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Simulation of the deformation of polycrystals including

intergranular fracture

7.1 Introduction

Ductile fracture of polycrystalline metals takes place by the propagation of a crack through-
out the microstructure after significant plastic deformation. Crack propagation may take
place through the grains (transgranular fracture) or along the GBs (intergranular fracture).
In particular, intergranular cracking has been often identified as one of the mechanisms
responsible for the reduced ductility of many metallic alloys [125] due to either microstruc-
tural or environmental effects. The former involves the segregation of impurities during
solidification and/or the precipitation of brittle phases during heat treatments while GB
embrittlement may be caused by liquid metal embrittlement [129], hydrogen embrittle-
ment [21, 150], stress corrosion cracking [90, 161], and neutron irradiation [18, 49]. In all
cases, the local stresses at the GB are key factors to trigger intergranular fracture, and they
depend on the dislocation interaction with GBs.

The mechanisms and modeling of ductile fracture of metallic polycrystals have been ex-
tensively studied in the past, assuming that the material behaves as an elastoplastic solid
following the J2 theory of plasticity [61, 177] or strain gradient plasticity models [121] but
the analysis of ductile fracture at the mesoscale has not received similar attention. Fro-
dal et al. [59] recently presented a crystal plasticity model to assess fracture in smooth
and notched tensile specimens where each grain was explicitly modeled. Fracture was
introduced using a continuum damage approach based on a damage parameter that re-
duces the strength of the material as damage progresses. Clayton and McDowell [42]
and Alabort et al. [5] analyzed intergranular fracture in polycrystalline metals through
the combination of crystal plasticity and cohesive elements at the grain boundaries. Both
investigations confirmed that the strength and ductility of polycrystalline metals can be
dramatically affected by GB damage. Furthermore, Alabort et al. [5] reported that GBs
perpendicular to the loading axis tended to fail prematurely at strengths well below the
macroscopic yield stress. Nevertheless, these simulations were carried out in 2D or in
specimens containing a few grains, and the overall influence of the microstructure (grain
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size, texture, etc.) on the mechanisms of GB cracking could not be analyzed. Moreover,
the effect of slip blocking was not included in the crystal plasticity model.

As shown in Chapter 6, crystal plasticity can take into account the strengthening effect of
GBs. Moreover, the effect of slip transfer can also be included to simulate the local stress
concentration/relief induced by dislocation pile-up/transmission at GBs, leading to more
realistic representations of dislocation-GB interactions. In this chapter, the effect of GB
character (fully opaque, fully transparent, and translucent GBs) on the mechanisms of in-
tergranular fracture is analyzed in polycrystalline thin foils of Al (FCC) and Mg (HCP).
These two metals were selected to study the effect of plastic isotropy (FCC) versus plastic
anisotropy (HCP) on fracture. The tensile response of foils with different crystal orien-
tations and GB characteristics under different loading conditions (plane stress and plane
strain) was simulated, and the effect of the GB features on fracture was assessed.

7.2 Constitutive behavior

7.2.1 Crystal plasticity model

The physically-based crystal plasticity model presented in Chapter 6 was used to simulate
the behavior of the grains. The mechanical behavior of the Al (FCC) single crystals was
governed by the crystal plasticity model presented in Section 6.2.1. Plastic deformation
was dictated by dislocation slip along the 12 slip systems from the {111} family in Table
1.1. The viscoplastic parameters and the dislocation interaction coefficients are included
in Table 6.1, and the parameters of the crystal plasticity model are referred to in Table 6.2.

The mechanical behavior of the Mg (HCP) single crystals was governed by the same
physically-based crystal plasticity model presented in Section 6.2.2. A total of 12 slip sys-
tems were considered for Mg, distributed in three <a> basal, three <a> 4 prismatic, and
six second-order <a + c> pyramidal slip systems (Table 1.2). The parameters of the vis-
coplastic law for Mg are the same as those presented in Table 6.4. The stiffness constants
for pure Mg can be found in Table 6.3, and the parameters of the dislocation-based crystal
plasticity model in 6.7. Nevertheless, the matrix qαβ was modified to account for the in-
teractions between dislocations on different slip systems in the hardening. Instead of the
same-hardening assumption employed in Chapter 6, the latent-hardening coefficients ob-
tained by Bertin et al. through dislocation dynamics simulations for Mg were used (Table
7.1).

7.2.2 Slip transfer/blocking at GBs

The behavior of GBs from the viewpoint of slip transfer (either transparent, translucent, or
opaque) was taken into account through Eqs. 6.4 and 6.5 for FCC Al and Eqs. 6.9 and 6.10
for HCP Mg. To account for the effect of GBs in the numerical simulations, the distance
to the nearest GB from each Gauss point needs to be calculated, as explained in Section
6.3. Then, the neighbor grain across the boundary can be identified for each slip system α
at each Gauss integration point. The likelihood of slip transfer from the slip system α in
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Table 7.1: Latent-hardening coefficients for the dislocation interaction matrix qαβ for pure
Mg [23].

Interaction Value

Basal self-interaction 0.15
Prismatic self-interaction 0.15
Pyramidal <c+ a> self-interaction 0.15
Coplanar basal/basal 0.15
Prismatic/prismatic 0.038
Collinear basal/prismatic 0.707
Non-collinear basal/prismatic 0.054
Collinear prismatic/basal 0.535
Non-collinear prismatic/basal 0.06
Semi-collinear basal/pyramidal <c+ a> 0.367
Non-collinear basal/pyramidal <c+ a> 0.293
Semi-collinear prismatic/pyramidal <c+ a> 0.068
Non-collinear prismatic/pyramidal <c+ a> 0.088
Semi-collinear pyramidal <c+ a>/basal 0.017
Non-collinear pyramidal <c+ a>/basal 0.011
Semi-collinear pyramidal <c+ a>/prismatic 0.025
Non-collinear pyramidal <c+ a>/prismatic 0.015
Semi-collinear pyramidal <c+ a>/pyramidal <c+ a> 0.018
Non-collinear pyramidal <c+ a>/pyramidal <c+ a> 0.042

grain A to any of the slip systems β in the neighbor grain B was assessed according to the
Luster-Morris geometrical parameter m′ as

m′
αβ = (nα · nβ)(bα · bβ) (7.1)

where nα and nα are unit vectors perpendicular to the slip plane α in grain A and slip
plane β in grain B. All the vectors involved in this calculation have to be expressed in the
same reference frame, as explained in Section 6.3.

In the case of FCC metals, slip transfer between slip systems α and β is allowed when
m′ > 0.8. If the condition of slip transfer is fulfilled for any β slip system in the neighbor
grain, Eq. 6.4 is used as the constitutive equation of slip system α at the Gauss integration
point of the crystal. Otherwise, slip transfer from α to β is not possible due to the geo-
metric incompatibility, and the constitutive equation is expressed by Eq. 6.5. The same
strategy was for Mg (HCP), regardless of the slip system family. This means that, for in-
stance, slip transfer will be possible for an incoming basal slip system α if m′ > 0.8 for any
outgoing β slip system, regardless of whether it is basal, prismatic, or pyramidal. If this
condition is fulfilled, Eq. 6.9 would be used for the dislocation accumulation; otherwise,
Eq. 6.10 is used to indicate slip blocking. It should be noted that the model is general and
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allows to use of different thresholds for slip transfer for each combination of incoming
and outgoing slip system families (either basal, prismatic, or pyramidal) and impedes slip
transfer between two different slip system families. However, for the sake of simplicity,
this possibility was not included in the simulations.

The geometrical analysis of slip transfer at each GB indicates how many pairs of slip sys-
tems are suitably oriented to transfer slip across the boundary, leading to a classification
of GBs from fully opaque (slip transfer is not possible for any pair of slip systems) to
translucent (slip transfer is possible for some pairs of slip systems) to fully transparent
(slip transfer is allowed for all slip systems).

