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Study Guide

Understand the three descriptions we presented in class for describing brittle fracture.
Understand the convention for describing the length of an internal vs external flaw.
What material properties are needed for each approach?

Hint: this is the trick for determining which approach is needed for a given problem.
What is meant by a critical value?
Be able to solve for various critical values (e.g. length, stress, flaw sharpness, etc.).

What is the difference between fracture toughness and toughness?

Understand the general trend for values of fracture toughness across material type.
Examples: Ductile metals vs brittle ceramics vs brittle polymers.



Important Factors that Influence Mechanical Behavior

Material Properties
Crystallinity (Single-Crystal, Textured Polycrystal, Random Polycrystal, Amorphous)
Grain Size
Phase Identity(ies) & Morphology (Arrangement / Geometry of Phases)
Defect Type(s) And Concentration(s)

These contribute to inherent material strength (e.g. strength measured as a stress).

Object Properties
Comprising Material(s) And Their Assembly Details (e.g. bolted, welded, adhered, etc.).
Overall Part Dimensions & Geometry
Surface Quality & Finish, Fill Density, (e.g. Stress Concentrators)

These contribute to the strength of a specific part (e.g. strength measured in force).

Service Conditions (These affect inherent material behavior as well).
Loading Conditions
Tensile, Compressive, Shear, Torsion, Bending, Mixed
Time Dependence
Static Load
Varying Load
Cyclic Load (Fatigue)
Creep (A high-temperature strain phenomenon).
Temperature
Radiation
EM Fields
Chemical Contact (Acidity, Alkalinity)



Stress Concentration (Magnified Stress)
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Stress Concentration (Magnified Stress)

To be conserved, force must concentrate near the flaw interface.
Increased force per area means increased stress near the flaw.
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To be conserved, force must concentrate near the flaw interface.
Increased force per area means increased stress near the flaw.
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Note: the overall applied force has
not changed, but rather force is
more concentrated per unit area
near flaw surfaces.

Therefore the stress is higher
near flaw surfaces.



Stress Concentration (Magnified Stress)

To be conserved, force must concentrate near the flaw interface.
Increased force per area means increased stress near the flaw.
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Stress Concentration (Magnified Stress)

Force lines must reroute around voids, thus concentrating them.
We call this effect stress concentration / stress magnification.

Low Stress = Blue

High Stress = Red

The stress / strain surrounding
: the crack tip is relieved as the
crack propagates.
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A critical amount of stress
must build before the cost
associated with generating
new surfaces is exceeded.




Stress Concentration (Magnified Stress)

Small and sharp flaws amplify / concentrate stress, and are often modeled as an

ellipse that has a tip-to-tip length (24) and a

In this model, 24 is always the
length of a full ellipse

Thus « is always half the length
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of a full ellipse (half of 24).
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Thus, by convention, surface flaws
are assumed to be half an ellipse,
and thus have a length of a.
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Stress Concentration (Magnified Stress)

Small and sharp flaws amplify / concentrate stress, and are often modeled as an
ellipse that has a tip-to-tip length (24) and a

0 In this model, 24 is always the
o length of a full ellipse

Thus « is always half the length
of a full ellipse (half of 2a).
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Stress Concentration
Example < a=1mm

A part, made of a brittle material, features an external crack with a length
of 1 mm and crack tip radius of 1 um.

What is the stress at the crack tip if a tensile stress of 1 MPa is applied
to the part ?



Stress Concentration
Example < a=1mm

A part, made of a brittle material, features an external crack with a length
of 1 mm and crack tip radius of 1 um.

What is the stress at the crack tip if a tensile stress of 1 MPa is applied
to the part ?
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Stress Concentration
Example < a=1mm

A part, made of a brittle material, features an external crack with a length
of 1 mm and crack tip radius of 1 um.

What is the stress at the crack tip if a tensile stress of 1 MPa is applied
to the part ?
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What is the stress concentration factor for this crack under these
loading conditions ?



Stress Concentration
Example < a=1mm

A part, made of a brittle material, features an external crack with a length
of 1 mm and crack tip radius of 1 um.

What is the stress at the crack tip if a tensile stress of 1 MPa is applied
to the part ?

1
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G =20, (i) -2 MPa)( 10 mj — 63 MPa
p,

IX107 m

What is the stress concentration factor for this crack under these

loading conditions ?
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Stress Concentration
Example < a=05mm

A part, made of a brittle material, features an internal crack with a length
of 1 mm and crack tip radius of 1 um.

What is the stress at the crack tip if a tensile stress of 1 MPa is applied
to the part ?

