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Standard for Fracture Mechanics

Content

 Fracture Toughness K,_C

- Plane strain condition

- ASTM standard E399
* High Toughness J,,

- Limitation of the K|,

- ASTM standard E1820

 Measurement of Fatigue Crack Growth Rates

- Paris curve experimental determination, ASTM standard E647
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Fracture Toughness

Toughness is NOT Fracture Toughness

Brittle

Ductile Plain specimen:
Toughness is the energy
(per unit volume) absorbed
before final fracture:

- No notch

- No stress concentration

Stress

Area: o € = Energy density

Strain
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Fracture Toughness

Toughness usually is a trade-off between Strength and Ductility

2000
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Fracture Toughness

Toughness usually is a trade-off between Strength and Ductility

High Carbon Steel

Strongest

Medium Carbon Steel
Toughest

Low Carbon Steel
Most Ductile

Stress —=

Strain —=
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Fracture Toughness

What is the Fracture Toughness

- It is a property indicative of the material resistance to fracture, relatively
to a cracked body (high stress triaxiality and high stress

concentration)
- It is a quantity to be compared to the Stress Intensity Factor

- Usually, just the First SIF is considered

K 'c¢'stands for the Critical value

C
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Fracture Toughness

Resistance criterion

The crack tip stress and strain distributions may not be well understood or well
quantified. If the LEFM holds the K-field defines the actual loading at the crack tip.

t t ¢+ttt ¢
K-field .
[ K, < K, — Crack stable, no crack propagation
< N\
/ \ .
K, > K. — Unstable crack propagation (fracture
stic ;] far-field I ¢ p p g ( )
N\ zone
o If the plastic zone is too large K-field concept is
questionable and then LEFM is no more valid...
200 2N 2N 2N IR R |
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Fracture Toughness

From specimen to component

o, = K,
S
Y J2rr

£,(9)

!
T

Specimen

If the plastic zone is small,
the K-field dominates the pl.
zone and then the fracture zone

Structure
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Fracture Toughness

Is fracture toughness a purely material property?

It is a matter of fact that the Fracture Toughness depends on the specimen

thickness. Apparently the explanation is: Pl. Stress/ PI. Strain

‘0 A thicker specimen shows
k:‘“ V. /4 lower Toughness (though the
total force for fracture may be
higher)
Under pl. strain conditions the
plastic volume is less and then
the absorbed energy.

ghness, K,

_E.TR

Fracture Tou

BBBBBBBB

Ductile

Thickness, B
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Fracture Toughness

Thickness dependence PIl. Stress/ Pl. Strain

45° fracture is usual under PI. Stress
or at least not well developed PI. Strain

Thin = Thick
or
Ductile = Brittle

Fracture toughness (K.), MPa «/m

100

80
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10 20

Thickness (B), mm

o

30
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Fracture Toughness

Thickness dependence PIl. Stress/ Pl. Strain

45° fracture is usual under PI. Stress
or at least not well developed PI. Strain

1
1
1
1
1
oo (T : -
{a) (D) ety
AT 1 =
I 1 T
. : y’!
i or . | -
| i _f"’,-’ 1 | f,"]‘ _______
’t_?.\r*'f : -l-.':! P [ k _____ >_q M——
: ! ::_' I7L—X M : ‘.-‘.r — t/’
P BN ESSNTAN
| _;_l |- ! | o
| rw t 1 of
I 1
Bl
A : Ty Section B-B
| Section A-A ! |
1 - a
| sz.fﬁn
: (e, = 0)
1
1
1
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Fracture Toughness

High thickness (PI. Strain) Fracture Toughness

ghness, K.

&

Fracthure Tow

The high thickness fracture
section is mainly perpendicular
to the load, that’'s why the ‘I
(first) is added to the fracture
toughness symbol

Large thickness:
K, —> K,

K, 1samaterial property only!

no more dependent on thickness

or any other geometry parameter
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ASTM Standard test for K,

Standard E399

Designation: E399 - 09¢2
all’

IN TERH.&TI'D NAL

ratandard Test Methadfar — — — — — — — — — — —
I Llnear-EIastlc PIane-Straln Fracture Toughness KJ,c lof

Metallic Materials™ ===

This standard is issued under the fixed designation E399; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval.

This standard has been approved for use by agencies of the Department of Defense.