7.2.3 Intergranular fracture modeling

Cohesive zone modeling is a numerical technique used in the field of computational me-
chanics to simulate the behavior of materials, particularly in the context of fracture and
delamination [50, 139]. It represents the interaction between adjacent material surfaces by
defining a cohesive zone with its own material properties, such as fracture energy and stiff-
ness. Cohesive zone modeling is widely employed in engineering and materials science
to analyze and predict the behavior of materials under various loading conditions, es-
pecially in applications involving adhesive bonding, composites, and structural integrity
assessments [27, 32, 111, 187].

Cohesive zone modeling can be performed through the use of either cohesive elements
or cohesive surfaces [163]. The choice between cohesive elements and surfaces-based co-
hesive behavior depends on the specific analysis requirements and the desired balance
between computational simplicity and modeling accuracy. Cohesive elements are rec-
ommended for more detailed analyses or complex constitutive behaviors at the cost of
additional pre-processing effort and increased computational cost. In contrast, cohesive
surfaces are computationally more efficient and accurate enough for analyses that assume
negligible interface thickness. In the past, GB fracture has been modeled through the in-
sertion of both cohesive surfaces [5, 162] and cohesive elements [159].

The cohesive zone approach [16, 46] for damage initiation and evolution is used as the
constitutive law for GBs. In this context, a traction-separation law is typically used to de-
fine the relationship between the forces (traction t) and relative displacements (separation
δ) between two material surfaces along the cohesive zone. The typical bilinear cohesive
traction-separation law is represented in Fig. 7.1, where the behavior of the cohesive sur-
faces before damage is linear-elastic, and there is a linear stiffness decrease after damage
initiation until the final failure. The subindices n, s, and t denote the normal and the two
orthogonal shear directions in the cohesive surface. The area under the curve represents
the total fracture energy of the cohesive surface GC .

Thus, the evolution of the tractions of a cohesive surface with a bilinear traction-separation
law can be mathematically described by:
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Figure 7.1: Bilinear traction-separation law, where damage initiation is indicated by the
superindex 0 and failure is indicated by the superindex f .
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where Knn, Kss, and Ktt represent the stiffness constants, and δn and δs and δt stand for
the normal opening and the two shear displacements between both cohesive surfaces,
respectively. D(δ) is a scalar damage variable, which represents the overall damage in a
cohesive surface. The damage evolution is typically represented by a decreasing linear
stiffness law as follows:

D(δ) =


0; δ < δ0

δf (δ − δ0)
δ(δf − δ0) ; δ ≥ δ0

 (7.3)

where δ is defined as an effective displacement, and δn, δs and δt stand for the separations
in the different directions. The effective displacement δ was defined by Camanho et al.
[31] as

δ =
√
δ2

n + δ2
s + δ2

t (7.4)

The damage initiation point δ0 is defined according to the selected damage initiation law.
A maximum stress criterion was selected for the damage initiation according to,

MAX
{
tn
t0n
,
ts
t0s
,
tt
t0t

}
, (7.5)

where t0n, t0s, and t0t are the critical stresses that lead to the onset of damage in the cohesive
surface. The damage evolution in a cohesive surface in Abaqus can be controlled by either
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an energy-based or a separation-based law. A maximum separation criterion based on δf
n,

δf
s , and δf

t was selected in this investigation.

Depending on how the user defines these six variables (critical stresses and critical dis-
placements), the behavior of the cohesive surfaces will be more or less anisotropic. In this
investigation, the behavior of the cohesive surfaces was assumed to be isotropic, and thus
the stiffness, the stress for damage initiation, and the maximum separations were equally
set for the three directions and depended only on two parameters, t0i and δf

i . Damage ini-
tiation is determined by t0i and the damage evolution by δf

i . Both parameters control the
area under the traction-separation law and, hence, the total fracture energy of the cohesive
surfaces. Moreover, the initial stiffness of the cohesive surfaces is set to a very large value,
so the separation between the cohesive surfaces at the GB is negligible until the onset of
damage.

First, the stress for damage initiation, t0i , was chosen for each metal (either Al or Mg)
according to stresses at the GBs in a simulation without considering intergranular fracture
(without cohesive surfaces) for the strongest case, which corresponds to the fully opaque
GBs. Then, the maximum separation, δf

i , was selected to reach a fracture energy of 1.5
J/m2 for both Al and Mg, which is a reasonable value for GB energy in metals [29, 199].
The cohesive surface interaction parameters used for Al and Mg are indicated in Table 7.2.

Table 7.2: Interaction properties for the cohesive surfaces introduced at GBs in the Al and
Mg thin foils.

Material Kii [MPa] t0i [MPa] δf
i [µm] GC [J/m2]

Al (FCC) 3 · 107 15 20 1.5

Mg (HCP) 3 · 107 20 15 1.5

7.3 Numerical model

7.3.1 Finite element model

The effect of GBs on the deformation and fracture of FCC and HCP polycrystals was de-
termined by means of the finite element simulation of pseudo-3D foils of Al (FCC) and
Mg (HCP) polycrystals under uniaxial tension. Thus, the columnar GBs perpendicular to
the foil were included between the grains.

The microstructures were generated using Neper [146]. The grains within the foils were
generated using Laguerre-Voronoi tessellations, which lead to polyhedra with flat inter-
faces. The foil dimensions in the sample reference frame are shown in Fig. 7.2, where
Lx = 0.3 mm, Ly = 0.15 mm, and Lx = 0.015 mm. In other words, Lx = 20 · Lz, and
Ly = 10 · Lz. The notation of the boundary faces is provided on the left in Fig. 7.2, with z0
and z1 being the bottom and top surfaces of the foil, respectively, and x0, x1, y0, and y1 the
lateral faces in the x and y directions.
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Figure 7.2: Thin foil with columnar grains to simulate the effect of GBs in FCC and HCP
metals. The reference frame and the loading direction are indicated in (a), and the notation
employed for the foil boundary faces is indicated in (b).

Two different realizations with 100 grains, R1 and R2, respectively, were generated. Mi-
crostructure R1 is composed of 263 GBs, while R2 includes 268 GBs. The grain size in
both realizations followed a lognormal distribution with a mean grain size of 20 µm and a
standard deviation of 4 µm. The grain shape was equiaxed in the xy plane and columnar
along z (see reference frame in Fig. 7.3).

Three foils were employed to simulate the mechanical behavior in Al (Fig. 7.3). Foils
1 and 2 have the same grain distribution (R1) and different random crystal orientations,
whereas foil 3 has a different microstructure (R2) as well as random crystal orientations. In
contrast, four different foils were employed for the numerical simulation of Mg. The same
two geometrical realizations, R1 and R2, were used, and two sets of crystal orientations
were assigned to each of them: one with random crystal orientations and the other with
a strong basal texture. This texture was obtained from X-ray diffraction of an AZ31 Mg
alloy reported by Jamali et al. [87]. 100 representative orientations were extracted from
the orientation distribution function (ODF) with MTEX [15] for R1 and R2, and the basal
pole figure is provided in Fig. 7.4.

Once the microstructure was tessellated, it was discretized with ≈ 40k second-order mod-
ified tetrahedra (C3D10M elements with ten nodes in Abaqus) for the finite element sim-
ulations using Gmsh [63].

7.3.2 Cohesive surfaces

Cohesive surfaces were chosen to model intergranular fracture. This approach was chosen
rather than cohesive elements for the sake of simplicity and given that no special constitu-
tive fracture behavior is attributed to GBs. The shared nodes between the adjacent grains
were duplicated, and the contact pairs between each master and slave cohesive surface
were defined through an in-house Matlab code. An example of the cohesive surfaces gen-
erated in one of the thin foils is presented in Fig. 7.5. The cohesive surfaces were generated
for both microstructure realizations R1 and R2, regardless of the crystal orientations. The
constitutive behavior of the cohesive surfaces for Al and Mg is indicated in Section 7.2.3.
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Figure 7.3: Thin foils used to simulate the effect of GBs in Al (FCC) (a)-(c). The grains
within the foils are colored according to the inverse pole figure along z, provided in (d).
Note that foils 1 and 2 have the same grain distribution (R1) but different crystal orienta-
tions, while foil 3 has a different grain distribution (R2).

