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EXPERIMENTAL RESUL'13 OF 'I1?STS 'ID INVESTIGATE
FLAW BEHAVIOR OF MECHANICALLY LOADED

STAINLESS STEEL CLAD PLATES *

ABSTRACI'

A small crack near the inner surface of clad nuclear reactor pressure vessels
is an important consideration in the safety assessment of the structural integrity of
the vessel. Four-point bend tests on large plate specimens, six clad and two unciad,
were performed to determine the elTect of stainless steel cladding upon the
propagation of small surface cracks subjected to stress states similar to those
produced by pressurized thermal shock condition.t. Results of tests at temperatures
10 and 60* C below the nil-ductility transition temperature have shown that a tough
surface layer composed of cladding and heat-affected zone has arrested running
Daws in clad plates under conditions where unciad plates have ruptured.
Furthermore, the load-bearing capacity of clad plates with large subclad flaws
significantly exceeded that of an unciad plate with a much smaller flaw. More
testing is necessary to unambiguously single out whether it is the cicdding or the
heat-affected zone that is primasily responsible for the observed enhanced
load-bearing capacity of plates. 'Ihe compressive stresses that limited the depth to
which the flaw could propagate are absent in a repressurization event. Nonetheless,
the experiments show that if the surface layer is sufficiently tough, it could prevent
a flaw, near the surface, from pronagating along the surface. The flaw could tunnel
below the surface, but a sufficiemly tough surface layer would reduce the maximum
stress intensity factor. Considerable analytical work still remains to be done to
quantify the amount of this reduction in order to transfer the results of these
experiments to the integrity analysis of reactor pressure vessels.

*Research sponsored by the Office of Nuc'. car Regulatory Research, Disision of
Engineering, U.S. Nuclear Regulatory Commission under Interagency Agreement
DOE 1886-8109-8L with the U.S. Department of Energy under Contract DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc.
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Acronyns

AShtE American Society of Mechanical Enginects

ASTM Amercian Society for Testing and Materials

CE The Combustion Engineering Company

'

CMOD crack mouth opening displacement

CP-n clad plate number n

CVN Charpy V notch

DAS- data acquis: tion system

DBTT ductile to-brittle-transition temperature, as measured by the Charpy impact energy

EB clectron beam

FN ferrite number

llRB Rockwell B hardness

HAZ heat affected zone

liSST licavy Section Steel Technology

IINDT liiear variable displacement transformer

LWR light water reactor

NDT nil ductil?ty transition (temperaturet as determined by the drop-weight test according
to /,STM E 208

NRC U2.' Nuclear Regulatory Commission '

ORNL Oak Ridge National Laboratory |

PTS pre. -d thermal shcek
~

-

PTSE-n p..r v.ml thermal shock experiment n

PWi!T postweld heat treatment, also in this report refers to the combined tempering and-
PWiiT given to the clad plates
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RPV reactor pressure vessel

RT room temperature

RTer reference ternperature nil ductility transition

SEM scanning electron mictwopy

'ISE-n thermal shock experiment n

UTS ultimate tensile strength

USE upper-shelf energy

WE weld embrittled

Spniels

a' depth of a point on the crack front of surface flaw, measured from the surface

length of the minor axis of a semielliptic cracka

b length of the major axis of a semielliptic crack

E Young's modulus

K, value of the stress intensity factor shortly after arrest'

K plane strain stress intensity factori
.

K, value of the crack arrest fracture toughness, K,, for a crack that arrests undert

conditions of crack front plane-:. train *

JR' a plot of crack extension resistance, measured by the J integral, as a function of stable
crack extension

t plate thickness

4pe microstrain in units of 10 mm/mm

v Poinon's ratio

%t, %t,
and 0.4t depth, relative to plate thickness (t), from which specimens are machir.ed

* Excerpted from ASTM E 1221-88.
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haruducer Desipwtions
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He following abbreviations followed by a sequential number were used in the instrumentation|

j 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 to measure CMOD

:
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1. INTRODUU110N

1.1 RFACIOR PRESSURE VESSEL SAIWlY ISSUB

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. He
behavior of such flaws is relevant to the pressurized thermal shock (P'IS) scenario and to the
plant life extension issue.

Here is a dearth of informadon on the behavior of small Oaws in the presence of cladding.
This has led one RPV integrity study (1) to assume inanitely long flaws (although small flaws are
certainly more credible). Long flaws were assumed in that study because considerable
experimental results have shown that, in the obsence of cladding, a small surface flaw in an
embrittled material subjected to severe thermal shock will become a long flaw, his important
consideration will be discussed in more detail later. Bus, the question remains about the role
a tough surface cladding will play in preventing the propagation of small flaws along the surface.
Furthermore, the flaw could tunnel beneath the cladding, in which case the residual strength of
the structure needs to be estimated.

1.2 PREVIOUS WORK ON CIADDING AND S1IORT FIAWS

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

To date, it is difficult to predict the behavior of finite. length flaws. There are various
reasons for this. An important one is that no criteria exist to 1 redict the evolution of the flaw
geometry and only general qualitative estimates could be made in such terms as "there is a
tendency for the crack to propagate in the ... direction." Another rc 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 geometries under
i specific losding could be studied analytically [2].

The purpose of the stainless steel cladding on the inner surface of RPVs is corrosion
prevention. He thermal resistance and coefficient of thermal expansion are toth 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*/c of
wall thickness) its effect on the stress distribution during overcooling accidents has tren omitted.
A two-dimensional, linear clastic 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 Sauteri
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 nermal Shock Experiment 5 ('ISE-5) |5). Figure 1.1 shows the developed inner

. - _ . - - . _ . - - - . - _ -- __ -
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Fig.1.1. Developed view of the inner surface of the 'ISE-5 cylinder in which a short cross
flaw propagated on the surface during 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 Natt Lab.,
Pressure Vessel Frncture Studies Pertaining to the PHR Thermal-Shock Issue: Expewnents TSE-5,
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surface of the 'ISE 5 cylinder, where a short cross Daw extended and covered the entire surface
during testing. Since it was unexpected, it was not properly recorded. A separate, well. planned,
and instrumented experirnent, *lSE-7, was performed to conurm this [6). Figure 1.2 shows the
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Fig.- 1.2. Variation of the stress intensity factor, K , for an el!;ptic Dawi
as a function of the aspect ratio of the major-to-minor axes (b/a). Source:
R. D Cheverton, D. O. Ball, S. E. Bolt, S. K. Iskander, and R. K. Nanstad,
Martin Marietta Energy Systems, Inc., Oak Ridge Nati. Lab., Pressure Vessel
Fracture Studies Pertaining to the PWR Thermal. Shock issue: Experiment TSE 7,
USNRC Report NUREG/CR-4304 (ORNI 6177), July 1985.
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variation of the stress intensity factor, K,, for a semiciliptic surface Oaw as a function of the aspect
ratio of the major to minor axes (b/a) for the conditions pertaining to the 1SE-7 experiment.
These curves show that for the initial 19 mm radius, semicircular surface flaw used, bla = 1, the

'

stress intensity factor at the bottom of the Oaw 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 bla 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 inded been
verined experimentally, as indicated by Fig.13, which shows the extensive crack propagation and
bifurcation on the surface of the 1SE 7 cylinder, originating from a semicircular 19 mm surface
Daw. The flaw also increased in depth to the values shown at selected locations in Fig.13. I
Further experimental evidence from the lleavy-Section Steel Technology (llSST) Program was

'

obtained in experiment PTSE 1, illustrated in Fig.1.4. In this test, the 100(Emm-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
1340 mm. In both cases, the Oaw was restrained from growing any further axially by ,

manufacturing features of the cylinder.
'

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

13 01UECrlVES OF TiiE PROGRAM AND PRL7VIOUS WORK IN Tills SERIES

The objective of the research program described here ("the clad plate program") is to
determine the behavior of small Daws in or near cladding under stress fields similar to those
occurring during a P15 scenario. The potential benefit to the U.S. Nuclear Regulatory
Commission (NRC) is an improved capability to predict the fracture strength of an RPV with
hypothetical flaws. The objectives of this research are achieved by comparing the load-bearing
capacity of clad and unciad flawed plates. The clad plate program is conducted as part of the
llSST Program. i

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

1.4 PURPOSE OF T111S SERIES OF EXPERIMEN'IS

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 sufficiently 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 occur, then the flaw cannot grow in depth to challengec
the integrity of the plate without a significant increase of load beyond that needed to rupturei

unclad plates.

,
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.
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A special plate specimen has beca developed to investigate the effects of cladding on the
behavior of flaws. The design avoided the specimen geometry problems encountered in Series 1.
It was commercially clad using the three-wire, series-are technique and types 308,309, and 312
stainless steel weld wires. He three-wire, series-are technique was used in some of the older
vessels. An electron beam (EB) weld is introduced into the base metal to provide a crack
initiation site. The plate is loaded in four-point bending to approximate the stresses due to
pressurized thermal shock.
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To initiate the flaws, the EB weld zones of six of the test plates were each hydrogen
charged while the loads were maintained constant, whereas, in the two other plates the flaw was
initinted through hydrogen charging before the plate was loaded. He flaw, once it initiated from
the EB weld region,either arrested or led to complete rupture of the plate. Plates which did not
rupture were heat tinted to define the arrested flaw shape and were then reloaded until either
another pop-in or plate rupture occurred.

1.5 OUTLINE OF REPORT

in Chap. 2 of this report, the test specimens, their fabrication, and the method ofinducing
a Daw initiation she by means of an EB weld are described. The two different methods of testing
used (" arrest" and * initiation") are also discussed in Chap. 2. This will be followed by a description
of the instrumentation and the static and dynamic data acquisition systems used.

In Chap. 3, results of pretest and posttest material characterization are given. hiaterial
energy, Young's modulus andcharacterintions presented include Charpy V-notch impace

stress-strain curves for the base metal, heat-affected zone (llA'I), and cladding, as well as results
of room temperature tensile testing that had been performed on the !!AZ from one of the
broken halves of the Grst plate tested. De reference nil-ductility-ttmsition temperature (RTsm)
of the base metal, the variation of hardness across the thickness of .he plate, some J-integral vs
crack growth resistance (J R) curves for cladding, and the results of metallographic examinations
are also given.

The results of the tests perfarmed on the eight pistes are given in duail in Chap. 4 and
include the fractography and scanning electron microscopy (SEhi) of the fracture surface of one
of the plates tested. Chtpter 5 discusses the results in terms of the material properties and
includes some very preliminary analytical work ns well as some conclusions. One of the analytical
methods used in these preliminary calculations is the semiempirical expreuion for partial
through surface cracks due to hierkle [10] and a summary of the method has been included as
Appendix A. He hierkle expression gives the variation of the stress intensity factor, Kn along
the crack front of a semielliptic surface flaw. He position along the crack front can be given as
either the fractional crack depth (a'/a) or as the angle p, see Fig.1.2. De relationship between
the fractional crack depth and the angle p is given in Appendix B. Photographs of the fracture
surfaces of the ckd plate are included in Chaps. 4 and 5, but the profiles of the cracks are
sometimes dif ficuh to discern frem published photographs. Drawings of these crack profiles have
been made from the original photographs as well as by referring to the fracture surfaces. The
drawings of the crack profiles are given in Appendix C. Combustion Engineering (CE) performed
the heat treatment of the base material of the clad plates and manufactured the cladding, and the
report by CE has been reproduced in Appendix D.

- _ _ - - ________ _ _ ___ - _ _ _______-
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2. SPECIMEN DESIGN, EXPERIMENTAL PROCEDURE,
AND INSTRUMENTATION

2.1 MATERIAL ALLOCA110N, SPECIMEN FABRICATION, AND IIEAT1REATMENT

ne 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 B8112) to ASTM Specifiention for Pressure Vessel Plates, Alloy Steels, Quenched and
Tempered, Manganese-Molybdenum and Manganese Molyklenum Nickel, A 533 grade Belass 1.
The Oak Ridge National Laboratory (ORNL) identification for this plate is llSST Plate 012. ne .!
area of the plate designated for the six clad specimens, CP 15 through CP 20, was weld oveilayed
with stainless steel on both sides before the individual specimens were separated from the plate
(lower half of Fig. 2.1).

Before the cladding was applied, the base metal was heat treated to raise its transition
temperature so that it would be brittle at temperatures et which the cladding would tv.: tough.
The weld overlay cladding is a single layer of 308/309S12 stainless steel, made by the three wire
process. His 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 teactor pressure vessel
(607-635'C for 40 h).

Extensive studies 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.

2.2 DESCRIPTION OF TIIE SERIES 2 PIA 11311EI' SPECIMEN
,

One of the problems encountered with the Series 1 plate specimens [1] was the unknown
effect of a groove on the stress latensity factors. It was necessary to machine a groove through
the stainless steel cladc'ing 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 0128 thus providing i kwation for the stainless steel weld
overlay, see Fig. 2.3. His 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 to a smooth surface, and the specimens separated by sawing.
,

L

23 FIAWING 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]. He EB weld it. the base metal was produced by a Leybold.Heraeus welder.

_ _ _ _ _ _ - - ~ - - . - . . - - - - _ ._-. - .-. . . - _ _ , _ . - -- . - . ,
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Comouter corstrol of the beam intensity resulted in an approximate semiellipticalahaped wc!d
zone, 65-mm.lco3 with the major axis along the surface, and 15-mm-deep, Fig. 2.4. He
ED welding parameters t: sed are given in Table 2.1. His Dawing procedure was used on all eight
plates tested in thk program. A typical Daw pnxiuced by this method is shown later, and for
brevity will be referred to as the 'EB flaw."

Table 2.1. Parameters used in the electron beam welder.

to !atroduce a flaw initiation site in the dad plates

.

Distance from heat shleid to plate surface 635 mm

- Vacuum in chamber 6.0 mPa

Work table travel speed 250 mm/ min

lAccelerating voltage 150 kV

Beam current 17 mA |

Filriment current 4.2 A
'

Focus Sharp at surface

2.4 GENERAL DIG ~Ril'110N OF T11E TESI'

Eight plates have been tested in Series 2, and the general test puxedure was essentially the
same. The instrumented plate was mounted in a 1.MN Instron testing machine For tests at

- other than room temperature, the plate was cooled to the specified temperature, ne variation
in temperature at various h> cations was kept within 3*C. He 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, tubjecting the flaw region to a stress gradient in the thickness direction. Six of the plates
were loaded to induce a specified strain level on the surface of the base metal. The EB weld was
then hydrogen changed. while the load was maintained constant using stroke control, until a Daw
initiated. His type of test on an htitially unflawed plate is thus essentially an arrest experiment
the purpose of which is to study the effect of cladding on a brittle running Haw,

in the :cmaining two plates, a Daw was induced in the EL weld by hydrogen charging with
no applied load. Each plate was then mounted in the testing machine and the load increased at
a uriiform rate under stroke control until this preexisting Daw either popped in and arrestM. or

_

= the entire plate tuptured. Thus, the difference between the tests on these two plates and the 6ix
| mentioned above is the presence of a Daw when the plates were first mounted in the test

machine. These two tests, as well as those with an arrested Daw are designated as lidtlation tests.
De objective of the tests performed on these two specimens was to determine the load. bearing

j capacity of the Rawed clad plate.

I
in cases in which the Daw arrested, the plate is removed from the testing machine and'

heat-tinted at 250 to 350'C for 1 h to denne the arrested Daw shape. For this type of low-alloy ,

,

. ,e.-. .,- , . . . e.-,4- ,--,,.y.c -w...- - . -~ , ww.,y,,, , ,e..., .% .~rr ---.,-,w-.m-..,g.. -,--e- as w-g--w5- t w , , - -r-,- -- w.,y -- u---- 1r-
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Fig. 2.5. location of loa <ls used in testing the clad plates, subjecting the Gaw
to a pure bending moment. The plane of the flaw it at center of plate and normal to
the plane of the figure

steel, no significant effects on the crack tip material propertier are expected from heat tinting in
this temperature range. Some nondestructive examination was [v:rformed to determine the extent
of Oaw pronagation. After partial reinstrumentation, the plate is put back into the testing
machine and, in some cases, cooled to a specified ternperature. The load is increased at a
uniform rate until the plate either ruptures or further pop-in occurs. In the case of the latter,
the process is repeated. He purpose of reloading the arrested flaw shapes is to obtain data on -

the residual load-bearing capacity of flawed clad plates. His portion of the experiment on an
arrested Daw, as well as in tests on the two plates mentioned above,is designated an initiation test
in contrast to the presiously described arrest test.

Using an assumed Gaw shape that corresponded approximately to the Ell weld zone, the
loading rate was chosen to be within the range specified in ASTM Test for Plane Strain Fracture
Toughness of Metallic Materials (E 399 83),0.55 to 2.75 MPcCm/s.

For the first plate tested (CP 15), the surface strain was chosen to be spproximately the
yield strain of the base metal. As described in detaillater, the crack arrested and the plate did
not rupture. Therefore, the target surface strain was increased for the other plates tested at room
temperature.

7.5 INSTRUMENTATION ICR ARREST-TYPE EXPERIMEN'IS

Typical instrumentation used for the initial arrest experiments on the six plates is shown in
Fig. 2.6(a) and (b) for tests at room temperature (RT) and below RT, respectively. He gages

_ _ _ _ - _ - _ - _ _ - _ _ _ _ _ .
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designated ZE in Fig. 2.6(a) are weldable, stainless steel-sheathed strain gages that are used as
crack mouth-opening displacement (ChtOD) gages. Only the end portions of the gages are
welded and a suf0cient length is left unbonded such that the expected Ch10D, when averaged
over the unbonded length,is within the maximum strain capacity of the gage. Dese gages have
been used successfelly many times before in this manner by the llSST Program. For tests at RT,
the top surface only was instrumented with two ChtOD gages, four foil strain gages on each of
the base metal and clad portions of the plate and two thermocouples. For tests below RT, two
thermocouples were added on the t~ttom surface of the plate to ensure that the temperature
through the plate thickness is uniform, and the ChiOD was measured by means of a single clip
gage, designated ZE 1, shown in Fig. 2.6(b), instead of the two weldable strain gages; the eight '
foil gages remained unchanged. Ileat tinting destroyed the foil strain gages, and the plate was
partially reinstrumented for the initiation test as shown in Fig. 2.7. After heat tinting the first
plate tested, an attempt was made to reuse the weldable strain gages with mixed success;
subsequently a clip gage was used to measure the Ch10D in tests after heat tinting.

A data acquisition system (DAS) was used to record the readings from the instrumentation
on magnetic tape at suitable time and load intervals. In addition ta the strain, ChiOD and the
temperature at various locations in the plate, the load and the displacement of the testing
machine ram were also recorded.

2.6 INSTRUMENTATION FOR TWO INITIATION-TYPE EXPERIMENIS

ne layout of the instrumentation used for the first initiation experiment on plates CP 16
and CP 22 was modi 0cd somewhat from that used with the previous six plates, and is shown in
the upper portion of Fig. 2.8. Both plates were instrumented with four thermocouples, TE-1
through TE-4, one CMOD gage, ZE 1, and 12 strain gages, YE 1 to XE-12. Plate CP.16 carried
extra instrumentation to capture the dynamic characteristics of crack propagation in the Grst
initiation experiment. De extra instrumentation consisted of strain gages, XD-1 to XD 11, and
two additional trigger strain gages. Hr,e were attached near the crack tip and in the path of
possible crack propagation to trigger the DAS system described below, A closeup view of the
Gaw area (before clip gage installation) and the strain gages in the vicinity is shown in Fig. 2.9.

For plate CP 16 only, both a static and dynamic DAS were used. The static DAS recorded
data every 6 min during the loading of the specimen, while the dynamic DAS recorded data from
crack initiation to just after crack arrest. He static DAS recoroed data from the four
thermocouples, the CMOD gage,12 strain gages, XE 1 to XE 12, the load cell and the stroke
transducer. He dynamic DAS recorded signals from 11 strain gages, XD-1 to XD 11, the trigger
gages and the load cell using four LeCroy and three Nicolet digital oscilloscopes that were
simultaneously triggered when the crack initiated. A separate trigger circuit was t. sed to ensure
that the oscilloscopes triggen.d simultaneously This circuit, which consisted of two trigger strain
gages, a strain gage conditioner and a pulse generator, supplied a voltage spike of approximately
10 V when one of the trigger strain gages was fractured by the propagating crack. Each
oscilloscope was set to trigger on a voltage change of 5 V. He LeCroy and Nicolet oscilloscopes
were set to record data at a rate of 20 and 500-ns per point, respectively.
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in all tests, the load and Ch10D were also ret '<ded on a strip chart and, additionally, the
load was plotted against the signal from strain gage AE-1 (on the cladding) on an X Y plotter.
'Ihe loads reported for initiation and arrest events were taken fiorn these plots.
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3 MATERIAL CIIARACTERIZATION

3.1 PRETEST MATERIAL CHARACTERIZ P' ION

The base metal and characterization blocks used in the clad plate project were machined
from a single,178-mm-thick plate of steel. It was manufactured 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 alk> cation of material for the_ clad plate program has been
discussed in Chap. 2. De 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. He 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 15.

The cladding and heat treatment 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 rep,rt is included as
Appendix D. bcfore cladding, the base metal plate was given a special heat treatment by CE to
raise the transition temperature so that it would be brittle at Anperatures at which the cladding
would be tough. To meet 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 Door. Prior to heat-treating the plate, an
A 533 gradc 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, ne 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 D), the practice of combining the tempering
and PWHT ".~is in accordance with paragraph NB 2170, Section III, American Society of
Mechanical Enginects (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 to retain the material properties re:|uired 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 tirae HSST
Plate 012 was purchased have been summarized in Table 3.2(a). A PWHT given to a typicalr

- LWR pressure vessel [1] has been included in Table 3.2(b) for reference.

'The 0.4 refers o the approximate fractional depth in the original t = 178-mm-thick HSST
Plate 012 (not of the clad plates) from which the CVN specimen were machined.

I

b-



_ ._ ,_._ . . - _ . . . -. . .

26

Table 3.1. Chemical composition of A 533 grade B Mn-Mo-Ni steel
11SST Plate 012B used for clad plate specimens, as determined by

ORNL, from Lukens certification for melt 8112, and as
- specifkd in ASTM A$33B

Composition

Element
ORNL* - Lukens ASTM A533B-87

Carbon, max 0.25 0.22 0.25

Managanese- 1.3 1.32 1.07 1.62

Phosphorus,6 max _0.005' O.007 0.015

Sulfur,6 max 0.017 0.013 - 0.018

Silicon 0.25 0.27 0.13 4.45

Molybdenum 0.S4 0.55 0.41 4.64

Nickel 0.43 0.63 0.37-0.73

Copper,6 max 0.09 0.12

Vanadium,6 max 0.02' O.06

Aluminum * < 0.002

i$ntimony* 0.001

Arsevic' O.01

Boron' O.0003

Chromium' O.0150 i

Cobalt' O.02

Niobium' O.0005

- Nitrogen * 0.0116

Oxygen * 0.0036

Tin' O.0005

Titanium * 0.002-

Tungsten' < 0.0003

- Zirconium * < 0.0001

Performed using 0.4t depth (of original 178-mm-thick IISST'

Plate 012B) Charpy V-notch specimen CP-23 from clad plate CP-15.
Precision of ORNL analysis is i 5% unless otherwise noted.

6Nuclear reactor pressure vessel requirements.

'+ 100%, -50%.

.
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Table 3.2(a). Special heat treatment of clad plate specimens performed'

by Combustion Engineering on " fabrication base plate" to raise
transition temperature (in addition to that performed by

Lukens Steel on A 533 grade B chtss 1 steci plate)

1

Temperature, Time Type of

* C (* F) (h) cooling
_

Normalizing 1032 2 Air cooled

Postweld heat treatment 593 (1100) 10 Furnace cooled

(PWIIT) performed after
one-layer three-wire series
are stainless steel weld
overlay cladding

Typical PWHT for 607-635 40' Air cooled

LWR (1125-1175)

'The 40 h is intended to simulate not less than 807c of total time the
plate will be subjected to later stress relief, see G. D. Whitman,
G. C. Robinson, Jr., and A. W. Savolainen, "A Review of Current Practice in
Design, Analpis, Materials, Fabrication, inspection, and Test," pp. 553,
Technolog of Steel Pressure Vessels for li\uer-Cooled Nuclear Reactors,
ORNL-NSIC-21, Union Carbide Corp. Nuclear Div., Oak Ridge Natt. Lab.,
Oak Ridge, Tenn., December 1%7.

Table 3.2(b). Heat treatment by Lukens Steel for A 533 grade B class 1
material from a test certification dated 11-13 74 for a similar plate'

Heat treatment procedure - LS-102 DTD 2/21/69 Rev.13 DTD 4/16n3 & Spec. Rev. 6/12n3

Plate and tests heated 1630 to 1650* F (888 890*C), held 7.5 h and water quenched (time in
quench tank,30 min), then tempered 1230 to 1250* F (ft(>677'C), held 8.5 h and water
quenched (time in quench tank,30 min)

Plate and tests stress relieved by heating 1035 to 1065'F (557-574*C), held 4 h and air cooled

Tests stress relieved by heating with a rate of 100* F/h (38'C/h) to 1150* F (62P C), held 50 h
and furnace cooled at a rate of 100* F/h to 600* F (316*C)

'Two certifications. mechanical properties and heat treatment, by Lukens Steel are
availab'c for other melts of A 533 grade B class 1 matenal. The mechanical properties

certification dated 9-26-74 for melt B8112 (HSST Plate 012) is available. The heat treatment
certification is missing, but can be assumed that it is the same as the one given above. Both
are included in Appendix E.

_

-- _ _ _ _ _ _ _
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Pretest materials characterization included tensile, Charpy impact, and drop-weight teMing.
All specimens were taken from a pecially prepared material characterization block. The bhick
was fabricated concurrently with the clad plate specimens using the identical materials and
procedures as the plates themselves. He only difference between the plates and the
characterization bkick, other than size, was that the characterization bkxk had three layers of
cladding, as compared kith only one on the plates, to allow the removal of tensile, Charpy impact,
and 0.5TC(T) compact specimens from the cladding. The chemical and microstructural
homogeneity and mechanical similarity among the layers was ensured with very careful controls
during the fabrication process and verified by testing (see Appendix D).

All tensile specimens were oriented with their axes in the plate rolling direction. The long
as of the large clad plate specimens, the rolling direction of the base metal, and the % Iding
direction in which 9e cladding was applied are all parallel. Therefore, the deformation in the -

tensile tests . orresponds to the tensile and compressive deformation direction of the plate tests.
The results of the tensile tests (Figs 3.2 and 3.3 and Table 3.3) indicate that in the temperature
range of the clad plate specimen -25 to 25'C, the cladding is appreciably lower in tensile strength
but somewhat more ductile (as indicated by the percent total clangation) than the under'empered
base metal Tests of IIAZ specimens exhibited strength and tensile ductility prg _rtici e those
of base metal taken at the quarter-thickness plate hication. He agreement of n,e tenaile
properties between the quarter thickness and ilAZ k> cations is consistent with the hardness at
both locations which exLibited values of 97 to 98 Rockwell B-hardness (llRB). It is of interest
to convert these hardness values to the approximate ultimate tensile strength (UTS). One obtains
values ranging from 715 to 750 h1Pa, which compare well with the measured average value of
727 htPa for base metal The measured average UTS of IIAZ (700 MPa)is somewhat lower than
that inferred by the hardness measurement.

The percent total c|ongation and percent reduction of area of the clad plate materials have
indicated an unusual relationship when considered as measures of ductility. As shown by the

'

percent total clongation, the cladding is more ductile than either llAZ or base metal. Ilowever,
when considered from the amount of percent reduction of area, the cladding is less ductile than .

IIAZ or base metal The explanation for this is not known.

The average base metal yield strength of 589 MPa at room temperature is 70rc above the
typical (quench and tempered) unitradiated A 533 grade B class 1 plate (345 MPa minimum) but
is within the range of its postirradiation properties (610 MPa) and, therefore, provides a useful
vehicle for performing structural testing applicable to sersice embrittled reactor pressure vessels.
The tensile properties for the plate as delivered by Lukens, then the same material after

norrnalization and PWHT, are given in Table 3.4. The tensile p(roperties of A 533 grade Bclass 1, both unitradiated and irradiated to 1.8 x 10" neutrons /cm' > 1 MeV) from [2), and the
ASTM specifications for A 533 grade B cLss I, hase also been included in Table 3.4 for
comparison.

