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This work presents an experimental evaluation of yield strength, tensile strength, and impact toughness of
7075 Al alloy. The extended finite element method (XFEM) has been chosen for quasi-static crack growth
simulations using Charpy impact energy as the crack growth criterion for both Bulk and ultrafine-grained
(UFG) 7075 Al alloy. The 7075 Al alloy is rolled for different thickness reductions (40 and 70%) at
cryogenic (liquid nitrogen) temperature, and its mechanical properties are studied by performing the tensile
and Charpy impact testing. The microstructural characterization of the alloy was carried out using field
emission scanning electron microscopy (FE-SEM). The rolling of the Al alloy at cryogenic temperature
suppresses dynamic recovery, and dislocation cells formed during processing, transformed into fully formed
ultrafine-grains (600 nm) at 70% thickness reduction. The impact energy used as the crack growth criterion
under quasi-static loading condition based on the Griffith energy concept. The elastic-plastic ductile
fracture simulations are performed by XFEM using ABAQUS Software (Version 6.9). For crack modeling,
two different types of functions are used to model a crack based on partition of unity concept. A discon-
tinuous function is used to model the portion behind the crack tip, whereas crack tip is modeled by near-tip
asymptotic functions. This permits the crack is to be represented explicitly without meshing the crack
surfaces, thus crack propagation simulations can be carried out without a need of re-meshing. Strain energy
release and stress distribution ahead of the crack tip is found for some practical crack problems. The
numerical examples indicate a significant improvement in crack growth properties of UFG 7075 Al alloy as
compared to its bulk form due to an effective grain refinement.

Keywords cryorolling, elastic-plastic fracture, impact toughness,
UFG alloy, XFEM, yield strength

1. Introduction

In recent years, the production of ultrafine-grained (UFG)
and nanostructured materials from their bulk materials through
severe plastic deformation (SPD) processes like equal channel
angular pressing (ECAP), multiple compressions, and severe
torsional straining have been given lot of focus to realize its
potential for structural and functional applications. The forma-
tion of ultrafine grain structures by SPD methods provides very
large deformations at relatively low temperatures under high
pressures (Ref 1, 2). In this work, ultrafine-grained 7075 Al
alloy is prepared by doing conventional rolling at cryogenic
(liquid nitrogen) temperature (Ref 3, 4). Rolling at cryogenic
temperature suppresses dynamic recovery, and the density of
accumulated dislocations reaches to a higher steady state level
as compared to room temperature rolling. With the multiple
cryorolling passes, these high density dislocations are con-

verted into grain fragments or ultrafine grain structures with
high angle grain boundaries. Ultrafine-grained form of Cu, Ni,
Al alloys shows improved tensile and hardness properties as
reported in the earlier literature (Ref 3-6).

The 7075 aluminum alloy is one of the most important
engineering alloys and has been utilized extensively in aircraft
structures because of its high strength-to-density ratio (Ref 3, 4,
7). In the present work, tensile and impact properties of the bulk
7075 Al alloy as well as its UFG form are experimentally
evaluated. Experimental results show a significant improve-
ment in the tensile and impact toughness.

There is no published literature which describes the fracture
behavior of UFG 7075 Al alloy using extended finite element
method (XFEM). Therefore, in the present work, the fracture
behavior of UFG 7075 Al alloy compared to its bulk form has
been studied. The fracture energy absorbed by Charpy impact
specimens of both bulk and UFG alloys are used as the crack
growth criterion for XFEM simulations. The XFEM crack
growth simulations are carried out under quasi-static loading
(Ref 8-10). An explicit crack propagation criterion for elastic-
plastic ductile fracture is derived based on the Griffith energy
concept. The capability of XFEM to accurately simulate the
fracture behavior is proved through several numerical exam-
ples. In case of ductile fracture, nonlinearities arise due to
plastic deformation of the bulk material and the crack surface
separation in the fracture process zone, which are characterized
by the nucleation, growth and coalescence of micro-voids
(Ref 11-13). Mesh independent crack propagation simulations
are carried out using XFEM in the elastic-plastic regime
(Ref 14-18) under quasi-static Mode-I loading following the
deformation plasticity theory (Ref 12). A brief description of
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XFEM and energy criterion for the crack growth is given in
‘‘Extended Finite Element Method’’ and ‘‘The Energy Criterion
for Crack Growth’’ sections, respectively.