7.3.3 Boundary conditions

The thin foils were subjected to uniaxial loading along the x direction. The displacements
at the surface x0 were set to 0 along the x direction while an increasing displacement was
applied in the opposite face x1 in the loading direction, which is parallel to x. The thin
foils were deformed up to 5% under a quasi-static strain rate of 10−3 s−1. The stresses on
the lateral surfaces, given by y = y0 and y1, were 0 to simulate uniaxial tension along x.

Two different loading scenarios were considered: plane stress and plane strain. In the
plane stress condition, the stresses on the bottom (z0) and top (z1) surfaces were set to 0,
leading to an approximation of the stress state on the surface of the polycrystal. In a plane
strain condition, the out-of-plane displacements along the z axis are restricted and set to
0. This stress state is a (crude) approximation of the stress state within the bulk of the
polycrystal under uniaxial loading when the displacements perpendicular to the loading
axis are hindered by the neighbor grains.

Three different GB characters were employed for each foil: fully opaque GBs, fully trans-
parent GBs, and translucent GBs, where slip transfer is allowed when m′ > 0.8 between
any family of slip systems. Hence, twelve simulations were carried out for each foil, six in-
cluding intergranular fracture and six without intergranular fracture. Three GB characters
and the two loading conditions were carried out for each foil with or without intergranu-
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Figure 7.4: Thin foils used to simulate the effect of GBs in Mg (HCP) (a)-(d). The grains
within the foils are colored according to the inverse pole figure along z, provided in (e).
Note that two different grain realizations were generated (R1 and R2), and two different
sets of crystal orientations were used for each foil: random orientation and a strong basal
texture. The basal pole figure for the microstructures with basal texture is shown in (f).

lar fracture.

The mechanical behavior of the foils under uniaxial tension was simulated using Abaqus
Standard [163] within the framework of the finite deformations theory with the initial
unstressed state as reference. The crystal plasticity models were implemented in Abaqus
through a user-defined material model (UMAT).
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Figure 7.5: Example of thin foil polycrystal (left), together with the sample reference frame
and loading direction, and cohesive surfaces generated at the GBs of the same polycrystal
(right).

7.4 GB damage analysis

The effect of different GB features on damage nucleation and propagation was analyzed
from the results of the numerical simulations, including cohesive surfaces. Different GB
characteristics were considered for the analysis, namely geometrical and crystallographic.
Regarding the geometrical factors, the GB length LGB and the angle between the GB and
the loading axis αx (0 < αx < 90◦) were included. From the crystallographic point of
view, the GB misorientation angle Θ was also considered. The number of transparent slip
systems per GB nTrs was included to analyze the effect of GB character on intergranular
fracture. Given that 12 slip systems were considered for both Al and Mg, nTrs was equal to
12 for the simulations with fully transparent GBs and equal to 0 for the simulations with
fully opaque GBs. The simulations with translucent GBs incorporated the Luster-Morris
parameter as the slip transfer criterion, and slip transfer was allowed for an incoming slip
system as long as there was at least one outgoing slip system with m′ > 0.8. In that case,
such incoming slip system would be considered transparent. Thus, nTrs could range from
0 to 12 per GB for the simulations with translucent GBs.

An additional parameter named the slip activation factor SA was defined in order to ac-
count for the probability of each grain to deform along a certain slip system family. This
parameter depends on the Schmid factors of the possible active slip systems in the family
according to

SAss =
∑nss

i=1 SFi

nss · SFmax

, (7.6)

where nss is the number of slip systems in the family considered, SF i is the Schmid factor
of each slip system i, and SFmax is the maximum value that the Schmid factor can take,
which is 0.5. Thus, the slip activation factor gives a measure of how well the slip systems
of a certain family are oriented to generate dislocation slip. In the case of Al (FCC), there
is only one family of {111} slip systems. Thus, the number of slip systems nss is equal to
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12, and there is only SA per grain. In contrast, three different slip activation factors can be
determined in Mg (HCP). They are SAb, SAp, and SApy, which stand for the corresponding
slip activation factors for basal, prismatic, and second-order pyramidal slip. The differ-
ent values of nss per slip system family (three for basal, three for prismatic, and six for
pyramidal slip) are considered to calculate the respective slip activation factors.

The variables LGB, αx, Θ, and nTrs are related to the GB while the slip activation factor SA
is linked to the grain. The connection of SA with a GB was carried out through the arith-
metic mean of the SA of the grains across the GB. In the case of Mg (HCP), three SA were
calculated for each GB, and they correspond to the arithmetic mean of the basal, prismatic,
and pyramidal SA of the grains across the GB. Hence, SAb, for instance, would represent
the arithmetic mean of the slip activation factor for basal slip in the two grains at either
side of a GB while SAp and SApy have the same meaning for prismatic and pyramidal slip.

The strain for damage initiation ε0
dmg was used as GB damage indicator. The Pearson cor-

relation coefficient (r) was used to assess the correlation between the different GB features
and ε0

dmg. The Pearson correlation measures the degree of the linear relationship between
two variables [99]. It ranges between -1 to 1, where a value of -1 means a total negative
linear correlation, 0 means no correlation, and +1 means a total positive correlation. A
schematic representation of the Pearson correlation is provided in Fig. 7.6, presenting
a strong positive correlation r > 0 in (a), no linear correlation r = 0 in (b), and strong
negative correlation r < 0 in (c).

Figure 7.6: Schematic representation of Pearson correlation between two variables u and
v: (a) strong positive correlation with r > 0, (b) no correlation with r = 0, and (c) strong
negative correlation.

The Pearson correlation coefficient between two variables u and v can be mathematically
expressed as

r(u, v) = suv

su × sv

, (7.7)

where suv is the covariance between the variables u and v, and su and sv stand for the
standard deviations of u and v, respectively [99]. This coefficient was computed to analyze
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the effect of the different GB features on damage initiation ε0
dmg for the different thin foils

in which intergranular fracture was considered.

7.5 Results and discussion

7.5.1 Intergranular fracture of Al foils in tension

The numerical simulations of the tensile response of the three Al thin foils with and with-
out intergranular fracture are plotted as a function of GB character under plane stress in
Fig. 7.7 (a), and under plane strain in Fig. 7.7 (b).
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Figure 7.7: Engineering stress-strain curves of the Al (FCC) foils as a function of grain
boundary type under (a) plane stress and (b) plane strain loading conditions. The solid
lines correspond to the mechanical behavior without fracture, and the dashed lines corre-
spond to simulations that include fracture at the GBs.

As observed in Chapter 6, the simulations with opaque GBs present the strongest tensile
response, followed by those with translucent GBs, and finally by the simulations with fully
transparent GBs. The simulations under plane strain generally present higher stresses
than those under plane stress as a result of the restriction in the out-of-plane deformation,
which leads to higher triaxiality. The simulations under plane stress present lower dif-
ferences in the stress-strain curves between them for any GB character as compared with
those carried out under plane strain (of the order of 5 MPa). These differences can also be
attributed to the triaxiality.

The tensile stress-strain curves of the foils, including intergranular fracture, are super-
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posed to those without cohesive surfaces until the onset of damage. While continuous
strain hardening is observed in the foils without damage, the nucleation and growth of
intergranular cracks lead to a maximum in the stress-strain curves, followed by a progres-
sive reduction in the load-carrying capacity of the foil until complete fracture. The nucle-
ation and progress of damage depended on the stress state (either plane stress or plane
strain) and on the GB character. Fracture occurs sooner and progresses more rapidly un-
der plane strain than under plane stress because of the higher stresses that facilitate the
early fracture of the GBs. Moreover, damage initiation occurs sooner in the simulations
with fully opaque GBs, followed by translucent GBs and fully transparent GBs simula-
tions. This sequence is also repeated for the strain at the maximum stress as well as for
the strain to failure.