.-_- _ _ - _ _ _ - _-___ _____ __ _ __-__ _ _ _ _ _ _ _ _ _ . _ _
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Table 3.3 Tensile paperties of longitudinally
oriented specimens of clad plate materials

Test Strength Total Reduction
temperature Specimen (MPa) elongation of area

('C) Yield Ultimate (%) (%)

Quaner thickness base metal

-50 WOMN 638 792 17 57

WC15N 624 782 19 57

0 WOML 603 753 16 58

WC15L 597 743 17 62

22 -WC(MK 592 732 16 56

WC15K - 586 - 723 16 62
'

50 WOMM 575 699 16 61

WC15M 575 706 16 61

Heat-affected zone'

50 WOMI 641 785 17 62'

WC151 624 775 17 61

0- WOMG -610 743 18 61

WCISO 617 748 18 63

22 WOMF 566 697 16 61

WC15F 578 7(M 16 62

50 WC04H 608 719 15 64

WC15H 561 686 17 65

if' eld metal

-50 WCND 359 873 53 46

WC04B 375 868 49 35

0 :WOMA 332 635 64 51

WOMC- 345 644 63 .52

-- 22 WC15D 297- 556 52 52

l WC158 320 565 51 49

50 WC15A 295 507 49 50

WC15C 302 511 -39 54

- -- - . . - . -- . = - .-. , . --- ,
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Table 3.4. Comparison of room temperature tensile propenies
of A 533 grade B chiss 1 stect used in the clad plates in
the as-delivered condition, normalized and postweld heat

treated with unitradiated/ irradiated A 533 grade B
class 1 and the ASThi specifications

Strength
(h1Pa) Elongation

(%)
Yield Ultimate

As delivered 455 (48 25

(Lukens certification)

Normalized and postweld 589 709 16

heat treated

HSST Plate 02:* >

Unirradiated 467 622 18

6Irradiated 609 749 18 v

ASThi A 533 grade B 345' 550-690 18'

class 1 specifications

'J. J. hicGowan, R. K Nanstad, and K. R. hms, '

Characterization ofirradiated Cwrent Practice Weldt and AS33
Grade B Class 1 Plate for Nuclear Pressure Vessel Service,
NUREG/CR-4880, Vol.1 (ORNL4484/V1), hiartin hiaiietta
Energy Systems, Inc., Oak Ridge Nati. Lab., Oak Ridge, Tenn.,
July 1988.

26Irradiated at 288'C to 1.8 x 10" neutrons /cm (3 3 gjey),

'hiinimum.

Charpy V-notch impact testing of the cladding, HAZ, and base metal was performed on
specimens machined in both the L-T and I S orientatbns, corresponding to crack extension
across and through the thickness of the clad plate specimens, respectively (see Tables 3.5 through
3.7 and Fig. 3.4). Tests to determine nil-ductility-transition (NDT), according to ASThi Test for
Conducting Drop-Weight Test to Determine Nil-Ductility-Transition Temperature of Ferritic
Steels (E 20&S2) were also performed. The detailed results of the drop-wei; ht t.mting are given
in Table 3.8, and have resulted in an NDT of 36*C, The specimen type wa P-3, and had a
single-pass crack-starter weld bead.

The results show that the cladding has a substantially 'ower DIrlT than base metal. The
NDT in the base metai of 36*C corresponds well with the CVN 41-J transition temperatures of
32 and 41'C deterrr.ined for the L-T and L-S a:icntations, respectively, of the base metal at the
quarter-thickness location, see Table 3.9. These temperatures are in the region at which the
upper knee of the CVN impact energy curve occurs for the cladding. Charpy V-notch impact
testing of the cladding and base metal confirmed the data provided by CE (Appendix D).

__________ ____________________ _ ________________ _ _ _ _ _ _ _
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Table 3.5. Charpy V-notch impact en.:rgy test results for specimens from
the quarter-thickness depth of dad plate characterization block
base metal (specially heat treated ASTM A 533 grade B cl.us 1)

in the L-T and L-S orientations

Test Lateral Fracture
b.

"j'EY expansion appearanceSpecimen temperature
)('C) (mm) (% shear)

L-T orienta* ion

WC09-N 100 2 0.013 0

WC09-hi -50 7 0.178 10
-

WC09-L 0 9 0.089 25

WC10-N 0 14 0.191 10

WC10-0 0 21 0343 5

WC11-K 24 39 0.622 20

WC10-K 24 49 0.749 25

WC09.K 24 17 0.241 25

WC11-M 50 53 0.775 45

WC11-L 50 53 0.673 45

WC10-L 50 113 1.727 95
WC09-0 50 30 0.470 43

WC11-N 50 76 1.Lb7 $5

WC10-hi 200 104 1.727 ltM
WC11-0 300 106 1.727 100

L S orientation

WCO2-N -100 3 0.025 0

WCO2-hi -50 11 0.102 1 _

WCO3-N 0 22 0.305 5

WC02-L 0 19 0.241 0

WC02-K 24 25 0.267 5

WCO3-K 24 20 0.216 0
WC05-K 24 26 0305 0

WC03-0 50 51 0.787 40
WC02-0 50 42 0.635 35

WC05-L 75 73 1.041 50

WC05-ht 75 81 1.334 60

WC03-L 100 115 1.435 100

WC05-0 100 90 1.499 85

WC03-hi 200 105 1.397 100

WC05 N 300 81 1.778 100

. - - - - - . ____ __ __ _ _
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Table 3.6. Charpy V-notch impact energy test results for specimens
from the heat-affected zone of the three-layer clad plate
characterization block in the I T and 1 S orientations

Test Lateral Fracture
En

Specimen temperature expansion appearance

(*C) (mm) (G shear)

L Torientation

WC09-1 -100 3 0.025 0
WC09-H -50 11 0.152 0
WCll-G -25 18 0.356 10
WC10-J -25 45 0.597 30
WCl1-J 0 41 0.660 28
WC09-G 0 71 1.003 42
WC10-1 0 50 0.914 40
WC09-F 24 94 0.787 68
WCl1-F 24 87 1.295 41

WC10-F 24 89 1.143 80
WC09-J 50 132 1.753 100

WC11-H 50- 119 1.549 90g
| WC10-G 100 142 1.918 100
'

WC10-H 200 145 1.994 100-
WC11-1 300 123 1.892 100

L-S orientation

WCO2-H -100 21 0.152 0
WC05-G -50 60 0.749 23
WCO2-N -50 59 0.775 33
WC034 -25 41 0.559 14

WC05-J 0 56 0.686 23
WCO2-1 0 77 0.826 42
WCO3-I O 101 1.410 47
WCO2 F 24 92 0.965 53

WC05-F 24 97 1.245 67
WCO3-F 24 100 1 270 67
-WCO2J 50 122 1.702 75

WC05-H 50 % 1.321 70
WCO3-G 100 128 1.219 100

WCO3-H 200 140 1.918 100

WC05.I 300 121 1.448 100

__ . . _ _ _ ___. ___ _._ __
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Table 3.7. Charpy V notch impact energy test results for three-wire.
three-layer stainless steel weld overlay cladding specimens from the
clad plate characterization block in the L-T and L-S orientations

(1 orientation corresponds to the welding direction and the
rolling direction of the underlying base metal)

Test Lateral
Specimen Temperature --}fgy expansion

)(*C) (mm)

L '' vientation

WC09-E -100 18 0.318
WC09-D -50 26 0 546
WC11 D -25 40 0.800
WC11-C 0 55 1.092

WCl1 B 0 54 1.080
WC09-C 0 58 1.181

WC11-A 24 68 1.524

WC10-A 24 67 1.524

WC10-E 24 65 1.334

WC11-E - 50 75 1.740

WC09-B 50 77 1.702

WC10-B 100 75 2.121

WC10-C 200 71 2.045
WC10-D 300 68 2.210

L-S orientation

WCO2-E -100 16 0.140
WCO2-D 50 33 0.343
WC05-C -25 47 0.699
WC05 B -25 43 0.635
WC05-D 0 45 0.775
WCO2-C 0 5- 0.673
WC05-E O 59 0.826
WCO2-A 24 65 0.838
WCO3-A 24 70 0.775
WC05-A 24 68 1.118

WCO2-B 50 71 0.775
WC03-E 50 79 1X4
WCO3-B 100 83 0.914
WC03-C 200 72 0.927
WC03-D 300 68 1.105
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Table 3.8. Results of drop-weight 'esting on specially heat treated A 533 grade B,
quarter-thickness base metal ti am 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 petformance)

Test Test results
Specimen temperature

*

('C) Break No break

3UABI 25 X
3UAB2 36 X
3UAB3 58 X
3UAB4 53 X
3UAB5 47 X
3UAB6 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 is 36*C)

Transition temperature criterion

Material Orientation. ( C)

41 J 68 J 0.889 mm

Cladding L-T 24 28 -19'
6

L-S -29 36 32

Quarter-thickness L-T 32 59 51

. base metal L-S 41 66 59

| Heat-affected L-T -12 7 6

zone L-S 59 -19 -14

'With respect to the base metal.
;

| 6Lateral expansion of cladding in L-T orientation appreciably greater than
in L-S orientation at all temperatures.

__ _ .._ __ . . .



- _ _ _ _ - _ _ _ -

39

The Charpy transition of the HAZis also noticeablylower than that of the bulk of the base
metal. His is principally ihe result of the special heat treatment given to the base metal to raise
the transition temperature. Le base plate was first normalized at 1032'C for 2 h and air cooled.
His produced a basically bainitic microstructure with a larger grain size than would be typical in
a normally quenche?and-tempered A 533 grade B class 1 steel. This microstructure was needed
to achieve a high transition temperature. He plate was then clad and given the inild PWHT at
593*C for 10 h, which tempered it only slightly. By comparison, material in the HAZ was
. transformed to martensite during the first welding pass and subsequently tempered during the
deposition of the successive layers. As expected, this increased the toughness of the HAZ above
that of the base metal in a similar msnner as the toughness of the HAZ of a reactor pressure
vessel is raised by its transformation and the full tempering that occurs during the cladding
operation and subsequent normal PWHT of the vessel [3].

He transition temperature of the HAZ in the clad plates is expected to be somewhat
higher than that determined from the characterization block because the plates received only one
layer of cladding during fabrication. He HAZs have, therefore, not received the additional
tempering from the subsequent weld layers that the HAZ of the characterization block received.
As shown later in this chapter, the values obtained in posttest measurements of the hardness,
yield, and U~I3 of one clad plate (CP-18) HAZ are indeed higher then those of the
characterization block.

'lhe Charpy and drop-weight results show that there is a temperature range from about
room temperature down to at least -25* C within which the toughness of the cladding is relatively
high and the bulk of the base plate is frangible. However, the HAZ is also tough and; as
described in the following chapters, by arresting a running flaw, the HAZ prevented its
propagation to the surface. Thus, the HAZ contributed significantly to the enhanced load-bearing
capacity of clad plates as compared to unciad plates.

He cladding exhibited a ductile-to-brittle transition as a function of temperature in Charpy
impact testing. To ascertain why a nominally austenitie material would exhibit transition behasior
typical of a ferritic steel, Corwin et al. [4] examined the fracture path in broken CVN specimens
of a single-wire, submerged arc, oscillating-clectrode 308/309 stainless clad deposit. Results
showed that below the mid-transition, the fracture preferentially followed the small volume
fraction of 6-ferrite present in the cladding. On the Charpy upper shelf, the fracture proceeds
primarily through the matrix m a dimple rupture mode, and the ferrite then fails only
coincidentally.

The three-wire, stainless steel, weld overlay clad used in this study also exhibited a
ductile-to-brittle transition behavior similar to that exhibited by the single-wire, submerged arc
cladding described above. In order to ascertain whether fracture follows the same paths as in the
single-wire cladding, two sets of broken CVN specimens of three-wire stainless steel weld overlay
clad metal, each set containing two specimens, were examined metallographically. One set of
specimens was in the L-T and the other in the L-S orientation. In each set of CVN specimens,
one specimen was tested at -100*C and the other at 200*C. Figure 3.5 shows one of the L-T
oriented CVN specimens tested at 200*C, and the general appearance of the fracture profile of
specimens tested at this temperature. To reveal the fracture profile, all four specimens were
sectioned longitudinally and normal to the machined notch whose root is visible in the upper left
corner of Fig 3.5. After polishing, the four specimens were etched using Murakami's reagent.

_. _ - _ _ _ - - - _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ __ _ _
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Fig. 3.5. The profile of the fracture surface of three-wire ,

stainless-steel, weld overlay, clad metal, bT 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 LT and LS orientation
specimens, respectively, at higher magnifications than used in Fig. 3.5. Each figure contains
profiles of specimens tested at 100 and 200*C. Here does not seem to be much difference in

. the fracture profile between L-T and L-S orientation specimens that were tested at the same
temperature. There is, however, a difference in the fracture paths followed: 1.ie 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)
L and 3.7(b), proceeded primarily through the austenitic matrix in a dimple rupture mode. His is
I the same mode of failure that was observed in the single-wire cladding mentioned above. At

-100'C, the CVN impact energy of the 6-ferrite is less than that of the austenitic matrix, whereas,
at the upper shelf temperatures of 200*C, the reverse holds.

Ti"o J-R teats of the cladding were conducted at room temperature using 12.5-mm-thick
[0.5TC(T)] compact specimens, one each in the LT and LS orientation (with respect to the base
plate). The data were examined using the linear analysis specified in the ASTM Test for Jg a
Measure of Fracture Toughness (E 813) edition current at the time, as well as a power law fit.
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; tested at 200*C reveals a dimple rupture mode (Murakami's etch).
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The intersections of the regression fits with the 0.15-mm exclusion line were used as measures
of J , The results (Fig. 3.8 and Table 3.10) show that both J , and the tearing modulus in the L-Ti i
orientation were higher than those in the L-S orientation, but that the differences are relatively
small. Note that the values of J , are not ststly salid because the differences between the fimdi
measured and calculated values of crA extension of about 22% for both specimens excecAd
the 15% limit allowed in E 813.

3 2. PO5TTEST MATERIAL EXAMINATION OF CLAD PLATE MATERLAIS

It should be recalled that the plates were clad with a single layer of stainless steel and given
a slightly milder postweld heat treatment (593'C for 10 h) than typical for a clad reactor pmssure
vessel (607-635'C for 40 h). The HAZ from the single-layer clad plates has not received the
additional tempering from the subsequent wc!d hyers that occurs in the case of three-layer clad
material. He HAZ from single-layer clad material is, therefore, expected to have higher yield
and ultimate strengtl's than HAZ material from the three-layer characterimtion block. In order
to confirm this tensile tests were performed with specimens machined from the HAZ of one of
the broken halves of the clad plates Crack-arrest and T-L orientation CVN specimens were also
manufactured from the large clad plate specimens after their testing was completed. The T-L
orientation CVN specimens are required in order to determine the reference nil-ductility
transition temperature (RTer). A metallographic examination of the various zones across the
plate was also performed.

3.2.1 Tensile tests tverformed

Tensile tests at room temperature have been performed on the base metal, HAZ, and 308
stainless steel weld overlay clad metal. Beside, confirming the higher tensile properties expected
of the HAZ as discussed earlier, anottier purpose was to obtain stress-strain curves and Young's
modulus for future clastic-plastic finite-element analyses of the clad plate experiments. All tests
were performed on L-orientation specimens, where L refers to the main rolling direction of the
base metal. For convenience, "L" is also used to designate the tensile specimens oriented along'

the weld direction of the stainless steel clad metal. The weld direction is also parallel to the
ro"ing direction of the underlying base metal

ne clad and base material tensile specimens were machined < am the three-layer clad block
used for pretest material characterization. The tensile test results are, therefore, expected to
exhibit only small differences from the previously given values. The sizes of the clad and HAZ
specimens used for both the stress-strain curves and Young's modulus (E) were limited by the
.available material. The clad and base metal specimens were 4.55 and 12.5 mm in diameter,
respectively. Although the base ' metal specimens were machined from the threc. layer
characterization block, their tensile properties should not be affected by the number of weld
layers because of distance from the weld zone. Tensile specimens from the HAZ of one of the
broken halves of clad plate CP-15 were machined such that the 6.35-mm-gage diameter of the
specimens was just below the single-layer cladding.

The results of the tensile tests are given in Table 3.11. Also included are the averages of
values from the pretest material characterization from Table 3.3. As expected, the average yield
and ultimate strengths of the HAZ of single-layer cladding are approximately 20 and 15% higher,
respectively, than HAZ of the three. layer clad characterization bk>ck. The base metal and
cladding reflect the small scatter associated with tensile testing of a single batch of material.
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. Table 3.10. Results of J.R testing of three-wire series are weld overlay
clauding using 0.5T compact tension specirnens

J,, 2
Specimen Onentation. (kJ/m ) car

2m)
Power law Linear

WC16.A L-S 91 68 % 531

WC17C L-T 95 83 113 M5

*With respect to base metal and wc! ding direction.

Table 3.11. Posttest room temperature tensile properties of heat-affected zone from
single-layer clad plate CP-15 and additional results from later tests on base metal

and cladding from characterization block [ average values from pretest
characterization have also beer. 't.cluded; all specimens in

L-orientation (rolling direction of base metal and
welding direction of clad metal)]

Test Strength Reduction
Totaltemperature (MPa) or

Specimen f.C) elongation area' 0.2% yield Ultimate (%) (%)

lleat-affected zone postlest from clad plate CP-15 .

CP-3 26 674 793 19 66
CP-6 26 720 820 20 63

Pretest average * 22 572 700 16 62

Tests on r,pecimens machinul from characterization block

Quarter-thichtess base metal

: 3UAE5 - 26 575 708 20 58
3UAE6 24 575 710 19. 58
Pretest average * 22 589 727 16 59

Stainless steel weld overlay clad metal'

A26A 24 301 574 46 53

A26B 26 297 51 7 48 57
Pretest average * 22 308 561 52 50

* Average values from characterization block matetial, see Table 3.3.
6Material also from characterization block, but with extra postweld heat treatment.

_ _ _ _ - _ _ - _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ - _ _ _ _ _ _ - _ _ - _ - - - - _ _ _ _ - _ - _ - _ _ _ _ - _ _ . _____ -
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Posttest hardness measurements on the IIAZ of one of the broken halves of the clad plates
showed a hardness of about 101 Rockwell B. hardness (HRB). Although hardness necsurements
on the Rockwell B scale are not recommended for materials with values greater than 100 IIRB,
this value is higher than the values measured on the material characterization block (97-98 liRB).
A UTS of approximately 820 MPa estimated using this hardness measurement has V.:n confirmed
on one of the specimens machined from the IIAZ of the plates clad with a single layer.

3.2.2 Determination of Younn's modulus

Two I-orientation specimens each from the quarter-thickness depth in base metal, IIAZ,
and cladding (and of the same dimensions as those used in the tensile tests described above) were
instrumented with ciectric resistance strain gages in order to measure Young's modulus, E, and
Poisson's ratio,' v. There were two axial and two circumferential gages on each specimen
connected in series, and placed diametrically opposite to each other to eliminate by averaging any
bending strains due la misalignment. The measurements were performed at room temperature,
approximately 25'C. The 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 each 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. 'Ihe
accuracy of the E and v values reported is estimated to be about 5 and 10%, respectively, because |

the strains were about 500 'p e for the axial direction and 140 p e 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-orientation specimens (rolling direction of base

metal and welding direction of clad metal)

Specimen ~ Stress Young's modulus Poisson's ratio
- Specimen - - diameter range (GPa)

(mm) (MPa) E S* v S'

Quarter-thickness base metal

3UAE2 12.8 17-138 205 0.7 0.26 0.01

3'UAE3 12.8 _17-138 .210 0.6 0.26 0.002

3UAE5 12.8 17-138 206
3UAE6 12.8 17-138 204

Heat-affected zone, posttest from single layer clad plate CP-15

CP-1 5.08 '11-10n 205 2 0.27 0.01

CP-2 5.08 11-109 205 1 0.26 0.01

Cladding

WC04E 4.55 13-(a 152 0.4 0.47 0.06

WC15E 4.55 13-68 144 1.4 0.43 0.01

' Standard deviation of four values measured with each specimen.

..
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Young's modulus for base metal was also estimated from autographic records made using
an averaging liner variable displacement transformer (LVDT) placed over a 50.mm-gage length
on specimens 3UAE5 and 3UAE6, sce Table 3.12. The averaging LVDT consists of two LVDT
gages mounted diametrically opposite each other in order to eliminate by averaging the bending
strains. He E values obtained using the LVDTs are in close agreement with those
obtained using electric resistance strain gages. Other elastic modulus determinations on low-
upper-shelf 2.25Cr-1Mo material using the averaging,50-mm-gage length LVDT also gave close
agreement with clastic moduli determined with electric repstance strain gages [5]. Young's
modulus determination is much simpler with a 50-mm LVDT than with electric resistance strain
gages, and the use of a 50.mm LVDT would, therefore, be recommended if sufficient material
is available for machining 50-mm-gage length specimens.

The lower than expected value of Young's modulus for cladding was initially thought to be
incorrect because of specimen misalignment. However, steps to improve the alignment of the
load train with the specimen centerline by remachining the ends of the specimen and using dead
loads, still gave essentially the same results. A literature search for the clastic constants of
308 stainless steel weld cladding was unsuccessful, but Ref. 6 gives the plane-orthotropic clastic
constants of type 308 stainless steel electroslag weld. Young's modulus and Poisson's ratio in the
same metallographic direction as in this case gave E-values of 142 GPa and 0.53, respectively.
It is assumed that the values reported for cladding are reasonable.

Figures 3.9 through 3.11 are '' composite" stress-strain curves produced for base metal, HAZ
and cladding, respectively. In the case of the HAZ and stainless steel clad metal, the linear-chistic
slopes of the HAZ and cladding stress-strain curves have been adjusted to the average values of
E reported above, and then merged with a stress-strain curve deduced from an X Y plotter record
of load vs displacement. The linear portion of the original load-displacement curves for both
cladding and HAZ were inaccurate, a reflection of the insufficient accuracy of the small gage
lengths of the specimens and the corresponding 12.7-mm gage length mechanical extensometers.
As previously mentioned, tests on base metal with a 50 mm LVDT extensometer gave an initial
slope that was in good agreement with E-values detennined using electric resistance strain gages
and no adjustment was necessary. These curves have also been digitized and are given in
Table 3.13.

3.2.3 Determination of RTxur for base metaj

In accordance with Subarticle NB-2330 of the ASME Boiler and Pressure Vessel Code,
Section UT,1986 Edition, RTsur is the higher of the drop-weight NDT and (T - 33)*C, where
T is defined as the higher of the temperatures at which T-L orientation Charpy specimens attain
a 68J (50-ft-lb) impact energy and a lateral expansion of 0.89 mm (35 mils).

As presented earlier, the drop-weight NDT of the base metalis 36*C. Full Charpy V-notch
impact curves have been developed for the T L orientation and the results are given in
Table 3.14. The CVN specimens were machined from the broken half of clad plate CP-15. They
were machined from a location close to the surface of the clad plate that corresponds to
approximately the 0.4t depth of the original 178-mn thick HSST Plate 012. Figure 3.12 shows
the CVN impact energy, lateral expamma and percent shear fracture appearance. He
temperature, T, as defined in NB-2330 has been determined to be 105*C, so the RTsur of the
material is 72*C. Hus, it is the Charpy V-notch energy of the T L orientation that controlled

the RTsur determination.
i

- _
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He results of the T-L CVN iests have been fitted with a hyperbolic tangent curve, ne
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-J criterion for the
RTstyrwas met with only a very small margin. For comparison, the USE in both the L-T and L-S
orientations was about 105 J.

,

3.2.4 Crack-arrest touchness of clad plate base metal
y

Weld-cmbrittled (WE) crack arrest specimens in the L-T orientation were fabricated 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,Lthe specimens were also used to check a special fixture that will be used in the hot
cells. He specimens to be tested in the hot cells are from the Sixth Irradiation Series 17], and
areinthreesizes,25 x 76 x 76,25 x 152 x 152,and 33 x 152 x 152 mm. Specialjigswillbeused a

with each size, and thus crack-arrest specimens of each of these sizes were fabricated, j
As described above, NDT and RTxt7r temperatures are 36 and 72*C, respectively, with the ,

T-L orientation CVN values controlling the RTxtrr determination, llowever, the orientation for j

ssface crack propagation in the clad plates is L-T (which, incidentally, fulfills both the 6&I and
.

0.89 mm requirements).. Accordingly, the results of the crack-arrest tests have been normalized
using the NDT temperature rather than RT rr- |xt
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Table 3.13. Stress and strain values generated by digitizing the load-displacement cunes
obtained during tensile testing of the clad plate materials: specially heat treated

A 533 grade B base metal (specimen _3UAF51), heat affected zone obtained-
. posttest from the one-layer clad plate CP-15 (specimen CP6-1), and three-

wire series-arc stainless steel weld _ overlay cladding (specimen A26A 1)
; (linear clastic portion was corrected to values obtained during

- Young's modulus measurements)

3UAE6-1 - CP6-1 A26A-1
i-

Strain Stress Strain Stress Strain Stress

(%) (MPa) (%) (MPa) (%) (MPa)

0 0 0.004 2 0 0

0.199- 409 0319 644 0.172 263
,

0.201 413 032 655 0.175 266-

0.206 - 422 0325 663 0.178 269

-0.213 426 0329 670 0.18 271
<

0.219 - 447- 0335 678- 0.182 273

0.225 458 0342 686 0.186 275

0.233 473 0346 692 0.191 277-

0.239 483 0352 698 0.196 278

0.244 - 492 0359 704 0.201 280

0.249 499 0366- 709 0.206 281
g'
'

O.25 ~500 0372 't3 0.21 282-

0.255 507 0384 719 0.217 283

0.261 515 0392- 722 0.225 284

0.267. 522 0.407 725 0.234 285

0.274 528 0.424 726 0.245 28"

. 0.281 533 0.436 726 0.258 288

0.289 538 0.451 726 0.273 289

- 0.298 543 .0.468 724 0.289 292

| 0309 547- 0.484 723- 031 293

032 550- 0.508 72n 0327 295

0.33 553 0.531 719 0348 2%

0345 556- 0.551 719 0369- 298

i
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Table 3.13. (continued)

3UAE6-1 CP5-1 .A26A-1

Strain Stress Strain Stress Strain Stress '

(%) (MPa) (%) (MPa) (%) (MPa)

036 559 0.586 719 0386 300

0374 560 0.622 718 0.4 301
'

0384 562 0.651 719 0.413 303

0398 563 0.722 719 0.424 304
'

0.418' 566 0.762 719 0.44 306

O.432 567 0.782 719 0.462 307

0.449 570 0.812 718 0.485 308

0.468 571 0.839 719 0.519 310

0.481 572 0.879 719 0.55 312

0.531 580 0.912 720 0.599 314

0.631 586 0.% 721 0.674 318

0.681 589 1.034 723 0.763 321

0.732 592 1.086 725 0.833- 324

I- 0.907 595- 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. 1.057 331

1.904 630 1.294 723 1.139 333

2.152.- 639 1335 723 1.193 335

2.4 646- 1364 723 1.251 337

2.648 653 1.416 723 13M 340

2.897 659- 1.502 726 1.434 342

3.146 666 1.573 728~ 1.641 347

3395 671 1.727 732 1.843 352

3.602 674 1.818 735 2.W2 355

3.985 - 680 1.96 740 2.223 360

4.258 684 2.158 745 2399 365

4.646 688 2.261 749

.i

. _ . _ _ . _ _ _ _ _ . _ . . _ - _ _
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'i'able 3.13. (continued)

3UAE6-1 ' CP6-1 A26A 1

Strain - Stress Strain Strem Strain Stress

(%) (MPa) (%) (MPa) (%)- (MPa)

2.359 752

2.563 756
,

2.763 762

2.952 767

3.262 779

3.572 785

3.767- 789

4.061 793

4.275 7%

4.483 799

: 4.78- 804

5.081 806-

5.277 808

5.64. 812

5.784 812

6.286 815-

6.785- .817

7.083 818

7.293 819

7.626 820

7.788 822

8.111 821

8.527 822

9.164 823

9.619 823

9.689 823

9.792 822

9.949 822
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Table 3.13. (continued)
_

3UAE6-1 CPfr1 A26A.;

Strain Stress Strain Strea Strain Streu
(%) (h1Pa) (%) (hiPa) (%) (htPa)

10.128 822

10.321 821

! 10.598 820
-

Table 3.14. Chaipy V notch impact test results in the T,L orientation
(0.4t depth) for the heat treated A 533 grade Il material terroved

postteat from clad plate CP 15 (normallwd at 1032*C for 2 h,
air cooled, postweld heat treated at 593'C for 10 h)

Test lateral Fracturep,
Specimen Icmpcrature expansion appearanceg)

('C) (mm) (% r, hear)

| CP-02 0 5 0.051 6
i CP-03 0 5 0.025 4

CP-09 21 29 0.432 21

CP 10 21 24 0.356 :',

| CP 11 50 49 0.762 Is

CP 12 50 36 0.533 30
CP 22 66 40 0.660 40
CP 23 66 37 0.635 40
CP-24 66 36 0.660 35
CP418 80 36 0.787 52
CP 13 80 48 0.813 44

j CP 14 80 53 0.914 57
'

CP 15 100 77 1.321 99
CP 16 100 67 1.092 73,

'

CP 17 100 67 1.118 70

CP 18 105 72 Ifd2 90
i CP 19 105 77 1.194 95

CP 20 105 81 1.295 100

CP-21 120 74 1.245 9S

CP-01 120 69 1.245 100

CP44 200 66 1.168 10G

CP-07 200 81 1.359 100

CP-05 300 81 1.524 100

CP4M 300 83 1.397 100

<

_ _ _ . _ _ _ _ . _ _ _ . _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ . _ _ _ _ _
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Fig. 3.12. (Continued)

Table 3.15. Form of hyperbolic tangent equation and curve fit parameters resulting
from regression analysis for the clad plate base metal Charpy V notch specimens

in various orientations, nil-ductility transition temperature,36*C

.

