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ABSTRACT

To assess the integrity of piping systems in nuclear power plants,
materiuls' property information such as fracture toughness and stress-
strain data are required, This report summarizes findings from
testing of heats of piping steel representing a cross-section of those
included in nuclear plants. Included are ferritic steels, austenitic
stainless steels and one heat of an Inconel alloy.

Besides the characterization of piping steels, additional studies
examined the effect on J-R curves of flattening specimen blanks, and

assessed specimen size effects and through-thickness variability on
stress-strain curves.
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| INTRODUCTION

As one aspect of assessing the overall safety of nuclear power plants,
the integrity of both the primary and secondary piping systcms must be
considered. Such integrity assessments require data such as tensile
strength and fracture toughness for the materials under consideration,
in particular to determine whether or not a flaw will propagate
through the thickness of the pipe under specified loading scenarios,
and 2additionally, whether or not a through-thickness flaw will be
stable or will result in a large break.

For a particular evaluation, data for the specific pipe under
consideration would provide the most accurate assessment. However,
fracture toughness data, in particular, are generally not available on
a heat-by-heat basis, and generally only a few Charpy-V (Cy) impact
energy values are available. Therefore, generic results for the
different materials used in piping applications do provide one means
for performing such a safety evaluation.

In recognition of the need for fracture toughness data from typical
piping materials, a task to develop a computerized data base
containing such information was initiated. As a part of this task,
heats of nuclear grade piping materials have been procured and
characterized. This report covers characterization results (including
fracture toughness, C,, and tensile data) for ferritic steels and
wrought austenitic-stairless steels, as well as resulte for one heat
of a nickel-based alloy. Similar results for cast austenitic
stainless steels, in particular for several thermally-aged conditions,
are given in Ref. 1. All of these materials are listed in Table 1-1.

All of the results given in this report and Ref. 1, along with other
data, are available through the USNRC's Piping Fracture Mechanics Data
Base (PIFRAC), the computerized data base mentioned above. PIFRAC is
described in Ref. 2 and 3.

Some of the materials covered under this report have been included in
Phase 11 of the NRC's Degraded Piping Program at Battelle’'s Columbus
Division. Details can be found in Ref. 4.



Table 1-1 Piping Materials Characterized By This Program

Material Identification Pipe Pipe Wall
Code Diameter Schedule Thickness
(mm) (mm)

Ferritic Steels

A 106-B ZP14 152 XXS$ 21.9
A 106-B ZP15 152 120 14.3
A 106-B Zpr2 152 80 11.0
A 106-B ZP13 152 40 7.1
A 106-C ZpP21 813 “or 82.6
A 516 Gr. 70 B 940 .. 82.5
Weld (A516 Gr 70) W 940 “ee 82.5

Wrought Stainless Steels

SA 182 (Type 304) ZP6 508 100 31.0
SA 376 (Type 304) ZP17 152 120 14.3
SA 376 (Type 304) Pl 168 80 11.0
SA 376 (Type 304) ZP12 152 40 7.1

Cast Stainless Steels®

SA 451-C(P)F8 pb 890 o 63.5
SA 351-CF8 c1 600 s 57.2
SA 351-CF8A 18 813 AR 57.0
SA 351-CF3 1 et S el
SA 451-C(P)F3 p2P 930 o 73.0
SA 351-CF8 68> ...d i ] |
SA 351-CF3 69 a8 T S
SA 351-CF8M 70 o sl sesy

Nickel-Based Alloy

Inconel 600 ZP16 152 80 11.0
; Desgribed in Ref. 1.

Data for thermally-aged conditions are also available.
: Static cast pump impeller.

Cast as 76-mm thick slabs.



2. TEST AND DATA ANALYSIS PROCEDURES

2.1 Charpy-V Tests

The Charpy-V tests were made using the Type A specimen given in ASTM
Standard E 23 (Fig. 2-1). In some cases, the specimen thickness (B)
had to be reduced somewhat, due to pipe curvature and thickness. The
test procedures used were as outlined in the ASTM standard.

To simplify analysis of the test data, the energy results were
curvefit to a hyperbolic tangent (tanh) equation, as given by

T-To
Cv - A + B tanh < (2-1)

In this case, the upper shelf is given as A+B, and the temperature at
an arbitrary C, level "E" is given by

-1 [E:a]
TE - To+ C tanh [ B J (2-2)

2.2 Tensile Tests

The tensile tests were made using rouna specimens with threaded-ends,
generally subsize to the standard specimen design in ASTM Standard
E 8. The design used for each heat is descri®:d in the section giving
the results for that heat. Testing was in accordance with ASTM
Standards E 8 and E 21. The loading rate (on the elastic portion of
the stress-strain curve) was generally ~ 500 MPa/min (72.5 ksi/min).
Strain was evaluated from an axial transducer mounted across the
center of the gage section. Load and transducer displacement were
typically stored on floppy disk for post-test processing of the test
data. Engineering stress (op) and strain (eg) were calculated from
the initial gage diameter and Elength, respectively, as given by:

P
% = & (2-3)
o
AL i
"L (2-4)
(5]

where P is the applied load, A, is the gage section area given by =r?
(where r, is the initial gage section radius), AL is the extensomet&r
displacement and L, is the initial extensometer gage length.

Because of necking, true stress-strain values are calculated from
measured load and extensometer displacement up to maximum load only;
the final gage diameter and radius of curvature (of the necked region)
are used to obtain values of true stress-strain at fracture. Up to
maximum load, true strain (ep) is calculated from:
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thickness specimens to be used. i




- LDG° (cE + 1) (2-5)

‘r

vhereas true stress (op) is calculated from:
+ 1) (2-6)
based on assumptions of constant volume (i.e., incompressibility) and

a homogeneous distribution of strain along the gage length (Ref. 5).

The true strain at fracture (‘Tf) is calculated from:

epg = LOG, (A /A;) (2-7)

Tf

where Ag, the final (measured) gage area, is given by wrg. Dimension
r¢ is the measured final gage section radius.

The true stress at fracture (opg) 1is calculated using a Bridgman
correction (Ref. 6):

g = Pf / [Af (1 +2 R/rf) LOCO(I + rf/ZR)] (2-8)

where Pr is the load at fracture and R is the measured radius of
curvature of the necked region. This correction, from a mathematical
analysis, adjusts the average axial stress to account for the
introduction of transverse stresses.

For use in structural analysis, the true stress strain curve is
usually approximated using a Ramberg-Osgood equation, as given by:

;:E-G-f)+a Gf)n (2-9)

where o, and ¢, represent the true yield strength and the yield
strain, respectively. The parameters a and n are adjusted to optimize
the fit to the measured data.

2.3 Fracture Toughness Tests

The fracture toughness tests used compact tension (CT) specimens of
vacious sizes (ranging from 0.4T-CT up to 4T-CT) and thicknesses (from
6 mm to 51 mm). In general these specimens are proportional (i.e.,
the specimen thickness, B, is one-half of the specimen width, W),
although in some cases the pipe configuration forced the use of



reduced thicknesses. The various specimens used are described in the
sections on each heat.

Since these materials generally exhibit upper shelf behavior at the
temperatures of interest from ambient to 343°C (650°F), J-integral
resistance, or J-R curves are the appropriate fracture toughness
evaluations. In some cares, cleavage fracture or pop-ins occurred
during testing.

2.3.1 Displacement Measurements

Displacements were measured along the specimen load-line in all
cases. Typically these measurements were in the standard lucation
between the loading pin-holes, termed V,,, although in other cases a
location external to the loading pin-holes, termed VLL" was used
(Fig. 2-2). The unloading compliance method was used to monitor crack
growth, with the standard Hudak-Saxena equation (Ref. 7) used to
relate compliance measurements to crack length.

2.3.2 Specimen Preparation

After machining, fatigue precracks were introduced into the specimens
via cycling at load levels within the linear elastic range. The
target final (surface) crack-length to specimen width (a/V) ratio was
0.5. To facilitate crack initiation from the machined notches, the
specimens were compressed to a load level not more_ than that required
to give a stress intensity of 26 MPa/m (- 23 ksi/in.), for a tensile
load of the same magnitude. At the final stage of precracking, Kgax
was ~ 22 HP:JE (~ 20 ksi/in.) or somewhat lower in cases where that
level would have exceeded the elastic limit., Although some specimens
were tested in a plane-sided condition, most of the specimens were
side grooved after precracking.

Side grooved specimens were side grooved by 20% of the total specimen
thickness (B), 10t per side, using a C, notch cutter (45° 1induced
angle and 0.25 mm, 0.01 in., root radius). The resultant net specimen
thickness (By) was then equal to 0.8 B. In general, side grooving is
used to promote uniform (straight) crack growth during testing and to
give lower bound J-R curve levels. The straight crack growth improves
the performance of the unloading compliance method used for estimating
crack growth during testing, and indicates a closer tendency towards
generalized plane strain across the crack front.

2.3.3 Test Procedures

The procedures used for these tests are in accordance with ASTM
Standards E 813 and E 1152. Specifically, the unloading compliance
method was used to evaluate crack length during eech test, The
appropriate compliance expressions for the loadline measurement
positions were used (Ref. 7).

All tests were performed on a servohydraulic test frame, with the load
capacity of the test frame and the load cell optimized for each
specimen size. A forced-air recirculating environmental chamber (with
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resistance heaters) was used to achieve the desired test
temperatures. A thermocouple was mounted in each specimen to check
temperatures throughout each test. Temperature was generally
maintained at * 3°C (5°F) of the desired test temperature throughout
each test,

An analog trace of load vs. load-line displacement was made for each
test. Load and displacement data were digitized using digital volt-
meters and stored on floppy disks using a desktop computer. This
system simplified post-test analysis and correction of the test data.

After each test, the specimen was heated using an acetylene torch to
promote oxidation of the exposed fracture surface, i.e., to heat tint
the surface. For ferritic specimens, once the specimen had returned
to near ambient temperature, the specimen was chilled to near liquid
nitrogen temperature and then fractured, exposing the fracture
surface. For non-ferritic materials, the specimen was fatigue-cycled
to failure, using a maximum load no more than 80% of the final test
load, The specimen initial (precrack) and final (test) crack lengths
were measured directly from the fracture surface using an optical
measurement system. This system consists of an X-Y micrometer slide
assembly and a magnifying eyepiece. The crack lengths were evaluated
using the 9/8 averaging technique, in which the two near surface
measurements are averaged together, with the resultant value averaged
with the other seven measurements.

2.3.4 Data Analysis Procedures

As mentioned previously, the unloading compliance method has been used
to determine crack length during the testing of each specimen. The
Hudak-Saxena calibration equation (Ref. 7) is used to relate the
measurements of compliance on the specimen load 1line to crack
length. Both rotation (Ref. 8) and modulus corrections are made to
the compliance data, as specified in ASTM standard E 1152-87.

J 1integral values have been determined using the deformation theory
(Jp) and modified (Jy) forms. In this report, Jy 1s wused to
11?usttate the toughness trends, although J, results are also given in
PIFRAC (Ref. 2), and some comparisons of the various J formulations
are given in this report.

Ernst used a deformation theory of plasticity interpretation of J to
develop a crack growth corrected form of the J integral, termed here
Jp (Ref. 9). Jp is given by

1= [0+ 0 -‘u;fﬂ][ B o )] @

n =2+ 0.522 b/W for compacts

vy =1+ 0.76 b/W for compacts



Deformation theory J, i.e., Jy, is th» formulation of the J integral
specified for use in ASTM Standards E 813 and E 1152. The validity
criteria associated with J, have restricted J,-R curves to the point
that they are virtually useless for application to structural
stability determinations, primarily due to the limits on crack
extension, Evaluation of Jp-R curves for different sizes of CT
specimens have demonstrated a specimen size dependence as well
(Refs. 10, 11 and 12).

One characteristic of J; which was quickly found was a tendency
towards a size-effect, whereby smaller specimens would give lower J-R
curve levels than larger specimens, with negative J-R curve slopes
resulting in many cases. To address these concerns, Ernst introduced
a modified form of J, termed J, (Ref. 11). Some of the attributes of
Jy cited by Ernst include a%otter description of the process of
deformation and crack growth, specimen-size independence, and a large
relaxation of the restrictions on the amount of crack extension and/or
initial remaining ligament needed to produce valid data. The specimen
size independent characteristic of Jy was iInitlally demonstrated in
Ref. 11 for an A 508 Class 2A steel using data from 0.5T- to 10T-CT
specimens. Confirmation of this can also be found in Refs. 10 and 12,

Jy is given by (Ref. 11)

(s, - ¢)

D

JM - JD - f: -‘"3:———— P da (2-11)
o pl

where

Jp = deformation theory J
G = Griffith linear elastic energy release rate
= Ky? (1-v%)/E

8,,8 = the initial and current crack lengths, respectively
JpG = Jpl' the plastic portion of the deformation theory J
6p1 = the plastic portion of the displacement
v = Polsson's ratio
a -1/2
and Ky =P £(5) wBB)

where P is the hold load at a partial unloading, [[3) is given in ASTM
Standard E 399, and W, B, and BN are the specimen width, thickness,
and net thickness, respectively.

Reference 11 also provides an incremental form of Eq. 2-11:

+ AJ (2-12)

v 141 = Ip 141 i+1

where

9



al - A, +

T Mt Wl Jp1)1 (8341 - 2y)
The Jy and Jy equations described above represent "total area" forms
of oach vhor!by the area under the load-total displacement curve is
used along with a single n term to evaluate J. Recent work indicates
that the n term used tends to underestimate the elastic n, n ., for
the compact specimens. Therefore, a more appropriate way to evaluate
Jp and Jy is to sum the elastic and plastic portions of each:

(2-13)

JeJ . . +J (2-14)

el pl

In this case,

I, =k (1 -2)/E (2-15)

el

with K from ASTM E 399, v is Poisson’'s ratio (0.3) and E is Young's
modulus. The plastic part of the J integral is then evaluated by
substituting ABI (the area under the load-plastic displacement curve)
for A in Eq. 2-10 for evaluation of J,. This same Jp is used in
Eq. 2-13 for the evaluation of J,. e forms of J, and Jy which
result from this separation of the elastic and plastic J are denoted
by & subscript of "*", {.e., Jp, and Jus for clarity sake.

The J integral does have a certain validity criteria associated with
it, generally to ensure that a region of "J dominance" exists. The
primary criteria for "J dominance" include:

bdl
vey i » 1 (2-16)
Aa < (0.06 or 0.1 bo) (2-17)
J < min (b,B) O¢ / 15, 20, or 25) (2-18)

The w criteria (Eq. 2-16) is from Hutchison and Paris (Ref. 13), with
a critical w value of 5 normally suggested. The Aa limit of 0.06 was
suggelted by Shih (Ref. 14) whereas ASTM E 1152 uses a limit of 0.1.
The J limits can be found variously in ASTM E 813-81 and E 1152, with
E 813-81 specifying the factor of 25 for J ¢ validity and 15 for data
used to determine J;. , whereas ASTM E 115 specifies 20 as an upper
limit on J evaluation.

A typical J-R curve is illustrated in Fig. 2-3. The J-R curve format
is in accordance with that of ASTM E 813-81. The line emanating from
the origin, called the blunting line, is given
by J ~ 20 _4a, where o, is the flow strength (the average of the 0.2%
offset yield strength and the ultimate strength). The exclusion lines
are constructed parallel to the blunting line, but offset by 0.15 mm
(0.006 in.) and 1.5 mm (0.006 in.).

10
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Fig. 2-3 The J-R curve format used with these data is in general conformance
with that of ASTM standard E 813-8]1, with a 2 of blunting line.
Values of J o are determined as in ASTM E 813, and using a power
law curve-fit intersection with the 0,15 mm offset exclusion line.



By ASTM E 813-81 procedures, a straight line is fit to the teet data
between the 0.15 and 1.5 mm exclusion lines. This line is extrapo-
lated back to the blunting line; the intersection is termed Jq. J1e
equals Jq if various validity criteria are satisfied.

In the power-law evaluation of the J-R curve data, an equation of the
form J = C Aa™ is fit to the data between the exclusion lines. Power
law Jy. values are defined as the intersection of the power-law curve
with ‘a line parallel to the blunting line but offset by 0.2 mm
(according to ASTM E 813-87), or as the intersection of the power-law
with the 0.15-mm exclusion line. Previous experienge has shown that
the latter definition of J;,  tends to give values nearly equivalent to
those from ASTM E 813-81 for low alloy RPV steels.

Another parameter used to characterize the tearing resistance of
structural materials is the tearing modulus, Ty, as given by

E dJ
" af’ da (8e39)
where dJ/da is the slope of the J-R curve. Since the J-R curve
generally conforms to a power-law, with 0 < n < 1, the value of Ty
changes (decreases) with increasing crack growth, For comparison

purposes, average values of Ty, termed T, typically are used. The
"ASTM" Tnvg value (as defined here) uses tRe slope of the linear-fit
as dJ/da; “the "P.L." or power law T, . value is determined from a fit
of the power law to a straight line,” defining dJ/da as an average
slope evaluated in a closed-form manner (see Appendix H of Ref. 10).

2.4 Orientation Nomenclature

The orientation nomen:lature specified {in ASTM Standard E 616
("Standard Terminology Relating to Fracture Testing") 1is used
throughout this report,

In a pipe or tube, the three primary directions are longitudinal (L),
circumferential (C) and radial (R). As {llustrated in Fig. 2-4,
orientation for crack growth specimens (i.e., C, and fracture
toughness) is denoted with a two-letter identifier. The first letter
represents the direction normal to the crack plane, and the second
letter represents the expected direction of crack growth. For the
pipe or tube geometry, the four pertinent orientations are L-C, C-L
L-R and C-R; R-L and R-C represent delamination-type of orientations
which are not critical. Of the four pertinent orientations, L-R and
C-R represent pezrt-through flaws growing through-thickness, whereas
L-C and C-L represent part-through flaws propagating length-wise, or
through-flaws growing towards a large break. Principally for thinner
pipes, the L-R and C-R orientations are impossible to sauple using
standard laboratory test specimen designs.