The contour plots of the Von Mises stress (in MPa) and of the total dislocation density (in
m−2) are plotted in Fig. 7.8 for Al foil 1 under plane stress without fracture at ε = 2%. The
results with fully opaque GBs are presented in the first row, with translucent GBs with
slip transfer when m′ > 0.8 in the second row, and with fully transparent GBs in the third
row. Stress concentrations are found at the GBs along the center of the foil when all GBs
are opaque, and they are associated with dislocation pile-up, as observed in the corre-
sponding dislocation density contour plot. The stress concentrations gradually decrease
for the translucent GBs, in which those GBs suitably oriented for slip transfer do not lead
to stress concentrations, and the dislocation densities vary accordingly. Finally, high stress
concentrations and dislocation pile-ups are not found in the case of fully transparent GBs.
Stresses and dislocation densities are more homogeneous in this case, and moderate stress
concentrations are found in smaller grains.

The effect of including intergranular fracture via cohesive surfaces in Al is plotted in Fig.
7.9 for foil 1 under plane stress at ε = 2%. The foils where intergranular fracture is not
included are displayed on the left column, and the foils that incorporate intergranular
fracture are displayed on the right column. As observed in the tensile curves for plane
stress condition (Fig. 7.7 (a)), at ε = 2%, the foils with fully opaque GBs with intergranular
fracture present a significant drop in the strength. As shown in the contour plots in the
first row of Fig. 7.9, multiple cracks can already be observed at this strain, most of them
in highly stressed GBs. The decrease in stiffness for the foils with translucent GBs at 2%
deformation is not that dramatic, but there are some cracks with observable separation,
also located at GBs with large local stresses. In the case of the foils with fully transparent
GBs, the tensile test presents a negligible drop in the mechanical properties, and in fact,
no evident cracks can be observed in the foil contour plots at this stage.

The final crack paths in the Al foil 1 are depicted in Fig. 7.10 as a function of GB character
and loading conditions (plane stress or plane strain). The region most affected by fracture
in the foils under plane stress is the left region, and fracture occurs in this region regardless
of GB character. The foils with fully opaque and fully transparent GBs present almost the
same crack path but not exactly the same. However, the foil with translucent GBs presents
another crack at the middle-right region of the foil that does not appear in the other two
cases. Regarding plane strain, the crack paths are very different for the three GB characters.
Two main cracks appear at the two left and right ends of the foil in the foil with opaque
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Figure 7.8: Contour plot of the Von Mises stress in MPa (left column) and of total dislo-
cation density in m−2 (right column) at ε = 2% as a function of GB character in Al foil 1
under plane stress without fracture. The contour plots with fully opaque GBs are repre-
sented on the first row, with translucent GBs where slip transfer is allowed for m′ > 0.8 on
the second row and with transparent GBs on the third row. Note that a different scale is
employed for the dislocation density for the foils with opaque and translucent GBs than
that used for fully transparent GBs.

GBs, while the final crack appears at the right end (indicated with arrows in Fig. 7.10)
with the translucent GBs, but the associated crack opening is very limited. Finally, the
simulation with transparent GBs presents a complete separation from a catastrophic crack
right in the middle of the foil. It should be noticed that many other GBs were damaged
before the final fracture, but their fracture is not that evident in the contour plots in each
foil. The final cracks of the other two Al foils also presented different paths depending on
the GB character and loading conditions, but they are not provided for the sake of brevity.
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Figure 7.9: Contour plots of the Von Mises stress in MPa at ε = 2% without including
fracture (left) and including intergranular fracture (right) as a function of GB character
in Al foil 1 under plane stress. The contour plots with fully opaque GBs are represented
on the first row, with translucent GBs where slip transfer is allowed for m′ > 0.8 on the
second row and with transparent GBs on the third row. Cracks are indicated by white
arrows.

The effect of the different GB features –presented in Section 7.4– on the strain for damage
initiation ε0

dmg in the GBs was analyzed. To this end, the strain at which the first damage
appeared in each GB was recorded and stored together with the GB features: αx, LGB, Θ,
SA, and nTrs. This database for the three Al thin foils is composed of 4760 damaged GBs,
2380 under plane stress, and 2380 under plane strain. The Pearson correlation coefficient
matrix is plotted for ε0

dmg and the different GB features in Fig. 7.11 for plane stress (a) and
plane strain (b). The value of the Pearson correlation coefficient r is indicated at the center
of each cell and also used as a heat map variable, ranging from -1 (pink) to +1 (orange), as
indicated by the color bar on the right.

The Pearson coefficients r for the length of the GB LGB, the misorientation angle Θ, and
the mean slip activation factor SA are close to zero, indicating that there is no correlation
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Figure 7.10: Crack path at the end of the simulations of Al foil 1 under plane stress (left
column) and plane strain (right column) with fully opaque GBs (first row), translucent
GBs where slip transfer is allowed for m′ > 0.8 (second row), and transparent GBs (third
row). The white arrows indicate the location of several intergranular cracks that are not
evident in the figure.

between these variables and damage initiation. However, the angle between the GB and
the loading axis αx presents a moderate negative correlation with ε0

dmg for both plane stress
and plane strain. This indicates that the strain for damage initiation ε0

dmg decreases when
the angle αx increases. In other words, those GBs perpendicular to the loading axis (αx ≈
90◦) are prone to show damage nucleation at lower strains. The number of transparent slip
systems nTrs presents a moderate positive correlation with ε0

dmg, and ε0
dmg increases with
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nTrs. Hence, slip transfer delays the nucleation of damage in GBs, and conversely, those
GBs with less transparent slip systems (or even opaque GBs with nTrs = 0) will present
premature damage initiation. The r values for αx and nTrs are of the same order for plane
stress and plane stress. However, the strength of the correlation between nTrs and ε0

dmg

is slightly higher than that of αx for plane stress. This behavior could be explained by
the fact that the GBs can couple the deformation with out-of-plane displacements under
plane stress, and thus, the geometrical effect, governed by αx, is not as important as the
effect of GB character. Conversely, αx presents the same correlation as nTrs under plane
strain, probably because the constraint of the out-of-plane motion enhances the effect of
the geometry.

Figure 7.11: Pearson correlation matrix for GB fracture in the Al foils. (a) Plane stress, (b)
plane strain.

In summary, the two GB features that have an effect on damage nucleation in FCC Al
foils are the angle between the GB and the loading axis αx and the number of transpar-
ent slip systems in a GB, nTrs. The GBs that may lead to premature damage nucleation
are those nearly perpendicular to the loading axis and those opaque or nearly opaque to
dislocations. On the contrary, the GB length LGB, the misorientation angle Θ, and the slip
activation factor SA are not correlated with the onset of damage at GBs.
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7.5.2 Intergranular fracture of Mg foils in tension (random texture)

The tensile stress-strain curves of the two Mg foils with random crystal orientations (foils
1 and 3 in Fig. 7.4), with and without fracture, are plotted in Fig. 7.12 as a function of GB
character under plane stress (a), and plane strain (b) loading conditions. The simulations
without fracture are represented with solid lines, and the simulations that include fracture
through cohesive surfaces are plotted with dashed lines.
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Opaque GBs - no fracture
Opaque GBs - fracture

Translucent GBs - no fracture
Translucent GBs - fracture

Transparent GBs - no fracture
Transparent GBs - fracture

Figure 7.12: Engineering stress-strain curves of the Mg thin foils with random orientations
(foils 1 and 3) as a function of GB type under (a) plane stress and (b) plane strain loading
conditions. The solid lines correspond to the mechanical response of the foils without
fracture, while the dashed lines include fracture at GBs.

As in the case of FCC Al, the HCP Mg foils with fully opaque GBs present the strongest
tensile response, followed by translucent GBs and transparent GBs. Similarly, the stress-
strain curves obtained under plane strain are displaced towards higher stresses because of
the larger triaxiality. The curves of the two foils do not present great differences between
them, but this difference increases under plane strain loading conditions. When GBs are
assumed to be translucent or fully transparent in HCP metals, stress concentrations mainly
arise because of the deformation incompatibility between grains with different crystal
orientations. This behavior applies to both loading conditions, plane stress (Fig. 7.12 (a))
and plane strain (Fig. 7.12 (b)).

