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Fig. 2. The material composition in the combined model [24].

1. Introduction

With the growing demand for product miniaturization, micro-
forming technology has been widely studied and developed for its ad-
vantages of low production cost, high productivity, and good product
property [1]. However, due to the size effect (SE) on flow stress [2], fric-
tion behavior [3] and microstructure evolution [4], macroscopic laws
become not fully valid or inapplicable for the deformation of materials
in microscopic scale, and the traditional ductile fracture criteria (DFC)
cannot well predict the ductile fracture (DF) in micro-scaled deforma-
tion of metallic material, which hinders the wide applications of
micro-forming technology [5]. Thus, understanding of SE and develop-
ing of DFC applicable in micro-scale are crucial in development and ap-
plication of micro-forming technology.

There has been a long history of research on the macro-scale DF of
metallic materials and there are many DFCs applicable [6]. Among
these DFCs, the GTN model is a widely-used classical micromechanical
model with a sound physical basis. It was originally introduced by
Gurson [7] and subsequently modified [8], in which a representative
volume element (RVE) containing a micro-void with the simplified
shape is used for description of the mechanical behavior of the porous
material. Many experiments and studies have also been carried out to
explore the applicability of GTN model and develop it further with
consideration of different factors. As a complementary criterion for
void coalescence, the Thomason model [9] assumes that the void coa-
lescence occurs when there is a localized plastic deformation in the
inter-void ligaments. It could be used in conjunction with the GTN
model, which is proven to be a feasible way for prediction of DF of
materials [10].

Sketching a bit of the long research history and various DFC in macro
scale, micro-scaled DF has been just started to be focused, but there is a
lack of in-depth understanding of damage, fracture and failure. Peng
etal. [11] proposed a surface layer constitutive model to describe the
size effect on flow stress of CuZn36 sheets of different thickness based
on the uniaxial tensile experiments. Vollertsen and Hu [12] conducted
the pneumatic bulge tests using the aluminum foil and observed quite
irregular local strain distributions and random fracture in the deforma-
tion zone. Fu and Chan [13] conducted the tensile test of copper foils
with various thicknesses and microstructures. Experimental results sug-
gested that as the thickness/grain number ratio becomes smaller, the
number of dimples is decreased gradually, and material formability is
decreased. Furushima et al. [ 14] found that the fracture strain and dim-
ple of pure copper metal foil are decreased with the foil thickness.
Therefore, the macroscopic DFCs cannot be used to predict the fracture
of metallic sheet during micro-forming without an extensive investiga-
tion of the mechanism and influencing factors of size effect [15]. To pre-
dict microscopic DF and obtain the forming limit diagram (FLD) of Cu-
FRHC sheets, Xu et al. [16] considered the SE on void nucleation and co-
alescence behavior using the specimens with different sizes of grain and
sheet thickness, and a modified GTN model considering the SE was

obtained and proved to be capable of characterizing the influence of
SE on forming limit of metallic sheet.

However, Xu et al. [16] found that the FLD obtained by the modified
GTN model tends to be higher under the low stress triaxiality condi-
tions. The reason may be the fact that the void coalescence induced by
the shear loading component is not considered, and therefore the frac-
ture in shear-dominated condition cannot be predicted accurately. In
the past decades, on the other hand, many studies have been focused
on addressing this issue in macro-scale. Xue [17] and Nahshon and
Hutchinson [18] regarded the void volume fraction as a combined dam-
age variable contributed from both void damage and shear damage,
which improves the prediction accuracy. Nielsen and Tvergaard [19] ad-
justed the evolution law of shear damage when the stress triaxiality is
relatively high. Achouri et al. [20] introduced a novel calibration proce-
dure for calibrating the Nahshon and Hutchinson's modified model and
conducted the corresponding finite element (FE) simulation for HSLA
steel. The simulation results were in good agreement with different ex-
periments, and in-situ tests showed the difference of physical mecha-
nisms between ductile damage under tensile and shear load. Zhou
et al. [21] introduced a novel approach to using two independent dam-
age parameters to represent the volume damage and shear damage re-
spectively and integrated the continuum damage mechanics (CDM)
concept of Lemaitre [22] with the GTN model. The modified shear dam-
age GTN model was successfully used to predict the DF behavior of
Zircaloy-4.

