Lecture 3

Fracture Toughness Testing
Requirements



Fracture toughness

1. Resistance to crack extension under monotonic
loading

2. Measured for LEFM by K|,
3. K.testis ASTM E 399

4. Usual measurement is K. versus temperature
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Summary of an ASTM Standard
Test Method

1. ASTM Standards have a set outline that
the standard writers follow

2. ltis difficult for a person to read and
follow this outline when conducting a test

3. All standards for fracture testing have
identical features that are as follows:



Test Method Summary; features

. Specimen, preparation and precracking
‘est fixtures and instrumentation

‘est procedure

'est result evaluation

. Validity checks

Reporting

a
b
C.
d
e
f.



ASTM Background

ASTM founded in 1898

By 2007 there were 80 volumes with 12,000 +
standards

Standard writing — task group (or working group)

Consensus balloting — Subcommittee, Main committee
and society review: one negative stops the standard

Website: www.astm.org



Fracture testing

* Goal — Test a laboratory specimen and
relate its behavior to a structural
component

* Result of a fracture test is called fracture
toughness

* For linear-elastic behavior the result is
characterized in terms of K
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Fracture Testing:
components of a test

Choose a specimen

Introduce a crack into the specimen
Get test machine and instrumentation
Test to failure; get failure data

Relate failure data to a critical K
Repeat test for a range of temperatures



qHI Designation: E 399 — 90 (Reapproved 1997)

Standard Test Method for

Plane-Strain Fracture Toughness of Metallic Materials’
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arighal adoption or, b ihe case of mvision, the year of les

the year of [ast reapproval. &

supemscript epailon (o) indicalzs an edinglsl chaige since the l.ul.mlmn o mm.].

X,

Tias

I foiez. barows aapy d for wre by @ "
1. Scope

L.l This test method covers the determination of the plane-
strain fracture toughoess (K,) of metallic materials by lests
uging o wariety of fatigue-cracked specimens having a thick-
ness of 0063 in. (1.6 mm) or greatér.® The details of the
various speciimen and test configurations are shown in Annex
Al-Annex AT and Annex A9,

MNom | —Plane-strain fracture ioughicss wais of dilaner materials that
are sulficiently brittle (see 7.1} can be madde with other types of specimens
(13" There is o standarnd iest nyethed for testing sucl din matasiais,

1.2 This test method also covers the determination of e
specimen sirength ratio & where x refers o the specific
specimen configuration being tesied. This streingth ratio is a
function of the maximum load the specimen can sustain, iis
initial dimensions and the yield sirength of the material.

1.3 Measured values of plane-sirain fracture toughness
stated in inch-pound units are 1o be regarded as standard,

L.4 This test method is divided into two main pats. The st
part gives peneral information concerning the reconuncnda-
tons and requirements for Ky, testing. The sccond part is
composed of annexes that give e displacement gage design,
favigue cracking procedures, and special requirements for the
various specimen configurations covered by this method. In
addition, an annex is provided for the specific procedures (o be
followed in rapid-load plane-strain fracture toughness tests.
General information and requirements common to all specimen
types ase listed as follows:
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Latest K, Standard

ASTM E399 - 09 Standard Test Method
for Linear-Elastic Plane-Strain Fracture
Toughness K Ic of Metallic Materials



B. The Kjc Test

Kic is a measure of the plane strain, linear
elastic fracture toughness.

ASTM E 399:

1. Fatigue Precracking




ASTM Test Specimen

1. Standard
Compact — C(T)
Single Edge Bend — SE(B)

2. Special
Disk-shaped Compact DC(T)
Arc-shaped tensile — A(T)
Arc-shaped bend — A(B)
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{d) Middle tension (MT) panel.

