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Acronyms

ASME
ASTM
CE
CMOD
CPan

DAS
DBTT

NDT

NRC

ORNL

PTSE-n
PWHT

XNIX

NOMENCLATURE

American Society of Mechanical Engineers
Amercian Society for Testing and Materials
The Combustion Engineering Company
crack-mouth-opening displacement

clad plate number n

Charpy V-notch

data acquistion system
ductile-to-brittle-transition temperature, a8 measured by the Charpy impact energy
clectron beam

ferrite numbet

Rockwell B-hardness

heat-affected zone

Heavy-Section Steel Technology

lincar varisble displacement transformer
light water reactor

nil-ductil’ty-transition (temperatuie) as Jetermined by the drop-weight test according
to £ STM E 208

U Nuclear Reguiatory Commission
Oak Ridge National Laboratory

pres " ood thermal shock

0. & o 2| thermal shock experiment n

postweld heat treatment, also in this report refers to the eombined tempering and
PWHT given to the clad plates

‘






Transducer Designations

The following abbreviations followed by a sequential number were used in the instrumentation
shown in Figs. 2.6 through 2.9, and they denote the following types of gages:

TE thermocouple

XE foil strain gage

XD foil strain gage, used during dynamic data acquisition

ZE weldable strain gage or a clip gage used 10 measure CMOD

n— R — P R ——_ —— I R R R I R R R RO RO,






L INTRODUCTION

1.1 REACTOR PRESSURE VESSEL SAFETY ISSUE

A small crack near the inner surface of a clad nuclear reactor pressure vessel (RPV) is an
important consideration in the safety assessment of the structural integrity of the vessel. The
behavior of such flaws is relevant o the pressurized thermal shock (PTS) scenario and 1o the
piant life extension issue.

There is a dearth of informazion on the behavior of small Nlaws in the presence of cladding.
This has led one RPV integrity study [1] to assume infinitely long flaws (although small Naws are
certainly more credible). Long flaws were assumed in that study because considerable
experimental results have shown that, i the absence of ciadding, a small surface flaw in an
embrittled material subjected to severe therma! shock will hecome a long flaw, This important
consideration will be discussed in more detail later. Thus, the question remains about the role
a tough surface cladding will play in preventing the propagation of smali flaws along the surface.
Furthermore, the flaw could tunnel bencath the cladding, in which case the residual strength of
the structure needs to be estimated.

12 PREVIOUS WORK ON CLADDING AND SHORT FLAWS

As previously mentioned, in the absence of cladding, short flaws tend to become long. In
this section a brief review of work in these arcas is presented, and important experimental
evidence will be cited 1o support the concept of short flaws becoming, under suitable conditions,
long ones.

To dute, it is difficult 1o predict the behavior of finite-length Naws. There are various
reasons for this. An important one is that no criteria exist o | redict the evolution of the flaw
geometry and only general qualitative estimates could be made in such terms as “there is a
lendency for the crack io propagate in the ..direction.” Another r¢ son is the analytical
complexity introduced by the three-dimensional nature of finite-length flaws.  Until recent
advances in large main-frame computers, only a limited number of surface flaw geometrics under
specific loxding could be studied analytically [2).

The purpose of the stainless steel cladding on the inner surface of RPVs is corrosion
prevention. The thermal resistance and coefficient of thermal expansion are both higher than
that of the underlying base metal. Often, the high thermal resistance of the cladding has heen
included in the thermal analysis, but perhaps because of its relatively small thickness (3 to 4% of
wall thickness) its effect on the stiess distribution during overcooling accidents has been omitted.
A two-dimensional, linear elastic fracture mechanics study by Ahlstrand et al. [3] showed that the
omission of the thermal stresses in the cladding can lead to a significant underestimation of the
stress intensity factor, K, for a flaw that extends through the cladding. A study by Sauter
et al. [4] indicated that a more realistic approach would be to neglect the effect of cladding in
both thermal and stress analyses

The tendency of short flaws to extend on the surface was confirmed in an unexpected
manner in Thermal Shock Experiment § (TSE-5) [5). Figure 1.1 shows the developed inner
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Fig. 1.1. Developed view of the inner surface of the TSE-S cylinder in which a short cross
flaw propagated on the surface dunng the test. Source: R. D. Cheverton, D. G. Ball, S. E. Bol*,
S. K Iskander, and R. K. Nanstad, Martin Marietta Energy Systems, Inc., Oak Ridge Natl Lab.,
Pressure Vessel Fracture Studies Pertaining to the PWR Thermal-Shock Issue: Experiments TSE-S,
TSE-5A, and TSE-6, USNRC Report NUREG/CR-4249 (ORNL-6163), June 1985,



surface of the TSE-S cylinder, where a short cross flaw extended and covered the entire surface
during testing. Since it was unexpected, it was not properly recorded. A separate, well-planned,
and instrumented experiment, TSE-7, was performed 10 confirm this [6]. Figure 1.2 shows tie
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Fig. 1.2. Variation of the stress intensity factor, K, for an elliptic flaw
as a function of the aspect ratio of the major-to-minor axes (b/a). Source:
R. D. Cheverton, D. G. Ball, S. E. Bolt, S. K Iskander, and R. K. Nanstad,
Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab., Pressure Vessel
Fracture Studies Pertaining to the PWR Thermal-Shock Issue: Experiment TSE-7,
USNRC Report NUREG/CR-4304 (ORNL-6177), July 1985
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variation of the stress intensity factor, K,, for a semielliptic surface flaw as a function of the aspect
ratio of the major 1o minor axes (b/a) for the conditions pertaining to the TSE-7 experiment.
These curves show that for the initial 19-mm-radius, semicircular surface flaw used, b/a = 1, the
stress intensity factor at the bottom of the flaw is less than that at the surface. If surface crack
propagation occurs and the depth remains constant, K, at the surface will exceed K; at the
deepest point until b/a exceeds 3. Thus, analysis indicates that such a flaw, once initiated, has a
tendency to propagate on the surface before it can increase in depth. This has inde * been
verified experimentally, as indicated by Fig. 1.3, which shows the extensive crack propagation and
bifurcation on the surface of the TSE-7 eylinder, originating from a semicircular 19-mm surface
flaw. The flaw also increased in depth 1o the values shown at selected locations in Fig. 1.3,
Further experimental evidence from the Heavy-Section Steel Technology (HSST) Program was
obtained in experiment PTSE-1, illustrated in Fig. 1.4, In this test, the 1000-mm-long axial flaw
grew axially at each end by over 100 mm during the first crack jump [7, A similar sequence of
events occurred in PTSE-2 (8], in which the 1000-mm-long axial flaw grew to a length of
130 mm. In both cases, the flaw was restrained [rom growing any further axially by
manufacturing features of the cylinder.

The above examples illustrate why it is now generally assumed in the HSST Program that,
in the absence of cladding, a short Naw in embrittled material subjected to a severe enough
thermal shock will grow to become a long one before it grows deep.

13 OBJECTIVES OF THE PROGRAM AND PREVIOUS WORK IN THIS SERIES

The objective of the research program described here (“the clad plate program”) s o
determine the behavior of small flaws in or near cladding under stress fields similar to those
occurring during a PTS scenario. The potential benelit to the US. Nuoclear Regulatory
Commission (NRC) is an improved capability to predict the fracture strength of an RPV with
hypothetical flaws. The objectives of this rescarch are achieved by comparing the load-bearing
capacity of clad and unclad flawed plates, The clad plate program is conducted as part of the
H3ST Program.

The first series (Series 1) of such experiments indicated that the cladding employed may
have had sufficient arrest toughness 1o stop running cracks [9]. The precise contribution of the
stainless steel cladding to the arrest toughness was not determined.

1.4 PURPOSE OF THIS SERIES OF EXPERIMENTS

The central question to be investigated is whether a relatively thin layer of tough cladding,
by maintaining its integrity, can redistribute the stresses in its immediate vicinity sulficiently to
retard crack propagation that would have otherwise occurred. In particular, the question is
whether cladding could arrest an initially short flaw that is propagating along the surface and keep
it from becoming a long flaw. Should that oceur, then the flaw cannot grow in depth to challenge
the integrity of the plate without a significant increase of load beyond that needed to rupture
unclad plates.
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Fig. 1.3. Developed view of inner surface uf the TSE-7 cylinder in which the 19-mm-radius

semicircular flaw propagated on the surface 10 become a long flaw during the test. Sowrce:

R. D. Cheverton. D. G. Ball, S. E. Bolt, S. K. Iskander, and R. K. Nanstad, Martin Marictta

Energy Systems, inc., Oak Ridge Natl. Lab., Pressure Vesse! Fracture Studies Pertaiming 1o the

PWR Thermai-Shock Issue: Experin:ent TSE-7, USNRC Report NUREG/CR-4304 (ORNL-6177),

July 1985.

ORNL-DWG 83.5210A ETCR
vag” 120° a0 L &0” 126" ran”
| ) e [
! Lo ~ s q A ! i "T E ?
l as {1 e ] Il ! 1 }
1 \l\ % i \ ! ; . ! L
| 4T 53 1 t o, l : . 3‘
1 \ '/ \J 1 g /\._ i / \ 0' “"g ) /
¥ A |s N . , F 7 | ! 7/ vV =
2 \ 4 /1 }/ y y 3 7
Pk .43 A\ " 4 \)\ \( a3 f rL’—j ;/,. .ﬁ.‘_f S0 an .,L."d( .m d
: ot N ol * ek o A 50,/ ol i *
Frdeml oAl el oS S | §
- e e O S T ' % 5 “=)

‘ ) ' " o T 83 =3 &5 ‘.\“{/sr 5 X % P 4 '\ 1 2 £
2L § ’ v = R -
\P ]~ the. 1 VAL tLA:;.J Q i R s
% P e SRR \~\,6/5§f N NN~ AN S
| o | ‘)“"«/ rd H e 4 \ B
! | " A 30 N b7

' &,-/ O / h ¢ /
¢ 2 3::«». FLAw { !
: 4 ‘I f I il kon \ '}‘
ﬂ / P 20 l\ o
‘. ! |
| | - { ‘
\ 53 : e
\ | & % s
R AN 0 4
[ 1
! 22m -










,
i

REFERENCES

L

$. K. Iskander, "A Method of LEFM Analysis of RPV During SBLOCA." /.. /. Pres. Ves.
and Piping 25, 279-98, 1986.*

G. R. Irwin, "Crack Extension Force for a Part-Through Crack in & Plate," J Appl Mech,
Trans. ASME, 84, 651-4, December 1962.*

R. Ahlstrand, P. Paatildinen, and H. Raiko, "Linear Elastic Fracture Analysis of Irradiated
Nuclear Components having Welded Cladding " in Transactions of the Sixth International
Conference on Structural Mechanics in Reactor Technology, Vol G, Paper G1/4,
August 1981.*

A Sauter, R. D. Cheverton, and 8. K. Iskander, , Madification of OCA-1 for Application to
@ Reactor Pressure Vessel with Cladding cn he Inner Surface, USNRC Report
NUREG/CR-3155 (ORNL/TM-8649), Martin Marictta Energy Systems, Inc., Oak Ridge
Natl. Lab., Oak Ridge, Tenn., May 19837

R. D. Cheverton, D. G. Ball, S, E. Bolt, S. K. Iskander, and R. K. Nanstad, , Pressure Vessel
Fraciure Studies Pertaining to the PWR Thermal-Shock Issue: Experiments TSE-S, TSE-5A,
and TSE.6, USNRC Report NUREG/CR-4249 (ORNL-6163). Martin Marietta
Energy Systems, Inc., Oak Ridge Natl. Lab., Oak Ridge, Tenn., June 1985."

