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List of Symbols ana Abbraviations

a = Crack length

alw = Crack depth ratio

C; = Nondimensional specimen compliance
Cv = Charpy V-Notch

OW = Drop Weight

Eaf < gnergy to cause fracture
Edial = Energy recorded on pendulum dial
3 = Available impact energy

£gv = Instrumented Charpy impact

J = J-integral

Kf = Fatigue pre-cracking stress 1 .ensity factor

KId = Dynamic fracture toughness

KBd = Dynamic fracture toughness by equivalent gnergy method
KJd = Dynamic fracture toughness by J-integral method

KXR = Reference fracture toughness

NDYT = Nil-cuctility transition temperature
PGY " Yield load

PM = Maximum load

Pe = Fracture load

PICv = Precracked instrumented Charpy
’ pe = Equivalent energy lcad
| RW = Longitudinal orientation

R,A, = Reduction of Area
5 RTNDT = Reference Temperature
F 7yd = Dynamic yield strength

%s = Static yield strength

Loy = Time to yield

Ty = Time %o PM

TB = Brittle transition temperature
: TN = Juctility transition temperature
| Ty = Ductility temperature
' TE = Jotal Elongation

UE = Uniform £longation

Vo = Initial impact velocity

“ = Specimen thickness

R = Transverse orientation
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Combustion Engineering has developed a detailed program for the

Omena Public Power Distric: (OPPD) to monite~ the irradiation

induced mechanical property changes of the Fort Calhoun Statior.

Unit No. ! (Fort Calhoun) reactor vessel beltline materials(]).

The periodic examination of irradiated surveillance capsule

materials serves to a:curately measure the mechanical property
changes experienced by the reactsr ves :1 under ser ‘ice conditions.

As a prerequisite for this evaluation the preirradiation or

baseline properties of the surveillance materials must be established.

The results of the baseline evaluation of the Fort Calhoun reactor
vessel surveillance materials are presented n this report. The
materials included in this program are base metal, weld metal and
heat-affected-zone (HAZ) metal. Tests conducted on these materials
include drop weigh*, tensile and Charpy impact (both standard and
instrumented). In addition to these besic tests, standard

Charpy specimens are fatigue precracked and tested to determine
fracture toughness parameters for the materials. The basic
chemistry analysas for the surveillance materials and netallagraphy
characterizing the structure and fracture surface appearances uf
typical test specimens are also reported. The three appendices

to this report contain information concerned with the test
equipment ysed to perform this study.

The information provided by this program wil. 3:nable OPPD to
evaluate the postirradiation surveillarce results of the Fort
Calhoun reactor vessel using the criteria of 10 CFR 50, Appendix
G, "Fracture Toughness Requirements" and Appendix H, "Reactar
Vessel Material Surveillance Program Requirements”.

By using instirumented Charpy impact test techniques and by
fncorgorating precracked Charpy specimens in the tests, extens;ve
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TABLE 1i-1

SUMMARY OF MATERIAL DATA

30 ft-1b S0 ¢ o 35 Mils Lat. Ri Yield i

c . d oz |

C, Upper Shelf Fix Fix Exp. “ix NOTT RI'DI Strength (ksi) 1

Material and Code (ft-1n) (°F) (°F) (°F) {(°r) {°F) _Static  Dynamc |
Base Metal Plate 121 36 78 58 -20 18 69 99 l
D-4802-2 (WR) |
Base Metal Plate 137.5 26 52 34 20 82 71 99 f
D-4802-2 (RW) |
1

b b :

Weld Metal 97.5 -18 2 12 0 a°. 78 ag i
D-4802-1/D-4802-3 |
HAZ Metal 82 -70 84 58 ¢® & 106 :

D-4802-2

a RTNDT for the RW orientation is not valid per 10 CFR 50, Appendix G and is only reported for information.

b Estimated per Branch Technical Position MTEB
fix t .perature, in the case where drop weigh

c Determined from average impact energy curve.

d Determined from lower bound curve.

5-2, where NDTT is the higher of 0°F or i .

t tests were not performed.

30 ft-1b
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BACKGROUND

Neutron induced changes in the mechanical properties of ferritic
materials are the result of lattice distortion and defect clusters
in the material. These distortions and defect clusters act to
strengthen the material at the expense of ductility. It is this
decrease in ductility which is of major interest to reactor
pressure vessel designers,

Ductility and .nateria) toughness are characterized by several

tests and test parameters. Neutron induced changes in the mechanical
properties are determined . ' comparing :est results of unirradiated
specimens with results of irradiated specimens. One of the basic
tests which demonstrates the toughness of a material and specifically
helps to define a ductile to brittle transition behavior i the

drop weight test.

The drop weight test uses a large test specimen (refer to Appendix
A) to establish the Nil-Ductility Transition (NDT) Temperature of
a material. At and below this temperature, the material will
fracture in a brittle manner under certain conditions of triaxial
stresses. Because these specimens are large, they cannot easily
be placed in a reactor environment to be irradiated. Therefore,
the drop weight test resylts are :orrelated with Charpy V-notch
impact test (Cv) results to establish a reference temperature
(RTNDT) which can be compared with a similer postirradiation test
parameter (adjusted reference temperature) based entirely on
Charpy impact data. The comparison will show a temperature
increase for this parameter as the specimens are exposed to
higher neutron fluence. In other words, the reference temperature
increases with irradiation exposure.

The RTNDT and adjusted reference temperature concepts were introduced
with the addition of Appendixes G and H to 10 CFR 50 (1973).

Prior to that time, material toughness changes were evaluated by
noting the temperature change between unirradiated and irradiated
Charpy data measured at the 30 ft-1b fix or Cv impact energy level,









instrumented Charyy impact tests (lcv) 4dd another dimension to
the characterization of ductile-brittle-behavior in ferritic
materials. The standard instrumented Charpy test provides infor-
mation depicted by Figures I[I1-1 through 1I1-4, These figures
are representative of oscilloscope traces and data generated by
specific tests.

