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Abstract. The refinement of grains in a polycrystalline material leads to an increase in strength but as a counterpart to a decrease
in elongation to fracture. Different routes are proposed in the literature to try to overpass this strength-ductility dilemna, based
on the combination of grains with highly contrasted sizes. In the simplest concept, coarse grains are used to provide relaxation
locations for the highly stressed fine grains. In this work, a model bimodal polycrystalline system with a single coarse grain
embedded in a matrix of fine grains is considered. Numerical full-field micro-mechanical analyses are performed to characterize
the impact of this coarse grain on the stress-strain constitutive behaviour of the polycrystal: the effect on plasticity is assessed
by means of crystal plasticity finite element modelling [1] while the effect on intergranular fracture behaviour is studied by using
boundary element modelling [2]. The analysis of the computational results, compared to the experimentally characterised tensile
properties of a bimodal 316L stainless steel, suggests that the elasto-plastic interactions taking place prior to micro-cracking may
play an important role in the mechanics of fracture of this steel.

INTRODUCTION

As characterized in the seminal works of Hall and Petch [3, 4], the yield stress and strength of a metal alloy is generally
inversely proportional to the square root of the mean Grain Size (GS). This observation can be made for most metal
alloys and for grain sizes larger than 1µm. Reducing the grain size however also results in the degradation of the
ductility as could be characterised in [1, 5, 6]. This has motivated the development of different strategies to overpass
this strength-ductility dilemna by introducing in the material some microstructural characteristics acting as local stress
relaxers. Tailoring the grain size distribution is one of these strategies [7, 8, 9] and one remarkable case corresponds
to the bimodal GS distribution, where Coarse Grains (CG) are present in a matrix of Fine Grains (FG).

One of the most efficient means to elaborate these kind of architected materials is the sintering of metal powders [1,
10, 11, 12, 13]. It indeed enables to control the main metrics of a bimodal microstructure, viz. the mean GS of the
CG population, the mean GS of the FG population, and the volume fraction of CG. In the experimental work [1, 14],
different associations of these three metrics in a 316L austenitic stainless steel have been considered from the spark
plasma sintering to the tensile fracture properties. Whereas unimodal cases confirmed the reduction of the elongation
at break as GS was decreased, bimodal cases have shown that a good combination of strength and ductility could be
obtained for a GS ratio larger than 10 and a FG size of the order of few µm.

Different modelling approaches have been proposed in the literature to predict the mechanical properties according
to the GS distribution and to study the interactions taking place between FG and CG. Some of these proposals rely
on mean field hypotheses of self-consistent homogenization approaches [15, 16, 17] or on the idealization of a GS
population as a homogeneous phase [18], or are restricted to the early stages of plastic deformation [19]. In the
study [20], a comprehensive presentation of a full field crystal plasticity modelling applied to bimodal polycrystals has
been provided. Yet, although this modelling approach provides a very fine description of the elastoplastic mechanisms
originally taking place in a bimodal polycrystal, its applicability is restricted to crystal plasticity. The present study
aims at constructing the bases of a full field modelling approach accounting for both crystal plasticity and micro-
cracking. For such preliminary steps, the micro-mechanics of a model bimodal polycrystal is studied considering
first its crystal plasticity, by the finite element method, and then its intergranular fracture behaviour, by means of a
boundary element framework [21, 22].
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FIGURE 1: The three considered polycrystalline model microstructures. (From left to right) Unimodal Coarse Grain
(grain size 5µm); Bimodal, with a single CG (5µm) embedded in a matrix of FG (0.5µm); Unimodal Fine Grain

(grain size 0.5µm).

MODELLING

Material and Microstructure

The material under concern is a 316L stainless steel elaborated by spark plasma sintering. Its microstructure and
tensile properties have been presented in [1] for different combinations of grain sizes. As illustrated by EBSD scans
presented therein, CG are commonly observed to be embedded in the matrix of FG as isolated inclusions. Previous
numerical analyses [20] have shown that in such a configuration of isolated CG, a domain containing at least 9 CG
should be considered to obtain quantitatively representative macroscopic properties; yet a 2D domain containing a sin-
gle CG could provide qualitativaly representative properties, especially for the analyses of local CG-FG interactions.
This is the retained configuration of study in this paper, also motivated by the reduction in computational resources
and the comfort of analysis it provides.

