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Glossary of Symbols 

= Center-cracked tension specimen. 

= Crack-line wedge-loaded specimen. 
= Crack-opening stretch. 

= Compact-tension specimen. 
= Charpy V-notch specimen. 
= Electrical-discharge-machine process. 

= Linear-elastic fracture mechanics. 
= Partial-thickness-crack specimen. 

= Rolling direction. 

= Orientation of full-thickness crack stressed parallel 

to RD and propagating perpendicular to RD. 
= Plot of K R vs Aa, where Aa E Aaphy. 

= Crack length; crack depth for PTC specimen. 

= Critical crack length for the onset of a particular 

event. 
= Effective crack length, including r . 
= Machined-notch crack length. P 

= Initial crack length. 

= Physical or actual crack length. 

= Actual or physical crack length. 

= Increment of crack extension. 

= Critical increment of stable crack extension at 
fracture instability, a property of the R-curve. 

= Plane-stress plastic-zone radius at the crack tip. 

= Plane-strain plastic-zone radius at the crack tip. 

= Hinge point, a distance measured from the load line, P. 

= Specimen thickness. 

= Path-independent integral of plastic strain-energy 

density surrounding the crack tip. 
= Critical JI value at fracture under plane-strain 

conditions (analogous to G). 

= Modulus of elasticity. 

= Crack-extension force or strain-energy release rate. 
= Resistance to crack extension measured in terms of G. 
= One half of CT specimen height. 

= Stress-intensity factor, 
= Critical K value at fracture under plane-stress 

conditions. 

= Applied K value under opening-mode (Mode I) loading 
conditions. 

= Critical K I value at fracture under plane-strain 
conditions. 
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KIc r = 

Kid = 

KI,Gu b = 

KI,LU b = 

Ki,ma x = 

KQ = 

K R = 
KR,pI = 

AKf = 
P = 

Pmax = 
R = 

T = 

V = 

V 1 = 

Vl abs = 
V 2 = 

V2 abs = 
(VI/V2) s = 

W = 

= 

= 

EZZ = 

eBS = 

Eys = 
p = 
a = 

a D = 

Oy s = 
OZZ = 

A general critical K I value corresponding to the onset 

of a specific event (Kc, Kic , Kid, Kiscc , etc.). 
Value of Kic measured under dynamic or impact loading 
conditions. 

Greatest-upper-bound K I value for plane-strain 
conditions. 

Least-upper-bound K I value for plane-strain 
conditions. 

Nominal K I value at fracture calculated using initial 

crack length (ao) and maximum load (Pmax) on the basis 
of LEFM analysis. 

Questionable or invalid Kic value based on 5 percent 
secant-intercept method of analysis in fracture test 

record. 

Resistance to crack extension measured in terms of K. 

Plateau value of K R from an R-curve. 
Stress-intensity range used in fatigue precracking. 

Load or force. 

Maximum load in a fracture test. 

Stress ratio used in fatigue precracking. 

Temperature. 

Crack-opening displacement measured with a clip gage. 

Value of V measured at a distance 0.1576W from the 

load line, P, counter to the crack extension direction. 

Absolute value of V I. 

Value of V measured at a distance 0.303W from the load 

line, P, in the same direction as crack extension. 

Absolute value of V 2. 

Slope of V 1 vs V 2 test record measured under elastic 
unloading conditions. 

Specimen width. 

Limit of plane-strain conditions at value of 8 = 0.4. 

Crack-opening stretch or crack-tip dislocation, used 

interchangeably with COS. 

Strain. 
Strain rate. 

Through-thickness strain~ 

Back-surface strain measured on the free surface 

opposing the crack at a location that intersects with 

the crack plane. 
Yield strain. 

Root radius of a machined notch tip. 

Stress; also, standard deviation in a statistical sense. 
Design stress; alternatively, the gross, uniform 

tension stress applied to a CCT specimen remotely. 
Yield stress. 

Through-thickness stress (synonymous with "constraint"). 
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Table III 

Overall R-Curve Study 

Specimen No. 
ays, Thickness, of Spec 
ksi Inches Spec Type@ 

50 B= 1.5 3 @ 

" " 3 

" " 4 ~ 
I 

" " 4 

" B = 0 . ~  4 @ 

" " 4 @ 

Test Temperatures~ 

T = e40 F, +40 F + +72 F 

,I ,1 Wl 

I I  I I  I I  

, l  I '  I I  

, ,  I !  I f  

! I  I I  I '  

22 Total 

62 B = 1.5 2 @ T = ~40 F + +72 F 

2 Total 

2T and 4T specimens tested under "load-control" conditions, 
4C and 7C specimens tested under "displacement-control" 

conditions. 

At least one specimen for each group of 3 or 4 was tested at 

each of the (nominal) test temperatures cited. 

The cited 4T and 4C specimens provided an "overlapping" 
condition for each of the two different test techniques. 