Figure 1111 15 a load versus time plot which shows the yield and
toughness behavior as a function of time., The entire process, as
shown, generally takes place in 5000 microseconds with shorter
times experienced for low temperature tests. Values for general
yield load (PGY)‘ maximum load (Py) and fracture load (Pg) are
obtainable as indicated.

Figure 111-2 shows an integration of the area under the load-time
curve (Figure [11-1) and represents the eneryy from inftial

impact to compiete fracture of che specimen. The integration
process is performed electronically and the results are superimpos:
en oscilloscope traces of the individual test records. The
integration line starts at the lower left-hand corner of the

trace and rises to the right, peaking and leveling off at an
energy corresponding to the total impact energy required for
complete fracture of tne specimen, This curve allows the determi-
nation of energies corresponding to any specific time during thw
test.

Figure 111-3 is an idealized plot showing the yield, maximum and
fracture loads (taken from a series of traces as shown in Figure
111-1) piotted as a function of test temperature. This represents
the toughness behavior o. a given material such as base metal,
weld metal, or weld heat-affected-zone material, Four temperature
regions are shown, each of which is delineated by a distinctly
different fracture mode of the material. The dotted line at the
bottom represents a typical Cv impact enerqy versus temperature
curve,

10
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Figure 1111 Idealized Load - Time Record for Instrumented Impact Testing
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Figure 111-2  Idealized Energy - Time Record for instrumentad Impact Testing
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Figure I11.4A  Temperature Region 2
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Figure I11-4B  Temperature Region 3

TIME
Figure |11-4C Temperature Region 4

Figure 1114 Idealized Load vs Time Plots for Instrumented
Charpy Impact Tests
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At extremeiy low temperatures, fracture usually initiates by a
s11p or twinning process in the first grain below the specimen
notch. An oscilloscope trace of the test result will differ from
those idealized traces discussed and will appear similar to that
of Figure 111-4A, but with a much lower amplitude., Fracture is
completely brittle and the temperature range is indicated as
Region 1 in Figure [11-3.

when the test temperature 1s increased to the range of Region 2
(Figure 111-3), the Toad/time trace appears as indicated in
Figure 111-4A. In this region, the specimen acts primarily in a
brittle manner, although there is a very small amount of plastic
behavior. For this case the fracture load is approaching the
dynamic yield strength of the material. The load read from such
4 trace is simply PF - the fracture load,

For tests conducted in the temperature realm of Region 3, the
specimen is near its brittle to ductile transition., In this
region, the load time plot becomes typical of Figure 111-48 and
the specimen fractures after yielding at maximum load,

Tests in temperature Region 4 produce load versus time plots
indicative of the idealized plots (also shown in Figure [11-4C),
At these temperatures, the strain required to initiate cleavage
fracture becomes so large that it surpasses the ductile fracture
strain and fibrous tearing occurs.

Figure 111-3 also points out three temperatures of interest. The
brittle transition temperature (TB) occurs &t the intersection of
pGY values with the Pp curves. Correlation with this value and
the ( energy versus temperature plot (dotted 1ine) shows that TB
compares with the start of the transition region of the Cv

curve, In other words, above TB the Charpy test specimens start
to show some ductile behavior so fracture above this temperature
will occur after yielding is experienced. The load versus time
trace in Figure [11-48 illustrites this benavior.

a.-.——..—.—..—.—l.‘._—_‘ e . S




e L R I W = v (e

T —

e e L B N~
i B R

P ST oy

SRR - A SRl B LI e Bl e B

R T = R NS NGy, 1o,

The second temperature, YN. s called the ductility trarsition
temperature. Al this point there is & sharp rise in the maximum
load and corresponding fracture tougnness. Comparison with the
Cv impact curve (dotted Tine) shows that this corresponds with
the midtransicion region. Fracture will occur after maximum load
(PM) 1s achieved at temperatures above TN' This is a result of
fibrous tearing being experienced, The load versys time trace in
Figure 111-4C 11lustrates this behavior,

The third temperature of interest is characterized by TD - the
ductility temperature. This point is defined by the intersection

of the PF curve with pGY‘ At this temperature fracture is completely
ductile and corresponds to the begirning of the upper shelf on

the Charpy impact curve (Figure 11]1-3).

Any loss of ductility as a result of irradiation damage will
cause these tomperatures to increase. The various regions of
toughness behavior #1171 adso shift and occur at higher temperatures.

As mentioned in Section 1, precracking Charpy specimens for
instrumented impact testing enables quantitative fracture toughness
data to be gleaned from the ayalitative Cv test. Among these

data are de vélues representing 4 plane-strain or purely elastic
stress intensity factor and Kyg (J-integral) representing a

stress intensity factor for material which deforms in an »lastic
and plastic manner. A third stress intensity factor, Ked
(equivalent energy), is similar to KJd but employs a different
method of calculation. The stress intensity factor, ¥, relates

the magnitude of loading forces to the configuration and size of

a crack in a pody (within the limits of the linear elastic region),
Thus, the stress intensity factor may be interpreted physically

as a parameter which reflects the redistribution of stress near

the crack tip due to the introduction of & crack, and, in particular,

1§
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it characterizes the crack instability conditi  and field of
deformation in a zone surrounding the crack. Beyond the linear
elastic region (i.e., at higher temperatures) the relation between
the magnituce of loading forces and the crack shape and size (the
stress intensity factor) is no longer valid. However, the K

and Kad values approximate the stress field near the crack tip

which would cause crack instability under certain loading conditions,

ASTM E 399-74, "Standard Method of Test for Plane Strain Fracture
Toughness of Metallic Materials," gives procedures and calculational
methods for the determination of the critical stress intensity
factor for linear elastic fracture. Standard techniques to
determine valid fracture toughness properties from a precracked
Charpy specimen are currently being developed by ASTM £ 10.02 an¢
ASTM E 24.03. Several techniques were developed in separate
programs sponsored by the Electric Power Research Institute