2. Extended Finite Element Method

In comparison to the classical finite element method, the
XFEM provides significant benefits in the numerical modeling
of crack propagation. In the traditional formulation of the FEM,
the existence of a crack is modeled in such a way that the crack
need to follow element edges, whereas in the XFEM, the crack
geometry need not be aligned with the element edges, which
provides flexibility and versatility in crack modeling (Ref 19,
20). The XFEM is based on the enrichment of the FE model
with additional degrees of freedom (DOFs) that are tied to the
nodes of the elements intersected by the crack. XFEM utilizes
the concept of partition of unity (PU) for the enrichment. Any
discontinuity is included in the numerical model without
modifying a mesh as it is initially generated without taking into
account the presence of the crack. Therefore, only a single
mesh is required for the modeling of any size of crack. In
addition, nodes surrounding the crack tip are enriched with
DOFs associated with functions that reproduce the asymptotic
fracture fields.

In XFEM, the following approximation is utilized to
calculate the displacement for a point x within the domain
(Ref 21).

uhðxÞ ¼ uFE þ uenr ¼
Xn

j¼1
NjðxÞuj þ

Xm

k¼1
NkðxÞwðxÞak ðEq 1Þ

where uj is the vector of regular degrees of nodal freedom in
the finite element method, ak is the added set of degrees of free-
dom to the standard finite element model, and w(x) is the dis-
continuous enrichment function defined for enriched nodes. The
main objectives for using various types of enrichment functions
within an XFEM procedure can be expressed as the following:

• Reproducing the singular field around a crack tip.
• Continuity in displacement between adjacent finite ele-

ments.
• Independent strain fields in two different sides of a crack

surface.

In general, two types of enrichment functions are used, i.e.,
Heaviside function, H(x) and crack-tip functions. If there is no
enrichment, then the above Equation 1 reduces to the classical

finite element approximation uhðxÞ ¼
Pn

j¼1
NjðxÞuj, hence, XFEM

retains many of the advantages of the finite element method.
Figure 1 shows the types of enrichment functions used in
XFEM crack modeling.

3. The Energy Criterion for Crack Growth

The fracture energy obtained by Charpy Impact testing is
used as the crack growth criterion under quasi-static loading
based on the Griffith energy concept. The equations given here
are limited to quasi-static crack growth only. The functional
relationship of Charpy impact energy is:

ET ¼ EI þ EP ðEq 2Þ

where ET = total fracture energy, EI = fracture initiation en-
ergy, and EP is fracture propagation energy. The fundamental
principle of energy conservation with respect to unit area
crack extension (Ref 22) is same as Griffith fracture mechan-
ics criterion (Griffith, 1921) which can be mathematically sta-
ted as (Ref 11):

Tr ¼
@

@A
WF � Ue � UP � Esð Þ with

Tr >ET Crack propagates

Tr ¼ ET Critical condition

Tr <ET Crack does not propagate

8
>><

>>:

9
>>=

>>;

ðEq 3Þ

where Tr is the resultant energy, Ue is the elastic strain
energy, and Up is the plastic strain energy, respectively. WF is
the work done by the externally applied loadings, Es is the
surface energy, and A is the total crack surface area (Ref 23-
25). The result of first two terms in Equation 3 is the strain
energy release rate (G) which is considered as a driving force
for crack growth:

G ¼ @ðWF � UeÞ
@A

ðEq 4Þ

The last two terms of Equation 3 represent the plastic energy
dissipation rate and the energy dissipation rate due to crack
surface separation. The summation of these two terms repre-
sents the crack growth resistance, which is defined as ��energy
dissipation rate�� R.

R ¼ @ðUp þ ESÞ
@A

ðEq 5Þ

Equation 3 says that whenever the crack driving force
exceeds the crack resistance force, the crack will propagate. In
context of FEM, the external work P and the total strain energy
of the system U can be expressed, respectively, as,

Fig. 1 Enriched nodes in the XFEM: square nodes with two addi-
tional DOFs and diamond-shaped nodes with eight additional DOFs
(Ref 10)
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P ¼ uTF ðEq 6Þ

U ¼ Ue þ Up ¼
Z

V

WdV ðEq 7Þ

where V is the volume, u the nodal displacement vector, F the
nodal equivalent force vector, respectively, and W the total
strain energy density. The volume integration in Equation 7
can be carried out on element by element basis. The strain
energy of each element is calculated for all the elements.