&' NOTE—Eq A3.4, Eq A4.4, Eq A5.4, and Eq A6.11 were editorially corrected in May 2010.
2 NOTE—11.2 and 11.4 were editorially corrected in December 2010.
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ASTM Standard test for K,

Specimen geometries

SEB specimen

Single Edge notched specimen
for three or four point Bending

A

;

026V +- 0.005W DIA

2 HOLES

CT specimen

WA QD05 Lgg
>
s

21W

MIND

\_Ai

—

ZB—W: 0.010W

2

<
I
L —A =
R
NOTE 4 oziew & ___:___ Jn
A +oo0sw 2
——
soomw F f—————-
S i V4
N A S
Fa
b L | —] b ;"1\
o —————— WV +/- 0.005W———— it [} et
‘t....__._.mawu-omow — A—:\gt 0010w

Compact Tension specimen,
tensile load applied at the holes
Mostly used and referenced
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ASTM Standard test for K,

Specimen geometries

Disc shaped specimen
DCT specimen, similar to CT

B_-..
\ W,
0.015W B—i- * 0010w

028V +/- 0.00SV DIA |
‘ 2HOLES :\
g fmmm=————1
s
D.276W % __________ M
+0.005w ‘
! g
ezpsw 4
+0.005W - T
E =
[ S— w4
g
g
* 32 /
l—— 0 ———

Arc-Shaped Tension
AT specimen

0500 + 0005w

?NGTE 2

NOTES
142
| _ ] 1.6
J i ::—41,»t
D25V - 0005
DIAMETER
2 HOLES —a= B -._X
D250 +L 007w B0 S0 « L 0.V
{a) X/W = 0.5
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ASTM Standard test for K,

Specimen orientations

L = direction of principal deformation (maximum grain flow)
T = direction of least deformation
S = third orthogonal direction

Cylindrical
bars

L = direction of maximum grain flow
R = radial direction
C = circumferential or tangential direction

Plates
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ASTM Standard test for K,

Specimen dimensions

0.25W +/- 0.006W DIA
2 HOLES
< 4.|

_~A ; Main dimensions are:
o B2V e I IV a crack size
SACH! . .
X P Al W specimen width
+ _—L % —_— 18 . .
E} g - VA B specimen thickness
Ao,
iR
b e -d—i-d-i—r- f\ "Ib
e o - 1
it ——— L v - 0.005W————] ot} -l
d:....__.__ lesw HO010W g [B ;%’ é_ﬁzlmw ‘
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ASTM Standard test for K,

Specimen dimensions

0.25W +- 0.005W DIA
2 HOLES
<

W 1s a free parameter that

s/ defines the specimen size

<
¥
—A s
§ _______
NETE 4 \ ozsw & b o______
+ 0.005W e
X |
0.275W t
4 0.005W E -------
_&_t_ g _
¥
. 2 | ]
A (=]
iR
|
b L -—E- a4 b b
e 1 1 o b |
it ——— L v - 0.005W————] -l—-o-LB-l—h-
S W [ I |
e 1250 +- 0.010W e £ =?t 0.010W

-¢/ The specimen thickness B
1s imposed as half the width W
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Side groove

ASTM Standard test for K|,

” R0.5+0.2mm (0.02 £ 0.01in)

/
A

y<90°

%

To reduce the effect of the

shear lips on the lateral edges

ghness, K,

Fracture Tou
2

Plane
Stress

E Plane
Eos (KT T

Thickness, B

Pisa, June 15 — July 14, 2015

19



ASTM Standard test for K,

Specimen dimensions ..
pect ' I The crack size is from the load

axis to the crack front.

—~— TFAIIGUS CRACK, NOTE | J_ NOTE 5
RS norcH < The crack is generated by fatigue
_E ' =8 (precrack procedure)
GL 0.45W to 0.55WW, ————— \\\\\ .
s — * T \\\\}\\@;\\ 1o Chevron Notch can help precracking
ot enBRE b bRLED HOE The crack size 1s recommended

(a) Starter Notches and Fatigue Cracks (b) Detail of Chevron Notch

to be 1n the range 0.45-0.55 W
so, again half the width
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ASTM Standard test for K,

Compliance method to determine the crack size

FOIL RESISTANCE REngDER
STRAIN GAGE *

N

C=TIONAL

INTEGRAL- MACHINED
KNIFE EDGE
T
Cy
Ny 2 Double—Cantilever
\\ T2

Clip-In Displacement
\\ " 500 OHM GAGES WILL Gage

FROVIDE GREATER
SENSITIVITY THAN
120 OHM GAGES
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ASTM Standard test for K,