Three model polycrystals are considered (fig. 1): a bimodal polycrystal with GS of 5µm and 0.5µm resp. for
CG and FG families and a unimodal microstructure containing 256 grains and with a mean GS corresponding to
either CG or FG. They result from Laguerre-Voronoi tessellations with specific settings on the nucleation and growth
processes [20, 23]. The Neper software was used to generate these microstructure and to obtain the finite elements
meshes [24, 25].

Crystal plasticity

The Schmid-based crystal plasticity constitutive model of Méric and Cailletaud is used [26]. The plastic slip rate γ̇s of
the slip system s is deduced from the resolved shear stress τs and the isotropic hardening rs through the Norton power
law 1, where K and n control the rate sensitivity:

γ̇
s =

(
|τs|− rs

K

)n

signe(τs) (1)

The hardening component rs evolves according to the saturation law 2 expressed in terms of p the cumulated plastic
strain:

rs = R0 +Q
N

∑
i=1

hsi
(

1− e−bpi
)

with ṗi = |γ̇ i| (2)

The matrix hsi describes the interactions between slip systems, Q and b affect the rate of saturation and R0 is the
critical resolved shear stress, above which slip is activated. Hall-Petch-type grain size dependence of the macroscopic
yield stress is introduced directly on the scale of the slip system with the definition of R0 given in eq. 3:



FIGURE 2: Tensile stress-strain curves of the three polycrystals.

R0 = r0 +
k√
d

(3)

d is the grain diameter, k controls the dependence to the grain size and r0 is the critical resolved shear stress in a
grain having large dimensions.

All the material parameters have been identified on the basis of experimental tensile stress-strain curves of the
considered 316L steel elaborated by spark plasma sintering, for different mean GS of unimodal polycrystals. It is
worth noting that the Hall-Petch dependence introduced in the slip system scale results also in a Hall-Petch dependence
of the macroscopic scale of a unimodal polycrystal [20].

Elastoplastic behaviour

The polycrystals are tensile strained to 1%. The related axial stress and strain responses are presented on two scales:
macroscopic behaviour in fig. 2 and field contours in fig. 3. The presence of the CG in the FG phase, although it
occupies only 27% in volume, significantly decreases the macroscopic stress response. This can be explained from
the role that the CG plays in the bimodal system: the CG is not only the base of highest strains localisation, it is
responsible for a significant decrease of stress in the FG at its upper and lower neighbourhood: in this relaxation
channel, the stresses in the FG population is much lower than in the unimodal FG polycrystal.

The effect of the presence of the CG within the FG matrix is further analysed by means of the mean responses
per grain in fig. 4: the case of the bimodal distribution is compared to the case of the unimodal FG distribution.
According to the grains stress-strain curves, a large dispersion of the tensile responses is observed in both cases,
and FG grains do not seem to reach higher stresses in the bimodal case than in the unimodal case. The statistical
distributions in the inserts show that the presence of the CG significantly broadens the dispersion of stresses, creating
a bimodal distribution in the range of 60% to 160% from the macroscopic bimodal polycrystal stress. It also increases
the number of FG grains at both very small strains (∼ 25% the mean polycrystal strain) and large strain (∼ 150% the
mean polycrystal strain).

To quantify the mean effect of the CG on the FG behavior, we consider in fig 5 the mean behavior of each grain
population in the bimodal polycrystal (resp. the CG and the FG population) divided by its corresponding mean
properties in its counterpart unimodal polycrystal. This is done for each considered variable: axial strain and axial
stress. One can then observe the particular behavior of the CG as it interplays with the FG grains: (i) a strain which



FIGURE 3: Spatial distributions of strain (top) and stress (bottom) at 1% imposed strain: from left to right,
Unimodal CG, Bimodal, Unimodal FG

reaches 180% the mean strain reached in the unimodal CG polycrystal, but which however remains in a range that
many grains reach in the unimodal CG polycrystal (cf. fig. 4), and (ii) a stress which abruptly increases to 120% and
then slowly decreases to 110% the mean unimodal CG polycrystal. The coincident effect of this CG behavior on the
FG population is a decrease to 62% and 78% the mean strain and stress (resp.) of the unimodal FG polycrystal.

