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Fracture Behavior with
Cheese
Fracture Mechanics: Fundamentals and Applications

You Will Be Able To:
Predict and explain how different types of cheese will fail under three-point bend tests
FIGURE
grains.

Three-point Bend Test

Formation of river patterns, as a result of a cleavage crack crossing a twist boundary between

solid is approximately /P. Figure 5.14, however, indicates that the maximum stress achieved ahead
of the crack tip is three to four times the yield strength. For a steel with S  400 MPa and 
210,000 MPa, the cohesive strength would be ~50 times higher than the maximum stress achieved
ahead of the crack tip. Thus, a macroscopic crack provides insufficient stress concentration to
exceed the bond strength.
In order for cleavage to initiate, there must be a local discontinuity ahead of the macroscopic
crack that is sufficient to exceed the bond strength. A sharp microcrack is one way to provide
sufficient local stress concentration. Cottrell [24] postulated that microcracks form at intersecting

Fracture Surfaces
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FIGURE
Intergranular fracture in a steel ammonia tank. Photograph courtesy of W.L. Bradley.
FIGURE
High magnification fractograph of the steel ductile fracture surface. Note the
spherical inclusion
FIGURE
River patterns in an A 508 Class 3 steel. Note the tearing (light areas) between
parallel cleavage
which nucleated a microvoid. Photograph courtesy of Mr. Sun Yongqi.
planes. Photograph courtesy of Mr. Sun Yongqi.

Pre-lab Questions:

Figure 5.6 illustrates the formation of the ‘‘cup and cone’’ fracture surface that is commonly
observed in uniaxial tensile tests. The neck produces a triaxial stress state in the center of the
specimen, which promotes void nucleation and growth in the larger particles. Upon further strain,
the voids coalesce, resulting in a penny-shaped flaw. The outer ring of the specimen contains
relatively few voids, because the hydrostatic stress is lower than in the center. The penny-shaped
flaw produces deformation bands at 45o from the tensile axis. This concentration of strain provides
sufficient plasticity to nucleate voids in the smaller more numerous particles. Since the small
particles are closely spaced, an instability occurs soon after these smaller voids form, resulting in
the total fracture of the specimen and the cup and cone appearance of the matching surfaces. The
central region of the fracture surface has a fibrous appearance at low magnifications, but the outer
region is relatively smooth. Because the latter surface is oriented 45o from the tensile axis and
there is little evidence (at low magnifications) of microvoid coalescence, many refer to this type
of surface as “shear fracture.” The 45o angle between the fracture plane and the applied stress
results in a combined Mode I/Mode II loading.
Figure 5.7 is a photograph of the cross-section of a fractured tensile specimen; note the high
concentration of microvoids in the center of the necked region, compared with the edges of the
necked region.
Figure 5.8 shows SEM fractographs of a cup and cone fracture surface. The central portion of
the specimen exhibits a typical dimpled appearance, but the outer region appears to be relatively
smooth, particularly at low magnification (Figure 5.8(a)). At somewhat higher magnification (Figure 5.8(b)),
a few widely spaced voids are evident in the outer region. Figure 5.9 shows a representative
fractograph at higher magnification of the 45o shear surface. Note the dimpled appearance, which
is characteristic of microvoid coalescence. The average void size and spacing, however, are much
smaller than in the central region of the specimen.
There are a number of mathematical models for void growth and coalescence. The two most
widely referenced models were published by Rice and Tracey [12] and Gurson [13]. The latter
approach was actually based on the work of Berg [14], but it is commonly known as the Gurson
model. The Gurson model has subsequently been modified by Tvergaard and others [15–18].

environmental cracking mechanisms are discussed in detail in Chapter 11. Figure 5.31 shows an
intergranular fracture surface in a steel weld that was in contact with an ammonia environment.
Intergranular corrosion involves the preferential attack of the grain boundaries, as opposed to
general corrosion, where the material is dissolved relatively uniformly across the surface. Intergranular attack is different from environmental assisted cracking, in that an applied stress is not
necessary for grain boundary corrosion.
At high temperatures, grain boundaries are weak relative to the matrix, and a significant portion
of creep deformation is accommodated by grain-boundary sliding. In such cases void nucleation
and growth (at second-phase particles) is concentrated at the crack boundaries, and cracks form as
grain boundary cavities grow and coalesce. Grain-boundary cavitation is the dominant mechanism
of creep crack growth in metals [51], and it can be characterized with time-dependent parameters
such as the * integral (see Chapter 4).
.