For wuniaxial tension test specimens, an analogous single-letter
nomenclature is used, with the single Iletter representing the

12
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direction coincident with loading. Therefore, "C* orientation tensile
data are pertinent to fracture toughness data in the C-L and C-R
orfentations.

14



The ferritic steels tested include single heats of A 106 Grade C and
A 516 Grade 70, & weld of A 516 Grade 70 to A 516 Grade 70, and
several heats of A 106 Grade B. Chemical compositions for these heats
are given in Table 3.1,

3.1 A 106 Grade ¢
3.1.1 Material Description

The heat of AlO6 Grade C was procured as an 813-mm (32:-in.) diameter
by 83-mm (3.25-in.) thick pipe. Environmentally-assieted fatigue
crack growth rate deta for this heat are also available (Ref. 15).

3.1.2 Charpy-V Data

Standard C, specimens were tested from the C-R and L-R oriontatlonu of
this heat, at temperatures ranging from ambient to 200°C. Specimens
vere located at the inside diameter, the mid-thickness and the outside
diameter. These data are summarized in Table 3.2 and illustrated in
Fig. 3-1. As {llustrated, the L-R orfentation exhibits higher energy
levels than does the C-R orientation by 768 on average, Both
orientations demonstrate considerable through-thickness variability.
However, this is not consistent between the two orientations as the
inside diameter has the highest energy levels for the L-R orfentation
and generally the lowest energy levels for the C R orfentation,

3.5.3 Tensile Data

The strength properties for this heat wsrs derermined using thveaded-
ond specimors, with a gege diameter of 6.4 mm (0.252 in.) »md o gege
length of 25.4 mm (10 in.) used for elongetion wessurvients.

The s~rength data are sumarized in Table 3.3, and illustrated 1in
Fig. 3.2 Boch orientations demonstrate similar strengih levelr,

athough the circumferential orfenteticen does exhihit w)igh: ly higher
strength, For both orientations, ductilicy 1s iewer a* 2°2°C (450%F)
than at the other test temperatures, although the strength ‘evals are
virtually i{nvariant with temperature.

3.1.4 Fracture Toughness Data

All four principal crack-plane orientations were sampled for fracture
toughness testing. For the L-R and C:R orientations, 1T-CT specimens
were used (Fig. 3-3), with standurd load-line measurements of
displacement, For the L-C and C-L orientations, 27-CT specimens were
used (Fig. 3-4). All apocinann were side grooved 'y 208, except for
the L-C orientation test at 20°C.

Results for the fracture toughness tests are summarized (in

Table 3-4. All of these tests resulted in fully ductile behavior,
with full J-R curves.
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Table 3-2 Chary»~¥ data for & 106 Crade C Steel (ZP21)

Charpy-V Energy

Orientation Location Test Average Actuai
Temperature Masurements
{*C) (&) 3
C-R 1D 22 76.4 73, 77, 79
93 R2.3 75, 85, 87
288 85.4 76, 88, 92
™MID 22 63.3 60, 61, 69
92 90.4 88, 88, 95
288 98.1 96, 99, 99
oD 22 80.9 72, 83, 88
93 101.7 99, 163, 103
2BE i13.9 111, 114, 117
i-R iD 22 141.5 161, 141, 142
23 163.2 155, 160, 175
288 205.4 202, 209
MID 22 103.9 100, 100, 111
93 149.% 146, 152, 153
283 169.0 161, 172, 174
oD 22 i37.8 134, 136, 144
“s 160.0 157, 157, 165

250 176.3 174, 178, 178
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Table 3~<3 Tensile Dota for A 106 Grade C, Heat ZP21

Specimen Tesc Orientation 0.22 Jifset Ultimete Stremgth Reduction Elomgation
Number Temp. Yield Strength In Area

(°C) \'Pa) (ksi) {MPa) (ksi) ) (&)
Al106-2L 22 L 354.4 Si.= 569.5 82.6 68.8 30.9
Al06-1C 22 C 372.3 b 586.1 85.0 61.3 27.9
Al06-3L 232 L 282.% 40.9 588.1 85.3 55.7 26.6
A106~-3C 232 C 328.9 47.7 608.8 88.3 54.6 26.9
Al06-5L 343 L 286.8 4.6 586. 1 85.0 76.3 35.0
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Dimensions in inches
I in, = 254 mm

Fig. 3-3 Fracture toughness tests of A 106 Gr. C used this 1T-CT specimen design.
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Table 34 R Queve Resulte for A 106 Grmle C (MR Sidey rooved )

Bge clmen Tent (a/W) - Now
gl o Wy B, e 3 e
| ™ u-':, Pl Wmwar Pl ASTM

*0 () () (D) (e (eA) (W) ()
8 ientation (1160
ALOS- 10K 0 0.5 1Le 0.1 Hy . 1.5 142.0 LI ) “wh.5
A06- | XX » 0517 1,22 0.8 M7.0 1090 1827 180 155 188 “.5
ANOb- 2208 » 05018 12,00 <049 1080 1050 15,3 1542 T .5
ALOb- | 20 (1] 0.5 1.0 0. 6b 2.8 L 150.5 L 1» 1 a8
ALOb- | SR 121 0500 18 4001 1ML 12e 0.0 1658 e 1 a7
ALDe- | 90R 1] 0515 1.» <. n 1232 e 1647 1.0 114 121 LY
ALO6- 140K m 0.519 12,94 «0.86 .1 .2 125.7 1647 W8 “h.b
MO6- 170K ™ 0.512 1081 0.0 101 w.) W 1 w oo b8
ALOb- |60 oy 0.5 1" “0.41 126.) 1.9 162.7 1585 0 e AN
ALO6- |BCK 84 0513 124 0. 24 w2 Sab 1506 1408 113 10 W57 .8
ADo-2 1 x me OS5y 0w ~0. % 1.8 103.3 6.5 W e (ST )
LA ST TR 0.5 138 L4 215.% ' 210.8 2084 (T I T M0
ALO®- 2008 ) 0.522 .8 . W Hi.e we.e WS 197.6 157 I 2.0
ALOO- 2 KR ) 0.5 waa? “0.45 202 e FIE Y b L [ T a0
Aok clontarion (12-CT)
ALO6- L 4lk b4 0. 02) 1,45 «0.03 Fa L) U | 220.32 A 0 e Wi
A 1S 0 0.9 L 4 +0.0% Wi 1551 .5 1674 ™ m U
ALO6- 200k 2 0521  8.52 0.0 2225 1801 ek W4 0 W7 3.3
ALls~ 3L 2 .54 v.20 0.0 195 1798 207.5 1.9 N e ahhh
LY S ) 121 V51 B84 0.0 15,9 149,46 846 *1.3 e W) w454
MO 1T 121 [PRL1 ) 1.0 0. 2% 130.0 15%.9 L N (LA ] W N PTR Y
AlO6- 1 2LR in 0.521 H.e {12 1.4 9.3 15649 el 0 ial 158 a0
AlUb~) LR pE ¥ 0,48 ¥ <. 22 17 102.0 I188.] 147 .4 7 174 ('S L
AlOe-1208 PRV 0. 19 1:.8% <0, 08 122.8 1i9.% 6l.n 1596 is’ 165 DR
ALOb= 1L 48 0.5 B.6) 0.9 1684 12¢.) 176.4 164.7 1% 1% “33.0
AlO6-1BLS e 0.\ LN 0.7 14 ) 8% LIS Liba w3y N 4330
ALDO- 0 Lk pL) 0.513 1.8 0,18 15.0 1340 180.6 188,55 PEII V. 3.0
AiOb- 10LR ) 0.522 1Y .4 00,5 M. W4.5 5.9 i » a3 4
AlDo- 231k RN 0.51) o 0. % a2 M0 310,13 84,3 S M PRI
AlD6-2418 LN 0.519 3.8 0,12 (LI A22.) 305.0 295.1 e m PRI
A€ Oclontation (2TT)
AlOb-1L0* P 0.519 1.9 1.5 PFAN ) 1942 FITT Y 199.9 Qi DS i
ALO6- 210 121 0.517 . w ~1.5 295.% 1.1 255.0 ng a1 % aah.4
ALD6- 3L m 0.5 X 1.9 A7.4 205.7 210.2 209.4 4 14t a3s. ]
AlLOb-4LL Fo G. 518 8.1 =0, b4 W54 262.5 PO M. 80 178 4300
ALO6-510 my 0. 517 16.4) “0.62 0.9 4.0 P Ny (LN} %0 433.0
AlDb~6lL W 0. 50% 1.7 =193 [ S MY $70.1 a7 N0 ¥ »ns A0 .4
AlDe-71L AR 0.519 8.6l =1 .9 58,7 31,0 329.5 2010 A5 LR Y
Sob Oclentation (21-CD
A O6-ACL N 0.51? LTS ) «0.9) M FAT 219.0 29 121 120 “22.0

* Sideg rooved 101,
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J:R curves for the C-R, LR and L-C orientations are illustrated 1n
Ft;. 3:5 to 3-7. 1Im nach case, the lowest J-R curves are at 232°C
(450°F), with the highest J-R curves at 343°C (650°F). Overall, the
tou;hnoul at ambient temperature is fairly high, with increasing

erature resulting in somewhat reduced toughness, at least to
232 At higher temperatures, the toughness increases
oubntcntially. For each orientation, only moderate scatter results
from multiple tests at each temperature. Jy and Jp give sinilar
comparisons for the L-C orientation (Fig. 3-7).

Comparing the curves at 343°C (Fig. 3-8), the L-R and L-C orientations
extibit much higher toughness than the C-R and C-L orientations. The
closeness of results for the L-R and L-C orientations and, separately,
the C-R and C-L orientations implies that, for the same loading in
both orientations, flaws will tend to propagate through-thickness
almost as easily as lengthwise.

Further {illustration of the temperature dependence and orientltion
effect are given in Figs. 3-9 and 3-10 for J;. and
respectively. The overall temperature dependence is identical to thit
reported by Miglir, et &1. (Re?. 1€), which was attributed o dynamic
sirain aging 7DfFA). Many of the 1T-CT specimers from the L R and the
2R orientevicns exhibited miner serrated tearing, indicative of
DSA. Sevaral othe* gpecimens experienced load drops, rargiug from
muor (20% or less) ¢r much Jarger (up vo 58%), also indicative of
DSA. However, none of _he T7-C7 speczimers from the L-C and the C-L
crientations exhibited uny serrations or load drops. This finding is
sumevhat surprising sircc data for the L-C orientation are neatl;
fuentical to those for ¢he L-R orientstion, and data fer the C-L
crientation sre similar to that Jor the C-R orientation. Although the
Josding ruces for the 17-0T and the 2T €7 specimens were interded to
give the same K on the elastic portion of the load disvlacement
surves, the desc-upency in behavior may be due to inheret dirferences
in the effective strain rate during plastic strain (i.e., after
aaximum load) for the two specimen sizes. Since no evidence of DSA
has been found for the 2T-CT specimens, then DSA may not be the cause
for the temperature dependence seen for this steel.

Load-deflection curves for several tests of the C-R and the L-R orien-
tations are illustrated in Fig. 3-11. The tests at 343°C exhibit no
unusual behavior, whereas the tests at 20°C exhibit only minor ser-
rated tearing, as indicated by the extremely small "lumps" in the
load-displacement curves. (The occasional large load spikes to higher
loads are due to test machine noise and not due to anything from the
specimen.) In contrast, the tests at 288°C exhibit large load drops,
during which large crack jumps occur.

Concerning the indications of DSfA, particularly the crack jumps and
serrated tearing, the lowest J-R curves (at 232° C) exhibited minor
lettlted tearing (similar to that seen in Fig. 3-11 for the tests at
20°C) and small load drops in several cases, but in general the signs
of DSA were more pronounced (i.e., greater load drops) at 288°C than
at 232°C. In general the signs of DSA were less pronounced as the
test temperature was reduced from 232°C, and no serrated tearing or
load drops occurred at 343°C,
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3.2 A 106 Grade B
3.2.1 Material Description

Three different heats of A 106 Grade B were procured and tested. All
three heats had a diameter of 152 mm (6 in.), where Heat ZP13 was a
Schedule 40 (a wall thickness of 7.1 mm or 0.28 in.), Heat ZP15 was a
Schedule 120 (a wall thickness of 14.3 mm or 0.56 in.), and Heat ZPl4
was & Schedule XXS (a wall thickness of 0.86 in.). Heat ZP13 is the
same heat as DP2-F1, ZP15 is the same as DP2-F30 and ZPl4 is the same
as DP2-F2 in Ref. 4.

3.2.2 Charpy-V Data

Due to the thin wall of Heat ZP13, C, specimens with a reduced
thickness (B) of 5.8 mm (0.23 In.) were tested from the L-u
orientaiion only. As 1llustrated in Fig. 3-12 and listed in
Table 3.5, this heat exhibits upper shelf bohavior (as dononttrctod by
100% shear) at temperatures as low as 100 ¢ (-148°F). A sharp
increase in absorbed energy occurs at 28£°C (550°F), although the
latersl expansion do not reflec this increase.

For Heet 2ZP15, full thickness C, specimens (B = 10 ma or 0.39% in.)
were tested from the L-C and C-L orientations, with cne reduced
thickness specimen (B = 5.8 mm or 0.23 in.) tested from the L-C
orientation. Results for this heat are summarized in Table 3-6, and
fllustrated in Fig. 3-13. The L-C orientation is seen to have much
higher wupper shelf energy levels, as the TANH relation (Eq. 2-1)
indicates an upper shelf energy of 153 J (113 ft-1b) for the L-C
orientation, in contrast to 59 J (43 ft-1b) for the C-L orientation.

For both oricntntlonu. upper shelf (as given by 1008 shear) does not
occur until ~ 150°C (300 F. As with 2ZPl3, a sharp increase in
absorbed energy at 288°C (550°F) for the L-C orientation is not
accompanied by a similar increase in 1atotal expansion. For the C-L
orientation, the energy increase at 288°C is reflected by the lateral
expansion,

1f the energy of the reduced-thickness specimen is linearily scaled
(using the specimen thickness / the standard specimen thickness), then
the effective energy becomes 81 J (60 ft-1b). In comparison, two
full-thickness specimens tested at this same temperature had energies
of 81 . (60 ft-1b) and 52 J (38 ft-1b). The lateral expansion of the
reduced-thickness specimen is also nearly identical to that of the
highest energy, full-thickness specimen (0. 66 mm wvs. 0.64 mm),
implying that these two results should be comparable. In contrast,
the low energy full-thickness specimen has low energy and low lateral
expansion, indicating lower toughness which is not comparable to that
of the reduced-thickness specimen. Therefore, a linear scaling of
energy levels for reduced thickness specimens appears to be a
reasonable way to simulate full-thickness behavior for materials of
these toughness and strength characteristics. Scaling the results for
Heat ZP13 in this manner would indicate an upper shelf level of 182 J
(134 ft-1b) for the L-C orientation.
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Table 3-5 Charpy-V Results for A 106 Grade B, Heat ZP13
(Reduced-Thickness Specimens, B = 5.8 mm or 0.23 in.)

Specimen Test Absorbed Laterial Percent
D Tempe rature Energy Expansion Shear
(°C) (°F) (&3} (ft-1b) (om) (in.) (&9

L-C Orientation

ZpP13-2LC? -196 -320 2 2 0.03 0.001 0
ZP13-19LC? -196 -320 # 2 0.03 0.001

ZP13~-1LC? -96 -140 812 602 1.14 0.045 50
zr13-20LC? -73 -100 1007 742 1.19 0.047 100
zr13-3Lc? ~46 -50 952 70® 1.07 0.062 100
ZP13-171LC* -18 0 947 69 1.02 0.040 100
ZP13-6LC? 22 72 95 72® 1.02 0.040 100
zP13-10Lc? 149 300 95° 70° 1-1¢ 0.047 100
ZP13-13Lc? 288 550 1387 1022 1.02 0.060 100

# Reduced-thickness, B = 5.8 mm or 0.23 in.



Teble 3~6 Charpy~V Results for A 106 Grade B, Heat ZPI5
(Pull=Thickness Specimers, B = 10 ma or 0,394 {n.)

Specimen Test Absorbed Laterial Percent
10 Tempe rature Enetyy Ex pansion Shear
e et e St e

(*C) *r) () (ft=1b) (mm) (in.) (1)
4cC Ordentation
ZP15+1LC -9 «140 5 4 0.15 0. 006 U
ZP15+-141C -73 =100 5 o 0,10 0,00 0
EP15-3LC -4t =50 7 5 0. 10 04004 0
ZP15~171C «i8 ¢ $ 6 0,20 14 008 6
ZP1%+~) 21C =] 30 20 i5 Ot l 0.024 17
Zri5-11LC 10 S0 81 €0 1.37 Q. 054 “!
ZP] 5=6LC 2 72 52 38 Ow4  0.0%7 23
ZP15-15LC 22 12 81 60 1.35 0.053 S0
iP15-18.u0% 2 72 Wt st 1.32 0,052 %
LPiS~711LC W) 110 89 (20 1.52 0. 060 0
ZPiS=16LC a3 1.0 102 75 1,68 0,066 6l
ZP15-BLC 66 150 102 15 lebd 0.065 56
ZP15-51C nb 150 110 81 1.73 0,068 él
ZP15-9LC 19 175 92 o8 1.5 0,0% o0
ZP15«41C 93 200 121 89 1.88 0.074 96
ZP15~10LC 149 300 144 106 2,03 0,080 98
ZPiS~21C 204 400 141 104 2.03 0.080 100
ZP15~13LC 288 550 168 124 1.78 0,070 100
Lok Orientation
P 5-1CL -9¢ =140 “ i | 0,05 0.002 0
ZP15~-14LC -73 =100 4 3 0.18 0,007 0
ZP15-3CL ~4b 50 B 6 0.15 0. 006 0
Zr15-17CL -8 0 8 6 0.13 0,005 0
ZP15+~12CL ~-1 30 I8 i3 0,38 0.015 6
ZP15-18CL & 40 16 12 0,606 0.026 12
ZP15-11CL 10 50 19 14 0.4) 0.016 6
ZP15~15CL 22 72 22 16 O, 48 0.01% 27
Pl 5-6CL 22 72 27 20 0.5 0,022 1l
ZP15-7CL 43 110 27 20 051 0,020 27
ZP15~16CL 43 110 34 25 079 0.031 44
ZP15-5CL bb 150 43 32 0.9 0,037 65
ZP15~8CL b6 150 45 33 0.99 0.039 [
Zr15-9CL 79 175 1 34 1412 0,044 85
ZP15-4CL 93 200 34 25 1412 0,044 85
ZP15~10CL 149 300 52 38 1+19 0,047 100
Zr15-2CL 204 400 54 40 1.24 0.049 100
Zr15-13CL 288 550 65 u8 1.2 0,050 100

® geduced thickness, B = 5.8 mm or 0.23 in.
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Fig. 3-13 Charpy-V data for A 106 Gr. B (Heat ZPl5).
evident for the L-C orientation as opposed to the C-L orient:ition.
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For Heat ZPl4, results from C, tests are summarized in Table 3.7, and
fllustrated in Fig. 3-14. As with Heat ZP15, the L-C orientation has
a higher shelf energy than does the C-L »srientation, 136 J (100 ft-1b)
as compared to 55 J (41 ft-1b). For this heat, several tests of the
L-R orientation in the brittle-to-ductile transition region correspond
well ({.e., similar energy levels) with data for the L-C orientation.

