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Abstract

The effect of grain structure on micro-void evolution and further macroscopic fracture was

studied through physical experiment and crystal plasticity (CP) modeling. A series of

experiments together with the full-field crystal plasticity finite element (CPFE) simulations

were conducted to examine the growth and coalescence of voids in an austenite steel 316LN

subjected to uniaxial tension. Different morphologies of the fracture surface are observed in

experiments for samples with different grain sizes, indicating a change of void behaviors with

the grain size. CPFE simulation for representative volume elements (RVEs) with different

grain sizes was conducted, and the results show that the deformation and size of void become

more heterogeneous as the grain size is increased. In addition, the growth of void is figured

out to be more related to the non-uniform deformation than to the non-uniform stress

distribution. With the large localized strain, the void grows more obviously. The distribution

of void size is quantitatively analyzed and the Gaussian function is found to be able to

represent the distribution of major void diameter in a certain grain size condition. An

extended model representing the effect of grain size was thus proposed for predicting the
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growth of void in polycrystalline metals. Furthermore, the relationship between ductility and

grain size was explored. In the fine grain scenario where the deformation heterogeneity is

only microscopical, the ductility fluctuates with grain size. However, when the grain size is

large enough for inducing macroscopic deformation concentration, the ductility decreases

severely as ductile fracture forms in the deformation localization zone at a smaller strain. This

study advances the comprehensive understanding of the micro-mechanics of ductile fracture

for metallic materials and the relation between microstructure and the macroscopic fracture

behavior.
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1. Introduction

Ductile fracture critically affects the formability of metals in industrial operations and the

service performance of products in different applications. Ductile fracture is a multiscale

issue and the characterization of which at different length scales is shown in Fig. 1. At

macroscopic scale, the ductility of materials is usually measured by elongation or fracture

strain, and identified to be affected by stress state (Li et al., 2011; Lou et al., 2012; Ueda et al.,

2014), temperature, strain rate, and et al (Khan and Liu, 2012; Novella et al., 2015; Shang et

al., 2018). At microscopic scale, voids nucleate with the debonding or cracking of inclusions

from the base matrix, and the growth and coalescence of voids eventually give rise to the

macroscopic fracture. Generally, the size of void is in the same length scale of grains, and the

grain structure, including grain size and mixed crystals, and their evolution, such as the

dynamic recrystallization, significantly affect the evolution of voids. The microstructure

affected void behavior is manifested as the change of formability at macroscale (Lou et al.,

2017; Yang et al., 2018; Yang et al., 2019). Therefore, figuring out the relationship between

microstructure, void behavior and macro-fracture is crucial for establishing an in-depth

understanding and insight into the ductile fracture behavior of polycrystalline metals.

Fig. 1. Characterization of ductile fracture at macroscale and microscale: (a) macroscopic

fracture, (b) void and inclusion observed via scanning electron microscopy (SEM), and (c)

electron backscatter diffraction (EBSD) image of the microstructure containing voids.
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Among many efforts in studying of ductile fracture, experimental investigations into the void

behavior were primarily conducted with the aid of various measurement methods. Noell et al.

(2017) examined the void nucleation by employing the techniques of EBSD, transmission

Kikuchi diffraction, and transmission electron microscopy (TEM), and pointed out that for

pure metals, voids generally nucleate at grain boundaries and the triple-junction grain

boundaries. Achouri et al. (2013) explored the void nucleation in different stress states via

visualizing the nucleation process and the micro-crack through in-situ tension and shear tests.

Lin et al. (2018) discussed the effect of initial microstructure on nucleation and growth of

voids of a nickel-based superalloy at intermediate temperatures via TEM examinations. Scott

et al. (2017) conducted observations and quantitative analysis about the void evolution and

declared that the primary coalescence model of closely spaced voids is internal necking while

the coalescence of voids spaced farther apart is mainly from void sheeting. In the study of

Taylor and Sherry (2012), the void volume fraction (VVF) was quantified and the failure was

identified to occur when a critical VVF is reached. For the void behavior in pure magnesium,

Nemcko et al. (2016) concluded that local microstructures, including grain boundaries and

twins notably affect the growth and linkage of voids while the influence of initial void

volume fraction is limited. Through experimental characterizations, Kondori et al. (2018b)

demonstrated that the growth of void in magnesium alloy is anisotropic.

