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Long-Term Embrittiement of Cast Duplex Stainless Steels
In LWR Systems

by

0. K Chopra and L. Y. Bush

Abstract

This progress report summarizes work performed by Argonne National Laboratory on long-
term thermal embrittiement of cast duplex stainless steels in LWR systems during the six
months from October 1989 to March 1990, The resulls from Charpy-impact tests and
microhardness measurements of the ferrite phase for several heats of cast stainless steel
aged up to 30,000 h at 290-400°C are analyzed to establish the kinetics of thermal
embrittlement. Correlations are presented for predicting the extent and kinetics of
thermal embrittlement of cast stainless steels from material information that can be
determined from the certified material test record. The extent of embrittlement Is
characterized by the room-temperature “normalized” Charpy-impact energy. Based on the
information available, two methods are presented for estimating the extent of
embrittlement at “saturation,” {.e., the minimura impact energy that would be achieved for
the material after long-term aging. The first method utilizes only the chemical composition
of the steel. The second method Is used when metallographic information on the ferrite
morphology. i.e.. measured values of ferrite content and mean ferrite spacing of the steel, is
also available. The change in Charpy-impact energy as a function of time and temperature
of reactor service is then estimated from the extent of embrittlement at saturation and from
the correlations describing the kiretics of embrittlement, which is expressed in terms of
the chemical composition and aging behavior of the steel at 400°C,

i



Contents

List of Figures




List of Tables




Executive Summary -

Cast stainless steels used in pump casings, valve bodies, piping, and other components
in coolant systems of light water nuclear reactors (LWRs) suffer a loss in toughness after
many years of service at temperatures in the range of 290 320°C (=554-608°F). A pregram
is being conducted to investigate the low-temperature thermal embrittlement of cast du-
plex stainless steels under LWR operating conditions and to evaluate possible remedies for
the thermal embrittlement problem in existing and future plants. The scope of the investi-
gation includes the following goals: (1) characterize and correlate the microstructure of in-
service reactor components and laboratory-aged material with loss of fracture toughness to
establish the mechanism of aging and validate the simulation of in-reector degradation by
accelerated aging, (2) establish the effects of key compositional and metallurgical variables
on the kinetics and extent of thermal embrittlement, and (3) develop the methodology and
correlations necessary for predicting the toughness loss suffered bv cast stainless steel
components during the normal and extended life of LWRs,

Microstructural and mechanical-property data are being obtained on 25 experimental
heats (static-cast keel blocks and slabs) and 6 commercial heats (centrifugally cast pipes, a
static-cast pump impeller, and a static-cast pump casing ring). as well as on reactor-aged
material of CF-3, CF-8, and CF-8M grades of cast stainless steel. The ferrite content of the
cast materials ranges from 3 to 30%. Ferrite morphology for the castings containing >5%
ferrite is either 'acy or acicular.

Charpy-impact, tensile, and J-R curve tests have been conducted on several experi-
mental and commercial heats of cast stainless steel that were aged up to 30,000 h at tem-
peratures of 290-400°C (554-752°F). Results indicate that thermal aging at these temper-
atures increases the tensile strength and decreases the impact energy and fracture tough-
ness of the steels. The Charpy transition curve shifts to higher temperatures. Different
heats exhibit different degrees of thermal embrittlement. In general, the low-carbon CF-3
steels are the most resistant, and the molybdenum-bearing, high carbon CF-8M steels are
the least resistant to thermal embrittlement. Embrittlement of cast stainless steels results
in brittle fracture assoclated with either cleavage of the ferrite or separation of the fer-
rite/austenite phase boundary. A predominantly brittle failure occurs when either the fer-
rite phase is continuous, e g, In cast material with a high ferrite content, or the fer-
rite/austenite phase boundary provides an easy path for crack propagation, e g. in high-
carbon grades of cast steels with phase boundary carbides. Consequently, the amount, size,
and distribution of the ferrite phase in the duplex structure and the presence of phase-
boundary carbides are important parameters in controlling the degree or extent of thermal
embrittlement.