Comparison of the upper shelf energy levels (from the TANH relation,
Eq. 2-1) for the L-C orientations of these heats indicates that the
upper shelf energy decreases as the pipe thickness increases, for the
three thicknesses studied.

3.2.3 Tensile Data

Tensile results are summarized in Tables 3-8 to 3:10, and illustrated
in Figs. 3-15 to 3-17. Heat ZP13 used a specimen design with a gage
diameter of 2.9 mm (0.113 in.), and & gage length of 12.7 mm (0.5
in.). The susll diameter was caused by the thin wall of this heat,
with only L orientation specimens possible due to pipe curvature. For
Heats ZP34 and 2Pi5, the tensile specimen design used blanks which
were the same as those used for C, specimens. These tensile specimens
had & gage diameter of 5.1 mm (0.2 in.) and a gage length of 12.7 mm
(0.5 in.). The latter is subsize for calculation of elongation,
therefore elongation percentages are too large for these tests in
comparison to those for the proper gage length,

In all cases, the ambient teawperature strengths exceed the
requirements of A 106 Grade B, Temperature aonlltlvlty is not too
severe for Heats ZP13 and ZP14, although at 204°C (400°F), Heat 2ZP15
has an obvious peak in ultimuate strength which is ~ 258 higher than
that at ambient temperature. The L and C orvientations have similar
strength levels for both heats and at all temperatures.

All three of these heats demonstrate several characteristics of
dynamic strain aging (Ref. 16). First, ductility (as ;iven by
olongation percentage) is less at elevated temperature (148°C and
204°C) than at ambtont tonpcraturos Secondly, the ultimate strength
is higher at 149°C and 204°C than at ambient temperature (except for
Heat ZP13). Lastly, the ntroaa-ntrain curves demon-trato serrations,
principally at test temperatures of 149°C and 204°C.

In terms of the stress-strain behavior of these heats, serrated
tearing, indicative of dynamic strain aglng. did occur in some
tests; all tests at 149°C (300°F) and 204°C (400°F) were affected to
some degree, except for specimen ZPl4-3L, Specific instances of
frequent and large serrations are from specimens ZP13-2L, ZP14-2L,
ZP14-2C, 2Pl4-7L, and ZP15-2L. All of these specimens were tested at
149°C  (300°F). In addition, specimens 2ZP14-3C and ZP14-8L exhibit
single serrations shortly after the yield point, and specimens ZP15-2C
and ZP15-3L experienced serrations near ultimate strength. Specimens
ZP13-3L and 2ZP13-7L exhibited less pronounced serrations. An example
of a serrated stress-strain curve is given in Fig. 3-18. This curve
is from an analog plot of stress-strain. The overall stress-strain
curves for the L orientation of Heat ZPl5 are {llustrated Iin
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Table 37 Charpy-V Results for A 106 Grade B, Heat ZPl4

(Full=Thickrsse Specimeus, B = 10 mm or 0.39 in.)
Speciamn Test Absorbed lLaterial Percent
1 Tewperatuyve Eneryy Expansicr Showr

{*C) (*F) (N (ft=lb) {wn)  (in.) (2)
A€ Crientetion
ZPl4=110 -96 «140 5 4 0.10 0.004 0
ZPlé~141C =13 ~100 9 7 O.18 0.007 0
wPl4=31C -4t =50 14 10 0.20 0,008 0
ZPl4~171C ~18 0 27 20 Ve bl 0.019 6
ZPlé~16LC -7 20 Y 5 077 0.031 17
ZPl4~121C “ 40 57 42 0.91 0036 33
irla~11LC 10 50 87 b4 1.35 0.083 52
ZPl4=6LC 22 72 B4 62 1,40 0,085 55
ZP14~I5LC 22 72 92 68 1.45 0.057 60
ZPle~18LC 22 72 43 32 1,12 0,044 70
ZP14~91LC 32 90 117 86 1.83 0.072 82
ZPl4~517C 43 110 1:4 82 1.70  0.067 77
ZPl4~7LC 43 110 114 B4 1.70 0.067 12
ZP14~81LL 66 150 134 99 1.93 0.076 100
ZPl4=41C 93 200 138 102 2,06 0.08] 100
ZPl4~101C 149 300 130 96 2,06 0,081 100
ZP14~21C 204 400 132 97 1.98 0.078 100
ZP14~131C 288 550 141 104 1.88 0.074 100
- ti
ZPla~iCL -96 =140 7 5 0.10 0.004 0
ZPl4~-14CL =73 =100 5 4 0.03 0,001 0
ZP14~3CL -4b =50 12 ~ 0.18 0.007 0
ZPla~15CL ~18 0 19 14 0.33 0.013 6
ZPl4~12CL 4 40 19 14 0.46 0.018 21
ZPla-11CL 22 72 27 20 0.51 0.020 50
ZP14~6CL 22 12 30 22 0.64 0.025 3l
ZP14~9CL 32 90 52 38 0.79 0.031 58
ZP14~5CL 43 110 33 24 0.74 0,029 58
ZPl4~7CL 43 110 38 28 0.74 0,029 55
ZP14~BCL (19 150 49 36 0.97 0,038 94
ZPl4~4CL 93 200 43 32 1.12 0,044 100
ZPlé=10CL 149 300 ay 36 1,22 0.048 100
ZP14-2CL 204 400 50 37 1,30 0,051 100
ZP14~13CL 288 550 65 48 1.35 0.053 100
Aok Orfentstion
ZP14=2LR -7 20 b 30 0.66 0.026 12
ZPlé~1LR -1 30 76 56 1.19  0.047 27
ZP14=3LR “ 40 98 72 1.45 0,057 55
ZP14~4LR 22 72 115 85 1.73 0.068 68
ZP14~5LR 32 90 122 90 1.80 0,071 74
ZP14~6LR 43 110 113 83 1.68 0.066 75

® Reduced thickness, B = 5.8 mm or 0.23 in,
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Fig. 3-14 Charpy-V data for A 106 Gr. B (Heat ZPl4). As with Heat ZP15, the L~

orientation exhibits much higher toughness than the C-L oriemtatisc, amd
similar toughness to the L-R orientation in the transition region. Uppe:
shelf is achieved at ~66°C (150°F).




oy

Table 3-8 Temsile Strength of A 106 Grade B (Heat ZP13)

Specimen Test Orien— 0.2% Offset Titimate Reduction Elongation
Numbe r Tempe rature tation Yield Stremgth Strength in Area
(°C) (*P) (MPa) (ksi) (MPa) (ksi) {%) (%)

ZP13~-1L 24 75 L 293.6 42.6 467.9 67.9 70.9 47.5%
ZP13-6L 24 75 L 295.5 42.9 470.1 68.2 58.3 35.0
ZP13-2L 149 300 L 253.1 36.7 429.5 62.3 70.9 32.8
ZP13-3L 204 400 L 256.7 37.2 448.5 65.1 49.8 26.%
ZP13-7L 204 400 L 259.0 37.6 453.7 65.8 65.9 34.3
ZP13-4L 288 550 L 212.0 30.8 467.7 67.8 Sa&.7 25.9
ZP13-5L 343 650 L 201.2 29.2 454.0 65.9 56.7 5.6

ZP13-8L 343 65C L 258.5 37.5 458.2 66.5 76.2 46.5
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Table 3-9 Tensile Stremgth of A 106 Grade B {Heat ZP15)

Specimen Test Orien—- 0.2%7 Offset Ultimate Reduction Elsmgat’on
Numbe r Tempe rature tation Yield Strength Strength In Area

(°c) (°F) (MPa) (ksi) (MPa) (ksi) (%) (%)
ZP15-1L 25 77 L 314.5 46.0 520.1 75.4 62.2 8.6
ZP15-icC 25 77 C 320.3 46.6 510.9 74.1 §5.2 b
ZP15-2L 149 300 L 308.0 44.8 628.0 91.1 3 .& .6
ZP15-3L 204 400 L 360.7 49.6 659.5 95.7 33.5 6.0
ZP15-2C 204 400 C 333.9 48.6 652.5 94.6 34.4 20.¢Q
ZPlS-AL 288 550 L 319.7 ‘6.5 620.7 ’0.0 3‘0‘ 2‘.8
ZP15-5L 343 650 L 315.2 45.9 586.1 85.0 41.5 3.2
ZP15-3C 343 650 C 322.5 46.9 565.5 82.0 16.2 i%.6
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Table 3-10 Tensile Stremgth of A 106 Grade B (Heat ZP14)

Specimen Test Orien— 0.2Z Offset Ultimate Reduction  Elongation
Numbe r Tempe rature tation Yield Strength Stteq‘th In Area
(°c) (°F) {MPa) (ksi) ‘MPa) (ksi) (%) (z)
ZP14-6L 25 77 L 270.4 39.2 S1..1 74.1 60.9 42.4
ZP14--1C 25 77 C 275.0 39.9 512.2 74.3 63.4 48.0
ZP14-2L 149 300 L 255.0 37.0 529.6 76.8 39.9 22.8
ZP14-7L 149 300 , 251.0 36.4 537.0 717.9 54.4 30.4
ZP14-2C 149 300 C 248.6 36.1 533.7 77.5% 42.2 19.4
ZP14-3L 204 400 E 277.0 40.2 572-2 83.0 37.6 22.6
ZP14-8L 204 400 L 26l.4 37.9 570.7 82.8 44.5 28.4
ZP14-3C 204 400 C 258.4 37.5 573.8 83.2 40.7 264.4
ZP14-4L 288 550 L 262.3 38.0 568.6 82.5 44,5 31.8
ZP14-9L 288 550 L 254.5 36.9 571.2 82.8 53.1 28.4
ZP14-4C 288 550 C 255.0 37.0 567 .8 82.4 51.0 28.0
ZP14~-5L 343 650 L 257.9 37.4 537.8 78.0 51.2 34.56
ZPl4-10L 343 650 E 242.2 35.1 532.1 77.2 60.0 43.4
ZP14-5C 343 650 € 238.8 34.6 534.4 77.5 62.8 %9.0
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than those for Heat ZP13.
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The yield stremgth levels for this heat
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those for Heat ZP15.
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Fig. 3-19. These curves illustrate the serrations at 149°C and 204°C,
and the l-~k thereof at the other test temperatures.

3.2.4 Fracture Toughness Data

With the different geometries evailable for the three heats (due to
wall thickness differences), each heat used different specimen
designs, intending to optimize the specimen thickness and unbroken
ligament in each case.

For Heat ZP13, the specimen design was a 0.4T-CT specimen, with a
thickness of 5.8 mm or 0.23 in. (Fig. 3-20). Results for this heat
are summarized in Table 3-11. From Fiz. 3-21, J-R curves for the L-C
orientation (using plane-sided specimens) at 149°C and 288°C
demonstrate no temperature sensitivity at thise two temperatures.
Similarly, results for A 106 Grade C (Figs. 3-5 to 3-7), 1likewise
demonstrated little or no difference in these same two temperatures,
However, additional tests at ambient temperature and at ~ 204°C
(400°F) would probably indicate temperature sensitivity, with a
minimum in J-R curve at -~ 204°C (400°F),

Comparing data from plane-sided and side-grooved specimens at 200°C
(Fig. 3-22) demonstrates the J-R curve reductions normally associated
with side-grooving, as has been found with reactor pressure vessel
steels. In particular, J levels are generally unchanged with side
greoving, with the major reduction in toughness occurring as reduced
J+R curve slopes (i.e., tearing resistance). For the case of thin
wall pipes in particular, data from plane-sided specimens may be
appropriate in comparison to the fracture behavior of actual pipe, but
the use of data from side-grooved specimens would give some additional
conservatism in the measured toughness.

Of the two orientations for which J-R curves were determined at 288°C
(Fig. 3-23), the L-C orientation is seen to have much higher toughness
than the C-L orientation. In the case of the C-L orientation, JI
levels are very low, from 45 to 57 kJ/m? (250 to 325 in.-1b/in.2?), ans
the tearing resistance is also quite low.

For Heat ZPl5, a 0.5T-CT specimen design with a thickness of 9.1 mm
(0.26 in.) was used (Fig. 3-24). Results for this heat are summarized
in Table 3-12, As indicated, tests at 24°C for both orientations
resulted in brittle fracture after some amount of stable crack growth
(Fig. 3-25). For the stable crack growth data available, the L-C
orientation demonstrates wuch higher toughness than the C-L
orientation,

Similarly at 149°C and 288°C (Figs. 3-26 and 3-27, respectively), the
L-C orientation demonstrates much higher toughness than the C-L
orientation. The higher toughness is exemplified by higher J1o levels
and higher tearing resistance (J-R curve slopes).

For both the L-C and C-L orientations (Figs. 3-28 and 3-29,

respectively), the highest J-R curves are at 24 C (although these
curves terminate in cleavage fracture), whereas the J-R curves at
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Table 3-11 J-R Qurve Results for A 106 Grade B (Heat ZP13)

Specimen Test Side (a/\l)o s mp-m_ e Ko T

Numbe r Temp. Groove —

l’.l,.2 Linegr P.L. iinmear P.l. ASTM
(°C) (%) (mm) (mm) (kJ/m°) (kJ/=°) {(MPa/m) (MPa/m)

L-C Orientation

ZP13-11LC 149 0 0.527 S.46 -0.48 402.5 376.9 282.8 273.7 364 378

ZP13-21C 149 0 0.524 5.55 -0.63 331.4 300.8 256.6 244.5 395 413

ZP13-31LC 288 0 0.511 4.41 -2.09 454.6 425.6 294.5 285.0 518 519

ZF13-41C 288 ¢ 0.522 7.10 -3.47 387-7 381.4 271.9 269.7 411 402

ZP13-71C 288 20 0.519 5.50 -2.30 274.2 269.4 228.7 226.7 227 228

ZP13-81C 288 20 0.522 5.92 -0.78 244,11 216.7 215.8 203.3 282 303

C~L Orientation

ZP13-1CL 288 20 0.518 6.57 ~0.42 48.6 44 .8 96.2 92.5 41 59

ZP13-2CL 288 20 0.515 5.86 ~0.69 56.6 52.0 103.9 99.6 103 111
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Fig. 3-21 J-R curves for the L-C orientation of A 106 Gr. B (Heat ZP!3), using plane-sided
specimens. Data at 288°C are only; slightly lower than that at 149°C.
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Fig. 3-24 Fracture toughness tests of A 106 Gr. B (Heat ZPi5) used this 0.5T-CT specimen

design with a thickness of 9.! mm (0.36 in.).
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Table 3-12 J-R Qurve Results for A 106 Grade B (Heat ZP15)

Specimen Test Side (a/¥) s M - J K Flow
Yumbe r Temp. Groove " i *n - - — Strerg th
P.L. 5 Linear P.L. Linear P.L. AST™

0 @ () (mm)  (kJ/@) {xi/m5) (we/m) (WPa/m) (MPa)
I-C Orientation
ZP15-71C 24 20 0.52 ~—* 2 33.0 » 263.0 . -2 = 416.4
ZP1S-8IC 149 20 0.501 6.94  -0.07 112.4 113.4 149.5 150.1 9% 95 468.0
ZP15-1LC 149 0 0.520 6.80 -1.13 122.6 115.8 156.1 151.7 131 133 468.0
ZP15-21C 149 0 0.522 6.0 -1.35 133.8 124.0 163.0 157.0 111 116 468.0
ZP15-3LC 288 0 0.531  6.97 -1.07 125.4 123.8 154.6 153.7 117 116 470.2
ZP15-4LC 288 0 0.513  6.56 -0.80 125.6 114.1 154.8 147.5 108 118 470.2
ZP15-5LC 288 20 0.530 6.22 -0.21 104.2 100.8 141.0 138.6 93 95 470.2
ZP15-6LC 288 20 €.522 6.29 =0.35 110.5 104.9 145.2 141.5 85 90 470.2
C-L Orientation
ZP15-3CL 24 20 0.511 —a o 96.7 94.4 147.9 146.1 86 88 416.4
ZP15~4CL 149 20 0.523  6.95 -0.50 60.0 60.0 108.2 109.2 33 468.0
7P15-1CL 288 20 0.563  5.45  -0.24 5.2 56.0 101.7 103.3 31 3 470.2
ZP15-2CL 288 20 0.523 5.52 -0.31 59.7 52.5 106.8 100.0 &6 50 470.2

N Cleavage fracture precluded determination of this quantity.



Iy k1w

708

et

500

408

308

Y

|38

DELTR & (in.)

(4 0.825 0.050 ©0.075 0.180 0.125 0.150 @.175
1 ] T T T T T
o H 106-B (ZP15)
24°C, B.5T-CT, 20% SG
4 J
A‘ 'y L-C
R / o - (el
/[ "
/ o "
A DD
) { B
/ o d
: 0 ,
el
/
J
| L L | |
1.0 2.0 3.0 4.0
DELTA a (rm)

Fig. 3-25 J=R curves for A 106 Gr. B (Heat ZP15) at 24°C.