~ AII B = 0.5-inch specimens were taken from that portion 
of the plate closest to the center after the original 
1.5-inch plate thickness was split. 
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Table VII 

Analysis of K c Results for Different Test Procedures 

Nominal 
Specimen Test 

Item Size and Temperature, Kc, 

No. Type* F ksi /~nch 

Extent to Which 
Kc for 4T Exceeds 

That for 4C** 

4 4T -40 154 +51.0% 

5 4C -40 102 - 

6 4T +40 314 +79.5% 
7 4C +40 155 - 

8 4C +40 195 - 

9 4T +72 445 +40.0% 

i0 4C +72 318 - 

* 4T specimens tested by load-control test method. 
4C specimens tested by deflection-control test method. 

** Expressed as a percentage of the listed (or average) ~c value 
for the corresponding 4C specimen. 

Conversion Factors: 

F = 9/5 C + 32 
1 ksi /inch = 1.099 MNm-3/2 



Table VIII 

Comparisons of Studies Conducted to Evaluate K c Behavior 
Measured Using the Load-Control and Displacement-Control 

,. Test Techniques 

Materials 

Material 
thickness, inches 

K c Repeatability 

Strain-rate 
Sensitivity 

(on K c) 

Method of 
Analysis @ K c 

Earlier Studies 
by Heyer & McCabe* 

High-Strength 
Aluminum & Titanium 

Alloys 
vs 

B ~ 0.066 vs 

Excellent (• vs 

Present 
Study** 

Low-Strength 
Steel 

B = 1.50 

Fair 
(• to • 

NIL vs High 

LEFM vs COS 

* Complete Equivalenqe of K c behavior demonstrated in tests 
conducted with load-control and displacement-control testing 
techniques. 

** Kc for load-control = 40% to 80% higher than K c for displace- 
ment-control. 



Table IX 

Effects of Thickness (B = 1.5 inch vs B = 0.5 inch} on K c Behavior 

from Load-Control Tests o n 50-ksl Yield-Strength A572 Grade 50 Steel 

Nominal K c for K c for 

Test B = 1.50 inch B = 0.50 inch 
Item Specimen Temperature, Specimen, Specimen, 

No. Size F ksi ~ ksi 

A. 2T Specimen Size 

1 2T -40 116 - 

17 2T -40 - 316 

2 2T +40 21~ - 

18 2T +40 - 273 

19 2T +40 - 313 

3 2T +72 >87 + - 

20 2T +72 - 308 

B. 4T Specimen Size 

4 4T -40 154 - 

21 4T -40 - 150 

6 4T +40 314 - 

22 4T +40 - 305 

9 4T +72 445 - 

23 4T +72 - >503+ 

24 4T +72 - >380 + 

+ See appropriate footnote for detailed behavior in Table V. 

Conversion Factors 

1 inch = 25.4 ram. 

F = 9/5C + 32. 

1 ksi ~ = 1.099 MNm 3/2.- 
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Table XII 

Fracture Behavior of A572 Grade 50 Steel (a~s ffi 50 ksi) 

Invalid KIc 
Test Results 

Estimatedksi ~alues, 

From 
Test K , / K O \ Ki-Suppression From 
Temp ksi ~nch L Ki,~ub) Effect* J-Inte@ral** 

G120 F 76.5 0.94 148~ 100-130 

e104 F 74.2 0.96 148 e - 

e55 F 73.6 1.08 148 + - 

+7 F 71.9 1.14 148 + - 

+75 F 63.4 1.06 148 + 160-200 

KO 
(KltGub) = I'00 * KIc = 2.0 KQ @ 

Kic ~ 2 x 74 = 148 ksi ~inch 

** "One-shot" JIc equation. 

where KI,Gub = oys(l.~ 1/2 

T ffi - 8 0  F 



Table XIIi 

Summary of Minimum Plane-Stress Fracture Toughness for Two 
Thicknesses of A572 Grade 50 Steel Under Static 

Loading Condiitons (e ~ 10 -5 sec- !) 

Minimum acr for 
Minimum Infinite CCT Spec* 

Temperature, Kc, ~ys, @ OD = 3/4 Oys, 
F ksi ~ ksi inches 

, _ _  , , m  , 

A. For B - l-i/2-Inch-Thick Plate and Oys = 50 ksi 

-40 57** 56 0.58 (180)** 
+40 155 51 5.22 
+72 318 50 22.9 

B. For B = i/2-Inch-Thick Plate and Oys = 50 ksi 

-40 150 56 4.06 
+40 273 51 16.2 
+72 >380 50 >32.7 

C~ For B = l-i/2-Inch-Thick Plate and Uys = 62 ksi 

-40 121 68 1.80 
+72 365 62 19.6 

* For an infinite center-cracked tension (CCT) specimen: 

K = u /~a (i) 

Rearranging (i): '~ acr = i(~D) 2 K  c (2) 

and for 

~ = 3/40y s 

we get 
16 (Kc 

acr = 9', '~ \ ~ - ' ~ }  = 

2 
Kc 

** If the minimum representative fracture touahness is taken 
to be Kc = i00 ksi /i-n-~; The corresponding value of critical 
flaw size would be acr -- 1.80 inches. 