The crack size can be correlated to the specimen Compliance

A4. SPECIAL REQUIREMENTS FOR TESTING COMPACT SPECIMENS

f' applied load, N

NOTE 4 ‘%
E‘

v, 1
P E Bf'q(.

a
W)
E':Elastic constraint modulus

E'=E planestress

A
— V, :crack mouth E'=1 . plane strain
- displacement, mm Be=B—(B—-B,) /B
a '. q(%)= (A4.4)
- > 19.75 0.540.19 a » 18%( a )2 . 9]9( a ) 3 ;
1w
-
+].842(1—V) ]

_________________________________________________________________________________________________________

Pisa, June 15 — July 14, 2015



|
L

ASTM Standard test for K,

Compliance inverse relationship is required to find the crack size

I\

7.3.2.1 Crack size (total size of crack starter plus fatigue !

crack) shall be between 0.45W and 0.55W.

7.3.2.2 The size of the fatigue crack on each face of the

specimen shall not be less than the larger of 0.025W or 1.3 mm
1 (0.050 in.) for the straight-through crack starter configuration,
i not less than the larger of 0.5D or 1.3 mm (0.050 in.) for the
; slot ending in a hole (of diameter D < W/10), and need only

emerge from the chevron starter configuration.

P: applied load, N
NOTE 4 ‘%
Car

t ¥V :crack mouth |

‘%' displacement, mm | U= — (A4.6)

f a " i ;
.

1.000 — 4.500- U+ 13.157-U? — 172.551-U*+879.944- U*
— 1514.671-U7

' where:

______________________________________________________________________________________________________________

Step 1: Calculate U from the applied load and
the crack mouth opening displacement (A 4.6)

Step 2: Calculate the a /W ratio (A 4.5)

Step 3: Easily deduce a since WV 1s obviously known
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ASTM Standard test for K|,

The Fracture Toughness test

P: applied load, N Similarly to the Tensile Test,

a slow and monotonic displacement
rate is imposed up to the specimen

NOTE 4 ' fracture.
A é : 1:4

Vo k th
_* " craci ot The test should be under
| displacement, mm displacement control

The recorded displacement related
to the load can be either the
machine imposed or the crack
mouth displacement
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ASTM Standard test for K,

P, value
A Pmox A P A
/ max /
/
Pl'l"lﬂl': PQ
o 95% of
3
14
2
..+

QO stands for Conditional result
(initially it is evaluated,

then a condition is to be verified!)

P, 1s the 95% intersection, then

3 different possible behaviors:

Type I: Nomax. before ,, F, = P,

Type II: F, is the max.
before F,and F,,, > F,

max

Type III: F, is the max.

before P, and no more max. after

Pisa, June 15 — July 14, 2015
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ASTM Standard test for K,

P,../Pa

max

A Pmax A

First condition
to be fulfilled

FORCE P —pm

9.1.3 The ratio /Pg, where P, is the maximum force

FILAX

as described in the Annex appropriate to the specimen configu-
ration. If P,, . /P, does exceed 1.10, then the test is not a valid
K,. test and the user is referred to Test Method EI1820 on

elastic-plastic fracture toughness. /
4 — This is the
FIG. 7 Principal Types of Force-Displacement (CMOD) Records Standard fOI" J'
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ASTM Standard test for K,

After crack test the SIF (Mode I) can be calculated at the load P,

a is known after
compliance

(A4.1)

(A4.2)

2+ [ osserana — 1332 L) wrama( L) S sel L)
.Af+‘11? . D¢ iﬁ; J.34 .11? . 4..13; J.0 _iﬁf

a 3/2
("W)

Again K , stands for the Conditional result
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ASTM Standard test for K,

Same f(a/W) relationship is also available on textbooks

:ZQPL K = Fp /
ol G T /

P
tvb
/
m" t -~
Fr O g
15 b

rd

v | hb-06 / __________________________
10 '

5 = 1 .
' of Materials
0 I
0.2 0.3 0.4 0.5 0.6 0.7 0.8
o=ab
24+« 2 3 4
— )
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ASTM Standard test for K,

Similar relationship for the other standard specimen shapes

I ?5\\' S L

i
NgﬂE NDTE —\ ”}M‘ -i |
)

/T\ :nn*nsw l
C/

| +

- a
ol W+ LODSNY e =[] 5T Elll'lﬁwl

|

P [ a
K=~ Qw'f(._i_v) (A5.1)
where:
f 2
flw)= (A5.2)
2+‘—V [U?6+48W— 1]58( w) +1143( v) —408(1 ) ]
(-5
Just slightly different
coefficients. ..
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ASTM Standard test for K,

How to accept K, as the Plane Strain Fracture Toughness K|, ?