40

o

:

Ty (m.-lb./m.zi

| B




In (k]’l\zl

DELTR a C(in,)

4 .85 0.0 @.15 B.20 B.2%
) T T - : .
R 106-B (ZP1%)
143°C, B.57-CT, 20% SG - 41309
£08 & =~ L-C
. "":'L A
! 4 - 30
} a
l | ¥ay
408 + ¥ i " a
/' e | 2000
{l 48°
j ol
290 r-‘h AA 1 ® ® -
£ RGP T, Sl . -] 1o
e * T
: | . 1 8
@ 1.5 3.8 45 6.0 7.9

DELTH & (mm)

Fig. 3-26 J-R curves for A 106 Gr. B (Heat ZP15) at 149°C.

txn.-lb.ltn.z)

v

v




I (kJ/nf)

%] 858 108 158 .288 .258
750 T T T T Y _l
A186-B (6* Sch. 120) -
8.5T-CT (B.368"), 28% SG, 288°C
688~ A& ZP15S-5LC A - L€
A 7P15-6LC m - CL a
= PI5-10L a B oo
® ZP15-2CL / A
450 l I 2 Y.
&
a
| ant B
389 ‘pfslP
A.A / s B »
‘M‘ 2 b3 n®
» . - 1808
158 i L .- y s ¥ »
1] s L]
® '/
2 J 1 1 1 2
1.5 3.8 4.5 6.8 7.5
DELTR a (mm)

Fig. 3-27 J-R curves for A 106 Gr. B (Heat ZP15) at 288°C.

J ('ﬂ.']b./’ﬂ.a)



DELTR a (in,)
.05 0.1@ B. 1S B.20

T T T ™
A_186-B (ZP15)

700
L-C Orientation, @.5T-CT, 28% SC
600
P A
vy

500 ( cﬂ‘a
-~ f & A
& 4op .
o {
o . , GO

v Y

= 108 dﬁ@&

: / a - 40¢

145 & - 148C

/ 0 - 288'C
(@ II
o .'f | 1 | | |
c.0 3.0 4.8 5.8 6.0
DELTA & (mm)

Fig. 3-28

_es

4000

z

z

In (m.-lb./m.zl

=

J=R curves for the L-C orientation of A 106 Gr. B (Heat ZPl5),

using sidegrooved specimens.

59



DELTR a (in.)

(4 e.e5 0.0 8.15 8.20 .25
420 L) I T T T
A 186-B (ZP15)
C-L Orientation, @.5T-CT, 28% SG -1 C000
08 - &
O
4 1500 .
" o @ a8 g
3 WY E
; DU‘DDﬁﬁ - 1002 :c_
4 =
Lo & - 24°C
& - 48'C - see
0 - 288°C
B 1 | L I 0
3.0 4.0 5.0 6.0 7.0

DELTA a (min!

Fig. 3-29 J-R curves for the C-L orientation of A 106 Gr. B (Meat ZpPl5),
using sidegrooved specimens.



149°C and 288°C are remarkably close to one another. The latter trend

is likewise followed by plane-sided tests of the L-C orientation as
well (Fig. 3-30).

Lastly, comparisons of data from plane-sided and side-groovad
specimens for the L-C orientation at 149°C and 288°C indicate a fairly
moderate effect of side-grooving in these cases (Figs. 3-31 and 3-32),

especially as compared to the larger decreases found for Heat ZP13 in
Fig. 3-22.

For Heat ZPl4, tests of the C-L and L-C orientations were made using
side-grooved 0 .8T-CT specimens with a thickness of 18 mm or 0.7 in.
(Fig. 3-33). Some additional tests of the L-C orientation were made

with plane-sided 1T-CT specimens with a thickness of 15 mm or 0.6 in.
(Fig. 3-34).

Results for the J-R curve tests are summarized in Table 3-13. As
illustrated for the L-C and C-L orientations using side-grooved
specimens (Figs. 3-35 and 3-36, respectively), and the L-C orientation
using plane-sided specimens (Fig. 3-37), the highest J-R curve levels
occur at a test temperature of 25°C and the iowest occur at 149°C. In
contrast to results for Heats ZP13 and ZP15, tests at 288°C give J-R
curves which are between the curves at 25°C and 149°C. 1In addition,
the test at 343°C for the C-L orientations exhibits similar toughness

to that at 288°C. This trend is not consistent with that found for
A 106 Crade C (see section 3.1.4).

For the C-L orientation tests, serrated tearin%) is evident on cthe
load-displacement traces of the two tests at 288°C (Fig. 3-38). The
serrated tearing is thought to be indicative of dynamic strain aging
(DSA), which can cause reduced toughness (Ref. 16). For the test at
343°C, the load-displacement curve demonstrates twe large load drops,
the first of which occurred just after maximum load (Fig. 3-39).
These two load drops do cause minor discontinuities on the J-R curves
(Fig. 3-36); the first load drop is evident on the J-R curve as a
crack jump (with only a small increase in J) from Aa of ~ 0.8 mm to Aa
of ~ 1.5 mm. The second load drop results in a crack jump from
~3.8mm to ~ 5 mm. Although these load drops result in a large
increase in crack length with only a small increase in J, the tearing
resistance (J-R slope) does not appear to be adversely affected by the
load drops, as the J-R curve for this test is similar to those for the
tests at 288°C, One additional point is that no serrated tearinrg
occurs for this test, only the load drops.

As illustrated in Fig. 3-40 at 25°C and 288°C, the L-C orientation
exhibits much higher toughness than the C-L orientation. This trend
is consistent with that found for the other heats of A 106. The
differences in J levels, ranging from a factor of two
similar to the difference in C, upper shelf energy,
(based on the TANH results)

to three, are
& ratio of 2.5:1

As with the other heats of A 106 Grade B, side-grooving results in
moderate to large reductions in J levels for the L-C orientation of
this heat, as illustrated at 25°C and 288°C (Fig. 3-41)

Gl
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Fig. 3-30 J=P curves for the L-C orientation of A 106 Gr. B (Heat ZPl5),
using plane~sided specimens.
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Fig. 3-31 J=R curves for the L-C orientation of A 106 Gr. B (Heat ZPl5)
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Fig. 3-33 Fracture toughness tests of A 106 Gr. B (Heat ZPl4) used this 0.8T-CT specimen
design with a thickness of 18 mm (0.7 in.).
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Table 3-13 J-R Qurve Results for A 106 Grade B (Beat ZPl4)

T * = ,/ ) )
Test wbide (a/W) ! e Kie
Temp. Groove

P.L. Limzr P.L. Linear
(°c) (D ( (kJ/md)  (kJ/m) (Wa/E) (MPa/m)

1-C Orientation

ZP14~11C 25 ) 0.509 417.9 392.9 293.2 284.3 398.2

ZP14-21C 149 0.515 161.7 127 .8 179.3 159.3 393.1

ZP14-41C 149 ] 0.521 ! 136.2 136.4 164.5 164.6 393.1
7.78 322.1 323.3 247 .9 248.4 414.0
7.69 245.7 229.4 216.5 209.2 414.0

ZP14-31C 288 0.518
ZP14-51C 288 ; 0.513

ZP14-11C 25 0.521 8.65 270.1 250.0 235.7 226.8 398.2
ZP14-61C 25 0.505 8.90 193.4 156.5 199.5 179.4 398.2
ZP14-21C 149 ) 0.531 10.02 108.9 109.6 147 .1 147.5 393.1
ZP14~71C 149 0.467 11.20 89.2 94.4 133.2 137.0 393.1
ZP14~41C 288 20 0.539 10.20 197.4 204.3 194.1 197 .4 414.0
ZP14-3LC 288 0.519 10.02 1583.2 157 .6 186.9 173.4 414.90

C-1L Orientation

13i.7
ZP14-2CL 149 t0.16 105.6
ZP14-3CL 288 9.49 . 110.4
ZP14-4CL 288 10.43 122.3
ZP154-5CL 343 10.95 134.6

ZP14~1CL 25 10.61
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3.3 A_516 Grade 70
3.3.1 Material Description

The heat of A 516 Grade 70 was procured as a 940 mm (37 in.) diameter
by 82.5 mm (3.25 in.) thick pipe. This pipe was originally intended
for use in the cold leg of a pressurized water reactor (PWR). This
heat is the same as DP2-F34 in Ref. 4. A weld of this same pipe has
also been characterized (see Secton 3.4),

Data from slow strain rate testing of this heat are given in Ref. 17.
3.3.2 Charpy-V Data

Full-thickness C, specimens were used from this heat. Ail four test
orfentations were sampled. For the L-C and C:1. orientations,
spoecimens were located at the nominal inside diameter (ID), the mld-
thickness (MID), and the nominal outside diameter (uD). Only the pipe
mid-thickness was sampled for the C-R and L-R orientations.

Results from the C, tests are given in Table 3-14, with the TANH
curve-fitting results summarized in Table 3-15 (the lower shelf has
been forced to 6.8 J or 5 ft-1b). For all crientations, the onset of
upper shelf (as determined by 1008 shear) occurs at ~ 93°C (200°F),
with several of the data sets exhibiting 1008 shear at somewhat lower
temperatures. As {llustrated in Fig. 3-42 for the L-C orientation,
all three thickness locations exhibit similar energy levels within the
transition reglon, However, the 1D location exhibits much higher
upper shelf energy levels. From the TANH curve-fitting, the 1D
exhibits an average upper shelf energy of 200 J (147 ft-1b), in
contrast to 143 J (106 ft-1b) for OD and 132 J (97 ft-1b) for MID.

A similar trend holds for the C-L orientation (Fig. 3-43), although
the differences in the energy levels for the various thickness levels
are much smaller. The 1D has an average upper shelf energy of 98 J
(72 ft-1b), the OD has an average energy of 87 J (64 ft-1b) and the
MID has an average energy of 79 J (58 ft-1b),

Comparison of the curve-fit trend lines for the mid-thickness location
(Flg. 3-44) indicates similur toughness for the C-L and the C-R
orientations, with the midthickness of the LR orientation exhibiting
much higher toughness than the L-C orlentation.

3.3.3 Tensile Data

Tensile tests of this heat were made using threaded-end specimens with
a4 page diameter of 12 .83 mm (N 505 in.) and a gage length of ~ 50.8 mm
(2 in.) used for elongation measuremencts. “he pipe 1D, OD and MID
locations were sampled for both the clircumferential (C) and the
longitudinal (L) orientations.

The strength data are given in Table 3-16. In general the two

orientations glve quite similar strength levels, as {llustrated in
Fig. 3-45 and summarized {n Table 3-17.
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Table d=1& Charpy=V Imte for A 516 Grade 70 Base Wetsl

Specimen Test AbsoTbed Lateral Sheat
Numbe 1 Temp. Energy Expansion Peroent
‘o) (*n (J) (fe=ib) (nw) (ind) 89
o€ Ortentetion (0.0.)
BLO-18 51 “60 bl | ] 0.13 0. 005 0
BLO-S ~40 ~40 L) 6 0. 18 0.007 0
BLO=& -18 0 3.0 17 V.48 0.019 1
BLO=1D ~-i8 o 3.0 8 0.71 0.028 1?7
BLO=1) “ «0 65.1 “k 1.19 0,047 36
BLO-14 16 60 56.9 LY 117 0. 04t 53
BLO~I n n 81.3 60 1440 0,055 50
BLO-7 22 72 93,6 (3] .63 0. 064 (34
LO-17 ob 150 135.6 100 2.21 0.087 100
BLO-2 99 200 157.3 116 .41 0.09% 100
BLO=:2 93 200 157.3 116 2434 0.092 100
BLO-10 149 200 136.9 101 2.16 0.08S 200
BLO-16 149 300 141.0 104 2.9 2,090 99
BLO-3 218 425 135.6 100 2.2 0.087 100
BLO-9 218 425 149.1 110 2.16 0.085% 100
BLO~B 288 550 132.9 L) 2.06 0081 100
BLO=1S 288 550 134,2 L1 1.85% 0.073 100
ot Ovientetion (MID)
BLM- 18 =51 =60 6.8 3 0.10 0,004 0
BLM-5 -40 -4l 9.5 ? 0.25 0.010 0
BLM-4 -8 0 39,3 29 0.76 0.030 1
BLM-13 -8 0 ah.7 3 0.86 0.03¢ 21
BLM=11 4 40 67.8 50 1.27 0.050 50
BLM-14 16 60 61.0 45 .22 0,048 52
BLM-1 2 72 81.3 60 162 0.056 60
BLM-7 b ¥ n B4l 62 1.52 0. 060 5%
BLM-b 52 128 11640 L1 1.98 0.078 9
BLM=17 (13 150 12240 L[ 2.06 0.081 106
BLM=2 93 200 1302 96 1.98 0,078 100
Blm-12 9 200 1347 92 1.98 0,078 100
BLM-10 149 300 119.3 L1 2,03 0.080 100
BLM=16 18 300 126.1 9 2.08 0.082 100
BLM-3 218 425 136.2 99 2,03 0.080 100
BLM-9 18 “2h 135.6 100 1.98 0,078 100
BLM-8 288 550 130.2 9 1.93 0,076 100
BLM=15 288 550 1424 105 1.68 0,066 100
A€ Ocientation (1.0:)
BL1-18 =51 “60 6.8 S 0.13 (. 005 0
BLI~S =40 ~40 8.1 L] 0.10 0. 004 b
BLl=4 18 0 38.0 28 0t €024 17
BL1-13 =-18 0 434 32 0.76 0:930 17
BLI=11 4 40 61.0 &5 1.09 0043 1
BLI=14 16 [ 70.5 52 1.22 0. 348 ah
BL1+1 22 72 §7.6 72 163 0.564 55
BLI-? 2 72 107.1 14 1.70 0,067 60
BLI~6 52 128 160.0 118 2.24 0.088 100
BL1-1? b6 150 157:3 1ie 2,18 0,086 100
BL1~2 L 5] 200 162.7 120 2.18 0,086 100
BLI=12 LAl 200 157.3 116 2.16 0,085 100
BLI=10 149 300 161,3 119 2.18 0,086 100
BLi=1b6 148 300 1764.9 129 a1 0,083 100
BL1-3 218 425 21145 156 1.68 0,066 100
BLI~Y 218 425 219.6 162 1.75 0064 100
BlL1~8 268 550 127.8 168 1.60 0.063 100
BLI~1S 288 550 206.1 152 1.52 N, 060 100
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Toble 3004 Charpy«V Dete for A 516 Grade 70 Dase Wtal (cont.)

S cimen Test Absotbed laterel Bhent
Mimbe Tonyp, Cw gy B pa e o Feroent
*¢) «*n (N (fr=) () (ing) (£ 3]
Sk Lrientetion (0.0:)
BCO- 1Y 51 “&0 8. 13 0.0 0. 008 0
BCO-S a0 40 L) S 0.0 0.00) 0
BCO-4 L] 0 LN HH 0. 64 0,028 1
800~1) L) 0 M. o 0ebh 0,085 2
ROO=11 4 “0 a4 A V] (0N 1] 0035 50
BCO- 14 it w0 LU 34 094 0,037 b
LI n 1”2 .2 » Lol 0. 044 (1]
BOO-Y b L F] LU W 108 0042 5
kCO-6 LM 128 5. 56 1488 Ui} “
o= o 150 et ) 150 0.0%% v
B2 “ 200 b S (P} 0.06) 100
BOO-12 “ 200 b hLY Lot 04004 100
rCO-1Y 121 %0 5.9 L1 1ot 0,064 100
BCO-20 (83 50 5.9 56 N U060 100
BCO-10 149 300 B oh 178 0,008 1o
KOO 16 149 W0 8.0 ol Loth 0,065 100
BCO-D 18 “ls 2W.H o 1473 (U ) e
LINUS ] e “is LR (3] Loth 0066 100
BCO-8 n 550 LY " 175 Uy 008 100
300=1% 2nb 50 LI 1 LW 0,067 100
Lok Ouisntation (MID)
BOM- 18 31 =60 16 10 D2 0. 00% 0
BOM-S ~4l ~40 12,2 ¥ 0.23 0. 009 5
BOW-& ~18 0 4 20 0.5 0022 26
BOM-1) S L 0 2 o Ukt 0018 0
BOM-I1 0 “h .0 N 081 0.0 1"
BON- 14 it »o At i) 1,02 0,040 a6
{ T8 2 22 n LU 16 1404 LT L
| U i 1 S W 102 0,040 (1)
BON-0 L1 2% LY “k | P H) 0,052 9
BOM-17 ol 150 (3 50 1.9 0. 054 100
BiM- 9 200 10,% Y] Y 0,058 1o
BUM- |2 LB 200 Ty 53 Lok? 0058 o
BOM- 1Y 121 "o 1.8 53 182 0. 060 100
BON-20 121 LY 152 54 150 0.05% 100
BOM-10 149 200 719 L1} Lobd 0. 0% 100
RO 149 00 (R ar 1438 0,083 100
BOM-Y Pl L1} B0, 65 152 0,060 100
BOM-9 218 428 4.l (%] Lod? 0058 100
BOM-y b 550 LAY s 158 0061 100
BOM-1S 88 850 LU L} Lok 0. 087 100
Sob Outentstion (1:0:)
BCI=1h =5 =6l 17.6 13 0.3 0.013 0
| THERY &0 ~al 1.7 i (TR 1 0,016 ®
BCI~4 L 0 230 1" 0,4t 0,018 16
BC1=1) ~1% 0 7.1 20 0,51 0,021 1
| T8 BN T “ 40 6.6 b3 0476 0,030 a0
BCI-14 It 0 50,2 LY 102 04040 50
| 19 B n 12 42,0 i1 0,91 0006 50
(TS ) 2 ¥ kL A 094 0.0%7 4“8
BCle LY 125 0.8 LV} 182 04052 "
| T ER ) [ 150 LT (1} 1eb0 0.006) 99
BC1=2 “ 200 9.9 0 1.8) 0.07% 100
BCI~12 9 00 9ih 09 178 0,069 100
L INEaL 121 5 (T 64 1,73 0,068 100
BCis20 121 50 LT 6 Lottt 0,06 1o
BCI=10 149 100 .4 bt 178 0,070 100
BCl=16 1Y W0 .2 uh 1,73 0068 100
BCLe) PaL] a2y 1058 1 1obit 0. 066 100
IS e a2 100, T4 1.63 0004 100
LIS UL 550 LY 12 19 0,061 100
BCi~1% 2Hh 550 1017 15 1487 0,062 100
77
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Table 314