R. D. Cheverton, D. G. Ball, §. E. Bolt, §. K Iskunder, and R. K. Nanstad, Pressure Vessel
Fracture Studies Perta:ning to the PWR Thermal Shock Issue: Experiment TSE-7, USNRC
Report NUREG/CR-4304 (ORNL-6177), Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., Oak Ridge, Tenn., July 1985.*

R. H. Bryan et al, Presswized-Thermal-Shock Test of 6-in-Thick Pressure Vessels.
PTSE-1: Investigation of Warm Prestressing and Upper-Shelf Arrest, USNRC Report
NUREG/CR-4106 (ORNL-6135), Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., Oak Ridge, Tenn., April 1985.

R. H. Bryan et al, Pressurized-Thermal-Shock Test of ¢ in. Thick Pressure Vessels.
PTSE 2. Investigauon of Low Tearing Resistance and Warm Prestressing, USNRC Report
NUREG/CR-4888 (ORNL-6377), Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., Oak Ridge, Tenn., December 1987,

* Available in public technical libraries. ’ ‘
*Available for purchase from National Technical Information Service, Springfield,

VA 22161.



R - ——— e e i R &

9

9. W.R Corwin et al, Effect of Stainless Steel Weld Overlay Cladding on the Struciural
| Integrity of Flawed Steel Plates in Bending - Series 1, USNRC Report NUREG/CR-4015
| (ORNL/TM-9390), Martin Marictta Energy Systems, Inc, Oak Ridge Natl. Lab,

Oak Ridge, Tenn., April 1985

10 J. G. Merkle, *Stress-Intensity Factor Estimates for Part-Through Surface Cracks in Plates
Under Combined Tension and Bending,” pp. 3-22 and 31-2 in Quarterly Frogress Report on
Reactor Safety Programs Sponsored by the Division of Reactor Safety Research for
July-September 1974, Vol 1l, ORNL-TM-4729, Union Carbide Corp. Nuclear Div,,
| Oak Ridge Natl. Lab., Oak Ridge, Tenn., November 1974,

‘Available for purchase from National Technical Information Service,
Springfield, VA 22161,






11

2 SPECIMEN DESIGN, EXPERIMENTAL PROCEDURE,
AND INSTRUMENTATION

21 MATERIAL ALLOCATION, SPECIMEN FABRICATION, AND HEAT TREATMENT

The base metal used in the clad plate program was machined from segment "012B" of an
approximately 7 by 3 m, 178-mm-thick steel plate, Fig. 2.1. It was manufactured by Lukens
(Melt BR112) to ASTM Specification for Pressure Vessel Plates, Alloy Steels, Quenched and
Tempered, Manganese-Molybdenum and Manganese-Molybdenum-Nickel, A 533 grade Bclass 1.
The Oak Ridge National Laboratory (ORNL) identification for this plate is HSST Plate 012 The
area of the plate designaied for the six clad specimens, CP-15 through CP-20, was weld overlayed
with stainless steel on both sides before the individual specimens were separated from the plate
(lower halfl of Fig. 2.1).

Before the cladding was applied, the base metal was heat treated o raise its transition
temperature so that it would be brittle at temperatures ot which the cladding would be 1ough.
The weld overlay cladding is a single layer of 308/7309/312 stainless steel, made by the three-wire
process. This process is more representative of the method used to manufacture some of the
older RPVs. To avoid reducing the transition temperature, the plates were then given a slightly
milder postweld heat treatment (593°C for 10 h) than typical for a clad ;eactor pressure vessel
(607<635°C for 40 h).

Extensive studics were performed by CE in order to optimize the heat treatment required
and to produce the necessary material properties; the CE report is included as Appendix D.
Material characterization studies were also performed at ORNL (see Chap. 3) and agreed well
with those reported by CE.

22 DESCRIPTION OF THE SERIES 2 PLATE TEST SPECIMEN

Cae of the problems encountered with the Series 1 plate specimens [1) was the unknown
effect of a groove on the stress jatensity factors. [t was necessary to machine a groove through
the stainless steel cladCing that covered the entire surface of the plate in order to put an EB weld
in the base metal, see Fig. 2.2.

The specimen used in Series 2 has been redesigned to avoid this problem by machining
recesses in a large blank from Plate 012B thus providing « location for the stainless steel weld
overlay, see Fig. 2.3, This configuration allowed the EB weld to be produced in the base metal
surface protruding between the cladding strips, see Fig. 2.4, Af.er cladding, both welded surfaces
of the blank were machined 10 a smooth surface, and the specimens separated by sawing,

23 FLAWING PROCEDURE
The site for a sharp flaw in the base metal was produced in the plate specimens by means

of an autogenous EB weld. When the sharp flaw was desired, the EB weld would be hydrogen
charged (2,3]. The EB weld i, the base metal was produced by a Leybold-Heracus welder.
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Comouter cortrol of the beam intensity resulted in an approximate semiclliptical-shaped weld
zone, 65-mm-lcisg with the major axis along the surface, and 15-mm-deep, Fig. 24 The
EF welding parameters used are given in Table 2.1. This flawing procedure was used on all eight
plates tested in s program. A typical flaw produced by this method is shown later, and for
brevity will be referred to as the "EB flaw.”

Talle 21, Parameters used in the electron beam walder
1o introduce a flaw initiation site in \de Jad plates

r

Distance from heat shield to plate surface o35 mm
Vacuum in chamber 6.0 mPa

Work table travel speed 250 mm/min
Accelerating voltage 150 kV

Beam current 17 mA

Filament current 42A

Focus Sharp at surface

24 GENURAL DESCRIPTION OF THE TEST

Eight plates huve been tested in Series 2, and the general test procedure was essentially the
same. The instrumented plate was mounted in @ 1-MN Instron testing machine, For tesis at
other than room temperature, the plate was cooled 10 the specified temperature. The vanation
in temperature at various locations was kept within 3°C. The plates were loaded in four-point
bending to induce a pure bending moment in the span containing the EB weld region, see
Fig. 2.5, rubjecting the flaw region 1o a stress gradient in the thickness direction. Six of the plates
were loaded 10 induce a specified strain level on the surface of the base metal. The EB weld was
thea hydrogen chatged. while the load was maintained constant using stroke control, until a flaw
initiated. This tvpe of test on an initially unflawed plate is thus essentially an amest experiment
the purpose of which is to study the effect of cladding on a brittle ruaning flaw.

in the -emaining two plates, a flaw was induced in the EB weld by hydrogen charging with
no applied load. Each plate was then mounted in the testing machine and the load increased at
a uniform rate under stroke control until this preexisting flaw either popped in and arrestes cr
the entire plate ruptured. Thus, the differcnce between the tests on these two plates and th six
mentioned above is the presence of a flaw when the plates were first mounted in the test
machine. These two tests, as well as those with an arrested flaw are designated as initiation tests.
The objective of e tests performed on these two specimens was to determine the load-bearing
capacity of the flawed clad plate.

In cases in which the flaw arrested, the plate is removed from the tesiing machine and
heat-tinted at 250 1o 350°C for 1 h 1o define the arrested flaw shape. For this type of low-alloy
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3. MATERIAL CHARACTERIZATION

3.1 PRETEST MATERIAL CHARACTERIZ TION

The base metal and characterization blocks used in the clad plate projoct were machined
from a single, 178-mm-thick plate of steel. It was ;nanufactured by Lukens Steel (Heat B8112)
to ASTM Specification for Pressure Vessel Plates, Alloy Steels, Quenched and Tempered,
Manganese-Molybdenum and Manganese-Molybdenum-Nickel (A 533) grade B class 1, and is
designated HSST Plate 012. The allocation of material for the clad plate program has been
discussed in Chap. 2. The chemical composition according to analysis performed by ORNL on
the material, from melt certification provided by Lukens, and from the ASTM specification is
given in Table 3.i. The material used by ORNL for the chemical analysis was a broken Charpy
V-notch (CVN) specimen (CP-23) machined from the 0.4t" depth of one of the broken halves
of clad piate CP-18,

The cladding and heat treatmen: of the material used for the clad plate project was
performed by CE. Prior to fabrication, CE performed extensive studies in order to optimize the
heat treatment required and to produce the necessary properties, the CE report is included as
Appendix D. beiore ¢ladding, the base metal plate was given a special heat treatment by ZF to
raise the transition temperature so that it would ve brittle at . nperatures at whic) the cladding
would be tough. To meei this requirement, the base plate was first given a normalizing treatment
in a gas-fired shop furnace at 1032°C (1890°F) for 2 h, followed by cooling in nominally still air
with the plate suspended vertically above the shop floor. Prior to heat-treating the plate, an
A 533 grade B "picture frame" buffer, 203-mm-thick and 127-mm-wide, had been fillet welded to
the plate edges. The part of the base plate destined for the six clad specimens was machined into
a large blank, and :he cladding was then applied. The completed weldment was given a combined
tempering and postweld heat treatment (PWHT) of 593°C (1100°F) for 10 h and then furnace
cooled. As mentioned in the CE report (Appendix ), the practice of combining the tempering
and PWHT ".is in accordance with paragraph NB 2170, Section III, American Society of
Mechanical Engineers (ASME) Boiler and Pressure Vessel Code...," and for brevity the combined
tempering and PWHT will be referred to simply as PWHT. The PWHT was milder than typically
given a clad light water reactor (LWR) vessel, but produced cladding with Charpy properties
similar to those obtained with a typical LWR PWHT [607°C (1125°F) for 40 h}, see Fig 3.1(a).
Moreover, the Charpy impact ductile-to-brittle transition temperature (DBTT) of the base plate
remained high enough 1o retain the material properties rejuired by the program, Fig. 3.1(b). This
special heat treatment was in addition to one generally performed when the plate is
manufactured. The special heat treatment of the clad plates and, for reference, that generally
performed in the course of manufacturing A 533 grade B class 1 plates about the ticie HSST
Plate 012 was purchased have been summarized in Table 3.2(a). A PWHT given to a typical
LWR pressure vessel [1] has been included in Table 3.2(b) for reference.