(e} Arc-shaped specimen,
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Fracture toughness test specimens

B=thickness l

- LA

= 4W

-4

Single Edge Notched Bend Specimen

with Three Point Loading

- w >
B=thickness
- DR
i a
v

Compact Specimen
with Pin and Clevis Loading



Crack orientation must be specified

Examples ¥




Precracking Requirements
1. E 399 — K,

Koox < 0.6 Kqg
K, ox < (0.00032 mos)E

I E 182? 0.4B(W —a)*c,

/ 2W +a )




Fixtures

Bend fixture for bend testing
Pin and clevis for tension testing

Some machines have clamps for tension
testing

Fixtures must be designed for good
mechanical performance
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ROLLER PIN DETAIL

Roller pins and specimen contact surface of loadin
#10in. = 2.54 mm, 0.15 in. = 3.81 mm.

g ram must be parallel to each other within 0.002 W,

FIG. A3.2 Bend Test Fixture Design
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Test Machines

1. Servo-hydraulic — good for fatigue, rapid
load, special control; can use for fracture
testing but not necessary

2. Screw driven — good for fracture and
tensile but lacks control for fatigue

3. Machine load cell must meet
requirements in the standard

4. Use care for using servo-hydraulic



Instrumentation

1. Load cell — calibration and A/D conversion

2. Displacement gages
* Mechanical
* Clip gage
« LVDT
* Other — e.qg. laser, capacitance

* Gages have calibration and A/D conversion
requirements
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FIG. 1 Double-Cantilever Clip-In Displacement Gage Mounted By Means of Integral Knife Edges



Misc. details for testing

Precracking, cyclic loading in a servo-hydraulic
machine should be done in load control

The test, monotonic loading, should be done in
displacement or crosshead control

Side grooving should be done after
precracking

Heating or cooling is done in a furnace or cold
box. Soak times are a function of thickness
(30 min/in)

Temperatures should be controlled to £ 3 °C



Test Procedure

1. Load in displacement control with a controlled
rate while measuring load and displacement
* Measurement is usually analog
* Originally measured on a recorder
* Now measured digitally with a computer
2. Loading rate must be between 30 and 150
Ksi*ino:5/min
* Slow enough to avoid dynamic effects
* Fast enough to avoid time dependent effects



Test procedure (cont.)

3. Continue loading specimen until

specimen fractures or a maximum load is
passed

4. ldentify Pq and P

* Pqis the highest load up to a 5 % secant
crossing

* P.ax IS the highest load
5. Measure the fatigue crack length, a,
6. Calculate Ko from Pqg






3. Measure Crack Length at 3 Evenly Spaced
Locations

I,

[FATIGUE CRACK |

A
-
i

al + a2 + as
ad = 3

4. Calculate K,

Py
Ko= B m_f(a/W)

where f is a dimensionless function of a/W.
23



Fracture Resistance, K
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Crack Extension, Aa

Schematic R Curve Definition of Klc



Validity Checks

. 045< a/W<=< 0.55

P, <1.10 P,
. a,B 2 2.5(Ky/c,)2

If validity checks are satisfied, Kq = K



Plastic Zone Size for Limit to LEFM

W
- >
a
B —" .
lastic
Zone
Cp

1 K
P20,

For LEFM to prevail I‘F must be small with

respect to specimen dimensions a, W, B

or use K, test requirement

a,B > 25(%15)2
ys



Stress ratios for E 399

When the K, test is invalid, a stress ratio
can be calculated to see how much the
invalidity was

Stress ratio, R, is the mechanics of

materials nominal stress at the crack tip
divided by the yield strength

An example is the R, for the compact
specimen



Stress ratios for E 399 (cont.)

3. An example is the R, for the compact specimen

_[2P,,, (W +a)]

Rsc 2
[BW —a) O,

4. For

— R, < 1.0 linear-elasticity holds

* Ry > 2.0 the result is nearly fully plastic

« 1.0 <R <2.0 the result ranges from nearly elastic to
nearly fully plastic



Lecture 4

* Fracture Toughness Properties
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Sources of Fracture Toughness
Data - N

* Fracture toughness data is needed to
conduct a FM analysis for safety and
reliability

* There are many sources of toughness
data, but may not be easy to find.

