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Abstract: Aluminium alloys are used for the fabrication of the fuel clad of research-grade nuclear
reactors as well as for several types of core components of high-flux research reactors. In order to
carry out design and safety analysis of these components, their mechanical and fracture properties
are required by the designer. In this work, experiments have been conducted on tensile specimens
machined from an aluminium alloy block to evaluate the material stress-strain curve. Experiments
have also been conducted on disc-shaped compact tension specimens in order to determine the
fracture toughness of aluminium alloy. Numerical simulations of both tensile and fracture specimens
have been carried out using the crystal plasticity model. Initially, the slip system level parameters of
the crystal plasticity material model have been calibrated using experimental stress-strain data for
single as well as polycrystalline aluminium. For the prediction of crack initiation toughness, Rice
and Tracey’s damage model has been used. The critical damage parameter has been evaluated for
a fractured specimen with a crack length-to-width (a/ W) ratio of 0.6. The attainment of the critical
damage parameter in the analysis corresponds to the instance of experimentally observed ductile
crack initiation in the specimen. Later, this model was applied to other fracture specimens with
different a/ W ratios with values ranging from 0.39 to 0.59. It was observed that the critical damage
parameter corresponding to crack initiation in the material has a very small variation, even if the
specimens have different crack lengths. It is well-known in the literature that Rice and Tracey’s critical
damage parameter is a material constant. Hence, we have applied the same model to predict crack
initiation for single crystal fracture specimens with two different orientations of the crack plane. It was
observed that the <111> orientation is more susceptible to crack initiation and propagation compared
with the <100> orientation, as the damage parameter is high in the ligament of the specimen ahead of
the crack tip for the same level of applied loading. As the [111] crack plane is more closely packed
compared with the [100] plane, the distance between atomic planes is greater for the former, and
hence, it is more susceptible to ductile damage. The results of the experiments and the material
damage parameter are helpful for the integrity analysis of the fuel clad of research reactors as well as
components of high-flux research reactors.

Keywords: fracture initiation toughness; J-resistance curve; aluminium; damage parameter; crystal
orientation; crystal plasticity; disc-shaped specimen; fracture test; Rice and Tracey’s model

1. Introduction

The fracture process is a complex physical phenomenon that spans various length
scales ranging from atomistic to continuum scale. The fracture process is called brittle if
it occurs with little or negligible plastic deformation [1]. On the other hand, the ductile
fracture process is associated with plastic deformation at the crack tip. Crack initiation
and growth in fracture specimens occur due to the mechanism of nucleation, growth,
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and coalescence of voids with the existing crack tip [2]. This fracture initiation process is
affected by the presence of micro-defects like second-phase particles, which act as sites for
nucleation of micro-voids. The microvoids may also form due to the process of decohesion
of particles from the matrix, cracking of these particles, etc. [3].

An important alloy that is widely used in research-grade reactors is the aluminium
alloy Al-1100. For safety and integrity analysis of reactor components made of this alloy, it
is essential to understand the ductile crack initiation process in this material and evaluate a
critical damage parameter so that the same can be used for integrity analysis of reactor com-
ponents once its magnitude is evaluated from laboratory scale experiments. Understanding
the ductile crack initiation process in aluminium alloys is important from the point of view
of safety and integrity analysis of reactor components. On the other hand, the evaluation
of a critical damage parameter for the alloy Al-1100 shall help in predicting the fracture
initiation toughness of reactor components. Various types of aluminium alloys have been
studied in the literature [4-12], and the earlier research work involves experimental and
numerical simulations in order to evaluate the tensile and fracture properties of these
alloys [4-12]. These researchers [4-12] present results on tensile and fracture properties of
different grades of aluminium alloy and discuss the details of experimental and numerical
simulation approaches followed in their work.

The tensile and fracture behaviour of Al 6061 alloy was evaluated in refs. [4,5] The
extended finite element method (XFEM) was used for the simulation of the tests [4,5]. XFEM
was also used to simulate ductile crack propagation in ultrafine-grained 7075 aluminium
alloy in ref. [6] The ductile crack growth in tensile specimens of aluminium was studied
experimentally in ref. [7] The fracture toughness was evaluated using notched bars of
aluminium 6061-T6 by Hellier et al. [8] The tensile properties and fracture toughness
data of Al-Li 8090 alloys were evaluated and correlated with microstructural features in
ref. [9] The plane stress fracture toughness for ultra-fine grained aluminium thin sheet was
evaluated in ref. [10] and the mode-I fracture toughness of different types of aluminium
alloys was evaluated in refs. [11-15].

The high-temperature deformation behaviour of extruded Al-7075 alloy was studied
by Ye et al. [16] and Zhu et al. [17] The evolution of texture of this material during the
process of hot deformation was studied using the visco-plastic self-consistent model [17].
The mechanical properties of aluminium alloy parts fabricated by the laser powder bed
fusion process were correlated to the microstructure in ref. [18] The influence of forming
orientation and loading rate on the shear deformation behaviour of aluminium alloy was
studied in ref. [19] Various other studies [20-27] have focussed on enhancing the strength
and toughness of aluminium alloys through different methods of heat treatment (such as
aging), cryo-rolling, use of machine learning to optimise the process, friction stir processing,
post-weld heat treatment, etc.