“The 0.4 refers to the approximate fractional depth in the original t = 178-mm-thick HSST
Plate 012 (not of the clad plates) from which the CVN spcimen. were machined.
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Table 3.1. Chemical composition of A 533 grade B Mn-Mo-Ni steel
HSST Plate 012B used for clad plate specimens, as dotermined by
ORNL, from Lukens certification for melt 8112, and as

specificd in ASTM AS33B
Composition
(wt %)
Element
ORNL* Lukens ASTM AS33B-87
Carbon, max 0.25 0.22 0.25
Managanese 13 1.32 1.07-1.62
Phosphorus,® max 0.005¢ 0.007 0.015
Sulfur," max 0.017 0.013 0.018
Silicon 0.25 0.27 0.13-0.45
Molybdenum 0.54 0.55 0.41-0.64
Nickel 0.43 0.63 0.370.73
Copper,® max 0.09 0.12
Vanadium,® max 0.02¢ 0.06
Aluminum® < 0.002
Antimony* 0.001
Arsenict 0.01
Boron® 0.0003
Chromium® 0.0150
Cobalt* 0.02
Niobium* 0.0008
Nitrogen® 0.0116
Oxygen® 0.0030
Tin* 0.0008
Titanium® 0.002
Tungsten® < 0.0003
Zirconium® < 0.0001

*Performed using 0.4t depth (of original 178-mm-thick HSST
Flaie 012B) Charpy V-notch specimen CP-23 from clad plate CP-15.
Precision of ORNL analysis is + 5% unless otherwise noted,

"Nuclear reactor pressure vessel requircments.
“4+100%, -50%.
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temperature for clad plate materials from the three-layer characterization block.
Specimens were longitudinally oriented with respect to the rolling direction of the
base metal of the clad plate specimen.
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Table 3.3. Teasile properties of longitudinally
criented specimens of clad plate materials

Test Strength Total  Reduction
temperature  Specimen (MPa) clongation of area
€ Yicld  Ultimate (%) (%)
Quarier-thickness base metal
-50 WON 638 792 17 57
WCISN 624 782 19 57
0 WOML (1) 753 16 S8
WCISL 597 743 17 62
2 WOMK 592 732 16 56 }
WCISK 586 723 16 62 |
50 WCOOIM 575 699 16 61
WC1sSM 5§75 706 16 61
Heat-affected zone
-50 WO 641 785 17 62
WC151 624 778 17 61
0 WOMG 610 743 18 61
WCI5G 617 748 18 63
2 WOMF 566 697 16 61
WCISF 578 704 16 62
S0 WCO4H 608 719 15 64
WCISH 561 656 17 65
Weld metal
-50 WOD 359 §73 53 a6
WOB 375 Ro6K 49 35
0 WCO4A 332 635 64 51
WOMC 345 644 63 52
2 WCI1SD 297 556 52 52
wWCisB 320 565 51 49
50 WCISA 295 S07 49 50

WCISC 302 511 39 54
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Table 3.6. Charpy V-notchi impact energy test results for specimens
from the heat-affected zone of the three-layer clad plate
characterization block in the 1 -T and L-S orientations

Test Ener Lateral Fracture
Specimen temperature ( ”gy expansion appearance
*C) (mm) (% shear)
L-T onentation
WC-1 <100 3 0.025 0
WOO-H -50 11 0.152 0
wCi1-G 25 1R 0.356 10
WC10-J -28 45 0.597 30
WC11-) 0 41 0.660 28
WO-G 0 N 1.003 42
WC10-1 0 50 0914 40
WCO-F 24 94 0.787 68
WCI11-F 24 R7 1.295 41
WCI10-F 24 89 1.143 80
WwWC09-) 50 132 1.753 100
WC11-H 50 119 1.549 X
WC10-G 100 142 1.918 100
WCI10-H 200 145 1.994 100
WC111 30 123 1.892 100
L-S onientation

WCO02-H 100 21 0.152 0
WC05-G -50 0 0.749 23
WCO2-N -50 59 0.775 33
WwQC03.J -25 41 0.559 14
WC05-J 0 56 0.686 23
WC02-1 0 b (.826 42
w031 0 101 1.410 47
WCO2-F 24 92 0.965 53
WCOS-F 24 97 1.245 67
WCO03-F 24 100 1.270 67
w024 50 122 1.702 75
WCOs-H 50 96 1.321 70
WQC03-G 100 128 1.219 100
WCU3-H 200 140 1.918 100

WCo0s-1 300 121 1.448 100
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Table 3.7. Charpy V-notch impact energy test cesults for three-wire,
three-layer stainless steel weld overlay cladding specimens from the
clad plate characterizatior block in the L-T and L-S orientations
(L orientation corresponds to the welding direction and the
roliing direction of the underlying base metal)

Test Eoer Lateral
Specimen Temperature J & expansion

“C) ) (mm)

L-™ inentation
WC09-E -100 18 0.318
wWC9-D -50 26 0 546
WwC11-D 25 40 0.800
WCI11-C 0 S5 1.092
WC11-B 0 54 1.080
WCOe-C 0 58 1.181
WCI11-A 24 68 1.524
WCI0-A 24 67 1.524
WC10-E 24 6S 1.374
WC11-E S0 75 1.740
WC0s-B 50 77 1.702
WC10-B 106 75 2.121
wC10-C 200 71 2.045
wC10-D 300 68 2.210
L-§ onentaiion

WQ02-E -100 16 0.140
wC02-D -50 EX) 0.343
WC0s-C 25 47 0.699
W(Cus-B -25 43 0.635
WQUs-D 0 45 0.775
wom-C 0 5 0.673
WOCOS-E 0 59 0.826
WQO02-A 2 65 0.838
WC03-A 24 70 0.775
WCOS-A 24 AR 1.118
WC02-B 50 71 0.775
WCO03-E 50 79 1.564
w(C03-B 100 83 0914
WwC03-C 200 72 0.927

wC03-D 300 68 1.105







Table 3.8. Results of drop-weight *=sting on specially heat treated A 533 grade B,
quarter-thickness base metal 11 ym the clad plate characterization block
{nil-ductility-transition temperature, NDT, is defined in ASTM E 208-82
to be the highest temperature at which a specimen
breaks and two tests at a temperature 5°C
higher show no-break petrformance)

Test Test results
Specimen temperature

°C) Break No break
3UABI 25 X
IUAB2 36 X
JUAB3 58 X
3UAB4 53 X
IUABS 47 X
JUAB6 41 X
3UAB7 41 X

NDT = 36°C

Table 3.9. Transition temperatures determined by Charpy V-notch impact tests
on clad plate materials from the characterization block with three layers
of cladding (drop-weight nil-ductility-transition temperature, NDT, of
the quarter-thickness base metal s 36°C)

Transition temperature criterion

Material Orientation® (*C)
41 68 ] (.R89 mm

Cladding L-T 24 28 19

L-S -39 36 £ ¥
Quarter-thickness L-T 32 59 51
base metal L-S 41 66 59
Heat-affected LT 12 7 6
zone LS -59 -19 -14

*With respect to the base metal.

*Lateral expansion of cladding in L-T orientation appreciably greater than
in L-S orientation at all temperatures.
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Fig. 3.5. The profile of the fracture surface of three-wire
stainless-steel, weld overlay, clad metal, L-T orientation, CVN
specimen WC10-C tested at 200°C reveals a dimple rupture
mode. The specimen was sectioned longitudinally, and normal
to the machined notch which is visible is in the upper-left side
of the micrograph (Murakami’s etch)

Figures 3.6 and 3.7 show the appearance of the fracture profiles of L-T and L-S orientation
specimens, respectively, at higher magnifications than used in Fig. 3.5. Each figure contains
profiles of specimens tested at -100 and 200°C. There does not seem 10 be much difference in
the fracture profile between L-T and I -S orientation specimens that were tested at the same
temperature. There is, however, a difference in the fracture paths followed: t.e fracture paths
of specimens tested at -100°C, Figs. 3.6(a) and 3.7(a), have followed the 8-ferrite present, more
specifically, the y-8 boundary, whereas the fracture in the specimens tested at 200° C, Figs. 3.6(b)
and 3.7(b), proceeded primarily through the austenitic matrix in a dimple rupture mode. This is
the same mode of failure that was observed in the single-wire cladding mentioned above. At
-100° C, the CVN impact energy of the 3-ferrite is less than that of the austenitic matrix, whereas,
at the upper-shelf temperatures of 200°C, the reverse holds

Tro J-R tests of the cladding were conducted at room temperature using 12.5-mm-thick

A ¢ t !
[0.5TC(T)] compact specimens, one cach in the L-T and L-S orientation (with respect to the base
plate). The data were examined using the linear analysis specified in the ASTM Test for J,, a

Measure of Fracture Toughness (E 813) edition current at the (me, as well as a power law fit
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the three-layer characterization block obtained using 0.5TC(T) compact
specimens in the (a) L-T orientation, and (b) L-S orientation, with resprct
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Posttest hardness measurements on the HAZ of one of the broken halves of the clad plates
showed a hardness of about 101 Rockwell B-hardness (HRB). Although hardness measurements
on the Rockwell B scale are not recommended for materials with values greater than 100 HRB,
this value is higher than the values measured on the material characterization block (97-98 HRB).
A UTS of approximately 820 MPa estimated using this hardness measurement has - 2n confirmed
on one of the specimens machined from the HAZ of the plates clad with a single layer.

3.22 Determination of Young's modulus

Two L-orientation specimens each from the quarter-thickness depth in base wetal, HAZ,
and cladding (and of the same dimensions as those used in the tensile tests describea above) were
instrumented with electric resistance strain gages in order to measure Young's modulus, E, and
Poisson's ratio, v. There were two axial and twu circumferential gages on each specimen
connected in series, and placed diametrically opposite to each other to eliminate by averaging any
bending strains due § > misalignment. The measurements were performed at room temperature,
approximately 25°C. [he specimens were first subjected to three loading and unloading cycles
between 0 and approximately 25% of the 0.2% yield strength.