* Also, there can be variability that makes
the use uncertain
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TARBLE 3.0.2 (CONTINUED)

Bef?
PLANE STRAIN FRACTURE TOUGHNESS VALUES OF ALLOY STEELS
AT ROOM TEMPERATURE
. /5
K, (Ksiyin)
Range of
. . .
Alloy Condition/ | Product| Product Specimen Orientation
. B
Heat Treatment; Form Thufkness L-T TL SL
(in.) - - -
o sud | B0 Sed n 8td
pee | n | Mean Dev Spec | n | Mean Dev Spee | h | Mean Dev
Thk Thk Thk ©
Urspecified Forging 1.723 200 2z 160.6 48 200 2 1353 16.8 — -— -
1625F OQ - 100F 1HR 1065F 4+4HR Forging 100 - - - 2 z | s 20 - - -
1RS0F 1.2HR AC L-2T1R 1-2IIR AC
-100F 1.6HR §025F 4HR 10B0F 41 Flato 250 20 z e vie - i - - - - - -
1650F 1-251R AC 1625F 1-2HR 0Q
SIOOF 1R [025F R Forging 4£.00.7.00 178 B | 13 123 | 1% 3| 1osm v - - -
1660F 1.2HR AC 1626F |-21R ©Q Plsto 25 3% 2 e | 0 - - - - - - - -
-§00F 24R 1025F 4.8UR Forging £0 15 15| ez | s 161 8] 189 18 - - - -
1650F 1-2HR AC 1626F 1-21R 09 . :
Forging 1.70-3.25 1.60 [ 1312 39 - - - - -
119420 -100F 2R 1060F 4 SR
1650F 1218 ACK Forging 406 Lt 2| 15 35 - - - - - - - -
1650F 2HR AC 1626F 2HR 0Q
LO0OF 2521R AC Ferging 1.00 1.2 3 944 LR - - - - - - - —
1650F 4E1R AC TO $00F HELD
OETIR AC -100F 1.6HR 10268 BHR Porging 4.0 159 21 1286 07 - - - - - - -
ABQ
1700F 4 IR AC 1700F 1.5E1R AC ,
“100F 1GHR 1026F 4HR Focging 40 1.80 Z ). s e - - - - . - - -
ANNEALED Forging 3w 1.0 12| e 73 200 a| unr 1.8 wr - -
HEAT TREATED Forging 5.40-2.00 LB 10| 107 5 148 7| 129 6.8 - - - -
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TABLE 8.0.2 (CONTINUED)

2ol
PLANE STRAIN FRACTURE TOUGHNESS VALUES OF ALUMINUM 7000/8000 SERIES ALLOYS
AT ROOM TEMPERATURE
K, (Kei/in)
. Range of -
Alloy I Condition/ Product Pl:OdIJCt Specimen Orientation
eat Treatment| Form | Thickness L-T T.L S1.
(in.) Min Min Min
Spac | n | Mean [S]:': Spec | n | Mean [S):i Spec } n | Mean ls‘j:::
Thk Thk Thk
Tr611 Extrusicn 036160 0.73 4 an4q 5.0 - -
THE2 Forging 100 1.00 2 3 12 1.00 a 206 3.4 -
e Tres) Piato 0.76-1.00 on s | =4 28 -
TIG6LE Extrusion 0.75-1.60 0.7 a LR} 56 - —
TIEGE Farging 6.00 a.76 1 89 e
Farging 0.650-0 89 050 2 43 0.4 925 2 09 17 050 4 168 a4
T Extrusion 200 - Q.15 3 198 02 0.76 3 s 0.2
Mate 4.37-5.00 0.1 €3 285 390 Q.38 1. 226 20 [o2.%¢] 3} 1748 27
Tas1 Exirusion 300-6.00 150 4 na 05 150 b 202 02 - —
Rolled Dur 5.00 180 2 341 [13-] - -~ - — -
Entrusian 0.G8-3.50 0.60 12 n6 21 0.50 18 233 16 026 & 2040 1.3
7075 Tes10
Forged Bar 0.68.5.00 062 13 292 LY 0.50 13 254 1.8 0325 7 18.7 [:R]
T6I1 Ex:rusion 125 o K ne 14 1.7 4 289 1.3 - - —
T3 Forging 1.00 - - - - - - - - 0.50 1 181 05
T35 Plute 1.00-4.00 0.6 41 04 2 0.51 3% 262 313 0.60 7 11.13 04
T73610 Extrusion 0.64-360 - - - - 0.50 [] 248 28 100 2 03 [ X]
TI3511 Extrusien 60 k63 4 3848 at 138 3 28 1 1.00 a ne 11