E T"
E = (A/2)(1 + tanh[B(T - C)]}$ t ( C),

Specimen
orientation' A B C (} I

(J) ('C4) ('C)

TL 81 0.01695 59 26 59 107

L-T 104 0.01964 41 46 31 58

L-S 102 0.02308 48 37 40 M

* Specimens for the L T and L-S orientations were machined from quarter-
thickness Jepth material, while those for the T L orientation were from the 0.4t
depth.

T = temperature (''C).
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The crack-arrest toughness Ka was measured according to ASThi Standard Te*t hiethod
for Determining the Plane Strain Crack-Arrest Toughness (E 122189 The results are shown
in Table 3.16. Figure 3.13 shon Ka plotted vs the test temperature, T. Also plotted on the
same figure is the AShiE Section XI K a curve, indexed to the NDT. We results from thei
smallest specimen size used,25 x 76 x 76 mm, were all invalid according to ASThi E 1221-88
because the remaining ligament was too small. This specimen size has been used successfully with
e WE notch in the control specimens of Sixth IISST Irradiation Series [7j. Werefore, it appears
thatror this material and this specimen size, a fatigue sharpened notch is required.

Table 3.16 gives the ratio of K /K g, ti.: mean and standard deviation for the two groupsi i
of specimen sizes giving valid results, as well as for all usab!c results. The two data points below
the K ai curve are for specimens with a remaining ligament less than 5% of the nominal specimen
width. Such a small ligament has experienced gross plastic deformation and is well beyond the
validity range of the compliance exp,ession in ASTM E 1221-88 that is used to calculate K,. %ey
are obviously outliers and have been disregarded in the analysis of the data. Two other " invalid"
values were included in the computations since previous studies have shown that the validity
criteria of E 1221-88 may be too restrictiv: ;8]. Although the number of test results in this case
is too small to enab!c definite conclusions, it is lastructive to compare the average K /K g ratiosi i

to those obtained in the characterintion of the A 533 grade B class 1 steel (llSST Plate 13A)
used in Series 1 of the wide. plate tests. We average and standard deviations from the wide plate
tests [9] are.1.5 and 0.2, respectively, while the corresponding values from a Battelle Columbus
Laboratory (DCL) study on the same llSST Plate 13A are 1.6 and 0.2, respectively [10). Rus,
the mean of the K /K g ratio and standard deviation from the present study (1.8 and 0.4,i i
respectively), at first glance, may seem to be higher than those obtained in the two previous
investigations on the same material. Ilowever,in the Battelle study, unusually high K /K ai ratiosi
(2.3 to 2.9) were not included in the averages as they were considered outliers. Also, considering
the standard deviation exhibited by the clad plate material, the other twu batches of results are
within the scatter band of the clad plate data. On the basis of the limited number of results, it
seems that Ka for this material in the temperature range 25 to 75'C is only mildly dependent
on temperature.

3.2 5 bietalkgraphic examination of clad olate material

Samples of the base metal from Plate CP 15 were palished and etched to allow the
microstructure to be examined. Sections were made parollel to the L, S, and T planes of the
plate (Fig. 3.14). Unetched samples allowed the inclusions to be examined, and etching revealed
the microstructure. He 11AZ resulting from cladding the plates was examined on sections from
Plate CP 15 taken parallel to the fracturc surface (L) and also perpendicular to the fracture
surface, in one of the directions of crack growth (T). A piece of the cladding from Plate CP 15
was also sectioned along the L, S, and T planes, and examined in the etched and unetched
conditions.

He microstructure of the base metal (Fig. 3.15) consists of coarse ferrite grali , with large
grains of fine upper bainite. As the cladding is approached, the IIAZ consists of the coarse
fersite grains with a decoration of fine bainite around the edges, which is the result of these grains
being heated only slightly into the austenite region. Closer to the cladding, the material is heated
further during the cladding application, so more of the ferrite is transformed to austenite, which
then forms a fine bainite on recooling. Eventually, the entire structure is heated into the

i
l

_ _ - - - _ - _ _ _
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Table 3.16. Crack arrest test resuhs from L-T orientation specimens fabricated from base
material of broken half of clad plate CP.18 (specially heat treated A 533

grade B chemistry plate, nil-ductility transition temperature,36*C)

Nommal lestg ,c,,c, gb
specur.en suc temperatun K. K, ,.., g p,,,,,

(mm) (*C)

.it = 132 a 132 C,V 21 M 17
c)*v 21 71 19
CT7 $41 k1 I7
CPlu ?S 81 12
Cril 7$ M 1.1

11 = 152 =152 K. % (mean)e lo a 1.5 e 0 )

1$ = 1$2 = 152 CPI 11 Mt 20
CP2 21 87 2.2
CPI 25 MI 25
CP4 -23 5? 16'

25 m l$2 - 1$2 Kub (mcan) e lo = 21 e 0 4=

23 16 76 CPI) 25 24' 0%
CP15 25 23' O7
CP18 23 77 2.0

f or all vald specimens Ku% (mcan) e la = 13 e 0 4

*1nvahJ acuwding to ATTht E 122t M ( cmainmg Opment tim small, but used in
analpa (4 data. unt included in calculaimm t4 Ku4 (mcan)).

'No test. gttas plasik dchwmation in L a emur remaming bgament. and sud
brimled m any analna (4 the data.

ORN1 DWG 88-4386 ETD R

N i i i i i i i i

A 33 X 152 X 152 mm WE

gT O,9 25 X 152 X 152 mm WE

$ D 25 X 76 X 76 mm WE
g 150 -
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100 - -
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$
*g ..

4
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l I ' i I ' ' '0
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Fig. 3.13. Rer its of crack-arrest tests on special
heat treated clad plate A 533B base material compared to
ASME K a curve. Open syrnbols are invalid according toi
ASThi E 1221-88. The material for the specimens was
obtained from the broken half of clad plate CP.18.
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austenite region transforming it into fine grains of ferrite and bainite as it cools. Close to the
fusion hne, the material is heated to higher temperatures, and forms coarse austenite grains,
which transform to an acicular bainitic structure on cooling. All of these microstructures are then
tempered somewhat during the applicathn of subsequent passes of cladding, with the amount of
tempering depending on the kration of the material. %e cladding on the plate was applied by
means of the three-wire process resulting in a deposit 20 mm wide and 4 to 5 mm thick. He
IIAZ beneath each pass is " scallop. shaped,' Fig. 3.16. He llAZ material at the edge of the
scallop subjected to subsequent welding passes during the cladding operation will be reheated and
tempered significantly, while the llAZ material at the other edge of that scallop will be
unaffected. Rus, there will be a gradient in the microstructure ar.d the mechanical properties
both through the thickness and across each segment of the llAZ.
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%e cladding c<mskts of three types of stainless steel wires, deposited simultancour.ty. His
wc!d matal will also be diluted with some amount of the base metal. He three types of stainless
steel wire used were 312,303, and 309. %c cladding microstructure is shown in Fig. 3.17. %e
bulk of the claddingconosts of thin networks of ferrite dispersed within the austenite. He ferrite
number (IN) of CVN specimens machined from the three layer cladding characterization bhick
was mer.aured by a Ferrite Scope, and the results ranged from 4 to 6 FN.

3.2.6 ll3rdness variation acw.s plate thickness

A microhardness traverse was made across the thickness of the plate on a section taken
perpendicular to the final fracture surface (plane T). De result of this traverse is shown in
Fig. 3.lft %ere is 1,ome scatter in the data, which is the result of the small indenter sampling
different repons in the inhomogeneous microstructure, in spite of :his, several features can be
noted from the tr.: verse. %c cladding and IIAZ have the lowest and the highest hardness,
respectively. He base metal has a lower hardness than the llAZ, and there seems to be a
gradiera in the base metal, with the haidness tending to increase toward the ' hack" of the plate.
He 'baci" of the clad plate specimens originated at the center of the 178-mm plate from which
they were fabricated.

Te confirm these results, a second traverse was made using the much larger (1.6 mm-diam)
indenter of the Rockwell B hardness tester. In order to achieve a fine spacing of the hardness
measurements, yet prevent interference between adjacent measurements, the readings were
staggered across the specimen surface. Rese data are also plotted in Fig. 3.18 for comparison
with the microhardness data. De same trends are shown by the second set of hardness data,
confirming the microhardness results.

3.3 SUMMARY
,

The results of the material. characterization show that plate specimen cladding is
significantly weaker in tensile strength than either llAZ or base metal, but the ductility (as
measured by the percent total clangation) of the cladding is higher than that of the other two
materials. He toughness of the liAZ, as measured by the CVN impact energy at 25'C, and the
densile strength are both higher than those of either the cladding or the base metal. The tough

'
IfAZ arrested running flaws and prevented their propagation to the surface (as described in the
following chapters). Dus, the llAZ contributed significantly to the enhanced load-bearing
capacity of clad plates as compared to unclad ones and has played a dominant role in the behavior
of flaws propagating in the vicinity of cladding.

.

_ . _ _ _
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4. IlXPERIMFNTAL OllSliitVATIONS
FROM TI? SIS ON PLATES

in Chap. 2, the types of tests performed were designated as either " arrest" or ' initiation'
tests depending on whether or not the plates containe I a preexisting flaw. He type of tests
performed on the plates and the loads and strains at which various events took place are
summarized in Table 4.1. De tests will be described in detail in this chapter in the order in
which the tests were performed, and the results will be dis 2ussed further in Cnap. 5. Six initially
unpawed plates were loaded to induce a speciGed strain level on the surface of the base metal.
The E9 weld was then hydrogcn el rged, wh:le the load was maintained constant using stroke
control, until a flaw initiated. This type of test on an initially unpawed pla;c is thus essentially
an arrest experiment, the purpose of which is to study the effect of cladding on a tunning flaw.
In the remaining twu plates, a flaw was induced in the EB weld by hydrogen charging with no
load applied. Each plate was then mounted in the resting machine and the load increased at a
uniform rate under stroke control until this preexistir.g flaw either popped-in and arrested, or the
entire plate ruptured. Hus, the difference between the initial tests on these two plates and the
six mentioned above is the presence of a flaw, when the plates were first mounted in the test
machine. The tests of the second type, as well as those performed on plates with an arrested
flaw, are designated as initiation tests. The objective of the ' initiation * tests was to determine the
load bearing capacity of the flawed plates.

Table 4.1. Test conditions and results for the eight plates tested

Icad
Test 3,,f y,

Plate Condition D. Tem;crature __
strain(kN)

(* 4 Initiation Patartest (Y')

CP-15 Cad A 25 676 654 031
1 25 759 709

1 100 (a b

CP.17 Ca# A 25 890 823 0.45

1 25 75&T25 b

CP 19 Cad A 25 987 fa9 0.65

1 50 7an b

CP 21 Unclad A 25 676 b 0.27

CP.18 Cad A 25 R23 M9 039
I 25 698 h

CP 20 Gad A 25 tva h a41

CP.16 Qad I 21 703 694 03
1 21 890 718

1 -25 698 b

CP 22 Unctad I 21 &_5 b 03

'A = arrest. I = initiatkm.

" Plate ruptured in two picca

'Several pogins occurred tefore rupture.
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De first three clad plates (CP 15,17 and 19) were initially tested in the " arrest" mode at
room temperature. 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 strain levels in order to increase the energy available for crack propagation.
Rey did not supture 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 unciad plate, CP.21, was tested at nom 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. De unciad plate ruptured, which indicated that the cladding had contributed considerably
to the load latrying capacity of the clad plates as compared to that of the unclad plate.

De remaining two plates, CP.16 and 22, were tested in the ' initiation' mode in which an
initially flawed plate was toaded at room temperature. The load was monotonicady increased until
the flaw popped or the plate ruptured. The flaw in clad plate CP 16 popped and then arrested,
whereas, in. tra case of the unclad plate CP-22, the plate ruptured in two. De load in initiation
type tests may la 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 TES11NO OF CI AD PLATE CP-15 l

Clad plate CP-M was icaded at room temperature to 676 kN. His load was calculated to ,

induce a stress in the uniform moment span of the plate equal to the yield strength of the base
metal (59G MPa). The measured surface strain in the base metal was 0.31%. De ED weld zone
was then hydrogen charged while the load was maintained constant using machine ram stroke
control. Pop.in occurred within about 1 h, the load dropping about 3% and arresting * at 654 kN.
He plate was removed from the testing machine and heat. tinted at 325'C. The plate was
reinstalled, cooled to 25*C, and loaded at a constant machine ram displacement rate. A second
pop.!n occurred at a load of 759 kN, with arrest occurring at 7fs kN (a load drop of 7%). He
plate was removed from the testing machine and heat. tinted at 250'C. De 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. Figure 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.

. After the first pop.in event, a surface crack in the IIAZ of the ED weld could be discerned,
but it did not appear to have extended on the surface. Instead, a small concave dimple extended -
transversely from the ends of the flaw, indicating that the flaw extended under the surface. The
extension of the transverse dimple stopped short of the cladding. The crack had actually
propagated in the base metaljust below the surface until it encountered the 11AZ. 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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Fig. 4.1. He broken halves of the 150 kg clad test specimen CP 15 with heat. tinted
shapes of the first and second pop-ins.

During the second pop in, the flaw appeared to have extended in the base aetal along the
previously dimpled surface just a few millimeters on either side of the previous flaw. He
resulting 70-mm flaw length on the surface was still quite short of the 114 mm flaw length needed -

to reach the cladding. As will be described later, the flaw had in fact propagated beneath the
cladding and its IIAZ on both sides and had beca prevented by the HAZ or the cladding from
becoming a surface crack. The dimple extended into the cladding about 5 to 10 mm. He surface
extension of the flaw in the base metal wa merely the rupturing of the thin layer mentioned ,

abcrve. Figure 4.2 shows the surface crack in the liAZ of the EB weld after the second pop-in
(top eenter), extending as very shallow troughs or dimples into the cladding on either side, ne
crater on the left of the crack was formed during EB welding and not during testing. Note the
buckled weldable strain gages, indicating the large COD to which they had been subjected-

After the second try-in, due to the lack of observable flaw extension along the surface, the
plate was X rayed, anu enmined ultrasonically and with dye penetrant nc X ray and ultrasonic
examinations indicated a subsurface flaw about 27 cm long. %c dye penetrant failed to reveal
any extensions of the flaw on the surface beyond those observed visually, see Fig. 4.3. He thin
surface layer over the portion of the flaw residing in the base metal had only partially ruptured,
thus blocking the dye penetrant from indicating that portion of the flaw. De details of the dye ,

penetrant and ultrasonic er. amination are given in a later section.
*

!
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I~ig. 43. Dye penetrant examination of clad plate CP 15 after the sec<md
pop-in failed to reveal any extensions of the flaw on the surface beyond those
observed visually.

,

4.1.1 Fractogaphy.of clad platL P-15C

%c fracture surface of p! rte CP 15 was examined to determine the proiite of the crack
front at the arrest events. For this specimen, the initial fracture and arrest occurred at room
temperature, the second fracture and arrest occurred at .25'C, and the final fracture of the phte
veas at -100'C. Ilent tinting was used to mark the crack front after the two arrest events. - '

After the linal fracture, examinations and optical micrographs were made of the fracture
surface, lhe fracture surfaces were then cut from both of the fractured specimen halves. One
was then cut into smaller sections to allow further examination using a SEM.

4.1.?, lirst rxpin eveni

The initial event, which occurred at room temperature, initiated in the ilAZ of the EB >

weld and propagated down into the plate as well as extending out to either side. Near the <

surface, the crack was arrested on either end by the llAZ associated with the cladding. The
result was the bowed.out shape shown in Fig. 4.4. The fracture mode during this event was
cleavage, all the way to the arrest location. There is no evidence of ductile fracture at the arrest
point, as is shown in Fig. 4.5.
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Fig. 4.4, Macrograph of the fracture surface of clad plate CP 15.
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4.13 Second norvin event

%e second fracture and arrest occurred at .25'C. He crack extended from the Drst arrest
point into the plate, extending much further to either side and also penetrating somew hat deeper.
SEM examination showed that the crack was again arrested by the llAZ boundary on one end
of the crack, here termed the 'left-hand side.' Again, in this case, the fracture mode was
cleavage, all the way to the arrest point. In the center of the plate, the crack also extended by
cleavage to its arrest lxation. Ilowever, at the other end of the Daw, here referred to as the
"right hand side,' the flaw was able to penetrate the 11AZ and did actually come into contact with
the cladding. In this case, the llAZ was fractured over a distance of roughly 25 mm, at which
point the Daw deviated and returned to follow the llAZ boundary. He distance over which the
IIAZ was penetrated matched the width of the hitial weld pass of the single-layer cladding. The
crack front deDection occurred at the point where the llAZ of the second weld pass of cladding
encountered the llAZ from the Drst pass. 'lhe crack grew through the first segment of IIA 7, by
a cleavage mechanism until it encountered the stainless steel cladding. Near the edge of the
cladding, the Daw penetrated into the cladding for 0.8 mm. %e amount of penetration decreased
further from the edge of the cladding until the flaw followed the claddingbase metalinterface.
Fracture of the stain! css steelcladding occurred primarily by a ductile mechanism, as the austenitic
material will not cleave. Occasionally the fracture path seeks out the 6 ferrite, resulting in
kwalized cleavage.

4.1.4 Final frneturg

ne Gnal fracture at 100'C resulted in the complete fracture of the plate. Fracture
occurred by cleavage through the remaining areas of base metal and ilAZ. At this temperature,
which is wellinto the lower trans! tion segment of the Charpy impact energy curve of the cladding,
fra:ture in the cladding tends to follow the brittic ferrite phase,' resulting in a relatively brittle
fracture appearance, in this case, however, there was no indication that the crack had stopped
at the interface between the cladding and the llAZ, or at the IIAZ/ base metal tmndary.

4 2 TESilNG OF CIAD PLATE CP-17

%e initial test temperature of the second clad plate (CP-17) was also 25'C and surface
strains were about 0.45% during hydrogen charging. We loads were 890 and 823 kN at pop in
and arrest, respectively. Figure 4.6 show the crack in the liAZ of the EB weld on the surface
of plate CP-17. As in plate CP 15, the crater on the right side of the crack was formed during
EB welding and not during testing. Figure 4.7 shows the same area as Fig. 4.6 during dye
examination.

The plate was heat tinted, then reloaded at .25'C until it ruptured. An audible pop-in
occurred at 756 kN followed by other pop-ins before complete rupture at 725 kN. Figure 4.8
shows the load displacement record of these events.

*See discussion of the Charpy tests in Chap. 3, " Pretest Material Characterization."

i
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Fig. 4.6. Crack in the heat affected zone of the electron beam
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Fig. 4.8. Load-displacement record of events during the rupture of clad
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Figure 4.9 shows the fracture surfaces of the broken hahes of plate CP 17. Figure 4.10 is
a close up of the heat tinted, arrested Daw shape of plate CP-17 and six data points from the
ultrasonic examination (see Sect. 4.3.1). He liAZ of each weld pass is clearly visible, and it '

appears that the llAZ of the first pass has denected the " wing tips" of the flaw toward the middle
thickness of the plate before arresting. %c two lighter colored bands appearing across the dark
heat tinted flaw area are unbroken ligaments that are deeply undercut. He pop-ins observed
during the fine stages ofloading, before rupture, may have been t e breaking of these ligaments.h

4 2.1 Dvc penetrant and ultramnic cramination of clad plates CP-15 and CP.17

Plate CP 15 was examined after the second pop-in of the Daw, while plate CP 17 was
examined after the first pop-in. Both penetrant and ultrasonic techniques were applied. He
Denetrant technique used Zyglo* Zl-22A material (a Magna0ux Corporation product). His
sluorescent dye penetrant is viewed with an ultraviolet light and is considered a high sensitivity
indicator for surface-breaking Daws. Results of the penetrant tests are documented in Figs. 4.3
and 4.7.

The ultrasonic examination was performed with a 5 Milz scarch unit with a contact wedge
to produce a 45' shear wave in stect. ne measurements depend on the detection of the
tip-diffracted signals from the crack. Scanningwas performed from the unciad surface and in two
directions (perpendicular to the crack surface) to detect the maximum through. wall crack depth
as ,uferenced to plate thickness and centerline. Initial attempts on CP.15 estimated the maximum
Daw depth to be about one half the thickness, t.

Crack tip measurements on CP 17 indicted a maximum crack depth of approximately 60%
(30 mm) of the thickness at a position approximately 25 mm to one side of the centerline. This
data point ud five others are shown superimposed on the fracture surface in Fig. 4.10. ne
maximum extension under the clad was indicated to be on the same side as the 0.6L data point.
The estimate of maximum flaw depth at each end was essentially the same (0.38t or 19 mm). The
accuracy of the tip estimates depends on the detection of the extreme crack extension. The
tendency is to underestimate the depth if the tip is closed or highly stressed.
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4.3 1TS11NO OF CIAD PIA'IE CP 19

Dis plate was loaded to a surface strain of about 0.65%, which corresponded to a load of
987 kN. He 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. He flaw
ran the entire width of the plate untilit 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 same temperature as in previous tests, the plate was
reloaded untilit fractured at 703 kN.

Figure 4.13(a) shows the interesting arrested flaw shape formed in plate CP-19. The flaw
ran parallel to and almost symmetrically about the centerline of the plate cross-section! The flaw
can only propagate in tensile stresses, and in the original plate, compressive stresses occur below
the neutral 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 planc sections remain plane). Rese displacements have been
converted into stresses (see Chap. 5), and since the sum of in. plane axial forces is zero, the
location of the neutral axis with respect to the plate thickness has been determined.

4.4 TESENO OF UNCIAD PLNIE CP-21

To provide a comparison with the clad plate tests, unciad plate CP 21 was tested at the
same 676-kN load used initially on clad plate CP 15. He surface strain was 0.27%, some 13%
less than the strain at the same load in the case of a cled plate (see below), reflectir.g perhaps
the greater stiffness of the unciad plate. He 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 unciad plate CP-21. The differing
' textures'' of the fracture surface secrp to indicate that the crack front first propagates below the
surface, leaving an unbroken ligament. This ligament then cleaves when the stresses become
sufficiently high thus reestablishing a through-crack configuration. The crack front propagates

_ again below the surface, and the process repeats. A similar sequence of events appeared to have
occurred in unciad plate CP 22 tened in the initiation mode and will be described later, ne dark
discoloration was formed by the acid and should be disregarded.

4 5 TESTING OF CIAD PLATE CP-18

His plate was tested at 25'C with pop-in and arrest occurring at 823 and 649 kN,
respectively. Figure 4.15 thows 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 accompanied by the formation on the surface of a shallow crater similar to the one in clad

,

| plate CP 19 (Fig. 4.12), nc 649-kN arrest load is only 4% below the 676-kN load that ruptured
the unclad plate CP 21 It provides another indication of the enhanced crack-arrest capability of
clad plates even at a temperature 50 K below the temperature at which unciad plate CP-21

|- ruptured (sce Sect. 4.4).
1

:
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Fig. 4.11. Fairly wide but shallow crater formed on the surface of
clad plate CP-19 as the flaw tunneled below.
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propagating flaw cmciged and the acid used for hydrogen charging ran
out of this crevice.

A
____u__ . = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _ _



_ _ _ - - _ _ _ _ _

78

OltNL-PilOTO 10141 91
. . ,. - - ~ n . :,~ ...,--~r~

.
.

''

s .y

.,
.

,

(a) '
.

TENSILE SURFACE DISPLACEMENTS

O -

+
t

NEUTRAL AXIS

_

I-KD

(b) COMPRESSIVE SURFACE DISPLACEMENT

Fig. 4.13. (a) Interesting arrested flaw shape formed in clad
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Fig. 4.14. Fracture surfaces of the two broken halves of unciad plate CP 21. The
plate ruptured approximately 2.5 h after the start of the hydrogen charging.
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Fig. 4.15. Fracture surface of clad plate CP 18. Note the similarity to the fracture
surface of clad plate CP 19 shown in Fig. 4.13(a).

He sulfuric acid used during hydrogen charging of this plate at -25'C from and the test .
had to be discontinued until a more suitable concentration was substituted. After thawing, the
acid was removed, but it was the following day before the test was resumed. Just as the plate
reached the target load of 823 kN, and before any acid was added and the hydrogen charging
current switched on, the flaw initiated. It is not clear whether a smaller flaw had already initiated
in the ED weld region (triggered by the remnants of the acid in the EB weld region).

After the heat-tinting, the plate was loaded at .25'C until it ruptured at 698 kN.
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4.6 TFSnNO OF CIAD PIA *111 CP 20

nis clad plate was tested rit the sarne temperature as clad plate CP 18, 25'C. %e target
strain of 0.41% corresponded to a load of 868 kN, about 5% higher than that used initially in
testing clad plate CP 18. The plate ruptured approximately 4.5 h after the start of the hydrogen
charging. The fracture surfaces of clad plate CP 20 are shown in Fig. 4.16.

Recall that,in the case of clad plate CP 18, tested at the same temperature, but at a slightly
lower load, the cladding arrested the propagation of the Daw. Thus, the strain and load levels for
clad plate CP 18 seem to form an upp bound to the load-bearing arresting capability of the clad
plates at 25'C.

4.7 "INrHATION" MODE TF513 ON CIAD PLATE CP-16 AND UNCIAD PLATE CP-22.

Plates CP-16 and CP 22 were precracked by hydrogen charging the EB Daw before loading
was applied. After mounting the specimens h the test machine, the loads were increased
monotonically until pop-in occurred. %c loading rate was also the same as that used in the series
of tests described above, as well as being within the range specified ia ASTM E 399-83, namely

0.5510 2.75 MPa6ns'.

Clad plate CP-16 and unclad plate CP 22 were both tested at room temperature
(approximately 21*C). The flaws produced in both plates by the Ell weld! hydrogen charging
technique were approximately semiciliptic in shape,16 mm deep. The lengths of the flaws along
the surface were 58 and 67 mm for the clad and unclad g. late, respectively. The shapes of the
EB weld induced Daws are apparent on the fracture surfaces shown later in this section. The
Dan were difficult to detect on the surface before testing.

In the test on plate CP-16, pop-in occurred at a load of 703 kN, and the drop-in load to
the arrest point was less than 1% (Fig. 4.17), it is believed that the earlier pop in which occurred A
at 632 kN, as shown in Fig. 4.17, is associated with the joining of initial Dam lying in different
planes on either side of the EB weld heat-affected zone (llAZ). On the basis of an
approximately 1500 pe increase observed with strain gage' XD-3, indicating a sizeable crack
jump, the plate was unloaded.

The flaw induced by hydrogen charging the EB weld IIAZ was now more casily observable,
Fig. 4.18, but no evidence of propagation along the surface could be seen, llowever, dimpling
that extended from the crack ends to the cladding (Fig. 4.18), indicated the presence of a
subsurface crack. The Gaw area was examined with dye penetrant, Fig. 4.19, but no surface c.ack
other than that in the EB weld IIAZ could be detected. In Fig. 4.19, the two parallel lines
normal to the Daw were added to mark the start of the cladding.

t

*The lehtion of all gages used on clad plate CP-16 are shown in Fig. 2.8.

i
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After heat. tinting the plate,it was reinstalled in the test machine and reloaded again at the
same constant stroke rate and at room temperature. A second pop in event occurred at a load
of 890 kN, with an arrest occurring after a 17% load drop, Fig. 4.20. From the dimple on the top
surface of the cladding, it was apparent that the second-event flaw had run beneath the entire
width of the c'sdding to the edge of the plate. A second heat-tint was performed, and the plate
was reloaded at -25'C until it broke into two hahes at 698 kN.

The fracture surface of clad plate CP 16 is shown in Fig. 4.21. ~1he llAZ has arrested the
flaw in both the first and second events. Figure 4.22 shon a close-up of the EB flaw and its
arrested shape at the end of the first event in which it tunneled slightly below the IIAZ without
penetrating the IIAZ. A very thin ligament, less than 0.5 mm thick, remained intact in the base
metal on the tensile side of the plate in between the EB weld and the cladding, and prevented
dye penetrant detection of the flaw beneath. During the second event, the Gaw propagated along
the mid. thickness of the plate with intact ligaments approximately 10 and 16 mm deep etc.ng the
top and bottom surfaces of the plate respectively, see Fig. 4.21. The flaw geometry of this plate
confirmed the observation made previously that the dimpic on the clad surface of the plate

'

indicates tunnelling of the Oaw beneath the cladding. Such indications of tunnelling have been
observed several times before in all of the previous clad plate tests. The profiles of the EB Daw
in CP-16 as well as that of the Gaw at the end of the first event in plate CP 16 are shown in
Fig. 4.23.

Unclad plate CP-22, also tested at room temperature, ruptured at a load of 635 kN, within
1% of the initial pop-in load of clad plate CP 16, except that in this case no arrest occurred and
the plate broke into two bahes. A general view of the fracture surface is shown in Fig. 4.24, and
a closeup of the EB flaw is presented in Fig. 4.25. The differing " textures" of the fracture surface
seem to indicate that the crack front fi.st propagates below the surface, leaving an unbroken
ligament. This ligament then cleaves when the stresses become sufficiently high, thus
reestablishing a through-crack configuration. The crack front propagates again below the surf ace,

. and the process repeats. A similar sequence of events appeared to have occurred in the other
unclad plate CP 21 as described earlier. 'Ihe initial EB flaw profile in unciad plate CP-22 is
presented in Fig. 4.26.