Conversion Factors : 
9/5  c + 32 

1 k s i  ~ = 1 . 0 9 9  MNm - 3 / 2  
1 k s i  = 6 . 8 9 5  N/mm 2 = 6 .  895  M-N/m 2 

1 inch = 25.4 mm 
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tions. 



DIAM 

|~  W 

A. c r  SFC-CaleEN (HIW - 0.1to01 U ~ D  FOR 
~ R O L  TESTS. TYPES 2"1" ANO 41". 

tO, OOS 
IL CT SPEOMEN (HN/ - 0.400i IJ6EO FOIR 

DISPLACEMs TESTS. TYPES 4C AND 7C. 

F I G .  3----CT specimens used for  load-control and 
displacement-control tests. 

I I 

300 

Kc - 154 kid , ~  (4T} 

. P  % - . 6  k, ~ t~) 
100 i~Dr K c - I ra  kd ~ [7C) 

r , ,  - s7 kJ ~ (Tel 

o I i I 

I I I I I I 

CONVER~ON FACTORS: 

I I=t ~ - 1.i008 MNm "al:r 
1 Inch - 26,4 mm 

C - r ~ ( F  - 32) 

K s - ,J~ k~ ,41;~" 14C) 

�9 1.4 1.e 

~ Aa, k~ches 

FIG.  4---R-cwve and K,. results of  full-thickness (B = !.5 in.) specimens ofA572 Grade 50 steel 
tested at -40~ 
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FIG. 5--R-curve and K,, results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel 
tested at +40~ 
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FIG. 6---R-curve and K,. results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel 
tested at +72~ 
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FIG. 7~R-curve and K,. results for full-thickness (B = 1.5 in.) specimens ofA572 steel processed to 
62-ksi strength level at two different temperatures. 
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FIG. 8--Summary of K~ results for full-thickness (B = 1.5 in.) specimens ofA572 grade 50 steel and 
A572 steel processed to 62-ksi strength level. 



FIG. 9---Fracture surfaces of full-thickness (B = 1.5 in.) 2T CT specimens ofA572 
grade 50 steel tested under load-control conditions using an essentially 
monotonic loading sequence (Armco procedure). 



FIG. lO---Fracture surfaces offull-thickness (B = 1.5 in.) 4T CT specimens ofA572 Grade50 
steel tested under load-control conditions using a total unload]reload loading sequence 
(U. S. Steel procedure). 



FIG. 11 ---R-curve specimens ofA572 Grade 50 steel tested at ambient temperature (.~ 72~ The 2T and 4T 
specimens were tested to fracture under load-control conditions, and the 7C specimen was tested to 
the limit of available capacity uader displacement-control conditions. Note: Aa = as - ao "~ 0.50 in. 
on the specimen surface for the 7C specimen at the end of the test. 
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FIG. 12---R-curve and K,. results for subthickness (B = 0.5 in. ) specimens ofA572 Grade 50 steel tested 
at -40~ 
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FIG. 13--R-curve and K~ results for subthickness (B = 0.5 in.) specimens ofA572 Grade 50 steel tested 
at +40~ 
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FIG. 15---Summary of K,. results for subthickness (B = 0.5 in.) specimens ofA572 Grade 50 steel. 



FIG. 16---Fracture surfaces of subthickness (B = 
0.5 in.) 2T CT specimens ofA572 Grade 50 
steel tested under load-control conditions 
using an essentially monotonic loading 
sequence (Armco procedure). 



FIG. 17~Fracture surfaces of subthickness (B = 0.5 
in.) 4T CT specimens of  A 572 Grade steel tested 
under load-control conditions using a total 
unload/reload loading sequence (U. S. Steel 
procedure). 



F|G. 18--Subthickness (B = 0.5 in.) 4 T  C T  specimen 7-2 tested at + 72~ Photograph was taken alter unload 33 and 
jus t  prior to complete fracture (intentional). Note the extent o(s table  crack extension visib)e on the specimen 
surface (Ata = ar - a ,, ~ 1.60 in.). �9 
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FIG. 19--Superposition of ~Bs and P in the development for the 4T subthickness (B = 0.5 in.) specimen ofA572 Grade 
50 steel tested at +72~ 
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FIG. 20--Combined CVN energy-absorption behavior ofA572 Grade 50 steel as determined from the broken halves of 
11 CT specimens used to establish R-curve behavior. 
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FIG. 2 l----Correlation between CVN energy absorption and lateral expansion (LE) for A572 Grade 50 
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specimens used to establish R-curve behavior. 
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FIG. 24---Summary comparisons of Kc and Kic behavior obtained from 1.5-in.-thick plates ofA572 
steel. 
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FIG.  26-~ongitudinal Charpy V-notch energy absorption for impact and slow-bend tests of 
standard CVN specimens. 
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dard CVN specimens. 
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