The concept of work of fracture has been used to simulate crack initiation and propa-
gation in aluminium alloys in ref. [28] and cohesive zone method has been used to simulate
crack growth in thin aluminium sheets in ref. [29] In order to understand the crack initiation
process in aluminium alloys, it is imperative to quantitatively analyse crack tip stress and
strain fields. Several investigators have investigated the crack tip stress and strain fields for
single crystal as well as polycrystalline materials [30-36]. Rice [31] proposed an asymptotic
solution for the crack tip stress field in ductile single crystals subjected to mode I plane
strain loading conditions within the framework of small strain formulation and assuming
the material to be perfectly plastic. The analysis presented in ref. [31] considered the case of
a crack on the [010] plane with a crack front along the < 101 > direction and another crack
on the {101} plane with a crack front along the < 101 > direction. Both face-centred-cubic
(FCC) and body-centred-cubic (BCC) crystals were considered in the analysis. The above
study conducted with varying orientations and lattice types showed that the crack tip
fields in a single crystal are influenced by grain orientation as well as the type of crystal
lattice [31].
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Similar studies in atomistic scale were carried out by various researchers [32,33],
specifically to analyse the stress evolution ahead of the crack tip. The other objective of
these works was to study the effect of void size and distance of void from a crack tip
on the fracture response of FCC single crystal. In crack tip stress field evolution studies
presented in the literature [32,33], a constrained 3D atomic model of aluminium was used
to evaluate the crack tip field in terms of von Mises stress, mean stress and stress triaxiality.
The effect of void nucleation, crack initiation and propagation on the crack tip stress field
was also studied.

In ref. [32], simulations were carried out with aluminium single crystal-loaded at a
strain rate of 1085~ in the <010> direction. Results of crack tip stress and strain fields, crack
tip constraints, the influence of crack tip constraint on void growth, and interaction between
a notch and cylindrical voids in single crystals were presented in detail in ref. [33-36] For
the simulation of ductile crack initiation using continuum scale methods, Rice and Tracey’s
ductile damage model [30] is widely used in the research literature [37,38]. The model
has also been used in crystal plasticity simulations to predict fatigue crack initiation in
Titanium alloys in ref. [38].

From a thorough literature survey, it was found that research work on the evaluation
of tensile and fracture properties of aluminium alloy Al-1100 is very scarce in the open
literature. Hence, the purpose of this work is to evaluate the above-mentioned properties of
a reactor-grade aluminium alloy experimentally. In addition, crystal plasticity simulations
have been carried out for single and polycrystalline specimens to evaluate the stress and
strain field ahead of the crack tip of a standard disc-shaped fracture specimen. The value of
the critical damage parameter to predict ductile crack initiation as per the Rice and Tracey
model [30] has also been evaluated.

Initially, experiments are conducted on tensile specimens machined from an alu-
minium alloy block to evaluate the material stress-strain curve. Later, experiments were
conducted on disc-shaped compact tension (DCT) specimens in order to determine the
fracture toughness of aluminium alloy. The variation of the critical damage parameter for
various values of initial crack length-to-width (a/W) ratios of the disc-shaped CT specimens
has been studied. In addition, the critical material damage parameter has also been used to
study the crack initiation in single crystal fracture specimens with two different orientations
(i.e., [100] and [111]) of the crack plane.

2. Material Composition and Mechanical Properties

The material used in this work is aluminium and it is of grade Al-1100-O (O refers to
annealed or without cold-work). The alloy is of nuclear reactor-grade of pure aluminium.
The chemical composition of aluminium alloy Al-1100-O is given in Table 1. This is the
commercial grade of pure aluminium with almost 99-99.5% Al, and the rest are trace
elements. Among the trace elements, Fe and Si constitute the major fraction, followed
by Zn, Mn, and Cu. The alloy is not heat-treatable, and hence, the strength arises mainly
because of the Al matrix with a very small fraction of second-phase particles and inclusions.

Table 1. Chemical composition of aluminium used for tests in this work.

Element Cu Mn Fe + Si Zn Al
Wt.% 0.05-0.2 0.05 (max) 0.95 (max) 0.1 (max) 99-99.95

The mechanical properties of this alloy have been evaluated through tensile tests of
flat-type specimens. The mechanical properties of the alloy at 25 °C (room temperature), as
evaluated from the tensile test, are given in Table 2.
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Table 2. Mechanical properties of aluminium used for tests in this work at 25 °C.

Mechanical Young’s . , . Yield Strength Ult1m_ate Uniform e o
Property Modulus (GPa) Poisson’s Ratio (MPa) Tensile Elongation (%) Ductility (%)
Strength (MPa)
Value 70 0.33 32 75 10 23

3. Fracture Experiments Using Disc-Shaped Compact Tension Specimen

For evaluating fracture resistance data of aluminium alloy, disc-shaped specimens of
41 mm diameter and 3 mm thickness were machined from cylindrical blocks of aluminium
alloy (which are usually used for the fabrication of the fuel clad of research reactors). The
geometrical dimensions of the specimens are shown in Figure 1. The specimen is loaded
through fixtures for the fracture tests, and a photograph of the test setup is shown in
Figure 2.