Furthermore, the relationship between stress state and DF has also
been much concerned in micro-scale recently. Wang et al. [23] carried
out tests of pure copper with diverse geometric dimensions and grain
sizes and numerical simulations to analyze the effects of stress condition

0’22
CLLTpr
- z B
o i Localization zone of
o, | |2H t | g, Plasticdeformation
‘_ R — Ao =H/L
N o1 [ x=R/L
BERERR
UZZ

Fig. 3. The Thomason model of spherical voids in cylindrical cells.
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and SE on DF. Li et al. [24] conducted a collection of tests of micro-scaled
copper specimens and established the interactive influences of stress
triaxiality and grain size on the DF. It was found that the larger d or
the higher stress state would lead to the larger fracture strain of metallic
sheets.

Although with the efforts of many researchers, the GTN model has
been developed to be more accurate in predicting micro-scale fracture,
when the micro-scale DF occurs under low stress triaxiality and is
mainly induced by shear damage, the modified GTN model is inaccurate
without consideration of shear damage and its SE, which is a critical
issue to be solved. Furthermore, there is still a lack of more systematic
research on exploring SE on damage response and failure mechanism
in micro-scale. This research thus aims at establishing a DFC to predict
DF under low stress triaxiality based on analysis and understanding of
the micro-scaled damage response and fracture mechanism. In tandem
with this, a series of tensile tests of metallic specimens with diverse geo-
metrical dimensions and microstructural grain sizes were carried out,
and a combined DFC was developed via considering SE on flow stress,
volumetric damage and shear damage. The experimental results were
compared with the corresponding FE simulations in such a way to not
only understand the two damage mechanisms, but also reveal how
the SE affects the damage evolution quantificationally. This study even-
tually seeks to provide a well-rounded exploration of the failure mech-
anism of metallic sheets affected by SE and stress state in micro-scale.

2. Research methodology
2.1. Research procedure

As illustrated in Fig. 1, the procedure of this study is summarized.
The micro-scaled GTN model proposed by Xu et al. [16] can predict
void-dominated fracture with consideration of SE on void nucleation
and coalescence, while the shear damage model introduced by Zhou
et al. [21] is applicable when the stress triaxiality is low in macro
scale. To predict micro-scaled DF under low stress triaxiality condition,
some modifications of GTN-Thomason model are employed to charac-
terize the SE on the volumetric damage firstly. The combined model of
the surface layer model (SLM) and the grain boundary strengthening
model (GBSM) is introduced to characterize the SE via the developed
constitutive equation. Finally, considering the fact that the shear dam-
age has an influence on damage accumulation under low stress triaxial-
ity, the GTN model is combined with shear damage model and the SE of
shear damage is further considered. The final combined GTN model is
used in FE simulations using ABAQUS subroutine VUMAT.

The tensile tests of dog-bone sheets with various microstructures
were used to determine the material constants in the constitutive
model; while tension tests with high and low stress triaxiality were
employed to determine the void and shear damage constants. The sim-
ulation results of the remaining tensile tests with various grain sizes are
compared with the experimental ones to verify the proposed model.
Furthermore, the qualitative scanning electron microscope (SEM) met-
allography and quantitative damage parameters are also analyzed to
discuss the combined interaction of stress condition and the SE on dam-
age and fracture mechanisms.

2.2. Modeling process

2.2.1. The combined constitutive model of flow stress considering size effect

There is a certain dependence of flow stress on the material micro-
structures and feature sizes in micro-forming process, which must be
carefully modeled in micro scaled DFC. To characterize the influence of
SE on flow stress, the widely used SLM proposed by Lai et al. [25] and
Peng et al. [26] divides the stress of basis material into a surface compo-
nent and an inner component:

The flat dimples

50 um
(b)

The mixed flat and
shear dimples

The shear dimples

50 um

Fig. 4. Different types of dimples in SEM fractography of metallic sheets in the combined
tensile-shear sheet-45° test.

where N is the total figure for grains. 0 and N; are the stress and the
figure for grains in the surface component, separately, while &; and N;
are them of the internal grains. According to Peng et al. [26], the crystal
plastic theory can be employed to represent the stress of surface grain
(SG). Furthermore, the strength of the inner grain can be formulated
as the grain boundary (GB) component and grain interior (GI) compo-
nent according to the grain boundary strengthening model (GBSM)
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Fig. 5. The geometrical sizes and typical meshes of different specimens. (a) Dog-bone specimen, (b) Sheet-0° specimen, (c) Sheet-45° specimen, and (d) Sheet-90° specimen. (Dimensions

in mm).