(EPRI) and the Pressure Vessel Research Committee/Meta) Properties
Council (PVRC/MPC) to determine fracture toughress in both the
linear elastic region (e.g., Region 2 in Figure 111-4A) and the
elastic-plastic region (e.g., Regions 3 and 4 in Figures I11-48
and 111-4C). The analysis of the Fort Calhoun precracked Charpy
data employs the EPRI calculational techniques for Kig Kdd and

Kgq-
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PLATE AND WELD METAL CHEMICAL ANALYSIS

Element

wv
-

09<§3gn}‘om

€

Al

T
As
Sn
ir

L o o I e e e e A s

Weight Percent

Plate

-4802-2

23
014
.009
1.43
%
04
.48
.50
<, 001
<.01
.0002
.007
10
.030
.02
«.01
<.01
002
.002
008

18

Weld

0-4802-1/D-4802-3

14
0N
013
1.87
14
.03
.60
.50
.002

012



TABLE IV-2

SUMMARY OF SPECIMENS AVAILABLE FOR PREIRRADIATION TESTING

Quantity of Specimens

Type of () Base weld
Specimen Orientation' ’ Metal Metal WAZ Total
Orop Weight RW (Longitudinal) 6 - - 16
Charpy Impact RW (Longitudinal) 30 .- . 30
WR (Transverse) 30 30 30 80
; Tensile RW (Longitudinal) 18 18 .- 36
WR (Transverse) 18 - 18 36
TOTAL 112 48 48 208

T e e e—————

(*) With respect to the plates’ major direction of rollin
respect to the welding direction for weld and HAZ met

D, . Heat Treatment

g]for base metal; with
al.

The heat treatment for the plate material consisted of
austenitization at 1600° +50°F for 4 hours; water quenched

and tempered at 1225°F +25°F for 4 hours,

After &2 40-hour

stress relief at 1150°F 425°F, the plates were furnace
The weldment received a fi:al 40-hour and
30-minute stress relief at 1100°F to 1150°F,

cooled to 600°F.

€. Material Structure

19

A metallographic analysis was performed to provide & record
of the microstructures of base, weld and heat-affected-zone
metal. This will be valuable reference information for

subsequent postirradiation analyses,
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The photomicrographs shown in Figures V<1 through [V-12
represent the base metal, weld metal and HAZ metal. Figures
[¥=1 and V<2 show the polished, but unetched base metal in
both the transverse and longitudinal direction; these photo-
migrographs were taken to determine the amount of inclusion
content in the base metal, per ASTM £ 45.74, An sverage of
four inclusions per field were counted on a transverse
mircospecimen; the longest inclusion measured on a longitudina
micro was 0.0045 inch, Figures IV-3 through 1V-6 are repre-
sentative of the temjered bainite structure of the base

metal in the transverse and Tongitudinal directions, This
structure, with an average ASTM grain size of 10, is typical
for SA 533-B, Class 1 thick section steel plate., Figures

I¥=7 through IV-10 represent the weld meta) in the transverse
and Tongitudinal directions. The fine grain ferritic structur
with uniform carbide distribution is typical for an automatic
submerged arc welding process.

Figures 1V-11 and IV-12 show the heat-affected-zone (HAZ).
The larger grain area is the heat-affected base metal with
fts bainitic structure, The fine grain area is the weld
metal with well dispersed carbides in the ferrite grains.

A1l specimens were prepared using standard metallographic
sutting, grinding and polishing techniques. A Villela's
solution was used to etch the specimens for structure
determination. Photomicrographs were taxken at magnifications
of 100x, 500x and 1000x.

REFERENCE

"Summary Report on Manufacture of Test Specimens and Assembly
of Capsules for Irradiation Surveillance of Fort Calhoun
Reactor Vessel Materials”, C-E Document CENPD-33 Proprietary
Information, dated November 15, 1971,
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Tersile tests were conducted according to applicable procedures
outlined in the OPPD Test Plan No. 23866-TP-MCD-002. The test
were performed at room temperature (71°F), 250°F and %50°F for
base metal (WR ana RW), weld metal and HAZ metal. The tensile
test data are reported in Tables VI-1 through VI-4, including
yield strength, tensile strength, fracture load, fracture strength,
fracture stress, reduction in area, uniform elongation and total
elongation, The 0.2 percent offset method was used to determine
yield strength for those tests that did not exhibit upper ar

~

lower yiels points. Stress versus strain diagrams have been

prepared for tvpical tests for each material and test temperature.
They are presented in Figures VI-1 through V1-12. Photographs of
the fracture region and fracture surface of these specimens are
presented in Figures VI-13 through VI-16., A description of the

test equipment is given in Appendix B,



TABLE VI-1
TENSILE PROPERTIES
BASE METAL PLATE D-4802-2 (MWR)

Yield
Strength Ultimate tlongation
Test " 2% or Tensile Fracture Fracture Fracture Reduction (1-inch gage)
Specimen Temp. ULy, ‘ower Strength Load Strength  Stress of Area TE/UE
Code (%) & __ (ksi) (W)  (kst)  (kst) _ (%) (%)
207 71 66. 44.3 86.5 2880 58.8 169 65.3 29/11.6
20U 71 69.2;.5.1 89.1 2949 60.0 184 67.3 28/11.7
2E] 71 70.4/67.4 90.6 2880 58.8 180 67.3 28/11.3
2E2 250 63.7/62.5 83.0 2760 56.3 173 67.3 25/9.3
2E3 250 64.9/62.5 83.8 2640 23.1 176 69.3 25/9.6
2DC 250 uv2.5/60.0 80.0 /60 56.3 162 65.3 26/10.9
2DL 550 55.7/53.5 £83.9 30: 62.5 153 73.5 25/16.5
S 20Y 550 57.6/56.3 87.1 3120 63.7 173 63.3 23/10.0
20D 550 55.1/53.9 83.3 2880 58.8 169 65.3 24/9.6
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TABLE VI-2
TENSILE PROPERTIES
BASE METAL PLATE D-4302-2 (RW)