X -
Z a/W = (.42001 () §20.01 () G=0.02 L 7

All dimensions are in mm.

Figure 1. Geometrical details of the disc-shaped compact tension fracture specimen used in the test.

(a) (b)

Figure 2. (a) picture of test setup to carry out fracture tests on disc-shaped compact tension fracture

specimen, (b) fixtures and the specimen loaded in the test setup.
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The exact dimensional details of the nine different disc-shaped specimens are provided
in Table 3. These data have been obtained by carrying out dimensional measurements on the
specimens after their fabrication. The load-displacement data for all nine specimens with
different a/ W ratios (nominal values of 0.4, 0.5 and 0.6), as obtained from the experiments,
are shown in Figure 3.

Table 3. Dimensional details of all disc-shaped CT specimens used in the test (symbols are as per

Figure 1).
i \ b B 2R U §) d d
Nominal a/W Specimen alW 1 2 1 2
No. (Measured) (mm)
1 0.586 29.06  12.03 2.8 4126 445 475 4.97 4.94
0.6 4 0.58 2809  11.79 29 4126 446 5.39 5.02 5
7 0.586 28.79 11.9 3.1 4124 504 4.92 5.01 5
2 0.496 2895  14.59 296 4123 498 5.08 4.47 4.45
0.5 5 0.494 2865  14.48 2.8 411 5.1 4.6 5.03 5
8 0.495 2892 1458 3 41.21 4.9 4.7 5.06 5.04
3 0.4 28.83  17.29 3 4137 466 5.51 5.07 5.06
0.4 6 0.389 2843  17.36 3 41.29 4.1 5 5.01 5.09
9 0.394 28.88 17.5 298 4136 4.2 5.3 4.93 5.03
2.0 e e e e
a/W:Test specimen numbe
] 0.4:—+—6—2—09 3
15 a/W=04  05—=—38 2—=—5
A~ ]
Z. 0.6:—*—T——4——1
4
N
= a/W =0.5
S 1.0 ".... ]
— ] "...
! "'ﬂ.ll.:"
0.5 ""'llllllln ]
/ / 7 L]
[ '
0.5mm /W =0.6]
o+
0 1 2 3 4 5

Displacement (mm)

Figure 3. Load-displacement data of all the nine specimens with different a/W ratios as obtained
from experiments.

The repeated tests with nominal a/W ratios of 0.4, 0.5, and 0.6 are very close to each
other for each set of specimens with similar a/ W ratios except for test No. 5 (witha/W = 0.5).
It can be seen from Figure 3 that the load-carrying capability of the specimens increases
with a decrease in the a/W ratio. As the a/W ratio decreases, the remaining ligament (b)
becomes more, and hence, the load-carrying capacity of the specimen increases. However,
the fracture resistance depends upon the plastic deformation energy rate associated with
ductile crack growth (i.e., the plastic area under the load-displacement curve per unit area
of crack extension) as well as on the rate of crack growth. As crack growth changes with
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applied displacement, information on both the parameters (i.e., the area under the load-
displacement curve and crack growth rate) is required to evaluate the fracture resistance
curve. The standard ASTM E1820 [39] elaborates the method to calculate crack initiation
toughness and J-R curve while using a fracture specimen and the same has been followed
here. The details of the scheme for the evaluation of fracture toughness data are presented
in the following paragraphs. The photographs of the specimens after the tests are shown in
Figure 4. The final crack growth data was measured directly from the specimens after the
completion of the test.

Figure 4. Photographs of nine disc-shaped compact tension fracture specimens with different a/W
ratios after the test (specimen numbers are as per Table 3).

The crack growth in the specimens during the test has been measured using the
unloading compliance technique [39]. This method requires the evaluation of compliance
data of the specimen during the test (as crack length changes continuously). The same is
evaluated from the unloading slopes of load-displacement curves, as presented in Figure 3.
The load-line compliance of the specimen (Cr ) depends upon the crack length-to-width
(a/W) ratio. The specimens with a larger crack length have more compliance and vice versa.
For the disc-CT specimen, the correlation of specimen compliance with a/W ratio is given
by Equation (1) [39].

2
Cuu(a/W) = g (Few) 1)
[2.0462 +9.6496(a/ W) — 13.7346(a/W)? + 6.1748(a /W)3]
where E is Young’s modulus of elasticity, a is crack length, W is width, and B, is the effective
thickness of the specimen. For the specimen without a side groove, B, = B, and for the
specimen with a side groove and net thickness, By, B. = B — (B — B N)2 /B. In our case,
B, is the same as the actual thickness B. Using Equation (1), the value of a/W and, hence,
crack length a is evaluated as a function of applied displacement for each specimen, and
these data are presented in Figure 5. It was observed that crack growth is higher for the
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specimen with a lower a/W ratio when compared with the other specimens with a higher
a/W ratio for a given value of applied displacement. Specimen with a lower value of a/W
ratio has a larger ligament (b = W — a) and more stiffness. Hence, for the same value of
applied displacement (i.e., loading controlled loading), the crack growth becomes larger.
For measuring crack initiation, a crack growth of 200 microns is usually considered in the
literature [37,38]. Corresponding to these data of crack growth, the applied displacement
values are evaluated as 0.3, 0.36, and 0.5 mm for specimens with nominal a/W ratios of 0.4,
0.5, and 0.6, respectively, as can be seen from Figure 5.

