Ductile versus Brittle Fracture

Chapter 8: Mechanical Failure
Fracture Very Moderately Brittle

ISSUES TO ADDRESS... * Classification: ' ior Ductile  Ductile

1. How do flaws in a material initiate failure? A A

2. How is fracture resistance quantified; how do ‘ " ’ 1
different material classes compare? VIMS: I I|

i Str-str diag. ig. 8.

3. How do we estimate the stress to fracture? nooking po.81 I Il

4. How do loading rate, loading history, and i

temperature affect the failure stress? ' \ v v

%AR or %EL: Large Moderate Brittle

¢ Ductile fracture is desirable!

Ductile: TR
ship-cyclic loading warnin Brittle:
from waves computer chip-cyclic  hip implant-cyclic bef 9 No
Callister Fig. 8.0 thermal loading loading from walking etore warning

Callister Fig. 23.22 Callister Fig. 23.13 fracture
RO CHID
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Example: Failure of a Pipe Moderately Ductile Fracture Surfaces
* Evolution to failure
neckin void void growth  shearing fracture
9 nucleation and linkage at s*urface
s 0

Ductile failure:

"

-one piece Callister,
-|arge Fig. 8.2
deformation ‘;‘
; Retsultmg Particles (esp.
Brittle failure: rarc; ure larger ones) are
rittle failure: surtace: often the source
-many pieces (steel) of void nucleation
-small
deformation Colangelo
and Heiser
Fig. 11.28

Colangelo/Heiser Fig. 4.1 Tin OHID
LIATE
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Brittle Fracture Surfaces

* Intergranular
(between grains)
i ] A

=

Iron
(metal)
ASM
Handbook

Polypropylene
(polymer) .
Hertzberg, L
Fig. 7.35(d)

<—500m——>

* Intragranular

Iron
(metal)
ASM e
Handbook 253

Alumina gz
(ceramic) .
Frechette,
Fig. 7-3
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Flaws Produce Stress Concentrations!

¢ Elliptical hole in
a plate: 4 so A

S

<«23>

v

¢ Stress distrib. in front of hole:
Smax », soac%\/; o1
e Mt %]

distance from

It

¢ Stress concentration factor: Kt = smax /so
* Large Kt promotes failure

A A
NOT

SO OKt=3
BAD |7}

o)

BAD! = K>3
2/
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Ideal versus Real Materials

¢ Stress-strain behavior (Room T):

EM 0:\3 perfect mat’l-no flaws
TS engineering<< TS perfect

carefully produced glass fiber N .
yp g materials materials

E/100; typical ceramic typical strengthened metal
typical polymer

0.1 e

* DaVinci (500 years ago!) Observed...

-The longer the wire, the
smaller the load to fail it.
Reasons... v
-Flaws cause premature failure.
-Larger samples are more flawed! ',;'g'.z,ffrg’

i
LATE
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Engineering Design
* Avoid sharp corners!

So
s.%f‘é S
/\hf AStress Conc. Factor, K¢ =—m2%
r, ; ; ] So
fillet 2.5
radius
. 2.0 increasing w/h
Fig. 8.8(c)
Callister
1.5
1.0 ' L—>r/h

0 0.5 1.0

<«——sharper fillet radius
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When does a crack propagate? Effects of Geometry, Load, & Material

S
*rtatacrack Q t O O o) » Condition for crack propagation:
. A K=K
tlp IS very -— Stress Intensity Factor: 7 C\ Fracture Toughness:
small! S > depends on depends on the material,
load, geometry temperature, rate of loading

O
* Values of K for some standard loads & geometries:

O

° 4
K
St 20n wPam
Fig. 8.11
X . Callister
increasing K ksu\F
Vo

vy

* Result: the stress

is very large

* Crack propagates
when the tip stress is
large enough to make:

S tip

411

oK _ K s\@ K=1.1sVba
— ¢ ?;jtn?’;‘;j’c’,:’ﬁp Embedded crack Edge crack
Anderson 205-8-9 -1 Anderson 205-8-10
Comparison: Fracture Toughness Values Design Against Crack Growth

* Crack Growth Condition;, K = K¢

metals composites ceramics olymers
Ke > Kg P >Kg » Kg Y

_Cerami v Composite f i1.0(internalcrack, length = 2a)
Ceramics _Metals _ Polymers S Y a = ?
200 pure ductie SVp 71.1(surfacecrack, depth = a)

100 mild steel .

* The largest, most stressed cracks grow first!
50 bergla )
Alalloys crRP * Result 1: Max. flaw size s
Ke 2 scc . dictates design stress
— cermets fracture
M Pa\/ m HcP woods perp|
10 metals grain KC no
Sd ian< G — fracture
5] silicon nitride R & DAmax > amax
silicon carbide —
Fig. 13.6 2 PepProPYine * Result 2: Design stress 5.,
-13. rocks polvethylen® “woods || . .

Ashby/Jones : _grain dictates max. flaw snze2

0.5 soda glass o a 1 & Kc O fracture

max < p gYS design 0 e
cement, ice fracture
0.2 >
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Design Example-Aircraft Wing

 Material has K¢ = 26MPa/m

* Two designs to consider...
* Design A * Design B
-largest flaw: 9mm -same material as in A
-failure stress = 112MPa -largest flaw: 4mm
-failure stress =?
Kc$——— same for both designs

(both designs use same
material)

First: Recall that Se>V oa
Same for both designs — max

Result: scvamax = same value for both designs!