Yield
Strength Ultimate Eiongation
Test 0.2% or Tensile Fracture Fracture Fracture Reduction {1-inch gage)
Specimen Temp. Upper/'ower Strength Load Strength  Stress of Area TE/UE
CCade  (F) (ki) (i) _(b)_ fks) (ki) @) 0
105 7 72.2/68.6 91.1 2760 56.3 184 66.4 26/10.1
1E4 71 66.6/63.7 85.5 2640 53.9 189 71.4 31/11.°
1EP 71 71.6/68.6 90.9 2820 57.6 188 69.4 28/11.1
108 250 64.9/63.1 83.8 2580 52.7 172 69.4 26/10.0
18J 250 63.7/61.2 81.0 2520 51.4 194 73.5 26/10.2
106 250 64.9/63.7 84.1 2640 53.9 203 73.5 25/9.6
w 1t 550 58.8/56.3 89.3 2940 60.0 182 67.3 24/10.5
1bc 550 56.9/55.1 85.7 2760 £6.3 73 67.3 22/10.0
1E3 550 55.1/53.9 81.9 2640 53.9 1/6 69.4 25/10.3
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TABLE VII-]
IMPACT TEST RESULTS

BASE METAL PLATE D-4802-2 (WR)

Test Impact Lateral
specimen Temp, Energy Expansion Shear
0. 2F) (ft-1b) ~mils) s

23D -80 4 3 0
23E -40 6.5 8 10
22P -4C 8.5 10 10
233 0 17 18 20
247 0 26.5 27 4

E 40 30 30 30
21U 40 32 32 30
21C 80 60 43 40
22T 80 62.5 83 85
242 120 78.5 66 60
218 120 ¥6.5 74 75
22C 160 94.5 76 90
238 160 102.5 74 i
217 190 121 85 I\
220 210 122.5 85 100
24D 210 125 84 100
217 230 110.5 83 100

RTND* = 18°F (Deterrined from lower bound curve)
1

Upper Shelf Energy = 121 ft-1b
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TABLE VIT-2
INSTRUMENTED IMPACT TEST RESULTS
BASE METAL PLATF D-4802-2 (WR)

Impact [mpact Loads
. v Iest Eggrgy
:D.:;TTE EE_ A:fjiq}b) gy (10) Py (1b) P (1b)

23D -80 4 . - 2800
23E -40 6.5 .- - 3200
22p =40 8.5 -~ - 3500
233 0 ] 3100 3500 -
247 0 26.5 3100 3900 -~
21E 40 30 2800 3600 -~
21U 40 32 2900 3700 -~
21C 80 60 2800 3800 -
227 80 62.5 2800 4000 3900
242 120 78.5 2700 3800 3700
218 120+ 96.5 2:00 3800 3400
22C 160 94.5 2600 3700 .-
238 160 102.5 2500 3700 -~
217 190 121 2400 3600 -
22U 210 122.5 2500 3700 -
24D 210 125 2400 3500 --
217 230 110.5 2400 3600 ~-

TB = 40°F

TN = B0°F

TW = 160°F
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TABLE VII-4
{INSTRUMENTED IMPACT TEST RESULTS
BASE METAL PLATE D-4802-2 (RW)

Impact Impact Loads
Iest Ehgrgy
Mo (B e e () R () B (1)
120 -80 4.5 - .- 3100
15K ~40 7 .- - 3400
13J =40 9 - - 3500
15P 0 20.5 3200 3600 -
13E 0 25.5 3300 3900 .-
11C a0 41.5 3100 4000 -
162 40 45.5 3000 4000 -
1M 80 78 2700 3900 3700
151 80 79 2700 3800 3700
11p 120 115 2€00 3800 2800
12E 120 15 ..8 2600 4000 2400
110 160 137.5 2600 3800 -~
nT 160 140 2600 3700 --
13Y 190 147.5 2600 3800 -
1E 210 133.5 2400 3800 --
15L 210 144 .5 2400 3700 --
= -22°F
8 32
120°F
49
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TABLE VII-6
INSTRUMENTED IMPACT TEST RESULTS

WELD METAL, PLATE D-4802-1/D-4802-.

[mpact Impact Loads
Zes: Engrgy
364 -120 $.5 - - 3500
35U -80 5.5 - -- 3400
32Y -80 18.5 3400 4000 -
332 -40) 20.5 3300 3800 -
3L -4C 30 3200 4000 -
35E 0 49.% 3100 4000 3800
33E 0 55 3100 4000 3900
3% a0 66.5 3000 3900 3500
31Y 40 74 3000 3800 360
33C 80 97.5 2900 3800 .-
324 50 105.5 2800 3800 -
35P 120 92.5 2700 3700 -
330 120 105 2800 3800 -
346 160 105.5 2600 3700 -
3 160 115 2600 3700 --
-112°F
= -30°F
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TABLE VIII-]
PRECRACKED INSTRUMENTED CHARPY IMPACT TEST RESULTS
BASE METAL PLATE D-4802-2 (WR)

Tgé; Data

(in.-1b} {in.-Wb){in.) a/w +in.