) — |
(L Pt
454 @a/W: Test specimen| ]
— ] . ]
g 4.0 0.4: 3——6 & ;
E35] 05 = 2—=—35 ;
~ 1 06:—*—1——4 ]
%3.0-; K gk
£ 2.5 x b pe
z ] > Jr gt
£2.0- A L
~2 151 Z0sst gl 5%l E
é ] / 2afl /:/’/:/: T ]
o 107 w L AT E
0.5 ety ;
= ]

0.0 3=

00 05 1.0 1.5 20 25 30 35 40 45 50
Displacement (mm)

Figure 5. Crack growth vs. displacement data of disc-shaped compact tension specimens with
different a/W ratios (0.4 to 0.6) as obtained from experiments.

The load-displacement data (Figure 3), along with the information on crack growth
vs. applied displacement (Figure 5), are used to calculate the fracture resistance of the
specimens in terms of the J-R or J-resistance curve. The method of calculation of the J-R
curve for the disc-shaped CT is described in detail ref. [39] and it is provided here briefly.
The J-resistance of the specimen increases with applied loading and it is calculated for each
loading step using two components, i.e., J,; and ], (elastic and plastic part of ]) as follows.

J = Ja+ Iy = K (1=v2) /E+ ]y @

The elastic component is calculated using stress intensity factor ‘K’ as presented in the
first part of ’J’. In Equation (2), ‘E” is Young’s modulus of elasticity of the material and v is
Poisson’s ratio. The stress intensity factor ‘K’ is evaluated using load ‘P’ and a geometric
factor f(a/W) as described in Equations (3) and (4), respectively. The dimensions B, By,
and W are specimen thickness, net thickness (only in the presence of side groove), and
width, respectively, and these are shown in Figures 1 and 4.

P

K= g fa/W) ®)

fa/W) == (a/W)]"{(2+a/W)}
0.76 +4.8(a/W) — 11.58(a/W)? (4)
+11.43(a/ W) — 4.08(a/W)*
The plastic part of ’J” is evaluated in Equation (5) using the plastic area A, under the

load-displacement curve (as presented in Figure 3) and two geometric factors, # and v,
as presented in Equation (6). The plastic area A, is evaluated by integrating the load-
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displacement curve and subtracting the elastic energy from the total energy (i.e., the area
under the load-displacement curve). The two geometric factors are again functions of a/W
ratio and are presented in Equation (6).

7 v
o1ty = []pz(i—l) + 3 (Apl(i) - Apl(i—1)>:| [1 — 5= aH)} ®)
n(a/W) =2+0522(1—a/W); v(a/W) =1+ 0.76(1 — a/W) ©)

The J-R curves of disc-shaped compact tension specimens (with different a/W ratios)
as evaluated using ASTM E1820 standard procedure [39] are presented in Figure 6.

200 -

4 k)

175 sl o ]

_ ] © éﬁw
£ 1501 2 ;
£ |
é 1251 ;
S 100 5
2 1004 a/W: Test specimen ]
2 75 06— 14 :
f 501 04——3—~—6 ]
25 1

0 ¥

0.0 05 1.0 1.5 20 25 3.0 35 4.0 45 5.0
Crack growth (mm)

Figure 6. Fracture resistance (J-R) curves of disc-shaped compact tension specimens with different
a/W ratios (0.4 to 0.6) as calculated from load-displacement and crack growth data.

It can be observed that the J-R curves of the specimens with a/W ratios varying from
0.4 to 0.6 are almost constant (i.e., they fall within a small experimental scatter band). These
results are also consistent with ASTM E1820 specifications, where the initial 2/ W ratio of
the specimen is recommended to lie in the range of 0.45 to 0.55.

4. Crystal Plasticity-Based Constitutive Model Used in the Numerical Simulation

Crystal plasticity simulations consider the material plastic deformation at the slip
system level, where the deformation behaviour of single-crystal as well as polycrystalline
materials can be predicted. In this work, the FE simulations are carried out using an
in-house finite element-based code CRYSP [40,41]. The constitutive model employed in
the in-house crystal plasticity code CRYSP is based on the formulation presented in the
works of Balasubramanian and Anand [42] and Ma and Roters [43]. The model is presented
in brief here for completeness. In the large strain formulation used in this work, the
deformation gradient F is written as a product of elastic and plastic parts (i.e., F, and Fp).
The plastic velocity gradient L, is calculated as a summation of the contribution of shear
rates in each slip system (the contributions being the product of slip rate 4" in each slip
system and Schmidt’s tensor m* ® n%), i.e.,

n
Ly=Y 7'm*@n". )

a=1
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The slip rate (in terms of shear strain rate) for the slip system a can be written in terms
of the following equations, i.e., Equations (3)—(6). The details can be found in ref. [42-45].
0if T4 < s%
o
’)/ =