4. Experimental Procedure

The 7075 Al alloy has been procured from Hindustan
Aeronautics Ltd., Bangalore, India in the form of extruded ingot
having 50 mm diameter, for the present work. Chemical
composition of the alloy used in the work was estimated using
Energy Dispersive Spectroscopy (EDAX) investigation. The

Fig. 2 (a) Optical micrograph of starting material and FESEM image of (b) 40 CR and (c) 70 CR

Fig. 3 Tensile properties of Al 7075 alloy after different percentage
of thickness reduction

Fig. 4 Effect of cryorolling on the impact energy of 7075 Al alloy
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composition was 6.04 Zn, 3.64 Mg, 1.76 Cu, 0.50 Cr, 0.2 Si, 0.15
Mn, 0.57 Fe, and Al balance. The as-received Al ingot was
machined into small plates and then solution treated (ST) at
490 �C for 6 h followed by quenching treatment in water at room
temperature. The annealed plates of 7075 Al alloy were subjected
to rolling at liquid nitrogen atmosphere (cryorolling) to achieve 40
and 70% thickness reduction. The samples were dipped in liquid
nitrogen for 30 min prior to each roll pass during the rolling
process. The diameter of the rolls was 110 mm and the rolling
speed was 8 rpm. �190 and �150 �C were the temperatures
before and after rolling of the samples in each pass. The solid
lubricant, MoSi2, has been used during the rolling process to
minimize the frictional heat and 40-50 s time taken for rolling and
putting back the samples into cryocan (liquid nitrogen container)
in order to preclude the temperature rise of the samples. Though
5%deformation (in comparison of the starting thickness) achieved
per rolling pass, still many passes were given to achieve the
required reduction of the samples, to ensure ultrafine-grain
formation throughout the cross-section of the samples.

In order to evaluate the strength and ductility, tensile tests
were carried out of the starting Al-Mg-Cu-Zn alloy and its
cryorolled forms. The tensile specimens were machined as per
ASTM Standard E-8/E8M-09 (Ref 26) sub-size specifications
parallel to the rolling direction with gauge lengths of 25mm. The
tensile test was conducted after polishing the samples in air at
room temperature using a S series, H25K-S materials testing
machine operated at a constant crosshead speed with an initial
strain rate of 59 10�4 s�1. For tensile test, the samples with

Fig. 5 Edge crack under uniaxial tension in 3D

Table 1 Elastic-plastic material properties of the 7075 Al
alloy under investigation

Material E, GPa t ry, MPa n

Al 7075 alloy (Bulk) 72 0.33 260 10
Al 7075 alloy (UFG-70% CR) 72 0.33 540 12

Fig. 6 A comparison of Von Mises stress distribution around crack
tip. (a) Bulk and (b) UFG 7075 Al alloy

Fig. 7 A comparison of maximum principal stress distribution
around crack tip. (a) Bulk and (b) UFG 7075 Al alloy
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different percentage of thickness reduction after cryorolling were
machined to the same length and without changing the thickness.

For the evaluation of fracture energy, impact test is carried
out using Charpy impact specimens. Test samples were cut
from longitudinal (rolling) direction. The in-plane specimen
dimensions as per the ASTM Standard E-23-07ae1 (Ref 27)
was, 10 mm9 55 mm rectangular block with a 2 mm deep, 45�
V-notch having a 0.25-mm tip radius at the center of the
specimen. In this paper, the results are presented from CVN
impact tests on staring bulk and UFG form of the said alloy.

5. Results and Discussion

5.1 Experimental Results

Figure 2 reveals microstructural features of the bulk and
UFG 7075 Al alloy. The optical micrograph of the starting bulk

alloy shown in Fig. 2(a) and SEM micrographs of the
cryorolled alloys are shown in Fig. 2(b) and (c). Lamellar
grains (average grain size is around 40 lm) lying parallel to the
ingot axis were observed in case of bulk alloy, whereas
equiaxed (in the rolling direction) grains were seen in case of
UFG alloys. The grain size is reduced to around 950 and 600
nm for the CR samples subjected to 40 and 70% thickness
reduction, respectively. Due to rolling at cryogenic temperature
(�190 �C), grain growth, dynamic recovery is effectively
suppressed and grain fragmentation, sub grain formation,
ultrafine grains with high angle grain boundaries are formed
as reported in our earlier work (Ref 28-31).