1 1

2 -3 2

o = 2ag(i) =2(1 Mp.a)(o‘5 <19 m] = 45 MPa
p,

1X107" m

What is the stress concentration factor for this crack under these

loading conditions ?
o 45 MPa
—m _ — 45
o 1 MPa
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Griffith Flaw Theory
If a material has no way of blunting (flattening / broadening) a crack tip via
plastic deformation of nearby material as it propagates:

Pt remains constant (crack remains sharp).



Griffith Flaw Theory
If a material has no way of blunting (flattening / broadening) a crack tip via
plastic deformation of nearby material as it propagates:

Pt remains constant (crack remains sharp).
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The applied stress remains magnified at the crack tip: o =20 N B



Griffith Flaw Theory
If a material has no way of blunting (flattening / broadening) a crack tip via
plastic deformation of nearby material as it propagates:

Pt remains constant (crack remains sharp).

1
a 2
The applied stress remains magnified at the crack tip: o =20 N B

The crack propagates (lengthens) and therefore a increases.

The magnified stress continues to increase (a runaway process). /
>

Eventually, the material fails catastrophically.
In practice, there will be little (if any) time to reduce the applied stress before fracture.
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Brittle Failure Is Statistical In Nature
A brittle specimen will feature a distribution of flaw geometries and flaw orientations, and
each will experience its own stress magnification based on local conditions.

Here are a few possibilities:

T

T T

Flawless
(Idealization)

Small Flaws Large Flaws
Aligned Orientations Random Orientations



Brittle Failure Is Statistical In Nature
The flaw that experiences a critical magnified stress will induce failure.

Long and sharp flaws are candidates, but there is a dependence on flaw orientation
and the type of stress.

T

Consider these same-sized flaws under tension:

tensile stress will tend to be inactive and possibly

A flaw whose major axis is aligned with an applied
“healed” while the stress is applied.

T A flaw whose major axis is normal to an applied
tensile stress is likely to grow (propagate).




Brittle Failure Is Statistical In Nature
The flaw that experiences a critical magnified stress will induce failure.

Long and sharp flaws are candidates, but there is a dependence on flaw orientation
and the type of stress.

l

Consider these same-sized flaws under tension:

' A flaw whose major axis is parallel to an applied
compressive stress is likely to grow (propagate).

A flaw whose major axis is normal to an applied
compressive stress will tend to be inactive and
possibly “healed” while the stress is applied.




Griffith Flaw Theory
Small and sharp flaws amplify / concentrate stress,
and are often modeled as an ellipse:

[ ==

a - Half of the major axis of the elliptical flaw

2a
7 1/2 a
O = 20, | — v
P O,
Key Point:

Although the macroscopic / applied stress, g, ,may be low, stress is magnified at
the tip of small / sharp cracks, and this magnified stress, o, can be very high.




Two Extreme Cases (intermediate cases exist):

(1) Pre-existing flaw,
increasing stress
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I Beyond a critical stress for the specific flaw

size, crack growth is spontaneous if the
stress does not decrease.



Two Extreme Cases (intermediate cases exist):

(1) Pre-existing flaw,
increasing stress

(2) Constant stress,

f

A

01<0¢

o

increasing flaw size *

a<dc

v

Someone / something is
increasing the flaw size

S
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*0'2<0'c

O3>0 ¢

Beyond a critical stress for the specific flaw
size, crack growth is spontaneous if the
stress does not decrease.
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Beyond a critical flaw size for the specific
applied stress, crack growth is spontaneous
if the stress does not decrease.



Griffith Flaw Theory
If a material has no way of blunting (flattening / broadening) a crack tip via
plastic deformation of nearby material as it propagates:

Pt remains constant (crack remains sharp).

1
a 2
The applied stress remains magnified at the crack tip: o =20 N B

The crack propagates (lengthens) and therefore a increases.

The magnified stress continues to increase (a runaway process). /
>

Eventually, the material fails catastrophically.
In practice, there will be little (if any) time to reduce the applied stress before fracture.
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FAA Repair Guidelines

Varies by material / component on an aircraft, type of aircraft, etc.

Sometimes a “drill-stop” (stress-relief hole) is allowed (often temporarily).

QD
U.S. Department

A Advisory
Circular

Administration
TITLE 14 OF THE CODE OF FEDERAL REGULATIONS (14 CFR) GUIDANCE MATERIAL

Subject: ACCEPTABLE METHODS, Date: 9/8/98 AC No: 43.13-1B

TECHNIQUES, AND PRACTICES—AIRCRAFT Initiated by: AFS-640 Change: 1
INSPECTION AND REPAIR




FAA Repair Guidelines

Varies by material / component on an aircraft, type of aircraft, etc.