_ P\ 4 8

mep{ 2 (1= (5)")' bsenire) ®
Bl p
S S

h*f = [(1 —q1)0%F + ql}hg 1- 7 sgn(l - ﬁ) )
Sg Sg

latent hardenin
8 self hardening ()

=1+ xs (10)

Sp=(1+x) ' n
B

S (11)

In Equation (8), v is reference shear rate, AF. is activation enthalpy for slip, kp is Boltzman'’s
constant, 6 is the temperature in Kelvin scale, 7 is resolved shear stress in slip system «,
and s is the slip system resistance to dislocation motion and is given in Equation (11). The
parameters ‘p’, ‘q’, and ‘q;” are material constants, and these are usually taken as 1.4, 1.1,
and 0.6, respectively [42,43]. h*P is the slip system hardening parameter, and it is a function
of the slip system hardening constant hg . The parameter sf is self-hardening parameter for

p

a slip system, s; is the saturation magnitude of this parameter and y is the cross-hardening
parameter and the same is described in detail in ref. [43] After the plastic part of the velocity
gradient is calculated, the rate of the plastic deformation gradient is calculated as follows.

F, = LpFp (12)

Once the plastic part of the deformation gradient is updated, the elastic part is obtained
from the total deformation gradient F, which is known at the start of the time step. The
evaluation of the stress tensor through the stress update scheme and the evaluation of
elastic and plastic parts of the strain tensor are carried out through standard procedures.
The details of the same can be found in refs. [40-43] For the FCC materials like aluminium,
there are 12 slip systems. The corresponding slip plane and slip directions are given by
vectors, as shown in Table 4. These are used as inputs in the crystal plasticity simulation.

Table 4. Slip plane normal and slip directions for 12 slip systems of an FCC crystal like aluminium.

Slip Plane Normal n* Slip Direction m* o
[110] 1

{111} [101] 2
[011] 3

[101] 4

{11} [110] 5
[011] 6

[101] 7

{111} [0T1] 8
[110] 9

o [110] 10
{111} [101] 11
[011] 12
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5. Calibration of Parameters of the Crystal Plasticity-Based Constitutive Model for
Single Crystals and Polycrystalline Aluminium

One of the important initial steps of crystal plasticity simulation is the calibration of
slip system-level hardening parameters for a material. As the response of single crystals
and polycrystals are different, the slip system parameters are also different. Usually, the
method followed in the literature [38,42,43] recommends using the stress-strain data from
simple tensile tests and calibrating the hardening parameters so that the results from the
simulation match the experimental data. The same procedure is followed here.

For single crystals with two different loading orientations, the stress-strain data for
aluminium is taken from the literature [46,47]. For the polycrystalline aluminium, stan-
dard tensile tests have been carried out in this work, and the stress-strain curve has been
evaluated. The stress-strain curve is mainly influenced by four different slip system level
hardening parameters, i.e., iy, 55,550, and s*, as described in Section 4. These four parame-
ters have been calibrated by comparing the results of FE simulation with experimentally
obtained stress-strain curves, as presented in Figure 7. It may be noted that the parameter
sso is calibrated by comparing the yield stress of the material (experiment vs. analysis). The
initial hardening slope is governed by the parameters hy. The asymptotic saturation value
of the stress-strain curve is influenced by the parameters s; and s*.

80 4 ;
70 4 ]
—~ 601 .
QCE (111) loading orientation
2 501 ©  Exp. (Miura and Hamashima 1978) 4
- = Crystal Plasticity Simulation
“ 40 4 (100) loading orientation 7
L ® Exp. (Saeki and Miura 1976)
) 30+ — Crystal Plasticity Simulation 7
—o—eo—o—o
204 s & & °© .
10/ .
O L} L} L} L] L] L] L]

0 2 4 6 8 10 12 14
Strain (%)

Figure 7. Calibration of parameters of crystal plasticity model for single crystal aluminium for loading
along two different orientations (i.e., <111> and <100>) by comparing stress-strain curve from FE
simulation with experimental data from the literature [46,47].

By using this approach and varying the parameters systematically, the four parameters
are calibrated for both the single crystal as well as the polycrystalline aluminium. The
values for the parameters are presented in Table 5 for both the single-crystal orientations
and the polycrystal. For polycrystalline aluminium, the comparison of stress-strain curves
as obtained from FE analysis and experiment is presented in Figure 8.

The elastic constants are taken from the literature [43]. These parameters have been
used later for the simulation of load-displacement behaviour and for the evaluation of
critical damage parameters of the disc-type CT specimens of both single-crystal and poly-
crystalline aluminjum.
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Table 5. Values of different parameters of the crystal plasticity model used in the FE simulation.

