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Why Normalization?

» Allows single specimen R-curve determination in extreme
test conditions where unloading compliance or electric
potential difference (EPD) use is not possible or undesired:

» High loading rates

» Temperatures and environments beyond clip gage
capabilities

» Concerns over influence of periodic unloading or
EPD on material behavior

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Successtul Applications of Normalization
Technique

» Comparisons to multi-specimen results
e X-750 in RT air
* 316 SS in 1000°F air
* Alloy 600 in 640°F water
« A508 Cl. 2 in 480°F water

« Other Materials (in a variety of environments)

« 17-4 PH, A193 Grade B7, Alloy 690, EN82 and
EN52 (weld metals)

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Examples (cont.)

» Comparison of Normalization R-Curves to Multi-

Specimen Data

5000 . ——————; :
Type 316 Stainless Steel
' Tested at 1000°F
4000 | ]
«E 3000 | .
e
£
— 2000 ]
@ Multiple Spec. J,c = 1196 in-Ib/in? |
A Spec. 1975 J, = 1081 in-lb/in?
1000 v Spec. 1988 Jg = 1292 in-Ib/in’
O Spec. 1992 Jic = 1131 in-lb/in®
:: .
0.00 0.05 0.10
Aa (inch)

Bettis Atomic Power Laboratory
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Examples (cont.)

» Comparison of Normalization R-Curves to Multi-
Specimen Data

7000 L T T T I T T T | T T T T T T T T

- ALLOY 600 ]
6000 L ©40°F, Deaerated Water

5000

T

4000 |-

Muilti-Specimen
Power Law Regression

3000 |

J-Integral (in-Ibsfin?)

2000 |

Open Symbols: Normalization Curves
Closed Symbols: Multi-Specimen Data -

P B S R ]

0.00 0.02 0.04 0.06 0.08 0.10
Aa (in)
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Examples (cont.)

* Evaluate environmental effects

J Integral (in-bs/in?)

2000 s . : ]

r ASTM A193 Grade B7 Low Alloy Steel 1

1800 | Tested at 480°F .

C + + ]

1600 ]

A Crack "Pop-in" b

1400 | ]

o0 el

L Low Oxygen Water ®° . n i

1200 | g pH~10.8 @ RT R ]

- (E . [ ] [ ] p

F e ‘ [ ] L i

1000 [ @ :"° o 0° ]

r : ' o [ ] a 1

800 [ & o 2 on ? ;o-°‘ ]

g i o 9o 8% :

600 a 5

" ? e e K Staurated Oxygen Water |

400 | ,.,%. *® PH~108@RT ]

200 .

0 I 1 l L 1 L i} L L L ] L L 1 ! n 1 1 " " .

0.00 0.04 0.06 0.08 0.10 0.12

Crack Extension, Aa (in)
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Procedure

Normalize data based on initial crack length

— final data point normalized with final crack length

Estimate initiation point based on straight line tangent
from final point to knee of normalization plot

Fit data from normalized displacement > 10-3 to estimated
initiation point + final point using the Joyce eqn.

Iteratively adjust initiation point to achieve best fit of data

Once initiation point established set subsequent crack tip
blunting to initiation value

Complete process incrementing crack length to fit to curve

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Procedure (cont.)

e Initial load-displacement data

Load (Ibs)

4000 ———r———r——r—— e —
- Alloy 600 1
- 640°F Deaerated Water

3000

2000 -

1000

Load-Line Displacement (in)

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Procedure (cont.)
 Plot uncorrected data/estimate initiation

Normalized Load

50000

40000

30000

20000

10000

T T
| Alloy 800
| 640°F Deaerated Water

Estimated Initiation

i eo0® a2,

i N [ ] Ll \ ¢ ® e e o
' Maximum Load

r ] .

ed L

0
°
D

L. @ .

[

c

°

°

o

e

.
-8 Curve Fit Points are Red -

®

.

N
;_‘_ PR T TN NS NSO SRS VU HNSUY NOV WS ST SR S DU R N
0.00 0.05 0.10 0.15 0.20

Normalized Plastic Displacement
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Procedure (cont.)
* Crack length correct data beyond initiation

50000 I T T T T I T T T T ‘ T T T T , T T T T
| Alloy 600 ]
| 640°F Deaerated Water i
40000 - ~
Estimated Initiation B
Maximum Load %
e}
8 30000 | ]
ed
o
@
N
©
£
S 20000 —
z L i
. 4
.
[ ]
. J
-3
10000 i : Curve Fit Paints are Red —
[ o
[ ]
Ol & v L L
0.00 0.05 040 0.15 0.20

Normalized Plastic Displacement
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Lessons I.earned

« Fitting data below normalized displacement of 10-3 can
cause poor fit to data near J;-

— overestimate J . / predict negative crack extensions

 Estimating initiation to be max load usually wrong and can
result in fits that give inaccurate results

« “Wavy” or discontinuous load-displacement curves can
make normalization technique difficult and leads to
1naccuracies |

— e.g. from “dynamic strain aging” effects, ringing, or poor
instrumentation

— however, “pop-ins” can be properly characterized

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.