Sometimes a “drill-stop” (stress-relief hole) is allowed (often temporarily).

AC 43.13-1B 9/8/98
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FAA Repair Guidelines

Varies by material / component on an aircraft, type of aircraft, etc.

Sometimes a “drill-stop” (stress-relief hole) is allowed (often temporarily).

AC 43.13-1B

4-59. REPAIRING CRACKED MEM-
BERS. Acceptable methods of repairing vari-
ous types of cracks in structural elements are
shown in figures 4-21 through 4-24. The fol-
lowing general procedures apply in repairing
such defects.

a. Drill small holes 3/32inch (or
1/8 inch) at the extreme ends of the cracks to
minimize the possibility of their spreading
further.

b. Add reinforcement to carry the
stresses across the damaged portion and to
stiffen the joints. (See figures 4-14 through
4-17.) The condition causing cracks to de-
velop at a particular point is stress concentra-
tion at that point in conjunction with repetition
of stress, such as produced by vibration of the
structure. The stress concentration may be due
to the design or to defects such as nicks,
scratches, tool marks, and initial stresses or
cracks from forming or heat-treating opera-
tions. It should be noted, that an increase in
sheet thickness alone is usually beneficial but
does not necessarily remedy the conditions

9/8/98

(3) Replace torn, kinked, or cracked fit-
tings.

(4) Elongated or worn bolt holes in fit-
tings, which were designed without bushings,
are not to be reamed oversize. Replace such
fittings, unless the method of repair is ap-
proved by the FAA. Do not fill holes with
welding rod. Acceptable methods of repairing
elongated or worn bolt holes in landing gear,
stabilizer, interplane, or cabane-strut ends are
shown in figure 4-25.

b. Aluminum and Aluminum Alloy Fit-
tings.

(1) Replace damaged fittings with new
parts that have the same material specifica-
tions.

(2) Repairs may be made in accordance
with data furnished by the aircraft manufac-
turer, or data substantiating the method of re-
pair may be submitted to the FAA for ap-
proval.



FAA Repair Guidelines

Varies by material / component on an aircraft, type of aircraft, etc.

Sometimes a “drill-stop” (stress-relief hole) is allowed (often temporarily).

9/8/98 AC 43.13-1B

STIFFENING CHANNEL TO:\S\\\

FIT UNDER END OF RISB,
REINFORCEMENT AND UNDER
ANGHOR NUT. MATERIAL: @
SAME ALLOY AS ORIGINAL, APPROX.
1.5 X THICKNESS OF ORIGINAL OR GREATER. {{
RIVETS JOINING SPAR WEB WITH FRONT
AND REAR CHANNEL TYPE REINFORCEMENT.

/P“ 4
z Y
7 ! ;
P4
Z . ; .

- DRILL RELIEF
- -. HOLES (178" DIA.)

NOTCHED
MEMBER

>~ FITTING ANGHOR NUTS

TRAILING EDGE - ’
PORTION OF RIB

REINFORGING PLATE
WITH FILLETED NOTCH

MATERIAL OF REINFORCING PLATES

a °
SAME ALLOY AS ORIGINAL AND 1.5 , o
(OR MORE) X THICKNESS OF ORIGINAL. - FLAP

FIGURE 4-22. Typical methods of replacing cracked members at fittings.




Fracture Mechanics
3 Similar Mathematical Descriptions:

(1) An equation that relates the theoretical strength

of a material to the magnified stress at a flaw.

When the magnified stress exceeds the theoretical
strength, the flaw will grow and catastrophic failure 5

will oceur. S
1/2
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Generally, we are interested in calculating either the applied stress to cause failure,
or calculating one of the flaw geometry parameters.

The quantity we are considering as variable is termed critical when it reaches
a value that causes failure. So we are generally are interested in critical stresses 6.
and critical flaw sizes, ac ... where the other non-critical value stays constant.



Fracture Mechanics
3 Similar Mathematical Descriptions:

(1) An equation that relates the theoretical strength
of a material to the magnified stress at a flaw.

Example: ©
4

Calculate the length of an internal flaw, featuring a 5 nm
tip radius, that fails within a glass plate when a tensile stress of 2ac
400 MPa is applied to the plate. Assume major axis of the P
flaw is normal to the tensile stress. The glass has a theoretical

strength of 4 GPa.
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(1) An equation that relates the theoretical strength
of a material to the magnified stress at a flaw.