[27]. Hence, the material constitutive equation described by this com-
bined model consists of the SG, GB and GI parts, as shown in Fig. 2:

O = fourrMTR(E) + fgp <‘7§b + kgpp + hgpe"e )
+Fgi (07 + kd "2 4 (hg + ad ™) e (2)
1 :fsuff+fgb +fg1'

where fousr, fzp and fg; are the proportions of the SG, GB, and GI, sepa-
rately. mrepresents the orientation factor of single crystal and 7 repre-
sents the critical resolved stress. 4" is the yield stress of the GB, while
kgp, hg, and ngp, are all material constants of the GB. n; is the work hard-
ening exponent of the G, while 0§, k, hg; and a are material parame-
ters of single crystals. In addition, d is the grain size of material and p is
the spherical stress in the deformation process. By dividing the contri-
bution of flow stress into these three parts, the characterization of SE
on flow stress is enabled.

200 pm
(a) Annealed at 400 °C

(b) Grain boundary

(¢) Total raster

2.2.2. The micro-scaled GTN-Thomason model considering size effect
The related yield equation and the evolution of voids in the GTN
model can be designated as [7,8]:

¢= (i)z +2q,f cosh(—%%) _(1 +q%f*2) -0

Om

{f, Sl 3)
f= u"Jeor_

f“+ff—fc(f fo. f>fe

where q is the von Mises stress, and 0, is the equivalent stress of the
matrix. q; and g, are two coefficients introduced by Tvergaard and
Needleman [8]. The practical void volume fraction f is composed of
two components: void growth and nucleation. The evolution pattern
of void growth can be obtained by the law of bulk material
incompressibility; while the evolution pattern of void nucleation can
be represented by a normal distribution controlled by strain, which
was suggested by Chu and Needleman [28]. When freaches the critical

(d) Surface grain (¢) Result

Fig. 6. Schematic graphs to distinguish SG, GB and GI [24] .
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Table 1 Table 2

Area ratios of SG, GB, and GlI for different grain sizes. The calibrated parameters of the proposed model.
Grain size (um) Ssur(%) Jan(%) Jai(%) 0 @2 & SNk X  fi—f C & n
122 10.58 6.9 82.52 15 1 0.3 0.1 1 09  0.107 0.032 0257 085 2
45.07 17.88 5.12 77.00
110.1 40.18 2.21 57.61

value f, the effective value f* is increased rapidly with the acceleration

of ;f:f which suggests that void coalescence will occur.

The void coalescence can be further estimated by the Thomason
model. As shown in Fig. 3, a cylindrical cell with a spherical void is
used as the RVE, in which the stress tensor is axisymmetric and o, is
greater than o,. \g = H/Lis the fraction of the height (H) and the
width (L) of the RVE at the beginning, characterizing the dimensional
distribution of micro-cavity. y = R/L represents the fraction of the di-
ameter of the void to the width of the RVE, which decides whether
void coalescence happens. The stress concentration described by the
Thomason model is formulated as [29]:

Oz _ (1_,2 14\ 1
= (1 x){m(}( 1) +1.2ﬁ} @)

According to Besson [30], the void space ratio y can be calculated by

2= o (Gre)] 5)

where e,, represents the major principal strain and k represents a
constant for different materials. When y approaches 1, the inter-void
ligament becomes short enough to form a microcrack, so here y. =
0.9 can be used as the critical time of void coalescence [16].

In order to apply the macroscopic feasible GTN-Thomason model
to micro-scaled fracture of sheet metal, Xu et al. [16] considered the
SE on void nucleation and coalescence behavior using two size-
related parameters: grain size d and sheet thickness t. With these
two parameters to describe SE on void evolution and some deriva-
tion, the modified GTN-Thomason model in micro-scale could be
represented as:
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Fig. 7. The fitted stress-strain relationships of the combined model.