Tensile properties of bulk and UFG 7075 Al alloy is
estimated by testing a set of five samples for each condition and
average values are shown in Fig. 3. Increase in tensile strength
(UTS) for 40% (true strain = 1.4) and 70% reduction (true
strain = 1.8) are 530 MPa (nearly 6% increase) and 550 MPa
(nearly 10% increase), respectively, from 500 MPa of bulk

Fig. 8 A comparative plot of strain energy release for (a) bulk and (b) UFG 7075 Al alloy

Fig. 9 A comparison of stress for (a) bulk and (b) UFG 7075 Al alloy
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material. The yield strength (YS) has increased to 430 MPa
(nearly 66% increase) and 540 MPa (nearly 108% increase) for
40 and 70% reduction from 260 MPa of bulk alloy. Rolling at
cryogenic temperature can effectively suppress the dynamic
recovery, grain growth and generates higher amount of
dislocation cells and fragmented grains in the samples which
leads to enhanced tensile strength of the Al-Mg-Zn-Cu alloy
(Ref 29, 31). More pronounced effect in YS as compared to the

ultimate tensile strength (UTS) of the cryorolled alloy is due to
effective grain refinement, which can be explained from simple
Hall-patch relationship.

Impact energy absorbed in the UFG samples of 7075 Al
alloy and its bulk counterpart are estimated by testing a set of
five samples for both bulk and UFG alloy and average values
are shown in Fig. 4. The impact energy of the cryorolled alloy
increases due to the breakage of large aluminum dendrites,
modified grain or grain fragment with high angle boundaries,
sub-grain formation, and ultrafine grain or grain fragments with
the enhanced amount of cryorolling strain. Impact energy of the
bulk alloy and its UFG counterpart are 17 J, 21 J (24%
increase) in case of 40% reduction and 27 J (nearly 60%
increase) in case of 70% reduction.

5.2 Fracture Surface Morphology

Tensile and impact fracture morphologies were discussed in
detail as reported in our earlier work (Ref 29).

5.2.1 Tensile Fracture. Fractographs of tensile samples
of starting bulk Al 7075 alloy and UFG alloys (40 and 70%
cryorolled) reveals that fracture mode is of ductile nature for
both the bulk and UFG Al alloy specimens. The average dimple
size is reduced to less than 1 lm after 70% thickness reduction
in the cryorolled samples from 5 lm of the starting bulk alloy.
Grain refinement and work hardening are the possible mech-
anisms responsible for the continuous decrease in dimple size,
attained by cryorolling process.

Fig. 10 Center crack under uniaxial tension in 3D

Fig. 11 A comparison of Von Mises stress distribution around
crack tip. (a) Bulk and (b) UFG 7075 Al alloy

Fig. 12 A comparison of maximum principal stress distribution
around crack tip. (a) Bulk and (b) UFG 7075 Al alloy

1172—Volume 21(7) July 2012 Journal of Materials Engineering and Performance



5.2.2 Impact Fracture. The fracture behavior of the
samples tested under impact load is different from that of
tensile test due to high strain rate involved in case of impact
loading. The fracture surface shows complete dimple fracture as

compared to some quasi-cleavage regions present in the case of
tensile fracture surface. The continuous decrease in dimple size
with the increase in % reduction obtained by cryorolling, make
the evidence of enhanced fracture energy in case of UFG alloys.

Fig. 13 A comparative plot of strain energy release for (a) bulk and (b) UFG 7075 Al alloy

Fig. 14 A comparison of stress for (a) bulk and (b) UFG 7075 Al alloy

Fig. 15 Schematic diagram of three-point bend specimen (all dimensions are in mm)
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5.3 XFEM Simulation

Elastic-plastic material properties of both UFG and bulk 7075
Al alloy, evaluated experimentally were used for XFEM
simulation of predicting the fracture behavior using standard
finite element software ABAQUS, based on deformation
plasticity theory. To demonstrate the improved fracture proper-
ties of UFG 7075 Al alloy as compared to its bulk counterpart,
the strain energy release rate, stress distribution ahead of the
crack tip (Ref 11), crack propagation study, and plastic zone size
ahead of the crack tip are evaluated for several test problems.

