F (149 to 566°C) were used. Results are
given in Fig. 4. The increase in hardness by irradiation, as noted, was much greater for
the 0.13% Cu plate than for the 0.08% Cu plate. The trends in recovery indicate that
for both plates the reduction in postirradiation hardness beging when the original irradia-
tion temperature is exceeded and the return to the preirradiation hardness level occurs at
about the same annealing temperature (~ 1025°F, ~ 551°C).

s have shown t tion of copper content {o apparent radia-
tion sensitivity is through a mechanism enhancing the yield strength elevation by irradia-
tion [3,4]. Accordingly a reduction of strength toward preirradiation levels by annealing
is one mode of recovery, as demonstrated by Fig. 4. Of greater importance, however,
the results of Fig. 3 (500°F, 260°C, irradiated condition) and of Fig. 4 demonstrate that
response to annealing is proportional, in part, to the amount of prior radiation hardening
(i.e., yield strength elevation).

-

INVESTIGATION 3: HIGH-FLUENCE ASSESSMENTS

LA L NN AW PRI PN L WL WS VEY | Fa ¥ 1w L

OF PRIMARY MELT COMPOSITION

High-fluence assessments of the Class 1, 0.03% Cu plate were performed to investigate
the full potential of primary melt composition for severe nuclear service applications.
Currently a trend toward much higher end-of-life fluences is apparent in nuclear reactor
vessel applications. The potential of ferritic alloys for high-fluence service in new reactor
systems such as the fast breeder reactor is also of increasing interest. Investigation 3

centered on the irradiation of C, specimens in five experiments in the Advanced Test

. . . o]
Reactor in a water-cooled loop. Irradiations were at 530, 550, and 600°F (277, 288,

and 316°C). Fluences ranged from 1.5 to 6.6 X 1020 nfem2 > 1 MeV. Tensile specimens
were included in one 550°F (288°C) experiment.

5
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Postirradiation C_ performance (Fig, 5) reveals a strong potential of the material for
fluence service, ot least to 2.5 X 1020 n/ecm?2 at the temperatures investigated. For

mple, a fluence of 2.3 X 1020 njecm?2 at 530°F (277°C) did not raise the C, 30 ft-Ib
tran51t10n temperature above 250°F (121°C). Similarly, a fluence of 3.8 X 10§0 n/cm2
at 600°F (316°C) elevated the 30 ft-lb transition to only 320°F (160°C). Relatively high
upper-shelf energy retention is also indicated.

high-
high

Of special interest, radiation embrittlement saturation is not evident in the data for
either 530°F (277°C) or 600°F (316°C) irradiation conditions. Also, unlike observations
at fluences a decade lower (investigation 1), irradiation temperature differences in the
range 530 to 600°F would appear quite significant to notch ductility behavior. Spec1f1—
cally, the difference in transition temperature increase for irradiation at 550°F (288°C) vs
600°F (316°C) (to 2.6 and 3.8 X 1020 njecm? respectively) was somewhat larger than
expected. However, little is known on progressive embrittlement with increasing neutron
exposure at this general fluence level for low-alloy steels.

Postirradiation strength determinations following 550°F (288°C) irradiation to 2.5

1020 p/em? indicated yield strengths of 84.5 ksi at 250°F (121°C), 80.8 ksi at 400°F
(204°C), and 77.8 ksi at 550°F (288°C) (Table 1c), compared to preirradiation values of
64.8 ksi at 75°F (24°C) and 56.8 ksi at 550°F (288°C). The available data describe a
linear relationship between yield strength and temperature for both irradiated and un-
irradiated conditions; more importantly the linear relationship appears essentially un-
changed by irradiation except for the increase in yield strength. Accordingly accurate
projections of yield strength behavior for temperatures in the range 75 to 550°F (24 to
288°C) should be possible from only limited postirradiation data.