Table 3.12 shows the E and v values for the clad plate materials. Strain measurements
were performed at loads corresponding to the stress ranges shown for cach material in Table 3.12,
and E calculated as the secant modulus between the upper and lower stresses.  The values
reported here are the average of four measurements: two each during loading and unloading.
Also given are the standard deviations calculated from each set of four measurements. The
accuracy of the E and v values reported is estimated to be about 5 and 10%, respectively, because
the strains were about 500 p € for the axial direction and 140 € for the circumferential direction.

Table 3.12. Young's modulus, E, and Poisson’s ratio, v, for clad plate material
at room temperature for L-oricntation specimens (rolling direction of base
metal and welding direction of clad metal)

Specimen Stress Young's modulus

Seictinas dia:nncgc g (r;qng:.) (GPa) Poisson’s ratio
s | F 5 v 5
Quarter-thickness base metal
3UAE2 128 17-138 208 0.7 0.26 0.01
3UAE3 12.8 17-138 210 0.6 0.26 0.002
3UAES 128 17-138 206
3UAES 128 17-138 204
Heat-affected zone, postiest from single layer clad plate CP-15
CP-1 508 11=-100 205 2 0.27 0.01
CP-2 5.08 11-109 208 1 0.26 0.01
Cladding
WCME 455 1368 152 04 0.47 0.06
WCISE 4.55 13-68 144 14 0.43 0.01

*Standard deviation of four values measured with cach specimen.



ation of R..l.mn for base metal




48

The results of the T-L CVN iests have been fitted with a hyperbolic tangent curve. The
form of the equation and the regression parameters are given in Table 3.15. The average CVN
upper-shelf energy (USE) in the T-L orientation is about 80 J, and the 68-] criterion for the
RTypr was met with only a very sma'l margin. For comparison, the USE in both the L-T and L-S

orientations was about 1085 J.

Weld-embrittled (WE) crack-arrest specimens in the L-T orientation were fabricatew from
the base metal of broken clad plates CP-18 and CP-20. The L-T orientation corresponds to the
EB-induced flaw propagating along the surface. Beside characterizing the crack-arrest toughness
properties, the specimens were also used 1o check a special fixture that will be used in the hot
cells. The specimens to be tested in the hot cells are from the Sixth Irradiation Serive 7], and
are in three sizes, 25 x 76 x 76, 25 x 152 » 152, and 33 x 152 x 152 mm. Special jigs will be used

with each size, and thus crack-arrest specimens of each of these sizes were fabricated.

As described above, NDT and RTy,,, temperatures are 36 and 72°C, respectively, with the
T-L orientation CVN values controlling the RTygy; determination. However, the orientation for
sarface crack propagation in the clad plates is L-T (which, incidentally, fulfills both the 68 and
0.89-mm requirements). Accordingly, the results of the crack-arresi tests have been normalized

using the NDT temperature rather than RTypr.
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Fig. 3.9. The stress-strain curve for the specially heat-treated
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Table 3.13. Stress and strain values generated by digitizing the load-displacement curves
obtained during tensile testing of the clad plate materials: specially heat treated
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A 533 grade B base metal (specimen 3UAE®6-1), heat-affected zone obiained
posttest from the one-layer clad piate CP-15 (specimen CP6-1), and three-

wire series-arc stainless steel weld overlay cladding (specimen A26A-1)

(lincar elastic portion was corrected 10 values obtained during

Young's modulus measurements)

3UAE6-1 CP6-1 A26A-1
Strain Stress Strain Stress Strain Stress

(%)  (MPa) (%)  (MPa) (o) (MPa)
0 0 0.004 2 0 0
0.199 409 0.319 644 0.172 263
0.201 413 0.32 655 0.175 266
0.206 422 0.325 663 0.178 269
0.213 426 0.329 670 0.18 271
0219 447 0.335 678 0.182 273
0.225 458 0.342 686 0.186 275
0.233 473 0.346 692 0.191 2N
0.239 433 0.352 698 0.196 278
0.244 492 0.359 704 0.201 280
0.249 499 0.366 709 0.206 281
0.25 500 0372 3 0.21
0.255 507 0.334 719 0217 283
0.261 515 0.392 722 0.225
0.267 S22 0.407 725 0.234 285
0.274 528 0.424 726 0.245 i
1.281 533 0.436 726 0.258 288
0.289 538 0.451 726 0.273 289
0.298 543 0.468 724 0.289 292
0.309 547 (.484 723 0.31 293
0.32 550 0.508 720 0.327 295
0.33 553 0.531 719 0.348 296
0.345 556 0.551 719 0.369 298
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Table 3.13. (continued)

JUAE®6-1 CP51 A26A-1
Strain Stress Strain Stress Strain Stress
(%)  (MPa) (%)  (MPa) (%)  (MPa)

036 559 058 719 0386 300
0.374 560 0.622 718 04 30
0.384 562 0.651 719 0.413 303
0.398 563 0.722 719 0.424 304
0418 566 0.762 719 0.44 306
0.432 567 0.782 719 0.462 307
0.449 570 0.812 718 0.485 308
0.468 SN 0.839 719 0519 310
0.481 5§72 0.879 719 0.55 312
0.531 580 0912 720 0.599 314
0.631 586 0.9 721 0674 318
0.681 589 1.034 723 0.763 321
0.732 592 1.086 725 0.833 324
0.7 595 1.161 724 0.905 326
1.157 604 1.245 725 0.947 328
1.407 613 1.263 725 1 330
1.654 622 1.277 724 1.057 33
1.904 630 1.294 723 1.139 333
2152 639 1.335 723 1.193 335
24 646 1.364 723 1.251 337
2.648 653 1416 723 1.364 340
2.8%7 659 1.502 726 1.434 342
3146 666 1.573 728 1.641 347
3.395 671 1.727 732 1.843 352
3.602 674 1.818 735 2042 355
3985 630 1.96 740 2223 360
4.258 o84 2.158 745 2399 365
4.646 688 2.261 749
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‘vable 3.13. (continued)

3UAE®6-1 CP6-1 A26A-1
Strain Stress Strain Stress Strain Stress
(%)  (MPa) (%)  (MPa) (%)  (MPa)
2.359 752
2.563 756
2.763 762
2952 767
3.262 779
3572 78S
3.767 789
4.06] 793
4275 796
4.483 799
478 804
5.081 BO6
5277 808
5.64 812
5.784 812
6.286 R1S
6.785 817
7.083 818
7.293 819
7.626 820
7.788 822
111 821
8.527 822
9.164 823
9.619 823
9.689 823
9.792 822
9.949 822
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Fig. 3.14. Microstructure of the normalized A 533 grade B. showing the onentation of the
L. S, and T planes with respect to tue clad plate speamen. (a) ui.etched. (b) etched
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The first three clad plates (CP-185, <17 and -19) were initially tested in the "arrest” mode at
room temperatace. Plate CP-15 was loaded to a target strain level of 0.31%, which approximated
yield in the base metal on the surface of the plate. At that strain, the crack arrested and the
plate did not rupture; therefore, the initial load on the next two plates, CP-17 and -19, was
increased to higher steain levels in order 10 increase the energy availabie for crack propagation.
They did not (upture either; and, since we had almost attained the maximum loading capacity of
the machine, the remaining two clad plates, CP-18 and -20, were initially tested at lower
temperatures. (he unclad plate. CP-21, was tested at room temperature at a target strain that
corresponded to yield of the base metal on the surface of the plate, the same as the first plate
tested. The unclad plate ruptured, which indicated that the cladding had contributed considerably
1o the load carrying capacity of the clad plates as compared to that of the unclad plate.

The remaining two plates, CP-16 and -22, were tested in the "initiation® mode in which an
initially luwed plate was loaded at room temperature. The load was monotonicaily increased until
the flaw popped or the plate ruptured. The flaw in clad plate CP-16 popped and then arrested,
whereas, in the case of the unclad plate CP-22, the plate ruptured in two, The load in initiation
type tests may L. termed the “critical” load for the existing flaw, in contrast to the "hypercritical®
loads to which the plates were loaded during the "arrest” experiments.

4.1 TESTINC OF C1AD PLATE CP-15

Clad plate CP-1% was waded at room temperature (o 676 kN. This load was calculated to
induce a stress in the uniform moment span of the plate equal to the yield strength of the base
metal (596 MPa). The measured surface strain in the base metal was 0.31%. The EB weld zone
was then hydrogen churged while the load was maintained constant using machine ram stroke
control. Pop-in occurred within about 1 b, the load dropping about 3% and arresting” at 654 kN.
The plare was removed from the testing machine and heat-tinted at 325°C. The plate was
reinstalled, cooled 1o -25°C, and loaded at a constant machine ram displacement rate. A second
pop-in occurred at a load of 759 kKN with arrest occurring at 709 kN (a load drop of 7%). The
plate was removed from (e testing machine and heat-tinted at 250°C. The plate was re..stalled
in the testing machine, cooled to -100°C, and the load increased at a uniform rate until the plate
broke completely at 600 kN. Tigure 4.1 shows the two broken halves of the 150-kg test specimen
with heat-tinted shapes of the first and second pop-ins. The fracture surface has been examined
in detail and is described in a later section,

Alier the first pop-in «vent, a surface crack in the HAZ of the EB weld could be discerned,
but it did not appear 1o have extended on the surface. Instead, a small concave dimple extended
transversely from the cads of the flaw, indicating that the faw extended under the surface. The
exteision of the transverse dimple stopped short of the cladding. The crack had actually
propagated in the base metal just below the surface until it encountered the HAZ. A very thin
layer of metal covered the flaw.

*The load at arrest is more accurately termed the "post-arrest” load for reasons discussed in
Chap. 5. For brevity, it will be termed the arrest load in this chapter.
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4.2 TESTING OF CLAD PLATI
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Dye penctrant and ultrasonic cxamination of clad plates CP-15 and CP 17

Plate CP-15 was examined after the second pop-in of the flaw, while plate CP-17 wus

examined alter the first pop-in Both penelrant and ultrasonic techni JUCS Were ap| 1 he
oenctrant technigue used Zyglo™ Z1-22A material (a Magnallux Corporation pr duct It
Juorescent dye pencirant s views d with an ultraviolet hight and 18 considered a high-sensitivily
whicator {or surla breaking flaws, Results of the penetrant tests are documented i ] !
and 4 7
I'he ultrasonic examination was perl h unit with a cor wedpe
produce a 45° shear wave in steel { on the detection of the
tip diffracted signals from the crack. Scanning was performed from the unclad surface and A
rections (perpendicular to the crack surface) to detect the maximum throu Wi rack deptt
s . ferenced to plate thickness and centerline. Initial attempts CP-15 estimated t} X

flaw depth to be about one-hall the thickness, |

Crack tip measvremerts on CP-17 indicted 8 maximum crack depth ol approximately o0

(30 mun) of the thickness at a position approximately 25 mm to one side of the centerline. 1hi
data point £ad live others are shown supernimposed on the fracture surlace in Fig. 4.10. T
maximum ¢xtension under the clad was indicated 10 be on the same side as the 0ol d p
Ihe ¢stimate of maximum flaw depth at each end was essentially the same (038t or 19 mn I he
accuracy ol the up estimates J¢ pends on the detection of the extreme crack exten 1}

tendency is 10 underestimate the depth if the tip 1 closed or highly stressed

surface
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43 TESTING OF CLAD PLATE CP-19

This plate was loaded to a surfuce strain of about 0.65%, which corresponded to a load of
987 kKN. The flaw popped-in and arrested at a load of 689 kN. Figure 4.11 shows the fairly wide
but shallow crater formed on the surface of plate CP-19 as the flaw tunneled below. The Naw
ran the entire width of che plate until it penetrated the side. Figure 4.12 shows the location on
the side of plate CP-19 where the propagating flaw emerged and the acid used for hydrogen
charging ran out of this crevice.