4 1-d/t 1E—en) )
fnucleation :% EXP(_§< SN N>> Ep
. ~p

fgrowth =({1-fe

Ao = % = Cdp(e’)

4
_ 2 exp( é”—sN>
o exp<—% (—Spf's”» e’ ~ Sy 2

1+ ex ( 4 E”—s)
P o N
(6)

where f,, €n, Sy, C are all material constants. In this modified GTN
model, when the grain size d is increased or the thickness t is decreased,
the void nucleation chance becomes smaller with the smaller size-
related parameter (1 — d/t), and the thickness of inner layer is also de-
creased. Therefore, \q is increased and the void coalescence is more
likely to occur. With these modifications, the description of SE on void
evolution under tensile load is enabled.

2.2.3. The micro-scaled GTN-Thomason model under the low stress
triaxiality

The micromechanics of ductile damage is different between tension
and shear load [20]. The nucleation and growth of the micro-cavity ori-
ented in loading direction dominates under tensile load, while the elon-
gation and rotation of the micro-cavity dominates under shear load,
which could be described by the evolution of flat, shear and mixed dim-
ples as shown in Fig. 4. The macroscopic GTN model to predict DF under
low stress triaxiality and shear-dominated conditions proposed by Zhou
et al. [21] can be formulated as:

¢ = <_i>2 +2q,f cosh<—§q2p>—(1 +(q:f" +Ds)2—2Ds) =0

Om 20m
D=q,f" +Ds

(7)

where Ds is the shear damage parameter and D is the entire damage
parameter. When D approaches one, the fracture of metallic material oc-
curs. The shear damage results from the potential contribution of vari-
ous failure mechanisms, which might be quite complicated. Therefore,
a phenomenological method was adopted and it is supposed that the
shear damage is induced by the progress of plastic deformation follow-
ing the formulations below:

P n—1 D¥
D —g(6)n (3) P g
f f

where & is the matrix plastic strain and n represents a softening
power index. Since n is larger than one, the softening effect becomes
more significant as the metallic material gradually deteriorates during
the deformation process. When &” is finally increased to effective failure
strain under pure shear €7, Ds reaches to unity and fracture occurs. Fur-
thermore, a coefficient of shear damage is proposed as a weight function
about Lode angle 6, to extend the evolution law for an arbitrary stress
state. The weight function should be one when the material is under
pure shear load and become zero when shear damage is uninvolved,
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Fig. 8. Load-displacement curves for tensile tests in which void damage is dominated.
(a) Sheet dogbone —12.2 um, (b) Sheet dogbone - 45.07 pm, (c) Sheet 0° - 45.07 pm.

which could be employed as the g(6) function for positive stress triaxi-
ality [18]:

2(0) = 1— cos(30 +m/2)]?

cos(30+m/2) = % ©)

100 T T T T T

Load(N)
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- 09072
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25

0 1 L L L
0 0.2 0.4 0.6 0.8

— paareessssuaseeaarerasseas il

Displacement(mm)

Fig. 9. Calibration of shear damage parameters.

By integrating the micro-scaled GTN-Thomason model introduced
by Xu et al. [16] into the shear damage GTN model introduced by
Zhou et al. [21], a combined model with consideration of SE and shear
damage is obtained, which is applicable for DF not only in shear domi-
nated fracture with the description of shear damage, but also in
micro-scaled void-dominant fracture with the description of SE on
void damage. Since the shear damage evolution law proposed by Zhou
et al. [21] was obtained in a phenomenological way, the SE on the
shear damage should be involved and could be described using a size-
related parameter (d/do)'/2:

Ds = g(6) (Ci)% (i;)n (10)

where the form of shear damage evolution in Eq.(8) is preserved,
and d, is the grain size of the shear test used to calibrate shear damage
parameters while d is the actual grain size. When d equals to d, the size-
related parameter is one and no size effect on shear damage is involved.
When the grain is coarsened, the size effect on shear damage is intensi-
fied because the size-related parameter is larger than one. Thus, the pro-
posed GTN model is summarized in the following equations:

