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Abstract
A constitutive model considering the composition of surface grain, grain boundary and grain
interior and their contributions to the flow stress or strength of materials in micro-scale
plastic deformation is developed and termed as a combined surface layer and grain boundary
strengthening model in this research. To determine the composition of the three interior
microstructural parts of materials, optical microscope and digital image processing
technologies are employed. A series of micro-tensile experiments using the specimens with
three different geometrical shapes and microstructural grain sizes are conducted for study of
deformation and ductile fracture behaviors of material. The model is implemented in finite
element analysis and validated via physical experiments. The relationship among fracture
strain, grain size and stress triaxiality of the deforming material is thus established. It is found
both fracture strain and stress triaxiality increase with the decrease of grain size, while the
high stress triaxiality leads to small fracture strain for the given grain size. Through
observation of the fractographs, it is revealed that the domination of shear fracture in the
‘cup-cone’ fracture increases with grain size. The research thus helps understand the ductile
fracture in micro-scale deformation and facilitates deformation based working process

determination and application.
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1. Introduction

Nowadays, micro-scale parts have been widely used in many industrial applications such as
consumer electronic, watch and jewelry, biomedical devices and system, and micro-electro-
mechanical system (MEMS), etc. and they are increasingly demanded due to newly emerging
requirements from different aspects such as material and energy saving, weight and volume
decreasing, environmental impact reducing and product portability increasing [1, 2]. To
produce micro-scaled metallic parts on a large scale, deformation based micro-manufacturing
is one of the efficient approaches. In this process, ductile fracture (DF) is a critical
phenomenon to be considered as it affects the geometry and shape of forming of micropart
and its quality and property tailoring. DF is thus critical in design of fracture resistant process,
determination of the formability of material and quality assurance of defect-free parts [3-5].
DF in micro-scale deformation process, on the other hand, differs from that in macro-scale
mainly due to the size effects arising from different sources including variation of material
geometry size and microstructural grain size on the deformation behavior, material flow,
surface quality, shape accuracy, dimension accuracy and defect formation [6, 7]. In-depth
understanding of the fracture mechanism, mode and behavior of DF would facilitate the

development of deformation based micro-manufacturing process.

DF and the deformation exist simultaneously in the deformation based working process of
materials. Both need to be extensively considered concurrently for exploring DF in micro-
scale. Some researchers have made their efforts to address this issue in the past few decades.

To name a few, a mixed constitutive model built on the surface layer model by combining the



theories of single-crystal and polycrystal was established by Lai et al. [8]. In their model, the
properties of single-crystal and polycrystal almost represent those of surface and inner grains,
respectively. A new composite model employed to show the impact of dimension, shape and
grain size of specimen on plastic deformation was built by Shen and Yu [9]. They concluded
that the decrease amount of the strength of material is slowly increased with the decreased
billet dimension and the increased grain size. The section shape of billet plays a critical role
on it as well. The decrease amount of the strength of billet with circular cross-section shows
smaller than that of billet with rectangular cross-section in the same section area. According
to the composite model and the surface layer model, Liu et al. [10] developed a new model to
figure out the mechanical behavior of polycrystal. Grain boundary and grain interior are two
portions in the microstructure of material, with an assumption that the mechanical behaviors
of surface grain and grain interior are closely equal. The simulation by employing their model
is consistent with the physical experiment. For investigation of size effect on the micro-scale
amorphous polymers, Deng et al. [11] came up with an “elastic-viscoplastic” constitutive
model with a consideration of rotational strain gradient. It was verified and validated by four-
point micro-bending experiment of Poly (methyl methacrylate). In addition, Ran et al. [12]
introduced the size factor into Freudenthal fracture criterion by considering surface layer
model. They found that the ductile fracture happens in macroforming scenario, while it
occurs with difficulty in microforming when the deformation conditions are same. In other
words, the fracture strain is larger in the same deformation condition with the smaller sample
size in micro-scale deformation. Gruben et al. [13] evaluated the modified Mohr-Coulomb
and the extended Cockcroft-Latham and Rice-Tracey fracture criteria, which obviously
explain the Lode dependence and the stress triaxiality on damage evolution. Through
comparing the predicted equivalent strain at fracture initiation based on the modified and

extended fracture criteria with the experimental results, they revealed that the extended



Cockcroft-Latham criterion has a better prediction of the fracture strain compared to that of
the extended Rice-Tracey and the modified Mohr-Coulomb criteria with a large deviation.
The research, however, is more on macro-scale deformation and its validity in micro-scale
deformation has not been explored. From both macro- and micro-scale deformations, the
analysis and prediction of DF via consideration of surface grain, grain interior and grain
boundary and their deformation behaviors in fracture formation have not yet been found
based on the available literatures and this is the endeavor of this research, especially focused

on micro-scale plastic deformation of materials.