Lessons [.earned (cont.)

» Fitting data below normalized plastic displ. of 10-3

50000 (1 [
. Alloy 600
| 640°F Deaerated \Water
40000 -
Estimated Initiation .
L] .\\ so e e 09
- L
S 30000 Maximum Load N
-~ L
i)
[ r
N L
©
£
& 20000 - _
4
10000 + o Curve Fit Paints are Red ~
H
.
O—£|x||[|1A|||l|~14|||
0.00 0.05 0.10 0.15 0.20

Normalized Plastic Displacement
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Load (lbs)

Lessons Learned (cont.)

* Wavy load-displacement curve = wavy R-curve

16000

14000 |
12000 |
110000 |
8000 |
6000
4000 |

2000

A508 Class 2 Steel

470°F Deaerated Water

L ad 0800000000

0.02

0.04 0.06

Load-Line Displacement (in)

0.08

4000 et I —
A508 Class 2 Steel
470°F Deaerated Water
3000 |- |
L |
&£ L ]
2 ﬂ
é i .. . 1
= 2000 | o -
— L
o - " ]
2 L « °* ]
£ .’ y
4 = | : “
1
i 1000 ]
oW — L.
0.10
0.00 0.02 0.04 Q.08 0.08
Aa (in)

0.16
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Lessons [earned (cont.)

« Excessive bursts of cracking such that the final crack
length is >> the initial crack length consistantly yields

inaccurate (high J,) results
— limit maximum crack extension and require stable extension

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Lessons [.earned (cont.)

* Excessive crack extension

12000 L T T T T T LA T T T
10000 +
'
8000 (] Burst of Unstable
: ® Ductile Crack Extension
n - ¢ <
a )
3 6000 | s
o ®
- Iy
I 17-4 PH
4001 & Condition H1100
] 'o Tested in 550°F Air
F @
2000 + @
‘o °
0‘|||'|IIIA'| PR W W O S T B Y P Lo U I WY TN ST SR I YT SN U T S S R '
000 o001 002 003 004 005 006 007 008 008

L.oad-Line Displacement (in)

Bettis Atomic Power Laboratory M
Bechtel Bettis, Inc.




Lessons [.earned (cont.)

Normalized Load

S

* Excessive crack extension

le+d -
9e+4 ;
8et4 -
Te+d é
Ge+4 :

Se+4 L

4e+4
3et+4
2e+4 |

1e+4

T LU Mt e T T T T T
T T I

AR YOR N U WU SRV VIR SV ST SN S RO TR UUNT SHY GUUN SN SO W

17-4 PH
Condition H1100
Tested in 550°F AIR

Curve Fit Points Are Red

0.01 0.02 0.03 0.04 0.05

Normalized Plastic Displacement

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Lessons [.earned (cont.)
e L.imit crack extension

1e+5 L T T T T I T T T T T T T T ‘ T T T T I T T T T J

: ]

Qe+4 ~ ]

8e+4 [ =

Te+4 [ -

g E Curve Fit Points Are Red E

o 68+4P -

— - ~

B st i

N 5Se+4 ° -

I ]

& ]

c A4de+d .
z

3e+4 .

17-4 PH ]

Se+4 Condition H1100 4

Tested in 400°F AIR ]

1e+4 -

0 @mtiomt L Vvl e ]

0.00 0.01 0.02 0.03 0.04 0.05

Normalized Plastic Displacement

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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Lessons [.earned (cont.)

» Limit crack extension

Z‘)SOOL..V,,.,,.,1,..,...I

3000 | ]
I Normatization L ]
2500 o ]
L A .
[ e ]
2000 | N x i
i LN : ]

r [ ] Unloading Compliance 1
1500 | 4 nieading Lomplianc :

J-Integral (in-Ibs/in?)

1000 & - ]

17-4 PH 1
500 Condition H1100 N
Tested in 400°F Air

0 1 L L ] L 1 L 1 i 1 L Il L L i i 1 Mt 1 L i 1 il
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Aa (in)

Bettis Atomic Power Labora'tory
Bechtel Bettis, Inc.
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Conclusions

« The normalization technique for single specimen R-curve
and J;- determination can be very effective.

e Much like EPD, this technique requires some user
interpretation/judgement during data analysis and may be
difficult to standardize or fully automate even with strict
analysis rules.