Yield strength and C_ upper-shelf performance for the high-fluence condition was
evaluated using Ratio Analysas. Diagram (RAD) procedures [5]. The RAD analysis
indicates capability of the material to retain plastic fracture resistance qualities even in
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thick (6-in.) component sizes after 2.5 X 1020 n/em? at 550°F (288°C). The C, upper-
shelf energy levels described in Fig. & are also noted to be above the minimum level spe-
cified by the AEC (10 CFR 50, Appendix G) for conventional fracture toughness
evaluation.

INVESTIGATION 4: COMPARISON OF C_ vs DT
PERFORMANCE WITH IRRADIATION

Investigation 4 was conducted to compare C_ and DT indications of radiation em-
brittlement for 0.03% Cu and 0.13% Cu melt versions and to test the correlation of the
two test methods themselves for the irradiated condition. The DT test procedure pro-
vides a means for rational interpretation of fracture toughness whereby structural per-
formance can be projected. This structural translation generally is not possible with the
C, test, but an apparent correlation of C, to DT notch toughness has been observed for
some materials [6,7].

Relative upper-shelf degradation and relative transition temperature elevation were
examined. For the latter the irradiation effect was indexed to the midenergy transition
temperature. For the DT test the midenergy transition approximates a yield criterion for
the material: the lowest toughness level which still permits general through-thickness
yielding in the neighborhood of a flaw [8,9].

A geries of experiments involving the simultaneous irradiation of C, and DT specimens
were conducted in the Engineering Test Reactor (ETR) at < 300°F (< 149°C), the Union
Carbide Research Reactor (UCRR) at 550°F (288°C), and the Big Rock Point Power
Reactor (BRPR) at 585°F (307°C). Tensile specimens were included in most experiments.
Test results are summarized in Tables 1a and 1b and are illustrated in Figs. 6 through 9.
Where noted, fluence differences between C, and DT specimens were due to flux gradients
in the experiment.

The aggregate results permit several observations:

® The data give additional verification of the detrimental effect of copper content
on radiation resistance at low and elevated temperatures.

® The radiation-induced elevation in the C, 30 ft-lb transition temperature (ACv
30TT) matches or slightly exceeds the elevation in C, midenergy transition temperature
(.*‘_\.CV B0TT) for each of the exposure temperature conditions used.

® General agreement of AC, 50TT and ADT 50TT with irradiation is indicated.
Differences in actual C, 50TT and actual DT 50TT are on the order of 70 to 130°F (39
to 72°C) after irradiation for all plate sections.

. .0 A reasonable approximation of the percent reduction in DT upper-shelf energy by
irradiation is given by the percent reduction in C, upper-shelf energy (considering the
limited number of upper-shelf data points available).
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TABLE 1a
and DT Notch Ductility Properties of Irradiated Plate Sections A (0.03% Cu, Class 1),

B (0.03% Cu, Class 2), C (0.13% Cu, Class 1) and D (0.13% Cu, Class 2)

Fluence¥ Brittle/Ductile Transition Temperature
Irrad. Temp. (X109 n/cm?
Plate Experi- > 1 MeV)+ C, 30 itlb TT G, SO0 f-b TT DT 50 ft-1b TT
Section ment#
op o s - Irrad AT Trrad. AT Irvad, AT
o CF) | « o °F) | o (°F)
F °C F C F C

A ETR-1 < 300 | <149 2.6 24 240 | 116 | 330 | 245 | 118 | 295 | 380 | 193 | 325
UCRR-1 550 288 2.7 31 =20 | -29 70 25 -4 75 1 115 46 60

BRPR-1 B85 307 1.6 2.5 5 | -15 75 40 4 75 - - —
2.0 3.1 - - - - - - 120 49 65
B ETR-2 <300 | <149 3.7 3.3 260 | 127 | 345 | 270 | 132 | 290 | 400 ! 204 | 395
UCRR-2 550 288 2.5 2.9 -30 | -34 55 3b 2 55 | 100 as 25