Thermal aging of cast stainless steels at temperatures <500°C (<932°F) leads to precip-
itation of additional phases in the ferrite matris, e g, formation of a chromium-rich «
phase by spinodal decomposition; nucleation and growth of a'; precipitation of a nickel- and
stlicon-rich G phase, M23Cg carbide, and y; (austenite); and additional precipitation and/or
growth ol existing carbides at the ferrite/austenite phase boundaries. The additional phases
provide the strengthening mechanisms that Increase strain hardening and local tensile
stress. Consequently, the critical stress level for brittle fracture is achieved at higher tem-
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Table 1.  Product form, chemical composition, hardness. and ferrite morphology of various

heats of cast stainless steels
Hard- Ferrite® Ferrite
Chemical Composition (wi %) ness ]ﬁ] Spacing

Heat Grade Mn S| P s Mo Cr Ni N C Ry Cale (um)

Keel Blocks®
5% CFr.3 0680 1.10 0016 0007 033 1788 614 0079 0034 8O a0 44 104
44 CF-3 080 085 0010 0007 032 1941 1068 0086 0010 766 44 72 185
48 CF-2 060 108 0008 0006 0.3 1056 1046 0072 0011 781 5.1 B7 127
47 CF-3 060 106 0007 0006 050 1081 1063 0028 0018 787 LR ] 163 o
62 CF-3 057 002 0012 0005 045 1040 040 0052 0000 K16 103 138 o
51  CF-3 063 086 0014 0005 032 2013 906 0058 0010 B3IK 143 180 62
68 CF-8 062 112 0010 0006 033 1953 1088 0040 0066 771 a2 29 209
54 CF-8 055 108 0011 0006 035 1931 017 0084 0083 833 41 1.8 317
67 CF-8 062 108 0008 0004 O34 1B68 627 0047 0066 BO2 44 4.0 138
53 CF-8 064 106 0012 00080 030 1963 023 0049 0065 83| 63 87 a2
5 CF-8 057 105 0007 0007 034 1065 628 0030 0066 H25 73 101 25)
5% CF-8 060 108 0008 0007 0.32 2033 ©34 0045 0062 KA2 BB 35 75
6) CF-8 065 101 0007 0007 0832 2065 BHE6 00K 0064 BES 100 13,1 H2
a0 CF-8 067 085 0008 0006 03] 2108 834 0058 0064 K67 154 21 a3
62 CF-BM 072 056 0007 0006 257 1820 1259 0030 0063 781 28 45 140
63 CF-8BM 061 058 0007 0006 257 1037 1185 0031 0055 816 64 10.4 L)
66 CF-8M 060 049 0012 0007 2.5¢ 1945 0628 0020 047 653 196 168 41
85 CF-8M 050 048 0012 0007 257 2078 663 0064 0048 8HO0 208 234 43
64 CF-8M 060 063 0006 0005 246 2076 040 0038 0038 897 200 284 41

76-mm Slabs®
@ CF-3 063 1.13 0015 0005 034 2018 B89 0028 0023 K37 210 236 a5
73 CF-8 072 1080 0028 0016 026 1643 BS54 0053 0070 788 7.0 77 263
68 CF-8 064 107 0021 0014 03) 2064 BO8 0062 0083 B46 140 234 87
70 CF-BM 085 072 0021 0016 230 1917 001 0049 0066 B6H 142 180 e
74 CF-8M 054 073 0022 0016 251 1911 903 0048 0064 BHE 155 184 90
7% CF-8BM 083 067 0022 0012 258 2086 0.12 0052 0085 KOS5 245 278 3]

Reactor Componentsd

P3 CF-3 106 0B8R 0017 0014 001 1889 845 0168 0021 822 28 18 -
P2 CF-3 074 004 0019 0006 016 2020 938 0040 0019 B3® 126 166 Y]
| CF-3 047 OB3 0030 0011 045 2020 870 0032 0018 KlO 204 171 a5
Cl  CF-8 122 118 0033 0008 066 1000 937 0040 0030 795 78 22 -
Pl CFP-8 050 1.12 0026 0013 004 2049 K10 005 0036 Haw 17.7 W} o0
P4 CF-8M 107 102 0019 0015 205 18064 1000 0.151 0040 83| 59 10,0 182
206 CF-8M 083 063 0019 -~ 337 1788 B8R - 0040 - 210 168 79
758 CF-8M 091 062 0018 - 38 1701 870 -~ 0030 - 242 19.2 62