Apart from experimental observations, modeling of the behaviors of voids is also an essential

way to understand the void behavior. For the growth of spherical voids, Rice and Tracey

(1969) considered the contribution of both volume and shape changes and related void

growth to remote strain and stress triaxiality. The Gurson–Tvergaard–Needleman (GTN)

porous plasticity theory (Gurson, 1977; Tvergaard, 1981; Tvergaard and Needleman, 1984)

developed on the basis of micromechanics theories has been widely used for characterizing
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the yield surface and void behavior of porous materials. The GTN model has attracted a lot of

interests since developed and some efforts were conducted to extend its application range

(Nahshon and Hutchinson, 2008; Besson, 2009b). Alinaghian et al. (2014) took into account

the effect of pre-strain and work hardening rate on void growth and established a model

which is capable of capturing the correlation between void behavior and pre-strain. To model

the void growth in polycrystalline materials, Lebensohn et al. (2013) put forward a

computing method. Concerning the modeling of void coalescence, the Thomason model

(Thomason, 1985a, b), and its extended form proposed by Pardoen and Hutchinson (2000)

have been extensively utilized. Based on the analytical analysis, Torki (2019) developed a

yield criterion to describe both the void growth and coalescence in the stress state of

combined tension and shear. In recent works, the modeling of the evolution of ellipsoidal

voids in viscous metals has also been conducted (Feng and Cui, 2015; Lin et al., 2016).

Validations of the void models were carried out by using both experiment and simulation

approaches. Weck et al. (2008) provided an in-depth experimental validation for various void

models by visualizing void growth and coalescence in sheets containing laser-drilled holes.

Hosokawa et al. (2013) evaluated the performance of various void coalescence models and

concluded that the existing void coalescence models assuming a periodic cubic array give an

upper bound solution of the ductility materials with arbitrarily arranged voids. The results of

simulations coupled with the GTN model conducted by Ueda et al. (2014) indicated that the

GTN model overpredicts the void growth in deformation. Landron et al. (Landron et al., 2011;

Landron et al., 2013) experimentally assessed the modified Rice and Tracey void, the Brown

and Embury model, and the Thomason model, and validated that the Thomason coalescence

model is more adapted for predicting the local coalescence events.



6

It is well known that the grain-scale heterogenous deformation resulted from microstructure

has a non-negligible effect on the behavior of materials. Through novel test approaches, the

heterogeneous strain field on the micro-scale was experimentally investigated for metal

polycrystals (Sachtleber et al., 2002; Morgeneyer et al., 2014; Guery et al., 2016; Fujita et al.,

2018). In the study of the grain-scale material’s behavior, the CP based simulation technique

is very helpful. CPFE simulation has been extensively used to articulate the micro-scale

characteristics, for instance, to study the strain and stress heterogeneity (Abdolvand et al.,

2015; Zhang et al., 2018; Tang et al., 2019), to identify texture evolution and anisotropy of

materials (Raabe et al., 2007; Jia et al., 2012; Li et al., 2017; Kondori et al., 2018a), and to

investigate the twinning induced plasticity (Sun et al., 2016). In terms of the microstructure

affected void behavior, Kadkhodapour et al. (2011) figured out that the morphology and

distribution of martensite particles dominate the void evolution and failure mechanism via

adopting both the experiment and CPFE simulation methods. Selvarajou et al. (2019) applied

the CPFE method in studying the implications of slip and twinning of hexagonal close packed

crystals on void behavior. Regarding the influence of grain evolution on void behavior, Shang

et al. (2017) demonstrated that the occurrence of dynamic recrystallization in hot deformation

greatly affects the void behavior and improves the ductility of metals.

As a result, figuring out the effect of microstructure on void behavior is essential for an

in-depth understanding of the relationship between microstructure and macroscopic fracture.

This study thus aims at identifying the effect of grain structure on the micro-void behavior

and macroscopic fracture via experiment and CPFE modeling. Experimentally, the grain

structure and voids were examined by SEM and EBSD. In accordance with the experimental

results, a three-dimensional CPFE model embedding voids was established. The influence of

grain size on deformation heterogeneity, void growth, and void coalescence was identified
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and quantitatively analyzed, and a formulation considering the effect of grain size was

developed to predict the distribution of major void diameter. With the grain structure affected

deformation and void evolution, the macroscopic fracture of materials was also shown to be

grain size dependent. The relationship between grain size and ductility was carefully

examined and discussed in this study.

2. Experiment and CPFE modeling

2.1 Experiment

The testing material selected for this research is the as-forged 316LN stainless steel which

possesses a mono-austenite microstructure. Since the testing material does not show phase

transformation and multi-phase induced heterogeneous deformation, its property is thus

mainly affected by grain structure. The microstructure of material was first examined by

SEM and EBSD, and the results are shown in Fig. 2. Fig. 2(a) presents the orientation

imaging microscopy (OIM) images from EBSD results for the areas with the grain size of

42.6 and 116 μm. According to the OIM results, the grains of the as-forged 316LN steel have

a uniform orientation distribution. Small voids and inclusions with a roughly spherical shape

are observed inside the matrix, as shown in the SEM results in Fig. 2(b). The defects of voids

and inclusions in the materials serve as the crack source in plastic deformation. To investigate

the void evolution during plastic deformation, uniaxial tensile tests with different strain levels

were conducted using cylindrical samples (Fig. 3) and the characterization of voids under

different strain levels was done. In addition, the feature of fracture surface of the samples

with different grain sizes was compared.
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Fig. 2. Microstructure of as-forged 316LN stainless steel used in this research: (a) OIM

images from EBSD showing different grain sizes and orientations, and (b) the voids and

inclusions observed by SEM inside the material.