APPENDIX

AL MODELING OF CLEA

GE

When one assumes that fracture occurs by a weakest link mechanism under -controlled conditions,
it is possible to derive a closed-form expression for the fracture-toughness distribution. When
weakest link initiation is necessary but not sufficient for cleavage fracture, the problem becomes
somewhat more complicated, but it is still possible to describe the cleavage process mathematically.

The lecture before this lab should explain the basics of fracture and the types of fracture
mechanisms.
L

F

As discussed in Section 5.2, the weakest link model for cleavage assumes that failure occurs
when at least one critical fracture-triggering particle is sampled by the crack tip. Equation
(5.22) describes the failure probability in this case.4 Since cleavage is stress controlled, the

4 It turns out that Equation (5.22) is valid even when the Poisson assumption is not applicable [40]; the quantity R is not
the microcrack density in such cases but R is
to microcrack density. Thus, the derivation of the fracturetoughness distribution presented in this section does not hinge on the Poisson assumption.

1) The cheese fracture activity fits into the structure and properties categories of the
tetrahedron. Please explain why cheese fracture fits in these categories.
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2) Match the type of fracture to its fracture surface
C le a va g e

In te rg ra n u la r
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FIGURE

Intergranular fracture in a steel ammonia tank. Photograph courtesy of W.L. Bradley.

environmental cracking mechanisms are discussed in detail in Chapter 11. Figure 5.31 shows an
intergranular fracture surface in a steel weld that was in contact with an ammonia environment.
Intergranular corrosion involves the preferential attack of the grain boundaries, as opposed to
general corrosion, where the material is dissolved relatively uniformly across the surface. Intergranular attack is different from environmental assisted cracking, in that an applied stress is not
necessary for grain boundary corrosion.
At high temperatures, grain boundaries are weak relative to the matrix, and a significant portion
of creep deformation is accommodated by grain-boundary sliding. In such cases void nucleation
and growth (at second-phase particles) is concentrated at the crack boundaries, and cracks form as
grain boundary cavities grow and coalesce. Grain-boundary cavitation is the dominant mechanism
of creep crack growth in metals [51], and it can be characterized with time-dependent parameters
such as the * integral (see Chapter 4).
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FIGURE
High magnification fractograph of the steel ductile fracture surface. Note the spherical inclusion
which nucleated a microvoid. Photograph courtesy of Mr. Sun Yongqi.

Figure 5.6 illustrates the formation of the ‘‘cup and cone’’ fracture surface that is commonly
observed in uniaxial tensile tests. The neck produces a triaxial stress state in the center of the
specimen, which promotes void nucleation and growth in the larger particles. Upon further strain,
the voids coalesce, resulting in a penny-shaped flaw. The outer ring of the specimen contains
relatively few voids, because the hydrostatic stress is lower than in the center. The penny-shaped
flaw produces deformation bands at 45o from the tensile axis. This concentration of strain provides
sufficient plasticity to nucleate voids in the smaller more numerous particles. Since the small
particles are closely spaced, an instability occurs soon after these smaller voids form, resulting in
the total fracture of the specimen and the cup and cone appearance of the matching surfaces. The
central region of the fracture surface has a fibrous appearance at low magnifications, but the outer
region is relatively smooth. Because the latter surface is oriented 45o from the tensile axis and
there is little evidence (at low magnifications) of microvoid coalescence, many refer to this type
of surface as “shear fracture.” The 45o angle between the fracture plane and the applied stress
results in a combined Mode I/Mode II loading.
Figure 5.7 is a photograph of the cross-section of a fractured tensile specimen; note the high
concentration of microvoids in the center of the necked region, compared with the edges of the
necked region.
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Formation of river patterns, as a result of a cleavage crack crossing a twist boundary between

solid is approximately /P. Figure 5.14, however, indicates that the maximum stress achieved ahead
of the crack tip is three to four times the yield strength. For a steel with S  400 MPa and 
210,000 MPa, the cohesive strength would be ~50 times higher than the maximum stress achieved
ahead of the crack tip. Thus, a macroscopic crack provides insufficient stress concentration to
exceed the bond strength.
In order for cleavage to initiate, there must be a local discontinuity ahead of the macroscopic
crack that is sufficient to exceed the bond strength. A sharp microcrack is one way to provide
sufficient local stress concentration. Cottrell [24] postulated that microcracks form at intersecting

D u ctile F ra ctu re

FIGURE
River patterns in an A 508 Class 3 steel. Note the tearing (light areas) between parallel cleavage
planes. Photograph courtesy of Mr. Sun Yongqi.
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When one assumes that fracture occurs by a weakest link mechanism under -controlled conditions,
it is possible to derive a closed-form expression for the fracture-toughness distribution. When
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Describe Your Cheese:
Describe the properties of your cheese (hard, squishy, crumbly, etc). Sketch each of your
samples below then predict how it will fracture—include this prediction in your sketches. Raise
your hand to discuss with a TA if you are unsure.