Bettis Atomic Power Laboratory
Bechtel Bettis, Inc.
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APPENDIX

J-R Curve Normalization Technique

This appendix summarizes the normalization method used to determine J-R curves and Jc
values from experimental load versus load-line displacement records as long as the initial and
final crack lengths are known. The normalization process involves an initial analysis of the data
to establish an appropriate normalized load-displacement function for a given data set. An
iterative process is then used to determine the amount of crack extension at each data point
based on the normalization function. The detailed analysis procedures for each of these steps is
provided below.

Initial Analysis to Establish Normalization Function

The analysis begins by normalizing each load-displacement data pair. The load is normalized
using the following equation:

P il
N T

WB[ W_abi ]ﬂp/ [A1]
w

where P, is normalized load, P, is instantaneous load at the i data point, W is specimen width,
and B is specimen thickness (i.e., minimum thickness for side grooved specimens). The value
of n, is given by

W-a,
Ny =2+ 0.522 (——-————W ) [A2]

where a,; is the instantaneous blunting-corrected crack length. In the current analysis,
calculation of a,; differs slightly from that recommended by the proposed ASTM method. Within
the crack blunting regime (i.e., for J; values up to a critical value, J,, corresponding to the
transition from crack blunting to tearing), the amount of blunting (Aa,;) is proportional to the
applied J; value, so a,; is given by

a. =a + !
5% Tmo [A3]

where a, is the initial crack length, o; is the flow strength (i.e., average of yield and ultimate
strength levels) and m is the constraint factor (m=1 for materials with low strain hardening
capabilities, such as Alloy X-750, 17-4PH and steels; m=2 for materials with high strain
hardening capabilities, such as Type 316 stainless steel and Alloy 600). This is consistent with
the ASTM procedure. In contrast with ASTM methodology, however, the blunting portion of the
crack length does not increase in the crack tearing regime (i.e., for J; values above J,)).
Therefore, in the current analysis the blunting-corrected crack length at J, ievels above J,, is
assumed to be constant and is given by
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Jos
a, =a,-+ Yy [A4]
f

J, is the value of J where the J-R curve begins to deviate from the blunting line, and it must be
determined by an iterative process. A simple method for estimating J,, during normalization data
reduction is provided later. The initial value of J; and J,, used in Equations [A3] and [A4] are
calculated for crack length a, using the following equation:

K2 (1-v2
J - 2 )+J

o et (A

where K; is the stress intensity factor and J,; is the plastic component of J as defined in ASTM
E1820-96.

Each corresponding Ioad line displacement value (v)) is then normalized to give a normalized
plastic displacement ( p,,)

Y/ ¢ Sl 4 [A6]

where C, is the elastic compliance of the specimen with crack length a,; and v,; is the plastic
load-line displacement. The final load-displacement data pair is then normalized using
Eguations [A1] and [AB] except that the final measured crack length is used to compute Py and
Vi

The normalized load-displacement data pairs within the blunting regime and the final normalized
data pair are fit with the following analytical normalization function:

g "2
P . q+rvp,+S(vp,)
N

[A7]

t+vp,

where qrs, and t are fitting coefficients. When data points prior to maximum load or at very
small v, i values (<10®) do not conform to the normalization function, they are deleted and the
function is refit. The end of the blunting region can be estimated by constructing a straight line
tangent from the final normalized data point to the knee of the data piot. The fitting procedure is
repeated until the normalization function predicts the final P, value within 0.5% and provides an
adequate fit of the remaining data pairs, especially for the data just prior to the point of tangency.
It is noted that the J, value at the point of tangency provides a reasonable estimate of Jy,.
Normalized data pairs consistently falling above the resulting normalized functlon are indicative

of an inadequate fit.
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lterative Analysis to Determine Amount of Crack Extension

An iterative process is next used to force all other normalized ioad-displacement data pairs
within the tearing regime to lie on the fitted curve. This involves adjusting the crack length of
each data set and using the adjusted crack length to recalculate Py and v, (i.e., substituting a,
for a, in the Equations [A1] through [A6]) until the normalized load-displacement point falls on
the function defined by Equation [A7].

The estimated blunting-corrected crack lengths together with the corresponding load and load-
line displacement values are then used to compute J as a function of crack extension (Aa). J,

can then be determined for this J-R curve using the conventional methods outlined in ASTM
E1820.

Jic-NORM