Rumor-_A_‘ed'
KRB CF-8 031 1.7 - - 0.17 2199 K03 0038 0062 - 277 340 -
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tent and mean ferrite spacing of the steel are known. The change in Charpy-impact energy
as a function of time and temperature of reactor service is then estimated from the extent
of embrittlement at saturation and from the correlations describing the kinetics of embrit-
tlement. The results from Charpy impact tests and microhardness measurements of the
ferrite phase for several heats of cast stainless steel aged up to 30,000 h at 290-400°C
(554-752°F) are analyzed to establish the kinetics of thermal embrittlement. A correlation
Is presented for estimating the activation energy of thermal embrittlement from chemical
composition and the aging behavior of the steel at 400°C. Examples for estimating impact
strength of cast stainless steel components during reactor service are described.

2 __Extent of Embrittlement at Saturation

Charpy-impact data obtained at room temperature indicate that, for a specifie heat of
cast stainless steel, a saturation value of minimum impact energy is re . ned aftei aging for
3,000-10,000 h at 400°C (752°F) or 30,000-60,000 h at 350°C 'Luz°F). The vartation of
this saturation impact energy Cyaa for different materiale ¢ an be expressed In terms of a
material parameter @ that is determined from the chemical composition and ferrite mor-
phology of the materials. It is well established that the extent of embrittlement increases
with an increase in the ferrite content of cast stainless steel  Furthermore, Charpy-impact
data for several heats of CF-8 and CF-8M steels indicate that impact energy decreases with
an increase in C. content, irrespective of the ferrite content of the steel. 23 A better corre-
latlon 1s obtained when the total concentration of ferrite formers (Le.. Cr, Mo, and Si) s
considered 23 A sharp decrease in impact energy occurs when either the Cr content ex-
ceeds 18 wi.% or the concentration of Cre+Mo+Si exceeds 23.5 wi %. The concentration of
Ni and St in the steel, Le.. the elements that promote G-phase formation, also appears to
increase the extent of embrittlement of the Mo-bearing CF-8M steels. An increase in the
concentration of C or N in the steel ulso Increases the extent of embrittlement because of
the contribution to phase-boundary carbides or nitrides and the subsequent fracture by
phase-boundary separation

Based on the amount of information avatlable, two different methods for estimat.ng the
material parameler and saturation impact energy are presented. The first method utilizes
only the information avallable in the CMTR, (e, chemical composition of the material. The
second method allows an estimate of saturation inpact energy to be obtained when metal
lographic tnformation on ferrite morphology 1s also available, {.e . the measured values of
ferrite content and mean ferrite spacing o the steel are known.

2.1 Method A - When Only a CMTR Is Availab'e

The “saturation” fraciure toughness of a specific cast stainless steel, ¢, the mintimum
fracture toughness that would be achieved by the material after long-term service, s esti-
mated from the degree of embrittlement at saturation. The degree of embrittlerent is
characterized In terms of room-temperature “normalized” Charpy tmpact energy. The
vartation of the impact energy at saturation for different materials can be expressed in
terms of a material parameter @, whicn i1s determined from the chemical composition.
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22 Method B - When Metallographic Information Is Available

3 Kinetics of Embrittiement

3.1 Charpy-impact Energy
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Table 3.  Knetics of thermal embrittlement for ANL. heats of cast stainless steel
determined from Charpy-impact energy

Material
Parameter Cveat _____ Constants 8 (kJ/mole [keal/meiell
Heat & W /em?) B " a Average  95% Conlidence Limit
47 120 174.2 0.083 235 1.40 187 44.7 72-300 (17.5-71 8 b
51 108 140.2 0.083 200 0.76 221 (52.8) 123-320 (20.3-764) b
o 12.4 969 0202 208 093 167 140.0) 120-215 (28.7-61.3) b
1 222 @8 0.166 312 1.40 220 (54 7) 156-301 (37.4-72.0)
a0 455 52.0 0258 295 0.80 227 (54.2) 186267 (44.4-639)
o 74.4 46.4 0.348 3.00 0.74 169 (40.5) 136-204 (32.4-48.2)
P 538 55.7 0.282 238 078 249 {50 6) 210-289 (50.2-60.1)
63 15.8 117 0.158% 3.20 1.40 119 (28.4) 67-170 (16.0-40.7)
64 04 45.2 0.904 275 0.62 156 (37.4) 131-181 (31.4-43.2)
G5 403 58.5 0.260 203 0.4 191 (45.7) 154-228 (36. 54 6)
o 195 106.3 0.146 302 130 203 [48.4) 125-280 (209-669)
7% 106.4 34.7 0422 2.76 0.53 146 (34 8) 127-165 (30.3-39 4)
Pa 415 53.8 0.326 208 089 143 (34.2) 115-171 (27.6408)

# Calculated from Eq. 8.
b Standard deviation s large due 1o a relatively small decrease in impact energy and a large scatter in data.