Example: ©
4

Calculate the length of an internal flaw, featuring a 5 nm
tip radius, that fails within a glass plate when a tensile stress of 2ac
400 MPa is applied to the plate. Assume major axis of the P
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strength of 4 GPa.
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Fracture Mechanics
3 Similar Mathematical Descriptions:

(1) An equation that relates the theoretical strength
of a material to the magnified stress at a flaw.

Example: ©
4

Calculate the length of an internal flaw, featuring a 5 nm
tip radius, that fails within a glass plate when a tensile stress of 2ac
400 MPa is applied to the plate. Assume major axis of the P
flaw is normal to the tensile stress. The glass has a theoretical

strength of 4 GPa.
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Fracture Mechanics
3 Similar Mathematical Descriptions:

(1) An equation that relates the theoretical strength
of a material to the magnified stress at a flaw.

Example: ©
4

Calculate the length of an internal flaw, featuring a 5 nm
tip radius, that fails within a glass plate when a tensile stress of 2ac
400 MPa is applied to the plate. Assume major axis of the P
flaw is normal to the tensile stress. The glass has a theoretical

strength of 4 GPa.

12
a
o, = 0, = 20, (;)
O,

O
o, < a > 12 400 MPa

2,

p

2 2
4x10° P
a.=p 2 = 5 nm ° = 125 nm = 0.125 ym
20, 2(400 x 10° Pa)




Fracture Mechanics
3 Similar Mathematical Descriptions:

(1) An equation that relates the theoretical strength
of a material to the magnified stress at a flaw.

Example: ©
4

Calculate the length of an internal flaw, featuring a 5 nm
tip radius, that fails within a glass plate when a tensile stress of

400 MPa is applied to the plate. Assume major axis of the P
flaw is normal to the tensile stress. The glass has a theoretical

strength of 4 GPa.

0.250 pm
5 nm

12
a
o, = 0, = 20, (;)

12
Om _ (4
26, (/))

4% 10° Pa

2 2
a,=p 2 =5 nm = 125 nm = 0.125 pym
20, 2(400 x 106 Pa)

The critical internal crack length for this

Zac = 0.250 Hm applied stress is therefore 2a = 0.250 pm



Fracture Mechanics
3 Similar Mathematical Descriptions:

(2) An equation that relates the critical stress
for crack propagation to the “energy cost”
associated with creating exposed surfaces
during crack growth:

ZE}/S 1/2

wad

E - Elastic Modulus (Young’s modulus)

ys - Surface Energy = energy required to form free (unbonded) surfaces

a - Half of the major axis of the elliptical flaw

O

o

—

S

a

2a
(o)

A
\ 4
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Fracture Mechanics
3 Similar Mathematical Descriptions:

(2) An equation that relates the critical stress
for crack propagation to the “energy cost”
associated with creating exposed surfaces
during crack growth:

O

o

2Ey,
T Note: the critical value is
_ the “unknown” quantity that
aC — we are solving for, based on
0'2 the other known constraints.

—

S

a

E - Elastic Modulus (Young’s modulus)

s - Surface Energy = energy required to form free (unbonded) surfaces

a - Half of the major axis of the elliptical flaw

A
\ 4
O

2a
(o)



Fracture Mechanics
3 Similar Mathematical Descriptions:

E =69 GPa

(2) An equation that relates the stress required
for crack propagation to the “energy cost” Ps = 0.3 J/m2
associated with creating exposed surfaces
during crack growth:

Example:

Calculate the critical stress for a soda-lime glass

plate featuring a surface flaw with a length of 8.2 micron.
For this glass, the specific surface energy is 0.3 J/m2(N/m)
and the elastic modulus is 69 GPa.




Fracture Mechanics
3 Similar Mathematical Descriptions:

E =69 GPa

(2) An equation that relates the stress required
for crack propagation to the “energy cost” Ps = 0.3 J/m2
associated with creating exposed surfaces
during crack growth:

Example:

Calculate the critical stress for a soda-lime glass

plate featuring a surface flaw with a length of 8.2 micron.
For this glass, the specific surface energy is 0.3 J/m2(N/m)
and the elastic modulus is 69 GPa.
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Fracture Mechanics
3 Similar Mathematical Descriptions:

E =69 GPa
Vs = 0.3 J/m2

(2) An equation that relates the stress required
for crack propagation to the “energy cost”
associated with creating exposed surfaces
during crack growth:

Example:

Calculate the critical stress for a soda-lime glass

plate featuring a surface flaw with a length of 8.2 micron.
For this glass, the specific surface energy is 0.3 J/m2(N/m)
and the elastic modulus is 69 GPa.

1

o[22
wa

Remember, a surface (external) flaw is considered to be half

an ellipse. Therefore its length is just a .