Charpy=V Deta for A 516 Grade 70 Base Metal (cont.)

fpecimen Test Absotbed lateral Shwat
Nimtw Tewp. B gy x pansion N roent
*e) *n () (1e=1p) (o) (in.) )
Ack Optentetion (MID)
BLR-1E «51 “60 5.4 4 0413 0,005 0
BLR~5 «&0 ~40 12,2 “ 0.28 o.01 0
SLR-1) -i8 0 3.4 n 0.79 0.031 2
BLR=11 “ “0 Ba. [+ 1.3 0,054 50
BLR-14 it 60 119.3 Be 191 0.07% 70
BLk= 22 n 1071 " 1.68 0,066 (1]
BLR-? 2 1”2 105.8 " 170 0.067 T4
BLR=b 2 125 157.3 116 .2 0,087 100
BLR=17 (2] 150 141.0 104 2.01 0.079 100
BLR-2 LE} 200 14t .4 108 .00 0.081 100
Blk=12 93 200 14b. 4 108 13 0.084 100
BLR-10 149 300 158.6 Y 1.9 0.078 100
BLE~10 149 00 1658 123 .16 0.08% 100
BLR-3 218 L) 235y 174 1.73 0. 068 100
bLR-S 218 VA 176.3 130 x.:l 0. 100
BLR-8 288 550 219.6 162 100
BLR-1% PLL) 550 2291 169 1.7% 0,068 100
SR _Orientetion (MID)
BCR-18 =51 =60 10.8 L] 0.10 0,006 0
BCR-S ~40 ~40 14.9 ¥} 028 0.011 L]
BCR~4 -18 0 3.0 28 0.76 0,029 )
BCR-11 ~18 0 0.8 P 0.63 0.025 H
BCR=11 “ &0 4.4 2 0.64 0.033 6l
BCR-14 i 60 51.% » 0.86 0,034 6!
BOR~1 2 n B4, 62 1.50 0,05 9%
BCR~7 a2 72 b2.4 4t 124 0,049 85
BCR~ 82 125 8.6 58 160 0,063 o8
BUR-17 (13 150 B4, 62 L3 0,054 100
BCOR~2 93 200 80.0 59 1.62 0,004 100
BOR-12 9 200 8.6 5& 1.83 0.064 100
BOR-19 121 250 1.3 » 1.52 0.060 100
BCR-20 121 250 8.0 5K 1403 0. ubé 100
BCR-10 149 aon B4l 62 1.73 0.068 100
BCR-16 149 300 93.0 (3] 1463 0.064 100
BCR~-D 218 “25 100.3 Th 160 0.06) 100
BCR~-9 218 425 1017 75 1.7 0.062 100
BCR-8 2R8 550 90.8 6 142 0.05¢ 100
BCR~15 288 550 96.3 71 147 0.058 100

® gpecimen did not fully fracture,
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Fesults for Charpy Data from 4 516 Gr. 70
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Fig. 3-42 Charpy-V data for t™e L-C orientation of the A 516 Gr. 70 base metsl.
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Fig. 3-43 Charpy-V data for the C-L orientation of the A 516 Gr. 70 base metal.
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Fig. 3-4% The curve~fits to the Charpy-V data for the A 516 Gr. 70 base metal.
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Table 3-i6 Tensile Data for A 516 Grade 70 Base Metal

£8

Specimen Orient. Thickness Test Temp. 0.2% Offset Ultimate Elomgation Reduction
Nambe r Location Yield Stremgth Streng th In Ares
(*c) P (MPa) (ksi) (MPa) (ksi) (%) (%)
BC-C3 C am 26 75 291.5 42.3 503.% 73.0 31.2 57.2
BC-M3 C MID 26 75 292.4 42.4 518.6 75.2 29.0 54.3
BC-1I3 C D 26 75 282.4 41.0 495.7 T71.9 32.8 60.8
BC-01 C @ 159 300 256.3 37.2 454.4  H5.9 31.9 56.7
BC-M1 C MID 149 300 246.3  35.7 465.3 67.5 26.7 53.8
BC-11 C 40) 149 300 261.82  35.1 446.6 H4.8 28.1 60.3
BC-05 C a 204 400 234.4 34.9 460.9 66.9 27.8 54.4
BC-M5 C MID 204 400 217.3 31.5 469.2 68.1 24.7 50.3
BC-I5 > iD 206 &00 223.7 32.5 455.5 66.1 29.2 57.8
BC--02 C a 288 550 241.2 35.0 488.0 70.8 29.5 55.7
BC-M2 C MID 288 550 201.3 29.2 502.1 72.8 28.0 59.1
BC-12 C D 288 550 223.8  32.5 478.9 69.5 28.3 55.9
BC-Mu C MID 288 550 206.2 29.9 504.6 73.2 29.1 44.9
BC-14 C D 288 550 227.9 33.1 478.5 69.4 28.8 56.5
BL-03 L | 26 75 308.5 447 506.4 73.5 34.6 67 .4
BL-M3 L MID % 75 297.0 43.1 521.0 75.6 33.0 64.7
BL~-I3 L 1D 26 75 290.3 42.1 501.0 72.7 34.4 66.7
BL~01 L o 149 300 272.3 39.5 459.1 66.6 29.5 68.8
BL-Ml L MID 149 300 261.3 37.9 475.5 69.0 31.1 64.7
BL~05 L a 206 400 241.9 35.1 467.0 67.7 30.6 54.8
BL-M L MiD 204 400 222.6 32.3 484.1 70.2 22.7 57.6
BL-02 L wm 288 550 263.8 38.3 494.4 T71.7 30.2 63.7
BL-M2 L MID 288 550 210.4 30.5 509.5 73.9 31.0 59.8
BL-12 L D 288 550 230.2 33.4 484.4 T70.3 32.5 64.4
BL~04 L a 288 550 250.9 36.4 495.3 T71.8 30.2 63.9
BL-M4 L MID 288 550 207.0 30.0 511.5 74.2 29.8 59.8
BL-14 L iD 288 530 209.6 30.4 479.2 69.5 33.7 0.3
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Fig. 3-45 Tensile data for the A 516 Gr. 70 base metal.
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Table 3-17

Summary of Stremgth Results for A 516 Gr. 70 Base Metal

Test Orientation 0.2% Offset Ultimate
Tempe rature Yield Stremgth Streng th
(%) (%) (MPa) (ksi) (MPa)  (ksi)
24 75 C 288.8 41.9 506.0 73.4
L 298.6 43.3 509.5 73.9
149 300 C 248.1 36.0 455.4 66.1
L 259.7 3747 461.7 67.0
204 400 C 225.1 3247 461.9 67.0
L 229.5 33.3 469.9 68,2
288 550 C 220.1 31.9 490.4 71.1
L 228.7 33.2 495.7 71.9
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3.3.4 Fracture Toughness Data

J-R curves were evaluated for the L-C orientation of this material at
288°C (550°F) using 4T-CT plan-form specimens with a thickness of
66 mm (2.6 in.), as {llustrated in Fig. 3-46. Two specimens of this
geometry were tested, with one of the specimens side-grooved by 20%
and the other specimen plane-sided, Results from these tests are
summarized in Table 3-18, and {llustrated in Figs. 3-47 and 3-48 for
J" and JD' respectively. As with other ferritic steels described
previously, both specimens exhibit similar J levels at low crack
growth levels (i.e., for Aa < 2.5 mm or 0.1 in.), with the J levels
for the plane-sided specimen greatly exceeding those of the
sidegrooved specimen at larger crack growth levels.

Photographs of these two specimens are given in Fig. 3.49, Large
shear lips are evident on the plane-sided specimen, with a large split
obvious on the fracture surface of the side-grooved specimen. The
latter is probably caused by the increased triaxiality and constraint
resulting from the side-grooves.

3.4 Weld of A 516 Gr., 70 to A 516 Gr. 70

3.4.1 Material Description

This weld was made using the base metal described in Section 3.3, One
observation of this weld was the presence of & large repaired region
(Fig. 3-50). The presence of this repair posed some problems in
finding "good" (i.e., unrepaired) metal for machining of specimens.
In addition, testing of the repair weld metal was much desired but
could not be completed within the available time schedule.

This weld is included in Ref. 4 as DP2-F34W.
3.4.2 Charpy-V Data

This weld was characterized using full-size C, specimens, with the L-C
and the L-R orientations tested. For the L-C orientation, the pipe
ID, OD and the MID locatiorn were characterized; for the L-R
orientation, the ID and OD locations were tested.

Results for the C, tests are given in Table 3-19 and illustrated in
Figs. 3-51 and 3-?2. with results from TANH curve-fitting summarized
in Table 3-20. The TANH curve-fitting has been accomplished by
forcing a lower bound of 6.8 J (5 ft-1b). As with the base metal, the
ID exhibits the highest upper shelf levels for each orientation. For
all test temperatures below 288°C (550°F), the 1D of the L-R
orientation exhibits much higher energy levels than the OD of this
orientation. In contrast, at 288°C (530°F) the OD exhibits much
higher energy levels than the ID, with the energy levels for the OD at
this temperature far exceeding anything expected for this

orientation. Causes for this extremely high energy absorption are not
known .
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Table 318 J-R CGurve Results for A 516 Crade 70 Base Metal (L~C Orientatiomn)

Specimen Test (a/V)o L= mp-m! e Kse Tag Flow
Numbe r Temperature Stremng th
P.L. 2 Linea P.L. Linear P.l. AST™
(°C) (o) (mm) (k@) (/=) (Wada) (Wale) (™Pa)
Bl (207)2 288 0.529 40.67 -1.80 190.4 191.6 199.8 200.4 228 228 362.2
B2 (0%)2 283 0.527 29.73 2.50 %.7 B4.2 142.4 132.9 335 320 ¥62.2

- Side-g roove percentae.
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Table 318 Chacpy=V Dute for A 506 Grade 70 weld Weis)

Specimen Test AbR o T bed lateral ftwer
Nombe 1 Temp. Ene gy Ex pansion Peroent
o) () (te=dw) (e ) (in,) (1)
et Quientotion (0.0.)
aw-17¢ “H0 =13 k. 10 0.23 0,009 10
W= 150 -62 ~#0 16.) 12 (LY ) [T 21
W= 160 bl -80 156 10 0.23 0,009 D)
Cw=15¢C 4l ~40 3.0 i 0453 0.021 W
W= 14l ~4&0) -4l FAN 1] 0.4 0.0 a0
N1 ic L 0 6.0 51 0,71 0028 a0
Ow=12¢ L 0 Bay ) e Loa? 0,05 6l
Cw- IhC “ “0 610 as Ouba 0.03) " ‘
W= iC P 7 103.0 6 163 0065 LU ‘
ON-2¢ 21 ) 108, % L4 L0 0007 L
w30 v 200 126, 1 LA .01 0,079 "
CW=al v 00 1207 L1 190 0077 w
Ow=50 144 200 138,) 2 21 0,087 100 ‘
Wbl 149 300 130,28 LY .01 0079 100 i
Wt 218 “2h 168,10 134 .00 0,089 100
CW=H0 208 6 1654 122 L0 0,080 e
Cw-9( P 550 172.2 1 1eBS 0.07) 100
W= 1oC PLL e 160.0 ik 188 0:073 oo
Jot Octentetion (NID)
OW= 60 =90 ~i% Soh “ 013 0. 005 io
(8 R T 02 -840 19,0 14 0.2% 0.010 W
OW=I5C i ~H0 136 10 0418 0,007 N
GW=32¢ ~a0 “&0 LS W 084 0,033 59
“-!QC -'QD -60 3'-‘ " 005‘ 00“!‘ &
CW= 00 L 0 651 “l 107 0,042 [0
OnN-31c ~18 0 56.9 a2 1,09 0,063 (8}
ON=37¢C “ a0 B4, 62 1435 0,0%) 0
Cw=200 n 71 Lidee ba 1475 0. 069 o]
OW=21C " 71 1Y) HK 180 0,071 w
Ow-22¢ LA} W00 1207 (1] 1493 0,070 100
Ow=2% L 3] 00 e, (L} 198 0,078 9w
=240 149 00 13042 " 1,91 0.07% 100
Ow=25C 149 00 1437 106 2,08 0082 100
ON=20C 218 a2s 1654 12 1491 0,078 i00
Cw-21¢ 18 425 169.5 125 178 0,020 100
Cw= 280 FLL) 850 162.7 120 170 0,067 100
Cw=20C FLL 550 ibh, 1 121 1.73 0,068 100
o€ Qrlenation (L)
W= 560 90  ~1% (W t 0.2 0,009 0 :
CW= 54 C By 80 .5 2 Ua71 0,028 W
W= 55C “hd ~80 2.0 Al 0466 0.026 i
Cw-%2C =40 “h0 5.9 5 112 0,046 56 ‘
ON=53C w40 40 89,5 bh 1.7 04062 5
CW=%0C -8 0 128,80 L L] .93 0.07¢ 80
Cw-51¢C L 0 1437 106 2.0} 0,080 L
Cw-57C 4 40 130,2 9% 1,88 0,074 61
CW-aC 2 1 1%0.2 o 1,98 0.078 9K
CWek | 2 1 149, 1 110 ST 0,083 ')
CW=42C L2} 00 2034 150 .20 0,089 100
CW=43C 9) 200 2074 153 2.13 0,084 100
ON=hAC 149 300 1952 1h4 2020 0. 089 100
CW=45¢C 149 200 1698 140 2,08 0.082 160
CW=lbC 218 el 22,8 168 1.7% 0,069 100
CW-a( 218 a2y 24,0 180 1.0) 0,064 100
CW-akC FLL 5% 29%0.1 214 1.6% 0.005% 100
CN-49C 208 550 298,13 220 1.73 0,068 100
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Table 3-19 Charpy=V Imte for A 516 Grade 70 Weld Metal (cont.)

Specimen Tewt Absorbed Lateral Shear
Rumbe r Temp. Eneryy Expansion Percent
*¢) *n (J)  (fr=lb) (m) (ine) (£3)
JcoR Ortentation (0.0:)
CW=15k «“b2 =80 5.k “ 0.08 0. 001 0
UW=16R “h2 80 6.8 5 0.0% 0.002 0
CW=13k =40 -~ 40 14,9 il 0,25 0.010 2
CW=14k ~&0 ~40 10,8 L) 0.23 0. 009 21
OW=11k -18 0 70.5 82 1.30 0,051 b
w’l:l ~i8 0 7.0. ” io” 000‘: 4h
CW=17R 4 &0 LI 10 1.5 0.062 “0
Cw~ 18R 4 40 88.1 (3] 1.47 0. 058 50
=1k 22 71 110.2 82 1e73 0. 008 9
Cw=2R 22 71 106, 4 n I 0.058 L1
CW-3k 93 200 118,0 87 1.83 0.072 9%
Cu=4R LE] 200 195 L1 1.80 0.071 100
Cu=5k 149 300 127.4 94 1.88 0.074 100
CW=6R 149 300 119.3 By 1.85 0.073 100
CW=7R 218 425 151.9 113 1.80 0:071 100
CW~BK 218 425 60,0 118 1.91 0.075 100
CW-9%k 288 $50 328, 262 1445 0.057 100
CW=10K 288 550 328.1 242 . 4 100
ok Ocientetion (1.D:)
CW=36R =90 130 ol 3 0,08 0.003 0
CW=34R =52 -80 6.4 i8 0,41 0.016 21
Cw=15R -6 -B0 10.8 ] 0.15 04000 i1
CW=32R 40 -&0 136,2 L4 1.98 0.078 5
Cw=13k ~40 «40 12641 93 1.96 0.077 50
CwW=30R =18 0 14644 108 2,08 0.082 (1]
Cw=31k =16 0 16247 120 .11 0,083 12
CwW=37K “ &0 203.4 150 2.3¢6 0.093 100
CW=20R 22 1 138.0 103 2424 0.088 %0
CW=21R 2 71 153.2 113 .13 0.084 95
OwW=22R 93 200 202.0 149 2.03 0. 080 100
CW=23R 93 200 235.9 174 .39 0.094 9
CW=24K 144 300 225.1 166 2.18 0.086 100
Cw=25k 1449 300 2142 158 2.31 0.091 100
CW=26R 218 425 260.0 192 1.6% 0.065 100
Cw=27R 218 425 22541 166 1.65 0.06% 100
CW-28R 288 550 218.3 16l 1.60 0+0063 100
CW=29R 288 550 2847 210 165 0.065 100

® Specimen @id not fully fraecture,
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Fig. 3-51 Charpy-V data for the '.~C orientation of the A 516 Gr. 70 weld metal.
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Fig. 3-52 Charpy-V data for the L-R orientation of the A 516 Gr. 70 weld metal.