Table 1 shows the improved elastic-plastic material proper-
ties of the cryorolled 7075 Al alloy along with its bulk form.
Mesh independent crack propagation simulations has been
carried out under quasi-static Mode-I loading using the
eformation plasticity theory based on Ramberg-Osgood rela-
tionship (Ref 12, 32). In case of deformation plasticity, the
material behavior is modeled by a polynomial popularly known
as Ramberg-Osgood relation. It models the material behavior
(elastic-plastic) by one function only. Stress and strain involv-
ing plastic deformation have the following relationship,

Fig. 16 A comparison of Von Mises stress distribution around crack tip. (a) Bulk 7075 Al alloy (zoomed view at the crack tip), (b) UFG 7075
Al alloy (zoomed view at the crack tip)
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E � e ¼ rþ a
�r
r0

� �n�1
r ðEq 8Þ

where r is the stress, e is the strain, E is Young�s modulus, a is
the ‘‘yield’’ offset, and n (>1) is the hardening exponent (non-
linear term) for the plastic deformation. In the current model,
strain energy density is computed by Equation 8, as given below,

W ¼
Z

r de ðEq 9Þ

Themethod followed for stress solutions in the corresponding
nonlinear material model is shown below. Considering q = ±r,
Eq. (8) solved for r using Newton�s method. Writing cr as the
correction to r, the Newton equations for Equation 8, are

1þ na
q

r0

� �n�1
" #

cr ¼ Ee� r� a
q

r0

� �n�1
r ðEq 10Þ

r ¼ r� cr ðEq 11Þ

Fig. 17 A comparative plot of strain energy release for (a) bulk and (b) UFG 7075 Al alloy

Fig. 18 A comparison of stress for (a) bulk and (b) UFG 7075 Al alloy

Fig. 19 Schematic diagram of compact tension specimen (all
dimensions are in mm)
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Fig. 20 A comparison of Von Mises stress distribution around crack tip. (a) Bulk 7075 Al alloy (zoomed view at the crack tip), (b) UFG 7075
Al alloy (zoomed view at the crack tip)

Fig. 21 A comparative plot of strain energy release for (a) bulk and (b) UFG 7075 Al alloy
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As an initial guess, we use r = Ee, if Ee £ r0 and
r = ±[Eer0

n�1/Eer0
n�1aÆa]1/n, if Ee £ r0. In this case, the

material stiffness matrix is,

@r
@e
¼ E

1þ nrðq=q0Þn�1
ðEq 12Þ

5.3.1 Case 1: Edge Crack in Tension. Figure 5 shows
the geometry of the 3D edge crack block having height
(h = 40 mm), width (b = 40 mm), thickness (t = 40 mm) and
a through thickness crack length on both the edges (a = 7 mm).
The value of uniaxial tensile stress (r) applied is 100 MPa. Edge
crack geometry has been modeled by unstructured mesh using
bilinear quadrilateral (reduced integration plain strain) elements
having 41 elements along the edges. Present research reports
about elastic-plastic ductile fracture of bulk 7075 Al alloy and its
UFG form. The stress components with the failure mechanism
for the 3D edge crack problem are shown in Fig. 6 and 7. These
figures also show the bigger plastic zone size ahead of the crack
tip due to ultrafine-grain formation.

Figure 8 shows that for the edge crack problem under same
loading, geometric, and displacement/rotation boundary condi-
tions. The strain energy release and external work is found

more in case of ultrafine grain 7075 Al alloy as compared to
bulk alloy due to higher plastic strain work involved in the
fracture process zone ahead of the crack tip.

In Fig. 9, stress values plotted along the crack path shows
the highest values of stresses near the crack tip for both the
materials. High stress values is seen ahead of the crack tip in
UFG alloy due to more stress requirement for local yielding
which explains its improved crack arrest capabilities.