After heat-tinting at approximately the seme temperature as in previous tests, the plate was
reloaded until it fractured at 703 kN.

Figure 4.13(a) shows the interestiag arrested flaw shape formed in plate CP-19. The flaw
ran parallel 1o and almost symmetsically about the centerline of the plate cross-section! The flaw
can only propagate in tensile stresses, and in the original plate, compressive stresses oceur below
the ncutral axis which is located approximately at midthickness of the plate. A possible
explanation of such a flaw shape is that the neutral axis of the plate must have shifted
simultaneously with the propagation of the crack to some location in the unbroken ligament on
the compressive side. Figure 4.13(b) shows schematically the displacements (after the flaw
arrested), through the thickness of the plate in the plane of the flaw with the neutral axis near
the bottom of the plate (assuming plane sections remain plane). These displacements have been
converted into stresses (see Chap. 5), and since the sum of in-plane axial forees is zero, the
location of the neutral axis with respect to the plate thickness has been determined.

4.4 TESTING OF UNCLAD PLATE CP-21

To provide a comparison with the clad plate tests, unclad plate CP-21 was tested at the
same 676-kN load used initially on clad plate CP-15. The surface strain was 0.27%, some 13%
less than the strain at the same load in the case of a cled plate (see below), reflectin.g perhaps
the greater stiffness of the unclad plate. The test was performed at room temperature. The plate
fractured in two pieces approximately 2.5 h after the start of hydrogen charging. Figure 4.14
shows the fractured surfaces of the two broken halves of unclad plate CP-21. The differing
“textures” of the fracture surface seem to indicate that the crack front first propagates below the
surfacc, ieaving an unbroken ligament. This ligament th-n cleaves when the stresses become
sufficiently high thus reestablishing a through-crack configuration. The crack front propagatcs
again below the surface, and the process repeats. A similar sequence of events appeared o have
oceurred in unclad plate CP-22 tes.ed in the initiation mode and will be described later. The dark
discoloration was formed by the acid and should be disregarded.

45 TESTING OF CLAD PLATE CP-18

This plate was tested at -25°C with pop-in and arrest occurring at 823 and 649 kN,
respectively. Figure 4.15 chows the fracture surface of clad plate CP-18, Note the similarity to
the fracture surface of plate CP-19 shown in the previous figure. The tunneling of this flaw was
also accompanicd by the formation on the surface of a shallow crater similar to the one in clad
plate CP-19 (Fig. 4.12). The 649-kN arrest load is only 4% below the 676-kN Joad that ruptured
the unclad plate CP-21 1t provides another indication of the enhanced crack-arrest capability of
clad plates even at a temperature S0 K below the temperature at which unclad plate CP-21
ruptured (sce Sect. 4.4).
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Fig. 4.11. Fairly wide but shallow crater formed on the surtace ol

clad plate CP-19 as the flaw tunneled below
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The velocity of a transient wave registered by peaks in strain gages XD-1 and XD-2
was estimated 10 be about 480 m/s. This is within the range measured for brittle mode
crack propagation velocities for the same steel in the Wide Plate Series 1 experiments, 200 to
1000 m/s [1). It should be noted that strain gages XD-3, XD-4, and XD-§ showed only an
increase in strain but no decrease as did the XD-1 or XD-2. Recall that the strain normal to the
plane of the crack is a maximum [2] at an angle’ of 70°. The crack arrested before it reached
the cladding, which is a possible explanation of the difference in behavior registered by the two
sets of gages located before and after the arrest point.

It was not possible to confirm from these measurements that the crack fisst tunnels, then
propagates to the surface, as indicated by the markings on the fracture surfaces of several plates
(see discussion of tests on unclad plates CP-21 and CP-22).

REFERENCES

1.  D.J. Naus et al, p. 129 in Crack Armest Behavior in SEN Wide Plates of Quenched and
Tempered A 533 Grade B Sieel Tested Under Nonisothermal Conditions, USNRC Report
NUREG/CR-4930 (OKNL-638%), Martin Marietta Energy Systems, Inc., Oak Ridge
Natl, Lab,, Oak Ridge, Tenn., August 1987

2. G. R. Irwin, "Analysis of Stresses and Strains Near the End of & Crack Traversing a Plate,”
J. Appl. Mech. 24, 361-64 (September 1957)}

"Measured counterclockwise from the plene of the crack, with the origin located at the crack
tip.
o, £¥2|:?blc for purchase from National Technical Information Service, Springficld,
*Available in public techaical libraries.
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5.1 RESULTS OF THE ARREST-TYPE EXPERIMENTS

Six of these plates were tested in the "arrest® mode at either 25 or 25°C. In the arrest
experiments, the surface strain in the uniform bending moment span of the plate was used as a
guide in the selection of the target load. Figure 5.1 shows approximately the points on the load
vs surface strain curve at which the six plates have been tested in the arrest mode. Plates tor
which designations are shown on the left side of the curve were tested at -25°C, and those with
designations shown on the right nand side were tested at 25°C. The loads (and strains) were
maintained constant under stroke control during the period of hydrogen charging and are a
measure of the crack-driving force acung (or the potential energy stored in the plate) at the
instant the flaw initiated in the EB weld.

ORNL-DWG 85-5001A

NI i """'-—'V—" ﬁ\ B - o R i
1000 CP-19 1
s TESTS AT {CP-?.O(foiled CP-17 1
=25°C |CP~1Bvmm o \
800 TESTS AT ,
CP-45 - 25%
Z CP~24lunclad-foiled)
= 800}
a
Q
o
400 -
200
0 ad l ) i el | L -
0 04 g2 03 ca 085 06 Q7 08

STRAIN (%)

Fig. 5.1. Point on load vs surface sirain curve at which the six plates were tested
in the “arrest” mode. All plates designated on the left-hand side of the curve were
tested at -25°C, while those designated on the right-hand side were tested at 25°C.

Four plates were tested at room temperature and for the first plate tested, CP-15, the
surface strain was chosen to be approximately the yield strain of the base metal. The crack
arrested and the plate did not rupture. The target surface strain was increased for both plates
CF-17 and CP-19. An unclad plate, CP-21, fractured when loaded to approximately the base
metal vield strain on the swface. Thus, in all threv cases, by arresting propagating cracks, the
cladding enhanced the load varrying capacity of a clad plate compared to that of an unclad one.
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the plates were able (o sustain loads that were depender « pon the crack size, matenal propertics
ete. As mentioned carlier, the specimens were removed from the test-machine and heat tinted

. to define the arrested flaw shapes The heat nting temperatures ranged from about 250 to

. £ 350" C and the application times were approvimately 1 h. At these temperatures and time, it
is not expected that the material properties at the crack tip would have been affected. The plates
were then re-mounted inte the test machine and reloaded untid further pop-ins occurred or the

plates ruptured. The process was then repeated with plates that had arrested the propagating

2 flaw The purpuse of these tests was t ) BEuCT ite data on the load carrying capacity of ¢l ad ;-,.1h S
with different sizes of flaws at little or no additional cost

[he loads measured at pop-in and arrest in plates with vanous sizes ol are also

;‘:’C.\L’”K'\: in 1 dh‘lL 5.1 AS can be seen rom Tatle 5.1, with one ¢ -.’\i"u 1, the load Cariving

Y capacity (both the pop-in and ariest loads) of clad plates witli fairly large preexisting flaws, was
about equal 10 or exceeded that of an unclad plate. It should be noted that in many cases t!
test temperatures of these plates with preexisting flaws was 50 K below that which broke the

% inclad plate. The only cas. in which a clad plate with a preexisting flaw ruptured at a load lower
than the rupture load of an unclad plate was the retest of CP-15 at a temperature of 123 K lower
than that of the unclad plate

I'he combined tougl f the surface layer of cladding and HAZ seemed hawe
contriouted signill intiy 1o the load-x i ipa vy Of 1IN iad p s DV arresling flaw 10ads
temperatures that have ruptured unclad plates. In fact, the clad plate Cl

i subjected to a driving force (as measured by the target load), almost 50% highe
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Fig. 5.4. Rigid plastic collapse analysis of stresses required to rupture the four
plates, CP-16, CP-17, CP-18, and CP-19. (&) ideahized, typical remaining ligaments.
(b) forces acting on the fracture surface. (cj forces and pertinent dimensions of the
four-point bend load train.
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6. J. C. Newman, Jr,, and 1. §. Raju, "Analysis of Surface Cracks in Finite Plates Under
Tension or Bending Loads,” NASA Technical Paper 1578, December 1979

7. R. H. Bryan et al, Test of 6-in.-Thick Fressure Vessels. Series 3: Intermediate Test Vessel
V-84 - Tearing Behavior of Low-Upper-Self Material, USNRC Report NUREG/CR-4760
(ORNL-6187), Martin Manctta Energy Systems, Inc, Oak Ridge Natl Lab,
Oak Ridge, Tenn., May 1987.*

8. R. D. Cheverton, D. G. Ball, 8. E. Bolt, 8. K. Iskander, and R. K. Nanstad, Pressure Vessel
Fracture Studies Pentaining to the PWR Thermal-Shock Issue:  xperiment TSE-7," USNRC
Report NUREG/CR-4304 (ORNL-6177), Martin Marictta Energy Systems, Ine., Oak Ridge
Natl, Lab, Oak Ridge, Tenn., July 1985.*

*Available for purchase from National Technical Information Service, Springficid,
VA 22161.
*Available in public technical libraries.
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and

¢ =1+ 459 ('i.'b)w (A7)

The variables a. b, * w, 0, o, and 6 are defined in Fig. Al

Comparisons of stress intensity factors using both the Merkle solution and the finite
clement method have been previously performed, and some of which will be reproduced here for
convenience. For example, Fig. A2 shows the agreement between the two methods for a
semicircular flaw [2). The flaw was subjected 1o a stress gradient similar to that produced by a
bendine load. The excellent agreement between the two solution methods for a semicircular flaw
is nc _urprising since the Merkle solution is a generalization of the sc.ution for a semicircular
flaw. However, the closed form solution seems to overestimate X, at the deepest point for
B > 1, Fig. A3 [3]. Similarly, as shown in Fig. A 4, K, is overestimated for points aloag the
crack front deeper than about 30% of the total crack depth (also from Ref. 3).