2
(4 . _3qp) _ o na2_on) _
‘i’*(a_m) +2q,f cosh( 56—m> (1+(q1f +Dy) 2135),o
D=gq,f +Ds
f :f growth +f nucleation

-]
o-an) )

(11)

This new model divides damage contributions into two fracture
mechanisms: void damage q,f* and shear damage Ds, and they are
both extended to micro-scale with the corresponding SE characterized
by size-related parameters. When the general damage parameter
q:.f* + Dsreaches to one, the load capacity fails completely. The model
is a combination of the micromechanical interpretation and the phe-
nomenological approach, because it will be reduced to the GTN model
when the shear damage is uninvolved and degenerates to the CDM of
Lemaitre when only shear load is applied.
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Fig. 11. Prediction error of displacement at fracture using different models.

2.3. Experimental method

A series of micro-scaled tests of pure copper specimens fabricated
with diverse geometric configurations and microstructural grain sizes
were carried out to realize the SE on shear damage and failure mecha-
nism under tensile, shear and combined tensile-shear loading. Four
types of sheet specimens presented in Fig. 5 were annealed at 400,
600 and 750 °C for 1 h, respectively, and three individual grain sizes
were attained.

2.4. Parameters determination

The proposed model is employed in the FE simulation with the FE
software ABAQUS/Explicit with a user subroutine VUMAT. A numerical
algorithm of elastic prediction and plastic correcting radial return is im-
plemented into the FE code. The element type is modeled as C3D8R, and
the meshing of the sheet specimens are demonstrated in Fig. 5. The pa-
rameters of material are calibrated as follows.

The tensile tests could be employed for the calibration of the related
parameters in the proposed model. Firstly, the material constitutive re-
lationship in the combined model is obtained. According to Li et al. [24],
the fractions of SG, GI and GB could be extracted with ArcMap software
via digital image technology (DIT) based on the metallographs of these
sheet specimens. The detailed process is illustrated in Fig. 6. With these
attained data and the true stress-strain relationships of dog-bone
sheets, the combined constitutive relationship can be described as:
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Fig. 12. The evolution of stress state parameters when the grain size is 12.2 um. (a) Stress
triaxiality, (b) Lode parameter.
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The obtained area proportions of SG, GB, and Gl for different d are
demonstrated in Table 1, and the fitting curves of stress and strain
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Loading
direction

S

Fig. 14. SEM fractography of sheet specimens with different geometries [24].

relationship are illustrated in Fig. 7. There are great agreements be-
tween experimental and calculated curves, and the trend is that for
the same sheet thickness, the larger d, the smaller o(¢).

An inverse approach is adopted to calibrate the damage constants
in the proposed model by comparing the numerical and experimental
load-displacement relationships. The model calibration strategy
mainly consists of two parts. For specimens where fracture is mainly
caused by the volumetric damage, the dimple damage constants
could be calibrated, while the shear damage constants could be ob-
tained with the shear tension test where the fracture mechanism is
shear-dominated.

According to Xu et al. [16], g; = 1.5, g2 = 1 are commonly used for
GTN model. ey represents the mean strain of void nucleation and
gy = 0.3, Sy = 0.1 are used for the dog-bone sheet specimens based
on the experimental stress-strain curve. ff — f, f, and C are parameters
closely connected with the SE, which will be calibrated on the basis of
the load-displacement relationships of the tensile tests in which void
damage is dominated. According to Fu and Chan [13] and Furushima
et al. [14], when the grain size of sheet metal is large, the fracture
meachnism may be changed from void damage to single crystal defor-
mation. The transition range of t/d is about 2 to 5. Therefore, the
coarse grain size d = 110.1um should not be involved in calibration
of void damage constants to avoid the possible interference of shear
damage, and the experimental mechanical responses of the dog-
bone tensile tests with small and medium grain size and sheet-0° ten-
sile tests with medium grain size were employed in this procedure.
The final results are shown in Table 2. As presented in Fig. 8, the sim-
ulation curves obtained with the above-calibrated parameters are al-
most the same as the experimental results in terms of the load level,
ultimate fracture displacement, and the shape of the load-
displacement responses, which proves the availability of the model
and calibrated parameters. The acceptable error of load level mainly
comes from the differences of flow stress calibrated by the combined
constitutive model. Furthermore, the GTN model by Xu et al. [16] and
the proposed GTN model with shear damage parameters determined
later both predict the same results, indicating that the proposed
model in this work is also valid when void damage is dominant in ten-
sile tests.