Regarding fracture, damage is nucleated early and evolves faster for plane strain than for
plane stress, as in the case of the Al foils, because of the enhanced triaxiality. In addition,
the GB character (opaque, translucent, or transparent) has an effect on damage nucleation
and propagation, but it is clearly smaller than in the case of FCC Al. For instance, the strain
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at the maximum stress is very similar for the three types of GBs in both plane stress and
plane strain, although the maximum stress is significantly higher for the opaque GBs. This
may suggest that HCP materials are not as sensitive to the GB character as FCC materials.

The contour plots of the Von Mises stress (in MPa) and of the total dislocation density (in
m−2) are plotted in Fig. 7.13 for Mg foil 1 under plane stress without fracture at 2% defor-
mation. The results with fully opaque GBs are presented in the first row, with translucent
GBs with slip transfer when m′ > 0.8 in the second row, and with fully transparent GBs in
the third row. The contour plots of the Von Mises stress in the foil with opaque shows that
stress concentrations at the GBs are localized in a limited number of GBs while they were
more homogeneously distributed in the FCC Al foil. Similar differences between HCP
Mg and FCC Al can be found in the foils with translucent and transparent GBs, although
the number of GBs with stress concentrations decreases in both cases as slip transfer is
allowed through the GB. These results indicate that the deformation incompatibility be-
tween adjacent grains in HCP Mg leads to the development of stress concentrations at
GBs, even in the case of the foil with fully transparent GBs. Regarding dislocation density,
dislocation pile-ups appear at GBs when they are assumed as fully opaque, but the distri-
bution of GBs with large dislocation densities is more inhomogeneous than in the case of
the FCC Al foil, and the dislocation density in some GBs in HCP Mg foils is only slightly
higher than that in the bulk. When slip transfer is allowed, more GBs become transparent
to dislocations, and the total dislocation density decreases. Finally, the dislocation den-
sity is approximately one order of magnitude smaller for the foil with fully transparent
GBs, but there are still some regions with high dislocation density that are associated with
stress concentrations at GBs due to the incompatibility of deformation between grains.
Hence, stress concentrations at GBs in HCP Mg foils are determined by the GB character
(either opaque, translucent, or transparent) and by the orientation of the grains around
the GB that may lead to the development of stress concentrations to accommodate the
incompatibility of plastic deformation between grains.

The effect of including intergranular fracture via cohesive surfaces in Mg is plotted in
Fig. 7.14 for foil 1 (with random crystal orientations) under plane stress at ε = 2%. The
foils without intergranular fracture are displayed on the left column, and the foils that
incorporate intergranular fracture are displayed on the right column. As observed in the
tensile stress-strain curves under plane stress (Fig. 7.12 (a)), at ε = 2%, all the three foils
(fully opaque, translucent, and fully transparent GBs) present a significant drop in the
strength when interface fracture is included. Multiple cracks are observed for the foil
with opaque GBs at this strain (Fig. 7.14), most of them located within the most stressed
region. This is also the case for translucent GBs, where the number of cracks is smaller,
but they are also located in regions where the stresses are higher. Finally, the foil with
fully transparent GBs just presents a few cracks because, as shown in the tensile test (Fig.
7.12 (a)), the fracture is delayed to higher strains.

The final crack paths in the Mg foil 1 with random texture are depicted in Fig. 7.15 as a
function of GB character and loading conditions (plane stress or plane strain). Cracking
occurs in different locations depending on the GB character and the loading conditions,
as in the Al foil. Fracture generally occurs at the left region of the foils under plane stress,
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Figure 7.13: Contour plot of the Von Mises stress in MPa (left column) and of total dislo-
cation density in m−2 (right column) at ε = 2% as a function of GB character in Mg foil 1
(random texture) under plane stress without fracture. The contour plots with fully opaque
GBs are represented on the first row, with translucent GBs where slip transfer is allowed
for m′ > 0.8 on the second row and with transparent GBs on the third row. Note that a
different scale is used for the dislocation density of the foils with opaque and translucent
GBs and for the fully transparent GBs.

but the crack path differs depending on the GB character. However, there is a significant
number of damaged GBs that are common to the three GB characters. Regarding the
simulations under plane strain, the foils with opaque and translucent GBs present a very
similar crack path along the central section of the foil. However, the foil with transparent
GBs presents a different crack path, more similar to the ones found under plane stress.

The effect of the different GB features on the strain for damage initiation ε0
dmg was also

analyzed in the HCP Mg foils with random texture following the same strategy used in
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Figure 7.14: Contour plots of the Von Mises stress in MPa at ε = 2% without intergranular
fracture (left) and with intergranular fracture (right) as a function of GB character in the
Mg foil 1 under plane stress. The contour plots with fully opaque GBs are represented
on the first row, with translucent GBs where slip transfer is allowed for m′ > 0.8 on the
second row and with transparent GBs on the third row. The white arrows indicate the
location of intergranular cracks.

the Al foils. Besides the GB features used for FCC Al (αx, LGB, Θ, and nTrs), the mean slip
activation factors for basal, prismatic, and pyramidal slip, SAb, SAp, and SApy, respectively,
were included in the analysis. The dataset for Mg with random texture is composed of
3141 fractured GBs for the two thin foils, classified as 1562 under plane stress and 1579
under plane strain. The Pearson correlation matrices for plane stress and plane strain are
presented in Fig. 7.16 and visually display the influence of the GB features on ε0

dmg.

The damage analysis for the simulations under plane stress indicated that the angle αx be-
tween the GB and the loading axis presents a moderate negative correlation with the strain
for damage initiation ε0

dmg. This means that GBs that are perpendicular to the loading axis
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Figure 7.15: Crack path at the end of the simulations of Mg foil 1 with random crystal
orientations under plane stress (left column) and plane strain (right column) with fully
opaque GBs (first row), translucent GBs where slip transfer is allowed form′ > 0.8 (second
row), and transparent GBs (third row).

are prone to damage nucleation at lower strains. LGB, Θ, and SApy show a near-zero corre-
lation on ε0

dmg, and thus, they do not influence damage nucleation. However, a noticeable
linear correlation between SAb with ε0

dmg, comparable to that observed for αx, is noticed
in the HCP Mg foils. This result is different from the one reported in FCC Al foils, where
the average slip activation factor showed negligible correlation with damage initiation.
The Pearson correlation values of the basal and the prismatic slip activation factors have
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Figure 7.16: Pearson correlation matrix for GB fracture in the Mg foils with random crystal
orientations. (a) Plane stress, (b) plane strain.

opposite signs, with negative Pearson correlation for SAb and positive for SAp. This is in
agreement with the geometry of the hexagonal lattice because basal and prismatic planes
are perpendicular, and when one is well-oriented for slip, the other is not. According
to the Pearson correlation values, damage at GBs occurs earlier when the grains across
a GB are well-oriented for basal slip, and thus SAb is high. Taking into account that the
CRSS for basal slip is very low, plastic deformation will be localized in the grains with
high SAb across the GB, and the accommodation of the large plastic deformation in these
grains with other stiffer grains in the neighborhood may lead to the appearance of stress
concentrations at the GBs and, eventually, to fracture. Finally, the number of transparent
slip systems nTrs presents a weak positive correlation with ε0

dmg, meaning that those GBs
opaque to dislocations could be more likely to early damage nucleation. This correlation
is significantly smaller than in Al and may suggest that GB character has a lower effect on
damage initiation in HCP Mg than in FCC Al.