Nonetheless, the closed-form solution has been valuable to the HSST Program for many
years [3,4,5) since it allows a very large number of paraetric studies to be done very simply.

REFFRENCES

1. J. G. Merkle, "Stress-Intensity Factor Estimates for Part-Through Surface Ciacks in Plates
Vader Combined Tension and Bending,” pp. 3-22 and 31 32 in Quarterly Progress Report on
Reactor Safety Programs Sponsored by the Division of Reactor Safety Research for July-
September 1974, Vol. 1l Heavy Section Steel  Technology, ORNL-TM-4729,
Union Carbide Corp. Nuclear Dw, Oak Ridge Nad. Lab, Ousk Ridge, Tenn,
November 1974,*

2. S K. Iskander et al, "Calculation of Stress Intensity Factors in "hree Dimensions,
pp. 97-104 in Heavy-Section Steel Technology Program Quarterly rrogress Repont for
January-March 1979, USNRC Report NUREG/CR-0818 (ORNL/NUREG/TM-324),
Union Carbide Corp. Nuclear Div., Oak Ridge Natl. Lab., Oak Ridge, Tenn., August 1979.*

3. R. D. Cheverton et al., Pressure Vess~! Fracture Studies Pertaining to the PWR Thermal-Shock
Issue: Experiment TSE-7, USNRC Report NUREG/CR 4304 (ORNL-6177), Martin Marietta
Energy Systems, Inc., Oak Ridge Natl. Lab,, Oak Ridge, Tenn,, Juts 1985.*

4. R. H. Bryan et 0\, Test of 6-in.-Thick Pressure Vessels. Series 3: Intermediate Test Vessel V-8,

USNRC Report NUREG/CR-0675 (ORNL/NUREG-58), Union Carbide » rp., Oan Ridge
Natl. Lab, Oak Ricge, Tenn, December 1979.*
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Table 7. Compositions of Second and Third Layer Deposits.

Test Codes GP through OC.

Gr iK IL Through NH e
D30667 D40671 DaUTH4 D&U6LS L&OBIZ  D4094Y
2 2 P 2 3 2
040 046 052 053 ,052 047
1.63 1,45 beRd 1.30 1.2 1,34

024 «023 026 L2

019 018 019 020

+ 76 .80 T4 s 19 78 29
8.66 .15 8,59 8.9 8,87 9.22
20, 5¢ 19.59 19,18 19,18 19,27 19.60
.18 ¥ 23 veh i 288
.04 + 05 .06 .06 U7 . 06
% .01 <.,01 <01 < .01 < .0l < .01
.92 .02 = aol < .01 < 001 < .01
.04 , 07 07 .07 .07 .07
.10 V2 .36 39 .40 .36

JO47 052 059 L0586 L057 056

3,3 CVN Impact Tests of Weld Deposits.

3.3.1

Aaedsd

All of the test data is included in Attachment ! as separate
sheets for Test Codes, GP, IK, IL, LE, TF, LG, LM, M5, NH,
OC, and 00, Also 4in Actachment 2 are data shuets listing
check chemical analysis of selected broken CVN specimens.
lucation analyzed by XRF was the 10 mm wide face and root
surface, as close as possible to the fractured end, However,
with the 10 mm diameter XRF mask size the distance frowm the
broken end to the beam center was at lesast 6 mms Therefore
the compositions may not be representative of the fracture
face, parvicularly in [irst layer specimens where¢ base metal
dilution eff.cts can vary significantly over a weld travel
digstanve of & mm, Correlation of check analysis with CVN
results indicates that a lean alloy content approaching the
marteasite line on the Delong diagram is detrimental. In the
case of Tes¢ Code MS, and others, the leau alloy content was
caused by an unintended increase of base metal dilution in
firsr layer passes, Other results iu Attachment 2; notably
from the first layer of Code "OUY, suggest that a very high
content of Cr, Ni and delta Fferrive is benefivial to CVN
properties.

Figures 3, & and 5 shuw the standard OVN specimen energy
level versus test temperature for test codes GP, IK, 1L, LE,
LF, LG and LM, made and tested as two layer deposits. Of
these, IL, LE, LF, LG and LM are identical to test code 00
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METALLURGICAL N MATERIALS LABORATORY
JOB NO, IMPACT TEST PEET - edlOF s
PROJECT NO. Y L SAMPLES CONTRACT NO. oo o DATE o
TEST MATERIAL ESST Blase D12, Fabricatica Bass Flatse. fiun.l loob gdge alicwaten
[P EIFR TPVEETIN SUS TR TR ST TN SIS S - P D PR RILN W S 5 T e
: MEAT TREATMENT  LE30TE 0 Hra. Al
; TYPE OF TEST SPECIMEN R e LINEAR VELOCITY /M FT PER SECOND 12
' ENERGY OF BLOW . J40FT _LBS LOCATION AND ORIENTATION WM. and DT fgam (ol o o
! ~Laxallel to xalilog direction,
| TYPe . SATEC _ wooeL Sl:l. . CAPACITY OF MACHINE ____ 240FT _LBS._
]
l | SAMPLE WOTH  THECKNESS | OEPTH TEST | ENERGY | % Wik b8
. NO. INCHES NCHES BELOW TEm L SHEAR LATERAL MEMARKE
o4 " S EXPANSION 1
KY-B] .393 | .9 316 | 440 ta 9 « *F  Results |
' KY-P2 293 | 64 A6 #4B 2 2 i +35 ¥
| K¥-93 291 | 354 316 | =60 1 0 i +50  LF
1 KY-P4 393 | 394 A6 1 #2814 0 & |+i10 1F
' KY=F3 393 L 3%4 ;318 | #+75 | 18 0 5 +130 INF,IF
K{-F% L386 | 394 ie a1s | 17 g 8 ¥140  3RF
. KY<P7 353 1 L3904 316 | +100 | 23 5 i4 RDTT: +i30°F
j LY-P8 2 39 | .me | sw00 | 20 0 13
, -p9 383 | o4 | 316 | se0 ! 22 5 15
| KY-pa0 | 396 | 394 | 316 | 200 | a2 25 32
RY-PIL | 394 | .39 i .37 | .300 | € | 90 36
: KY-P12 | ,39% | 194 336 | #3230 ! s2 | %o as
! KY=F13 I 3 .J%6 LAl6 1 sag0 | s L1100 85
; x-p1s | 393 | 34 | .6 | esoo | @2 100 | &3
', Ki=Pis L LI TP | AL ) T +130 1 25 2
; KY=pi1& . 383 ! sy ate L sizn 138 0
} K¥ap12 383 LT N I 1 3 1 138 1 W M | . 18
i I;x:v..n L& P T T T N T T 108 88
. | .‘
|' ! | :
3 . e - e
] ] f
3 >
| { 1 j
I' ! 4 |
f \ j i
; ’
' - 1 | !
| . | | 1 ! T
L1 | | | [
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Dr. W, R, Corwin
Page: 2
May 23, 1984

Presently the fabrication base plate to the left of the heat treatment
verification block location is intact and is still in the as normalized
condition, Only the 6 X 64 inch heat treatment - szification block has been
subjected to temperi’j. Although none of the wmecharical property tests
were located within the 7 inch wide “quenched edge” zone of the fabrication
base plate, this material was buffered during normasizing by an 8 1inch
thick, 5 inch wide picture frame around the entire periphery., While being
cooled in still air from austenitizing temperature, tl.e plate was suspended
in a vertical plane and held above floor level. Thermocouples imbedded at
1/4T indicatsd the cooling rate was uniform from plate edge to midpoint
throughout the cooling cycle, Uniform cooling was confirmed also by visual
observation of temperature "color" over the entire surface. Therefore the
7 inch wide edge material should be suitable for additional mechanical
tests. All of this 7 inch wide zone i8 now in the as normalized cendition,

Light Microescpoy of broken CVN specimens shows unifoim, equiaxed structure
of abour ASTM 4 to & transformation product grain size. Differences in
light . Mstructure are not now apparent betwveen specimens representing
extremi of the CVN scatterband,

Several questions arise. Could the objectives of the program he met if
temperirg/PWRT temperature is less than 1100°F? Could tempering/PWLT he
amitted?
Yours Very truly,
e mt-e/

. T. Ward
CTWibs
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COMBUSTION ENGINEERING, INC L s
ETALLUKGICAL & MATERIALS LABORATORY
. IMPACT TES1 DATA Tl or . 1
GE . tamwpLEs CONTRACT w0, DATE e,
Two layer Clad, Thres “idve Serdes Arve Procens. Base Metpl - MRAT-U1R

HEAT TREATMENT

o

PURT: 1125°T 40 Hrs, #C, 100°F/Mr. ®a.e Above 400°F

tyee JSATEC _ woDEL Blel..  CAPACITY OF MACHINE . 40 FT LB

TYPE OF TEST SPECIMEN  .SoamfY ¥ NOTEM LINEAR VELOCITY (N FT PER SECOND ... ‘L.
ENERGY OF BLOV e d80FT_LBS LOCATION AND ORIEYTATION W i
<Sdrectict.  Base of 2006k Dised to seld faci..

“ﬁm mc.n‘ ll.t‘l““ % ! "‘.? | Kasoar :m.l —f:‘las REMANEY
ik EXPANBION
PR (1 ="/ S e | ) I 143 314 4715 53 51
Al aea 1 asa A1 T — . il
2 41 a8 18 32k 3% 34
La L an 15 18 214 bl 3
4 393 293 1 9% 450 41 L
) 4 239 394 318 #28 19 3
G 393 4393 314 24 L0 3%
i 293 2393 315 +73 Lé 52
LI

A —

S T i P En—— L L G g w—












S e S e e ae e

0B NO.
FROJECT %O

COMBUSTION ENGINEERNG

172

INC

METALLURGICAL & MATERIALS LABORATORY

ir

TELT  MATERIAL

IMPAGT TEST DATA
SAMPLES CONTRALT MO

SHEET.

Two Laver Clads Three Vire Serien fvc Process.