Data from Hertzberg

TABLES.? Plone Strain Fracture Toughoess of Selected Engineering Allays

2624-T3 ~eAd, 40 34y @ ~2h

204TEY 264 4 453 66 43 A ¥
TS TES! 242 et 495 n 0 0.2
175 TH51 al i T hx] 21 0.6
TR0 33 30 450 it B 023
Ti-GAI-4Y 1154 103 Hi 132 .5 08
Ti-bhdY 85, ¥ 35 50 14 214
4340 9t9 %} 860 12 6.8 466
4340 64 53 s pax L 08
43354V TLE ] 1340 [ X 0is
17771 T8 il 1415 MR 14 hi4
15-Thto 433 43 1315 M5 LS Ly
H-t1 385 3% 1794 00 <6 <002
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sicld srenpth is elevated. Congeguently, there is a price to pay when one wides
16 raise the strength of 2 material More will be caid ghout this w Chapier Ten.

EXAMPLE 3 Assime that o componem i 1he shape of a Taze Aheen i o e Fahricated
from DASCNi-Ur-Ma weeh. It o required foar the < wal flaw sze he
grester 11an 3 mm, the wsolutios Bnds of aratluble Naw dereciioa proce:
dutes, A design stress fove] of sne-nall the tendle strength is indicared. To
save wiaght, en iumease o the tensile seemgrh Frown 1520 MPa o 2070 MPs

04/ FRATIURE MECHANICS OF ENGINEERING MATERIALS



K. Correlations - N

* Afrequently used correlation is from
Charpy Impact energy (CVN)

* The testis ASTM E 23

» Correlations between CVN energy and K.
Is usually very material specific



Picture of Charpy Impact Tester - N
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Begley - Logsdon Correlation - N

* This was for steel alloys with a ductile to
brittle transition

* Four points are determined on a K.
versus temperature plot

 All data are ksi-in12and ° F



Toughness
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Fig. 1 - Schematic Showing
Region of Ductile Fracture



Points - N

Point 1: K. = 25 ksi-inz at - 320° F
Point 2: Ki; = 0.45 o5 at 0 % Ductile

Point 3: Use the following correlation at 100 %
ductile

2
Be | =5 S 005
o, o,

Point 4: At 50 % FATT average Points 2 and 3




Begley Logsdon Prediction

Curve 594605-A
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Other types of fracture behavior

1. K-R curve — used for thin sheet fracture
toughness, mainly, aerospace

2. Dynamic fracture toughness, K. —

used for impact, seismic and other rapid
loading

3. Crack Arrest, K, — used for the arrest of a
running crack



K-R curve testing - N

ASTM E 561- 10 Standard Test Method for
K-R Curve Determination

Linear elastic based fracture toughness,
K versus crack extension, Aa

This work best for high strength sheet
material, aircraft structures, etc.

The K-R curve was one of the original
methods, and influenced the non-linear
FM methodology



Latest K-R Curve Standard

 ASTM E561 - 10 Standard Test Method
for K-R Curve Determination



Dynamic fracture toughness, K (t) -

N

Kic(t) Is used for rapidly loaded testing
(t) is the loading time to Kq In ms
Test time is usually 1 to 10 ms

A rapid load or impact machine is needed

Most analysis like the E 399 K. but
dynamic yield strength, o,p, Is used in the
analysis (o,p equation in E399)



Rapid Loading Fracture Toughness
- N
* Kic(t) could be used for seismic, impact,

explosive or attack loading

* In the lower shelf dynamic loading usually
reduces fracture toughness

* See example



Rapid load test result - N

Fracture Toughness, %si Jin
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Effect of loading rate
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Crack arrest K Testing - N

K, Testing is done by ASTM E 1221

A crack Is started in a weld bead and
forced into the test material, where it
arrests

Kia IS determined by the load and crack
length at the arrest point

This is one of the two fracture tests
without a fatigue precrack



Crack Arrest Standard

ASTM E1221 - 10 Standard Test Method
for Determining Plane-Strain Crack-
Arrest Fracture Toughness, K,,, of

Ferritic Steels



Crack Arrest Specimen
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Effect of thickness

* Thick specimens or structures are in plane
strain and have lower fracture toughness

* Thin specimens or structures are in plane
stress and have higher fracture toughness

* Between plane stress and plane strain is a
transition in toughness



A. Effect of Thickness




Terminology Standard

* E 1823 - 11, Standard Terminology
relating to Fatigue and Fracture testing

* Updated regularly
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