It may be recalled that mdad plate CP 21 was loaded to 676 kN and then a running flaw
was trigrred by hydrogen chaying with no arrest occurring. The loads prior to fracture in both j
unciad plato differ by 25 Allowing for scatter and the differences in the EB flaws, a load of
approximately 676 kN (corresponding to a surface yield stress of the base metal at room
temperature) is the critical load for this geometry and at this temperature. This is further
confirmed by the similar crack shapes resulting from the tests on these two clad plates: CP-15
(which did not have an initial flaw) and CP-16 (which was initially flawed). The rupture load at
a temperature 10 K below the drop-weight NDT for both unclad plates CP-21 and CP-22 was the
load that caused yielding on the surface, in agreement with the concepts of the drop-weight test.
Almost the same load at the same temperature initiated pop-in in clad plates CP-15 and -16, but
the propagating Daw was arrested by the surface layers of IIAZ or cladding.

1

I1

_ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ . . . . _ _ _ _ _ _ - - _ _ _ _ _ _ _
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Fig. 4.21. The fracture surface of clad plate CP-16. During the second event the flaw
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10 and 16-mm-thick along the top and bottom surfaces of the plate, respectively.
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Fig. 4.26. Initial electron beam weld flaw in unciad plate CP.22.

4.8 DATA RECORDED BY S'I'ATIC AND DYNAMIC INSTRUMENTATION

The purpose of the static instrumentation was to monitor and record strain levels, COD,
temperature distribution, test machine load, and ram displacement. During the time the load was
being held constant and the EB weld was being hydrogen charged to initiate a Daw, a data scan
wu performed every 6 min. This is, of course, too slow to capture any of the dynamic events
associated with crack propagation events, since this was not the aim of this program. During the
testing of the plates, crack tunneling was observed, and an attempt was made to gain insight into
the sequence of events associated with this phenomenon. Toward this end, dynamic
instrumentation was included in the test of clad plate CP-16. For convenience, the layout of the
gages previously shown in Chap. 2 is presented again :n Fig. 4.27.

Some of the data recorded for CP.16 by the static data acquisition system (DAS) during
one scan just before crack initiation and one just after are shown in Table 4.2. The strains in the
base metal, gages XE-5 to XE-8, are slightly above the yield strain * before crack initiation and
drop to slightly below yield afterward. Note that the large strain increase in gage XE-9, which
is directly in the crack path and near the base / clad interface, rencets the propagation and arrest
of the crack in its vicinity. The strain increase in gages XE-10, XE-11, and XE-12 are less than
those in XE-9, reflecting their greater distance from the tip of the arrested crack.

'Approximately 2870 pe for the base metal.

_ _ . _ _ _ - _ - _ _ _ _ _ _ _ - ..
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Table 4.2. Data recorded for plate CP 16 by the static
DAS during one scan just before crack initiation

and the one just after arrest

Just lefore Just after,.

E" I initiation arrest
_

Load 708 kN 703 kN
Stroke 9.2 mm 9.4 mm

COD gage 0.58 mm 0.81 mm

XE-1 4055 pe 4240 e
_

XE-2 3554 pc 3746 e

XE-3 4020 pe 4202 pe
XW-4 3805 pe 3970 pe

XE-5 1940 e 2715 ye
XE-6 3059 pe 2759 e

XE7 2987 pe 2769 ue
XE-8 3094 e 2802 e

XE-9 4268 ye 54N e
XE 10 3710 ue 4391 pe

XE-11 3775 pe 4029 pe
XE-12 3634 pe 3809 pe

Figures 4.28 and 4.1 e show the data recorded by the dynamic DAS. Figure 4.28 shows
strain data for gages on the right of the flaw, while Fig. 4.29 shows data on the left (see also
Fig. 4.27). Time zero refers to the time the trigger gage broke due to the large strain caused by
the underlying crack, Some of these figures v ere available immediately after the main pop-in,
and were i1 valuable in a; ding the interpretation of the load drop as- being a significant
propagation event and not a small pop-in of the EB wcid. In particular, the 160l%pe increase in
gage XD-3 led to the decision that a significant emck propagation event had occurred, thus the
test was discontinued and the flaw surface heat tinted.

It may be observed from the response of gage XD-1 that the strain peaked while the crack
passed in its vicinity, then dropped about 200 p e, indicating a relief of the surface strains. The
behavior of gage XD-2 is similar, but the strains were slightly higher than their level prior to
pop-in because the crack arrested in its vicinity, This elevation of strains after arrest is more
apparent in gages XD-3 to XD-6. The strain gages on the other side of the flaw have all

'

registered an increase in strain during the event. It is not known what caused the dip in strain
at time zero observed in gages XD-6 through XD-11; it could be an electric transient precipitated
by the triggering system.

.. .. . - _ __ _ _ _____ _ _ - __________ _-__ __ _ _
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The velocity of a transient wave registered by peaks in strain gages XD-1 and XD.2
= was estimated to 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-5 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 first tunnels, then
propagates to the surface, as indicated by the markings on the frceture surfaces of several plates
(see discussion of tests on unciad plates CP-21 and CP-22).
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5. RESULE ANALYSIS, AND DISCUSSION

Eight plates were tested in this program, and Tr.ble 5.1 summarizes the test canditions and
results. This table shows in chronologicel order of testing, the type of test (whether " arrest" or
" initiation"), test temperature,initiotion (cr pop-in) load and surface strain, and, if applicable, the
postarrest load. The postarrest load is the load registered by the test machine after pop-in, and

'
not necessarily the load at arrest of the flaw. The init.ation and postarrest loads are discussed
below.

In this report, the terms " initiation" and " arrest" refer to the lits _t test to which a plate is
subjected. An " initiation" test is one in which a plate specimen with a preexisting flaw is loaded
until the llaw propagates. In an " arrest" experiraent, a plate with an EB weld site :- loaded to a
target load and the load maintained renstant under machine ram stroke control. The EB Daw r

site is then hydrogen charges until the flaw initiates from the EB flaw site. The purpose of this
mode of testing is to load the specimen to a higher load than would be possible with a preexisting
flaw. This method challenges the cladding with a propagating flaw the driving force for which is n

larger than would be possible with an initially cracked plate. All subsequent tests on plates with
an arrested flaw are, of course, "initiatian" tests.

,

Table 5.1. Test conditions and results for the eight plates tested
.

IradTest Surface
Platt. Cor:dition Teuperature M strain

t.
("C) Initiation Postarrest (M

._

. CP-15 Cad A 25 676 654 031
1 -25 759 709

*I 100 600

CP-17 Cad' A 25 890 823 0.45
*

1 -25 756/725 4

CP.19 Clad A 25 987 689 Ofs5
*

1 -50 703

*
CP-21 Unclad A 25 676 0.27

CP-18 Cad A -25 823 649 039
*I -25 698

*CP-20 Gad A -25 Pla 0.41

CP 16 - Cad 1 21 703 694 03
I 21 890 738

6
1 -25 698

*
CP-22 Unclad 1 21 685 03

'A = arrest. I = initiation-

" Plate ruptured in two pieces.

'Severai pop. ins occurred before rupture.

_ _ _ _ _ _ _ -__ __ _ _ _ _ _ _ _ _ _ __ _ - _ _ _ _ - _ _ _ . -_- _. - _ _ _ -
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5.1 RESUI;13 OFTIIB ARRIET-TYPE EXPERIMEN'IS

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 shoe approximately the points on the load
vs surface strain curve at which the six plates have been tested in the arrest mode. Plates for
which designations are shawn 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 con' tant under stroke control during the period of hydrogen charging and_ are a
measure of the crack-driving force acting (or the potential energy stored in the plate) at the
instant the flaw initiated in the EB weld.
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Fig. 5.1. Point on load vs surface strain 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, theL
surface stiain 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
CP-17 and CP-19. An unciad plate, CP-21, fractured when loaded to approximately the base

|- metal yield strain on the smface. Thus, in all three cases, by arresting propagating cracks, the
cladding enhanced the load-earrying capacity of a clad plate compared to that of an unclad one.

;

|-
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in each case, the Gaw initiated and arrested after propagating beneath the cladding a distance that
increased with increasing target strain. The pop-in, postarrest loads and corresponding crack
lengths for the four plates tested at room temperature are shown schematically in Fig. 5.2. It may
be noted that as the potential energy stored in the plate increased, the length of the arrested Gaw
also increased as shown schematically by the shaded flaw shape in Fig. 5.2. The actual flaw shapes
can be discerned from the photographs of the fracture surfaces shown in Fig. 5.3. Drawings of
all the crack shapes are given ir. Appendix C, and may be used as e guide in discerning the crack
shape on the photographs.

We remaining two clad plates, CP-18 and CP-20, were tested at -25'C in order to provide
data at a second temperature besides room temperature. Clad plate CP-18 maintained its
integrity and the 649-kN postarrest load of clad plate CP-18 is just 4% lower than the load that
led to complete fracture of unclad plate CP-21, even though the temperature was 50 K lower, an
indication of the contribution of cladding to an enhanced load-carrying capacity of clad plates
when compared to the unciad one.

The 868-kN rupture load of clad plate CP-20 at -25'C is only 5% higher than the
corresponding F.23.kN pop-in load tha_t led to arrest in the experiment on clad plate CP-18. Hus,
the maximum load to which these clad plates can be loaded and still produce arrest at -25*C is
between 823 and 868 kN. At 25'C,it is greater than 987 kN, but the upper bound could not be
determined because the machine capacity is 1000 kN.

The four plates (CP-15, CP-17, CP-18, and CP-19) did not rupture after the EB-flaw
initiated but the propagating Daw arrested, and because the machine was under stroke control,

ORNL-DWG 83-5210A2
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Fig. 5.2. Pop-in, postarrest loads, and corresponding crack lengths
for the four plates tested at room temperature.
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Fig. 5.3. (Continued)

the plates were able to sustain loads that were depender,t opon the crack size, material properties,
etc. As mentioned earlier, the specimens were removed from the test. machine and heat tinted
to define the arrested flaw shapes. He heat tinting temperatures ranged from about 250 to
350'C and the application times were appmximately 1 h.* At these temperatures and time, it
is not expected that the material properties at the crack tip would have been affected. He plates
were then re. mounted into the test machine and reloaded until further pop-ins occurred or the
plates ruptured. De process was then repeated with plates that had arrested the propagating
flaw. The purpose of these tests was to generate data on the load carrying capacity of clad plates
with different sizes of flaws at !ittle or no additional cost.

The loads measured at pop-in and arrest in plates with various sizes of flaws are also +

presented in Table 5.1. As can be seen from Table 5.1, with one exception, the load-car:ying
capacity (both the pop-in and anest loads) of clad plates with fairly large preexisting flaws, was
about equal to or exceeded that of an unciad plate. It should be noted that in many cases th
test temperatures of these plates with preexisting flaws was 50 K below that which broke the-

. unciad plate. The only caw in which a clad plate with a preexisting flaw ruptured at a load lower
than the rupture load of an unciad plate was the retest of CP-15 at a temperature of 125 Klower
than that of the unclad plate.

He combined toughness of the surface layer of cladding and HAZ seemed to have
contributed significantly to the load-bearing capacity of the clad plates by arresting flaws at loads
and temperatures that have ruptured unciad plates. In fact, the clad plate CP-19 arrested a flaw
subjected to a driving force (as measured by the target load), almost 50% higher than that which
broke an unciad plate. Moreover, the residualload. bearing capacity of plates, as measured by

'Since the required time at temperature depends strongly on the thermal conditions during
heat tinting, the coloration of one of the external machined surfaces of the plate is also a good
indicator of the fracture surface color. When the color of one of the external machined surfaces
becomes a hay or a light blue, the heating can be dis.:ontinued.
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the critical loads in initiation experiments with fairly large flaws, was generally greater than
required to break the unciad plate, even though the test temperatures were lower by 50 K.

5.2 P.ESUL'IS OF INITIATION--TYPE TE5'IS ON PIATES CP-16 AND CP-22

Two plates., CP-16 and CP-22, were tested in the " initiation" mode. He loads at various
events during this type of test for clad plate CP-16 and unclad plate CP 22 are shown in
Table 5.1. Recalling that these two plates were tested with preexisting Daws, the initiation or
pop-in loads may be termed the " critical' loads for these plates. It is interesting to note that the
pop-in load for plate CP 16 is within 5% of the target load of un0 awed plate CP-15. The
arrn.ted crack shapes for CP 15 and CP-16 are also very similar.

With regard to the two unciad plates, one with and one without a preexisting flaw,
approximately the same loads have led to rupture. Unclad plate CP-21 was loaded to 676 kN.
Then a running fiaw was triggered by hydrogen charging, and no arrest occurred. In the case of
the other unclad plate, CP-22, which had a preexisting flaw, it ruptured at a load of 689 kN.
Thus, the loads prior to fracture in both unclad plates differ by 2% The loads at flaw initiation
for these four plates are suminarized in Table 5.2. Allowing for scatter and the differences in
geometry of the EB flaws. the small differences in load indicates that the loads chosen for the two
unflawed plates, CP 15 and CP 21, tested in the arrest mode were coincidentally the critical
initiation loads of the plates at room temperature. Moreover, the critical loads do not seem to
be sensitive to the range of EB Daw geometry variation exhibited by these plates. Noteworthy
in all four plates; the surface stress was approximately equal to the yield strength of the base
material, ne test temperature of 25'C is some 10 K below the NDT temperature of the base
metal, and flaw propagation in a bnttle mode in these cases is in agreement with the underlying
concepts of the drop weight test used to determine the NDT temperature.

Table 5.2. - Comparison of loads at flaw initiation in tests at room temperatute
on four plates tested with and without initial flaws (flaw propagation led

to arrest in the clad plates and rupture in the unciad plates).

Tests on plates with Tests on plates without ,

Plate surface initial flaws initial flaws !

condition Plate Imad Plate Load
designation (kN) designation (kN)

Clad CP-16 703 CP-15 676

Unclad CP-22 635 CP-21 676

1

-
.

.
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53 PRELIMINARY ANAIXflCAL RESUL'IS

Fracture mechanics analysis of the experimental results is complicated by the presence of
the heat-affected zone, the cladding, and the arrested crack shapes. Analytical methods are being
developed and will be applied to analyze the experimental results. In the meantime, preliminary ;
analyses have been performed using closed-form expressions, limit. load analysis, and
finite-element methods.

53.1 Cloni form and limit kiad anahsis

The maximum stress intensity factor K at initiation of plate CP-16 is estimated to be abouti

108 htPa/in, and occurred at the surface. A crack length (measured along the surface), and a
crack depth of M and 18 mm, respective;y, together with a load of 703 kN, were used in the

~

Mulation. The estimation was performed using the approximate, chised. form expression for
sei.Jelliptic flaws due to hierkle [1], which is also giver. in Appendix A. The K , value for a testi

temperature of 25'C and an NDT temperature of 36*C obtained from the AShiE K , curve is 7i

a K , of 108 h1Pa/Ei atabout 52 MPa/m~. He ASME K , curve is a lower-bound one, thus, ii
the test temperature seems to be a reasonable value for the specially heat-treated A 533 grade B
material used.

In the four clad plates, CP-16, CP-17, CP-18, and CP-19, the flaw, by extending the entire
width of the plate, had become essentially a "long" Gaw. The cross section of the plate in the
plane of the flaw resembles a box section and a photograph of a typical fracture surface of one
of the four plates is shown in Fig. 53(c). A schematic of this fracture surface is shown in
Fig. 5,4(a). The stress intensity factor for this case may be estimated by assuming that the
geometry is approximately that of a centrally located crack in a Gnite. width strip loaded by end-
moments [2]. The load that ruptured the four plates with such a Daw is approximately 700 kN.
The rupture loads for all four plates differ from their , s ,: rage by only 3%. He stress intensity
factor corresponding to this load is 60 MPa/m t.ssuming that linear clastic fracture mechanics:

is still applicable. -

In conjunction with the estimate of K for this long Daw, it is of interest to calculate thei
average stress at the instant of rupture in the ligament on the tensile side of the clad plates.
Figure 5.4 gives the nomenclature used in a free-body analysis of the forces acting on the plate
at the instance of rupture. Figure 5.4(a) schematically shows a remaining ligament typical of the
four plates tested (CP-16, CP-17, CP-18, and CP-19). The moment of the resultant internal
forces acting on the clad plate at the instant of rupture, with a Daw extending the entire plate
width, is given in the small box in Fig. 5.4(b) as

M = ocrd

The moment of the externally applied machine forces acting on the plate in four. point bending
is

MU (5.2)
2

_ _ _ _ _ _ _ - .
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as shown in Fig. 5.4(c). Equating the two moments, the aveiage stresses in the unbroken tensile
ligament just before rupture is

Pl
o. (5.3)

2crd

By using the loads recorded at the moment of rupture during the tests on these plates, the
average stresses in the unbroken ligaments have been estimateJ, and are given in Table 5.3. It
may be seen that in every case the average stress at rupture is 9 to 30% higher than the average
ultimate tensile strength of the composite layer of both cladding and IIAZ at the test
temperature. It is not known why the average tensile stress at rupture is 9 to 30% greater than

-

the combined UTS of the c'. adding and llAZ. He U'13 of the cladding (see Chap. 3) were
measured on a three-layer clad characterization block, whereas the plate specimens had a single
layer. Perhaps the single layer cladding has a higher UTS than that of three-layer cladding.

Table 5.3. Comparbon of tensile stress at rupture of several piates
with large flaws to the average ultimate tensile strenph of the

composite layer of cladding and heat affected zone

. Average Ultimate'
Load P rupture tensile

Plate tem ature
(LN) stress strength

(htPa) (htPa)

CP-19 -50 '03 %5 885
CP-17 -25 725 996 7G)

CP-18 -25 698 959 760
CP-16 -25 698 959 7M) -

' Average of the ultimate tensile strength (UTS) of three-
layer cladding and heat-affected 7one (IIAZ). The UTS of IIAZ
was obtained by increasing values obtained by testing IIAZ from
the three-layer characterization block by 15% to account for
higher UTS of single-layer IIAZ. Average values of UTS for
cladding and RAZ at -50*C are 870 and 900 blPa, respectively,
and at O'C are 640 and 860 hlPa. The values at -25'C were
obtained by !!ncar interpolation.
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A KvCVN correlation' in the transition-temperature region given by Rolfe and
Barsom [3] can be used to estimate the values of the Ku at 25'C for ll AZ in the L.S orientation
[ Fig. 3.4(b)]. Using lower and upper-bound values of 55 and 85 J for the llAZ CVN impact

'

energy, respectively, Ku values ranging from 86 to 107 h1Pa/m were estimated. Thus, at the
rupture load the K of 60 MPa61 c^timated above is less than the Ku estimated from the CVNi

correlation, which may explain why, in order to s upture these four plates, the load on the plate
had to be increased to a level that would result in the failure of the remaining ligament when the
stresses exceed its ultimate tensile strength.

The postarrest loads shown in Fig. 5.2 and Tab!c 5.1 are controlled by the compliance of
the specimen, and am not necessarily the loads at the moment of arrest of the Daw. The crack
initiates, propagates and arrests in a time interval that is smaller than that required for the
specimen (because of its inertia) to denect. The crack . oeity, measured in one of the plate

~

tests,is approximately 500 m's. The Gaw can, therefore, propagate the full half-width of the plate,
a distance of 0.2 m, in 400 ps. In all cases the Gaw propagates less than 0.2 m The first natural
period of vibration of the plate [4), approximated as a simply supnorted beam is approximately
1000 ps. Thus, only after arrest does the new and smaller stiffness of the Dawed plate have an
effect. Because the tests were performed under machine iam stieke control, the load drops to
a value controlled by the new stiffness of the specimen. The actualload at arrest of the Gaw can
be higher than the fmal load shown.

5.3.2 Finitc<lement anahses oerformed

Some prelimin iry finite element analyses have been made [5), but more will be performed
using methods that we under development. The results of the preliminary finite-element analysis
of a Daw in plate CP-15 are shown in Fig. 5.5 The Daw,16.9-mm-deep and 96.4-mm-long, is an
idealization of the one assumed to have existed at the end of the first event,i.e., at the time the
crack arrested when it encountered the cladding. The purpose of the analysis i.; to estimate the
stress intensity factors at the end of the Orst event.

Figure 5.5 also shows the variatbn of the stress intensity factor around the crack front
estimated using two other diflerent methods. One of these methods is the Merkle expression
mentioned above in Sect. 5.3.1. The other method is an equation due to Newman and Raju [6]
The various parameters in the Newman and Raju equation for K were obtained by curve fittinci

finite-element results, ne Merkle expression indicates that the maximum value of K ocurs ati
p = 30*, wheicas both other finite-element based methods indicate that the maximum occurs
near the surface. The values of the maximum K also vary from approximately 90 to 110 MPa/~mi
depending on the methcd used. Thus, the value of 103 MPafm estimated previously
(Sect. 5.3.1) for Cp 16, using the Merkle expression, is in this range. The location of the
maximum K obtained by finite-element methods indicates that the Gaw has a tendency to initiatei
from the surface, although as discussed in the next section, experimental evidence seems to show
that Daw tend to tunnel, and thus the maximum K is below the surface. An investigation of thei

conditions leading to initiation of unite length surface Daws requires some assumptions to be
made regarding whether the state of stress is plane strain or plane stress for both the calculation
of K and the critical material parameters. On the surface it is plane stress, and "away" from 'hei
surface it is plane strain. This is due to constraint, a subject u hich is currently under investigation.

*This correlation is (Ku/E)2 = A(CVN), using units of ft-lb for CVN impact energy, psi /In.
and E, respectively. The value of A = 5 (psiin.)/(ft-b) given by Rolfe andand psi for Ka .

Barsom was used
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5.4 TUNNEi.ING BEllAVIOR OF 11Nrl B-IliNGTil SURFACE I4AWS

Examination of the fracture surfaces of the unciad plates indicates a propensity of
propagating flaws to tunnel, even in the absence of the tough surface layer composed of cladding
and HAZ. Tunneling was observed in the finite-length Daw used in the V8-A experiment [7| 4

even though it was not subjected to a bending-load stress distribution. In Ref. 7, Appendix N
shows photographs of the tunneled Daw, and pp. 95-106 and 142-51 of Ref. 7 give posttest
examination and analytical results, respectively. It is believed that tunneling also occurred in the >

UE-2 experiment [8).

In the case of the two unciad plates tested, the differing " textures * of the fracture surfaces
of both plates seem to indicate that the crack first propagates below the surface. This leaves a
sharp pointed, wedge. shaped, unbroken ligament between the tunneled fla v and the surface. This

-

increases the stresces in the wedge-shaped ligament, causing it to cleave, thus reestablishing a
surface crack, approximately semiciliptic in shape. The crack propagates again below the surface,
and the process repeats. This sequence of events appeared to have occurred in both unciad
plates CP-21 and CP 22.

De value of K, at the surface of a finite-length Gaw is dif0 cult to calculate. Nonetheless,
qualitative arguments can be developed for providing some insight for the reasons that Daws show
tendencies to tunnel. The variation of the stress intensity factor along the crack front was
calculated by means of the Merkle expression (Ref. I and Appendix A). Figures 5.6(a) through '

(c) show, for various crack deptia, the variation of the stress intensity factor K with depthi

position (a') along the crack front of a semielliptic flaw in a plate in bending. The depth (a') in
Fig. 5.6 has been normalized with respect to the crack depth (a;, so that 0 is the surface and 1
is the deepest point in the crack, respectively, ne geometry of the plate and- the loading
conditions are those used in the clad plate experiments, but the plate is asumed to be
homogeneous and the clastic material properties of base metal, IIAZ, and cladding are assumed
equal.

-

De stress intensity factors were calculated for three crack depths, a = 16. 25. and 34 mm.
De smallest and largest values of crack depth correspond approximately to the initial depth of
an EB weld and the deepest arrested Raw depth respectively, with the 25-mm depth added as an
intermediate value. The stress intensity factors were also calculated for three aspect ratios

'

(b/a) = 2,5, and 10. A ratio (b/a) of 2 and a crack depth of 16 mm correspond gnroximately
to the initial EB weld. De other ratios represent an idealized flaw shape as the flaw grows
longer for a constant crack depth.

For the initial flaw, the stress intensity factors vary only slightly along the crack front.
Thus, when this flaw initiates, it may initially propagate below the surface because the critical
stress intensity factor Ku is apt to be lower below the surface because of higher constraint. This
willleave an unbroken, wedge shaped, ligament between the llaw and the surface. This ligament
then breaks, creating a new semielliptic flaw. This process then repeats itself for the new crack,
perhaps for a somewhat deeper flaw. But as Fig. 5.6 shows, except for the values of the stress
intensity factors, there is little difference between the shapes of the curves, so the above
arguments still hold for the various crack depths and the proces.s keeps repeating itself. As
mentioned above, the appearance of fracture surfaces appears to support the idea of alternate

,

tunneling followed by_ a rupture of the remaining lipment.

l

_
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As the Gaw increases in depth and length, the maximum value of K for surface Gaws isi

below the surface, Fig. 5.6(c). Dese values are considerably in excess ef the expected values of
the arrest toughness for the temperature vanges encountered in these tests. His indicates that
the cladding by preventing the tunneled Daws from becoming surface Daws, must have decicased
K considerably. In the case of many of the tests, a strong, tough surface layer of cladding andi
ilAZ did not allow the remaining ligament to rupture. The cladding and liAZ also provided a
force that tended to ekise the crack, thus reducing the levels of K in the base metal considerablyi
ra d thereby enhancing the load-carrying capacity of the plates.

The position of a point along the crack front can be given either in terms of t' e angle p
as in Fig. 5.5, or as the fractiorml crack depth (a'/a) where (a') and (a) are the <' pth of the
point and the crack depth, respectively, measured from the surface of the crack, as in Fig 5.6.
The angle p was used in Fig. 5.5 in on'er to provide a direct comparison to the results given in
Ref. 5. The fractional crack depth was t. sed in the above discussion about tunneling behav> ' for
direct comparison to the investigations ny Cheverton et at [S). Each method of incio ing
position along the crack front has advantag s and disadvantages. A small change in cracx 2pth
could mean a relatively large change in the angle p for bla ratios > 2. For example, ft . ratios
of half crack length to crack depth (b/a) that correspond to those of the initial Raw in Cp 16, the
range of the angle p = 0 to 30* covers fractional crack depths of 0 to approximately 709, while
the remaining 60 of the crack frent correspond to the remaining 30% of the crack depth. This
topie is discussed in Appendix B, and an equation to convert p to the fractional crack depth
(a'/a) is given. Also, the variation of (a'/a) is plotted as a function of p for a range of values
of bla.

5.5 SUMMARY AND CONCLUSIONS

The tough, strong surface layer of cladding and ilAZ seemed to have contributed
signi0cantly to the load-bearing capacity of the plates tested by arresting Gav at loads and
temperatures that have fractured unclad plates. Moreover, the residual load-tw ring capacity of _

clad plates, as measured by the critical loads in initiation experiments with fairly large Gaws, was
generally greater than those required to break unciad plates, even though tae test temperatures
were lower by 50 K.

The tests indicate a propensity of propagating Daws to tunnel, even without tFe aid of the
tough surface layer composed of cladding and HAZ, as has occurred in the 1.ase meta: portion
of the -lad plates and in the unciad plates. This potential for tunneling is probably due to the
maximum value of K /K oaurring below the surface.i u

It is noi clear at this time whether cladding aloac, without benefit of a tough ilAZ, which 1

played a pronounced role in arresting propagating Daws in the plates tested, would also have
elevated the load-bearing capacity of these plates. In case of radiation embrittled reactor pressure
vessels, the IIAZ will undergo toughness degradation similar to that of the base metal, because
the chemistries are the same. Therefore, it may not play such a prominent role in arroting
propagating Daws.

|

|

, __
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in order to clarily the role played by the llAZ in enhancing the load carrying capacity of
the plates,it is possible to perform tests similar to those already performed in this progrum with
plates the cladding of which is removed, leaving only llAZ as a strong surface layer. It should
be noted that the thickness of each of the cladding and ilAZ is approximately 5 mm each. Such
plates could be reconstituted from the broken pieces of the clad plates already tested.

The strength of clad plates with flaws extending the entire width of the plate seems to be
governed by the ultimate tensile strength of cladding and HAZ, since the values of K fori

tunneled cracks were insufficient to cause failure.

An important factor that contributed to the enhanced load-bearing capacity of the clad
plates was the presence of compressive stresses due to bending. This limited the depth to which
the Gaw could propagate. In the case of an RPV, a severe thermal shock could initiate a Daw -

and it may propagate beneath the clauding. The integrity of the vessel could then be cha!!enged
by the purely tensile stresses created during repressurization. Nonetheless, the results of this
program indicate that if cladding is sulGeiently tough, it could prevent Raws from propagating on
the surface. The Daws could still tunnel, but if the cladding does not rupture, it reduces Ki
somewhat. Considerable analytical work still remains to be performed in order to quantify the
reduction of K by the relatively thin but tough surface layer. A limited amount of analysis hasi
been performed in this study, but considerably more is yet to be performed, using methods that
are still under development.
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Al'I'liND1X A

SUMMAltY OF Tilli MilitKl.l! liXi'ltliSSION USliD 'ID cal.CULEll!