B = (log10Cvint = 108 ,rCyvsat) /2. (12)

The results for the kinetics of thermal embrittlement indicate that the shape factor a in-
creases linearly with Cygar. The best it of the data for the various heats ylelds an expres-
sion

a = -0.821 + 0.94710g10Cvsat. (13

Cysat can be calculated from correlations presented in Section 2 If the chemical composi-
tion s known, In practice. the initial impact energy is unlikely to be available. Mechanical-
property data indicate that the Charpy-impact energy of cast stainless stecls is typically
200420 J/em?; however, it can be as low as 60 J/cm? for some steels, 12,15

32 Microhardness Measuremernis

It is well established that the low-temperature thermal embrittlement of ¢ st duplex
stainless steels is primarily due to streagthening of the t2: ate by precipitation ol Cr-rich a’
and other phases. The kinetics =i thermal embrittlement were also determined from
changes in microhardness of the ierrite phase. Microhardness measurements were made
on several heats of cast stainless steel aged up to 30,000 h at 320, 350, and 400°C (608,
662, and 752°F), using a dizmond-pyramid indenter with 25-g load. At least 20 measure-
ments were made on each sample.

The changes in microhardness for two heats each of CF-8, CF-8M, and CF-3 sleels are
shown In Figs. 4-6. The results for GF Heats 278 and 280 (from Ref. 1) are shown in Fig. 7.

13
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Figure 4. Change tn microhardness of ferrite matrix for aged CF-8

stainless steel
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Figure 6. Change in microhardness of ferrite matrix for aged CF-3

stanless steel

The change in Vickers hardness H can be expressed in terms ol a hyperbolic tangent func-
tion given by

log1oH = Hg + B{1 + tanh |(F - 6')/a']), (14)

where H, Is the initial hardness of the unaged ferrite and constants o', ', @', and P have the
same significance as the constants in Egs. 10 and i1 for expressing the change in Charpy-
impact energy. Values of the constants and activation energles, with 95% confidence lim-
its, are given in Table 4. The results are in very good agreement with the kinetics deter-
mined from Charpy-tmpact data: the activation energy for Heat Pl alone is slightly lower
than that determined from Charpy-impact results. An activation energy for thermal em-
brittlement could not be determined for GF Heat 280 because the change in ferrite hard-
ness for this heat is relatively insensitive to aging temperature (Fig. 7). Similar correspon-
dence between activation energies determined from ferrite hardness and Charpy-impact
data has also been observed i CEGB?4 and EdF23 studies.

The results also indicate that there is no unique correlation between Charpy-impact
energy and ferrite hardness. For example, room-temperature Charpy-impact energies at
saturation (i.e., fully embrittled condition) for Heats 278, 68, 75, and 280 are 68, 46, 35,
and 24 J/em?, respectively, while Vickers hardness values are 420, 480, 600, and 440, re-
spectively. The change in ferrite hardness for Heats 280 and 278 s also much lower than
that for Heat 75. Ferrite content and morphology of the steel influence the relationship be-
tween ferrite hardness and Charpy-tmpact energy.

16
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Figure 11. Effect of thermal aging on room-temperature
impact energy of unaged and re~overy-annealed
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ANL Heat P1 KRB pump cover plate

Figure 12. Deformation twins in broken Charpy-impact test specimens of unaged and aged
cast stainless steels tested at room temperature

Q (kJ/mole) = -182.6 + 199 8i + 1108 Cr + 14.4 Mo (15)

The activation energy calculated from £q. 15 for thermal embrittlement ranges from 65 to

105 kJ/mole for the various grades of cast stainless steel. However, the estimated activa

tion energies for ANL and CEGB heats are a factor of 2 lower than the experimental values
The GF data set covers a relatively narrow range of compositions, and the icrrite contents ol

most heats are above 30% and therefore not representative of compositions defined by
ASTM Specification A 351