Specimen Temp. e ¥o th PGv tH PH iaf Eo
No.  (°F) (in./sec) {ps}) (W) (wsi (b}
228 80 56.7 40.8 170 032 170 932 3 113
21D -40 531.3 55.2 140 1101 140 1101 3 207
243 0 50.3 62.4 140 1350 140 1350 4 265
231 0 50.6 69.6 200 15010 200 1461 9 329
1Y 80 51.8 @87.6 132 127 214 1279 15 521
241 120 51.86 93.6 109 1155 Si8 1481 57 595
216 166 51.3 103.2 90 1176 772 1635 10 724
21 216 50.9 103.2 106 1078 876 1558 117 724
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TABLE ViII-3
PRECRACKED INSTRUMENTED CHARPY IMPACT TEST RESULTS
WELD METAL, PLATE D-4802-1/D-4802-3

Lot oo Yest Data - B, S Lo L P Calculated Results " L r
Test Kw KRd KJd
d & : :

Test Specimen Temp. CS Vo tey FGY t" P" Eaf £ A ksi kst ksi %vd

0
MNo. _Mo.  (°F) _ (in./sec) (ws) (o) fws) (Ib) (in.-Ib) (in.-1b) (in.) a/w /in. Vin. Jin.  ksi

2697 31N -120 52.6 40.8 220 1222 229 1222 1 n3 189 .43 49.3 -- -- %
2699 33 -80 56.7 55.2 160 1215 160 1215 - 207 197 .50 52.2 - -- iG3
2696 363 -40 50.1 69.6 120 1266 120 1265 3 329 184 47 49.1 -~ - 95
2624 34P 0 49.7 87.6 117 1400 623 1725 76 521 183 .47 -- 223 226 104
2695 362 40 52.8 8.6 133 1317 563 1607 61 321 190 .48 -~ 205 206 104
2698 3aM 80 50.0 93.6 105 1204 613 1721 LR R 595 184 47 - 264 267 98
2701 347 120 49.2 103.2 122 1314 172 1727 114 724 182 .46 - 264 267 57
2700 35J 160 51.6 110.4 118 1239 671 1618 99 828 187 .48 - 249 252 96
Uh)

B ow =0 S o B9 05 9 NS aE S v S0 ar G5 O S =S W



TABLE VIII-4
PRECRACKED INSTRUMENTED CHARPY IMPACT TEST RESULTS
HAZ METAL, PLATE 0-4802-2

AP AE SN Senes . TR e Calculated Results
Test de K;d KJd
Test Specimen Temp. CS' Vo tGY pGY t" P" Eaf {0 2 ksi ksd ksi nyd
Mo.. __Mo. ~ (*F) __ [(in./sec) (ws) (1) (ps) (Wb} (in.-1b) (in.-1b) (in.) a/w An. Jin. Jin. ksi
2689 442 -12 63.6 55.2 160 1148 i60 1148 4 207 208 .53 54.0 -- - 109
2686 438 -80 59.9 55.2 320 i570 320 157G 17 267 202 .51 70.4 - - 141
26990 41J -40 57.5 78.0 130 1440 1085 1748 127 413 18 .50 -- 30 302 124
2593 42K 0 54.5 93,6 133 1484 489 1603 58 595 193 49 .. 202 203 121
2688 343 0 57.1 93.6 156 1328 782 1572 92 595 198 .50 -- 244 245 14
2687 423 80 54.3 110.4 12 1297 758 1604 113 828 193 .49 - 276 27 166
20687 422 120 53.4 130.8 102 1311 802 1680 149 1162 A9 .48 - 316 3i9 105
2691 434 160 54.9 130.8 15 1275 784 1619 129 1162 .194 .4 -- 308 310 105
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DISCUSSION

A summary of all major test results is provided in Table IX.1,
This table serves as the basis for the following discussion of
each of the phases of evaluation of baseline specimens from
reactor vessel materials, as part of the irradiation surveillance

program,
A. Materials

The Fort Calhoun surveillance materials consisc of SA 533-B,
Class 1 plate, weld and HAZ fabricated from sections of the
vessel shell plate which would first appear to Jimit the
éperat1on of the reactor vessel, The chemical composition
conforms to ASME Code Section Il and C-E specifications for
reactor vessel plates and weldments.

A metallographic examination was performed to characterize
the structure of the surveillance materials. The tempered
bainite structure for the base metal ard ferrite structure
for the weld meta) are typical for thick section SA 533-B
steel in the quenched and tempered condition. A small
amount of inclusion stringers was found in the base metal ;
the stringers were oriented parallel to the major rolling
direction. This accounts for the difference in toughness
normally experienced between longitudinally and transversely
oriented Charpy specimens. 1In a jonaitudinal specimen,
toughness is not affected because th. advancing crack must
cross the stringer, In transverse specimens, the stringers
are oriented parallel to the advancing crack, offering a
path of low resistance, thereby reducing the toughness
relative to a longitudinally oriented specimen. As seen in
Table 11-1, this difference in toughness appcars as a lower

upper shelf energy for transversely (WR) oriented base

metal.

19



Drop Weight Tests

Orop weight tests were performed to establish an NDTT value
of the vessel base metal. The baseline NDTT value is used
in conjunction with Charpy impact data to determine the
reference temperature, RThDT’ for the material. NDTT for
the base metal (RW), was -20°F, demonstrating the excellent
teughness of the vessel plate. NDTT for the weld and HAZ
was conservatively estimated as 0°F using Branch Technical
Position MTEB 5-.2.

In addition to the NDTT determination, the Tracture surfases
of each specimen werg heat tinted to show the extent of

“rack extension after impact. The extent of crack extension
(shown as a dark, hea*-tinted area in Figure V-1) decrcases
with increasing temperature. The fracture surface phnotographs
also confirm the break-no break performance determined prior
to heat-tinting.