'11111 S'illESS INTiiNSI'iY FAUlult AIDNG Till! CilACK

l'ItONT 1011 SultFACli SI'.Mllill.ll'11C Fl.AWS

The variation of the streu intensity factor along the track front of semielliptic tiaws was
cakulated by medos of an approximate, closed form expression due to Meikle [1]. This
exprepion is:

g,,, i2,,775F(0), (AI)-

&

where

Af, - to(0) - (1- 3)(2 ")($,(0) , (A2)
o, w

tan (ff) 5 i

.'

I*(' ) sin 0 (A3)^

Af2" ,

na w

$ 2w

to(0) L211 - 0.186 /cos 0 , (A4)

t,(0) = 0.18 + 0.54 ( ) cos 0 , (AS)

%r 32
2

F(0)= 1 - ( b2-<2b' ) < b >
b sin 02 (M')

,
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and

4 = 1 + 4.593
# s t u (A7)

r
2 -

2h;
s

The variables a, b, r w, o o,, and 0 are defined in Fig. A.I.c o

Comparisons of stress intensity factors using both the hierkle solution and the finite
element method have been previously performed, and some of which will be repnxtuced here for
convenience. For example, Fig. A.2 shows the agreement between the two methods for a
semicircular Daw [2]. He flaw was subjected to a stress gradictit s!milar to that produced by a
bending load, De excr.llent agreement between the two solution rnethods for a semicircular Oaw
is ru ,urprising since the hierkle solution is a generalization of the sc,:ution for a semicircular-
Ilaw. Ilowever, the closed form solution seems to overestimate K at the deepest point fori

t '- > 1 Fig. A.3 [3] Similarly, as shown in Fig. A 4. K is overestimated for points along the
crack front deeper than about 30% of the total crack depth (' abo from Ref. 3).

Nonetheless, the closed form solution has been valuable to the llSST Program for many
years [3,4,5) since it allows a very large number of pararactric studies to be donc very simply.
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Fig. A.1. Definition of terms anociated with the analpis of a semiciliptical surface crack.
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calculated by two methods for a semielliptic Oaw. He crack is 19 mm deep,
bla = 10 (from Ref. 3).
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Al'PliNDIX 11

IllIIE110NSillP lil?!WilliN '1111111 TAC 110NAl, CitACK Diil"111 OF

A POINT ON '11111 CitACK l1(ONT Ol' A SliMil!I.I.ll'11 cal >

CitACK AND Till! ANGl.l! p

in the main body of the report, the stress intensity factor K was plotted as a function of
its position along the crack front of a semielliptic crack. The position along the crack front of
a semielliptic crack was given as either the fractional crack depth (a'/a), where (a') and (a) are
the depth of the point and the crack depth, respectively, measured from the surface of the crack,
or as a function of the angle p, measured from the surface toward the deepest point, see liig. IL1,
Each rnethod of indicating position along the crack front has advantages and dis.dvantages. -

OllNI. DWG 91 4 130

i i i i i i i i i i
-

1,4 _ FRACTIONAL CRACK DEPTH vs ANGLE -

$ FOR VARIOUS b/o RATIOS
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Fig. Ill, 'Ihe variation of the fractional crack depth (a'/a) with angle p of a point
on the crack front of a semicilipse whose major and minor ases are a and b, respectively.
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The relationship between (a'/a) and p is not linear, which makes the direct comparison
of variations of K difficult if different methcds of representing the position along the crack fronti
are used. For example, it is not immediately apparent where the maximum value of K is kicatedi

with respect to its position along the crack front as a function of tl c fractional crack depth if the
data were presented as a function of the angle p, and vice vena.

The relationship between (a') and p, depends on the values of the major and minor axes
(b) and (a), respectively, of the semielliptic crack:

i 1a=
! _ . __l.

(gg,g)

$ (b tanp)2 8a

or if expressed as in terms of the fractional crack depth (a'/a)

a' . I
a -l (11.2),g

(I anp)2t
% a

?-

A plot of the variation of (a'/a) as a function of p for various values of the ratio h/a
(EqcB.2) is given in Fig. B.1. It may be seen that for values of bla > 1, either method of
represe.nting position along the crack front becomes very sensitive to small changes.
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Al'I'F.NDIX C

DitAWINGS OF INI'llAL AND AltitlWITID CitACK SilAl'IIS 1011

CIAD AND UNCIAD l'IEll! SI'liCIMiiNS '11NiliD

-_. ._ _- . _ _ _ _ _ - _ _ _ - _ _ - _ - - _ _ - _ - - _ _ _ _ _ - _ - - - - _ - _ _ - _ - - _ _ _ _ _ - _ _ _ -



-

ORNI,DWG 90-16518

CP-15
POP-IN OF EB WE'_D, DYNAMIC FLAW INITIATION@ EVENTi,H2

h EVENT 2, FIRST ARREST PROFILE

@ EVENT 3, STATIC FLAW INITIATION
ALL DIMENSIONS IN cm

@ rVENT 4, SECOND ARREST PROFILE
RIGHT

LEFT (L) 20.32
.

_ _

20.32

,. _

_

44 24 _12 17
9 36,

, __6.32_ _
7.75

._10L_ ! 4.68 g
= o

*0~, 4.0CLADDING 4. - H [ 0.87
p LADDINGC--0.37

AND HAZ |f U \f

! .67 [~** '-- ~~~~ N ~ T -~{Mf 3, . 4 f -

_ - - -

'

-

S.

f__

h2

3 f
-

_

. _ . . .
. . - . .

;
------ -- - - -

1

-
- -



ORNL-DWG #16519

CP-16
h EVENT 1,H POD-IN OF EB WELD AND ARREST. STATIC FLAW INITIATION2

h EVEtJT 2, FIRST ARREST PROFILE

h EVENT 3, STATIC FLAW INITI ATION

@ EVEf4T 4, SECOND ARREST PROFILE

ALL DIMENSIONS IN cm
RIGHT (R)

L. EFT (L) 20.32
.

20.32 ,1_
,

I; , ___6.98_ 5.54 =

CLADDtNG , _4.94 = !, 5.22 = CLADDING
AND HAZ g

AND HAZ J.82 ! _3.6t_ ";

it .

I ff f
iI~ i_ f 3 go p ( i

1 '
'

| A \
~

,

F5.08 d f ' b,
_ /%

_1.16
_

|
_

4
IfL_

* ~A 1

i (9@@ @4
i

-
. , ,



-
--

____.

.. .. . _ _ _ .

ORNI DWG 919127

CP-17
@ EVENT 1, FIRST ARREST PROFILE OF POP-lN OF FB WELD;

INITIATION OF FLAW PROFILE OF 2nd EVENT

@ EVENT 2, " BOX-BEAM" ARREST PROFILE OF 2nd EVENT;
I FLAW INITIATION PROFILE PRIOR TO RUPTURE

; -
ALL DIMENSIONS IN cm

RIGHT (R)
! LEFT (L) 20.32 20.32-

CLADDING
(0.29 -0.581 hick) 8.255 8.873 y

, _
l CLADDING AND HAZ p'

- _ _7_564 8.255
(0.84-i.29 ' hick)~- "

-

, 4.854 1 4.854 _

| L
-

t . -_p
f j-

5.08 _ , ,

F

UNBROKEN LIGAMENT ( 1 2

(2.15 thick)

(

_

.
.. . . . - - - - - - - - - - - - ' -

- - '



| ;|! ji l I

_
_

e

-

0 {8 4 ,'2 715 3 8 _6 4

a
1 )

M ~
R
f.

T
G H

GW I

RD _

- _ _
L

_N
R
O

-

2

[
3
0
2

2N (O
I

T
AI _T
I 8
N 6 . )I

4
_ 7_W .0 4

A _
L _

_

3

F .
_3 <

f I i ,-

;
j ij It_ , = i

C
7I

t

M e u/ 1

3
A 6 3N 3 wlY 5 i

D
,.

D 'L

W qi yE

E 7 .

B L 4
E I oF 2F OO m 3 2R

O E S
.

Ac 0N P
2iI

T
- r

_t

P S
_

P R N
2 R 01

H A S
J

. , t t

2 E1 e.M oT T I

)8 N N D ptL

7' _
1 E E (

L
- V V L TE EP A F

w|E

C@@ L

,ty e iLA_
i -

f

j t'1
s

||| ||| If || r



.__

{

ORNIeDWG 91-912s

CP-19

@ EVENT i, FIRST ARREST PROFILE OF POP-IN OF EB-WELD;
INITIATION OF FLAW PROFILE FOR 2nd EVENT PRIOR TO RUPTURE

ALL DIMENSIONS ARE IN cm
RIGHT (R)

LEFT (L) 20.32 __ s
,

20.32 A
490 - 4.90 - -CLADDING AND HAZ

CLADE/ NG pI - -

(0.94-1.20 thick)
(OA3-0.55 thick)

| ?
__ -% _ _--

~ " -- e' }
--

- ; -

- - 2| 1---

f

|
_

_ _ _ _ __

i
L

A
;

L-UNBROKEN LIGAMENT O(1.56 thick)

__. ,



.puu|

| 125

-

% -

.

f4 *
e :

O-

e
!?
Q
O
7.
M
O Niro

O;
!

N'

2
O
Y !

' '
<t O

(,

u > .

o! l
-

:-

6 i en
a i
LL y, . . _ .

ag 7
5 Ri
s a
M ' 9
c

'C ,

O
I

W
3
co -

W
LL N
O E to

" O;-,

2 g N

d-i
3 m i

Z t

N O !
i~n iI
2 ':.

- La !
*; i

6-- *: 1

O z o aj
N W r; -

i > a s iW1 <I ta_

OO UIU ; i
e !

--o--w
LlJ

- ___ - _ _ - . - _. . _ _ . _ _ _ _ - _ _ _ - _ _ _ _ - _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ - _ - _ - - _ _ _ _ _ _ _ _ _ - - _ _ _ - - - _ _ _ _ _ _ _ _ _ -



, _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ . . _ . _ _

126

N 5i
G s
- 1

$
*0

is
Q
J
z
Cd

O
N

-PG

O
9
-

"M

i A

!8
Im
o eg, ,

iL ii

O
t-
fri
i

O
)

W
'$
O *

W
LL *N
O E ro

*, O
$

ct
O to
CL '

NN
= se

-.
y

5 1

$U g|
N W J -

i > J wW 4Q tt.

O

I 8--
m



, , _ _ , _ _ _ _ _ _

g - - - -

jm ,

2
a
5 !

'o
3 i

O
.i,

m I

Z
cd
O

I
i
I

--,

Y
Q
,

!

-> g ..

!

I *?g

' o
'

~}'
\ N

tri

O
J
W
D
CD
W f

k E N
o o to

2 2
I i
CL th '

O 2
1 9
~ en
1 ''"

.

W.
=;;.-

b k b
N Ca

1 > J
1 W <4

O@ Y Y

.

909 '

. _.



f e p, e4 4-%a.--2s e s s aJ h. hA * -- --6 4M. d.D .6 A S.w d - -' - .sA1Le.me "wA 44 arm - " hMh 4mr4 Ma " '' A hd ahM bh ' 4WPa s. * L. A o A%A.

N

r

s

"

.

B

j

9

.

.

+

1

.i

.

f

t
( -. I
\<

|

f^ '

,

i-

- k

: i
| ,I

1-
1
.

.. .

w+-,5.,.ww,,... yv,.,m.e9--w..,wge,- .A..<- . .' .-- ,...,4 . - - . . - .. -4... <, mye-.,4#,c. .,w,,-cy-.-, , ,-.,,,,~#,, , p.,=.-3,, , .w, vm,y



- _ - - _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ - _ _ _

1

| 129

..
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Heat Treatment and Weld Overlay
Cladding of HS5T plate 012B

For Martin Marietta Energy Systtmn, Inc.

Specification MET-IVT-WRCO 21883

Subcontract 76X-7218$V

1,0 INTRobt!CTION

l'nder this subcontract C-E supplied a number of test specimens which were
cut from the subject plate and fabricated per customer specifications and
drawings. Activity by C-E included heat treattnent. weld overlay cladding,

_

ine c ha nic a l property tests, and preliminary machining. Specimens were
then delivered to the customer for final machir *g and testing as part of
a program to assess the effect of weld ove ay cladding on fracture
behavior of pressure vessels.

The base material. HSST 012B, was supplied by the customer as a 7 inch
thick plate of A533B composition, 64 inches wide and 273 inches long.
Work at C-E used 115 inches of plate length to make the delivered speci-
mens, adaitional trial welds and mechanical property tests.

To represent older pressure vessels the customer specified that weld
overlay cladding be made by the three wire series arc process, a inet hod
now replaced by newer practice. Hence it was necessary for C-E te
reconstitute a suitable welding e qu iprne n t system and to obtain the
special welding filler metals for the series are process. Most of the
rubcontract effort and span time was directed to compliance with the
Charpy-V not ch (CVN) impact test properties specified for the cladding
deposit. After acceptable properties were d ertons t r a t e d , the fabrication

of the delivered test specimens was performed in about 10 weeks.

This report and Attachments 1, and 2, provide a record of the fabrication
~

and testing performed under the subcontract.

2.0 HFAT 'IFEATMENT AND MECHANICAL pK0pERTIES OF BASE METAL.

At ter reenpt of HSST 012B. all of the materfal used by C-E was oxygen
cut from the plate into three pieces as shown in Figure 1. At this time,

the f abrication base plate (95 X 64 inches) was oriented, l a ir' out and
identified as shown in Drawing C-SK-GCR 111082-001. Until the austenitir-
ing heat treat. ment was cornpleted as described below, the fabrication base
plate was kept intact as a single 95 x 64 inch piece. The 20 X 33 inch
piece, identified as initial heat treatment block in figure 1, was used
to determine heat treattnent procedures and resultant mechanical properties.
Subsequently the remainder of the initial heat treatment olock was
consumed as base metal for the series are cladding tests as was the 20 X
31 inch block identified for cladding tests in Figure 1.
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2.0 HFAT TkiMMFNT MD MICHANICAL PROFFki tES OF bl.L F MM A1. - rorTlnrp

Initially the grain coarsening respense of liMT 012b was deterrined by
heat treatirg a number of stall specirens taken tien a 20 X 1 inch slice.
saw cut as sh un in Figure 1 from the lever edge of the initial heat
treatment bicck. Results indicate! that austcnitizing above 1900*F would
risk excenive grain coarsening. Therefore a nominal austenitizira
treatment of IS90*F for two hmrs was selected, with coolitg in still air
to rninimize cradients in mechanical properties and to further raise the
ductile / brittle transitien temperature. This treatrent was then applied

to the remainder of the initial h"at treatrent block (now 20 X 32 inches)
in a gas fired lab furnace after fitting a seal welded buffer plate, 7 s
7 inches, around the entire periphery as a picture frame. Buffer plate
material was from another heat of A533B. Cooline was in nominally still

air with plate suspended vertically above floor level, thickness direction
being horizental.

Later, the same normalizing treatment, 1890*F two hours, was applied to
the 95 X 64 inch fabrication base plate in a gas fired shop furnace, also
with plate cuspended vertically for cooling above floor level, but with
A533B buffer material of S inch thickness and 5 inch width fillet welded
around the plate edge. Temperature and cooling rates were mearured
during norr.alizing at midpoint and plate edges by thermacoupler inplantei
at the 1/4T. Variation from edr,e t o rnidpoint during coolint was negligi-
ble, due to the edge buffer, and was sraller in the case of the larger
fabricatien base plate. l't i f or ni t y of terperaturc ' luring cooling was
verified by visual observatten of temperature " color" and by optical
pyrometer readings over the entire plate ssrfaces. hn a need aro es
later for addittenal test naterial, this uniformity of heat treatment,
edge to edge, allowed rnechant ral t es t s to be nade in the 7 inch wide e d e t-
allowance ::a t e r ia l sFcwn in Fisure 1 adjacent to the heat treatrent

verification block.

Cooling time of 2.5 hours from austenitizing temperature to 900*F was the
same for both plates. 11ewever , dur ini: the temperrture interval of 1300*F
to 975*. the larger fabrication base plate cooled faster than the initial
heat treatment block due to natural air currents and lower ambient
temperature in the shop area than in the lab.

trering afte- normalizing was ccmbined with post veld heat treatrent
sPWHT), to be performed as one step aftcr the ccepletion of any weldine.

'

This practice is in accordance with paragraph SB2170 of Section Ill, ASME
Boiler and Presrure Vesse) Cade.

After nerralizing, a series of mechanical tests were rade, first from the
initial heat treatnent block within the lower right quadrant as shown in
figure 1, and later frce the heat treatment verification block and the
adjacent 7 inch wide edge allowance bicck. All test data sheets are

i

l

|
|
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2.0 HEAT TRF ATMFS T AND ".FFHANICAL PROPI RTIFS OF kASF MI T AL - CONTISFED

included in Attac hent 1 identified by a laboratory test code symbol as
listed in Table i below. During this Period of testing. the Portion of the
fabrication test block to the left of the heat t r e a t rte n t verification block
was kept intact and in the as-nortralized condition.

lable 1. Mechanical Tet.t Locations and Identification Test Code

I.AB TEST CODI: 10CA110N PWHT

GK Initial Heat T r ea t tre nt Block ll25'r
Lewer Right Quad r nt in Tigure 1. 40 Hrn.

C0 Initial Heat Treatment Block ll25*T
1.cwer Right Quad ant in Figure 1. 40 lit s .

~

HR Tensile Heat Tr c a t tne n t Verificatien Block 1130*F /

Teatn at Midwidth of Pla:e 40 Hrs.

i

liR CVS T est s Heat Treatment Verification Block II30*F
PA-P! at Midwidth of Plate 40 Hrs.

HP Tensile Heat Treatment Verification Block 1115'r
Teots at Midwidth 01 P1ite 40 Hrs.

HP CVN Testu Heat Treatrent verification Block ll15*r
PA-PI at Midwidth of Piate. 40 Hrs.

HR CYN Tests Heat Treatment V et ification Block ll30*r
PI-PIB Near Plate Edge 40 Hrs,

hr CYN Tests Heat Treatment Veriifration Block lil5*F
PI-PIB Near Plate Edge 40 Hrs.

IX Heat Treatment Verification Block ll30*F
Near Plate Edge 40 Hrs.

IW Heat Treatment verfficatien Block ill5*r
Near Plate Edge 40 Hrs.

KZ 7-Inch Edce Allowa?:ce Block Adjacent 1100*F
te Heat Treatment Verification lilock 10 Hrs,

at Midwidth of Plate

FY 7-inch Edge Allowarce Block Adjacent As
to Heat Treatment Veri'ication Block Sormalized
at Midwidth of Plate

|
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2.0 lirAT TEFATMENT ASD W OMSICAL FPOPERTIFF OF MM METAL # % .)

The heat t re a titent verification block and adincent edge allevance block
had been removed by oxygen cutting acrcss the full M inch vidth of the
i41 a t e . Hewever the techanical test locattens were confined to the 50
inch section shewn in figure 1.

Results of all nechanical tests are summarized below in lable 2. The

large attoun t of scatter in CVS ittps c t test results from the heat treat-
ment verification block was investigated but the cause was not proven.
No difference could be seen by light mitres cepy $ctscen broken CVS
spect ens representing extreme limits of the sc at t er hand , nor could the
microstructure of the heat treatment verificatien block be distinguished

from that of the initial hes' t r e a t tr e n t block, which displayed leu

scatter. Specimens with scat: r had been tw hined at a different time
period and the extent of mach; ting cold work at the notch tip was con- -

sidered. An ieproved lubricant was adopted for notch machining before
s pe c irr e n s f r ein the edge allowance block were made. These displayed less

scatter than specimens frem the verification block.

Table 2. Mechanical Preperties of HS5T 012B

Temper 20 Ft. 1.b .
PWHT Yield Tensile D''T CVh

'T Strength Strength Ni>TT Temperu ute

iocation Hrs. MSI KSI 'F 'F

Initial Heat 1125 79.8 49.0 70 'M
'

Treatment Block 40 79.1 98.7

11 cat Treateent 1130 76.7 96.5 10 to,
''

Verification B1c>ck 40 76.7 96.7 110

Heat Treatment 1115 81.2 101.3 10 to -

60
VerifJeation Block 40 80.9 100.9 1IL

7-Inch Edge 1100 87.2 107.5
120 00

Allowance Block 10 86.1 105.7

7 Inch Edge 83.3 111.5
130 100NONI.'

82.. I10.IAllowance Block
c

1

1

_ _. - --- . - - _ . . _. . _ _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ . . _



- ___ - - _ _ _ _ _ _ _ _ _ __

135

3.0 VFLDISC ( ,NDITIONS AND WLID phopl'hTIES:

3.1 Veld Metal CV!? Igact Test Repiretents and Pru edurn

a CYN enet ry value ui 40 footOsing Standard 10 x 10 u nec itr tu. .

pounds ttinimum was specified for the clad depokit when tested at or
belev the ductile-brittle transitien temperature of the base metal,

defined as the lesset of.

e The 20 foot pound CVN ttansition t nperature of the base metal

o Or that temperature which is 20'F below the drop weight test
nil-ductility temperature (NDTT) of the bat.e ene t a l .

To cumine variation of prepertieu as influenced by the reheating ut
het straining ef f ects in multilayer deposits, the specification alu
included 10 x 5 mm subsite CVN tests in each layer, broken at the
base stotal ductile-brittle transition temperature, both with and
without application of the next layer. Amount of cladding to be

applied to the delivered test specitens ranged from one to three
layers. Therefore. subsite CVS tests were requit ed for each of the
folluving five conditions:

>o First layer alone

o First layer af ter ap;>1ying second layer

Second layero

Second layer af ter applying third layero

o Third layer

To be acceptable, each of these lice test conditions must display an
2 0 '. of the mean energy of allaver ge CYN energy value within *

specimens from all five cenditions.
_

The CVN specimens were oriented pat allel to the welding direction
with the notch base nureal to the weld face. Standard 10 x 10 mm
specimens were made from two layer deresits since the deposited
thickness (buildup) is about 0.3 inches per layer. Mest of the
cross Lection area of the 10 x 10 mm specimens was from second layer
deposit which would then l a r r,e ly govern the properties. A 5 no
height for the subsize specinen was the largest size that could be
sandwiched betwcen layers because of the irregular f usion boundary
surfaces. In several cases come of the adjacent layer was found to
be unintentionally present on a 10 12 lace of subsize specitacus.

3.2 Woldinc Procedure, Filler Metals and Defosit Coy ositJon

3.2.1 All submerged arc flux used on the subcontract was from a
single lot of Arcosite S-4, Lot number UD JF, This grade has

not been produced for years, but enough was obtained as
surplus material frem aaother fabricator. To reduce the

- . _ _ . _ - _ - _ _ _ _ _ _ _ - _ _ __ _ _ _ _ __ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ - _ _ - . __
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effect of any variability of the flux, the arterial was
homogenized by reblending in a Patterson Kelly Blender. AS a
further precaution during all first layer velding on the
delivered specimens. vacuum recycling of the flux was avoided
and only virgin flux was used.

3.2.2 Preheat and interpass temperature was controlled within the
range of 300'F 350'T for all velding- during the-

subeontract.

3.2.3 Arrangement of-welding filler wires is shown in Figure 2 as
they enter the are zone. looking in the veld travel direc-
tien. Identification and chemical check analysis results for

filler wires are listed in Table 3 below.
-

Table 3. Filler Wires tfeed on Subcontract.

- Lab No.- R6193 R5713 -R5714 Rbl72-
Sire $/32"$- 5/32": 5/32"t A/32";

- Type - 312 308 309 304
Heat No. 3F428L 9667 775568 646093

,

C .054 .024 018 .063
Mn 1.5$ 1.b9 1.57 1.06
P .016 .019 .007 .022
S .007 .012 .011 .016

Si .34 49 .14 .55 .

Ni 8.88 9.66 12.84 8.71
Cr 30.45 20,70 24.31 18.46
Mo .06 .19 .05 29

V .08 .04 .03 .09
Cb < . 01 c . 01 <.01 < . 01
Ti < 01 <.01 .08 < 01
Co .05 04 .03 .11

~

- Cu .06 .09 .02 .64
N .063 039 .060 .062

i

For all velds on the subcontract, the vertical hot wire'
labelt (f or vertical) in Figure 2 was Type 308 listed-
unde- in Table 3. Various combinations of Type 308
T304 .d T304 were employed during the series of weld tests
for the angled hot wire "A" and the cold wire "C", as labeled

,

in Figure 2.

At the left-side of Figure 2 a stationary cold wire is shown
tack welded at ti.e 135' corner detail present on the
delivered specimens identified as beam specimen fabrication
slabs. Labeled "S'.' f or stationary, this f ourth wire was used
only at this location for the initial pass or " corner pass".

-

i imgi is
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The stattenary cold wire "S" was Type 312 lia ad under R6193
in Table 3. A second layer corner pass was not needed since
the beam fabrication alabs had only one layer of clad.
Initial weld pasaes I all other delivered test specimens
were made on an at tac t.ed aide bar extension which was
discarded, hence not subj ec t to testing.

Combination of filler wires used for the three veld layers on
the delivtred test specimens 13 listed in Table 4 along with
welding conditions. Table 4 is also applicable to the final
test weld to determine veld metal CVN properties, which was
found acceptable, and is identified as test code "00". Note
that layers two and three are 4dentical, both as to filler

| wire selection and welding conditions.

_

Table 4. Filler Wire and Welt'ing Conditions tor Delivered Test Specimens
and for Laboratory Test Code "00".

Layer Number Corner l'

ist i 2nd i 3rd Pass I

i t i

Amps j 4b0 | 480 | 460 | 460 ,

Volts i 25 1 25 l 25 1 26

Travel { | j
IPM i 8 I 8 i 8 7.5
Type 308 308 308 306

V Fced
IpH 47 47 47 47
T3pe 309 304 304 309 i

_

A Feed
IFM 47 47 47 47

Type 308 304 304 309*

C Feed

S

~ Type ~~
18 18 18 18IPM

312
Feed
IPM - - - 7.5

During claddin of the deliverad test specimens, deltae
ferrite content was monitored with a Fischer Ferritscope
calibrated in accordance with AWS A4.2 Readings cbserved
are as follows:

o Corner Pass on
Beam Fabrication Slabs 8 to 9 FN......

o first Layer.................. 7.5 to 10 FM
o Second and Third Layers...... 8 to 10 FN

Chemical check analysis of first and third layers was taken
from the runout tab attached to the end of the delivered



.
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Multilayer Clad Block. Results are listed below in Table 5.
Item D41083 is the first layer check and D41084 ir th third
layer. Additional check-analysis * e ults taken fr .~ uate

! test welds using the same set of selding condit a 3 in

Table 4 are also listed in Table 5.

Table 5. Check Analysis of Weld Layers Listed in Table 4
D41083'and D410S4 are from Delivered Tent Speci-
mens. Others f rom Separate Test We.lde.

Lab No. D41083 'D41084 D40950 D40954 D40955 D40956 D41050

Corner
Layer 1 3 1 1 2 3 Pass- ~

.c .051 .049 .055 .049 .049 .049 .056
Ha 1.51 1.26 1.59 1.53 1.28 1.34 1,47
P .015- .022 .016 016 .023 .023 .013
S: .016 .019 .014 .013. .017 017 .012

Si -.67 . 81 -- .63 .66- .78 .82 .69
Ni -9.91 9.08 9.75 9.97 9.18 .9.04 9.39

LCr 20.11 19.38- 19,75 -20.21 19.38 19.34 i9.85
Mo 17 .23 .18 .16 .23 .23 .18

V .03 07 .03- 03- .06 .06 .03
Cb -<.01 :<.01 <.01 <.01 < 01 <.01 <,01-

Ti .01 <.01 <.01 <,01 <.01 <.01 < 01
Co .03 .07 .03 03 .07 .08 .03

Cu .06- .40 .07 * .36 .39- .06
N .049 .057 .051 .047 .054 .055 .051

*Cu contaminatien_ during - button remelting, of chips. All other samples were
solid pieces and=not remelted. -

In- addition to _ the delivered specimens _ atid. Test Code _ "00" .
the second- and third layer procedure listed in Tabic 4 was
ised for._all preceding test welds,-except for the first two
tade which are identified as test codes GP and IK. Filler

4 tetals-for 1st cnd 2nd layers of these two initial test velds
ar2 as follows:

FIRST LAYER SECOND LAYER
V A C V :A C.