This analysis was also performed for the foils under plane strain, and the results are sim-
ilar. A stronger (but moderate) correlation is observed for αx, higher than in the case of
plane stress. Apart from this, the effect of the slip activation factor SAb decreases with
respect to the plane stress conditions, and its Pearson correlation coefficient is now com-
parable to that of the number of transparent slip systems nTrs. This means the texture and
the effect of the GB character play minor roles in damage nucleation under plane strain
because the higher stress levels favor the stronger effect of the angle between GB and the
loading axis.
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7.5.3 Intergranular fracture of Mg foils in tension (basal texture)

The tensile stress-strain curves of the two Mg foils with strong basal texture (foils 2 and 4
in Fig. 7.4), with and without fracture, are plotted in Fig. 7.17 as a function of GB character
under plane stress (a), and plane strain (b) loading conditions. The simulations without
fracture are represented with solid lines, while those with fracture through cohesive sur-
faces are plotted with dashed lines.
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Opaque GBs - no fracture
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Figure 7.17: Engineering stress-strain curves of the Mg thin foils with basal texture (foils
2 and 4) as a function of GB type under (a) plane stress and (b) plane strain loading condi-
tions. The solid lines correspond to the mechanical response of the foils without fracture,
while the dashed lines include fracture at GBs.

The foils with fully opaque GBs present the strongest mechanical response, followed by
translucent GBs and transparent GBs, as reported in the two previous cases (FCC Al and
HCP Mg with random texture). Similarly, the stress-strain curves under plane strain are
displaced towards higher stresses because of the triaxiality. The curves of the different
foils do not present great differences in the case of strong basal texture, especially when
GBs are fully opaque or fully transparent.

Regarding fracture, damage initiates early and grows at a faster rate for plane strain than
for plane stress, as observed in the Mg foils without texture. The GB character (opaque,
translucent, or transparent) does not seem to affect damage nucleation and propagation
since the strain at the maximum stress and the damage propagation are very similar for
the three types of GBs in both plane stress and plane strain. This reinforces the idea that
HCP materials are not as sensitive to the GB character as FCC materials.

The contour plots of the Von Mises stress (in MPa) and of the total dislocation density (in
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m−2) are plotted in Fig. 7.18 for Mg foil 2 with basal texture under plane stress without
fracture at 2% deformation. The results with fully opaque GBs are presented in the first
row, with translucent GBs with slip transfer when m′ > 0.8 in the second row, and with
fully transparent GBs in the third row. As observed in the contour plots, stress concentra-
tions are found at some GBs in the foils with opaque GBs but not in all of them. The stress
concentrations decrease as the GBs become translucent and transparent, but they appear
even in the latter due to the deformation incompatibility between adjacent grains. These
stress concentrations appear at the regions where the crystal orientations between the ad-
jacent grains are very different, like the left region of the foil (see Fig. 7.4 (b)). Conversely,
when the grain orientations and the dominant deformation mechanisms are compatible,
as in the central section of the foil, no large stress concentrations appear, regardless of the
GB character.

The effect of intergranular fracture is depicted in the contour plots in Fig. 7.19 for foil 2
(with strong basal texture) under plane stress at ε = 2%. The foils without fracture are
displayed on the left column, and the foils that incorporate intergranular fracture are dis-
played on the right column. As observed in the tensile stress-strain curves for plane stress
(Fig. 7.17 (a)), at ε = 2%, all the three foils (fully opaque, translucent, and fully transparent
GBs) present a significant drop in the strength. Multiple cracks are observed for the foil
with opaque GBs at this strain (Fig. 7.19), and most of them are located on the left side of
the foil, in which large stress concentrations at GBs can be found. This is also the case for
translucent GBs, where the number of cracks is smaller, but they are also located in regions
where the stresses are higher. Finally, the foil with fully transparent GBs just presents a
few cracks because, as shown in the tensile test (Fig. 7.17 (a)), fracture is delayed to larger
applied strains.

The final crack paths in Mg foil 2 with basal texture are depicted in Fig. 7.20 as a function
of GB character and loading conditions (plane stress or plane strain). Cracking occurs in
more similar locations depending on the GB character and the loading conditions in com-
parison to the Mg foil without texture (see Fig. 7.15). In this case, the fracture is localized
on the left region of the foils regardless of the GB character and the loading conditions,
but the crack path is different for plane stress and plane strain. Nevertheless, the GB char-
acter seems to have a smaller effect on the location of the final crack in comparison to that
observed in the foil with random texture.

Due to the plastic anisotropy of HCP Mg, crystallographic texture may have an important
effect on the tensile response of the foil. The tensile stress-strain curves of the Mg foils
with random texture (foils 1 and 3) and with strong basal texture (foils 2 and 4) with and
without intergranular fracture are presented in Fig. 7.21 (a) for fully opaque GBs and
plane stress. The stress-strain curves with and without texture present a similar shape,
but the foils with basal texture are displaced towards slightly higher stresses (about 5
MPa difference). The stiffer response of the foils with basal texture can be explained by
the enhanced activation of prismatic slip, which requires higher CRSS and thus hardens
the material. Conversely, when the crystal orientations are random, basal slip will be
facilitated due to its small CRSS, which provides a softer response.

To illustrate this, the relative contributions of the different slip systems in the HCP lattice
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Figure 7.18: Contour plot of the Von Mises stress in MPa (left column) and of total dislo-
cation density in m−2 (right column) at ε = 2% as a function of GB character in Mg foil
2 (strong basal texture) under plane stress without fracture. The contour plots with fully
opaque GBs are represented on the first row, with translucent GBs where slip transfer is
allowed for m′ > 0.8 on the second row and with transparent GBs on the third row. Note
that a different scale is employed for the dislocation density for the foils with opaque and
translucent GBs and for those with fully transparent GBs.

to the accumulated plastic slip γ are plotted in Fig. 7.21 (b) for foils 1 (random orientations,
solid lines) and 2 (basal texture, dashed lines) and plane stress. The strong effect of texture
on the deformation mechanisms is shown in this figure. In general, basal slip dominates
over the other slip systems at the early stages of deformation when the stresses are low.
The contribution of prismatic slip increases with applied strain as the stresses are large
enough to overcome its CRSS (refer to Table 6.5). The contribution of pyramidal slip is
always very small. The main contribution to the plastic deformation under plane stress
and random texture always comes from basal slip in the whole strain range (about 65%),
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Figure 7.19: Contour plots of the Von Mises stress in MPa at ε = 2% without including
fracture (left) and including intergranular fracture (right) as a function of GB character in
Mg foil 2 under plane stress. The contour plots with fully opaque GBs are represented
on the first row, with translucent GBs where slip transfer is allowed for m′ > 0.8 on the
second row and with transparent GBs on the third row. Intergranular cracks are indicated
with white arrows.

followed by prismatic (about 30%) and pyramidal slip (less than 5%). However, basal
slip and prismatic slip contribute equally to plastic slip (about 50% each) in the foil with
strong basal texture, while the contribution of pyramidal slip is negligible. It should be
noticed that the basal texture promotes the activation of prismatic slip instead of basal
slip because the basal planes are nearly parallel to the loading axis. Thus, the activation of
prismatic slip, which requires higher CRSS, induces a strengthening effect on the tensile
response of the foils with a strong basal texture. However, the CRSS for basal slip in Mg
is very small -as compared to those of prismatic and pyramidal – so basal slip is always
active. These two factors lead to a competitive process between basal and prismatic slip
activation, whose contributions would probably be balanced above 5% strain.
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Figure 7.20: Crack path at the end of the simulations of Mg foil 1 with basal texture under
plane stress (left column) and plane strain (right column) with fully opaque GBs (first row),
translucent GBs where slip transfer is allowed for m′ > 0.8 (second row), and transparent
GBs (third row).