2.2 Crystal plasticity based constitutive model

The constitutive equation in crystal plasticity (CP) describes the relationship between shear

rate and shear stress in plastic deformation. This research adopts a phenomenological

rate-dependent flow law in a finite strain CP framework (Zhang et al., 2012; Zhang et al.,

2018) to describe the slip rate of the  -th slip system:

 
1/
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m

sgn
g


 


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  

 
 
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 

  (1)

where 0 is the reference slip rate and  the resolved shear stress acting on the slip

system. m represents the strain rate sensitivity and g is the slip resistance which

increases asymptotically from the initial value 0g towards the saturation value sg . To
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represent the work hardening behavior of crystal materials, a reasonable expression of g is

important. The evolution of g is formulated by the rate form hardening in the following:

1

n

g h 







  (2)

where the strain hardening matrix h can be expressed by a saturation law as:
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(3)

where h is the self-hardening coefficient,  the Kronecker delta and ha the

hardening exponent. q represents the interactive strength ratio between slip systems, which

is set to 1.0 for coplanar slip systems and 1.4 for non-coplanar slip systems.

The resolved shear stress is related to the external stress imposed on the material point and

designated as:

  0:   eT e eF F T S , with 0 0 0
   S m n (4)

where eF is the elastic part of the deformation gradient F which accounts for the elastic

distortion of the crystalline lattice and the rotation of lattice. eT is the 2nd Piola-Kirchhoff

stress tensor and 0
S is the Schmid tensor. 0

S is the Kronecker product of the unit vectors

for slip direction ( 0
m ) and the normal direction ( 0

n ) of the slip plane. eT is in relation to

the elastic Green strain tensor eE via the fourth order anisotropic elastic tensor  :

:e eT E , with   / 2 e eT eE F F I (5)

where  is determined by the elastic parameters 11C , 12C and 44C of cubic crystals.

The CP model was coded into the FE software ABAQUS via the subroutine UMAT. Material
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constants in the CP based constitutive model was calibrated by fitting the constitutive curve

to the uniaxial tensile results. The determined parameters for the studied 316LN steel are

listed in Table 1.

Table 1

Material constants in the CP model determined for the testing 316LN steel.

11C 12C 44C 0g sg 0h 0 m ha

262.5
GPa

112.5
GPa

75.0
GPa

127.9
MPa

863.0
MPa

295.9
MPa

0.001
s-1

0.02 2.113

2.3 Crystal plasticity modeling methodology

For a comprehensive understanding of the void behavior affected by grain structure, the

tensile process of a three-dimensional representative volume element (RVE) with voids was

simulated by the CP modeling. The RVE is a representative of the cylindrical sample, which

was established by revolving part of the meridian plane around the symmetry axis with a

small angle, as shown in Fig. 3. Spherical voids were embedded in the RVE, and the initial

void volume fraction is assumed to be 0.658%. Although the existence of voids brings about

non-axisymmetry to the RVE model, the model is still assumed to be axisymmetrical as the

void volume is much smaller than the model volume. A uniaxial tensile boundary condition

was applied on the RVE. In order to meet the constant volume principle, a radius

displacement ru was imposed on the inner surface vertical to the radius direction:

 
2
0 0

0
0

r
z

r lu r
l u



 


(6)
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Fig. 3. Three-dimensional RVE containing voids subjected to a uniaxial tension test.

The RVE was carefully meshed by hexahedral elements and the element type C3D8R in

ABAQUS was used for FE calculation. To identify the effect of grain size on void behavior

and ductility, the deformation of the RVE with different grain sizes was simulated. Fig. 4

exhibits the mesh and the grains in the RVE with the grain size of 54, 110, 243 and 543 μm. A

random orientation was assigned to grains. To avoid the contingency of the orientation

assignment, thirty groups of orientations were set and tested for each grain condition. Upon

the completion of simulation, the results of strain, stress and the void dimension data were

examined to explore the grain size affected void behavior.
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Fig. 4. RVE with different average grain sizes d (μm): (a) d =54, (b) d =110, (c) d =243,

and (d) d =543.