Chee san

e s OF

DATE e

Pase Motal = HEST G138

HEAT TREATMENT

1100°F 10 Mg, FC 100"F/Mr, Kate above 400°P

TYPE OF TEST SPECIMEN

ENERSY OF BLOW ouadfQFT LS

Bage of noteh noreal to weld face.

ditection,

CHARPY v NOTCH

LOCATION AND ORIENTATION

LINEAR VELOCITY v Y
CYN Faral

PR T ey

tvee _SATEC _ wooe. Aol

CAPACITY OF MACHINE . R80FT RS

ué» WOTR JTHEENES T l k) wis

. e NCHES gyﬁ ﬁg’ ’ IHEAR “..::gx' BEMAREY
£

LF=wa V396 39 318 4l 5 20 Specinens not

LF«WB 295 394 318 0 13 1 within reheated

LF-WC (398 L3293 A O 19 37 rone .

LE-¥D 394 394 318 +30 4 43

| LE<WE 398 L 394 318 +28 “0 16

LE-WF LA 1% TR 34 b

L Feil 394 3% +308 | +2i@ o8 iE)

L¥ =Wl 388 T 3es 318 | 178 50 i 3

L¥ia 394 LT 315 T 24 0 Srecimens

LF=-28 ,30% 384 15 0 n W0 nin

LF-zc BT B A1 +20 8 37 reheated

LE-2D 398 | .39 | .31k | 430 @ 37 T 36 leone

| LF-EE 281 . 394 LS | #50 42 4

.
| } )
r T
] .
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COMBUSTION ENGIMEERING . INC. [
METALLURGICAL & MATERIALS LABORATORY
08 NO. IMPACT TEST DATA SHEET o OF
PROJECT NO. T SAFLES  CONTRACT MO, parg 2005

TEST MATERIAL Three Laver Clad, Thres Wire Series Arc Process., Hase Metal ~ HEST-O01JE

MEAT TREATMENT  JPMHIL 1107 ¢ 10 Hys. FC {00°F/Me, Rate above 600°F

TYPE OF TEST SPECIMEN AR Y NareH

LINEAR VELOCITY IN #Y "Iﬂ SECOND 13
—etl Caxsllel to welding

ENERGY OF BLOW . B80FT 185 LOCATION AND GRIENTATION 0 :
E‘I!&SEM; Base of noteh normal th weld face.
rvep  SATEC _ woDEL Slal . CAPACITY OF WACHINE 200FT _LBE.
TAMPLE | ®OTH :F“m inemay | 8 Wiy
NO. NOHES UNES ﬁ W ‘g:’- SHEAR “l.:::;; REMARKY
EL. Wk -
ME-A 198 | 398 e *50 1 I 16t Laver
M5 -8 (97 1,388 314 bl 12 28
MS=C |, 19A 398 Alé | eal i 3]
ME-D | 198 | .39 16 | 60 1 20 K_LL__
i ~F 297 | aes ik | 60 18 29 st Layer
=¥ J98 1 _.285 214 +60 12 26 after lnd
MS -G 198 | 398 34 +60 1% 1
M5 ~H 198 | 395 ik | 40 16 19 ¥
M§~1 198 | 398 KT 17 34 2od Laver +_
S ) 497 | 395 314 +60 T . | 36
ME K 88 | 398 (314 +60) % 37
M§~L 198 | 398 | 014 | 80 | 17 % fr‘
ME-M 198 | 395 314 0 19 al 2nd hyor#
M5 K 198 | 395 Ald +60 0 40 after ird
Ms-0 | 197 | 398 | 3is | e60 | 19 &2 , I
M5~ F (158 | 398 3l | 480 0 4l
MS-R 108 [ 394 2 | +60 20 a2 |3rd Layer -
wsos 1 ise | 303 218 7 +60 29 40
MS-T | 194 | .39% 314 | +60 20 a2
MEal | 108 | 395 Lé | +80 23 h
WS~V | 187 | ,39) 314 | w80 | 13 37 let Laver A
MS W 1 M ) Ale | +h0 1 13 i %
ME~X | - 5497 . 386 314 +60 | i3 36
- : | | 1
i ' !
L , I | Az

I e e e b =l e b N—— T R R R I I R RO WO e — mw e

T R )l
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COMBUSTION ENGINEERING , INC Lo LaY
METALLURGICAL B MATERIALS LABORATORY
08 N, IMEACT TEST DATA SMEET . DF
PROSECT MO a3 SAMPLES CONTRACY wNO. QATE ' AL/ Rs
TEST  mATERIAL

HEAT TREATMENT WS JA00TF 10 Meg, FC IO Ei8r. Kpte akare SOUCT !
|

L]
: TYPE OF TEST SPECIMEN SHARRY Y NpTCN UINEAR VELOGITY IN FT PER SECOND i3 |

ENERGY OF BLOVW cmmeidO LT L85 LOCATION AND ORIENTATION 00N barallel to weldloe |

| ~Sirecyion. _Base of sotch porpal to weld face, 1
| rveg _SATEC _ wopEL Blal..  CARACITY OF MACMINE  __ BMOFT LIRS , '
|
i : T ] SOTH[THERNEN | DEPTe T peeer 1R o i

lI L IMCHES L4 i e IMEAR LATERAL mhsaany

. T AP AN ION

| G0t 197 | 398 | 316 | ss0 | 21 8 |cormer Pars B |
: oG-k RO T TN T o |
E O0= A9 L9 314 40 23 A &7 ¥ - :
p 0c-1 297 | .3es 3lé 40 i &0 Ind Lave ‘-E»-- }
;‘ T Ak a0 1 2 50 g Lat’ 7 |
i s NTTH BRTTH T T Y ") 3 |
| ot 87 1,295 | 316 | 60 | 2% ) ’ |
F 004 87 | .39 16 | se0 | 28 % M |
? gl 197 | 398 3l sa0 | 21 &3 o taver |
g 00N 192 L3938 JBle L e60 19 40 |
| 0OC N A9T | .39 JIA ] w0 13 T . |

O =) . i9& (388 Sla | 6D LE) 50 ftandard CVN

0C-F (395 |, 198 314 | se0 | 42 5 2nd and st |

| ' oeh 394 | 394 | 314 | w0 “§ 52 Lavers ;
N OC=5 L3904 384 L1 i b 4% ¥y .'
:
| - |
!
||
’ |
- i
J | .
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COMBUSTION ERGINEERING. INC LT
METALLURGICAL & MATERIALS LABORATORY
08 NO: MPACT TEST DATA SMEEY ___OF
ORCY N0 o b SAMPLES  CONTRACT WO, —l
TEST  WMATERIAL Three Laser Clud, Three Wive fpviss Atc Process, Base Motal - ¥ETT-0G12E
MEAT "7!‘7“." PMHT:  1100%F 18 Mes, 0 100°F/Wi, Rate shove 6UO°F
v

TYPE OF TEST SPECIMEN SHAADY. Y NOTEH UINEAR VELOCITY (N FT PER SECOND

ENERCY OF BLOW . J80FT 188 LOCATION AND ORIENTATION _CVM Varsilel to veigoe
divection, Sase of notch noemal o weld fsie,

ryee _SATEC _ sopEL  Alol..  CAPACITY OF MACHINE 280 6T LB
T ] WOIw  [THCENES | DEere TesT | ememoy | 8 1 Mg
W, INCHEL NOHES &mﬂ Tlr . » LEAR LATERAL REMANES
. e RS 7> 30, BRI vt ivan
B e 497 1 384 JAle +00 | 20 19 1o, Layer
| o6-8 97 | a0 16 w0 | 22 «
OO~ 197 394 L3le “Hi Lh i
00=b 187 | 308 116 i) 14 i) let Laver
QD-E <197 4% 316 an0 15 9 fatter Znd
00F 407 1 L aes 316 460 T 10
OO0 «197 _ .)'ih 316 ! *5C 15 '8
001 147 193 316 +6H0 14 25
0«1 197 | 396 316 h0 3 2 st Layer &
00~ A8 1 393 , 316 40 14 10
0D~ A87 1386 1 (die 60 i 5 Ind Layer
00-1 A8T | 998 A6 | w60 | 19 M '
00 497 1 398 1 ne 00 | 19 18
0O<K 487 b s 316 | 60 i% 33 ind Laver A
000 A97 1 .39% (316 | s6D 15 26 latrer ird ¥
00-F T 497 | A% 16 | e60 3 3% ind Laver
0=k IR LAlb 60 | 19 35
00=% 182 130 Al6 | 480 11 3
[ 187 194 TR i i1 trd Laver A
o 00-1 197 | 9% | .3i6 | +s0 | i EE
0= 87 |94 316 | #s0 1 22 19
Ol 97 39h IO i E F ¥
' : ' 1
- t g
| !7
| 1
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:
Chemical Analysis of Broken CVN Specimens, Location
L Near Fracture on Face and Root Sides
IJ1I
CVN Specimen MS-L M5-D MS~E MS-F
o Test 1D
-Jl
r Lab No. D40822 D4DE23 DGOBZE Da082s
1
!- ‘ Specimen Side
[} (A or B) A B A B A B A B
:
k- Mn 1.56 1.52 1.64 1,63 1.6 1.62 1.56 1.5%
T 81 J2 I3 19 I8 75 8 69 71
I" Ni 8,17 8.13 8.3 8.20 8.68 8.75 8,08 8. 14
i Mo .24 .24 .23 .23 .22 .21 (24 .23
.l v 04 .04 04 04 04 .04 b 06
t cb < 501 « .01 * .01 = .Ol € .Ol < .01 s |01 € 101
-’ Ti 01 N2 <501 o1 <,01 01 “,01 01
:
b Ce .06 .08 05 +05 .05 .05 05 06
i Cu A1 e 17 .16 Jde A2 W16 16
i
! CVN Energy
: Fe. Lbs. i1 1 15 12
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Chemieal Analysis of Broken CVN Specimens, Location
Near Fracture on Face avd Root Sides

CVN Specimen MS~G MS~H MS-1 M§-J
Test 1D
Lab No. D40326 Daoezy paiBzs D40B29
Specimen Side
(A or B) A B A B A B A B
Mn 1.62 1,57 1,57 1,45 1.33 1.3 1,52 1.33
51 T4 W71 70 i3 E W78 6 .80
Ki 8.63 8,10 8.07 8,48 8,93 5,88 B.87 8,86
Cr 18.72 17,41 17,36 18,14 18,90 18,95 18.88 19,02
I m .32 62) .3*" 123 A:’ 023 023 023
‘ v cm .0‘ .0‘ .05 LUn R 06 aoﬁ
Cb <,01 €01 € .0l < .01 =01 <.l < .01 € (401
t‘ 001 Qol .01 .01 5 .01 ooz oOl 401
Co .05 05 «05 06 08 07 407 08
Cu b6 +1% 16 s 24 34 36 37 .+ 36
CVN Energy
‘ Ft. Lbs, 16 16 17 17