C ETR-3 <300 | <149 1.9 1.7 270 | 132 | 860 | 275 | 135 | 320 | 345 | 174 | 280

BRPR-1 585 307 1.6 2.5 60 16 | 140 | 135 57 | 155 — - —

D ETR-4 < 800 | <149 2.2 1.9 320 | 180 | 390 | 325 | 163 | 335 | 430 | 221 | 330

*ETR = Engineering Test Beactor, UCRR = Union Carbide Research Reactor, and BRPR = Big Rock Point Power Reactor,

08 = ealculated spectrum fuence and PI5 = figsion spectrum fluence,

#For UCRR, 9 > 0.1 MeV = 2.0 X 9 > 1 MeV; for BRPR, ¥ > 0.1 MeV = 1.66 X & > 1 MeV.,

ANMOHLMVH TTESSNE T
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TABLE 1b
C, and DT Notch Duetility Properties of Irradiated
Plate Sections A, B, C, and D

Fluence Upper-Shelf Energy (ft-1b)
Trrad. 19 5
Plat E . T {(X10+¥%n/cm
late xXperi- emp. >1 MeV) C DT
Section | ment v
°F °c @es | Pfs | [rrad, | Aft-ib | [rrad. Aft-1b
A ETR-1 |<<300(<<149| 2.6 24 | ~103| ~42 | > 600 ND#
UCRR-1 R0 2881 2.7 31 1391 <10 | 1150 170
BRPR-1 585 307 | 1.6 2.5 | ~130 <10 — —
2.0 3.1 - — 1010 120
B ETR-2 | <300|<149 3.7 33 [ ~ 94|~ 35 720 380
UCRR-2 550 288 2.5 2.9 123 | <<10 | 1040 60
C ETR-3 | <300|<142| 1.9 1.7 80 61 730 330
BRPR-1 585 307 1.6 2.5 124 13 — —
D |ETR4 |<300/<149!| 2.2 | 1.9 79| >25 | 605 465 |
TABLE 1c¢
Tensile Properties of Irradiated Plate Sections A, B, C, and D
Fluence
Irrad. Test, . .
. {(x102%n/em?2 Yield Tensile Red.
Si’la?e Expetr: Temp. >1 MeV)Y Temp. Strength | Strength | of Area E(I;r;g
ction men - - ) - (ksi) (ksi) (%) 2]
°F e Pes | pis | g [ UC
A ETR-1 < 300 | <149 26 |24 75 24 116.8 116.8 50,8 ND:?‘
UCRR-1 550 288 2.7 | 3.1 75 24 70.2 90.2 68.5 26.3
BRPR-1 585 307 1.6 | 2.5 250 | 121 67.6 84.4 69.6 23.7
585 | 307 63.4 87.6 ND ND
ATR-1 550 2881 24 |25 250 [ 121 84.5 96.5 ND ND
400 | 204 80.0 97.2 ND ND
550 | 288 77.8 97.2 ND ND
B ETR-2 <300 (<149 ( 37 133 75 24 130.7 130.7 64.1 13.5
350 | 288 74.8 93.0 §0.2 24.7
UCRR-2 550 288 ( 2.5 129 75 24 87.8 102.6 ND ND
300 | 149 77.6 93.8 ND ND
550 ! 288 74.6 96,2 ND ND
ATR-1 550 288 7.1 (7.6 400 | 204 130.6 139.6 ND ND
C ETR-3 <800 <149 | 1.9 17 75 24 117.1 117.1 ND ND
450 | 232 82.0 87.6 ND ND
BRPR-1 585 307 | 1.6 ] 2.5 250 (121 74.2 20.8 67.3 25.3
B85 | 307 68.8 91.0 ND ND
D ETR-4 <300 |<149! 2.2 [ 1.9 75 24 140.4 140.6 60.2 12.1
550 | 288 93.4 101.7 55.0 I 19.7
[ 1 L I 1 1 1
*ATR = Advanced Test Reactor.
For ATR, > (0,1 MeV = 2,15 X $C > 1 MeV.
+ND = not determined.
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Fig. 8 — Comparison of Charpy-V and dynamie tear test performance of plate section A
after 585 F (SGTQC) irradiation in the Big Rock Point Power Reactor. Good agreement is
indicated in C_ and DT midenergy-range transition temperature increase by irradiation,
The separation of the O and DT energy curves is typical, The toe of the DT curve corre-
sponds with the nil-ductility transition {(NDT} femperature by the drop-weight test; the
NDT temperature physically denctes the heginning of the temperature region of sharply
increasing notch foughness with temperature,