The orientation distribution and evaluation of grain deformability of the RVEs with the grain

size of 110 μm are shown in Fig. 5 as an instance of the grain structure modeling. The results

of OIM image shown in Fig. 5(a) and the (111) pole figure in Fig. 5(b) indicate that

pre-deformed RVEs have a weak texture. The deformability of individual grains in plastic

deformation is related to their orientation with respect to the loading direction and the

instantaneous Taylor factor is usually adopted to measure the deformability (Zhang et al.,

2018). The Taylor factor is calculated by p/M 

 D where pD is the von Mises

plastic deformation rate. The distribution of Taylor factor for the RVE subjected to the

uniaxial tension is shown in Fig. 5(c). Area with the larger M is harder to be deformed.
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Fig. 5. Grain structure modeling for the RVE with the grain size of 110 μm: (a) OIM of the

RVE, (b) (111) pole figure, and (c) distribution of Taylor factor in uniaxial tensile loading.

3. Results and discussions

3.1 Experimental results

The experimental results were first examined to identify the deformation heterogeneity and

the characteristic of uniaxial fracture surface of the studied material with different grain sizes.

Fig. 6 presents the surface morphology of cylindrical samples with different sizes of grains

after uniaxial tension. Roughening is clearly observed on the outer surface which is a proof of

the microscopic deformation heterogeneity. The surface roughness of the coarse grain sample

is more evident than that of the fine grain sample, indicating that the deformation is more

heterogeneous for coarse grain materials.

Morphology of the uniaxial fracture surface for the samples with different grain sizes is

exhibited in Fig. 7. An obvious difference of the topography of fracture surface is shown for

the samples with the grain size of 28 and 190 μm. The fracture surface of the sample with the

grain size of 28 μm has a typical cup-cone morphology with the dimple region, the shear
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region, and the transition region. Dimples correspond to the material’s internal voids. At the

dimple region, a large number of relatively deep dimples are observed, while in the shear

region, the dimples are shallow, which indicates a limited void growth. As for the sample

with the larger grain size of 190 μm, the fracture surface is no longer of a cup-cone

morphology. There are very large and deep dimples, which correspond to very large voids,

appearing at the center as well as the edge area of sample. A detailed explanation for the

variation of fracture surface topography with grain size is provided in section 3.5 according

to the results of CP modeling.

Fig. 6. Surface topography of cylindrical samples after uniaxial tensile test: (a) the sample

with the grain size of 28 μm, and (b) the sample with the grain size of 190 μm.
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Fig. 7 Morphology of the uniaxial tension fracture surface for samples with different grain

sizes: (a) the sample with the grain size of 28 μm, and (b) the sample with the grain size of

190 μm.

To characterize the void growth in plastic deformation, tensile experiments with different

strains  were conducted and the voids in longitudinal section of the cylindrical samples

were examined by SEM and exhibited in Fig. 8. The results indicate an evident growth of

void in plastic deformation. In the beginning of deformation, voids and inclusions have a

roughly spherical morphology with the diameter of about 10~20 μm, as shown in Fig. 2. At

the small tensile strain (  =0.148 and 0.278 for instance), voids grow slightly and show a

roughly ellipsoid shape. Some inclusions still remain in the matrix. At the larger global

strains (  =0.392 and at the final fracture), however, voids grow significantly and show an

obvious elongation along the tensile direction. In addition, the cracks of the matrix materials

can be clearly observed inside some voids. Furthermore, a severely elongated void with the

major diameter larger than 80 μm in the longitudinal section of the fracture sample is

observed.



16

Fig. 8. SEM results of the voids in the longitudinal section of the cylindrical sample with the

grain size of 190 μm at different global strains  : (a)  =0.148, (b)  =0.278, (c)  =0.392,

and (d) ductile fracture. The magnification is 5000.

3.2 Deformation characteristics in tensile deformation

During the plastic deformation of metallic polycrystals, grains rotate primarily to

accommodate the deformation and constraint imposed by the macroscopic boundary

conditions as well as the microscopic interaction between grains. The deformation

characteristics and grain rotation during the tensile process are first examined, and the result

of the RVE with grain size of 110 μm is taken as a representative and shown in Figs. 9 and 10.
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According to the OIM images and inverse pole figures of the RVE at different strain levels, a

typical texture evolution of uniaxial tension is shown for the RVE, i.e., with the proceeding of

tension deformation, most grains rotate to make the tensile axis parallel to the crystal axes of

[111] or [100]. Voids grow during the plastic deformation and become elongated along the

tensile direction.

Fig. 9. OIM for the RVE with the grain size of 110 μm at different global strains  : (a)  =0,

(b)  =0.3465, and (c)  =0.693.