The effect of texture on the strength of the foils is different under plane strain (Fig. 7.22
(a)), and the foils with random texture are slightly stronger than those with random tex-
ture. Plane strain leads to a greater increase in the strength of the foils with random texture
than in those with basal texture because the out-of-plane displacements necessary to ac-
commodate the deformation incompatibility between adjacent grains with very different
crystal orientations are hindered. On the contrary, out-of-plane displacements are less crit-
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Figure 7.21: (a) Engineering stress-strain curves of Mg thin foils with random crystal ori-
entations (foils 1 and 3, in blue) and with strong basal texture (foils 2 and 4, in red) with
opaque GBs under plane stress. The solid lines correspond to the foils without fracture,
and the dashed lines correspond to the foils with fracture. (b) Relative contribution of the
basal, prismatic, and pyramidal slip systems to the accumulated plastic slip γ as a function
of the crystallographic texture in Mg thin foils 1 (random orientations, solid lines) and 2
(basal texture, dashed lines) with fully opaque GBs under plane stress conditions.

ical in the foils with basal texture because of the orientation similarity between neighbor
grains. Hence, the difference in the tensile response under plane stress and plane strain
between random and basal texture could be attributed to the conjoint effect of the out-of-
plane constraint, which increases triaxiality, and the crystallographic texture. Regarding
intergranular fracture, the presence of crystallographic texture does not seem to play any
role since the tensile responses for foils 1 and 2 are very similar in terms of both the strain
for damage nucleation and the damage propagation rate.

Regarding slip system activity, the plane strain simulations present a similar behavior to
that observed under plane stress but modified by the higher stresses applied on the foils
(Fig. 7.22 (b)). They promote a significant contribution of prismatic slip from the early
stages of deformation. Moreover, the contribution of pyramidal slip is also greater than
for plane stress, but it is still negligible as compared to basal or prismatic. Basal slip is
dominant for the simulations with random texture (about 60%), followed by prismatic

155



María Eugenia Nieto Valeiras

with about 30% contribution to γ. However, prismatic slip clearly dominates over basal
slip –even below 1% deformation– in the foil with strong basal texture. The effect of crys-
tallography and texture is once again enhanced by the plane strain constraint to the foil
plane, which drastically increases the stress level and the activation of prismatic slip. On
one hand, the basal texture promotes the dominant activation of prismatic slip with higher
CRSS, which provides a strengthening effect in the tensile response. On the other hand, in
the foils with random orientations, the main contribution to the accumulated plastic slip
comes from the softer basal slip due to its ease of activation. Nevertheless, the out-of-plane
constraint, together with the orientation differences between adjacent grains, increases the
stress triaxiality, thus providing a harder tensile response. Summing all these effects, the
tensile curves of the foils with and without texture look very similar despite the fact that
the plastic deformation mechanisms are significantly different.
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Figure 7.22: (a) Engineering stress-strain curves of Mg thin foils with random crystal ori-
entations (foils 1 and 3, in blue) and with strong basal texture (foils 2 and 4, in red) with
opaque GBs under plane strain. The solid lines correspond to the foils without fracture,
and the dashed lines correspond to the foils with fracture. (b) Relative contribution of the
basal, prismatic, and pyramidal slip systems to the accumulated plastic slip γ as a function
of the crystallographic texture in Mg thin foils 1 (random orientations, solid lines) and 2
(basal texture, dashed lines) with fully opaque GBs under plane strain conditions.

The influence of the different GB features on the strain for damage initiation ε0
dmg was also

analyzed in the HCP Mg foils with basal texture (foils 2 and 4). The analyzed GB features

156



CHAPTER 7. SIMULATION OF THE DEFORMATION OF POLYCRYSTALS
INCLUDING INTERGRANULAR FRACTURE

were again αx, LGB, Θ, and nTrs, together with the mean slip activation factors for basal,
prismatic, and pyramidal slip, SAb, SAp, and SApy. The dataset for the Mg foils with basal
texture (foils 2 and 4) is composed of 3102 fractured GBs for the four analyzed thin foils,
classified as 1543 under plane stress and 1559 under plane strain. The Pearson correlation
matrices for plane stress and plane strain are presented in Fig. 7.23, which display the
influence of the GB features on ε0

dmg.

Figure 7.23: Pearson correlation matrix for GB fracture in the Mg foils with strong basal
texture. (a) Plane stress, (b) plane strain.

The damage analysis for the simulations under plane stress indicated that the angle αx

presents a moderate negative correlation with ε0
dmg, which means that GBs that are per-

pendicular to the loading axis are prone to damage at lower strains. This correlation is
slightly stronger than in the case of the foils with random orientations. The misorienta-
tion angle Θ, and SApy show a near-zero correlation on ε0

dmg, and thus, they do not have
any influence on damage nucleation. The number of transparent slip systems nTrs presents
a weak positive correlation with ε0

dmg, higher than that observed for the foils with random
orientation. This suggests that the GB character has a greater effect on damage initiation
in HCP Mg in the presence of texture since grain orientations are more alike and the de-
formation incompatibility is reduced.

The linear correlation between SAb with ε0
dmg for the foils with basal texture is smaller

than for the foils with random texture, whereas the r value for SAp remains the same. In
this case, the Pearson coefficients of the basal and the prismatic slip activation factors are
nearly identical but with opposite signs, with negative Pearson correlation for SAb and
positive for SAp. This is in agreement with the geometry of the hexagonal lattice because
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basal and prismatic planes are perpendicular, and when one is well-oriented for slip, the
other is not. According to them, damage at GBs occurs earlier when the grains across a GB
are well-oriented for basal slip (SAb is high), and conversely, damage nucleation is delayed
if the grains are well-oriented for prismatic slip. Unlike the foils with random orientations,
the GB length LGB also presents a weak negative correlation with ε0

dmg, comparable to that
observed for the slip activation factors for basal and prismatic slip.

This analysis was also performed for the foils under plane strain, and the results are sim-
ilar to those observed for the foils with random texture. A stronger (but moderate) corre-
lation is observed for αx, slightly higher than in the case of plane stress. Furthermore, the
slip activation factor for basal slip SAb presents a greater (but still very weak) correlation,
whereas SAp has no influence on ε0

dmg as compared to plane stress. Apart from this, the
effect of the other GB features on damage initiation is nearly identical to those presented
for plane stress, with the slip activation factors for basal and prismatic and the number of
transparent slip systems presenting some correlation with damage nucleation.

7.6 Conclusions

The tensile deformation of FCC Al and HCP Mg thin foils, including intergranular frac-
ture at GBs, was simulated by means of a dislocation-based crystal plasticity model that
allows for slip transfer. Intergranular fracture was introduced through cohesive surfaces
governed by a bilinear traction-separation law. Polycrystalline foils with columnar grains
with different textures were generated, and the effect of GB character on intergranular
fracture was assessed by considering three types of simulations: foils with fully opaque
GBs, foils with fully transparent GBs, and foils with translucent GBs where slip transfer is
allowed when m′ > 0.8. Two loading cases were used for each foil: plane stress and plane
strain. The tensile stress-strain curves and the analysis of the onset of damage at the GB
database led to the following conclusions:

• The microstructural features that influence damage initiation in FCC Al thin foils
are the angle between the GB and the loading axis αx and the number of transparent
slip systems nTrs, i.e., GBs perpendicular or nearly perpendicular to the loading axis
and that opaque from the viewpoint of slip transfer will be damaged earlier during
deformation. In the case of HCP Mg, damage nucleation is also dominated by the
GB angle with the loading axis α, but the slip activation factor of the GBs also plays
an important role. Thus, GBs nearly perpendicular to the loading direction whose
neighboring grains are suitably oriented for basal slip will probably initiate dam-
age. Unlike FCC Al, the HCP Mg simulations proved to be less sensitive to the GB
character (fully opaque, translucent, or fully transparent GBs).

• GB character (opaque, translucent, or transparent GBs) has an important effect on
damage nucleation in Al. Opaque GBs, in which dislocation pile-ups are formed,
are more prone to present premature damage nucleation than translucent or trans-
parent GBs, in which damage is delayed. Damage also propagates faster when GBs
are opaque than when GBs are transparent. On the contrary, GB character has lim-
ited influence on damage nucleation in HCP Mg because stress concentrations at
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GBs (that lead to damage nucleation) are controlled in HCP Mg by the anisotropic
behavior of grains with different orientations.