Three-point Bend Test Results:

T h re e -p o in t B e n d T e s t

Conduct a three point-bend test and write your results
in the table below. Use the pictures in the pre-lab
questions to identify the fracture surface.

S a m p le

C ra c k n u c le a tio n

C ra c k p ro p a g a tio n
(S tra ig h t o r zig -za g ? )

F ra c tu re s u rfa c e
(D u c tile F ra c tu re , C le a v a g e o r
In te rg ra n u la r? )

S h a rp n o tc h # 1

S h a rp n o tc h $ 2

B lu n t n o tch # 1

B lu n t n o tch $ 2
N o n o tc h

Discussion Points:
1) What does your fracture surface look like for each cheese? For each type of notch?
2) Did all of your samples fail the same way? Can you rationalize why or why not?
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You Will Be Able To:
1) Explain why geometry is important to fracture behavior
2) Justify you experimental observations of fractured cheese

Simulations of Stress in Cheese
You’ve seen how cheeses break when they have different initial crack geometries. Now you’ll
use some computer software called OOF2 to get an idea for how the initial geometries
concentrate stress in different locations and cause different kinds of fractures. Each group will
be assigned to simulate a different initial fracture geometry (due to time constraints), which
you will present at the end. What you will see once you have finished the simulation is a visual
representation of where stress builds up in the cheese as it is initially strained (as you strained
it, using the three-point method.)

Getting Started:
• Log in to nanohub.org
• Go to the search bar and type in
“oof2”
• Click on the first search result
• Then click “launch tool”

Fracture Behavior with
Cheese
Loading the Simulation Data and Script:
Upload the image file
(crack.png) and the script
file (crack_script.py) for
your assigned crack. Both
files are located on the
desktop in a folder titled
“Fracture Simulation”

Make sure to
upload both
files!

In the OOF2 titled window
go to File > Load > Script
and load in the
crack_script.py file
Wait. It will take about 2-5
minutes to run the initial
script, depending on which
system you’re working on
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Fracture Behavior with
Cheese
Run Simulation:
After the setup finishes…
Using the dropdown
menu in the OOF2
window, go to “Solver”
Click “Solve” and wait for
a minute or so

Visualize Data:
• In the OOF2 Graphics 1 Window,
click Layer > New
• In the window that pops up, select
category = Mesh
• Click “new” in the “Display Methods”
section
• Now set the top drop-down menu to
“Filled Contour” and the second to
“Flux”
• Set flux = “Stress” and component =
“yy”
• Now hit OK
• Wait until the main window updates
and then click back in
• To see the color map of stress better,
scroll through this panel at the bottom
• Uncheck anything other than the
mesh labeled “FilledContourDisplay”
until you have an image you can see
easily
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Discussion Points:
What you are looking at is a scaled color map of the stress intensities at various locations
around an initial fracture shape (or no shape, if you are simulating without an initial crack)
1. Can you link this picture to one of the fracture behaviors you observed when you were
breaking the cheese? Is this the picture you would expect?

Fracture Mechanics: Fundamentals and Applications

2. What kind of fracture behavior do you think you have modeled?
FIGURE
grains.

Circle One:

Formation of river patterns, as a result of a cleavage crack crossing a twist boundary between

solid is approximately /P. Figure 5.14, however, indicates that the maximum stress achieved ahead
of the crack tip is three to four times the yield strength. For a steel with S  400 MPa and 
210,000 MPa, the cohesive strength would be ~50 times higher than the maximum stress achieved
ahead of the crack tip. Thus, a macroscopic crack provides insufficient stress concentration to
exceed the bond strength.
In order for cleavage to initiate, there must be a local discontinuity ahead of the macroscopic
crack that is sufficient to exceed the bond strength. A sharp microcrack is one way to provide
Fracture Mechanics: Fundamentals and Applications
sufficient local stress concentration. Cottrell [24] postulated that microcracks form at intersecting

Ductile

Intergranular
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FIGURE
FIGURE
High magnification fractograph of the steel ductile fracture surface. Note the spherical
inclusion
which nucleated a microvoid. Photograph courtesy of Mr. Sun Yongqi.