Fig. 10. Inverse pole figure for the RVE with the grain size of 110 μm at different global

strains  : (a)  =0, (b)  =0.3465, and (c)  =0.693.
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3.3 Influence of grain size on deformation and void growth

To explore the effect of grain structure on deformation and void behavior, the tensile process

of RVEs with different grain structures is simulated. In the research, the grain structure stands

for the grain size and grain orientation. For comparison, the deformation of uniform RVE

with a constant stress-strain relation was simulated by general FE simulation in which the

grain structure was not involved. The distribution of equivalent plastic strain of the uniform

RVE exhibited in Fig. 11(a) indicates that the deformation of uniform RVE is relatively

homogeneous with the concentration of deformation only appearing inside the voids. While

for the RVEs involving grain structure shown in Figs. 11(b)-(e), microscopic deformation

heterogeneity occurs due to the variation of deformability of grains with different crystal

orientations. During plastic deformation, the grain structure involved RVE can be divided

into ‘soft’ and ‘hard’ areas in accordance with the grain orientation with respect to the loading

direction. Deformation is more likely to concentrate in ‘soft’ areas. In the RVE with the

smaller grain size of 54 μm, there are a number of narrow deformation bands about 45°

relative to the tensile direction. As the grain size is increased, the deformation bands become

wider but the number of which is decreased, resulting in the deformation concentration at the

larger continuous regions. Therefore, as the grain size is increased, the deformation

heterogeneity becomes more obvious. Sags and crests appear at the free edge of RVEs

involving grain structure, which correspond to the roughness of the sample surface observed

in experiments shown in Fig. 6.

Void behavior is closely related to deformation heterogeneity. In the uniform RVEs, the

morphology and size of voids in different regions are almost the same. This phenomenon

conflicts with the experimental observations of the different sizes and morphologies of voids

at a certain deformation stage shown in Fig. 8. Therefore, without the consideration of grain
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structure and crystal orientation, the variation of void growth cannot be captured correctly.

For the RVEs involving grain structure, voids in the main deformation zone undergo a large

growth while the voids in the small deformation areas grow slightly. As the deformation

heterogeneity is increased with grain size, the variation of void size also becomes more

obvious at the large grain condition. Similarity is shown for the deformation pattern in terms

of the roughness in free surface of samples in experiments (Fig. 6) and the CP simulation

results involving grain structure. In addition, the void morphology in the CP modeling with

the consideration of grain structure is similar to the experimental ones exhibited in Fig. 7.

Fig. 11. Distribution of equivalent plastic strain for RVE with different grain sizes d (μm)

at the global strain of 0.693: (a) uniform matrix without grain structure, (b) d =54, (c)

d =110, (d) d =243, and (e) d =543.

The distribution of von Mises stress in the RVEs with different grain sizes is shown in Fig. 12.

For the RVEs considering grain structures, the distribution of Mises stress is different from

the strain distribution shown in Fig. 11, as the large deformation zone is usually the ‘soft’ area
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and the work hardening is not the only influential factor for the induced stress. No obvious

correlation between void growth and the stress distribution is observed. For instance, the

voids in the stress concentration zone marked in Figs. 12(d) and (e) are smaller than that in

the area with less stress concentration marked in Fig. 12(d). The close relation between void

evolution and deformation and the obscure correlation between void evolution and stress are

the truth for all the studied cases. Therefore, the void behavior of materials might be more

related to local strain concentration than to stress concentration.

Fig. 12. Distribution of von Mises stress for RVE with different grain sizes d (μm) at the

global strain of 0.693: (a) uniform matrix without grain structure, (b) d =54, (c) d =110, (d)

d =243, and (e) d =543.

To get an insight into the effect of grain size on void growth, the quantitative data about voids

in different grain size conditions was analyzed and compared. The RVEs with the grain size

of 54 and 543 μm were selected as representatives for fine grain (FG) and coarse grain (CG)

scenarios and the evolution of the normalized void volume ( 0/V V ) and the normalized major
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void dimension ( 0/a a ) for large and small voids in CG and FG conditions is presented in Fig.

13. The frequency distribution and the average value of 0/V V , 0/a a for all the voids in

CPFE simulations for CG and FG RVEs at the global strain of 0.693 are shown in Fig. 14.

According to the modeling results, voids in the RVEs grow gradually during plastic

deformation. In the CG RVE the voids show more evident differences in terms of both the

growth rate and the resulting void size. The larger the grain size, the larger possibility of the

occurrence of non-uniform void size. In general, large voids have a more pronounced effect

on formation of macroscopic ductile fracture. Compared with 0/V V , 0/a a is more

measurable and the established void growth models generally described the evolution of

0/a a in plastic deformation.

Fig. 13. Variation of void dimensions in the CG and FG RVEs: (a) the equivalent plastic

strain in the CG RVE, (b) distribution of the equivalent plastic strain in the FG RVE, (c)

evolution of normalized void volume for large and small voids, and (d) evolution of

normalized major void diameter for large and small voids.
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Fig. 14. Frequency distribution of (a) normalized void volume, and (b) normalized major

void dimension for the CG and FG RVEs at the global strain of 0.693.