• The loading conditions (either plane stress or plane strain) also influence the onset
and propagation of intergranular damage. GB fracture under plane stress conditions
depends more on the GB character (fully opaque, translucent, or fully transparent
GBs), whereas the microstructural features (the angle between GB and loading axis,
or the slip activation factor) are more relevant in the case of plane strain. This latter
behavior is attributed to constraint induced by the plane strain condition that forces
the deformation to occur in the foil plane and increases the triaxiality.

• Texture has a remarkable effect on the deformation of Mg thin foils due to their plas-
tic anisotropy, especially on the slip system contribution to the accumulated plastic
slip. Basal slip was dominant over prismatic and pyramidal slip when in the pres-
ence of random texture. Conversely, the presence of a strong basal texture promoted
the activation of the better-oriented prismatic slip systems despite its greater CRSS.
This led to a competitive process with the conjoint activation of both slip systems,
one that is energetically favorable (basal) against one that is geometrically favorable
(prismatic). In all cases, the contribution of pyramidal slip was negligible (< 10%)
owing to its high CRSS.
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8
Conclusions and future work

8.1 Conclusions

The thesis has analyzed the mechanisms of dislocation/grain boundary interaction in
metallic polycrystals from the experimental and simulation viewpoints. The experimen-
tal characterization was carried out using state-of-the-art techniques (including slip trace
analysis in combination with electron backscatter diffraction, diffraction contrast tomog-
raphy, and high-resolution digital image correlation) to assess the validity of different
geometrical criteria to predict dislocation slip transfer/blocking at grain boundaries in
FCC (Ni) and HCP (Ti) polycrystals. The best criteria were implemented in a physically-
based crystal plasticity model to predict the effect of grain boundaries (and, thus, of the
grain size) on the strength of metallic polycrystals taking into account the existence of
different types of grain boundaries from the viewpoint of slip transmission: transparent,
translucent and opaque. In addition, intergranular fracture was included in the simula-
tions through cohesive surfaces along the grain boundaries to understand the influence of
the microstructure on the nucleation and growth of damage in polycrystals.

The main conclusions of this thesis are the following:

• Slip transfer at coherent and incoherent annealing twin boundaries in pure Ni is
controlled by the residual Burgers vector and takes place when ∆b ≈ 0, regardless
of the angle between slip normals and the twist angle between the incoming and
outgoing slip planes. Moreover, slip transfer seems to be controlled by dislocation
cross-slip in this case. Slip transfer across regular grain boundaries is very likely to
occur across low-angle regular GBs if the Luster–Morris parameter m′ > 0.8, and it
is unlikely to take place otherwise. However, there is a significant number of slip
blocking instances when 0.75 < m′ < 0.9. They could be due to an error induced by
the assumption that the active slip system is the one with the highest Schmid factor
or to a large value of the twist angle θ, which is not known because there was no
information about the grain boundary orientation within the sample.

• Laboratory-scale Diffraction Contrast tomography technique is able to provide de-
tailed information about the microstructure (grain size, shape, and orientation as
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well as grain boundary orientation) of pure Ti foils in 3D prior to deformation. The
data obtained by laboratory-scale diffraction contrast tomography are of similar
quality to those obtained on the sample surface by electron backscatter diffraction
on the sample surface for grains > 50 µm.

• Prismatic-to prismatic slip transfer in Ti occurs when ∆b/b < 0.43 or m′ > 0.8 and
both geometrical criteria give an F1 score of 0.993. They were associated with low-
angle grain boundaries and with good alignment between the incoming and outgo-
ing slip directions and slip planes. Surprisingly, the twist angle θ did not play a
clear role in slip transfer/blocking and, thus, the LRB geometrical criteria was not
a good predictor of slip transfer/blocking at grain boundaries. Thus, geometrical
criteria based on ∆b/b or m′ can be confidently used in crystal plasticity simulations
to account for slip transfer/blocking at grain boundaries.

• Nevertheless, slip transfer/blocking in a few grain boundaries in Ti did not follow
the geometrical criteria indicated in the previous point. Their behavior was stud-
ied as a function of the applied strain by means of high-resolution digital image
correlation to take into account the effect of the local stress near GBs on slip trans-
fer. It was found that slip transfer between a pair of well-oriented slip systems can
be impeded (leading to either partial slip transfer or even blocking) if there is an-
other dominant slip system that is more favorable in terms of the Schmid factor to
accommodate the plastic deformation across the boundary. In addition, slip transfer
between well-aligned slip systems across the boundary can be blocked as a result of
the lack of driving force to transfer deformation due to the strain heterogeneity in
the microstructure. Finally, slip transfer may occur across a highly misoriented grain
boundary due to the local stress concentrations, which provide sufficient driving
force to overcome the energy barrier induced by the grain boundary and transmit
dislocations to the adjacent grain.

• The experimental Hall-Petch effect on FCC (Al, Cu, Ni, Ag) and HCP (Ti, Mg) poly-
crystals can be captured by means of computational homogenization of a represen-
tative volume element of the microstructure through a crystal plasticity model that
accounts for slip transfer/blocking at grain boundaries through geometrical crite-
ria. This result opens the path to include size effects in crystal plasticity simulations
without the need for (computationally) costly strain gradient plasticity formulations.

• Numerical simulations of thin foils of FCC Al polycrystals with columnar microstruc-
tures showed that damage by grain boundary fracture is triggered at lower strains
when the grain boundary is oriented perpendicularly to the loading axis and slip
transfer is blocked, leading to the formation of stress concentrations. In the case
of HCP Mg polycrystals, the main microstructural parameters controlling damage
nucleation were the orientation of the grain boundary with respect to the loading
axis (as in FCC) and the crystallographic orientation of the grains, and those grain
boundaries where the adjacent grains were well-oriented for basal slip were more
prone to fracture.
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8.2 Future Work

Future work will be focused on the application of the presented methodologies to investi-
gate the effect of slip transfer in other scenarios and complement the acquired information.
The following lines of work are proposed:

1. The effect of the twist angle on the occurrence of slip transfer/blocking across an-
nealing twin boundaries in pure Ni could be effectively addressed through slip trace
analysis and electron backscatter diffraction because of the twin-matrix crystallo-
graphic relationship. However, this analysis should be extended to regular grain
boundaries through the application of diffraction contrast tomography (to obtain
the grain boundary inclination through the sample), high-resolution digital image
correlation, and electron backscatter diffraction to determine the actual active slip
systems.

2. The crystallographic texture of the Ti thin foils only analyzed the effect of geomet-
rical criteria to predict prismatic-to-prismatic slip transfer. It would be interest-
ing to extend the methodology to other samples with different grain sizes and ran-
dom textures to validate or disprove the geometrical criteria for basal-to-basal and
pyramidal-to-pyramidal slip transfer as well as for slip transfer between different
slip systems. In particular, it would be important to assess the effect of the twist
angle on these cases.

3. Use the 3D information of the microstructure of one Ti sample obtained by diffrac-
tion contrast tomography to create a model of the microstructure. The mechanical
deformation of the sample will be simulated using the crystal plasticity model, in-
cluding the effect of slip transfer/blocking at grain boundaries, and compared with
experimental data: the macroscopic stress-strain curve as well as the deformation
fields on the sample surface obtained by high-resolution digital image correlation.
This task will close the experimental/simulation loop and will also shed light on
the mechanisms of slip transfer/blocking in grain boundaries that do not fulfill the
geometrical criteria.

4. Create 3D representative volume elements of different metals with different microstruc-
tures (grain size, texture, etc.) and carry out numerical simulations of the mechanical
behavior in tension, including slip transfer/blocking at grain boundaries as well as
grain boundary fracture. The simulations will provide information about the nucle-
ation and growth of grain boundary damage that will be used to train a machine
learning model that should be able to identify the local microstructural features that
trigger intergranular damage during deformation. This information will be useful in
designing novel microstructures that have optimum damage tolerance to intergran-
ular cracking
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