Finally, shear damage parameters are calibrated by a sheet-90° test.
As shown in Fig. 9, the simulated curves obtained with diverse
& and n are in comparison to the experimental curves. A larger €7
will result in a delayed failure initiation, while a larger n will lead to
a more sudden drop of load when the ¢, approaches to &. Finally,
& = 0.85and n = 2 gives the most consistent results with the

experimental results and thus are used as the calibrated shear damage
parameters.

3. Results and discussion
3.1. Numerical results

As demonstrated in Fig. 10, the experimental load-displacement re-
lationships and the corresponding simulation results are compared. Ob-
viously, if there is no consideration of shear damage, the predictions of
displacement at fracture by the modified GTN model proposed by Xu
et al. [16] will deviate greatly from the experimental results, especially
for sheet-90° test and sheet-45° tests with the medium and large
grain sizes, which indicates the necessity of considering shear damage
in fracture prediction under low stress triaxiality and shear-dominated
conditions. Furthermore, when the shear damage is involved in the
shear damage model introduced by Zhou et al. [21] but its SE is not con-
sidered, there are still obvious differences between the numerical and
the experimental results when d is 45.07 um and 110.1 um. Therefore,
the SE of shear damage should be characterized by the introduced
size-related parameter. Besides, the void damage of sheet-45° is set as
low values when the grain size is 45.07 pm and 110.1 pm because in
these situations shear damage should be dominated. Finally, when
both the shear damage and its SE are considered in the introduced com-
bined model, the simulation results of all the tests with diverse d all
have a good agreement with the experiments. The load shape and
downtrend of the simulated curves calculated with the proposed
model are much closer to the experimental curves than that calculated
with the modified GTN model or the shear damage model, and more im-
portantly, the prediction accuracy of displacement at fracture improves
a lot. Therefore, the availability of the proposed model is proved.

The prediction error of displacement at fracture is also calculated
and shown in Fig. 11. It is demonstrated that the prediction accuracy
of the proposed model improves a lot than the modified GTN model
and the shear GTN model. For most of the cases, the error between the
prediction result based on the proposed model and the experimental re-

n
> e?/nbe-
i-1

tween the experiments and the results obtained with the modified
GTN model, shear damage model and proposed model are 24.93%,
8.85%, 2.18%, respectively, which indicates the validity of the proposed
model in different stress states and grain sizes.

sult of is less than 5%. The root mean squared error E; =
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Fig. 15. The evolution of damage parameters of sheet-45° during deformation process.
(a) 12.2 um, (b) 45.07 pm, and (c) 110.1 um.

3.2. Relationship between fracture mechanism and parameters

Lietal.[31] established and articulated the relationship panorama of
the ductile fracture criteria, deformation modes and fracture mecha-
nisms in macro-scale, and suggested the prediction accuracy of the
DFC relies on whether or not several factors are considered, including
stress triaxiality T and the Lode parameter 7. There also exists a relation
between the fracture mechanism and these parameters in the simula-
tion results in the present work. Simulation results when the grain
size of 12.2 pm are analyzed as follows. In view of the dog-bone tensile

test, void damage is dominant. It is indicated in Fig. 12 that the stress tri-
axiality almost stays with 0.333 prior to the fracture and the Lode angle
parameter is nearly unity, so the weight function is almost zero, which
leads to the shear damage Ds almost negligible. Stress triaxiality of
sheet-0° is even bigger, and the Lode parameter is similar to that of
the dog-bone sheet, leading to a void-dominated damage similar to
the dog-bone sheet. In contrast, the sheet-90° experiences a shear-
dominated fracture when stress triaxiality changes from 0 to 0.2 during
the deformation process and the Lode parameter is much smaller, indi-
cating a shear-dominated stress state. When it comes to sheet-45°,
there is a mixed fracture mode. The stress triaxiality is between 0 and
0.333, and the Lode parameter changes from 0.4 to 0.7.