The non-uniform void size is closely related to the heterogeneity of the plastic deformation.

The frequency distribution of the equivalent plastic strain shown in Fig. 15(a) indicates that

plastic deformation is more non-uniform in the CG condition. For the CG RVE, as shown in

Fig. 13(a), strain localizations obviously take place in the regions with identical orientations

which results in the evident necking zone. Grains outside the necking zone experience a

relatively small deformation and the growth of voids in these regions is thus limited. With the

more non-uniform deformation in the CG scenario, the distribution of stress is also more

heterogeneous and the region possessing smaller and larger stress is larger, as presented in

Fig. 15(b).
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Fig. 15. Frequency distribution of (a) equivalent plastic strain, and (b) von Mises stress for

the CG and FG RVEs at the global strain of 0.693.

3.4 Extended void growth model considering the effect of grain size

To characterize the non-uniform void size and the effect of grain size on void growth, the

classical Rice and Tracey model describing the growth of void in plastic deformation is

modified in this study. The Rice and Tracey model relates the void growth to the remote

strain and stress triaxiality, and the integrated form of the model is designated in the

following:

    1 1
0

1exp exp 1a ED D
a D

     
 

(7)

    1 1
0

1 1exp exp 1
2

b ED D
b D

     
 

(8)

where a and b are the major and minor void diameters respectively, 1 is the remote

logarithm plastic strain. D and E characterize the volume and shape changing of the void.

D is formulated as:

3 30.558sinh 0.008cosh
2 2

D         
   

(9)

where  is the stress triaxiality which is represented as /m y  . m is the mean stress



24

and y is the yield stress. According to relation between D and E provided by Rice and

Tracey (1969), E is set to 2 in this work.

Fig. 16 shows the evolution of  , and the comparison of 0/a a based on the Rice and

Tracey model and the CPFE modeling results for the voids in RVEs as shown in Fig. 13.

According to the simulated and predicted results of 0/a a shown in Figs 14 and 16, the

prediction of 0/a a by the Rice and Tracey model at a certain global strain is a constant

value while the simulated ones fluctuate. To extend the Rice and Tracey model for describing

the non-uniform void growth, the regularity of void size distribution was carefully examined

and the results for RVE with grain size of 110 μm at different strain levels are shown in Fig.

17. The results of 0/a a distribution in RVEs with the grain size of 54, 110 and 543 μm

shown in Figs 14(b) and 17 demonstrate that a Gaussian function is able to describe the

distribution of 0/a a at a wide range of grain size and global strain scenarios. Moreover,

both the average value and the standard error of 0/a a are increased with the global strain.

Fig. 16. Evolution of  , simulated 0/a a as well as predicted 0/a a by the Rice and

Tracey model in CG and FG RVEs.
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Fig. 17. Frequency distribution and the Gaussian fit of 0/a a in RVE with grain size of 110

μm at different global strains: (a)  =0.173, (b)  =0.3465, (c)  =0.519, and (d)  =0.693.

Consequently, the distribution of 0/a a in the RVEs with various grain sizes (54, 110, 243

and 543 μm) at different strain levels (0.173, 0.3465, 0.519, 0.693) was fitted by the Gaussian

function. The expectation and the standard error of 0/a a in different grain sizes and global

strain scenarios were identified, as shown in Figs. 18(a) and (b). The expectation of 0/a a is

increased with the strain and decreased with the increase of grain size. Regarding the

standard error of 0/a a , it is increased with both the strain level and grain size. The change

of expectation and standard error of 0/a a with the logarithm of grain size is well fitted by

linear functions, and the linear curves at different strains are almost parallel. Therefore, the

distribution of 0/a a in RVEs with the average grain size of d subjected to the global
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strain of p can be described as:

   
 

0

0 0

2

0 /
0 2

/ /

/
/ exp

2 2

a a

a a a a

a aAf a a


  

   
 
 

(10)

 
0/ 1 2lna a A d A    (11)

 
0/ 1 2lna a B d B    (12)

where  0/f a a is the probability density function,
0/a a and

0/a a are the expectation

and standard error of 0/a a . 1A , 1B were calculated based on the average slope of

expectation and standard error of 0/a a at different strains shown in Fig. 18 and the

calculation result is 1 0.07736A   , 1 0.04868B  .