These increases or decreases of the mean behavior of a grain population in the bimodal system with respect to
what it would be in a unimodal configuration results in the intermediate macroscopic stress-strain response given
in fig. 2, as could be expected in any kind of “soft inclusion”-“hard matrix” composite. A peculiarity is however
observed concerning the early stages of plasticity: three deformation regimes corresponding to (1) elasticity, (2)
a first elastoplastic hardening regime and (3) a second elastoplastic hardening regime. These three stages can be
distinguished on the curves of stress, strain and plasticity evolutions in each grain population (fig. 5; “plasticity”
corresponds to the sum of the slips on the slip systems and thus quantifies a mean plastic slip activity): plasticity in
the CG of the bimodal polycrystal starts at higher imposed strain than in the unimodal CG polycrystal and this moment
of the load corresponds both to the CG stress relaxation and to the transition from the first to the second deformation
regime; the second regime lasts until the FG stress saturates to 78% the mean stress in the FG unimodal polycrystal.
It is further noticed that during the second regime, FG of the bimodal polycrystal display much more plasticity than
in the unimodal configuration. It actually starts halfway during the second regime.



FIGURE 4: Stress-strain curves of all the grains in the Unimodal FG polycrystal (left) and in the Bimodal
polycrystal. The inserts present the distribution of the grains stresses and strains at the end of the load. Each grain
response (subscript “GR”) has been normalized by its corresponding mean polycrystal response (subscript “PX”).

FIGURE 5: The ratio of the mean CG (resp. FG) response in the bimodal polycrystal to the mean response of its
unimodal counterpart is plotted against the imposed axial strain. As an example, the mean CG strain in the bimodal
polycrystal is the same as in the CG unimodal polycrystal for a strain less than 0.0015 and becomes 1.8 times larger

at the end of the test.

Intergranular fracture propagation

To help elucidate the behaviour of polycrystalline aggregates with a bimodal grain size distribution, the analyses are
completed by an investigation into their fracture behaviour, employing a recently developed computational frame-
work based on the use of a boundary integral representation of the polycrystalline micro-mechanics in conjunction
with cohesive-frictional interfaces [21, 22]. The method, which is built on a Laguerre-Voronoi representation of the
microstructure, allows to study the progressive degradation and micro-cracking of aggregates subjected to quasi-static
loading. It employs the boundary element method [27] for discretising the so-called displacements boundary integral
equations associated with, or collocated at, the mesh nodes of the discretised individual grains. The process, whose



details are described in Refs. [22, 28], leads to an aggregate system of equations of the form[
A ·X

I(X,d∗)

]
=

{
B ·Y(λ )

0

}
(4)

where the matrix blocks A and B collect constant entries stemming from the boundary element numerical integra-
tion, the vector X collects unknown components of displacements and tractions associated with points lying on the
surfaces of the individual grains, and it is then suitable for representing intergranular degradation and micro-cracking
processes, the vector Y collects known components of displacements or tractions associated with points lying on
the external surface of the aggregate, thus stemming from the boundary conditions, and the non-linear matrix block
I(X,d∗) implements the intergranular cohesive-frictional laws, accounting also for the loading history through an
irreversible damage field whose nodal values associated with the interface pairs are collected within in the vector
d∗. The methodology allows to study the microstructural evolution capturing the transition of individual interfaces
from a pristine to a damaged and eventually cracked status. It has been successfully employed to model quasi-static
micro-cracking [28, 29, 30], small-strains crystal plasticity [31], hydrogen embrittlement [32], high-cycle fatigue [33],
micro-cracking of piezoelectric aggregates [34] and multi-scale modelling of polycrystalline components [35].

In this work, the framework is employed to contribute to better understanding how the bimodal grain size distribu-
tion may affect the micro-mechanics of this class of aggregates. At this stage, no crystal plasticity is considered in
the boundary element model and the individual grains behave linearly, with the non-linear processes confined at the
intergranular interfaces only: this is done to obtain a preliminary assessment of purely morphological effects on the
micro-mechanics of cracking, while more general effects will be included extending the study presented in Ref. [31].