Average stress triaxiality, Lode parameter and weight function of
fracture initiation point are calculated and shown in Fig. 13. When the
stress state changes from sheet-90° to sheet-0° over sheet-45° and
dog-bone sheet, both T and nincrease, and thus the weight function de-
creases and shear damage decreases, which is consistent with the phe-
nomenon that with the increase of stress state, the void damage
increases and become the dominant fracture mechanism. Therefore,
the weight function and the law of shear damage evolution are both
verified basically.

SEM photography also illustrates that different stress states will in-
duce different fracture mechanisms. Fig. 14 shows the SEM fractography
of various specimens with the grain size of 12.2 um. It can be seen that in
the fracture section of sheet-0°, there are many flat dimples at GB or in-
clusions. The reason is that they are barriers to dislocation motion and
will result in stress concentration [13]. It means that a flat-dimple neck-
ing mechanism dominates at T = 0.33 and 1) = 0.99 for the dog-bone
specimen. In the fracture surface of sheet-90°, shear dimples are ob-
served and it is revealed that an inter-void shearing mechanism domi-
nates atT = 0.09 and 1) = 0.37 for sheet-90°. When it comes to sheet-
45° with T = 0.18 and ) = 0.61, there is a mixed flat and shear dimple
pattern and a combined tension-shear fracture mode occurs. It is con-
sidered that under the conditions of high and low stress triaxiality, the
inter-void necking mechanism and the inter-void shearing mechanism
is dominant, respectively [32]. Thus, lower stress triaxiality of speci-
mens indicates shear-dominated fracture, and higher stress triaxiality
indicates the void-dominated fracture.

3.3. SE on fracture mechanisms

The evolution of void damage and shear damage is obtained by
solution-dependent state variables (SDV) in ABAQUS user subroutine,
and the results of sheet-45° specimens are presented in Fig. 15 as the
typical cases of the combined tensile-shear deformation conditions.
During the deformation process, the two damage parameters f and Ds
are all increased and the two fracture mechanisms compete with each
other. When the total damage parameter D reaches 1, the final fracture
occurs. When the fracture of specimen with the grain size of 12.2 um oc-
curs, the void damage parameter fis 0.172 and the shear damage pa-
rameter Ds is about 0.067, which reveals that a mixed mechanism
fracture occurs and the void damage contributes more, leading to the
fracture caused mainly by volumetric damage. When the grain size is
45,07 um, the shear damage parameter Ds is 0.127 and the void damage
parameter fis 0.115 when fracture initiates. Therefore, it is suggested
that there is still a mixed fracture mechanism but as the grain size is
larger, the fracture becomes shear-dominated. Moreover, the damage
mechanism remains the same when the grain size is 110.1 um. The
shear damage parameter Ds is 0.153 and the void damage parameter f
is 0.114, indicating that the fracture is also shear-dominated but the
shear damage contributes more.

The contribution of the two damage mechanisms can be calculated
by the ratio between the two damage parameters f and Ds. Other cases
of sheet-0° test and the dog-bone sheet tests are also analyzed similarly,
and the obtained data of the two damage contributions in different
cases is calculated and represented in Fig. 16. When d is 12.2 um, all
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Fig. 16. The contribution of two fracture mechanisms obtained with the damage parameters in the proposed model.

the fracture of the dog-bone sheet, sheet-0° and sheet-45° are domi-
nated by void damage. Even in the mixed fracture mechanism of
sheet-45°, the proportion of void damage is nearly 72%, which contrib-
utes most of the fracture damage. The only case where the shear dam-
age is dominated is the sheet-90° with fine grain and the shear
damage contributes most of the total damage. With the increasing
grain size, shear damage contributes more and more. When the grain
size is 45.07 um, the fracture of the dog-bone sheet, sheet-0° are still
dominated by void damage and the shear damage contribution is only
increased a bit, a negligible amount. The contribution of void damage
is more than 80% in these cases, which indicates that the fracture is
mainly induced by void damage. However, the contribution of shear
damage in sheet-45° with the grain size of 45.07 um is about 52% and
slightly larger than the contribution of void damage, which indicates
that the fracture mechanism changes from void-dominated to shear-
dominated when t/d is decreased from 30 to 10. When the grain size
is increased to 110.1 um, the results are similar for both sheet-0° and
sheet 45° and the slight difference is that shear damage accounts for a
greater proportion. However, the fracture mechanism of dog-bone
sheet changes to the mixed fracture mechanism with 37% contribution
of shear damage. The considerable shear damage contribution may be
caused by through-thickness shear bands for the coarsened grains,
which is consistent with the results obtained by Zhang et al. [33]. Simi-
larly, Fu and Chan [13] and Furushima et al. [14] also suggested the tran-
sition of fracture mechanism when grain size is increased to the same
order of magnitude as the sheet thickness. The transition range of t/d