Tensile Tests

The results of the tensile tests show that all materials
exceed the yield strength, tensile strength and elongation
requirements of the ASMt Specification for SA 533-8, Class |
pressure vessel steel at all test temperatures. In addition
to the ASME requirements, the fracture load, fracture strenqgth,
fracture stress, reduction of area (R.A.) and the uniform
elongation (UE) are reported as required by ASTM E 185 in
order to more fully define the material properties, A
comparison of the material tensile properties shows that the
weld metal exhibited the highest yield strength of all
naterials. The other materials had similar properties.



D, Charvpy Impact Tests

Charpy impact tests were performed on plate, weld and MAZ
surveillance material to provide baseiine data for subsequent
comparison to {rradiated surveillance material.

Standard Charpy data are summarized in Tables II-1 and IX«1,
including uoper shelf energy, RTNDT" and fix temper:iures
corresponding to 30 ft-1b, 50 ft-1b and 35 mils lateral
expansion. The upper shelf energy for the base meta! was
greater for the RW orientation (137.5 ft-ib) than for the WR
orientation (121 ft-1b) as a result of the preferent’:
-rientation of inclusion stringers (as noted in Section IX.A).
The HAZ metal hz4 the lowest upper shelf energy (82 ft-

1b), but 311 three materials (plate, weld and HAZ) had

upper shelf energies in excess of the 75 ft-1b minimum
requirement of 10 CFR 50, Appendix G, for unirradiated
beltline materials. QTNDT values ranged from -8° to

+24°F, the lowest value being for base metal. It should

be noted that the weld metal NDTT, which controls the

Tower bound value of RTNDT‘ is typically -20°F or * wer.

Since no weld metal drop weight specimens were available

for testing, the NCTT had to be conservatively estimated

as 0°F using Branch Technical Position MTEB 5-2. The

highest value of RTNDT was for the HAZ material. RT
determination for the HAZ was made difficult by the
inherently large scatter in impact test results (see
Figures VII - 14 through - 16). In the discussions of
ICv and PICv results, the HAZ 1s actually tougher than is
indicated by the standard impact test results.

NDT

In addition to the standard Charpy impact datz, instrumented
impact test data were obtained to more fully characterize
the surveillance material. T., T, and Ty from the Toad ve
temperature curves for each material are compared to the
standard Charpy data in Figure IX-2, It is noteworthy that

'RTNDT for longitudinally oriented base metal specimens is not strictly valid

and provided for reference purposes only,
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the TB temperature is, in most cases, nearly the same as the
highest temperature at which 100 percent cleavage fracture
is experienced as shown on the fracture surfaces of the
Charpy specimen, This indicates that the load bohavior
analysis can approximate the temperature at which the material
fractures in a strictly b.ittle mode. Further comparison of
the ICv and standard Cv data shows that the TN temperature
closely represents the 50 ft-1b fix temperature tor most
materials tested. This comparison is difficult for HAZ
material due to the large scatter normally found in the test
results., For example, the TN temperature for HAZ (-40°F)
was 124°F less than the 50 ft-1b fix temperature (+84°F),
However, the ICv results tor the HAZ (Figure VII - 13)
exhibit considerably less scatter than the stavdard impact
results (Figure VII - 14), indicating that instrumented test
results more closely represent the true material toughness.
Since the TN temperature is also that point at which the
material exhibits close to maximum load behavior and at the
same time precedes the onset of ductile fracture, it may
well be considered as a material property selection criterion
in the near future. Similar to the TB temperature, the TD
temperature defines a material property cundition which can
be substantiated by a fracture surface analysis of the
broken Cv specimen, TD is the temperature at which the
material fails in a completely ductile manner. It is also
characterized by the first 100 percent shear appearance of
the specimen tested at elevated temperatures, which also
defines the upper shelf energy. The close relation between
TD and 100 percent shear value is shown in Table IX-2.

The ICV data demonstrate the same relative preperties for
each material as observed for the standard Charpy data with
one exception, TB and TN are lower for the HAZ than any
other material, which is not reflected in the RTNDT values.
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The rapic heating and quenching of the material adjacent to
the weld fusion lina (the HAZ) results in an inherently
tougher material than the base metal., The crack seeks the
path of least resistance, resultino in extensive crack
branching preceding fracture which dissipates s considerable
amount of energy. The resulting large scatter in standard
data 15 not reflected in ICV curves., The ICv data in fact
indicates much greater toughness in the MAZ than evident
from standard results. Since ICv resuits for all other
materials support the standard data, it is assumed that for
HAZ material the ICv results more closely reflect true
material toughness. This su :rior toughness 1s also demonstrated
by the HAZ data from the PICv tests.

Precracked Charpy Tests

In addition to the already well defined material properties
by standard tests, the use of .recracked Charpy impact
specimens provides valuable dynamic fracture toughness
information. This is easily seen when the fracture toughness
data are compared to the ASME "Lower Bound Reference Curve,
KIR" (ASME Boiler and Pressure Vessel Code, Section III,
Appendix G). As evident from Figure VII1-33, all materials
tested exceeded the lower bound KIR curve. The highest of
all material t~ughness was exhibited by the HAZ metal. This
high toughness is most likely a reflection of considerable
crack branching as the crack seeks out the weakest path.

The precracked Charpy data for the Fort Calhoun surveillance
materials were analyzed using the best currently available
techniques. Developmental programs, both planned and in
progress, are being directed toward the refinoment of analytical
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techniques for interpretation of test data at temperatures
apprcaching the reactor vessel operating range. Recognizing
the potential for this developmental effort, sufficient
cetarls have been reported in Section VIII to facilitate
additional analyses of the Fort Calhoun precracked Charpy
data if the need arises.