By means of combining the Gaussian function and the Rice and Tracey void growth model,

an extended model was proposed to predict the distribution of 0/a a in the materials with

different grain sizes. To determine 2A , 2B in the model, a critical grain size condition for

uniform deformation is needed. As the deformation heterogeneity becomes less obvious with

the decrease of grain size, the void behavior in the RVEs with infinitesimal grains will be

similar as the ones in the uniform matrix shown in Fig. 11(a). In the uniform matrix, the

growth of voids can be predicted by the original Rice and Tracey model with the standard

error of 0/a a approaching zero. The smallest grain size considered in this research is 54 μm.

In this grain size condition, the non-uniform deformation and void size still exist. For the

convenience of parameter calibration, 1d  is assumed as the critical condition for uniform

deformation. By adopting this assumption, the parameter 2A in Eq. (11) corresponds to the

predicted result of the Rice and Tracey model and the standard error of void dimension, i.e.,

the parameter 2B in Eq. (12) is zero. With the CPFE simulated results and the assumption
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of 1d  as the critical condition of uniform deformation, the average value and standard

error of 0/a a for the testing material are described as:

   
0/ 0 &

0.07736 ln /a a Rice Tracey
d a a     (13)

 
0/ 0.04868 lna a d   (14)

Fig. 18. The expectation and standard error of the Gaussian fit for simulated 0/a a in RVEs

with different grain sizes at different strain levels and corresponding linear fit.

3.5 Influence of grain size on void coalescence and morphology of fracture surface

The macroscopic ductile fracture of metals generally involves the microscopic coalescence of

voids at large deformation. During plastic deformation, voids grow gradually and the speed

of void growth is closely related to the strain localization in polycrystal metals. When a

critical condition is met, the coalescence of voids takes place, which further prompts the

formation of ductile fracture. Figs. 19(a) and (b) exhibit the fracture surface formed by the

coalescence of voids in two RVEs with different grain sizes. The simulated fracture surface

shows a zig-zag morphology, which coincides with the experimental result shown in Fig.

19(c). The formation of the zig-zag fracture surface is concluded to be caused by the random

distribution of voids as well as the plastic heterogeneity. Additionally, we adopt the classical

Thomason coalescence model (Thomason, 1985a, b) to evaluate the condition of void
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coalescence. The Thomason model describes the plastic limit-load failure of inter-void matrix

and considers the void coalescence taking place when the limit-load reaches a critical

constraint factor. The Thomason model for uniaxial tension contains the part representing the

effect of void dimension and the remote strain 1Tf , and the part relating to stress state 2Tf :

 
        

2/3 2

1 1 12 1/2
0

30.1 1.2 1, , , 1 exp
41/ /

f
T

f

V bf a b e
bVa e b b e


 

                        
(15a)

 2
2
3T ijf    (15b)

where 2e is the inter-void distance, fV the initial void volume fraction, and 1 the tensile

plastic strain. The coalescence of void is considered to occur when 1 2T Tf f .

Fig. 19. Fracture induced by void coalescence: (a) distribution of the equivalent plastic strain

in the RVEs with the grain size of 54 μm, (b) distribution of the equivalent plastic strain in

the RVEs with the grain size of 243 μm, (c) experimental zig-zag fracture surface, and (d) the

void coalescence predicted by the Thomason model.
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The coalescence of ‘void1’ and ‘void2’ in Fig. 19(a) and ‘void3’ and ‘void4’ in Fig. 19(b) was

taken as representatives and evaluated based on the Thomason model. 1Tf , 2Tf in

deformation were calculated and the point of equality is the coalescence point, as shown in

Fig. 19(d). According to the results, void coalescence does take place between the analyzed

voids and the coalescence of a series of micro-voids eventually results in the macroscopic

fracture. For the fracture formation area in the RVE shown in Fig. 19(b), there are two

possible areas. In fracture region 1, coalescence occurs between voids possessing the relative

similar dimensions. While in fracture region 2, the very large voids play an important role on

fracture formation. The coalescence of very large voids is more commonly seen in the CG

RVEs as the deformation in this scenario is more uniform. For the general materials, there are

also many randomly distributed tiny voids which are arranged in ligament between the very

large voids to serve as the bridge for the linkage of these large voids, as shown schematically

in Fig. 20(a). Therefore, coalescence can take place between large voids with a large distance.

As for the fine grain condition, the deformation is relatively uniform and the variation of void

size is smaller than that in the CG RVEs. Fig. 20(b) presents the coalescence of voids with the

smaller size variation and the smaller internal distance in the fine grain materials.