Cv ENERGY (ft-1b)




Table 320 Qurve—fit Results for Charpy Data from A 516 Gr. 70 Weld Mtal

Q = A + 3B tanh (!—TO)IC

Thickness Upper Shelf “ B C To
Location

() (fe-1b) ()  (fr-1b) ()  (fr-iv) (°c) " o °n

1-C Orientation

m® 154.7 114.1 80.76 59.56 73.98 56.56 78.41  1sl1.14 S.18 48.53
MID 149.8 110.5 78.27 57.73 71.49 52.73 57.82 104.08 -3.52 25.67
iD 269.8 199.0 138.27 101.99 131.50 9.99 145.26 261.47 26.43 79.57

S 1-R Orientation

™ 132.7 97.9 69.75 51.46 62.97 45,44 30.50 54.89 0.11 32.20
ID 228.6 168.6 117.68 86.79 110.90 81.79 54.99 98.99 -28.67 ~-19.60




3.4.3 Tensile Data

Tensile tests of this heat wer: made using threaded-end specimens with
an overall size similar to tha: used for the base m "al tests (see
Section 3.3.3), although for the weld the gage diameter was reduced
within the weld to force fracture to occur within the weld metal. As
illustrated in Fig. 3-53, the overall specimen diameter of 12.83 mm
{0.505 in.) wes reduced to 9.07 mm (0.357 in.) for a length of 9.65 mm
(0.7 in.), with a total length or 12.7 mm (0.5 in.) for the reduced
sec. ''n, The gage length used for total elongation evaluation was
~ 8. mm (0.33 in.), totally within the weld mecal. However, the gage
length used for measurement of specimen displacement and calculation
of strain was 14.7 mm (0.58 in.). The latte: encompasses the weld
~. .al and some portion of the base metal, with the reduced diameter,

v larger overall diameter and the fillet transition between the two
diameters also enclused by the displacement measurements,. To
approximate strain from these measurements of displacement, an elastic
analysis (i.e., PL/AE) was used to sum the displacement contributions
from the various sections and :xtract that which occurs for the
section with a diameter of 9.07 mm (0.357 in.). With the gage length
of 14.7 mm (0.58 in.) used for displacement measurement, a correction
factor of 0..97 can be applied to the measured displacements to obtain
an approximation to the displacement over the gage length of 9.65 mm
(0.38 in.). This correction factor applies only up to the yield
strength. After yield strengthk, an assumption is made that all
additional strain (primarily plastic strain) occurs within the gage
length of 9.65 mm (0,38 in.).

The strength data are given in Table 3-21 and illustrated in
Fig. 3-54. In comparison to the strength for the base metal (from
Section 3.3.3), the weld exhibits much higher yield and ultimate
strength levels. The yield strength levels for the weld are about
twice those of the base metal, and the ultimate strengths are about
173 MPa (25 ksi) higher than those for the base metal.

3.4.4 Fracture Toughness Data

As with the base metal, J-R curves for this weld were evaluated for
the L-C orientation at 288°C (550°F) using 4T-CT plan-form specimens
with a thickness of 66 mm (2.6 in.). Two specimens of this geometry
were used, with one specimen side-grooved by 20% and the other
specimen tested in a plane-sided condition, Results from these tests
are summarized Table 3-22 and illustrated in Figs. 3-55 and 3-56 for
Jy and J,, respectively. As for the base metal, the two specimens
‘rield similar J levels at low Aa levels, with data for the plane-sided
specinen exhibiting much higher J levels at large Aa levels.

As with the base metal, the plane-sided specimen exhibits large shear
lips (Fig. 3-57), with minimal crack growth obvious on the surface of
the specimen. In addition, the crack growth in the middle of this
specimen starts off planar but then begins to progress outside of the
expected crack growth plane. In this case the side-grooved specimen
exhibits a relatively small split, with the crack growth appearing to
grow outside of the anticipated plane and probably deviating into the
HAZ or the base metal.
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Illustration of the tensile specimen used for testimg of the A 516 Gr. 70 weld.
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Table 3-21 Tensile Data for A 516 Grade 70 Weld Metal

Specimen Orient. Thickness Test Temp. 0.2% Offset Ultimate Elongation Reduction

Numbe r Location Yield Stremgth Strerg th In Area
(°c) (°F) (MPa) (ksi) (MPa) (ksi) (2) (%)
w03 L oD 24 75 554.5 80.4 674.2 97.8 59.6 63.4
w-M3 L MID 26 75 578.7 83.9 695.5 100.9 54.1 64.7
Cw-13 L D A 629.5 90.0 697.8 101.2 52.8 66.4
CW-01 L 4 3] 149 300 527.1 76.5 542.5 93.2 53.4 62.4
CW—M1 L MID 149 300 545.4 79.1 651.8 94.5 45.4 63.1
Cw-11 L D 149 300 460.9  66.9 569.¢ 82.6 58.5 68.3
CW—04 L oD 204 400 500.3 72.6 628.0 91.1 53.6 61.1
Cw—M4 L MID 204 400 518.3 75.2 643.1 93.3 52.9 61.6
CW-14 L D 204 400 550.6 79.9 657.4 95.4 55.6 61.7
CW—02 L m 288 550 515.9 74.8 658.5 95.5 45.9 59.2
M2 L MID 288 550 506.4 73.5 670.5 97.3 53.4 58.9
cw-12 L D 288 550 514.3 74.6 675.5 98.0 45.5 54.0
W05 L oD 288 550 496.2 72.0 654.2 94.9 50.3 57.7
CW—M5 L MID 288 550 530.3 76.9 663.8 96.3 54.8 59.2
CW-15 L it 288 550 543.3 78.8 673.9 97.7 47.0 53.6
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Table 3-22 J-R (urve Results for A 516 Grade 70 Weld Metal (L~C Orientation)

Specimen Test (a/W) Aa fa -ta e KJ T Flow
Nembe r Tempe rature o > v - - Streng th
P.L. 9 Limai P.L. Linear P.L. ASTM
(°C) (mm) (mm) (kJ/m®)  (kJ/m°) (MPa/m) (MPa/m) (MPa)
Wl (20%)% 288 0.519 51.05 -3.46 268.0 234.6 237.1 221.8 120 139 591.9
w2 (0%)® 288 0.515 17.59 5.15 388.4 379.6 285.4 282.1 83 86 591.9

Side-g roove percentagge.
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Comparisons of the J-R curves for the base metal and the weld metal
indicate similar J levels at large crack growth intervals, but much
higher J levels at small crack growth intervals for the weld metal
(Figs. 3-58 to 3-61). Comparison of the profiles of these specimens
indicates substantial differences (Fig. 3-62). Specifically, the
side-grooved weld specimen exhibits considerable crack growth outside
of the intended crack plane. In contrast, the side-grooved base metal
specimen only exhibits out-of-plane growth due to the split in the
fracture surface. The shear lips on the plane-sided base metal
specimen have almost grown back upon themselves, in contrast to the
minimal crack growth evident for the plane-sided weld metal specimen,
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4. WROUGHT STAINLESS STEELS

The wrought stainless steels tested are all Type 304 stainless, with
one heat from a safe end and the other two heats from pipe products.
Chemical compositions of these heats are given in Table 4-1.

4.1 SA 182 Type 304
4.1.1 Material Description

The heat of SA 182 Type 304 was procured as a nominal 20-in.
Schedule 100 safe end, with a diameter of 508 mm (20 in.) and a wall
thickness of 31 mm (1.25 in.).

4.1.2 Charpy-V Data

Several C_, specimens were tested from this heat, with two specimens
each of g‘e C-L, L-C, L-R and C-R orientations. The first test of
each orientation was made at -73°C (-100°F). All of the specimens
yielded very high energy levels. The absorbed energy for the L-C
crientation was 354 J (261 ft-1b), for the C-R orientation 351 J
(259 ft-1b), for the L-R orientation 347 J (256 ft-1b), and that for
the C-L orientation was 319 J (235 ft-1b). The second test of each
orientation was made at -18°C (0°F), and in each case a stalled hammer
resulted. The capacity of the test machine used is 354 J (261 ft-1b).

4,1.3 Tensile Data

The strength properties of this heat were determined using threaded-
end specimens with a gage diameter of 6.35 mm (0.25 in.) and a pgage
length of 25.4 mm (1.0 in.) for elongation measurements.

The strength data are summarized in Table 4-2 and illustrated in
Fig. 4-1. The two orientations tested (i.e., the L and the C
orientations) exhibit similar strength levels at all test
temperatures, although the longitudinal orientation exhibited slightly
higher yield strengths at several temperatures. Both ultimate and
yield strength are 1nvariant with temperature over the range from
150°C (300°F) to 343°C (650 F), with higher strength levels exhibited
at ambient temperature for both strengths.

4.1.4 Fracture Toughness Data

The fracture toughness tests of this heat were made using 1T-CT
specimens with a thickness of 25.4 mm or 1.0 in. (Fig. 4-2). All
specimens were side-grooved by 20%. Results from these tests are
sunmarized in Table 4-3. From this table, and T values are
reported for few of the tests. As 111usttated (in the fl? curves, the
lack of J;, and T, values is due to very high J-R curves and the
failure =£ the data é% cross through the ASTM exclusion zone.

As illustra'ed in Figs. 4-3 and 4-4, both the L-C and the C-L

orientations exhibit some temperature dependence between ambient
temperature and the elevated temperatures of 288°C and 343°C. In
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Table 4-2 Tensile Properties of SA 182 (Type 304)

Specimen Test Orien- 0.2% Offset Ultimate Reduction Elongation
Numbe r Temperature tation Yield Stremgth Strength In Area
(°c) (°F) (MPa) (ksi) (MPa) (ksi) (%) (%)
ZP6-1L 27 81 L 226.4 32.84 554.7 80.45 84.3 68.8
ZP6-2L 149 300 L 166.6 24.17 424.0 61.50 83.7 52.2
ZP6-3L 204 400 L 154.4 22.40 406.0 58.89 79.6 45.1
ZP6-4L 288 550 L 140.7 20.41 391.1 56.72 77.3 6.9
ZP6-6L 288 550 L 141.4 20.51 390.90 56.56 78.1 42.6
ZP6~-5L 343 650 L 138.8 20.13 401.4 58.22 7546 46.8
ZP6~-1C 29 84 C 210.4 30.51 552.9 80.19 85.3 78.6
ZP6~-2C 149 300 C 158.0 22.91 421.3 61.10 82.5 47.1
ZpP6-3C 204 400 C 158.0 22.91 407.2 59.06 79.2 49.1
ZP6-4C 288 550 C 143.1 20.76 397.1 57.59 61.4 43.4
ZpP6-6C 288 550 C 148.8 21.58 399.2 57.90 77.2 43.7
ZP6~5C 343 650 C 134.7 19.53 398.9 57.86 73.6 45.7
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Table 4-3 J-R Curve Results for SA !82 (Type 304)

Specimen Orient. Test Side (a/W) An_— 3 K t-ll Flow
Numbe v Teap. Groove Y " b - = Streng th
P.L. Linear P.L. Linear P.L. Linear

0 (1) (mm) () te/ed) (ki/ad) (walE) (walE) (Pn)
ZPo-11C ~C 25 20 0.555 7.08 -0.9¢ w— — 387.5
ZP6-6LC L-C 24 20 0.5%2 S.76 -1.04 _— -_— 3R7.5
IP6-4LC L~C 288 20 0.542 2.9% +0.12 “—— — 266.1
ZP6-71C L-C 288 20 ”n.550 8.51 -1.09 3126.9 ———— 172.4 — —-— _— 266.1
ZP6~-5LC L~C 343 20 0. 5648 5.39 -0.58 —— —— 272.3
ZPe~1CL C-L 25 20 0.548 7.99 -0.90 %235.9 933.5 —_— — -_— 387.5
ZP6-6CL C-L 25 20 0.57% 6.39 -1.63 -_— — 387.5
ZP6-4CL c-L 288 20 0.552 8.75 -1.27 2192.6 1973.0 546.8 613.5 CLY) 789 2866.1
ZPe~SCL Loy 343 20 0.549 5.62 -1.59 _— -_— 272.3
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contrast, there are no significant differences in the J-R curves at
288°C and 343°C. Similarly, there are no significant differences in
the J-R curves for the L-C and the C-L orientations at any of the
three test temperatures (Figs. 4-5 to 4-7).

In all of the cited plots of J-R curve data, the illustrated blunting
and exclusiun lines are evaluated as in the ASTM method, using a slope
of twice the flow strength (2 og). As observed in these figures, the
data are generally not well represented by the 2 o¢ blunting line, as
the beginning portions of each curve generally lie exclusively to the
left of the blunting line. Similar observations have been made by
Mills (Ref. 18) and Landes and McCabe (Ref. 19) for Type 304
stainless, and also for cast stainless steels (Ref. 1). In the cited
cases, the use of a slope twice that of the ASTM method (i.e., 4 o¢)
has been fourd to give a better definition of the blunting behavior of
such high toughness materials. The use of 4 oy for this material
would cause intersection of the data with the exclusion lines such
that J; . values could be defined. However, such values would still be
quite {lrge (generally > 1000 kJ/mz).

4.2 SA 376 Tyre 304

4.2.1 Material Description

Two heats of SA 376 Type 304 were procured and tested. Both heats had
a diameter of 152 mm (6 in.), where Heat ZP12 was Schedule 40 (a wall
thickness of 7.1 mm or 0.28 in.) and Heat ZP17 was a Schedule 120 (a
wall thickness of 14.3 mm or 0.56 in.).

Heat ZP12 is the same as DP2-A7 and Heat ZP17 is the same as DP2-A23,
in Ref. 4,

4.2.2 Charpy-V Data

Owing to the high toughness exhibited by Heat ZP6 at low temperatures
(Section 4.1.2), no Charpy-V syecimens were tested of these heats. It
is anticipated that these heats would result in a stalled hammer
cendition at temperatures significantly below ambient temperature.

4.2.3 Tensile Data

Tensile results are summarized in Tables 4-4 and 4-5 and illustrated
in Figs. 4-8 and 4-9. Heat 2P12 used a specimen design with a gage
diameter of 2.9 mm (0.113 in.) and a gage length of 12.7 mm (0.5
in.). Heat ZP17 used a specimen design with a gage diameter of 5.1 mm
(0.2 in.) and a gage length of 12.7 mm (0,5 in.). The latter is too
small for calculation of elongation, therefore elongation percentages
are too large for these tests in compariscn to those for the proper
gage length.

Each heat exhibits similar strength levels for the C and the L
orientations, with both materials also exhibiting similar strength
levels.
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Table 4~4 Tensile Properties of SA 376-Type 304 (Heat ZP12)

Specimen Test Orien- 0.2Z Offset Ultimate Reduction Elomgation
Numbe r Temperature tation Yield Stremgth Strerg th in Ares
(*c) (°F) (MPa) (ksi) (MPa) (ksi) (%) %)
ZP12-9L 27 80 L 194.7 28.24 595.1 86.31 79.7 75.4
ZP12-14L 26 79 L 237.7 34.48 593.3 B86.05 79.7 84.8
ZP12-10L 149 300 L 176.6 25.61 463.9 67.29 77:2 54.0
ZP12-15L 149 300 L 174.5 25.31 467.3 67.77 78.9 56.4
ZP12-12L 288 550 L 147.7 21.42 445.2 64.57 60.5 40.8
ZP12-16L 288 550 L 447.3 64.87 60.5 51.4
ZPi2-11L 288 550 L 146.3 21.22 453.5 65.77 69.9 48.0
ZP12-13L 343 650 142.2 20.62 453.7 65.81 74.6 50.2
ZrP12-17L 343 650 L 134.9 19.56 452.8 65.67 70.9 48.8
ZP12-1C 27 80 C 258.5 37.49 585.1 84.86 40.8 57.0
- ZP12-2C 149 300 C 179.3 26.01 462.8 67.13 64.9 50.6
= ZP12-4C 343 650 C 135.4 19.64 544.5 64.47 60.5 44,0




Table 4-5 Tensile Properties of SA 376-Type 304 (Heat ZP17)

Specimen Test Crien- 0.2% Offset Ultimate Reduction Elongation
Numbe r Temperature tation Yield Stremgth Streng th In Area
(°c) (°F) (MPa) (ksi) (MPa) (ksi) (%) (%)

ZP17-1L 21 69 L 247.7 35.92 601.1 87.19 64.0 92.8
ZP17-15L 26 78 L 249.9 36.24 607.1 88.06 83.2 102.6
ZP17-17L 149 300 L 169.6 24.60 466.2 67.62 79.3 72.8
ZP17-11L 149 300 L 182.1 26.41 467.1 67.75 64.0 46.6
ZP17-12L 204 400 L 156.0 22.63 448.2 65.01 73.5 65.2
ZP17-16L 288 550 L 146.7 21.27 448.4 65.03 62.6 51.0
ZPi7-13L 288 550 L 145.3 21.07 452.6 65.65 75.0 57.0
ZP17-18L 343 650 L 134.2 19.47 456.2 66.17 70.8 59.6
ZP17-14L 343 650 L 147.7 21.42 460.1 66.73 71.4 60.2
ZP17-8C 26 78 C 253.7 36.80 599.9 87.01 74.5 96.8
ZP17-1C 26 78 C 250.5 36.33 612.9 88.90 75.0 98.4
ZP17-6C 149 300 C 184.2 26.72 457.8 66.40 70.0 67.0
ZP17-7C 204 400 c 169.7 24.61 446.5 64.76 65.8 60.6
ZP17~9C 288 550 C 152.9 22.17 449.1 65.14 56.9 50.0
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Fig. 4-8 Tensile stremgth data for SA 376 Type 304 (Heat ZP12).

12y 98 384 <28 588 151%%
T T T T ' T
- SR 376 _(3@4), ZPic 1 102
152 mm 0.D. PIPE, SCHEDULE 4@
\6\\ LLTIMTE 4 e
& e STRENGTH
N _‘_______/-—*1
- -4 68
=
o < 9@
YIELD
5 A o STRENGTH
el
—&4 2P
- a LONGITUDINAL
o CIRCUMFERENTIAL
2 z ikl i i { 2
8 1) 198 158 209 258 322 358

STRENGTH (ksi)




STRENGTH (MPa)

Fig .