The fracture toLghness data presented in this report should serve
as a base for comparison cf fracture toughness results from
irradiated materials and aid in the adjustment of reactor pressure
vessel operating parameters,
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TABLE IX-2
INSTRUMENTED VS STANDARD CHARPY IMPACT DATA

?ﬁ Max. Temperature 30 ft-1b Fix TN 50 ft-1b Fix R!NDT {P Min. Temperature

femp for 1002 Temprrature Temp Temperature Temp NDIT Temp for 1002
Cleavage Fracture Shear Fracture

Material and Code (°F) (°F) {°F) _{°F) (°F} {°F) (°F) {°F) (°F)

Base Metal {WR) -40 -80 22 80 78 18 -0 160 190
“-Jfflx p

3 15¢ M"tt_!’ {HW} y" ) i‘A O -2 h i'
;' ‘.;JH\

n.’i‘. ”‘"? (1‘ - } I - !;):', - }f, 3” P4 0 U 80

! 807 -1/D-4807 -3

HAZ Metai -140 -160 -44 -40 84 24 0 160 16
D-48(
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APPENDIX A

OROP WEIGHT TESTS-DESCRIPTION AND EQUIPMENT

The drop weight specimens for this program were tested on the machine shown
in Figure A-1,

Figure A-2 depicts the drop weight specimen used. Figures A-3 through A-5
are isometric drawings showing the orientation and location of the drop
weight specimens in the base mecal, weld metal and heat-affected-zone,
respectively. A detailed description of specimen manufacturing is presented
in Reference 1.

The drop weight tests were conducted in accordance with Standard Method
ASTM E 208-69, "Conducting Drop-Weight Test to Determine Nil-Ductility
Transition Temperature of Ferritic Steels." Specific procedures used are
listed in Reference 2.

Heat tinting was conducted after the tests were completed as follows:

Heat at 600°F for 1 hour;

Air cooled to room temperature;

Cooled in Tiquid nitrogen until brittle;

Broken in half using the drop weight machine at low impact energies.

B oW N -
¥ ST

Padded support anvils were used when breaking the tinted specimen in half
10 preserve the fracture surface,

The constant temperature necessary for conducting the drop weight test® was
obtained from a series of circulating 1iquid baths capable of maintaining
stable temperatures throughout the range of -150°F to room temperature,

Any selected temperature in this range was maintained to an accuracy of
2°F. These constant temperature baths were composed of the following
equipment.



One Neslab Constant Temperature Circulating Bath Model TEZ 10, with a

Modei CT 158 Thermoregulator and a Latline 1) inch diameter thermo
Designated Bath 2,

LY § 0

Medium: Isopropanol - room temperature - °F
Neslab Bath Cooler, Model PCB-2, connected.

Two Low Temperature Stirred Baths, two 11 inch diameter thermo cups, two

Honeywell Controllers and Solenoid control valves to liquid nitrogen bottle.

Designated Baths 3 and 5

Medium: Isopropancl - room temperature to -150°F
Coolant: Liquid nitrogen and Flexi-Cool unit.
A1l baths - copper constantan thermocouple,
Honeywell six-point temperature chart recorder.
Digitec thermocouple thermometer - 530 TF.

Standard mercury column thermometer.
Bimetallic-spring thermometer.

A-2
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APPENDIX B

TENSILE TESTS DESCRIPTION AND EQUIPMENT

The tensile tests were performed using a Riehle universal screw testing
machine with a maximum capacity of 30,000 1b and separate scale ranges
between 50 1b and 30,000 1b, The machine, shown in Figure B-1, {s capable
of constant cross head rate or constant strain rate operation. The tensile
testing was covered by the certificate of calibration which 15 included at
the end of the Appendix 8.

Elevated temperature tests were performed in a 2-1/2" [0 x 18" long high
temperature tensile testing furnace with a temperature limit of 1800°F. A
Riehle high temperature, dual range extensometer was used for wonitoring
specimen elongation,

The tensile specimen is depicted in Figure B-2. Figures B-3 through B-5

are isometric drawings showing the orientation and location of the tensile
specirens in the base matal, weld metal and heat-affected-zone, respectively.
A detailed explanation of specimen manufacturing is presented in Refereace

Tensile testing was conducted in accordance with ASTM Method E-8, "Tension
Tests of Metallic Materials: and/or Recommended Practice E-21, “Short-Time
Elevated Temperature Tension Tests of Materials," except as modified by
Section 6.1 of Recommended Practice E-184, "Effects of High-Energy Radiation
on the Mechanical Properties of Mettalic Materials.” Specific procedures
used are listed in Reference 2.
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Calibration Date October 28,1975 Machine escription Riehle D8«230

Customer Combustion Engineering Serial No. RA=44372
Windsor Locks, Conn.

Wilson Instrument Division of Acco certifies that the machine described above ras been calibrated to ASTM
designation E4 using calibrateo weights and/or proving rings caiibrated 1o Mational Bureau of Stancards
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APPENDIX C

CHARPY IMPACT TESTS - DESCRIPTION AND EQUIPMENT

The standard impact tests and instrumented tests were performed on a
calibrated instrumented impact testing system, shown in Figure C-), C-E's
instrumented impact test equipment -nvides for signal retention and the
subsequent data analysis. The « .| ..gnal from the instrumented tup

is recorded simuita ~cu~? by an :1loscope and & transient recorder. A
permanent visual ecord was made of the load signal, as it was displayed on
the oscilloscope snreen with a polaroid camera. Another permanent recording
of the impact load sianal was made by a8 paper .nch, which received a
digitized signal from the transient recorder. An electronic interface unit
was used to make these units compatible. The evaluation of all collected
signals was made using the punched paper tape as input to a computer program
for the data analysis.