Fig. 20. Schematic showing the coalescence of voids in different grain size conditions: (a)

CG, and (b) FG.
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Different void coalescence modes result in different morphologies of the fracture surface. The

experimental observations in Fig. 7 show a great variation of the morphology of the fracture

surface for the samples with different grain sizes. For the FG sample where the microscopic

deformation heterogeneity is relatively small, the void growth and coalescence are related to

the macroscopic strain and stress state distribution, as shown in Fig. 21(a). During the

post-necking deformation, the strain and stress triaxiality in the necking zone., i.e., the central

area of the sample, become larger than that in the edge area, and the growth of voids in center

region is thus more obviously. The coalescence of voids with similar sizes occurs, which

prompts the formation of dimple region in the cup-cone fracture surface. While in the edge

area of sample, the growth of void is limited and the coalescence of void is in a shear mode

(Besson, 2009a; Torki et al., 2017). With regard to the CG sample in Fig. 21(b), the growth of

void is related to the macroscopic as well as the microscopic deformation heterogeneity.

Large void also appears at the edge region and the coalescence of very large void finally

results in the ductile fracture. This kind of deformation and void evolution facilitates the

formation of the fracture surface observed by SEM in Fig. 7(b).

Fig. 21. Schematic showing the deformation distribution, void growth and fracture surface in

the uniaxial tensile specimens with different grain sizes: (a) CG, and (b) FG.
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3.6 Influence of grain size on ductility

To identify the influence of grain size on the ductility of the material, the simulated void

volume fraction (VVF) in RVEs with different grain sizes was examined and presented in Fig.

22. The VVF undergoes a smooth increase during deformation and the average VVF is

decreased with grain size. Meanwhile, the standard error of VVF is increased with the grain

size. It should be noted that the average value of VVF is not an efficient factor for evaluating

the ductility of materials as ductile fracture is more likely to take place in the area with the

larger VVF. The experimental elongations of samples possessing different grain sizes are

exhibited in Fig. 22. According to the experimental results, a critical VVF of 2.1% was set for

the testing material, and the fracture point in simulation is defined as the moment when the

largest VVF in the testing RVEs reaches the critical value. The simulated fracture elongation

of the RVE is also drawn in Fig. 22. With both the results of experiment and simulation, a

fluctuation of ductility is shown for the material in the grain size range of about 40 ~ 300 μm.

The ductility is decreased severely when the grain size becomes larger than 300 μm.

The grain size affected ductility is related to the deformation localization caused by the grain

structures. When the grain size is small, the deformation heterogeneity is just microscopically,

appearing as roughness in the free surface of samples. With the random orientation of grains

and the randomly distributed voids, the ductility of materials with only microscopic

deformation heterogeneity fluctuates. When the grain size is large enough for inducing

macroscopic deformation heterogeneity, such as the experiment result presented in Fig. 22(c)

and the simulated result presented in Fig 13(a), the deformation is highly localized in a

certain area and the fracture forms in the deformation localization zone at a smaller strain.

Ductility thus decreases obviously. Therefore, when the grain size becomes large than the

critical value for inducing macroscopic non-uniform deformation, the relationship between
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ductility and grain size changes. Apart from large grains, the high extent of mixed grain can

also induce macroscopic deformation heterogeneity, and the severe decrease of ductility in

experimental results shown in Fig. 22(b) is also related to the mixed grain.

Fig. 22. Influence of grain size on ductility: (a) evolution of void volume fraction for RVE

with different grain sizes, (b) relationship between fracture elongation and grain size in

experiments and simulations, and (c) macroscopic deformation localization for large and

mixed grain sample.

4. Conclusions

Through experimental observations and CPFE simulations of the 316LN steel possessing a

random grain orientation, the evolution of void in polycrystalline metals was examined and

the influence of grain size on void behavior and ductility was analyzed and identified. The

main conclusions drawn in the study are listed in the following:

1. Different morphologies of the fracture surface and free surface of the samples with

different grain sizes are observed in experiments, indicating a variation of deformation

pattern and void behavior with grain size. The void evolution in plastic deformation was

also characterized by experiment, and the evident growth and elongation of void are
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observed at the large deformation.

2. According to the CPFE simulation results, the growth of void is related to the

non-uniform deformation of polycrystalline material induced by the variation of grain

orientation. In deformation concentration zone, the void grows significantly while in

small deformation zone, the growth of void is limited.

3. With the increase of grain size, the deformation becomes more heterogeneous and the

void size thus becomes more non-uniform. By using the Gaussian function to describe the

distribution of major void dimension in the material with a certain grain size, an extended

void growth model involving the effect of grain size was established on basis of the Rice

and Tracey model.

4. Different types of void coalescence occur in the material with different grain sizes,

forming various morphologies of the fracture surface. Very large voids formed in the

coarse grain material play an important role on the process of void coalescence.

5. The relationship between grain size and ductility of the testing 316 LN steel was

identified. The ductility in the fine grain scenario is not in relation to the grain size but

affected by the randomly distributed voids and the microscopic non-uniform deformation.

When the grain size is large and the macroscopic deformation localization occurs, the

ductility decreases severely as fracture forms earlier in the deformation localization area.
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