Subsequent correlations developed by ANL!Z.13 were based on a larger data base. Two
separate correlations were proposed. one lor the ANL data’ and FRA data?® (15 heats).

given by
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Figure 14. Observed activation energy and values predicted
from Eq. 18 for thermal embrittlement of cast
statnless sieels

Q (kJ/mole) = 10 [74.06 - (7.66 - 0.46 1) 6 ~ 4.35 S1 + 1.38 12 Mo
- 1.67 Cr-(2.22 + 356 1) Mn + (108.8 - 75.3 1)) N], (18)

where the indicators I, = 0 and I3 = 1 for CF-3 or CF-8 steels and assume the values of 1
and O, respectively, for CF-8M steels. The estimated and observed values of Q for the ANL,
FRA, CEGB, and GF heats are plotted in Fig. 14. The error bars represent 85% confidence
limits for the obseived values of Q. The dashed lines represent a +20% range. The pre-
dicted values are within the 95% confidence limits for all the heats. Equation 18 is appli-
cable for compositions within the ASTM Specification A 351, with an upper limit of 1.2
wt.% for Mn content. Actual Mn content is used up to 1.2 wt.% and is assumed to be 1.2 for
steels containing »>1.2 wt.% Mn. Furthermore, the values of Q predicted from kq. 18
should be between 65 kJ/mole mintmum and 250 kJ/mole maximum; Q is assumed ‘o be
65 kJ/mole if the predicted values are lower and 250 kJ/mole i the predicted values are
higher.

The correlation is in qualitative agreement with the microstructural and mechanical-
property data. For example, an Increase in the value of 6 decreases the activation energy, as
expected. The contributions of Ni, 81, Mo, and Mn are consistent with their effect on G-
phase precipitation. These elements should promote prectpitation of G phase. and hence
the coefficients for these elements should have a negative sign because activation energy for
thermal embrittlement is low for steels that show G-phasc p.ecp'ation. The coefficient of
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behavior at 400°C has a strong eflect on the temperature dependence of thermal aging:
activation energy for embrittlement is hign for heats that show fast kinetics at 400°C and 1is
low for heats with slow kinetics at 400°C. Limited data indicate that the production heat
treatment and possibly the casting process influence the aging behavior at 400°C and,
therefore, the kinetics of embrittlement. The log of time of aging at 400°C for a 50%
reduction in impact energy (constant ) has been shown to be a useful parameter o
characterize the kinetics of thermal embrittlement. 8 range; from 2 to 4 for the various
cast stainless steels. A correlation is presented for estimating the activation energy of
thermal embrittlement from chemical composition and the aging behavior of the steel at
400°C.

The results also indicate that the kinetics of thermal embrittlement of cast stainless
steels 1s primanly controlled by strengthening of the ferrite matrix. The activation energy
for thermal embrittlement determined from measurements of ferrite hardness agree very
well with that obtained from Charpy-impact data. Studies on the reembrittlement of recov-
ery-annealed materials indicate that precipitation of G phase has little or no effect on the
kinetics of thermal embrittlement. Material parameters that influence the kinetics of em-
brittlement also effect G-phase precipitation. However, activation energy for thermal em-
brit.lement is generally low for cast stainless steels that contain G phase

Correlations are presented for estimating the extent and kinetics of thermal embrit -
tlement of cast stainless steels from material information that can be determined from the
certified material test record. The extent of embrittlement is characterized by the room-
temperature “normalized” Charpy-impact energy. Correlations for the extent of embrit-
tlement at “saturation.” i.e., the minimum impact energy that can be achieved for the ma-
terial after long-term aging, is given in terms of a material parameter that consists of the
chemical composition and ferrite morphology. Different correlations are used for estimat
ing the saturation impact energy of CF-3 or CF-8 steels and CF-8M steels. A common ex
pression between material parameter and saturation impact energy is used when metallo-
graphic information, i.e.. the measured values of ferrite content and mean ferrite spacing,
are known. The change in Charpy-impact energy as a function of time and temperature of
reactor service is then estimated from the extent of embrittlement at saturation and from
the correlation describing the kinetics of embrittlement. Examples for estimating impact
strength of cast stainless steel components during reactor service are described
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