® The range of C, to DT upper-shelf energy ratios for the preirradiation coundition
{71.5-9.1.1, or 8.4:1 avgdcompares well with the range for the postirradiation condition

(77811 or 821 avoY Accordingiv g ginole corralation of € DT unnae.chalf onorovy ic
Viedtohaaa, OO 80400 BV, ACCUTGINGY 4 SINGC COITOIaIon O L li7i UppPer-sadtil eneigy o

suggested for both conditions.

& Yield strengths of the Class 1 plale sections were not elevated appreciably by
1.6 X 1019 njem? > 1 MeV at B585°F (307°C), but major elevations in strength were
recorded for < 300°F (< 149°C) irradiation for Class 1 and Class 2 plates. The effect of
irradiation on the yield strength was less for low-copper content plate than for the copper-
modified {0.13% Cu) plate.

® The change in yield strength with increasing fest temperature is much greater for

the << 8300°F (< 149°() irradiation condition than for the 550°F (288°C) or 585°F
(307°C) irradiation conditions.
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Fig. 7 - Comparison of Charpy-V and dynamic tear test performance of pl.%te section B after < 300°F
{< 149 C) irradiation in the Enginecering Test Reactor and after 550 F (288°C) irradiation in the Union
Carbide Research Reactor
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Fig. & — Comparison of Charpy-;sf and dynamic tear test performance of plate section C after < 300°F
{< 149 C}irradiation in the Engineering Test Reactor
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Fig. 9 — Comparison of Charpy-oV and dynamic tear test performance of plate section D after < 300°F
{< 149 C) irradiation in the Engineering Test Reactor
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DISCUSSION

The latest experimental results for the demonstration melt clearly support a case for
limiting copper, phosphorus, and other harmful impurity elements in steels for reactor
structures, whether service temperatures are near ambient temperature as in the case of
support structures or at elevated temperatures as in the case of pressure vessels. An im-
provement to elevated-temperature radiation resistance has similarly been recorded for an
improved-composition, submerged-arc demonstration test weld (A533-B parent plate) [10].
In response to these and other observations, the development of supplemental specifica-
tions for limiting the impurity element contents of reactor steels and filler metals has
been undertaken by ASTM Committee A-1 with assistance by ASTM Committee E-10 and
by the AWS Filler Metal Committee.

A potential for high-fluence, elevated-temperature applications has been revealed by
the investigations for improved-composition, ferritic structural steels. A need for further
definition of property-change trends as functions of fluence and exposure temperature is
pointed out however. In particular the significance of small differences in exposure
temperature requires clarification.

SUMMARY

The investigations have demonstrated that a low copper content in A533-B steel is
beneficial to radiation embrittlement resistance in hoth low-temperature and elevated-
temperature service applications. In addition, specially tailored structural steel is shown
to have promise for high-fluence advanced-reactor applications. The investigations ob-
served a correspondence between C, and DT test methods in radiation effects determina-
tions for 0.03% Cu and 0.13% Cu plates and found the yield strength trend with tempera-
ture to differ with irradiation temperature condition (< 300°F (< 149°C) vs 550°F
(288°C) to B585°F (307°C)).
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