TEMPERRTURE (°F)

STRENGTH (ksi)

e 108 208 388 408 508 588
T 1 1 T | L ]
SA 376 (384) 152 mm PIPE
(SCHEDULE 128, ZP1/)
508 +
- 88
588 +
_a —W
408 - - 5@
ULTIMATE
| STRENGTH
308 — z
I -~ 48
m .—\
o
s —8— = 28
188 I~ YIELD
STRENGTH
L — - elhisi s =l | = 1 2
2 58 100 158 208 250 388 358
TEMPERATURE (°C)
4-9 Tensile stremgth data for SA 376 Type 304 (Heat ZP17) are quite similar to those for Heat
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4.2.4 Fracture Toughness Data

For Heat ZP12, the specimen design was identical to that used for Heat
ZP13 in Fig. 3-20, specifically that of a 0.4T-CT specimen, with a
thickness of 5.8 mm (0.23 in.). Results for this heat are summarized
in Table 4-6. From Fig. 4-10 for plane-sided specimens, thi- heat
exhibits only minor temperature sensitivity, as data at 149°C are
lo-ovhat higher than that at 288°C. At the higher test temperature of
288°C, some variability is apparent, with tho higher curve exhibiting
similar toughness to the tests at 149°C, and the lower curve
indicating somewhat lower toughness at the higher test temperature.
The latter point is roteworthy uhon comparing data f{rom plane-sided
and side-grooved specimens at 288°C. As illustrated in Fig. 4-11, the
curve from a side-grooved specimen is similar to the lower of the
curves from the plane-sided specimens, but significantly lower than
that the higher curve from the plane-sided specimens. Since a
lowering of the J-R curve would be expected with side-grooving, then
the curve from the side-grooved specimen should probably be compared
to the average of the curves from plane-sided specimens.

For Heat ZP17, the specimen design was that of a 0.5T-CT specimen with
& thickness of 12.7 mm or 0.5 in. (Fig. 4-12). Results for this heat
are summarized in Table 4-7, For the L-C orientation with plane-sided
and side-grooved specimens and the C-L orientation with side-grooved
specimens (Figs. 4-13 to 4-15), increasing the test temperature from
nmbiont tended to give reduced J-R curvo levels, at least up to
204°C. At 204°C and higher (up to 343°C), no significant chan;a in
tou‘hnoll is apparent. Comparisons at test temperatures of 25°C and
288°C (Figs. 4-16 and 4-17) indicate a moderate effect of side-
grooving on J level, with plane-sided specimens giving somewhat higher
J levels than side-grooved specimens. However, the largest decrease
in toughness occurs when comparing the L-C orientation and the C L
orientation, as illustrated in Figs. &4- 16 and 4-17 for 25°C and 288°C,

respectively, and in Fig. 4-18 at 343°C. Such differences are in
direct conflict with those found with SA 182 Type 304 (Heat 2P6) in
Figs. 4-5 to 4-7, where the L-C and the C-L orientations gave similar
J:R curves. These differences are probably due to Heat 2ZP6 being a
forgea heat.
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Data at 25°C are much higher than that at the other test temperatures.
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S. NICKEL-BASED ALLOY

5.1 Inconel 600
5.1.1 Material Description

The nickel-based alloy is a single heat of Inconel 600. This material
was procured as a pipe with a diameter of 152 mm (6 in.) and Schedule
80 (a wall thickness of il mm or 0.432 in.). Chemistry information on
this heat is given in Table 5-1.

This heat is the same as DP2-I11 in Ref. 4.

5.1.2 Charpy-V Data

No Charpy-V specimens were tested from this pipe.
5.1.3 Tensile Data

Strength properties for this heat were determined using threaded-end
specimens with a gage diameter of 2.9 mm (0.113 in.) and a gage length
of 12.7 mm (0.5 in.). Tensile results are summarized in Table 5-2 and
illustrated in Fig. 5-1. As with the other heats of piping materials,
no significant different between the L and the C orientations were
found. In addition, no significant temperature sensitivity was found.

5.1.4 Fracture Toughness Data

The specimen design used for this heat is the same as that used for
Heat ZP15, specifically that of a 0.5T-CT specimen with a thickness of
9.1 mm or 0.36 in., as {llustrated in Fig. 3-24. Results for this
heat are summarized in Table 5-3,

From Figs. 5-2 to 5-4, temperature sensitivity for this heat is not
too severe for the C-L or the L-C orientations using slde-grooved
specimens, or for the L-C orientation using plane-sided specimens.
This trend is most evident for the C-L orientation, with the L-C
orientation demonstrating some temperature sensitivity with reductions
in J levels with increasing test temperature.

Comparisons at 25°C and 288°C (Figs. 5-5 and 5-6) indicate only a
minimal and an inconsistent effect of slide-grooving, as the plane-
sided specimens give higher J levels at 25°C and lower J levels at
288°C. Likewise, the C-L orientation gives somewhat lower toughness
than the L-C orientation at 25°C and 288°C, but toughness (J levels)
similar to those for the L-C orientation at 343°C (Fig. 5-7).
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Table 5-2 Tensile Properties of Incomel 600 (Heat ZP16)

Specimen Test Orien- 0.27 Offset Ultimate Reduction Elongation
Numbe r Tempe rature tation Yield Stremgth Streng th In Area
(°c) (°¥) (MPa) (ksi) (MPa) (ksi) (%) (%)
ZP16-1L 25 77 L 238.8 34.63 644.8 93.52 73.0 63.0
ZP16-5L 25 77 L 237.7 34.48 644.7 93.51 74.0 64.8
ZP16-2L 149 300 L 217.1 31.49 604.7 87.70 69.7 59.8
ZP16-6L 149 300 L 213.3 30.94 605.7 87.85 73.0 57.2
ZrP16-3L 288 550 L 197.0 28.57 608.9 88.31 60.9 52.2
ZP16-7L 288 550 L 196.1  28.44 614.5 89.13 69.7 60.0
ZP16-9L 288 550 L 196.0  28.43 605.0 87.75 68.1 63.6
ZP16-4L 343 650 L 189.3 27 .46 613.9 89.04 68.6 59.6
ZP16-8L 343 650 L 191.2 27.73 613.2 B88.94 68.1 6i.0
ZPl16-1C 25 77 C 261.1  37.87 687.6 99.73 56.4 42.6
ZP16-2C 149 300 Cc 224.3 32.53 603.4 B7.5! 68.9 44.5
ZP16-3C 288 550 c 203.5 29.52 614.7 B89.16 62.0 50.4
ZP16-4C 343 650 Cc 196.4 28.48 603.5 87.53 53.6 49.4
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Table 33 J-R fesuits for Incomel 600 (Heat IP16)

Specimen Orient. Test Stde (a/W) - 1 Flow
Wimbe Temp. Groove -5 e -' - = fe 'q Streqg th
v.i. AST™ P.L. AST™ P.l. AST™

) ) (o) (o) /el (kife’)  (wwda)  (wEale) ()
IPi6-11C L-C 24 o 0.527 3.07 -0.07 8.} —— 887.3 — 567 —_— M5
ZP16-21C L~C 149 0 0.5i8 —— —— 2170.2  19%8.8 8567 6286 a3 -— 410.2
ZP16-6LC L-C 149 o 0.53% 3.0¢ -0.11 2786.0 73m.7 —_—— s _ 410.2
ZP16-3LC - 288 0 0.512 - ——— 1929.2  1631.5 6087 557.9 m 49 802.9
ZP16-TLC -c 26 20 0.535 4.29 -0.33 2676.3 2368.3 742.2 5983 575 574 881.5
IP16-121C L-C 26 20 0.535 4.39 ~0.26 23281  7186.5 92,2 w646 516 552 4815
ZP16-8LC - 142 20 0.566 4.6 ~0.47 21867 1929.4 6531 619.2 an® 564 s10.2
IP16-91C L-C 206 20 0.5% .82 -0.66 2674.0 i870.1 6358 087 “Re Se8 405.4
ZP16-13LC 1 208 20 0.567 s.28 ~0.45 1959.5 618.9 — 452 - “05.4
IP16-101LC -C 288 20 0.567 4.26 -0.32 2161.0 1819.5 642.1 589.2 an2 59 2.9
IP16—-6LC L-C 363 20 0.534 &.75 -0.84 20549 1684.0 620.% 562.1 R 590 “01.9
ZPI6-111C L-C 343 20 0.532 5.31 -0.58 1662.8  1562.6 558.5 S541.6 83 Wk 401.9
ZP16-1CL c-L 26 20 0.5%9 .76 ~0.46 1675.4  1420.5 551.0 540.7 a3 27 aTa.e
IP16-2CL -t 149 k. o] 0.5%1 S.32 -0.57 1428.6 1351.4 532.8 518.2 26 435 4139
ZPI6-3CL c-1 206 20 6.553 5.8 -0.72 1466.7  1292.9 535.1 $02.7 72 76 $05.4
ZP16-4CL -1 288 20 0.568 2.80 -0. 46 1652.9 1348.2 526.5 507.2 RO s 0%}
ZP16-5CL L 343 20 0.53 .26 ~1.04 1590.6  1331.2 S46.2 499.7 are sr7 400.0
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600 (Heat ZPl6), using plane-sided
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6. EFFECT OF FLATTENINCG S/PECIMEN BLANKS

6.1  Background

Vith the small diameter and/or thin wall typical of the piping in many
nuclear power plant applications, the largest specimens which can be
removed from the pipe restrict the J-R curve validity range to
extremely small crack growth ranges, frequently preventing sufficient
crack growth for any reasonable structural integrity assessment. One
method for obtaining sufficientlv large crack growth is te flatten
sections of the pipe to make specimen blanks, thereby increasing the
effective planar dimensions of the specimens, This method would
increase the amount of crack growth possible for the material, while
allowing for the specimen size to be maintained to almost the full
pipe thickness.

This small study was undertaken to determine the effect of flattening
on the resultant J-R curve, and also to determine if a stress relief
heat treatment could negate the strain history of the material and
restore the virgin toughness.

6.2 Materials and Test Conditions

The two materials used in this study were a carbon steel (A 106
Grade B, Heat 2ZPl) and a stainless steel (SA 376 Type 304,
Heat ZP2). Each pipe was & 6 in. nominal diameter, Schedule 80 (168.3
mm O.D. x 11 mm wall, or 6.625 in. O.D. x 0.432 in. wall). For this
pipe size, full thickness 0.394T-CT specimens (Fig. 6-1) could be used
to assess as-received toughness, In addition, 1T- and 27-CT plan-form
specimens (Fig. 6-2 and 6-3) were machined from flattened blanks; the
strain induced by the flattening process was calculated at +7&. The
thickness of these plan-form specimens was identical to that of the
full thickness 0.394T-CT specimens at 10 mm (0.354 in.). One-half of
the flattened blanks were also given a stress-relief heat treatment,
with these specimens referred to as "FSR" for flattened and stress
relief heat treated. For the carbon steel, the heet treatment was a
2 h soak at 593°C (1100°F), with a furnace cool. For the stainless
steel, the heat treatment was a 2 h soak at 427°C (800°F) with a
furnace cool.

All of these spe . imens were side-grooved by 208 (10% per side) to
induce straight crack growth. The crack growth orientation was the
C-L direction per ASTM E 399, Testing was at ambient temperature,
although the 2T-CT nlan-form tests of the carbon steel were made at
57°C (135°F) to preclude brittle fracture of these specimens.

For analysis of the test data, tensile properties from mill tests were
used. For the carbon steel, the mill tests indicated a yield strength
of 330 MPa (47.8 ksi) and an ultimate strength of 504 MPa (73.1 ksi),
for a flow strength of 417 MPa (60.45 ksi). For the stainless steel,
the yield strength from the mill report was 358 MPa (51.9 ksi) and the
flow strength was 486 MPa (70.5 ksi).

151



0.188

| 0.973 Dimensions in inches
I in = 254 mm

Fig. 6-1 The flattening study used this 0.394T-CT specimen design with a thickness of
10 mm (0-39k l“.)'



£9T

~ 0.950

i S | T t.to—:{:_

@ 0.654— iy

|
= £ 4

- ~]-.().J-o~ 0.394 —= —~
pay——— 2.00

Dimensions in inches

1 in. = 254 mm

Fig. 6-2 The flattening study used this I1T-CT specimen design with a2 thickness of 10 sm
(0.394 in.).



PST

.00

| el

{l} 0.

1.100—

{ 4.80 &“_53 E

=~

1

0.394 — | |-m—

Dimensions in inches
1 in. = 254 mm

Fig. 6-3 The flattening study used this 2T-CT specimen design with a thickness of 10 mm

(0-394 1“-)0



The effect of flattening followed by a stress relief at 593°C (1100°F)
for 2 h was previously studied for another heat of A 106 Grade B pipe
(Ref. 20). The latter was a 12 in. nominal diameter Schedule 160 pipe
(324 mm OD x 33.3 mm wall, or 12.75 in. diameter x 1.31 in. wall). In
this case the strain induced by the flattening process was 411.5%,
slightly greater than the 7% for the fracture toughness tests. For
the tensile tests, the yield strength was found to increase
significantly after the flattening and stress relief treatment, but
the ultimate strength did not change noticeably (Table 6-1). The
properties for the as-received or the "unflattened" condition were
determined for the nominal mid-plane of the pipe, whereas the FSR
condition was sampled at the nominal OD and ID locations. Averaging
together the results for the two locations for the flattened and heat-
treated condition, the yield strength is found to increase by 24% at
23°c (75°F) and by 28.5% at 288°C (550°F). 1In contrast, the ultimate
strength increased by only 1.1% and 0.68 at the two test
temperatures. The flow strength increased by 9-108 at each test
temperature. These specimens were oriented in the circumferential
orientation, which is pertinent to the C-L orientation for fracture
toughness tests Therefore, for this orientation the effect of
flattening is not w.tigated by a stress relief heat treatment, and the
apparent yleld (and the flow) strungth i{s increased for the flattened
material.

6.3 Results

The J-R curve results are summarized in Tables 6-2 and 6-3 for the
carbon steel and the stainless steel, respectively. Comparisons will
be made using plots of the actual J-R curve data, along with the J1
and T, o values. For both materials, tests of unflattened materiaf
were coghentrated at anmbient temperature (23°C or 75°F), with a single
test at 52°C (125°F) to give an indication of the terperature
sensitivity of these materials.

For the A 106 CGrade B material, data for the unflattened condition are
illustrated in Fig. 6-4, as the higher test temperature (52°C or
125°F) demonstrates similar J levels to those for the ambient
temperature tests. Since the 2T-CT plan-form specimens were tested at
a higher temperature (57°C or 135°F) due to brittle (cleavage)
fracture of two of the 1T-CT plan-form specimens, the measured J
levels for the 2T-CT specimens should be comparable to those for all
of the tests at ambient temperature, as the effect of test temperature
should be similar for all specimen sizes and was found to be
insignificant for this material.

In contrast to data for the as-received condition, the flattened and
the FSR conditions exhibit reduced toughness, as evidenced by lower
J values and overall lower J levels using modified J, J, in
(%Eg. 6-5). In contrast, the use of Jp (Fig. 6-6) indicates similar

toughness for the three conditions. As mentioned previously, the
tests of 1T-CT plan-form specimens resulted in two brittle
fractures, In Aa space, the flattened oniy specimen exhibited only

~ 0.25 mm (0.010 in.) of stable crack grewth prior to fracture, and
the FSR condition specimen failed after only 0.8 mm (0.031 in.) of
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Table 6-1

Tensile Properties of A 106 Grade B Before and
After Flattening and Stress Relief Anneal

Specimen 1D Thickness Test 0.2X Offset Ultimate Elongation Reduction
Location Temp. Yield Stremgth Streng th in 25.4 mm In Area
(°C) (MPa) (ksi) (MPa) (ksi) (%) (T)
As-Received (Unflattened)
ZP4-R1-13 MID 23 300 43.6 553 80.2 30.8 43.5
ZP4-R1-15 MID 23 294 42.6 550 79.8 29.9 41.8
ZP4-R1-17 MID 23 295 42.8 543 78.7 29.2 43.5
Average 23 296  43.0 549 79.6 30.0 42.9
ZP4-R1-14 MID 288 269 39.0 532 77.2 25.7 42.2
ZP4~-R1-16 MID 288 272 39.5 531 77.0 23.0 45.8
ZP4-R1-18 M:D 288 251 36.4 534 77.4 24.6 43.4
Average 288 164 38.3 532 77.2 24.3 43.8
llattened and Stress Relief Annealed
ZP4-RIF-13 iD 23 386 56.0 573 83.2 22.2 42.4
ZP4~R1F-16 oD 23 363 52.7 535 77.7 30.1 46.7
ZP4~-R1F-18 oD 23 365 52.9 534 77.5 27.6 42.9
ZP4~-R1F-19 1D 23 358 51.9 576 83.5 24.8 44.0
Average 23 368 53.4 555 80.5 26.2 43.5
ZP4~-RI1F-14 oD 288 323 46.8 519 75.2 21.8 40.9
ZP4-RIF-15 1D 288 342 49.5 549 79.7 21.1 37.3
ZP4~-RIF-17 1D 288 353 51.2 553 80.2 32.2 37.9
ZP4-R1F-19 oD 288 339 49.1 521 75.6 22.5 44.0
Average 288 339 49.2 536 77.7 24.4 40.0




Table 6-2 J-R Curve Results from the Al06 Grade B Flattening Study

Specimen ID Test (a/w) pa, Aa (82 -sa ) J Ip
Temp.
a a a a2
JIc Tavg I1e avg
(°c) (mm)  (mm) (mm) (ki/m?) (ki/m?)
0.394T-CT
Unflattened
EPCS—-1 52 0.502 4.81 5.66 -0.85 116.1 98 114.2 71
EPCS-2 23 0.517 4.75  5.22 -0.47 103.3 128 102.0 99
EPCS-3 23 0.514 4.74 5.31 -0.57 105.0 119 104.5 90
. EPCS-4 23 0.513 2.50  3.03 -0.53 92.5 106 91.6 82
o,
= 1T-CT
Flattened Only
106BF1T-1 23 0.502 11.16  12.97 -0.93 75.5 71 75.2 65
106BF1T-2 23 0.540 b b il 82.2 il 81.6 -
FSR Condition
106BFST-1 23 0.515 b 5 EE 76.9 =P 76.5 -
106BFST-2 23 0.513 11.86  12.75 -0.89 79.0 85 70.0 78
2T-CT
Flattened
106BF2T 57 0.504 26.77 28.04 “1.27 51.3 75 51.3 73
FSR Condition
106BFS2T 57 0.503  26.34 26.28 +0.06 62.4 86 62.7 83

From a power law analysis.

b Cleavage fracture precluded determination of this quantity.
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Table 6-3 J-R Curve Results from the Type 304 Stainless Flattening Study

Specimen ID Test (a/W), L sa, (8a -sa,) Iy I
Temp.
a a a a
ch Tavg ch Tavg
(°c) (om)  (mm) (mm) (k3/m%) (ki/a®)
0.394T-CT
Unflattened
EPSS~1 25 0.558 4.56 5.15 -0.59 1274.2 365 1042.9 192
EPSS-2 23 0.526 1.35 1.46 -0.11 (1282.5)" -_— 1006.5 -—
EPSS-3 23 0.537 1.26 1.37 -0.11 (1707 = 958.2 s
1T-CT
Flattened Only
304F1T-1 24 0.517 10.88 11.22 ~0.34 827.8 346 775.7 313
304F1T-2 23 0.512 4,70 4.80 -0.10 818.6 231 771.1 196
FSR Condition
304FST-1 23 0.511 11.59 12.02 ~0.43 830.3 273 793.7 229
304FST-2 24 0.514 11.47 11.85 -0.38 821.9 285 788.4 236
2T-CT
Flattened Only
304F2T 26 0.510 13.08 13.03 +0.05 457.7 319 450.1 302
Flattened and SR
304FS2T 23 0.510 15:.01 15.24 -0.23 345.1 439 380.2 411

2 From a power law analysis.

b An extrapolated value (data do not cross the 0.15 mm exclusion lime).
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stable crack growth. In contrast, the other 1T-CT plan-form specimens
exhibited fully ductile fracture until the crack growth exceeded 50%
of the initial unbroken ligament (~ 12.7 mm or 0.5 in.) and the test
was terminated. The stress relief anneal did result in slight
recovery of the toughness lost in the flattening process, principally
as evidenced by the increase in the TlVS levels for those specimens,
From the fracture surfaces for these specimens (Fig. 6-7), the
unflattened specimens exhibit straight crack growth, but the flattened
specimens exhibit significant irregular crack growth, with presumeably
the 1D side exhibiting more crack growth than the OD side due to the
presence of tensile residual strain on the ID side and residual
compressive strain on the OD side. In contrast, the FSR condition
specimens exhibit straight crack growth for the 2T-CT plan-form
specimen but irregular crack growth for the 1T-CT specimen, with the
slope of the crack front in the latter case similar to that for the
flattened condition.