1 1

= 9 2 >
- _(ZEJ/S )2 _ [ 2(69x10°N/m _)6(0.3 N/m) | _ 40 % 10° N/m? = 40 MPa
m(8.2x107 m)




Fracture Mechanics
3 Similar Mathematical Descriptions:

(3) An equation that relates the critical stress
for crack propagation and the size of a flaw
to a material property that describes resistance
to brittle failure:

KI C

" Wi

Kic - Plane Strain (Mode 1) Fracture Toughness
Constant for a given material at a certain temperature

a - Half of the major axis of the elliptical flaw

Y - A parameter describing the specimen geometry (given or solvable)



Plane Strain Fracture Toughness, Kic

Table 8.1 Room-Temperature Yield Strength and Plane Strain Fracture
Toughness Data for Selected Engineering Materials

Yield Strength K;,
Material MPa ksi MPa\'m ksi\/in.
Metals

Aluminum alloy” 495 72 24 22
(7075-T651)

Aluminum alloy” 345 50 44 40
(2024-T3)

Titanium alloy” 910 132 55 50
(Ti-6Al-4V)

Alloy steel” 1640 238 50.0 45.8
(4340 tempered @ 260°C)

Alloy steel” 1420 206 87.4 80.0
(4340 tempered @ 425°C)

Ceramics

Concrete — — 0.2-1.4 0.18-1.27

Soda-lime glass — — 0.7-0.8 0.64-0.73

Aluminum oxide — — 2.7-5.0 2.5-4.6

Polymers

Polystyrene 25.0-69.0 3.63-10.0 0.7-1.1 0.64-1.0
(PS)

Poly(methyl methacrylate) 53.8-73.1 7.8-10.6 0.7-1.6 0.64-1.5
(PMMA)

Polycarbonate 62.1 9.0 2.2 2.0
(PC)

“ Source: Reprinted with permission, Advanced Materials and Processes, ASM Interna-
tional, © 1990.



Fracture Toughness vs Toughness

Fracture toughness is a numerical value.

Toughness is a feature of the stress strain curve (area under the curve up to failure).
They are correlated quantities, but not equivalent quantities.

Very Strong but Brittle = Not very tough

G Ceramics, some composites .
Tq lonic and covalent Systems High toughness / fracture toughness

Some intermetallic compounds requires having moderate strength
Thermosetting polymers and moderate ductility.

Strong and Ductile = Tough
Notice that significant toughness requires
strength AND ductility (height AND width).

Strength and ductility are competing
traits of mechanical response, so we
don’t observe extremely strong and
tough materials nor do we observe
extremely ductile and tough materials.

ost metals & alloys

Very Ductile but Weak = Not very tough
Thermoplastic Polymers

> &



Plane Strain Fracture Toughness, Kic
For thick samples where a << w and the load is purely tensile (mode |).

Under these conditions, the general
fracture toughness, K¢ becomes the
plane strain fracture toughness: Kic

Values of Kjc are tabulated for
various materials.




Fracture Mechanics
3 Similar Mathematical Descriptions:

(3) An equation that relates the stress required
for crack propagation and the size of a flaw
to a material property that describes resistance

to brittle failure:

Example: Determine the critical stress for a concrete
slab with a known internal crack of length of 2.0 inch.
The plane-strain fracture toughness of concrete is
1.0 ksi-in95, Assume a geometric factor, ¥, of 1.0

*

Y=1.0

Kic = 1.0 ksi-in0-5

2a

21in




Fracture Mechanics
3 Similar Mathematical Descriptions:

(3) An equation that relates the stress required
for crack propagation and the size of a flaw
to a material property that describes resistance
to brittle failure:

Example: Determine the critical stress for a concrete
slab with a known internal crack of length of 2.0 inch.
The plane-strain fracture toughness of concrete is

1.0 ksi-in95, Assume a geometric factor, ¥, of 1.0

Remember, the fracture toughness is a material property
_ IC that we are given, can look up in a table, or we are perhaps
O.= calculating it from a well-controlled experiment
YN ma :



Fracture Mechanics
3 Similar Mathematical Descriptions:

(3) An equation that relates the stress required
for crack propagation and the size of a flaw
to a material property that describes resistance
to brittle failure:

Example: Determine the critical stress for a concrete
slab with a known internal crack of length of 2.0 inch.
The plane-strain fracture toughness of concrete is

1.0 ksi-in05, Assume a geometric factor, Y, of 1.0

Remember, the fracture toughness is a material property
_ IC that we are given, can look up in a table, or we are perhaps
O.= calculating it from a well-controlled experiment
YNrma :

K

« - 172
o =SSN T 564 i = 564 psi

‘(O Jr(in)