This is the Tensile
Test standard

0.1.4 The value 2.5(KQ/crYS)2, where oy 1s yhe 0.2 % offset
yield strength in tension (see Test Methods ES8/ES8M), shall be
calculated. If this quantity is less than the specimen ligament

size, W—a then rK_Q__is; _-sr::]_ua_l_t::m_}{__,:i Otherwise. the test is not a

. L e ! : .
valid K, test. Expressions for calculating K, are given in the

Annexes for each specified specimen configuration.
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ASTM Standard test for K,

How to accept K, as the Plane Strain Fracture Toughness K|, ?

9.1.4 The value 2.S(KQ/UFE)2. where o 18 the 0.2 % offset

yield strength in tension (see Test Methods ES8/ES8M), shall be

calculated. lf this quantity is less than the specimen ligament
size, W—a then K, is equal to K.

Being (W —a) ~ W B Implies both:
2 - Plane strain (condition on B)
2 . .
W —a).B>2.5 K, -Small Scale Yleld1T1g.
Sy and then LEFM validity
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ASTM Standard test for K,

How to accept K, as the Plane Strain Fracture Toughness K|, ?

2
Since B > 2.5 [KI] then plane Strain follows.

Y

To have the (Small Scale Yielding) SSY

in plane boundaries should be > 4 [KI]

3z \ S

being B a,W —aand2.5>4/37=0.42
plane Strain easily implies the SSYand then LEFM validity
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ASTM Standard test for K|,

When this condition is not satisfied a larger specimen is needed

EEmEESR R EEREY O CLVORATAYATA L ATATATAY

K

i

Y

Huge testing machine
would be required,
otherwise J parameter
is to be referred instead

Pisa, June 15 — July 14, 2015
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ASTM Standard test for K|,

Summary

START]

Aret, a, (bﬁa}\\ 25(" 24

/Yoo |
Then plani (3 Eir;_-’ and
(1) 2re= /K
(2) LEFM is applicable

No| “+
L 4 \
\
Then plane stress, and

-1 (K
ar = i (00)2

/‘rea (b= a} h 2 Brog?
{planar dlmensmns}

\

Yes No'

[LEFM is applicable] |
1

Is the load below 80% of
the fully plastic value?

Yes l . Nol \
\

Adjust K values| | Use J¥ntegral
using (a + rog) or CTOD

\

[ Ka= K¢
{(minimum toughness)

Vy b 4 §
Yy V
Ko, Ke = Kic -
(slow-stable Aa) Kig=WicE
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Test example |
--------------- 1,000
P, —182OON. :,.E
200 :mM_fff;;—;;;—;;\;;—;;;7 = 'S, =1000MPa!
s 1S, = 1000MPa
Load, ' o

15

10

ASTM Standard test for K|,

0.1

0.15
COD, mm

0.2 0.25

Pisa, June 15 — July 14, 2015 35



ASTM Standard test for K,

Test example

P, =18200N

a/W=0.5
f(a/W)=9.66

PQ 1/2 1/2
K, = f(a/W)=994MPamm '~ =31.4MPam

;N4

S, =1000MPa

K 2
B =25 mm > 2.5(—Q] =2.47mm QOk!

Y

60 +0,50

[[0.05]A

L» K, =K,=994MPamm"’ =31.4MPam"’

I 50 #40,25

62,50 10,50

R ——]

Pisa, June 15 — July 14, 2015
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Dowling book

ASTM E399

Fracture Toughness values

Toughness Yield

Ulimate  Elong.  Red. Arca
Material Ko a, a, 100s BRA
MPa,/m  MPa MPa % %
ksiv/in)  (ksi) (ksi)
(a) Steels
AIST 1144 66 340 840 3 7
(60} (78 (122)
ASTM A470-8 60 620 T8O 17 45
(Cr-Mo-V) (55) (90) (113)
ASTM AS17-F 187 760 830 20 66
(170} (110) (121}
AISI 4130 110 1090 1150 14 49
(10N (158) (167)
18-Ni maraging 123 1310 1350 12 54
air melted (112) (190) (196
18-Ni maraging 176 1290 1345 15 66
vacuum melted  (160) (187 (195)
300-M 152 1070 1190 18 56
650°C temper  (138) (156) (172
300-M 65 1740 2010 12 48
300°C temper (59 (252) (291)