Parameter <100> Orientation <111> Orientation Polycrystalline
Euler angles (in degrees) (¢,6,¢") (0,0,0) (45, 35.26, 0) Uniform distribution

Initial slip hardening parameter (%) in MPa 60 63 65
Saturation slip resistance (s;) in MPa 11 19.5 25
Initial value of s;(i.e., s59) in MPa 1 1 5
Total slip resistance (s*) in MPa 50 50 65

Elastic constants (Cy1, C1p, Ca4) in GPa (112.9, 66.5, 27.8) (112.9, 66.5, 27.8) (112.9, 66.5, 27.8)

Poisson’s ratio (v) 0.35 0.35 0.35

Stress (MPa)
— D W A NN X
S O O O O o o o o

A ©  Exp. ]
Crystal Plasticity Simulation|
0 2 4 6 8 10 12 14

Strain (%)

Figure 8. Calibration of parameters of crystal plasticity model for polycrystalline aluminium by
comparing stress-strain curve from FE simulation with experiment carried out in this work.

6. Experimental Validation of Results of Crystal Plasticity Simulation and Evaluation of
Critical Damage Parameter

In this section, the results of the crystal plasticity simulation of disc-type specimens
are presented first, followed by a presentation of the results of Rice and Tracey’s damage
model [30]. The above damage model has been used to characterise ductile crack initiation
in the specimens. The finite element mesh of half of the disc-type CT specimen is presented
in Figure 9a, and the zoomed view of the mesh near the crack tip is shown in Figure 9b.
The dimensions of the model are provided in Figure 1.

(b)

(@)

Figure 9. (a) Front view of the symmetric model of finite element mesh of the disc-shaped compact

tension specimen (the side view is shown on the right); (b) enlarged view near the crack tip.
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Due to symmetry, only half of the specimen is modelled. The bottom surface of the
specimen (in the region of the remaining ligament) is fixed in the vertical (i.e., loading)
direction; however, the crack face remains free. The loading is applied near the hole so as
to simulate the displacement-controlled loading as applied in the experiment. The contour
plots of von Mises stress, equivalent plastic strain and hydrostatic pressure (which is nega-
tive of hydrostatic stress 0;;;) for a given instant of loading (e.g., an applied displacement of
0.35 mm) are presented in Figure 10.
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Figure 10. Contour of (a) von Mises equivalent stress (in MPa), (b) equivalent plastic strain, and (c)

hydrostatic pressure (in MPa) near the crack tip region of the disc-type CT specimen when loaded by
an applied displacement of 0.35 mm.
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It can be observed from Figure 10a that the von Mises equivalent stress and the plastic
strain are highest near the crack tip, and they decrease with distance from the crack tip.
This is due to the stress concentration near the crack tip region and is similar to the typical
crack tip stress and strain field of fracture specimens. The hydrostatic stress (negative of
pressure) is maximum at a region that is slightly away from the crack tip. As the crack tip
deforms plastically, it blunts, and hence, the hydrostatic stress field gets relaxed near the
tip due to the presence of a free surface. It peaks at some distance from the crack tip and
not exactly at the crack tip. These data of mean hydrostatic stress, along with von Mises
equivalent stress and equivalent plastic strain, are used later in the evaluation of damage
parameters, as presented in the following paragraphs.

The load-displacement data are calculated from the results of crystal plasticity simula-
tions using the model parameters, as presented in Table 5. The results of the simulation are
presented in Figure 11, along with experimental data for the disc-type CT specimens with
three different a/W ratios (i.e., 0.4, 0.5, and 0.6). The results of the FE simulation compare
very well with those of the experiment, as can be seen from Figure 11, and hence, the model
is validated.

1.4 . | |
Exp. (a/W=0.4)
1.2] _ = _
g Exp. (a/W=0.5
- “FE sim. (/W=04) _ - ]
@ 0.8 ]
B FE sim. (a/W=0.4)
m —
go6d /7 00 === ]
DJ / —
041 I ]
/ FE sim. (a/W=0.6) P @W=0.6)
0.2 _
/4
0.0 . | |
0.0 02 04 06

Displacement (mm)

Figure 11. Stress-strain curve of the aluminium alloy as obtained from FE simulation with crystal
plasticity model and its comparison with experimental data.

It may be noted that the load-carrying capacity of the specimen with a/W of 0.4
is higher when compared with that of the specimens with a/W ratios of 0.5 and 0.6
as the remaining ligament (which is the load-carrying area) is higher. Once the load-
displacement data are validated, our objective is to evaluate a critical damage parameter,
which can be used to predict the ductile crack initiation in the specimens and components
of this material. The evaluation procedure for Rice and Tracey’s damage parameter [30] is
presented as follows.