Fig. 6 shows the comparison between the micro-cracking patterns obtained for the unimodal FG polycrystal and
the bimodal polycrystal. The FG populations have the same mean grain size. The two polycrystals are subjected to a
tensile load along the vertical direction, enforced in displacement control conditions. In the unimodal case, if the same
cohesive properties are assigned to all the intergranular interfaces, the crack initiates at the grain boundaries lying on
planes orthogonal with respect to the loading direction. The interplay between grains anisotropy and orientation
mismatch may render some interfaces more susceptible to crack initiation, although the interface orientation remain
the dominating initiation factor (in the mentioned modelling assumptions). In the bimodal case, the micro-cracking
starts at the interfaces between the larger grain and the smaller ones lying at the top or bottom of the large grain: this
is consistent with the unimodal analyses as, in the considered morphology, such interfaces lye on planes normal to the
loading direction. After initiation, the micro-cracks follow the border of the large inclusion up to locations at which
the external loads starts aligning with the interface, thus reducing the effective traction on the interface. In the bimodal
case, also multiple cracking is observed.

Fig. 7 shows the macro stress-strain curves obtained from the two analysed cells. In the adopted assumptions, a
light effect of the bimodal morphology is detectable only on the softening branch of the curves. It is apparent that the
absence of plastic effects has an important effect on such curves, as all the dissipative processes (damage) are confined
over the intergranular interfaces, instead than within all the volume (plasticity). More comprehensive investigations
will include the effect of crystal plasticity in the boundary element framework.

CONCLUSION

The mechanical problem of a single Coarse Grain (CG) embedded in a matrix of Fine Grains (FG) has been con-
sidered. It is inspired from the experimental realisations of 316L stainless steel polycrystals with bimodal grain size
distribution, which have led to an enhancement of the combination of strength and deformability by comparison to
unimodal polycrystals. In this set configuration of study, crystal plasticity multiscale analyses show that interactions
between the CG and the FG could not be returned to a simple mixture rule of the properties: with the presence of the
CG, a large stress relaxation channel appears along the tensile direction, high strains localize within the CG, stress dis-
tribution is broadened, plasticity activity starts at lower imposed strain and elastoplastic hardening evolves according
to two distinct regimes.

This new situation exercised by the FG can have different consequences on the fracture properties, depending
on the mechanisms controlling damage and fracture. The investigations on the intergranular fracture are based on
the assumptions of an elastic linear behaviour assigned to the grains and a dissipative process related to damage at
grain boundaries. They show that the presence of the CG does not significantly modify the macroscopic inception of
softening as compared to the unimodal case. This can be explained by the fact that, in the adopted framework, the
orientation of a grain boundary with respect to the tensile direction is a dominant factor in the micro-cracking process,



(a) (b)

FIGURE 6: Micro-cracking patterns computed with the boundary element framework for polycrystalline
micro-mechanics in Refs. [22, 28] for (a) the unimodal and (b) the bimodal polycrystal. The present simulations do
not consider crystal plasticity effects and provide a preliminary assessment of morphological effects of the bimodal

distribution on the micro-cracking mechanics in case of linear elastic grains with damaging interfaces.

FIGURE 7: In the assumption of linear grains with damaging intergranular interfaces, the bimodal morphology has a
light effect on the softening branch of the macro stress-strain curves.

and it would remain such both in the uni-modal or bi-modal case, as almost all orientations are represented in both
cases.

Yet, as a plane perpendicular to the tensile direction is the most favourable location for crack initiation, micro-
cracking naturally occurs first at the CG-FG interface in the bimodal case, on the top or the bottom of the CG. This
also corresponds to the place where crystal plasticity predicts the smallest states of stress within the FG matrix. As
experiments on 316L stainless steel have shown the positive effect of the presence of CGs on the elongation to fracture,
these patterns of stress and strain interactions between FG and CG as provided by crystal plasticity may be considered
as key factors in the micro-cracking process. Fracture analyses of the considered 316L steel should thus include not
only the morphological characteristics of the grain boundaries but also the heterogeneous nature of stresses and strains
resulting from the polycrystalline plasticity. This will correspond to future developments.
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