(b)) Aluminum and Titanium Allovs (L-T Ovientation)

2014-Te51

2024-T351

2219-T851

7075-Th51

7475-T7351

Ti-fAl-4V
annecaled

24
(22)

34
(31)

k1]
(33)

29
(26}

32
@7

66
(60)

415
(60)

325
47)

350
(31)

505
(73)

435
(63)

925

(134)

485 13
(70)

470 20 -
(68)
455 10 -
(66)
570 11 -
(83)
305 14 -
(73)

1000 16 34
(145)

Sources:  Data in [Barsom 87] p. 172, [Bover 85] pp. 6.34, 6.35, and 9.8,
[MILHDBE 94] pp. 3.10 to 3.12 and 5.3, and [Ritchie 77].

TABLE 2 Preclslon Using C(T) Specimens (Nominal Crack Size-to-Specimen Width Ratlo a/W = 0.5)

Parameter Material and Average Repeatability Reproducibility Repeatability Reproducibility
Yield Strength Standard Standard Limit Limit
Deviation Deviation
2219-T851 35.61 1.91 217 5.36 6.07
(353 MPa)
Maraging 18Ni 58.06 2.14 2.65 5.08 741
Kie {1903 MPa)
{MPas/m) 4340-500 F 50.38 212 2.87 5.95 8.04
(1841 MPa)
4340-800 F 87.83 2.2 3.14 6.19 8.80
(1420 MPa)

Pisa, June 15 — July 14, 2015
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Fracture Toughness values

Minimum specimen size

K, =66MPam'’

S, =540 MPa
K 2
B =2.5|—%| =37.3mm
Y

w_. =2B . =747 mm

E.g.: W =80mm

Toughness

Yield Ultimate  Elong.  Red. Arca
Material K- a, a, ll!]ll.ﬁ_r wRA
MPa,/m  MPa MPa % %
(ksiv/in)  (ksi) (Ksi)
{a) Sreels
—> AIST 1144 6 340 840 3 7
(60} (78) (122
ASTM A470-8 60 620 T8O 17 45
(Cr-Mo-V) (55) (90 (113
ASTM AS17-F 187 760 230 20 66
(170 (1107 (121)
AIST 4130 110 1060 1150 14 49
{100 (158) (167
18-MNi maraging 123 1310 1350 12 54
air melted (112) (190 (196)
18-Ni maraging 176 1290 1345 I5 66
vacuum meled  (160) (187) (195)
300-M 152 1070 1190 18 56
650°C temper (138) (156) (172)
300-M 65 1740 2010 12 48
300°C temper (59) (252)  (291)
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Transition crack length

Brittle fracture vs. Ductile plastic collapse

Possible independent failures

Fracture onset:
K, =FS~Nma =K,
1-0.5a+0.3260°

|-«

F

Plastic collapse onset:

5

2b
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Transition crack length

Brittle fracture vs. Ductile plastic collapse

The transition length a, 1s the crack size for

which both failures are at onset:

S _ KIC
¢ F(a)\ra,
b—a
Sg =S, :
then

il

11

:2a

2b
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Transition crack length

Brittle fracture vs. Ductile plastic collapse
by assuming a, << b
F(a)=1.0
b
b—a

t

1.0

then the transition length a, 1s:
( jz

which is again related to the plastic size

1

S
T

KIC
SY

a

LT

:2a

2b
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S, Stress

Transition crack length

Largely different material properties

S, Stress

- = = = vielding alone
- = == fracture alone
actual behavior

0 a, Crack Length

a, Crack Length

Pisa, June 15 — July 14, 2015
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Transition crack length

“Leak-before-Break”

Y6

0

5

— 20—

Ductile material 1s preferred for pipes to have:

2
K . :
c. = 1[ = ] > t (pipe thickness)

7\ o,
: : v
high K, , with a low S| o, = p?
G =S .
b oA 4 p:internal pressure
AR r:piperadius
t:pipe thickness
a, or Ty
- {cylinder
2c or sphere)

Ty
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