The system consists of the fcllowing elements:

a. A Model SI-1 BLH Sonntag Universal impact Machine with a specifically
machined penduium tup, instrumented with four resistance strain
gages in full bridge circuit. This tup "Toad ¢r'1" is calibrated
statically and dynamically to provide a given pounds/velt sensi-
tivity for known settings of the balance and n on the dynamic
response system. The instrumented machine meets all impact test
machine requirements of ASTM and is certified by AMMRC, the U.S.
Army Materials and Mechanics Research Center (Watertown Arsenal).
A copy of the certification papers is included in this Appendix.

b. A Model 500 Dynatup dynamic response systen which supplies regulated
and constant dc excitation to strain gages on the penduium tup,
provides balarcing, variable load sensitivity and calibration
functions, and amplifies load-time signal to a +10 volt, +100
miiliampere level while preserving kHz frequency response and
0.C5 percent accuracy while simultansous.y reco: 'ng the area
beneath the load-time crace.
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The standard Charpy specimen is described in Figure C-2. For a detailed
41iscussion concerning specimen manufacturing see Reference !

Figures C-3 through C-5 are isometric drawings showing the orientation and
location of the Charpy impact specimens in the base metal, weld metal and
heat-affected-zone. reozpectively.

A1l s*3inuard Charpy impact tests were conducted in accordance with ASTM
Method E-23, "Notched Bar Impact Testing of Metallic Materials." Specific
procedures used are listed in Reference 2.

The precracking fcr and precracked tests of Charpy specimens were performed
according to Electric Pow2r Research Institute (EPRI) methods as reported
in Reference 2 of this Appendix C. The proper stress intensity factor
range (Kf) for precracking is currently being studied by ASTM Committer
E24i93.03. For these tests, precracking was conducted at a K, of 12 Ksi-
in. ;

The data analysis techniques for instrumented precracked Charpy impact test
data were based on the procedure developed in the EPRI Fracture Toughness
Program.(3} A precracked Charpy V-notch specimen is impact tested at a
preselected impact velocity. The test record, consisting of load as a
function of time, is stored in a transient recorder and is transferred to
paper tape in a digital form. The paper tape is fed into a PDP-11A computer
which is programmed to output two test records. They are:

1) load versus time:
2) energyv versus time.



The POP-11A computer then provides enlarged load/time plots. From these
expanded plots, the following information is obtained:

tey - time to cause general yielding

PGY - general yield load

PM - maximun load

Eaf - uncorrected value of =nergy to cause fracture.

The dynamic stress intensity factor (Kld) is calculated using the foliowing
test parameters in addition to the above values:

a - notch plus crack depth
w . CV specimen width
a/w - crack depth ratio
; - non-dimensional specimen compliance, f{a/w)

-4

- test lemperature
test velocity

Lt S
L

- available impact energy

For Tinear elastic fracture (case where fracture occurs before genera)

yielding), a value of KId is calculated using the procedure given in the

EPRI Fracture Toughness Program.(B)

This states that:

sva'/%p,
"d * W

where,

/ ; : ~ " { 3 o ] \
Y = 1,93-3.07 (a/w) ~ 14.53 (a/w)" -25.11 (a/w)” + 25.8 (a/w)

=

o2

"

= spezimen thickness 0..24 inches

]

W = specimen width 0.394 inches
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For elastic-plastic fracture (when general yielding occurs befrre maximum
load), the equivalent energy method for calculation of the stress intensity

factor is used, 3

In this case:

6y 1/2 P'
¥ B - B — S
“Bd EW
where,
ZEI 1/’2
P = (=)
Ls
E
E af
E! Eaf (1~ IE;) - Ew
1 2
Ey = /2 PM CM
C. = Yo oy kg™
M P. T
oY
) *
C
< &
Cs *

6 _0.46 x 10%T

E = elastic modulus, f(T) = 30.20 x 10
The constant temperature necessary for conducting the Charpy impact tests
was obtained from a series of circulating liquid baths capatle of maintaining
stable temperature throughout the range nf -150°F o +250°F. Any cselected
temperature in this range was maintained to an accuracy of 2°F. These con-

stant temperature baths were composed of the following egqu® :nt:

One Neslab constant Temperature Circulating Ba.n - Model TEZ 10, with a
Model CT 150 Thermoregulator and a Labline 11 inch diameter thermo cup.

Designuated Bath 1.

e

<
e
<
——
i
B
C
Q
3
ot
®
3
o
(3]
B
4]
"
-
o
ot
Q
(g ]
o
=

Medium: Ethylene Gl)



Orie Neslab Constant Temperature Circulating Bath - Model TEZ 10, with a
Model CT 150 Thermoregulator and a Labline 11 inch diameter thermo cup.
Designated Bath 4.

Medium: Ethylene Glycol - room temperature to 250°F.

One Neslab Constant Temperature Circulating Bath - Model TEZ 10 with .
Mo721 CT 59 Thermereqgulator and a Labline 11 inch diameter thermo ¢,
Designated Bath 2.

Medium: Isopranol - room temperature to -10°F,
Neslab Portable Bath Cooler, Model PCB-2 connected.

Two Low Temperature Stirred Baths, two 11 inch diameter thermo cups, twd

Honaywell Controllers and Sclenoid control valves to liquid nitrogen bottle.

Designated Bat:r- 3 and 5.

Medium: [sopranol - room temperature to -150°F.
Coolant: Liquid nitrogen &nd Flexi-Cool unit.

A1l baths - Copper Constantan Thermocouple
doneywell Six Point Temperature Chart Recorder
Cigitec Thermocouple Thermometer - Model 590 TF
Standard Mercury Column Thermometer
Bimetallic-spring Thermomet ar

The temperature instruments were c~:7libraiod in accordance with the ASME
Boiler and Pressure Vessel Code, Section iII, Paragraph 2360. Copies of

the applicable calibration certificates are provided at the end of this

appendix.
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