GP- 308- 308 309 308 308 308
IE- 308 308__ 309 308 304 308

All - subsequent weld tests from -test code IL. through OC
utilized Table 4 cond*tions f or the second and f or the third
layer where applied. It was belie :ed important to innintain
carbon content of the -second and third layers at 0.05% which

I

-- __ __
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is the lowest carbon content consistently achievable in the
first layer due to carbon gain from base metal dilutian. The
Table 4 combination for second layer represented the only
filler wire heats available at the t ir e which would previde

0.0$* carbon in second and third layers and, at the same
time, a relatively low icvel of delta ferrite and chromium
content to minimize intermetallic phases during P 'w'H T ,
Ptactice for the first layer of the other test welds was
varied as li- ri below in the order they were made and
tested:

Test Code
Identification V A C

IL, LE, LF
LG, LM, MS 303 308 304

NH 303 308 309

OC 308 309 309

Typical compositions of first layer deposits are listed in
Table 6 Second and third layer compositions are in Table 7

Table 6 Compositions of First Layer Deposits.
Test Codes GP through OC.

Test
Code GP 1K It Through MS NH OC

Lab No. D40668 D40672 D*ubl6 D4Ubb4 D4U762 D40952 D40946

C .047 .060 .049 .058 .057 .048 .042
Mn 1,59 1.60 1,46 1.4! 1.47 1.57 1.62
P .023 .023 .022 .017 .013

"

S .015 .014 016 .015 .016

Si .77 .73 76 .71 .72 .71 .74
Ni 9.69 8.88 8.73 8.53 8.41 9.00 10.63
Cr 19.64 17.95 18.87 18.35 18.02 18.93 21.63
Mo .20 .23 .22 .23 .23 .20 .13

V .04 .04 .04 .04 04 .03 .03
Ch '.01 c .01 * . 01 .01 < . 01 .01 c.01

.01 .0L <.01 .01 .01Ti .02 .02 <

Co ,M .06 .04 .04 .04 .03 .02

Cu .10 .10 .16 .16 .15 .07 .05
N .047 .046 .044 044 .046 .045 .055

_ ______________________ _______________ ---
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J- ' Table 7. Cocipositions of Second and Third Layer Deposits.
. Test Codes CP through OC.

._

Test Code CP IK IL Throuch NH OC
Lab No. D30667 D40671 D407b4 D40065 D 40612 - D40949

' Layer No. 2- 2 2 2 3 2

C- .040 .046 .052 .053 052 .047
Mn 1.63 1.45 1.23 1.30 1.23 1.34
P .024 .023 .024 .021
S .019 .018 .019 .020

Si .76 .80 .74 .75 .78 .79
Ni 9.66 9.15 8.99 8.97 8.87 9.22
Cr 20.54 19.59 19.18 19.18 19.27 19,60

Mo .18 .22 .23 .24 .24 .22

-V .04 .05 .06 .06 .07 .06
Cb < . 01 < . 01 < . 01 < . 01 < . 01 ( .01
Ti .02 .02 < . 01 <.01 <.01 c.01
Co .04 .07 .07 .07 .07 07

Cu .10 .29 .36 .35 40 .36
N .047 052 059 .058 .057 .056

3.3 CVN Impact Tests of Weld Deposits.
1

3.3.1_ All of the test data is included in Attachment 2 as separate |

sheets for Test Codes, GP, IK, IL,-LE, LF , LG, LM, MS, NH,
00, and - 00. -Also in At tachment 2 are data sheets listing
check chemical -analysis of selected broken CVN specimens.

-1-ocation ' analyzed by XRF. was ' the 10 mm wide f ace and root
surface, as close as possible to the fractured end. However,

with the 10 mm diameter XRF mask size the distance f rou. tne
broken end to the -beam center was- at _least -6 mm. :Therefore-
the compositions may no: be representative - of the fracture
face, particularly in first~1ayer specimens where base metal

1- dilution effwets can vary significantly over . a weld travel
distance of 6 mm. Correlation of. check analysis with CVN
1results indicates that a lean alloy content = approaching ; the
marteasite line on the DeLong diagram is detrimental. In the
case of Test Code MS, and others, the lean alloy content was
caused by an- unintended - increase of base metal dilution .in
first layer passes. Other results in Attachment 12 notably
from the first-layer of Code "0C"..suggest that a very high
content .'of Cr, Ni and - delta ferrite is beneficial to CVN
properties. ]

3.3.2 Figures 3, 4 and ;5 show the standard CVN specimen energyj.
level versus-test temperature for test codes GP, IK, IL, LE, |

LF, LG . and - LM, made and tested as two layer deposits. Of
-these, IL, LE, LF. LC and LM are ~ identical to test code 00

1

|

g |'

-, . , - - . , - o
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and the delivered specimens with regard to the second layer
procedure and chemical composition. The subsize CVN results
further indicate that the first layer properties of 00 and
the delivered specimens should be better than the first layer
of these earlier specimens, Figures 3 and 4 indicate that
the 40 foot pound temperature is about 50*F. In Figure 4
there is no obvious difference between specimens postheated
at il25'F 40 hours and those at 1100''- 10 hours, nor is there

an obvious effect of reheating. As seen in Figure 5
reheating does have embrittling effect in the as-welded
condition.

3.3.3 The subdue CVN specimens irom test code "00" meet the
criteria for i 20% maximuc variation from the tacan energy
value. Data from "00" suggests that high base meta) dilution
during the first layer is detrimental and may Se :.he a me of
scatter in CVN energy observed in first layer results. For
this reason, the flux was not recycled during first layer
cladding of delivered specimens.

-

m e
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ATTACllMENT 1 --

MML-85-100

BASE METAL PROPERTIES
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COMBUSTION ENG!NEERING, INC, aano sso

METALLURGICAL & MATERI ALS LABORATORY
10I OF.- JOB NO. | IMPACT TEST CATA SHEET

PROA CT NO, C" 1AMPLES CONTRACT NO, DAfg

HSST Plate 0125TEST 64TERIAL
initial Near Treatment Blnck

-

18 F 2 Itr s . AC + 112 5'r 40 Hr s . FC
HEAT TREATMENT

100'F/Hr. Rate abeve 600*F.
CH V NOT N

TYPE. C* TEST SPECIMEN UNEAR VfLOCITY IN FT, PER SECOND 17

240 FT . Las LOCATION AND ORIENTATICN CVM a"4 PVT ._ENERGY OF Blow.
From 1/47 Parallel to Rolling Direction.

TYPE SATEC MODEL. 51' 1 . CAPACITY OF MACHINE 780 " -L'S

$AuPLE eCTH . T HICE Nf.$$ Of 7T4 . TITT ENERGY % W
pg),- ng gggg SILOW TEMP. A 880M P - $ HEAR LATERAL RiblARKS

(,.h", .9 n E xPANsion bROP kTICliT Tf 9T9 f#
y

F RFSt'tTS k0

C0+PA .304 .?94 .119 +TS 40 ?O ?9 +4 0 'e

5 .394 .394 .315 l + 75 44 20 31 +50 1F

.C .395. .394- .316 | + 75 41 20 28 +60 IF

D .395 .394 315 |+50 36 10 24 +70 INF.1F.

I .315 + So 35 ~ 10' 23 +7s ' ? *'tE .394 .304

? **5 .394 | .315 + 40 35 10 ?? )
.M .loi .itt +?a 10 n ? Ome' '

it .394 !?o4 .314 +to ?? O * +7" P

Y .344 .394 .313 + 10 13 0 4
_ ,,,,,

J .305 .394 ;315 +1?0 75 60 51

Y .345 .393 .315 k+170 63 %n 4?

~I .315 !+1?n 54 40 39
'

t. . 3% .305

-u .3M .303 .315'I+160 10? 100 64

e .'u ! .101 mA I+ito so 46 *?'

I .30% ! .34t .3!< I+1eq 100 05 83o

e ,304 | .345 .315 +?12 og as '64

l- - n 1 41. I 304 - I ,314 4?t? ' in7 100 AE
:

e in I _su I I.?** |
'

9ts l on en to

f$ T .394 I .394 .315'I+300 107 | 100 72
;i .

II E .304 .397 ,113 +100 ' 107 i 100 bk

I t .3u I .3% .3 w +,nn ! ins i 10n to..

v l .3% - .393 .,14 i + 45 1 --3o 5 I 6

x l .394- .los | .31 6 |+ rs I 22 s I 7

-I y- l .3% .,03- i ,15 u ?5 i I n?T *

| | '! h "!

!
1

L
. _ .

m * e= , e.* * . , . . -. w
'

M .my . ye e -- y-
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COMBUSTION ENGINEERING, INC. s aso nem

MET ALLURGICAL & MATERI ALS LABOR ATORY

JOB NO. IMPAqT Tr$T DATA SHEET 2 0F 10

PROKCT No MR SAMPLES CONTRACT NO. DATE

TEST MAT ERI AL "* S? Pl at e n12 ? , N at +r e e c c
Verificatir o' 4 w54 ' i n s .~ r v1,,,

,

49 Ura FC.HEAT TREATMENT 1960 r '"w.F ' ?'" e

#100 F/Fr. Sate 3heva 609 r. -

CHARPY V NOTCH
TYPE OF TEST SPEC!MEH UNE AR VELOCITY IN ET PFR SEco% 17

2'O Fi LDS LOCATION AND ORIENTATim CVN and Pw.ENERGY OF BLOW

T m 1/4T. Parallel to *r''i-- "fre_ *~,-

SATEC Moogt it 1 CAPACITY OF MACHINE 740 FT LPS ._

T '' P E

$Am%t et?T M T HiCKteEis otPrH TEST 6%ERGY % M*#

4 KHEl Kttfl SELOW T E w*. A e10R P - 1 HEAR uitmat pausarg

QOTM 7[O g ue, ggioq n,pp p q ,, y,
F

g

I Ir utm s

P?-PA .3o6 _7% ??' 4't I !'S t 19 +1 1F

I s 596 los .316 Iun i in i n 1 an aT

I c .19s .1 o s I .316 I no I in s u +9n tur

I n I a9s .398 I .ne I +4n u o o,

r I.so= Me= IJu |+=a i t- 9 a rTT :I

I r I.395 305 | 116 luo | 12 to 21 +7 s*r

i C | 395 _195 316 I+7s I 12 10 20

ion i n ii i aos ..m I ,u s inF

| 1 I.19s |.39s i 316 14so i 10 | o 4

I i i i i i i

i ! | I I I

l ! I I I I
-

1 I i i i

| i I i | |
~

i i i i i i

i l i i i i !

I I i i ! I i I

i i I I i
'

| I i i

i l i i i

i ! ! i i i i i

I I i l i l I

i ! i i ! I i

l I I I I I I l

|

I

.____ __ _____ _ - ____ _ ___
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COMBUSTION ENGNEERING, INC. E**'m'

MET ALLURGICAL & M ATERI ALS L ABOR ATORY

JOB NO. luPACT TEST DATA 5HEET _1._ OF J L
_

PROJECT No. F? 1AMPLES CONTRACT NO. DAtt

Mssi riate 0123. Heat Treatment Ve r if ic at ion Block.TEST MT ER A
Mid Vidth of Plate.

1890"F ? Frs. AC 4 1115*F 40 Hrs. Ic,
HEAT TREATMENT

100 F/Fr 9,t e Ab ev e 60Mr

"^
TYPE OF TEST LPECIMEN LINE AR VELOO!TY IN FT PER SECOND ??

ENERO OF BLOW NO" US LOCATION AND OMNT AN Nd '

-

Tres 1/4T. Parallel to Rolline Direction. _
TYPE SATEC gggt 11 1 CAPACITY OF MACHINE 7dO 'T LP" _

5AniPsk W OT H TMICKNES$ CEPTH YEST ENERGY % MM

NQ, INCHE5 9<.NE S SELOW T E MP Ausop P. SHEAR uTEmat REMAms8
' E APAN$sO*e ugp gT7cpy 7pc7a,w g yy _ p,

I | r 9 F s"1 TS IU

HP-PA .395 .394 I .316 I +59 I 27 5 14 +75 1F

l y .39s ,395 ,316 i +60 25 | 5 15 +M 1r

I c | .39; .305 .316 ! *so 29 10 18 +90 2KF

_
o I .30s .3o5 .316 I wo i 12 0 4

I .39s .39s i .316 i +so i 34 to | 23 kvTT:-

i r | .346 .395 I .316 i +60 1 20 1 5 } 12 +80"r

i .395 .39s 1 .316 | +75 | 40 20 27I c
f

I .3 o5 705 l .3 9 ' +4s | 21 5 141 u

I . 31 5 i as | 21 s 12I 3os | .3osI i

l I I l I I |

| | 1 I i i

| | i l i ! I
-

-

: . . . .

1 I I | | 1 |

1 I I I i j l I
- ~

I i 1 1 ! I i i

l ! I l I I I

l l I I | l

i I I I i ! i !

l ! i ) ! l I

I ! l ! l I I

| | ! I I i i

i l i I i i i l
-

.

l | 1 I ! I I I

.

.

1 - -- - - - - - - - - - - -- - - - - - - - --- - _ - _ -
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Iw 445CouBUSTION ENGINEERING. lHC,

MET Al.LURGICAL & MATE RI ALS LABOR ATORY

JJS NO. WPACT TEST CATA SHEET 4 OF _12_.

HRPAOJECT NO. 54P E5 CNRCT E m

"ScT Plat e 012P. Heat Tr ea tm en t '!erifi atin block.TESI MAT ERI AL
Near P1 ate O_8ec.

#

HEAT TREATMENT 13 9 0 F . 2 lir s . AC + 1130 T 40 Prs. FC.
3100*T'Mr. #at e abcv, Am r

CHARPY V NOTCH
TYPE OF TEST SPECIMEN

CYN Fr"m I!4T.*" - L 'S 1.CCAT10N AND ORIENT ATIONENER3Y Or BLOW
Par allel t o Rollit:t Direction.

TYPE SATFC CCEL 51 1 CAPACITY OF MACHINE 240 FT LPS ._

__

$AmPLt e OT H T H)CKNE M DE 81 se it ST t%ERGY % *6A

4 PC.4 % NCHE5 BELOW TEMP ASSOM- SHEAR LATE 9&L REMARK $
# N E M P AN56QN["3 , g

I| FP 5'1 I .304 .304 .31t I +75 12 O 4

I 10
_ I e s. I ! O| I _39< | *(9 ses , t e.

1 3 | .395 | .394 .315 l_ + 7 5 | 11 l 0 | 8

|I .315 |+50 I 21| 4 | .394 | .394 5 14

I 5 | .394 I .394 .315 I +%0 f 14 | 10 71

A .345 404 .115 l Mo I 26 | 5 15I

I .?15 ! 4?? I '' ^ f
.

? .305 .391
I o ) 5I 8 i .395 .394 | .315 | +25 1;

I o I .19% .304 I .315 l+25 A 0 ?

| 10 | .345 .3c4 | 315 b125 I 64 l 15 41

11 I .305 I .394 I .318 b1?* k ** I I So! 10

I 12 | .395 I .394 1 .315 L125 51 l 25 | 36
\ 13 | .395 | .194 | .315 L100 21 5 | 17'

| 14 I .395 l .395 I .316 L100 | 42 20 34
-~ . . : .

k5 .)S5 .3$$ .31S 100 )S 15 20
-

I Iu
i 9 i .3o5 i ,oA I .3n L,,e n- ee

I '? | I | (sen | k +6,,* San.ine ing _si

I la I .,e i .m 1 413 1 1

I I I | I I
.

I

I I I i i | I i

l i I I i l i I

1 I i | i i ! i

i i i i i i l i

l i i l l l | }

I i i i i l I I

I I i i i l I i I

,

_ . . _ . _ _ _ _ ____ _ _ _ _ .
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COMBUSTiot4 ENGINEERING. - INC, 5 #80 tum

_ METALLURGICAL & MATERIALS LABORATORY

la / ACT TEJT DATA $HEET 5 OF ta' JOS NO.-

s

PROJECT NO. HP $AMPLES CONTRACT NO. DATE

TEST = . MATERIAL HSST Plat e 012B. Heat Tr e atm en t Verification Bloc k.
Near Plate Nee.

_,

__

HEAT TREATMENT 1990 F 2 Hrs. AC '+ 1115'T 40 Mrs. TC.
100 F/Mr. tat e above 600 F.,.

CHARPY V NOTCHTYPE OF TE5T $PECIMEN
ENERGY OF BLO, 740 n .Les LOCATION AND ORIENTATION M Frm 1/4T.

Parallel to Rollf- , Direction.

TYPE SATEC MODEL Sf*1 CAPACITY OF MACHINE 740 rt tes

$AMPti WCTH THCKN(15 L E PTH titt ENenGY % "' 'I

g Eq$ NCHES 8E LOV' TI M'- #85086 $ HEAR t,AT ER AL REMARESy*('-ff1C,H, ' Expansion

|FP-P 1 .395 .394 - .lif + 75 ?? * *n

2 .395 .395 .316 + 75 33 to 21

3 .395 .301 .315 I + 't 14 6 e'

| 0 ;'4 .304 .344 .315 ! + to n

| J 16 -I + to' |* .3'5 .399 is e o-

-
I !A ! 198' im 11% +t1 -5 = 15

-7 | k I + ?5 h.395 - . 3 9 '. .315 5 0 -1
_

l

9 | .199 .344 | .315 l + 25 | 11 0 4

|I .305 .594 .???4 + 3' is n T

I .395 .34c .314 |10 +1** 'O '. 0 -si

| .30t I .?ot I .315 h +1?5 53

.

| 39 1411

$5 '| -} . in g ' |~ _ qts I'+ise ac I at -14. set

I _3es I ,304 I .315 l +100 1R 70 78$$

k14 I .395 I .304
'

' 100 17 5 11.315 +

15 | .395 | .395 | .315 +100 39 20 26

16 -l .395 .394- I .315 +210' 91 90 - 60

17 .19% .304 I .315 I +7 90 - - QR f100 ! - 67 -
19 .3as I .3os- I .315 | | |

I I i 'l il '

i t i 1 1
-t I t I -- 1-

! i i i i I

i= -t i i i

I | | | | 'I
i i : i

I I I l- I l- |,

.. . . - - . - _. .. - - - . .. -
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COMBUSTION ENGINEERING, INC. E m man

METALLURGICAL & MATERIALS LABOR ATORY

JDB NO. tuPACT TEST DAT A 5HEET _6_ OF P____

PROJECT NO IX SAgplE$ CONTRACT NO. DATE

H5ST Tlate C128. Heat Tr ea t m ent Verific at ion Block.TEST MTERIE
Near Plate Edre and A:!j acent to HR-Pl throuch HR-F18.

I'9 O 2 Ff** AC + Il30 I A0 "T"* FU*HEAT TREATMENT
#f /PF Dqte aM ve '00 T.10 i

CH ARPY V NOTCHTYPE OF TEST SPECIMEN LINE AR VELOCITY IN FT R SECONO M
C.1 Trom 1/N" - L BS LOCATION AND ORIENTATIONENEROY OF Blow

Parallel to Rolling Direction.

TYPE SATEC gaggt <t.1 CAFACITY OF MACHINE 740 " - LPS ---

-

$AwPLE wt)T E THCANE M CEPTH TEET E%fRCY % M
NO. KHE S KHE1 SELow Yt MP. AnsoRP- $ rte AR LATERAL REMARKS

yJ,Cy d'Oh' E x P A N s 'o%

IT-PA .39% .199 .315 + 's 38 10 ??

n .qc, .39s .316 I +7% I ?1 i % 11y

| C I .304 I .304 ! , ,1A I +7% I 37 10 !s

n I .304 I .39s I .316 ! + sn I 12 to | 19

I I I || .309I F .304 . 31 - + sq ?? 5 13

| I i ii r i .,o .v* m 4 =a o n s

i i ! I I Ie ens ,,, m . s. 33 n ,

I w 1 .29s .39s ! .m i + :s I is o 7 i

i T I .3os .3os I .ns I +?< l A o 3

II I .19s .395 I .316 | +1rn %5 ?< 36?

I r i . Sos I .59s | .31A i | I Ising 41 79 29

|I 1 I .3os I .3m I .,ts I l I l c+ ! aa u is

I.33 I ! su I + -e I | L| .39s n ie -u

1 l ,n i I i I ! i.,.. _m e ,s u ,, u.

o I .39s I .19s I . 31 <, i .+1 ; s Ii ss I An 43 I _

! I II I .3os I aos I av= me on ao ?n

y I a9s ! M9s I ! .,=a I II _3< !cs 3- <a,

i i ! i i l Ie ,n ,, .,

i T 1 .39s I .ns j .3 t i i i l i

i :: | .39s I .395 | .31s i I | 1

i V I .39s | .39s I .316 1 1 ! I

I w I .39s I .39s | 116 I i i I

i | .3nt i I I I !.v I ,,,x ,

I I I | I I I
__

y ans ,os ! .*4

i i ! -I t i I

I I & I I I I |
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COMBUSTION ENGINEERING, INC. E 4*o nom

' METALLURGIC * L & MATERI ALS LABORATORY

JOB NO. IMPACT TEST DATA SHEET ? 0F 12 '

PROJECT NO. _ W ~

CONTRACT Ho. DATE$AuPLE5

HSST Plate 0128 Heat Treatment Verificat ion Block.TEST MATERIAL
Near Plate Edge and Ad jacent to HP-Pl through HP-PlS.

1890*F 2 Hrs. AC + 1115"F 40 Hrs. FC.HEAT TREATMENT _

-100 f/Hr. Pate above 600 F.
CHARPY V NOTCHTYPE OF TEST SPECIMEN

ENERGY OF Blow 240 F1' . Les LOCATION AND ORIENT ATION CYN frr, 1/&T.

Tw.1*ct + n 9.- ? ? ? - - um+d--..

TYPE SATEC MODEL st.1 CAPACITY OF MACHINE 240 M - t as -

SAtsPLt . TOTM THICKhtl3 CEPTM ?fET ENthGY % -

NI

NO. DCHti 91CMES SELOW TEwe. As so* * . SHEAR LAttmAL nemat s

1"d.0 ._

d'9_,,C ' E A''"$80N

TV-PA .59% ,304
' .315 I 6 7e 3? in 1?

!+*t ,o in | 4eE .305 - .1es .115. '

_,

C .395 .393 ,3tA t # sg 44 , 33
1

~ D h .395- .395 .116 h + 50 | 31 10 1R

r .m .30s .31s I + so i 23 s in|

? .195 .19? .318 I + 'O h $9 * *'

|e .345 .345 l .31A + ?? it n '

H .395 .395 I .316 I + 25 8 0 7
'

| t .395 I .14% I .3ta I + ?t 17 0 A

7- .395 k .303 I .316 I +1 M 46~ *0 **

.,os I i ,4 I 4n,r | ,ot u n .

L .395 I .395 I .316 | +100 20 l 0 13

M .395 | .399 .316 |~+1?% 4? I 20 $- ?$
I 41+t I?r .395-~\ .*og _33c 35 :. e sq

! !
~

n .144 19t 19A 41** 1e ae 91
~

r .3as .39s .na I +?in 97 an Al

R .143 .304 k .119 I +?56 | -7? | To en

g 493 | ~.305 I~.35A | f II .+9ea qq sen b

| _195 I l' | |>+ tot s,A

k.3ne I -33 n ' I- k,ng..

i 3i -t i -1- ,o, - , , ,

-V .30% i .395 .316 I
I Iv- .505 I .3o5 .316

-

[ I~ So? I .str I I -|v .3o5
I I I I

| | | 1 I l

;
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t uns iss3:
COMBUSTION ENGINEEfilNG. INC.

META LLURGICAL & M ATE RI ALS LADOri ATORY

MECHAMC AL PROPERTif $
DATA SHEET

PROJECT NO. 3

CONTRACT CK Samples DATE

JCB

VAT E R: AL 4 " P'.ste n!?'. 'M t 131 h at ? rest +ent Plo-k

1890 F 2 HPS. AC + 112 5 T 4 0 F r s , TC,
HEAT TREATMENT

100*F /Hr. Rate Above 600 F.#

Tensile Tests f rca 1/4T. Parallel to Rolling Direction. - - -

|IDENTtFICATICH cy ? 1 ry . ._3

TEST TEMPERATtRE +7 5 r +75*r

DIMEN$10NS WlOTH

D2|:KX131'DI AMETE 9 .506 | .506

AREA | |

i -e I !Y1 ELD STRET,W KS ,e , ,

LBS. I 1e k |*c nen unn

TDGLE STREFCm K$1 49.0 | 98.7 I

LB1 19.onn 4.8=0

ELCPG INiitCHE$ 2.46 2.45

PERCENT 23.0 22.5
-

REDL.CTIO4 .1 U. .313 I IED # ##""

| |TMRKWitt'D! AMETE R ,m ,3t;

AREA

% REDtITION 61,7 I (.1. 7

ItrATPW M roa m er | | | k I |

| !
BEND TESTS FACE :

4ELOG |
,

ROCT

% ELCtc. | |

we i i i

REMARKS

. _ _ _ _ _ - _ . _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ . _ _ _ _ _ _ - _ _ _ _ - _ - _ - _ _ - - _ _ - _



- _ - - - - _ _ _ _ _

156

' " ' ' ' ' '
COMBUSTION ENGINEERING,INC.

METALLUHCJCAL & M ATERI ALS LABOR ATORY

MECHANICAL PROPERTIES
DATA SHEET q gg

PROJECT NO.
12 Sample s DATE

CCNTRACT,

JOE

HtST Plate 012t. Heat Treatnett Votif t:at ion Elock. Mid Vidth of Plate.MAT ERI AL

1890 F 2 Mrs. AC + 1130 f 40 P.r s. FC,100*F /Hr . Rat e Abov e 600"T .#

HEAT TREATMENT

Tensile Tests f rom 1/4T. Parallel to Ralling Dir ec tion. _

| | |IDEPUtnCAT Oi f up__rA ue pp

|
TEST TEMPERATURE a57 a $c70

DIMENSIONS wtDTH

IMNN AM ETE .S .504 | .504 j

AREA I |

nEto sTRocTu (si 76.7 t 76.7 i i i

LBs. 1s.300 } 15,300 | | |

I n6., I | t |Tecitz sTRErcTs (si u.s

|W* 19,250 19.300

I |*_4*CLCtG IN INOfEs ' O.

| |PERCENT 22.5' 24.0
i

!amoiAmum .m x i i_
IN THICKNCSS/01 AMETE R .307 .107

AREA
| |AREA :

% REDmi 62.6 63.0 \ $ I

I i i i t 1
-

, comme rewn ee

!
BEtO TESTS FACE

I | | |
% ELCtG

RxT ! ! ! i>

| } | j
. ELotG

__

i i i i
ser

REMARKS

I

- _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . __ _ . _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
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*"" "COMBUSTION ENGINEERING,INC.
MET ALLURGICAL & MATERIALS LABORATORY

MECHAN < CAL PROFERTIES

DGA HMT
PROJECT NO. SHEET l^ CF l.0_

"
CONTRACT, DATE

KB

VATERIAL Si''T Plite "l??. "*$t ?**3t-ent vertfi atten Einen, uto utath ef Plate.

18 90 F 2 Hrs. AC + lll5 F 40 Ht s TC,100 T/ Fir. Rat e above 600*T.#

HEAT T' TMENT

Tensile Teste f rom 1/47 Parallel to rolling directien,
_.

IDENTWICATIOa HP-FA HP-PB

TEST TEMPERATlRE +75 T +75 7 4

DIMENSIONS WlOTH

IMCtM11rDI AM ETE R .504 .505

AREA

Y1 ELD STRENGTH K$i [81,2 80.9 i |

G1 I u.?n, u.?co i I

m sar sTRe cTH Ks 1c1.3 I i00.9 | ! |

us. 20,200 |20,200 j j

aac m m es us 2a i !. !
'

I | |eERcEvr 22.5 22,o

REDtCT1' 4 y, ,379 j gMnot AMET ENJ

numm'ot AMCTE R ,317 ,318 |W
ARfA

AREA |

RmcTm so.2 60.4 I i

_w2 rm ne ru m oc 1 1 I | t t
-

BCND TEST 5 FACE
I Is ELerc.

{ROGT

% ELONG. |
i i9nc

RE%GKS

. _ _ _ _ _ _ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - . .- _
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'"''''*3iCOMBUSTION ENGINEERING. INC.
METALLURGICAL & MAT E RtALS LADOR ATORY

i

1

M f:CHANIC AL PROPERTIES
DATA SHEETPROJECT NO. (g cr

CCNTRACT KZ Samples DATE IL4

JOB

MATERIAL "??? Plate 0l?'. Fabrication Rase Plate. From * inch edee a ll -wanc e block

of**-eet to Hent Trentrent 'le r t i t t a t + cn Block. Mid-width cf f: 4te.

HEAT TREATMENT 1890'F 2 krs. AC + 1100*r 10 Hrs. FC
100'F/Fr. Rate 1bove 600*F
Tensile Tests from 1/4T. Parallel to Ec11tng DL.ectien

]IDENTIFICATIO4 ypp g ypp,

TEST TEMPERATURE 1
<_-4_._._

DIME NSIONS WIDTH j |
- --__p_.