from void-dominated fracture to mixed damage fracture predicted
based on the proposed model is about 4 to 8, which agrees with exper-
iment results by Furushima et al. [14] (t/d ~ 3~5) and crystal plasticity
simulation results by Zhang et al. [33] (t/d = 6). Therefore, it could be
concluded that with the grain size increases, shear damage increases
and the dominant degree of shear fracture mechanism is increasing
gradually. In contrast, with increasingT, the contribution of volumetric
damage increases and the fracture mechanism is more dominated by
the void damage as discussed in the section above.

All the results simulated by the proposed model are in consistent
with the SEM fractography results. The fractured morphologies of
sheet-45° samples are demonstrated in Fig. 17. When d is 12.2 um, the
mixed flat and shear dimples can be observed and there are more flat
dimples, which agrees to the proportion analysis of volumetric damage
and shear damage parameters. When the grain size is about 45.07 pm,
there are mainly mixed flat and shear dimples in the fracture section
and almost no void dimple is observed. Shear dimples and shear-
dominated fracture are observed when the grain size is 110.1 pm,
which is in consistent with the above quantitative analysis of the ratio
between the two damage parameters in the proposed model. As
shown in the SEM fractography, with increasing d, the number of
voids is decreased. The distribution of voids is more uneven and the
large and deep dimples exist in localization deformation. Therefore, it
can be concluded that shear damage will dominate to a growing degree
when the number of grains in the deformation area is sufficiently small
in the thickness direction.
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Fig. 17. SEM fractography of sheet-45° specimens with various grain sizes.

4. Conclusions

A combined GTN model, which takes both shear damage and size ef-
fect into consideration, is proposed, implemented and verified via a se-
ries of sheet tension tests and the comparison of finite element
simulation and experimental results. The following concluding remarks
are drawn based on these researches:

1. Upon a two-step calibration of the void and shear damage parame-
ters, the proposed combined GTN model with consideration of
shear damage and size effect could characterize damage response
and fracture behavior well under the conditions of both low and
high stress triaxiality, which improves the prediction accuracy of
micro-scaled ductile fracture greatly with a 2.21% root mean squared
error of the precited fracture displacement.

2. Shear damage is an important reason for micro-scaled ductile frac-
ture and must be taken into consideration under low stress triaxiality
conditions. Two independent damage parameters can be used in the
combined GTN model to measure volumetric and shear damage sep-
arately and quantitatively, and the shear damage can be calculated in
a phenomenological way with a weight function of Lode parameter.

3. Size effect has a great influence on micro-scaled plastic deformation
and fracture behavior. The combined constitutive model is able to
represent the size effect on flow stress of materials. The void damage
is influenced by size effect on the void nucleation and coalescence,
while the size effect on shear damage could be characterized by a
size-related parameter.

4. Two fracture mechanisms of metallic material exist in different stress
conditions. With the increase of stress triaxiality and Lode parameter,
stress state changes and the dominated fracture mechanism is also
changed from shear damage to void damage.

5. Size effect also affects the deformation of metallic materials and the
mechanism of ductile fracture. With the increasing grain size, shear
damage contributes more and the fracture mechanism becomes

more shear-dominated, which is verified by not only the SEM metal-
lography, but also the quantitatively numerical investigation of the
damage variables in the proposed model. For dog-bone sheet, the
transition range of t/d from void-dominated to mixed mechanism is
about 4 to 8, while for sheet-45°, the transition range of t/d from
mixed to shear-dominated mechanism is about 10 to 30.
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