Experimental observation of improved crack arrest capabil-
ities and enhanced fracture toughness in case of cryorolled
samples is due to high density of dislocations, ultrafine-grain
formation, grain boundary sliding, and increased fracture stress
(rf) according to Equation 13.

rf ¼ kfd
�1=2 ðEq 13Þ

where kf = Constant (MPa m1/2) and d = Grain size.
Fracture toughness of bulk Al alloy is increased from

17.89 MPa m1/2 to 24 MPa m1/2 (34% increase) and
30.84 MPa m1/2 (nearly 73% increase) after 40 and 70% thickness
reductions, respectively. The experimental outcomes are discussed
in detail in our earlier work (Ref 30).

5.3.2 Case 2: Center Crack in Tension. Geometry of the
center-cracked block having height (h = 40 mm), width
(b = 40 mm), thickness (t = 40 mm) and through thickness
crack length in the center (a = 6 mm) is shown in Fig. 10. The
value of uniaxial tensile stress (r) applied is 200 MPa. Von
Mises and maximum principal for 3D center-cracked geometry
is shown in Fig. 11 and 12, respectively. The difference
between stress distributions for both form of alloy occurs due to
their difference in elasto-plastic material properties. Size of the
plastic zone ahead of the crack tip is much bigger in case of
UFG form of the alloy as compared to its bulk form, which
indicates its improved fracture resistance.

Figure 13 shows the strain energy release for the 3D center-
cracked block of bulk and UFG 7075 Al alloy. Under same
loading, geometric, and boundary conditions applied for both
bulk and UFG alloy, strain energy release and external work are
found higher in case of UFG alloy. Figure 14 shows stress
values along the crack path. In this case, crack arrest took place
in UFG alloy due to its high fracture energy and high stress
requirement for local yielding.

Fig. 22 A comparison of stress for (a) bulk and (b) UFG 7075 Al alloy

Fig. 23 Cracked plate with temperature distribution
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5.3.3 Case 3: Three-Point Bend Specimen. To analyze
the improved fracture behavior of UFG alloy, crack growth
simulation are performed for a three-point bend (TPB)
specimen, modeled according to ASTM standard E1820-09e1
(Ref 32). Figure 15 shows the schematic diagram of the crack
growth behavior in TPB specimen. The geometry with 10 mm
thickness and initial crack length (a) of 3 mm is loaded by
quasi-static load of 3 kN.

Figure 16 represents the stress-strain state ahead of the crack
tip. Von Mises stress distribution is shown for both form of
alloy and the stress distribution is significantly higher in case of
material. Crack growth is observed in case of bulk alloy
whereas it gets arrested in the UFG form of alloy. The higher
amount of plastic strain work ahead of the crack tip and bigger
plastic zone size signifies the higher resistance towards crack
propagation in UFG alloy as compared to its bulk form.

Figure 17 shows the comparative plots of strain energy
release and external work for the TPB specimen of both bulk
and UFG form of alloy. In this case also, the improved results
are obtained in case of UFG alloy. The stress along crack path
is plotted in Fig. 18.

5.3.4 Case 4: Compact Tension Specimen. Figure 19
shows the schematic diagram of the compact tension (CT)
specimen modeled as per ASTM standard E1820-09e1 (Ref 33)
to show the improved fracture behavior of the UFG 7075 alloy
as compared to its bulk form. Crack growth behavior is
analyzed in CT specimen for both form of the alloy under same
geometric and loading conditions. The geometry with 10 mm
specimen thickness, and initial crack length of 5 mm is loaded
with 5 kN load. The results are found in good agreement with
the earlier case studies presented in this work.

Fig. 24 A comparison of Von Mises stress distribution around crack tip. (a) Bulk 7075 Al alloy (zoomed view at the crack tip), (b) UFG 7075
Al alloy (zoomed view at the crack tip)

Fig. 25 A comparison of displacement field along with temperature
distribution in the cracked plate. (a) Bulk 7075 Al alloy, (b) UFG
7075 Al alloy
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Figure 20 represents Von Mises stress distribution ahead of
the crack tip for the CT specimen. Higher fracture energy
explains the reason why crack does not advance in case of UFG
alloy.