One of the damage models for the prediction of ductile crack initiation in materials
is due to Rice and Tracey [30]. This parameter is widely used in the literature, and it is
well-known that it is a material constant [37,38]. Hence, this parameter was also used
to predict crack initiation in smooth as well as notched tensile specimens (with different
values of notch radii) of nuclear-grade carbon steel in ref. [37] In ref. [38], this parameter
was used in the crystal plasticity simulation to predict fatigue crack initiation in Ti-6Al-4V
alloy. Due to the above advantages of this parameter, we used it for the simulation of
ductile crack initiation in aluminium alloy Al-1100. The damage parameter D is defined as
the following [30]:

Ef
D=A / exp (1.5‘”“) del, (13)
0 Teq

In Equation (13), A is a constant whose value is 0.283 as per ref. [30], 0, is the mean
hydrostatic stress, o is the von Mises equivalent stress, and sgq is the von Mises equivalent
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plastic strain. From the FE simulation, the values of all the above three parameters are
known for each step of loading and at each integration point of the FE mesh. These are
integrated using Equation (13) till a given value of applied displacement. The values
of applied displacements at crack initiation for various types of disc CT specimens are
obtained from the experiment, and these are presented in Figure 12, along with load-
displacement data.

2-0 T T T T
0.3mm [Experiment a/W :Simulated
0.4 :—A--0-4-6 3
154 —05: =8 2-m-- 5 ]
’ 0.6 = &= T % 4 * -]
z
4
N
T 1.0- .
Q
— -
0.5 0.5mm i
FE simulation (single crystal, different orientations)
—— <100>——<111>
0.0 .

0.0 0.3 0.6 0.9 1.2 1.5
Displacement (mm)
Figure 12. Identification of ductile crack initiation in experimental load-displacement curves of

disc-type CT specimens with various a/W ratios and the corresponding results of crystal plastic-
ity simulation.

It can be observed from Figure 12 that the values of applied displacements at crack
initiation are 0.3, 0.36, and 0.5 mm for the specimens with a/W ratios of 0.4, 0.5, and
0.6, respectively. It may be noted that crack initiation occurs at a lower value of applied
displacement for the specimens with a lower a/W ratio as the crack length is smaller. A
smaller value of crack length means the remaining ligament ‘b’ is larger, as the total width
W is the same for all the specimens. For the specimens with a larger remaining ligament,
the stiffness is higher, and hence, the crack tip constraint is higher when compared with
specimens with lower values for the remaining ligament. Hence, the crack initiation occurs
for a lower value of applied displacement for specimens with lower a/W ratios.

Using the data of stress and plastic strain fields from FE analysis, the damage parame-
ter is evaluated using Equation (13), and this parameter keeps on increasing with increasing
value of applied displacement due to the process of integration of the incremental damage
function. The critical damage parameter is evaluated corresponding to the applied displace-
ment, which coincides with ductile crack initiation as observed in the experiments (these
values are already presented earlier). The variation of damage parameter as a function of
distance from the crack tip for the disc-type CT specimen and other results are presented in
the next section.

7. Results and Discussion

The material damage factor D is calculated from stress and plastic strain fields ahead
of the crack tip using Equation (13), and its variation with distance from the crack tip is
plotted in Figure 13. The data are presented for various values of applied displacements
ranging from 0.1 to 0.36 mm. As we move away from the crack tip, the stress and plastic
strain fields decay (as can be seen from the contour plots of Figure 10), and hence, a similar
trend is also observed for the material damage parameter, which has a maximum value at
the crack tip.
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Figure 13. Variation of material damage parameter as a function of distance from crack tip and its
evolution for various values of applied displacements for the specimen with a/W ratio of 0.5.

The crack initiation in the specimen occurs when this material damage parameter
reaches a critical value, as per the literature [30,37,38]. The critical value of Rice and Tracey’s
damage parameter, i.e., D, is obtained from the results of FE simulations and these are
plotted for all nine different specimens in Figure 14 and listed in Table 6. As can be seen
from Figure 14, specimens 1 and 4 are outliers, and hence, these are not considered further.
For the rest of the 7 specimens, the average value of D, is 0.065. The deviation of the critical
damage parameter of each specimen from the average value is very small, and hence, the
average value of 0.065 can be considered as the critical damage factor D, signifying ductile
crack initiation in the aluminium alloy considered in this work.

016 T T T T T T T T T

‘ e Damage factorl:

0.12

A 0,065/ 47 7 4 7o #0647 77 4 A

Damage factor
(]
S
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0.04

0.00

1 2 3 4 5 6 7 8 9
Test specimen

Figure 14. Variation of critical value of material damage parameter signifying crack initiation in
specimens with different a/W ratios for the nine different disc-type CT specimens. The green area is
the zone of experimental scatter.
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Table 6. Comparison of damage factors for different types of disc-shaped CT specimens.

Nominal a/W Test No. Dacn::Cglf fr?iigziixilll;i at Average of D, Yo E z:;;t:(;lf:ﬂfzzm

1 0.904 -

0.6 4 0.124 -
7 0.074 12
2 0.066 0.065 (excluding L5

0.5 5 0.079 outliers 1 and 4) 17
8 0.07 7.1
3 0.066 1.5

0.4 6 0.055 18
9 0.055 18

The effect of crystal orientation on the fracture initiation toughness of aluminium
single crystals has now been studied using this critical damage parameter D,.. Using the
crystal plasticity material model, two different kinds of orientations are analysed, i.e., crack
along the [100] and [111] planes. The specimen geometry is the same as that presented in
Figure 1, and the FE mesh is the same as shown in Figure 9. The a/W ratio of the specimen
is taken as 0.6 and the loading direction is perpendicular to the crack plane. The loading
directions are also denoted as <100> and <111> for the two cases considered in this work.
The results of variation of damage parameter ahead of the crack tip as a function of distance
from the crack tip are presented in Figure 15 for the two orientations as mentioned above.