5 oA A ~— 9Imm -
Answer: s_ =’ %‘ax se =168MPa
amax™ 4mm

Reducing flaw size pays off! M
Anderson 205-8-13 1'%

Temperature

* Increasing temperature...
-increases %EL and K¢

* Ductile-to-brittle transition temperature...

FCC metals (€.9- Cu, Ni)

BCC metals (e.g., iron at T <914C)
polymers

BNT, Fig. 6.21 Brittle «<—/—> More Ductile

Impact Energy

High strength materials (sy>EI1 50)

Temperature
Ductile-to-brittle
transition temperature
(x
Anderson 205-8-15
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Loading Rate

* Increased loading rate... sy -
-increases Sy and TS
-decreases %EL

Sy smaller &
* Reason? >e
-Increased loading rate gives less time for
dislocations to move past obstacles.
. sample
« Impact loading: ?
-severe testing case
-more brittle
-smaller toughness
sample (Charpy)
final heith initiallheight
Callister, L
Fig. 8.16 Anderson 205-8-14 71E

Design: Stay above Ductile-Brittle
Transition Temperature

e WWII: Liberty Ships * Pre WWII: The Titanic

Hertzberg, Fig. 7.1(a) Hertzberg, Fig. 7.1(b)

Problem: Ductile-Brittle Transition Temp ~ Room Temperature

AL
Anderson 205-8-16 -1E



Fatigue
* Fatigue = Failure under cyclic stress
specimen compression on top
Fig. 8.21,
Callister
tension on bottom
* Stress varies with time AS
Smax-
. .
Keyspar:meters. Sm\ m
andsSm Smin 4 \/ \ tlme

* Key points: Fatigue...
can cause part failure, even though smjax <S¢

causes »90% of mechanical engineering failures
%l
LAlE

Anderson 205-8-17 -

Fatigue Mechanism

* Crack grows incrementally
increase in crack

length per cycle
typ 1to 6 !
(DK) ]

failed
rotating
(DS) shaft
* Key points:
-failed even though Kmax < K¢!
-crack growth rate Y if

origin of fatigue crack:

/a stress concentration!
4 %

Ds Y
’ Fig. 8.26,
ay Callister

frequency of loading Y Anderson 205-8-19 3
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Fatigue Design Parameters

S = stress amplitude

 Fatigue limit, S¢5¢-

case for
-No fatigue if S < Sfat. unsafe steel (typ.)
Stat| Fig.
safe 8.22(a),
| | | Callister
103 105 107 109
N = Cycles to failure
i Sometlme§, the S =stress amplitude —— . ¢
fatigue limit is zero! unsafe Al (typ.)
=0!
Sfat=0! Fig.
safe 8.22(b),
Callister

! ! !

103 105 107 109
N = Cycles to failure
AIE
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Improving Fatigue Life

S = stress amplitude

1. Impose a Fig. 8.32,

compressive Callister
surface stress

(to suppress surface
flaws from growing)

7 negr zero or compressive Sy
T mo derate tensile sy,
| T larger tensile sy

= Cycles to fpilure

z

Ex. 1: shot peening « Ex.2: carburizing

ho
f put C-rich gas

surface

into /
mpressio

bad better
2. Remove stress Fig. 8.33,

concentrators Callister
bad better 211

Anderson 205-8-20 “1E



Creep
* Requires elevated Temp: T > 0.4Tmpelt

* Deformation changes with time

strain, e
AS

s.e / INCREASING T

7 second@ilaae=N\;

Canweess™

primaryﬁ y““‘
T<0.4Tm
time
0 Fig. 8.37,
Callister
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Creep Failure
e Failure occurs along grain boundaries

steel sample HH :
amee ., <. * Cavities link up

t i = - '1-_" ;’- (20+|Ogtr) »L(S)

Fig. 4.32, @v | - g2
Colar)gelo o 4 -"l,.r g% Temp. Timeto Stress
& Heiser & E3-3 failure
- gﬁéfq boundary * Example: S-590 Iron:
«. cavities o’ T =800°C, s = 20ksi
Jd100 fT - (20 +logt,) »?S)
- 1073K 24x103
Fig. 8.40, N 20 K-log h
Callister P\ 110 & ([loghn)
data for % @ tr=233hr
$-590 Iron |
L L L

1L(103K-log h ;
12 16 20 24 28 ( og hr) Anderson 205-8-23
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Secondary Creep
* Most of component life spent here

¢ Strain rate is constant

-strain hardening balanced by recovery

stress exponent (material parameter)
/ activation energy for creep

<z
3? Qc0 (material parameter) Eqn. 8.34
§ RTg Callister
é allister
temperature
material constant applied tensile stress

s — Ky exp

2007 Stress (MPa)———— g g3,

e Strain rate 100l 427C  callister
increases with... /5380
. 40~ ;
-applied stress ol — | ‘
-temperature 0 /6490
L — I { ‘
102 10-1 1

Steady state creep rate &s (%/1000hr)
Anderson 205-8-22 -
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SUMMARY

* Engineering materials:

don’t reach theoretical strength.
* Flaws:

produce stress conc. that cause premature failure.
e Sharp corners:

produce large stress conc. and premature failure.
* Failure:

-for constants , T<0.4Ty,: K > K¢

-for cyc"c S: In general, KY as: larger for metals,
) . sY smaller for ceramics,
Nfajl Bas DsY K size ¥ many polymers.
-crack size Y In general, K¢Y as:
. -as sy B
-for higher T (T > 0.4Ty): TY

tfail Rass YOI’ TY -rate of loading 3
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