THICKN ESS/DI AM ETE R , 5 ng. rg I, $ s m, n - -
,

-

AREA i j,% m
m w n_

YlELD STRDCTH Ksl , , , .4J. s
-

|i
'

l' |
-q.-. ; ,

|Lf1 .sn| | |,, ss ..,c e

n,r-~Imm: I.Tosu sTREmm x5:
-,

LBS. y,,! j
---

_ , ,. |,,
. , , . _

ELONG. IN i INCHES ?_;l | . gh ! ! |' '

PERCENT |,, n ,,:,n_-. -
M HD AMETEM

REDUCT104 ,
j 3g, ; ; ; } |

I !IN
^?3

, j I jTHICKNESS /DI AMETE g 1
AREA L .*

t +

AREA j | | |
| | |i% REDt.CTICH en ;o,

! 'YATna ne roam,x 1 | ) | ! |

! ! I
BEND TESTS FACE

% ELOC, | | |

Pu i I |
% ELOG, | | |

ww -
i i i i i,e

kE N

1

i
I
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CCuBUSTION ENGINEERING, INC E sac ts et

METALLURGICAL & MATERIALS LABOR ATORY

JOS NO. luPACT TEST DATA SHEET OF

Mom No k2
SAMPLES CONTRACT NC- - DATE

TEST MAT ERI AL HE?T P' ate 012?. F9 ticat 4 7 ane Plate. e 7 in-h edte a l l .w er ere

s'-ek iAts ne pu +ra , _-, , $ a 4 _- 1, i m r. ' ..ii.uiart -r * ,
1

HEAT TREATMENT IP W F ' uts. Ac + 1100'r 10 urs, F

che*r _!PO*r! r E2ts a

CHARPY V NOTCH
TYPE OF TEST SPECIMEN LINEAR VELOCITY IN FT PER SECONO !?

2df) FT - Les WMO Am OR@uT@ e n' * 1 P'.'T f r - t inENERGY OF BLO#

Tarallel tn rM l f r r direction.

TYPE SATEC googt s i .1 CAPACITY OF WCH!NE 740 " tES -

3 Ampd 80TH T H IC K Nt i$ CEPTM TEST ENERGY % *O

m ggg gHg.J BELOW TEMP m e sop p SHEAR L.A Y ER A L R E ua p Ks

[ E X F A N5*CNE
g

Irt-ri | .394 } .394 .315 | +75 :3 | 5 15 *r S oults I
trz-r2 I .3u i .394 I .3n i +7s i 26 i 5 18 +100 tr I

iKI-P3 | .391 i .394 I .316 i +15 i 25 j 5 16 +l20 INF.lf I

| 17 0 11 +130 2NF|KZ-P4 | .393 .394 | .315 l +40

IXI-PS I .393 .394 I .315 k 40 i 22 5 | 12
Ir -P6 I .394 I .393 | .315 I +40 ! 20 I O !? NMT : +1 0*F

|KZ-P7 | . 3 9 <. | .393 1 .315 i +140 l 38 ! 15 28

iK2-P8 I .394 | .394 i .316 | +200 1 57 | 35 39

Itz-r9 I I I | | 1 3

I r -Pto | .39s i .3% I .315 I +300 l 41 I 100 67

trz-vit i .395 i .393 i .315 i +2so j 8t i 95 I 58 I

(K:-P1: I .395 I .394 i .316 I +400 l 83 | 100 } e3 I

I K: ' 13 ! .39s i .393 | .515 I +500 I 8D I 100 ! 57
Irz-Pie i .395 i .1 % I .315 I +60 I M ! 5 l 15
ir Pis ! .ws i .u 1 .au ! +in5 I an ! 'o I, ,n

IIc-ns ! .mi _m I .ns ! .M I to:o I o

i v4.m - ! I ! I l l
'

_ 3 9 <. .x _yu ,

i i i i ! t i I

.e n -
! | | 1 : I I i

| | | | | | 1 |

_.
! ( i i ; | | 1

i i ! ! i l i !

I i I ! ! I I I

l I k | | I ) I
< i i ;i i i i

I ! I I ! ! ! ! | |

_ _ _ _ _ _ _ _ _ _ _ _
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' ' * ' " "
COYF.LtSTION ENGINE L RING. INC.

METALLURGtCAL & MATERI ALS LABOR ATOR"

M E CPAk iC A L FCOPECTIES
# # "

PROJECT NO. 5HEET tF

CONTRACT KY samples gg77 , ' 13-84-

JOB

M A T E RI AL H$5T Plate 012B. Fabrication Bass Tlate. From 7 inth edte allowance H ock.i

adiacent to Heat Treatment Veriti ation Block. Mid-width of Plate.

0 "#'' ^
HEAT TREATMENT

Tensile Tests from l i c.T . laratiel to Rolling Direction

IDENTiriCATIO4 f KY.i' A | EY-PP | | |

TEST TEMPERATURE | | | | | 1
-

: , , +

DIME NS10NS w' LOTH | | | | }

.503 ! .502 l | |THICKN ES$!DI AMETE R
_

AREA J I | | |,joo ,teg

Y1 ELD STRDGTH Ksl a3.3 I a2.4 1 1 I

I |LBS. 35pn I in,w '

!L 111.5 ! 110.1 I
'

!1D61LI STREtGTH KS3

I I I ILBS- ! 22.15C ! 21.800

ELOG IN 2 INCHES .40 ! '.39 I J | j

l ! lFfRGNT 20.0 19.5

#U"### E"' 129 ! 31' I
' I IREOUCT134

) h f |IN THt CK N ES$fDI A M ETE P. ,37$ ,3g)
Anra

|AREA | | i i
-

% R.E.DC04 s7.7 i 61.4 I I I l

r ev An~s ne roam er ! I i ! ! !

} t I 6

SDC TC5T$ FACE
'

!i ELOG ! I i i

ROCT I I I I l

". ELOtC I | I I I !

<.r r i l i

! I
m.ms j

l

I
| I I)

_ ._. _ _____ _____ __-_____ _ ______ .-
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COMBU$ TION ENGINEERING. INC E 4ao ISam

METALLURGICAL A MATE RI ALS LABOR ATORY

~ JOB NO. lupACT E L Sr1E ET ., _OF |

' PROJECT NO. KY SA4PLES CONTRACT NO. DATE

TE5t ueTERIAL m t ?!,e, eten. rM_ r + r a t f - ane Pnte _ rem 7 'mk che 311 manr.
M o-t =44s -, ,,im.,+ms,_ . _ ir<, .<. r+ 1 9 era,t r Mme.o

HEAT TREATMENT 1*90*P 2 ''r*- AC

I

TYPE OF TEST $PECIMEN - CHARPY V NOTCH

ENERGY OF BLOW. ' LOCATICN AND ORIENT ATiOH cVN 3-d Nn f rm IM240 FT Les

Parallel te rulitre directien.

TYPE SATEC MODEL $1 ' ' CAPACITY OF MACHINE N 87 . us. !

$ AMPLE WCTH TMICENE5% DEPT M TEsf ENERGY % "'O I
.

NO, KH!$ K Hgg. OELOW TEMP. AS$omp $HE AR LATERAL REMARQ -

0)j F O gxpaggios
,p g

n-P1 .393 .394 .316 +40 14 0 5 *F Results I

FY-P7 .303 . 3% 116 | +40 12 I G 4 +7% 1F

KY-P3 .393 . Y,4 .316 1 +40 11 0 h +90 IF-

KY-P4 .393 .394 .316 ! +75 f IA 0 4 +110- IF'|
1

l
KY-P5 .393' .394 - .316 | +75 | 15 0 5 +130 INT,1F '

h |FY-P6 .394 .394 .116 I +7% 17 0 8 +140 ONT

KY-P7 | .393 .394 .316 1 +100 23 5 14 NDTT: +130*r |
,

-|

KY-PB .333 .394 .316 I +100 1 20 0 13

! U-P4 .393 I .304 .316 +100 | 2 5 15

IFY-P10 .304 ! .194 - .316 | *?CO ! 42 1 ?5 12

IKY-Pit- .394 | .394 I .317 s300 | 78 | 90 } 56 |
1

~

|

IKY-P12 I .395 I .394 -| .31A +250 ! $2 | 50 | 35 i

KY-P 13 ' .393 I .194 .316 +400 I 88 100 I 65
KY -P 14 - .193 | .344 .316 i +500 I P2 100 63

!YY-PI5- .395 f .393 | .376 I +130 f 30 75 7;

{ uci u,n itrv.m m1 u | y ! u.%,

16'irv_oi, I I mI,n w .,u 4 ,n

I n _m I I ! + W w Im m m ss

l- ! ! I I

I l- ) | I

i -1- 1 I l- ) !

I i i- 1 i-
i i i

_
i l ( 1 -l
i t i ! i i i i

| I I -|- 1 I i i I

L

|
|

.,m., - ..- ,-- , , , . _ ,m, . . , - . . ,- --- . . - - - _ . _ _ . _ _
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C E Power Systems iv 615 265 4631
Comemon Engineenng inc
911 W Ma.n Sweet
Chattanooga Tennessee 37402

__ _ _ _ _ _.___. _ . . . _

Metallurgical and nacerials
. R POWER Laboratory - Chattanooga

asSYSTEMS.-

May 23, 1984

Dr. W. R. Corwin
Metals and Ceramics Division

-

Oak Ridge Naticaal Laboratory
P. O. Box X
Oak P,idge Tennessea 37830

Dear Bills

Subj ec t : Mechanical Property Data - Purchase order 76X-72185V
Job No. 98130469/ Project 900588

MML-84-109

Enclosed are all property data so.far from the series are cladding deposit
and from HSST plate 012B, CVN properties of three different clad samples,
after PWHT at 1125'F. are listed in data sheets 1 - 3 identified as GP, IK
and IL. These are two layer deposits r.ade with Arcos S-4 flux, and tested
as full size CYN specimens spanning both layers. Energy values are un-
expectedly low, indicating a 40 foot pound temperature of +50*F or higher.
and it is not yet apparent how the energy value below +50'T can be
increased to a desired level without deriating from the welding practice
applicable to older vessels. However as you suggested in our conversation,
another approach is to increase the transition temperature of the base
metal above the level observed so far.

Base metal properties, listed in data sheets I through 10, are tabulated
below: _

Austenitized at 1890'F. 2 Hrs.. Air Cool
' Heat Treatment Verification block j initial Heat

From Fabrication Base Plate. 1 Treatment Block.

Temp e r / PWT * |Il15'F. 40 Hrs, ll30*F. 40 Hrs. !!25'F. 40 Hrs.
79.6

Yield Strengtn j 81.2 | 76.7 i

KSI i 80.9 1 76.7 | 79.1

Tensile strength i 101.3 j 96.5 j 99.0

KSI \ 100.9 | 96.7 I 98.7
DWT NUIT 4 +80*F +15'F 6 +70*F

20 toot Found { Data incicates a scatter tanc extending trem +10"E to
CVN Temperature ll10*F.

* Temper and FWT ccobined in one step per paragraph NB2170, Section 3, Asn
B and PVC.

.

-- ~ -- - _._____ __
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Dr. W. R. Corwin ;

Paget 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 normnlized 6

condition. Only the 6 X 64 inch heat treatment strification block has been
subjected to temperlij. Although none of the mecharical property tests
were located within the 7 inch wida " quenched edge" zone of the fabrication

-

'

base plate, this raterial was buffered during normanzing by an 8 inch
. thick 5 inch wide picture frame around the entire periphery. While being_ '

cooled in stiu air from austenitizing temperature, the plat'e was suspended >

in a vertical plane and held above floor' level.- Thermocouples imbedded at
1/4T indicated the cooling rate was uniform f rom 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 i

7 inch wide edge material should be suitabic for additional mechanical
tests. 'All of this 7 inch wide zone is now in the as normalized condition.

Light Microscpoy of broken CVN specimens shows unifotm. equiaxed structure
L of abour ASTM 4 to 5 transformation product grain size. Differences in
| light i , structure are not now apparent between specimens representing

extremi of-the CVN scatterband.

Several questions arise. Could the obj ectives of the program he met if
tempe rir.g /PWHT temperature is less than 1100*F7 Could tempering /PWl;T be,

! omitted?

Yours Very truly,

b A- W
C. T. Ward
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ATTAClIMENT 2

MML-85 100

CLADDING PROPERTIES
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COMBUSTION ENGINEERING, INC, teno rsam

iETALLUkGICAL & MATERI AL$ LABOR ATORY '

s s

JOB PC. IM* ACT_ )'11LQAJA, $HtET I OF 3
. , ,

PROJECT NO. CP $ AMPLE $ CONTRACT NO. DAt[ {

TEST MAT ERI AL Two I.ayer Clad, Three g e tettee Are Precese. Pese "etal . ut31.ni;p

112 54 40 Hr e. TC. 1009 M . Race Above 600*rHEAT TREATMENT
..

TYPE OF TEST SPECIMEN .pgARPY V NOTCH

ENERGY OF BLOW 180 'T 188 LOCATION AND ORID'T ATlard CVN Petallel to Weldier , _

Direetten. tane ef net ch ne. 1 ta e,1A fm_ .j

TYPE - SATEC MODEL il*1 CAPAC11Y OF MACHINE too rt . tes

$ w ts eotn te ouru onnn test tw7aIv~ ** "O'

wh EHr s KH($ StLOW u eP. AS SOm p - $H[44 LAf g hi.g pgMAArt

.[g d'Dj g t s PAN 8 TOM
'

CfWA .391 .393 .Sti +1$ $3 t1

R 141 _191 _ itt 4to a p. 49

e .141 .191 .31* 423 39 34i

S .301 .393 .31 $ +75' 15 16i

r .393- .!93 I .315 +$0 41 38 '

f .393 .394 .315 +25 39 33
'c .393 .391 314 421 &O 39.

M .39% .391 .315 +75 44 52

|
t .191 .394 .315

emme

N 4W 9

i

i

i

I
i

~

i

I l' I
_ . ,

I

l

._

em=+ihu T*"sf*r'7f*'-***N'r+D '-'et'T ---"*-'-"**-+---'a T"' W'"'Wr*W---"'W=&==P9=="du'e'T=T'T_mWP" "'Y'PF-?Pa*W*=0Fw'Wi'14 P7T-t-=y=.ue ug e s-eh'y*W--- w+r-P+M++$7-W r tMbeW-'-T*W'--# api- -*' 1 F-d''6-Ps*h9 dN%? +*'--T '"
"
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CCvDUSTION ENGINEEPING. lHC ***(580

MET AL LURGICAL f. L' AT t PI A L L L ABOR AT OR Y

JOB NO. lu0ACT TfST PATA LHf C T 2 Of '

PROJtCt NO !r LAurLt5 Col 41 R AC T No. DATE

Tt51 val t RI AL T*n taver riad. Mt er Wire fettes Art t r ^ c 84 * P a * * ''< t a t 5"fi ^1?f

eM_

HEAT TRf ATMf.NT ..PfL il 2 'b M "E I' 'L 1 r A'r . .a t e _sl a r. r # r.
-

.CHAAny v NOTCHTYPE Or '.ts! LPictur.r LINE AR Vf LOCITY IN f T. P(R ttCCND 17

ENE R$Y OF BLOe No " t t's LOC ATI?4 AND ORitNT ATim 'TN tara tie t i n W, t e t e r.

(J ir e t t i c'n . Pete c'f Not c h ' or= al t o Weld Tate.
-

TYPE SATEC CEL !!+1 CAF ACITY OF e4ACWNE 780 M lf3

unatt ectu T H(wt u c.t e' n itse t$tncy s *' L4

% pg H[$ pg*N[g 9 t L Off TIMF A $ n;)h 8 $H(Ak LA1 g et a g gig ygg g g

,
I S p A WN .

, pg.

ir m .m I .m .ns I c- n n
I _ t e> < * ! *. I e io it? .?ot .

i It u u ,*c . .m .m w, 4

]D .W .W .315 | en I A3 4)
.

I .m v msI os !I T << n
T I .344 1%

. .it? ! 415 I $1 'M

I ! !

i I I|

i I i
_

i I !

I I I !

l i j

I ! I I

I I ! I i !

I I i i i I i

i l i i i I i

l i I ! I I i !

_
t i i i j i i i

1 i i I i I i
; -

-
- -

-

1 I i i ! i { l

I i 1 i i i i I

| ! l ! l I I

i i i t i i i

I I I I ! | | |

. _ - - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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COMBU$ TION ENGINEERlHG, INC, I *M 15 428

METALWRGICAL 8. MATERI ALS LABOR ATORY

40 No. tuPACT_TfST DATA SMttT 3 0F 3
_

PROXCT NO. ?? SAMPLE $ CONTRACT NO, DA7[-

TEST WTERIAL Two tower riad. three Vire Aertet Are traceae, taae wts! "" Vl?B

HEAT TREATMENT N't 1 it?''r 40 i u. m ta d tvr- t,,, a-,tdr

CHARPY V NOTCHTYPE 07 TEST SPECIMEN
ENERGY OF Elow '80 'T ' l 88 - LOCAfl0N AND ORIENTATION WN hrallel ?? Weldirr

Dit ea t t em . Base af %t c h %ra nt . t o Veld r ce .a

TiPE $ATEy _ g3pgg 31.t CAPACITY OF MACHINE 249 M LPs
~

$ &m44 ' W OT H IHICEMf D DieFM TElf $ 8st RP,7 % M
%

g pq M(g . pg" egg 99 LOW T l h**, ASED&#- $H(&4 4.A f f D A L MEMARES
$/[,", nfQ i p A NS s0't'- f

it-ta - .395 .3 i .316 75 14 29

9 ,?97 .341 '.313 ! .?? 36 ??
_

__ 391 .391 .313 1 +?' 37 SS*
_

D ! .395 .193 .315 6M 40 37,

r I .393 . se? - . s i t. 3s 36 36

I I Ir ist .19* iti 4t* es en

k
. _

_ _.

| |
5

''

i 1 _

i

i

i I I

i

t i

I i

i i i

I l I

i i -i

I I I I I !

- ._ ._ _ __. _ ___ __

ig . . .



i

|
|

171

COMDU$T10N E NGINE L PlHG . INC. t**''682

MET AttVRGICAL & MAT [ PIA LS t ABOR ATORY

JOS NJ, f.MPACT_TD T DAIA SHEET OI - --

PsOJECT NO _. SAurtis CONTRACT N3. paTE

Twa taver C1sd. Ttree Wire Feries Arc Precess. Base Metal - USST Dl;B
TC5T uf f RI AL

As We l ed ( c-nd it t em .
HEAT TMATWENT

CHARPV V NOTCH
TYPE OF itiT SPECIMEN TINE AR vttoctTY IN FY pf R STCOND 0

ENf R(,Y OF blow 740 M .|M (,gqAyggy Aq) Og|[qj Ayg(y4 t'.1 Parallel to weinir e

directien. Pase of netch nereal to we.d fare.
_

TYPE SATEC - @EL Ji 1 C.APA CIT Y OF # CHINE 740 FT_ t og

SAMPLE 801M T HL f Hi ki f/E PT M fitt I Nt hr; V % "' d

NO, PCtt $ pCNi n BE LO84 T&M8 * BSOF * $HEA4 LArgm&L pggaarg
. pf E AP Abl'O88g

* 1.E-WA { .39) .391 | .314 | +75 79 82 Spec tinens not j f
* LE-WB j .39) i .3f8 .314 } +40 i 71 i 72 within rer est ed I

j .3 j u tene.|LL- C j .JV) .jve .315 | - t-v

| LE ' 0 | .39) .367 .315 | 0 | 65 | 62* .

|Lt-WE j .393 .392 .315 j -40 j .5 j | =3*
- - -

| { { 4l* t.I -W I' .393 . .390 . .315 i -100 j 46

j *2 35
| .393 j .315 |LL-WV .J96 -au

jLE-6H q .394 .JV1 |
.31$ j -110 { el 39*

e.

I I I ii

I I l !
36 S pe c ite tte(LL-4A } .3v4 q .J9. j .315 j u $9

{

.396 | .391 | .315 i +75 | t. t> t7 within* LE-iB |,

|LE-IC | .394 | .394 | .315 | -40 | 43 | | 38 reheated

.394 i .394 i .315 | -60 1 -0 } 35 sone|Lt-ZD

LE-ZE ! .394 i .394 I .315 t 60 | 39 ! 34
-

lit-n i .394 i .389 I .315 i +40 i 64 I I M I*

*Epe(tmen t hit kness dittension is cut etttuletande. | |

| | | 1 I i l i

I | l i l i i i

! i i I ) i I i

i l I i i i i i i

! L !! I I !
i

-
i i i i i i i i
: . .

-

. . _ .

i ! i i i ! l i

i i i i l I i ! _ J_

- _ _ _ _ _ _ _ _ _ . .. .. . . .
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COMBL4 TION CNGINEERHG. INC. t **8 'S *U a

f/ETALLVRGICAL & MATE RIAt$ LABORATORY

JOB NO. ,t.i4P ACI Y t lT_ DAT_A_ $HitT .or

M0JtCT No_ LI
fSAMPLt$ CONTR At.T to. DATE

Two taver Clad. Three Vite Serien fec Process. P a n Me t a l - M $f 012 t.TEST ETERIAL ,

;

!

.

11004 M Ws. U N0%r. kate em WFHfAT TREATMENT
,

"
TYPE OF TEST SPLCIMEN

(gNE AR VELOCITY IN FT $R $(C[ eld
o

cvN l'aralle to dineENERGY QF BLOW 780 " ' I Ps ' LOCATION AND ORIENT ATION

direction. Base of notch tierwa t to veld f ace. .

TYPE SATEC gongg i11 CAPACITY OF MACHINE 240 M t t's

taasPkt e UT M T HC E Nfil DSPTM Tfgr $43mQy 4 M4I
C- WJgg pCHE) 94404 T I Me. AESDAP- SHEAR LAftm&L etManes ,

NC[, ,J'04 ,, t pAwo4'
,

|LF.4A .394 .394 .315 -40 25 -20 specimens not - j
. >

1LT-WB .395 1 .394 .315 0 33 31- within reheated 1.

j LT-WC - .395 .393 .315 +20 39 31 sene.

ILF-VD .394 .394 .315 +30 44 43

}LT-WE .395 .394 .315 +25 40 19

LT-WF .394 .394 .315 I *25 36 36 |
'

'!F-WG .394 .394 .315 +210 .38 1 79

| LF-W61 .393 .394 .315 +1M 60 72

I I

I

.LT=IA .394 | .396 - i .315 -o 24 20 Saectmena -|
'

|LF-ZS } .395 i .394 1 .315 0 31 30 nin
=

+ - . ,
LT-ZC | .395 I .394 .314 +20 | 38

'

37 teheated
*

LT-ZD .395 i .394 .314 i +30 37 36 mone

|LF-EE .393 I .394 i .315 i +50 42 45

I I =l

i i

i i

i 1

i I j

i l i !i

I i i i
r- .

h 1|
, ;

-

i

~

)
i i t i i i i

.

. . ._ :
-

~

1

|
|.

'

1

l:

I
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COMBUSTION ENGINEERING. INC. E n> 15 s >

f.iET ALLURGIC AL & fMTf RI AES L ABOP ATORY

JOO 'O- !Mf'CT 3 F.IATA WEET _ OF - _

PROJECT NO LC'
$AMPLES CDN1RACT to. DATE

TE$T MT E RI AL fv- tavet r1pj n y ,, ;te, e,,te, Art tv eg., p.3, e vt,1 m tT.012*

HEAT TR[ATMENT ll2' I 40 Hrs. f C, I OO * I' ! $ff. Fate Aknve f V' T

CHARPY V NOTCHTYPE OF TEST SPECIMEN t,Nt AN vitoClfY IN FT P[R $[COND M
I'0 " lPS LOCATlON AND ORIENT A110N m Teialle1 t9 s e ! 6 i r 4.EN!FGY OF BLOW

Directieti. *a*e of ontch entral to veld f.3re.

TYPE .SATEC - MODEL 11 1 C.A P A CIT Y OF WCHINE 789 " tti

L E ct M Titt (Ngeny % M' dS Ampt.t eOTM THCENf n
B'I d* IBM' A 8 50''' $Mfa# L.A f t # A L etWANel% PCht h PCHE4
"[j",

,

,{*y' zeabs on

.193 } .315 | -40 23 20 $r,ectsens nott.G-bA .393

tO-WB | .393 .393 | .314 1 410 35 { l N within ret wated

!!.G-WC I .393 .393 .315 i no 4 49 i 1 53 rene.

ILC-iD I .393 .393 .314 ! +20 35 | | 31
| LG '.!E .393 .393 314 I * )0 *3 I 37

llc-VF .393 | .393 115 I +210 | '9 | 73

|LG-bG .393 i .393 { .315 i + %0 | 62 82

|LG-WH I .393 | .393 I .314 j +125 58 71

| | l 1

I I I
iLG-IA | .393 | .393 | .315 t -40 24 23 S r e c i me nt, I

|LG- B i .393 | .393 | .315 { +10 31 34 within

ItC-ZC l .39) i .393 I .315 i +40 44 | 45 r et. cat ed

|LC-7D I .394 f .393 I .315 I +20 38 I 3B rane

!LC-7F l .303 | .T93 I .315 +10 ci l u "

Ite-7r ! .m i .m i ms .e- I ! ou

| I | I | I | |
; -

k k
'

I I l ! I i

I ! l ! l I |

| i i I i i i i
I i i i i i i

i i i i i ; i

i I I I | 1 l

i l i i i i i

-._
i i i i I I ! !

!

..
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COMBUSTION ENGINEERING, lHC. t *w viam

METAll.URGICAL & MATE fit ALS L ABORATORY

X)B No, luPAg1 Tilt DAT4 SHEET OF

PMOJECT NO M SAuPLES CONTRACT PC. DATE

e '''.d- '! e n '29'- oti== tre N, **e- ' ' = * '' e t a i - l'" T m ?*TEST MAT E RI AL & in -

~~

HEAT TREATMENT _M M'I d e d U ^fdi t i t'2

CHAAPY V NOTCHTYPE OF TEST SPEClutN - LINE AR Vf LOCITY IN FT. PER $tCOND $1

ENERGY OF BLO8 I'0 " l83 -- LOCATION ANO ORIENTAtl0N m P n!1et ts retaire

Direttift_ ?tte rf trich ter*ai tS Veld f3te.

TYPE .SATEC uoogt tt.t - CAPACITY OF MACHINE 740 FT -LM
~

laasPL1 eCTH f MCa.Nf 5n DEPTW ftli thinCV % - N
NO. KHE & -PCNf6- 88 LOW - T EW'- A#60H'- SHIA4 LAfEmas ATMA #st'- kU f,", d'ON S A'AhtiONr g

tM-WA .19% . .%4 M1$ -4D 52 46 Specimene not ''

tWWB .395 .?94 .?l5. .%h 47 40 within rebested
(M.WC .395 .344 .315 I -60 44 41 sone.

LM-VD .193 .394 .315 I 40 45 39

LM-VF .395 .394 .315 I 00 47 41
_

ty-wr .?o5 .?91 .31$ ! .110 62 30

t.M.WC .W4 .393 .315 i +210 of 95

1R-VH .394 .394 .315 | +12$ B5 86

I
a j.

LM-TA .395 .394 .315 | 40 41 37 spec t sw ns

tM-FB .195 | .394 .315 | -40 45 4a within

itt-70 .39% I .344 ! .31% | -40 47 47 reheated
I .39s I .3e4 I .m 1 An 42 w venetM-m

?%7e .394 ! .194 .31A 8n 15 il
~

I |9.01 Tit +15n ?% 09tu_?t .m

l i I
._,

i I I _

l I | !,

I

I i

i i i
.

-

1 I I i

i i !

I l 1 - l I
._

.

. . _ . . . . . . _
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COMBUSTION ENGINEERING. INC- **'5*m

VCTALLURGICAL & MATERIAL 5 LABORATORY d

JOS NO. 1.upaqLTEST DATA 5HE E T __ ?*

PROJECT ND _ MS
LAMPLES CONTRACT NO. DATE

TEST MAT E RI AL Three Laver Clad. TF. tee Wire Series Are Ptncess. Base Metal - PS57-012B
4

m.

- .

HEAT TREATMENT PWT t t ! Of r 10 Hew. FC 160'T 3r. F a t e a tmve MW T

CH ARPY V NOTCHTYPE OF TEST SPECluEN LINEAfl VELOCITY IN FT PER SECOND n

ENERGY OF BLCw ''O " ' 4 8S LOCATION AND ORIENTATION FW f af 911r' to weldfar
direction. anse af *otch nereal to weld face.

TYPE SATEC @ DEL ?! * 1 CAPACITY OF 4ACHINE 240 M LES

namPLE eCTH T HC K N%1 Cle?M Ytt? thimov % M
NQ, 94"HE $ KM( & BitOne Tt ue. Assome. $Hgan LAf g A AL PluAmE$

g7,C 7 fioN g , p a gg ,ow
_

MS-A | .198 .395 .314 +60 11 26 let laver N|
LMS-M ! .197 I .395 .314 40 12 | 28

|MS-C | .19 ft | .395 .314 I +60 !! 27

( |MS-D | .196 .395 .314 | +60 11 20 3/

IM$-E l .197 .395 .314 | +60 15 29 let layer h

IM!-T | .198 .395 .314 I +60 12 26 after 2nd

MS-G | .198 .395 .314 i +60 16 31
~

MS-H .198 .395 .314 | +60 16 29 h/

| IMS-f .198 .395 .314 1 +60 17 31 2nd Laver A

IMS-3 !. .197 .395 | .314 40 17 16
,

.