11um
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Figure 15. Variation of damage factor as a function of distance from crack tip for single crystal fracture

specimens for two different crystal orientations and for various levels of applied displacement loading
(dotted line for results of <111> loading direction and solid line for results of <100> loading direction).

As the applied displacement is increased, the damage parameter at a fixed point along
the ligament increases and it decreases with distance as one moves away from the crack
tip. It can be observed that the damage parameter for both crystal orientations attains a
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critical value of 0.065 for an applied displacement of 0.5 mm, which is very similar to that
of polycrystalline experimental data, as presented in Figure 12. The data for the <100>
loading direction are marked with solid lines, whereas those for the <111> loading direction
are marked with dotted lines. As can be seen from Figure 15, the values of the damage
parameter for the <111> loading direction are higher all throughout the ligament compared
with that of the <100> loading direction when the displacement values approach 0.5 mm
(which is close to that of ductile crack initiation in the specimens).

However, for lower displacements (i.e., 0.1 and 0.2 mm), the damage values across
the ligament are smaller for the <111> orientation. This can be explained from the point of
view of crack tip constraint for the two specimen orientations. The [111] plane is a closed
pack plane (whereas [100] is not closely packed) in face-centred cubic crystals (such as
aluminium), and hence, the crystals are easy to slip by shear in the [111] plane; however,
they are difficult to open by tension. This leads to lower values of plastic deformation and,
hence, lower damage parameters, initially during the deformation process. However, as
one increases the applied loading, the resolved shear stresses in the [111] plane increase
and when the resolved shear stress exceeds the critical value, the [111] plane slips easily by
shear, and there is a sudden onset of large plastic deformation around the crack tip. This
can be seen from the nature of the damage parameter curve, as presented in Figure 15.

It may be noted that the damage parameter values peak at a distance of 11 microns
from the crack tip (and not exactly at the crack tip) in the case of <111> loading direction.
This can be explained with the help of the process of crack tip blunting due to large shear-
type plastic deformation of the crack tip for the <111> loading direction. As the crack tip
blunts, a free surface is created, and hence, the hydrostatic stress reduces near the crack tip.
It peaks slightly away from the crack tip (i.e., it is not at maximum at the crack tip). Such
kinds of observations have also been presented earlier in the literature [33-35].

It can be seen from Equation (13) that the damage parameter is an exponential function
of hydrostatic stress. Hence, as the hydrostatic stress near the crack tip relaxes due to
excessive plastic deformation for the <111> loading direction, the damage near the crack
tip also becomes slightly lower. It peaks at a distance from the crack tip, as can be seen in
Figure 15. Again, the damage values for the <111> loading direction are also larger across
the ligament when compared with that of <100> loading direction for applied displacement
values of 0.5 mm and more. Hence, it can be concluded that the specimen with [111] crack
plane and <111> loading direction is more prone to ductile crack growth (hence, has lower
crack initiation and propagation toughness) when compared with that of the specimen
with [100] crack plane and <100> loading direction. This information can be used further
in order to tailor the texture of alloys so as to increase the fracture toughness property.

8. Conclusions

In this work, experiments have been conducted on disc-shaped compact tension
specimens machined from an aluminium alloy Al-1100-O block, which is usually used
for the manufacture of the fuel clad components of research-type nuclear reactors. To
study ductile crack initiation in this material, a material damage parameter based on Rice
and Tracey’s model has been evaluated from the results of crystal plasticity-based FE
simulations. The critical value of Rice and Tracey’s damage parameter has been evaluated
from combined crystal plasticity simulation and experimental data regarding applied
displacement at crack initiation. The following conclusions can be obtained from this study.

e  With increasing a/W ratio, the load-bearing capacity of the disc-shaped specimen
becomes lower for a given value of applied displacement as the remaining ligament
decreases with increasing a/W ratio.

e  The fracture resistance curve for Al-1100-O was seen to be almost independent of the
a/W ratio of the fracture specimens (for /W values in the range of 0.4 to 0.6).

e  The critical damage parameters, as evaluated from crack tip stress and strain fields
of crystal plasticity-based FE simulation results for nine different specimens, have a
small range when the results of two outliers are discarded.
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e The mean value of critical damage parameter D, was determined to be 0.065 for
this material.

e  The crystal with <111> loading direction is more prone to crack initiation (hence, has
lower crack initiation and propagation toughness) when compared with that of the
crystal with <100> loading direction. This can be explained on the basis of the onset
of large-scale plastic deformation in the [111] planes once the resolved shear stress
exceeds the critical value for slip to occur. Hence, the damage parameters are higher
for <111> loading direction when compared with those of <100> loading direction
only at larger displacement values of 0.5 mm and more.
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