CVN Specimen
Test iD

Lab No,

Specimen Side
(A or B)

Mn
54
Ni
Cr

Mo
v

]
Ti

Co
Cu

CVN Energy
Ft, Lbs,

Chemical Analysis of Breoken CVN ESpecimens, Location

Near Fracture on Face and Root Sides

M$=K
~ Y0830
A B
1,33 1.30
W13 75
9.00 8.72
19,00 18,81
«23 2k
06 06
< .01 < .01
01 01
07 .07
36 37
16

182

4 of

14

MS~L

D4OB3I

W15
8.91
18,98

v23
.06

< 0l

34

1

8
18

17

.31
79
6
'98

V24
06
.01
01

.07
36

MS~M
D40OB32
A B
1.30 1,53
.7h l7b
8.94 .55
19.11 18,43
24 oAl
06 04
« 01 w401
.0} 01
007 'ob
a7 + 40
19

ME =N
D40EI]
A b

1.34 Ledd
' 15 16
8.93 8.83
19.06 19,05
23 23
.06 06
< 4,01 < .0l
01 L0
07 L07
13‘ Ijﬁ

20
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Chemical Analysis of Broken ./N Specimens, Locatien
Near Fracture on Face and Root Sides

CVN Specimen MS-0 ME=F ME-R M8=§
Tist 1D
Lab No. y DLOBIL D4ORIS D4LOB 36 D408137
Specimen Slde
(A or B) A B A B A B A B
Mn 1,31 1.31 1.40 1,32 1. 1,28 1.28 1,34
81 o123 ity « 74 77 80 .80 80 81
Nt 8,85 8,88 B.62 8.92 9.09 8,95 9,04 9.01
Cr 19,01 18,87 18.68 19.11 19.32 19,31 19,35 19.35
Mo i ' 24 «2d « 23 «23 .24 23 23
v .05 . 06 . 05 08 06 .06 06 0%
Ch <01 < ,01 « .01 « 01 <01 « 01 < .01 < .0l
T1 .01 .01 < .01 01 01 04 .0l .0l
Co 07 +07 +06 07 08 .08 08 07
Cu 233 « 36 28 +36 .38 W40 39 .38
. CVN Energy
H Ft. Lbs, 19 20 20 20




CVN Specimen
Test 1D

Lab No.

Specimen Side
(A or B)

Mn
§i
Ni
Cr

Mo
v

Ch
Ti

Co
Cu

CVN Energy
Fr, Lbs.

Chemical Analysis of Broken CVN Specimens, Location
Near Fracture on Face ad Root Sides

M8-T

D40B3E

A

1,30
.’1
9.06
19.29

l23
+06
<.01
01

,08
+39

i

8
19

<

20

28
.80
92
'28

23
<06
Ol
.01

08
40

184

6 of 1&

M5=-U

D4OB2Y

1,30

19,45

+ 38

1

9
19

<

23

132

B2
01
ib

02“
lDﬁ
01
01

08
39

ME-V
D40B4LS
A B
1,56 1,58
‘7\0 c"
8.59 B.49
18.18 17.99
22 +23
04 .04
<,01 <,01
<,01 ¥, 01
+05 0%
s 37 « 37
13

ME-W
D&OBLG
A B
1.55 1.52
.76 T4
8,40 8.24
17.97 _A1:¥7
« 24 .23
04 e
(40l ('Iol
.01 .02
05 0o
2 47 s b7

13
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CVN Specimen
Test 1D

Specimen £ide
(A or B)

M
81
N
Cr

Mo
v

b
T4

Co
Cu

CVN Energy
Fe. Lbs.,

186
8 ol 16

Chemical Analysis of Broken CVN Specimens, Locatien
Near Fracture on Face and Root Sides

NH-1 NH-M NHeN
D40B6E DLOELT D40BES

A B ¢ B A ¥

1.43 154 1.462 1,38 1.38 Lol

19 b6 78 <78 17 +80
8,07 8,86 9.07 9.04 9,10 9.00
19,32 18,47 19,29 19,29 1927 1.8

«23 21 .23 32 23 82
.08 .03 e 05 0k + 06
< col < loi £ so‘ < 'ol % 00‘ € -Ol
.ol 01 01 .01 <M JOl

.07 04 07 .08 .08 08
.34 08 L 34 4 35 .34

) o 19 \7

QC=A
Da93?
A )
1.61 1,64
J0 72
9.86  9.89
20,60 20,77
13 A&
43 .03
« .01 < '01
202 02
03 03
08 06
21

*Indicates Standard CVN specimen, 10 x 10 mm. All others 10 % § mmi,




CVN Specimen
Test 1D

Lab Ne.

Specimen Side
(A or B)

Mn
§1
Ni
Cr

Mo
v

Ct
T4

Co
Cu

CVN Energy
Ft, Lbs.

=
i

i)

flim ', PRt
= B

Chemical Analysis of Broken CVN Specimens, Location

187

9 af 14

Near Fracture on Face and Root Sides

oc-8
D40938
A B

1.60 1,83
.69 69
10,01 9.98
20,73 20,84
A4 J14
.03 .03
£.01 <01
03 .03
.03 03
.06 06

21

0C=C

D&093Y

A B

1.60 1,58
.69 10
10.05 10,02
20,92 20,91

ik 4

03 W03

« .Ql < .0!

02 02

.03 03

06 06
23

D

A

I.al
7
9. 33
19,73

21
+ 05
< .01
01

O
29

0C~E

40940

1,44
.78
9.24
19.65

.20
05
< .01
.02

08
29

18

0C=i
Dai94l
A B
1.62 1.62
A2 10
10,40 10,54
21.5% 21.63
«13 12
03 +03
<« ,0} < .01
.01 .01
03 93
07 L6
24

g ——

I o —
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[ Chemicul Analysis of Broken CVN Specimens, Location
L Near Fracture on Face and Foot Sides
i

!

CVN Specimen OC=M 0C=N 00~-8

3 Test ID
i
7 Lab No. D40946 D&0947 D40%63
' Specimen Side
' (A or B) A B A B A B
! Mn 1.8 1,38 1.4 141 1,62 1.62
[ 8i .78 .78 79 .79 68 g1
| Ni 9.23 9,16  9.22 9.12  9.86  9.91
e Cr 19,68 19,54 19,54 19,54 20,03 20,03
[ Mo .21 .22 21 21 A7 L6

! v N .06 .06 .06 .03 .03
. Ch €01 <,01 <,01 <,01 <«,01 «<.0l
| T <01  <,01 01 < ,01 .02 .01
[ Co 07 .07 .07 .07 03 .03
.:‘ Cu .33 .33 035 ¢35 .03 .05
3
' CVN Energy
l Ft. Lbs. 19 23 22

v -

A

1,64
.64
9.52
19,49

A8
.03
< .01
.03

06
.08

00=C

Dal964

1

B

1,64

70
9.87
9.99

A7
.03

< .01

14

02

04
o8
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CVYN Specimen
Test 1D

Lab No.

Specimen Side
(A or 3)

Mn
84
Ni
Cr

Mo
v

Cb
Ti

Co
Cu

CVN Energy
Ft. Lbs.

Chemical Analysis of Broken CVN Specimens, Location
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Near Fracture on Face and Roc Sides

00~D

D4086S

1.63

1

9
19

Ib)
65
63
+ 37
18
.03

< .01

14

U

Tl

.04
.08

00=-

F

D409%66

1,61
63
9,48
19,30

18

D4
08

1

9
19

16

43
718
27
+ 50

.22
.05

02

06
« 30

00=-1
Dal9e7
A B
1.860 1.62
hb 69
9.87 10,00
i9.9% 20,25
1 237
03 ,03
% col = .01
.01 +02
03 .04
.08 08
22

Q0=
D40%E8
A B
1,64 1.63
b7 65
9.61 9.483
19.69 20,03
18 +17
.03 .03
< .0l < 401
03 .03
.03 04
.08 ,08
14
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e Chemical Ani'ysis of Yroken CVN Specimens, Location
. Near Fracture on Face and Root Sides

- CVN Specimen 00=W
Test 1D
1ab No. D40’
Specimen Side
(A or B) A B
Mn .39 1.38
§1 .83 +Ba
Ni 9.15 9.13
Cr 19.57 19,56
Mo 23 33
i v 06 .06
"zl e‘ <,01 <, 01
e .I !‘ . v 002
i, - i
Iil:"l"' : Co .0. 8
s o 36 .

o -l Fr, Lbs, 17 ‘
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{ 4
Seconp LAVER 17 17 2 1 A '
SampLE { 7 - 19 19 19
Ne 3w LAYVER : { &6 - 1 9 - 2 3 {19
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A
Sscond Laved 13 {1 & !
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Chicago Bridge & Iron Co.
Boyles, Ala, 35202

{

79522-2 . 700h SiEET &

i
.:;1::;1;«: Bridge & Iron i L o 9-26-7 "™ 15459294
: : iron Cc. L
Mr. S.E. Wiegin, Puyer TEST CERTIFICATE _

|
i
l

|
}
i

!
LR »wo(-d\:‘?» I Sheet ': of 2
, : Sl ) _ CHEMICAL ANALYSIS 3 i R
Nt ND 5 Lé : e ’ 5 Cu ) M i P - B e R s 3 . S—
" 1 , . - i ' " ‘ - §= i S—
. ' , l
3 ‘ | ! |
|
: i |
PHYSICAL PROPERTIES
TSI LTe :‘ Y g B (i v e gons

‘e .« - DESC 2T 10
' X5 * -

K.T. Procedure - 15-102 DTD B/21/69 Rev. 13 DD 4/16/73 & Spec. Rev. BID 6/12/73

i~ Plate and tertsa heated £n 1682-1660°F., held 7 hrs. and 25 minutes and water

ouenched (time in aquench tank - 29 zinutes ), then teapered 1225.1253°F., held
7 hre. and water guenched (time in quench sank - 28 minites),

Plate and tess rtrese relieved by heating to 1043-1260°F., held 3 hrs.
and 37 minutes and alr socled,

Perts strecs relieved by heating within a rate of IOO'F. per hr. to
:ls:‘?.é hele Y hrs, an! furmace cooled withia 2 rate of 170°F. per
hr. ta GII°F.

U.T. Testing was n-t perfermed by LUKENS STEEL C¢C.

!

— i . i i IR, — i -

..... L R Pt t T i < ey S—

L~ LR Bl
‘Ne herehy certily e gbove nformation correct 2 o A e . i )
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