- . -
|

iMS-K l .198 .395 ( .314 +60 16 37i

IMS-L I .198 .395 I .314 1 40 17 37 V

19 41 2nd laver MMS-M | 198 I .395 | .314 | +60 '

MS-N I .198 | .395 | .314 f +6 0 20 l 40 after 3rd |

MS-0 I .197 f .395 k .314 | +A0 19 42
'

MS-P i .198 | ,395 .314 i +60 20 41 il
Ms-P l .19A .394 .314 | +60 20 42 3rd 1.sver il

IMS-S I .198 .395 .314 | +60 | 20 40

lMS-T | .198 i 395 .314 | +60 | 20 1 42
MS-0 I .198 | .395 | .]]4 | +60 | 23 | 46 Vi

MS-V | .197 | .393 | .314 i +60 | 13 | 37 let Laver d
MS-W i .191 | .394 } .314 | +co j L3 36 |

|MS-X | .197 | .394 | .314 1 +AO | 13 36 Y

| | | |8

i .
- -

lt ! I i
-

i

I I | i ! !

. - - - - .-- - - - . - -. . -.
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COMBUSTION ENGINEERING , INC. 4 *M '5 8 2'

VtT AL LURGICAL & f.'AT[RI ALS L ABOR ATORY

jag No, turACT TC$T CATA LH E C T _ _ D F _ __ _ .-

5AMPLIS CONTRACT 'O- DATt
' 'M0 JECT NO \H

erice Arc it're u. Pase vetal - "W ' FTEST MTERIAL Twn t w r clav. D rer Wire c

.

HEAT TREAtutNT - P I? IIOO I U "" I '' I''' #^'' '
- - - - - -

TYPE OF tt$f SPECnvE.N LiNE A R \ t LOCITY IN FT Pts $t;ONO 17

ENER*,Y OF Blow M " I PS LOC ATION AND ORl[N1 ATICel O' ''1hile? t^ v' l -! 1 rf,

direetten. 'n o of totes + + rn i en seld face.
_

TYPE - SATEC yoort 51 1 CAPACITY OF MACHmE 7''" t f"i

sawett notw t er.s tet ts utern vest (%tmov s *d
fC, PC H($ P(,Hil $8(Oh Y t MP Ab%DPP $H(&R QTt4AL ptWahat

"$ff, * "m I ' '' "'ON'
rT .

NbA { .197 ! .395 .314 | +60 14 32 Correr tans |
.

w

Nbb l .197 ! .395 I .314 l +60 l 16 I ,I 14 ist Iaver II

kNH-C i .197 | .395 .315 + f-0 l 14 | 31

! NbD | .197 | 394 .314 I +60 l 15 34

iNWE l .197 | .395 .314 1 40 | 17 37 y
, = .

-
. . b. .i_
i

I Aw t ! .391 | .395 | .314 ! un |_ 41 j 4R s t aMar d rn; :

INH-G l .393 { .395 | .315 | +60 ' 41 .h 2nd arid ist

INN-H | .393 | .345 | .314 i 4o0 42 { 47 Lavers

! Nb! l .393 | 795 .314 i +60 l 37 | 41 y

b !I t:bK .197 | .395 .314 h +60 17 ! | 39 2nd laver

I NbL .197 \_ .395 .314 | +b0 19 | I 41 |

INbM \ .197 | .395 i .314 i ++0 19 | k 43 |

lhR-N | ,197 I .395 I .314 i un 17 | ! 37 y
i i l i i i i

i i : i i i i l -

) i I I i i i i I
;

I ! | | | | } k I.
. -

! j i i i ! j i

i t i i i i i i

I k I | l I | I

i ! i t i i ! !

I i i t i i i i

! I | t I ! I i j

i 1 i l i i j i i

i i ! I i I i t i

_ _ __ _ _ _ _ - _ _ - _ - _ _ _ _ - - - __ . ..
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COMBU$ TION DJGINEERING, INC. ten'64U

MET ALLURGiCAL & MAT [ RIALS LABOR ATORY

JOB NO. !MP A T__lf,$D A T A. LHEET C'F _ _

PROJtCT NO- - OC INII*1AMPLES CONTRACT NO. DATE -

|
|

TC$f MT E RI AL IW'' ISver rtad. Three '.!!re teriet Arc Pr~ cis, Fine Metal . "tt rt2ti
-

,

I

HEAT TREATMENT M T8 -- II# IU "f f e- II IYI*f a #8tf 9i N '## |

TYPE OF Trif $PECIMEN LtNE AR vtLOCitY IN FT. PER LECOND 17
' #40 "# ' 188 - LOCATION AND ORifNT ATION CY'! ''nrallel ta veldire- [NERGY OF BLOW

ditettien. Pase af notch rmetal tn veld f ue.

TYPE $4TIO MODEL 11'I CAF ACITY OF MACHINE 240 FT LPS !

$auPLE 00fM T HC E NE bl DE P? H TEli $4fmoy % *O
g p,ygg ggg g #ELOW t i me, s enaa r- SHEAR LA Y g m A L P&Waang

,

19?f,", ,{* b E z ransioNF

OC.* .197 .395 .314 *to 21 48 Corner Fate A I
0C4 .196 I .394 .314 +60 21 46 I

joc.c .197 .394 .314 +60 21 1 47 y I
IOC.E | .197 ,394 .314 +40 16 60 2nd taver h

Ot !.e, .197 .394 .314 +60 24 50 tot Lc. * _
- rc.H .197 ,344 | .314 | +60 2 I. 49

,

0C.1 .197 | .39$ | .314 +60 2$ 49

.197 i .394 | .314 +60 25 % COC.J '

OC-t .197 .399 I .114 i +60 21 41 21 . Laver h 1

|rt w .107 .393 | .314 | +6n le | cn

OC.N .197 .394 I .314 I +60 23 58 V

00 4 .394 | .395 ) .314 | +60 43 | $0 Standard ChN

|0C.P .395 .395 | .314 I +60 42 | 51 2nd and Ist

| 0C4 .304 .394 | .314 f +60 | 44 | 5? tavers

!0c.= 1 .3aa i .394 I . , t t. i un ! r. 4 44 .y
i i I

i i i

! I I I

I l- i I

i i j i i

i i I i i

i I t i i i

i t i i i i i i
:

-

: : -,

t 1 i i |

| I I I I l

- _. . _ _ _
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CouBUSTi0t4 ENGINEERING. INC. < **> S a m

METALLURGICAL & MATEP! ALS LABOR ATORY

JOB NO, tuPACT TftT Peta SHEET OF

payfNPROXCT NO _ nupLES CONTRACT NO.

TEST MTERML Three t. aver clad. Three Wire feries Are trecess. Base Metat Psr -012R

i 1100 10 .r e , rc WWr. Eate awn WW
HEAT TREATMENT

CHAA Y V NOTCHTYFE OF TEST $PECWEN
Iratif + .N intENERGY OF BLOW --- ?'0 8T tes LOCATICH AND ORIENT C

direction. Base of notch entmal 19 weld fate.

TYPE $ATEO WDEL il * 1 CAPACITY OF MACHINE ;40 rt . t_ M

1 Appt.t s OT H T H IC f.NE in CLPTM ft37 E kt p ed 4 M'b3

NO. IfCHEl |MC Ht $ etLOW tt wP. assomp $H(AR LAt ta Ag etwaars
"f|j,*, ,Z_4%' nnoA%som

00-A } .197 .394 .316 j +60 20 3 39 1s, Laver h I

00 5 ! .197 .304 .316 } +60 | 22 i ) 43 1

: (xhc | .197 .394 .316 I +b0 | 14 i A 25 t j
00-D | .197 .395 .316 | ++ 0 | 14 26 ist 1.a v e r A :

1 00-E | .197 I .394 .316 | +60 | 15 29 atter 2nd 1

00-r | .147 .395 .316 i +60 l 16 10 I

.00-G | .197 .394 | .316 ) +b0 15 26

.OO-H I .197 | .393 | .316 | +60 14 25 yl'
_ _ _

|00-I | .197 | .394 | .316 1 460 - | 22 | 30 let Laver h|

IOO-J I .197 .395 k .316 | +60 | 14 | } 30 yI

| 004 | .197 .394 I .316 - +b0 i 20
'

i 37 2nd Laver A'
|

l 35!_ IOO-L | .197 | .395 { .316 | +60 l 19 I

| |CO-M l .197 i .395 | .316 l +b0 } 19 I 35 yJ

00-N | .197 I .345 | .31b i +60 16 32 2nd Laver h |
'

I 00-o I .197 I .195 | .316 i +60 15 | ! 29 after 9rd 7+-

00-F l .197 ) .394 .316 | +60 | 21 1 35 2nd Laver 8
i OO-B I .197 I .394 .316 | +t0 19 35 1

00 4 | .197 | .39$ .316 | +60 17 14 V

f 00-7 ) .197 | .394 .)lb | +b0 | lu 1 34 3rd Laver )L
t }00-0 | .197 .394 ) .316 j +c0 j 19 | ; 37

00-V ! .197 .394 .316 | +60 ) 22 l { 19 {
u0-- } .191 j .39 .m } +co i li D y

I I i i ! ! !

! | 1 i l I

i i i ! i

I I i_I ! I I i

|-

1
!

-- , . , , ,,~~-. r n., --,.._.nn.w, , , . , , , ,
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Chemical Analysis of Br oken CYN Specit.cns. Location
Near Fracture on Face and Root Sides

CVN Specimen LF-W LF-ZF. MS-A MS-B
Test ID

Lab No. D40841 D40840 D40820 D40821

Specimen Side
(A o- B) A B A B A B A B q

!!n 1.27 1.52 1.52 1.27 1.57 1.61 1.64 1.64
Si .77 .71 .70 .75 .74 .75 .80 .76
Ni 9.00 8.31 8.13 8.85 8.35 8. i.4 8.30 8.25 y
Cr 19.10 18.00 17.31 19.07 17.91 18.12 17.75 17.64

Mo .24 .23 .24 .23 .23 .2? .23 .23
V .06 04 04 .06 .04 04 .04 .04
Cb ( .01 .01 < . 01 < . 01 <.01 . . 01 <.01 <.01
Ti ( .01 .01 c . 01 .01 .01 .02 .01 < . 01

Co .07 .05 .06 .07 .06 .05 .06 05
Ca .36 .17 .16 .36 .17 .17 .17 .16 ,,

CVN Energy
Ft. Lbs. 44* 42* 11 12

* Indicates Standard CVN specimen, 10 x 10 cm. All others 10 x 5 mm.

4

t

__
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!
.

Chemical Analysis of Broken CVN Specimens. Location -

Near Fracture on Face and Root Sides
,

CVN Specimen MS-C MS-D MS-E MS-F

Test ID

Lab No. D40822 D40823 D40824 D4082S

Specimen Side .

.

(A-or B) A B A B A B A. B

Mn - 1.56- 1.52 1.64 1.63 1.62 1.62 1.56 1.55 '

Si . 72 .73 79 .78 .75 .18 69 .71..

Ni 8.17- 8.13 8.34 8.20 8.68 8.75 8.08 8.14
Cr 17.39 17.37 17,99 17.91 18.68 19.03 17.24 17.54

Mo- .24 24 23 .23 .22 .21 24 .23.
. .

V .04 .04 04 .04 .04 .04 04 .04.. '

Cb- < .01 <.01 s .01 <.01 < . 01 <.01 <.01 <.01
Ti .01 02 <.01 .1 c . 01 .01 . < . 01 .01

.

- Co .06 05 05 .05 .05 .05 05 .06.
. .

Cu .17' 16 17 .16 .16 .17 16 .16.
.

CVN Energy
Ft. Lbs. 11- 11 15 12

I-

. ..

e --wr ur -et- -w -,++? Tu->M-W-*-T y q-e-wm -d 'rs yTFr 9 Wv@ Y wy- --['N-W+="wvyWrN9''yWV''ty*^-N "-'w'-'TP **T i-sf mg'N"~--m744 --e- 5 +-
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Chemical Analysis of Broken CVN Specimens. Location
Near Fracture on Face and Root Sides

CVN Specimen MS-G MS-H MS-I MS-J
Test ID

,

Lab =No. D40826 D40827 D40828 D40829

Specimen Side
(A or B) A B A B A' B A B

Mn 1.62 1,57 1.57 1.45 1.33- 1.34 1.52 1.33
!ht . .74 .71 .70 .73 .73 .78 .76 .80
Ni 8.63 -8.10 -8.07 8.48 8.93 8.88 8.87 8.86
Cr 18.72 17.41 17.36 18.14 18.90 18.95 18.88 19.02 ,

Mo .22 .23 .24 .23 .23 .23 .23 .23
[ V. .04 .04 .04- .05 .06 .06 .06 .06

L Cb. < . 01 <.01 < . 01 < . 01 <.01 <.01 <.01 < . 01
Ti .01 .01- .01 .01 . <.01 01 .01 .01

Co .05 .05 .05 .06 .08 .07 07 08-
~Cu .16 .16 .16 .24 .34 .36 .37 .36

:

- CVN Enetgy
Ft. Lbs. 16 16 17 17

!
L

6

- - ~ - - - *-w,e,.e.aw m ,w.w - - - . .-,,e---,-w,-e,, ,,,,-,e., - .....,.,,n- -,n.ew.w,, . , , , , . we:mn--- .,,, -.,,-eg.,,v,.,-. y. . . , - , .-swm s n y .w--.--.e-p4
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f4 of 14
8

Chemical Analysis of Broken CYN Specimens. Location |
*

Near fracture on Face and Root Sides
,

i

CVN Specimen MS-K MS-L MS-M KS-N

Test ID

Lab No. O'0830 D40831 D40832 D40833

Specimen Side
(A or B) A B A B A B A 6

Mn 1.33 1.30 1.35 1.31 1.30 1.53 1.34 1.32
Si .75 75 .75 .79 .74 .76 .75- .76
Ni 9.00 8.72 8.91 8.74 8.94 8.55 8.93 8.83 (

Cr 19.00 18.81 18.98 18.98 19.11 18.43 19.06_ 19.05 ;

Mo - .23 .24 .23 .24 .24 .22 .23 .23
V .06 - .06 06 .06 .06 .04 .06 .06
Cb < .01- - < . 01 - < . 01 < . 01 < . 01 <.0' < . 01 c .01
Ti .01 .01 < . 01 .01 .01 .01 .01 .01

Co- .07 .07 .07 .07 .07 .06 .07 .07
Cu .34 .37 34 .36 .37 .20 .34 .36 i

i

CVN Energy
Ft. Lbs. 16 17 19 20

.

- .

_ --
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i ,

i

Chemical Analysis of Broken gin Specimens Location |
Near Fracture on Face and Root Sides |

L
F

CVN Specimen MS-0 MS-P MS-R MS-S ,

71st ID |
t

Lab No. D40834 D4083$ D40836 D40837 i
,

,

Specimen Side I

(A or B) A B A B A B A B

Mn 1.31 1.31 1.40 1.32 1.32 1.28 1.28- 1.34 !

--51- .73 .75- .74 .77 1.80 .80 80 .81 |

Ni 8.85 8.88 8.62 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 >

Ho .23 .24 .23 .23 .23 .24 .23 .23 !

'
V .05 .06 05 .06 .06 .06 06 .06 .,

Cb <.01 <.01 < . 01 < . 01 < . 01 <.01 < . 01 c .01
Ti- .01 01 <.01~ .01 .01 .01 .01 .01

Co .07 .07 .06 .07 .08 .08 .08 .,07

Cu .33 .36 .28 .36 .38 40 .39 .38
7

,

CVN Energy [

l Ft. Lbs. 19 20 20 20 ;

,

!

i

f

i
i

.

L

_ _ _ [

i
;

i
.

A

[

!

e

i

L

:
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|
i
!

'
Chemical _ Analysis of Broken CVN Specimens, Location

Near Fracture on Face and Root Sides (
i
i

I

CVN Specimen MS-T MS-U MS-V MS-W

Test ID
'

Lab No. D40838 D40839 D40843 D40844
i

Specimen Side
.(A or B) A _B A L A B A B'

L

Mn- -1.30 1.28 1.30 1.32 1.56 1.58 1.55 1.52
Si . 81. .80 .80 .82 .7C .74 76 .74
Ni' 9.06 8.92 9.09 9.01 8.59 8.49 8.40 8.24
Cr 19.29' 19.28' 19.45 19.26 18.18 17.99 17.57 17.77

Mo .23 .23 .23 .24 .22 .23 .24 .23
-V .06 .06 .06 .06 .04 04 .04 .04

Cb <.01 <.01 <.01 (.01 <.01 <.01 <.01 <.01
-Ti . 01' .01 <.01 .01 c.01 <.01 .01 .02

,

Co .08 08 .08 08 .05 .05 .05 .06
Cu .39 40 .38 .39 17 .17 .17 .17

CVN Energy
Ft. Lbs. 20 23 13 13

- _ _ _ _
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Chemical Analysis of Broken CVN Spetinena. Location
Near Fracture on Face and Koot Sides

CVN Specimen MS-X NH-C NH-E NH-il
Test 1D

Lab No. bl.0845 D40503 DI0864 D40865

Specimen Side
(A or B) A B A B A B A B

Mn 1.60 1.58 1.59 1.62 1.67 1.60 1.44 1.61
Si 76 .77 67 .70 .72 68 78 .70
Ni 8.30 8.34 8.84 8.82 9.04 8.70 9.04 8.66
Cr 17.45 17.85 18.50 18.76 19.13 10.50 19.27 18.69

Mo .24 .23 .20 .20 .19 .20 .22 .20
V .04 .04 03 .03 03 .03 .06 .03

.01 < . 01 c.01 <.01Cb < .01 < . 01 < .01 < . 01 <

Ti .01 .02 .02 01 .01 .02 .01 01

Co .05 .05 .04 .04 .04 .04 .08 04
Cu .16 .16 09 .09 .09 .08 .34 09

CVN Energy
Ft, Lbs. 13 14 17 42*

* Indicates Standard CVN specimen. 10 x 10 mm. All others 10 x 5 mm.

_ _ - - _ -_ . - _ - - __---_-- _ _ _ _ - - _ - - - _ _ - - _ - _ _ _ _ _ _ - _ _ __
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i

!Chemical Analysis of Broken CVN Specimens. Location
Near Fracture on face and Root Sides

!

|CVN Specimen Nil.1 ~ Nil-M Kil-N OC-A

Test ID

Lab No. D40866 D40867 D40868 D40937

Specimen Side
(A or B) A B A B A B A b ;

Hn 1.43 1,54 1.42 1.3B 1.38 1.41 1.61 l'.64
Si .79 66 .78 ,78 .77 .80 .70 .72

.

Ni 9.07- 8.86 9.07 9.04 9.10 9.00 9.86 9.89 |

Cr . 19.32 18.47 19.29 19.29 19.27 19.33 20.60 20.77 |

Mo .23 21 .23 .22 .23 22 .15 .14
.

V 06 03 .06 . 05. . 06 .06 .03 03
.

Ch < . 01 < . 01 < .01 ( .01 ( . 01 <.01 < .01 < .01

Ti 01 01 .01 .01 < . 01 01 .02 .02
.

Co .07 04 .07 .08 .08 .08 .03 .03
.

Cu .34 09 .34 .34 .35 .34 .06 .06
.

CVN Energy.
Ft. Lbs. 37* 19 17 21

* Indicates Standard CVN specimen, 10 x 10 mm. All others 10 x 5 m.

_ ._ _. _

.hw-, ,4r%g.q ., .-p9 ,gpy-ygi,v- e-y-w,,w Tr-a y ywy--+- -3.-,- wwy+r.,-9,ey w- y' w ,-g-- W'W--'tM=aw'y w --p+aw-g -'spgg i--+,--.y.g4%-qr--yye, ieyw-- .w,,-e-+p -
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'

,

hChemical Analysis of Broken CVN Specimens. Location
Near Fracture on Face and Root Sides

,

CVN Specimen DC-B OC-C OC-E OC-G-
Test ID4

Lab No. D40938 D40939 D40940 D40941

Specimen Side
. (A or B) . A B A B A B A B

Mn- 1.60 !.63 1.60 1.58 1.41 1.44 1.62 1.62
51' 69 69 .69 .70 77 78 . 72- .72. .

NL 10.01 9.98- 10.05 10.02 9.33 9.24 10.40 10.54
Cr 20.73 20.84 20.92 20.91 19.73 19.65 21.55 21.63

Mo 14 .14 .14 .14 21 .20 .13 .12.. .

V .03 .03 .03 03 05 .05 .03 03.

Cb < . 01 < 01 < . 01 < . 01 < . 01 < . 01 < 01. < .01
Ti 03 .03 .02 02 01 .02 .01 .01. .

Co 03 .03 .03 .03 0( .06 .03 .03. .

Cu- 06 -.06 .06 .06 29 .29 .07 06. .

CVN Energ>>
Ft. Lbs. 21 23 18 24

!

- _ _

_

iV f*-e g--p D W ++ 4 p r ='--py f g 9 gig 9 We- .ww,,,fgg,p,.y.-u-rT>S WWeWe8y &==w-M* ace T t-*8-'m*s' T'**f'WPW48' N-+'A 'e mm.w+w-a w-+e :A-meewsa e 7 e-#wre n-W-*** * bW W W
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Chemical Analysis of Broken CYN Specimens. Location
Near Fracture on Face and Root Sides

CVN Specimen OC-li OC-I OC-J OC-L
)Test ID
,

Lab No. D40942 D40943 D40944 D40945

Specimen' Side'-
(A or B). A B A B A B A B

Mn 1.62 'l.58- 1.57 1.$8 1.57 1.59 1.40 1.40
Si' - . 7 2 -- .68 .70 .68 .70 .66 .77 .77

'

Ni. 10.66 10.61 10.60 10.$8 10.63 10.59 9.22 9.12
Cr 21.63 21.54 21.60 21.54 21.57 21.53 19.71 19.50

Mo .13 .12 .12 .12 .12 .13 .21 .22
V- . 03 .03 .03 .03 ,a .03 .05 .05
Cb < . 01 <.01- <.01 <.01 <.01 <.01 <.01 c . 01
Ti .02. .03 .02 .01 .02 .01 .01 .01

Co .02 .02 .02 03 .03 .03 .06 .07
Cu .06 .06 .06 .06 .06 .06 .31 .34

CVN Energy
Ft. Lbs. 24 25 25 21

_ . _ _ .

. . _ _ _ _ _ _ _ _ . . . _ _ _ , _ _ _ _ . _

_

..
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Chemical Analysis of Broken CVN Specimens, Location
Near Tracture on Face and Foot Sides

CVN Specimen OC-M OC-N 00-B 00-C ,

Test ID

Lab No.- D40946 D40947 D40963 D40964

Specimen Side
(A or B) A B A B A B A. B

Mn 1.38 1.38 1.34 1.41 1.62 1.62 1.64 1.64
- Si .78 .78 .79 79 .68 .71 .64 .70
Ni 9.23 .9.16. 9.22 9.12 9.86 9.91 9.52 9.87
Cr 19.68 19.54 19.54 19.54 -20.03 20.03 19.49 19.99

Mo .21 .22 .21 .21 .17 .16 .18 .17
- V .05 .06 06 .06 .03 .03 .03 .03

Cb . .01 < . 01 < . 01 < . 01 < . 01 < . 01 < . 01 < . 01<
-

Ti < .01 < .01 .01 < . 01 .02 01 .03 .02

Co .07 .07 .07 .07 .03 .03 .04 .04
Cu .33 .35 .35 .35 08 .08 .08 .08

.

CVN Energy

|
Ft. Lbs. 19 23 22 14

,

+

i

t

- - - - - - _ . ---s ww .v,n,--men., . - , ~._,.,,.,,e ,,.w,,.,.,, , . , . , , , , , y,,,,-...m-_._n,g _.sm,,,,,.,e., .,,w g. y , .,,,-c,. e. g,.p..-e.4 , m._,-
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Chernical Analysis of Broken CVS Specit:. ens, Location
Near Fracture on Face and Rcc sides

CVN Specimen 00-D 00-F 00-1 00-)

Test ID

Lab No. D40965 D40966 D40967 D4076S

Specimen Side
(A or 3) A B A L A B A B

Mn 1.63 1.03 1.61 1.43 1.60 1.62 1,64 1.63

Si 72 .65 .65 78 66 69 67 .65

Ni 9.51 9.03 9.48 9.27 9.87 10.00 9.61 9.83

Cr 19.41 19.57 19.JO 19.50 19.94 20.25 19.69 20.03

Mo .18 .18 .18 .22 7 .17 .18 .17

V 03 03 03 .05 .03 03 03 .03
.01 c .01 c 01 < . 01 < . 01Cb < . 01 .01 ( 01 *

Ti 02 .02 02 .02 .01 02 .03 .03

Co .04 .04 .04 .06 .03 .04 .03 .04

Cu .08 08 08 .30 .08 08 08 .08

CVN Energy
'2 14

Ft. Lbs. 14 16 i

6
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Chemical Analysis of Broken CVN Specit, ens. Location
Near Fracture on Face and hoot Sides

CVN Specitaen 00-0 00-P 00-5 00-V
Test ID

Lab No. D40969 D40970 D40971 D40972

Specimen Side
(A or B) A B A B A 11 A B ~

Mn 1.39 1,43 1.33 1.35 1.38 1.35 1.42 1,39
Si 84 82 .77 .78 .81 .50 .84 .83
N1 9.19 9.15 9.16 9.16 9.11 9.20 9.10 9.03
Cr 19.49 19.54 19.38 19.41 19.37 19.45 19,65 19.45

Mo .a .23 .22 .23 .22 .22 . .:2 .24
V .06 .06 06 .06 06 .06 . J6 .06
Cb <.01 <.01 ( 01 < . 01 .01 <.01 c. 01 < . 01<

Ti .02 02 .02 .02 .01 02 c . 01 .01

Co .08 .08 .07 .08 .07 .07 .07 08
Cu .35 .37 .34 .35 .33 .36 .34 .39

CYN Energy
Ft. Lbs. 15 21 17 22

,

. _ . . . _ _ _ -
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Chemical Ant'.yais of Eroken CYN Specitt. ens, Location i

Near Fracture on Face and Root Sides

!

i

CVN Specimet) 00-W
;Test ID
i
|

lab No. D40'
i

Specimen Side
(A or B) A B

>

Mn 1.39 1,38 !

Si .83 .84
-N1 9.15 9.13 -i

Cr 19.57 19.56

Ho .23 .23
V .06 .06
Cb <.01 <.01 ,I

Ti - .02 .02 '|

Co .08 08 .

!

Cu .36 .39

CVN Energy j

Ft. Lbs. 17 j

<
_. _ _
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APPENDIX E

MKrERIAL CERTillCATIONS FOR TIIE A 533 GRADE D CLASS 1

BASE MATERIAL USED IN TIIE CLAD PIEITI SPECIMENS
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p ' Plate and terts heated to 1630-1660'F., held 7 hrs..andEhminutesandwater''*f quenched (time in que ch tank - 28 minutes), then tempered 1225-1253*F., held . $-p!:
'

n

# and wa ter quenched (tine in quench tank - 28 minute:-).7 hrt.

1 Plate and ter.ta rtrecat relieved by heating to 1343-1060*F., held 3 hr::. e
and 33 r.inutes and air cor, led. '.

r.L
id Terts streer relieved Dy heating within a rate or 100'F. per hr. to @ :

I! 1153*F., hele p hrs. an3 rurnace cooled withia a rate or. loo *F. per , +

A; hr. to 633*r.
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10 SUSTL E YE NT A R Y NOl t s

11. ABST R AcT ax = ores e tro

A small crack near the inner surf ace of clad nuclear reactor pressure vessels is an
important consideration in the safety assessment of the structural integrity of the vessel .

Four-point bend tests on large plate specimens, six clad and two unciad, were performed
to determine the ef fect of stainless steel cladding upon the propagation of small surface
cracks subjected to stress states similar to those produced by pressurized thermal shock
:onditions. Results of tests at temperatures 10 and 60'C telow the nil-ductility tranei-

~

tion temperature have shown that a tough surface layer composed of cladding and heat-
affected zone has arrested running flaws in clad plates under conditions where unclad
plates have ruptured. Furthermore, the load-bearing capacity of clan plates with large
subclad flaws significantly exceeded that of an unclad plate with a much smaller flaw.
Mere testing is necessary to unambiguously single out whether it is the cladding or the
aeat-c.ffected zone that is primarily responsible for the observed enhanced load-bearing
capacity of plates. The compressive stresses that limited the depth to which the flaw
:oild propagate are absent in a repressuria.ation event. Nonetheless, the experiments show
that if the surface laye. is sufficiently tough, it could prevent flaw, near the surfacea

from propagating along the surface. The flaw could tunnel below the surtace, but a suffi-
:iently tough sur face layer would reduce the maximum stress intensity factor.
12. * L Y WO R US Ot Sc R P I DH 5 Iw wwa v em :9Ia+ 4o wa ne u m '" *- *>^^'C''-3'A'*''

unlimited
cladding irradiation y m. s _m.,
crack arrest light-water reactors

,
, , , , . ,

crack initiation pressurized thermal shock unclassified
finite length flaws reactor pressure vessel , % %_,

fracture mechanics stainless steel unclassified
fracture toughness surface flaws n w,,, , % s
heat-affected zone weld-overlay cladding
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