Similar results can be found for the stainless steel as well. As
{llustrated in Fig. 6-8, the data for the unflattened condition
exhibit some differences, as the curve for the test at 52°C (125°F)
lies much lower than the other three curves. In this case, two of the
specimens were tested to only 1.26 mm (0.95 in.) and 1.37 mm
(0.54 in.) of crack growth, due to equipment limitations. The other
two specimens were tested to greater crack growth amounts of 3.76 mm
(0,148 in.) and 4.57 mm (0.18 in.). Although the effect of test
temperature is not tremendously large for this stainless steel, the
difference with the carbon steel, where no effect was found, is
noteworthy.

As with the carbon steel, the flattened and FSR conditions of the
stainless steel exhibit a significant reduction in toughness,
principally in terms of J levels, including J;, and T, ., using Jy but
not using Jy (Fig. 6-9 and 6-10). One notoworchy obaeréation from the
evaluutionl u-ing Jy (Fig. 6-9) is that the as-received condition test
at 52°C (125°F) yields similar J, levels to the flattened and the FSR
conditions. The stress rolief’keat treatment does not provide any
significant recovery in toughness for either the 1T- or the 2T-CT
plan-form specimens. In addition, some effect of specimen size is
apparent, as the data from the 1T-CT plan-form specimens are
consistently higher than that for the 2T-CT specimens. This possible
size effect may be due to the small number of specimens or could
indicate a systematic size dependence. In contrast, wusing J

indicates no significant differences in the overall J levels for the
flattened and the FSR conditions. Therefore, the effect of flattening
is not easily discerned due to the different specimen sizes and the
different J equations used. The differences between J, and J, are due
to the unbroken ligament differences in the different specimen
sizes. Since one would expect to see some differences in the J-R

curves due to flattening, then one could say that Jy does a better job
in this case.

The fracture surfaces of the stainless steel specimens (Fig. 6-11)
exhibit nominally straight crack growth for the as-received
(unflattened) condition tests and some non-uniformity for both the 1T-
and the 2T-CT plan-form specimens.
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SPECIMEN SIZE EFFECTS ON STRESS-STRAIN BEHAVIOR

2.3 Background

The stress-strain curve is an important input to structural integrity
evaluations, principally for the case of extensive plastic deformation
vhere {improper evaluation of strain could lead to non-conservative
calculation of applied J levels for the structure. Since the tensile
specimens used in the characterization work reported in this report
are generally small specimens with a gage diameter below ~ 6 mm, an
evaluation of the effect of using such small specimens on the measured
stress-strain curves was sought for a stainless steel ‘and a ferritic
steel,

The stainless steel used in this evaluation was the SA 182 Type 304
material (code ZP6) described in Section 4; the ferritic steel was
the A 106 Grade C steel described in Section 3. Duplicate specimens
through the pipe thickness were used, with all testing at 288°C
(550°F) . The larger specimen had a gage diameter of 12.83 mm
(0.505 in.) and a gage length of ~ 51 mm (2.0 in.). The smaller
specimen had a gage diameter of ~ 5.74 mm (0.226 in.) and a pgage
length of ~23 mm (0.9 in.). For the stainless steel, specimens were
located at the nominal ID and OD and the midthickness. The same
thickness locations were used for the ferritic steel, with the 1/4T
and 3/4T locations also used for the smaller specimens.

In all other respects, the test and data analysis procedures were
identical to those used for the tests reported in Sections 3 and 4.

7.2 Resul ts

Results from these tests are given in Table 7-1, with a summary of the
average results for each pipe given in Table 7-2. The tabulated
Ramberg-Osgood values are determined from regression analysis to the
stress-strain data and are generally applicable from just past the
yield strain to strain of ~ 0.1.

As 1llustrated in Figs. 7-1 and 7-2, the two specimen sizes give
nearly identical strength levels for each steel, as the yield
strengths are always within 10% and the ultimate strengths are always
within 3.5% at each location through the pipe thickness. The
stainless steel did not exhibit any significant variation through the
pipe thickness, although the OD tends to have the lowest strength
levels and the ID tends to have the highest strength levels for the
smaller specimen size, with the average strengths withip 15% for all
locations. In .ontrast the ferritic steel exhibited a mcderate
through-thickness variation, whereby the pipe surfaces exhibited
higher strength levels than the internal locations, with the pipe
midthickness exhibiting the lowest overall strength levels. For the
smaller specimen size, the maximum difference in strength between the
midthickness and the surfaces is 36% for yield strength and 8% for
ultimate strength, with the larger specimen size exhibiting
differences of 23% and 5%, respectively. Therefore, one effect of the
larger specimen size is a moderating effect on the through-thickness
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Table 7-1 Tensile Results for Specimen Size Effect Study st 288°C

Specisen Specimen Location 0.22 Offget Ultimate Elong. Reductiom Rambe ix ~Osgood Parameters
1 Size® Yield Stremgth Strength In Area n a % %
(MPa) (ksi) (MPa) (kst) 2) (%) (¥Ps) (ksi)

Type 304 Stainless Steel

1581 0.505 on 126.7 18.38 391.4 56.77 62.5 75.7 2.478 3.508 127.1 18.43 ©0.0030)
ig2x-2 0.505 oD 130.9 18.99 392.0 56.86 65.7 78.3 2.380 4.299 131.3 19.06 0.00286
1z1-3 €.505 ~D 133.8 15.41 395.1 57.30 65.3 77.8 2,716 3.500 134.2 19.46 0.00274
1E1-4 0.505 M1D 127.3 8.7 330.7 56.86 3.2 77.4 2.519 3.821 127.8 18.53 0.00288
1E}-5 0.505 D 123.0 17.84 389.8 56.53 64.7 76.0 2.827 4191 123.3 17.89 0.002%8
1E1-6 0.505 I 131.7 19.10 389.2 56.45 63.0 76.0 2,452 &4.162  132.% 19.16 0.00273
1EL-7 0.226 o 116.7 16.93 393.5 -~r.07 64.2 77.6 2.067 4.663  117.1 16.98 0.00295
1E)1-8 0.226 oD 124.3 18.03 396.6 57.23 59.6 78.8 2.565 2.230 124.7 18.08 0.00288
1€1-9 0.22¢6 MiD 132.2 19.18 396.0 57.43 62.6 75.2 2.718  3.301 132.7 19.24 0.00284
1E1-10 0.226 MID 138.6 20.10 398.8 57.8s 65.0 8.8 2.547 4.326 139.0 20.16 0.00276
1E-E1 0.22¢ D 133.8 19.80 396.8 57.55 65.8 77.2 2.508 4.226 134.1 19.45 0.00276
1E1-12 9.226 0 1£3.3 20.78 501.9 58.29 4.0 77.4 2.755 3.620 143.7 20.84 0.0029

A 106 Grade C

1£2-1 0.505 o 331.8 &8.12 630.9 91.5% > 4.7 4.672 0.7945 1333.1 4&8.31 0.00392
182-2 0.505 0 341.8 45.58 639.9 92.82 47.5 68.3 4.892 ©.8056 343.1 #3.76 0.00377
1E2-3 0.505 M1D 285.5 &41.99 609.8 B8.44 42.3 57.3 4.703 0.5107 290.6 42.15 0C.00389
1E2-4 0.505 ~ID 286.2 41.51 507.7 B88.14 6.6 59.8 4,757 ©0.5623 287.27 41.65 0.00336
1E2-5 0.505 Ip 368.2 53.s0 646.7 93.80 48.9 67.4 5.474 0.7289 369.6 53.61 0.0039}
1E2-% 0.505 10 339.6 49.25 633.0 91.81 47.6 66.5 4.716 0.8521 340.9 a49.48 0.00395
182-7 226 ap 338.1 45.04 £32.9 91.79 49.4 70.9 5.058 0.6705 339.5 49.24 0.00420
LE2-8 0.226 o 395.4 57.35 665.4 96.51 47.6 72.7 5.776 0.6738 397.1 57.60 0.00435
tE2-9 0.226 0.25 293.% 42.59 615.5 89.27 45.6 62.4 4.895 0.5156 294.8 42.75 0.90355
1£2-10 - 226 0.25 302.1 43.8! 626.2 90.82 a4 64.5 4.732 0.5815 306.3 44.43 0.00373
1€2-11 0.226 MiD 279.9 50.60 608.0 88.18 45.4 6i.8 % 520 0.5473 281.0 40.75 0.00370
1£2-12 0.226 MID 286.6 &1.59 613.8 89.03 43.6 62.4 774 0.4959 287.8 &1.74 0.00355
1E2-13 0.226 06.75 317.9 &6.11 635.0 92.24 a7.6 63.8 $.876 0.5866 318.3 5$6.16 0.00296
1E2-14 0.226 0.75 312.7 45.3% 630.8 $S1.89 46.0 64.0 4.560 0.7842 313.8 45.52 0.0034
182-15 0.226 1D 383.2 S55.58 661.0 95.87 49.4 76.% 5.842 0.5964 384.9 55.82 D.00424
122-16 0.226 D 387.2 56.1%6 662.7 96.1! 47.2 68.9 5.704 ©.6971 388.8 56.39 0.00403

% 0.505 is gage diameter of 12.83 mm (0.505 in.).
0.226 is gage Clameter of 5.74 smm (0.226 in.).
Broke on gage mark.
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Table 7-2 Summary of Tensile Results for Specimen Size Effect Study at 288°C

Location 0.2% Offset Ultimate Rambe g -Osgood Parameters
Yield Strength Strength n o 9, €
0.505* 0.226* 0.505 0.226 0.505 0.226 0.505 0.226 0.505 0.226 0.505 0.226
(ksi) (ksi) (ksi) (ksi) (ksi) (ksi)

Type 304 Stainless Steel

oD 18.69 17.48 56.82 57.1% 2.429 2.306 3.902 1.947 i8.73 17.53 0.00293 0.00292
MID 18. 94 19.64 56.98 57.64 2.616 2.633 3.660 3.813 19.00 19.70 0.00281 0.00.80
1D 18.47 20.09 56.49 57.92 2.270 2.632 4.413 3.923 18.53 20.15 0.00271 0.00285
Average 18.70 19.07 56.76 57.57 2.438 2.524 3.992 3.894 18.75 19.13 0.00282 0.00286
A 106 Grade C
oD 48.85 53.20 $2.16 94.15 4.782 5.415 0.8001 ©.6720 49.04 53.42 0.00385 0.00428
0.25 —— 43.20 — 90.05 —— 4.809 0.5486 43.59 ———— 0.00364
MID $1.75 41.10 88.29 88.60 4.730 4.647 0.5365 0.5216 41.90 41.25 0.00363 0.00363
0.75 — 45.74 — 9].87 4.718 —— 0.06854 — 45.84 0.00371
) 51.33 55.87 92.81 95.9% 5.095 5.773 0.7905 0.6468 51.53 56.10 0.00393 0.00614
Average 47.31 47.82 91.09 92.13 4.869 5.072 0.7090 0©.6149 47.49 48.0a 0.00380 0.00388

® .505 is gage diameter of 12.83 me (0.505 in.).
0.276 is gage diameter of S5.74 smm (0.226 in.).
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variation in strength measured at the pipe surfaces. For the ferritic
steel the ratio of yleld to ultimate is ~ 2:1, whereas for the
stainless steel the ratio of yield to ultimate is ~ 3:1,

Comparisons of the stress-strain behavior will be made using the
engineering stress-strain curves, &lthough a few comparisons of the
true stress-strain curves will also be made. For all of the stress-
strain comparisons, two curves will be shown, with one at the small
strain region (i.e., ¢ < 0.01) and the other illustrating the overall
curves in each case. For the true stress-strain curves, the final
data point (at fracture) is illustrated by an "X" in each case. As
described in Section 2.2, the true stress-strain data can be
determined using Eqs. 2-5 and 2-6 only up to maximum load, with
Eqs. 2-7 and 2-8 used to determine true stress-strain values at the
fracture point. To approximate the curve between these points (i.e.,
the fracture point and maximum load), a linear interpolation is
used, ™ .refore, the true stress-strain comparisons covering the
entire curves will exhibit & lengthy linear portion which is purely an
artifact of the plotting method used, and which permits matching of
the appropriate stress-strain curve with the fracture point for that
curve,

Starting with the stainless steel, the true stress-strain curves for
the large specimens (Fig. 7-3) indicate much less variability in terms
of stress at a constant strain than do the curves for the small

sjecimens (Flg. 7-4). For both specimen sizes, the maximum load
occurs at ep of ~ 0.25, as an obvious change in curvature occurs where
the linear interpolation of the stress-strain curve starts. In

contrast, the engineering stress-strain curves are in much better
agreement for the case of the overall curves (Figs. 7-5 and 7-6).

Comparisons of the engineering stress-strain curves at the three
thickness locations (Figs. 7-7 to 7-9) indicate that the larger
specimens tend to give (somewhat) lower stress-strain curves at the
MID and the ID, but slightly higher curves at the OD location of this

pipe.

For the ferritic steel, a clearer separation of the stress-strain
curves for the different thickness locations occurs (Figs. 7-10 to
7-15). For the large specimens, the OD and the ID exhibit rounded
stress-straln curves, in comparison to the distinct plateau behavior
of the MID, which also has by far the lowest stress-strain curves.
For the small specimens, curves for the MID location are plotted on
both sets of graphs to use as a reference. For the small specimens,
the ID and the OD specimens exhibit the rounded stress strain curves
described above, with specimens from intermediate locations exhibiting
a plateau behavior. 1In each case, the stress-strain curves for the 0D
and the ID locations tend to be much higher than those for the other
locations.

Comparisons of the engineering stress-strain curves at the three
thickness locations (Figs. 7-16 to 7-18) indicate excellent agreement
in the curves at the MID, with the small specimens tending to give
somewhat higher stress-strain curves at the OD and the ID. One good
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sign is that the general shape of the stress-strain curves is
consistent with the two specimen sizes for the ID and the MID, with
only the level of the curves deviating.

For the ferritic steel, the overall trends are consistent with
expectations, &s the small specimens are more sensitive to local
strength variations near the wall surfaces. Where the two specimen
sizes are nominally the same material, i.e., at the MID, the two

specimen sizes give nearly identical strese-strain curves as well as
strength levels.



8. CONCLUS IONS

General conclusions from this work include:

As with other structural materials, side grooving reduces
fracture toughness (J levels) from CT specimens.

Characteristics of dynamic strain aging (DSA), including
load drops and serrated tearing, have been found with
A106 Gr. B and C in the temperature range of 149°C to
206°c  (300°F to 4O0O°F). A possible additional
characteristic found with many of the ferritic steels is
an extremely sharp increase in Cy, energy at 288°C (550°F).

Except for forged MHeat 2ZP6, a strong orientation
dependence was found, with the L-C orientation giving much
higher toughness than the C-L orientation.

Within a given crack plane (such as those with the L or
the C orientation as a perpendicular), the through-
thickness and lengthwise crack growth directions exhibit
similar fracture toughness trends.

Significant through-thickness wvariability has been found
with heavy wall (f.e., > 25 mm or 1 in.) carbon and
stainless steel, in terms of stress-strain and strength
properties, and also in terms of notch ductility (C,)
impact toughness. Similar wvariability can be expected
with fracture toughness.

JR curves for the highly ductile stainless steels
generally exceed the specimen size requirements.

A 4 op blunting line is a better approximation to the
blunting trends of the stainless steels than is the
standarc 2 og blunting line.

Flattening of specimen blanks results in lower J,-R curves
than for the as-received condition. A stress-relief heat
treatment does not recover the toughness loss to a
significant degree. In contrast, J, tends to minimize the
toughness differences.

lLarge and small tensile specimens are found to give
similar stress-strain curves for cases in which the two
specimen sizes are sampling similar material, as in the
mid-thickness or MID. Small specimens are gich more
sensitive to local variability, principally in terms of
the strength properties.
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