Figure 21 shows the strain energy release and external work
for the CT specimen of both bulk and UFG form of the alloy.
The stress values obtained along crack path are shown in
Fig. 22. Higher strain energy release and stress values ahead of
the crack tip explains better crack arrest capabilities of the UFG
7075 Al alloy.

5.3.5 Case 5: Temperature-Assisted Crack Growth in a
Plate. The geometry of the cracked plate along with temper-
ature distribution having height (H = 40 mm), width
(B = 40 mm), thickness (t = 10 mm) and through thickness
crack length parallel to the right edge (a = 10 mm) is shown in
Fig. 23. The value of applied uniform pressure (P) is 100 MPa
and coefficient of thermal expansion is 25.29 10�6 m/m�C.

The geometry has been modeled by unstructured mesh using
bilinear quadrilateral plain strain elements having (409 40)
elements along the edges.

In this example along with mechanical loading (uniform
pressure), temperature distribution is also applied in the cracked
plate. Due to the temperature field applied, plastic deformation
becomes easier for both the bulk and UFG form alloy and
simultaneously a significant decrease in strain energy release
for the fully cracked object can be seen as compared to other
case studies. Plastic deformation is less in case of UFG alloy
due to increase in hardening exponent due to cryorolling. Crack
is arrested in the UFG form due to the reasons explained in
earlier case studies. Figure 24 shows Von Mises stress distri-
bution and Fig. 25 shows the displacement field along with
temperature distribution in the cracked plate. In case of UFG
alloy, global displacement is less in comparison to bulk alloy
due to increase in hardening exponent after cryorolling.

Fig. 26 A comparative plot of strain energy release for (a) bulk and (b) UFG 7075 Al alloy

Fig. 27 A comparison of stress for (a) bulk and (b) UFG 7075 Al alloy
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Figure 26 shows the comparative plots of strain energy
release and external work for the cracked plate under thermo-
mechanical loading of both bulk and UFG form of the alloy.
The stress along crack path is plotted in Fig. 27. The results are
found in good agreement with earlier case studies.

6. Conclusions

The present study reports experimental evaluation of tensile,
and impact toughness behaviour of bulk 7075 Al alloy and its
ultrafine-grained form. A significant improvement in tensile
and impact properties has been observed due to the grain
fragmentation, high dislocation density, and stoppage of
dynamic recovery achieved by rolling at liquid nitrogen
atmosphere (cryorolling). The microstructure before and after
the cryorolling characterized by FESEM, show an evidence of
grain refinement. Grain refinement with the increasing cryo-
rolling strain is also evident from the fracture surface mor-
phology (characterized by FESEM) of the ultrafine-grained
samples fractured under tensile and impact loading. XFEM
simulations of crack growth were carried out using impact
energy as the crack growth criterion. XFEM simulations
revealed the effect of improved fracture energy over the crack
growth properties of the alloy in its UFG form as compared to
its bulk form. The impact energy obtained by Charpy testing
used as the crack growth criterion under quasi-static loading
conditions based on the Griffith energy concept. Elastic-plastic
material properties such as YS, hardening exponent has been
evaluated by tensile testing to carry out XFEM simulations of
elastic-plastic ductile fracture ahead of the crack tip using the
finite element software package ABAQUS.

Five case studies composed of real-life 3D problems and
standard specimens are used to determine the fracture tough-
ness and to demonstrate the use of new energy based crack
growth simulation. The method is based on the fundamental
Griffith energy concept thus having the potential of dealing
with fracture problems that involve complex loading, material
nonlinearity, large deformation, and path-dependent deforma-
tion processes. The results obtained from the case studies show
that XFEM is an efficient and versatile method, and can be
implemented in case of complex fracture problems.

The computation of the strain energy release, stress
distribution ahead of the crack tip and study of crack
propagation, and crack tip plastic zone simulations presented
here to demonstrate the improved fracture behavior of UFG
7075 Al alloy as compared to the bulk alloy. The numerical
examples also show that the crack growth took place in case of
bulk 7075 Al alloy whereas it got arrested in case of UFG form
of Al alloy under same loading, boundary, and geometric
conditions. Moreover, the size of the plastic zone ahead of the
crack tip is much bigger in case of UFG alloy as compared to
bulk form which shows a significant improvement in the
fracture toughness due to ultrafine-grain formation in cryoroll-
ing process.
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