Intergranular fracture in a steel ammonia tank. Photograph courtesy of W.L. Bradley.

Please explain your choice:

environmental cracking mechanisms are discussed in detail in Chapter 11. Figure 5.31 shows an
Figure 5.6 illustrates the formation of the ‘‘cup and cone’’ fracture surface that is commonly
intergranular fracture surface in a steel weld that was in contact with an ammonia environment.
observed in uniaxial tensile tests. The neck produces a triaxial stress state in the center of
the
Intergranular
corrosion involves the preferential attack of the grain boundaries, as opposed to
specimen, which promotes void nucleation and growth in the larger particles. Upon further
strain,
general
corrosion, where the material is dissolved relatively uniformly across the surface. Interthe voids coalesce, resulting in a penny-shaped flaw. The outer ring of the specimengranular
containsattack is different from environmental assisted cracking, in that an applied stress is not
relatively few voids, because the hydrostatic stress is lower than in the center. The penny-shaped
necessary for grain boundary corrosion.
flaw produces deformation bands at 45o from the tensile axis. This concentration of strain provides
At high temperatures, grain boundaries are weak relative to the matrix, and a significant portion
sufficient plasticity to nucleate voids in the smaller more numerous particles. Since of
thecreep
smalldeformation is accommodated by grain-boundary sliding. In such cases void nucleation
particles are closely spaced, an instability occurs soon after these smaller voids form, resulting
in (at second-phase particles) is concentrated at the crack boundaries, and cracks form as
and growth
the total fracture of the specimen and the cup and cone appearance of the matching surfaces.
The
grain boundary
cavities grow and coalesce. Grain-boundary cavitation is the dominant mechanism
central region of the fracture surface has a fibrous appearance at low magnifications, butofthecreep
outercrack growth in metals [51], and it can be characterized with time-dependent parameters
region is relatively smooth. Because the latter surface is oriented 45o from the tensile axis and
such as the * integral (see Chapter 4).
there is little evidence (at low magnifications) of microvoid coalescence, many refer to. this type
of surface as “shear fracture.” The 45o angle between the fracture plane and the applied stress
results in a combined Mode I/Mode II loading.
APPENDIX
AL MODELING OF CLEA GE
Figure 5.7 is a photograph of the cross-section of a fractured tensile specimen; note the high
When
concentration of microvoids in the center of the necked region, compared with the edges
of one
the assumes that fracture occurs by a weakest link mechanism under -controlled conditions,
it is possible to derive a closed-form expression for the fracture-toughness distribution. When
necked region.
Figure 5.8 shows SEM fractographs of a cup and cone fracture surface. The central weakest
portion oflink initiation is necessary but not sufficient for cleavage fracture, the problem becomes
the specimen exhibits a typical dimpled appearance, but the outer region appears to be somewhat
relatively more complicated, but it is still possible to describe the cleavage process mathematically.
smooth, particularly at low magnification (Figure 5.8(a)). At somewhat higher magnification (Figure 5.8(b)),
a few widely spaced voids are evident in the outer region. Figure 5.9 shows a representative
L
F
fractograph at higher magnification of the 45o shear surface. Note the dimpled appearance, which
is characteristic of microvoid coalescence. The average void size and spacing, however,As
are discussed
much
in Section 5.2, the weakest link model for cleavage assumes that failure occurs
smaller than in the central region of the specimen.
when at least one critical fracture-triggering particle is sampled by the crack tip. Equation
There are a number of mathematical models for void growth and coalescence. The (5.22)
two most
describes the failure probability in this case.4 Since cleavage is stress controlled, the
widely referenced models were published by Rice and Tracey [12] and Gurson [13]. The latter
approach was actually based on the work of Berg [14], but it is commonly known as the Gurson
model. The Gurson model has subsequently been modified by Tvergaard and others [15–18].

Cleavage

FIGURE
River patterns in an A 508 Class 3 steel. Note the tearing (light areas) between parallel cleavage
planes. Photograph courtesy of Mr. Sun Yongqi.

3. Compare your simulation results to the results of the other groups. From the simulations
and the experiments, how does initial geometry play a role in crack propagation?
4 It turns out that Equation (5.22) is valid even when the Poisson assumption is not applicable [40]; the quantity R is not
the microcrack density in such cases but R is
to microcrack density. Thus, the derivation of the fracturetoughness distribution presented in this section does not hinge on the Poisson assumption.