From fracture formation aspect, some researchers have paid more attentions to fractographic
features in ductile fracture. Li et al. [4] compared the fractographs of upsetting samples with
those of tensile test samples to obtain the mesoscopic ductile fracture behavior and formation
mechanism. Their observation revealed that shear-dimple ductile fracture mode exists in
upsetting and tensile test samples and the stress triaxiality affects the ductile fracture mode.
Shear ductile fracture occurs when the stress triaxiality is below zero. Both shear ductile
fracture and void-growth ductile fracture exist together and compete with each other when
the stress triaxiality is from zero to 1/3. Void-growth ductile fracture dominates when the
stress triaxiality is more than 1/3. Toulfatzis et al. [14] analyzed the dimple size and
distribution on fractographs of all the tested brass alloys. They found that the finest and
shallowest shear dimples on the fracture surface of the CW614N leaded brass are observed,
whereas the largest and deepest dimples are illustrated in the brass alloys CWS511L and
C27450 with absorbing the highest impact energy. Das et al. [15] employed digital image
processing to determine the dimple network according to the fractographs of all the
specimens. Their study indicated that there is a strong relationship among fractographic

features, dimple size and density and mechanical properties. Similarly, the fractographic



features on the fracture cross-section of the micro-scale specimen will be observed to analyze

the fracture mode and mechanism.

In this research, a combined surface layer and grain boundary strengthening model by
considering the contributions of surface grain, grain boundary and grain interior to
mechanical behavior of material is developed in micro-scale plastic deformation. The
physical experiments and finite element (FE) simulations of micro-tensile specimens with
three different geometrical shapes and microstructural grain sizes are employed to validate
the efficiency of the model. The relationship of grain size, fracture strain and stress triaxiality
is thus established based on physical experiment and FE simulation by employing the newly
combined constitutive model. Finally, the fractographs of the micro-tensile specimens with
different grain sizes and geometrical shapes are analyzed, especially for the size and
distribution of dimple in the fracture cross-section. This paper thus facilitates to advance the
knowledge of deformation and ductile fracture in micro-scale deformation based working
process, especially for the interaction of stress triaxiality, fracture strain and grain size and

their influences on fracture formation.

2. Developed constitutive model and research methodology

2.1 Surface layer model

Surface and inner grains co-exist in the deformation body based on the surface layer model.
Surface grains are easier to deform mainly due to few constraints compared with inner grains

which have more constraints. The strength of material can be formulated below:

6= fsurf{ssurf + finnercinner

(1

1= fsurf + finner



In Eq. (1) o is the flow stress of material. o, and fg,r are the flow stress and the fraction of
surface grains, while ;e and fj,,.. are the flow stress and the fraction of inner grains,

respectively.

Based on the surface layer model discussed above, a mixed constitutive model in which the
flow stresses of surface and inner grains are closely equal to those of single crystal and
polycrystal, respectively, was proposed by Lai et al. [8]. The single crystal model can be
expressed as follows in accordance with single crystal theory and the Schmid law, also shown

by Lai et al. [8] and Kim et al. [16],:

04ig(6) = —2_ = e (e) (M>2) )

COs ¢ cos &
where o, (¢) and 1z(e) are the flow stress of single crystal and the critical resolved shear
stress, respectively. @ is the angle between the normal stress and the normal direction of the
slip plane and A is the angle between the slip direction and the normal stress. In addition, m is

the orientation factor.

For the polycrystal model, the Hall-Petch relationship extended by Armstrong [17] is widely

employed to represent the flow stress [8, 12, 16, 18] in the following:

k k
Gpoly(ﬁ) = (50({—:) + (TZ) = MTR(S) + (TZ) 3

where o1, (€) is the polycrystal flow stress. o,(¢) and k(¢) are constants for a given strain (&).

d is the grain size and M is the orientation factor with the value of 3.06 and 2.23 for face

centered cubic crystals in the Taylor and Sachs models, respectively [19].

Therefore, the mixed material model by combining Eqgs. (2) and (3) proposed by Lai et al. [8]

consists of two parts as follows:



Gsurf(g) = mTR(S)

4)
" (
Ginner(g) = MTR(S) + (TZ)

2.2 Grain boundary strengthening model

Actually, many researchers attracted by the characteristics of grain boundary have explored
the material strengthening. According to Meyersm and Ashworth [20], polycrystalline
aggregate is composed of grain interior and grain boundary. Hirth [21] mentioned that higher
strain hardening can be generated by grain boundary compared with grain interior. The main
reason is that grain boundary forbids the propagation of slip, further generating the pile-up of
dislocation and strain hardening, leading to the high strength of materials in this location, also
reported by Chan et al. [22]. The strength of polycrystal can be calculated as follows in the
form of a composite model based on Meyersm and Ashworth [20] and Kocks [23]:
Spoly = fgnOgp + f5iCy;
)

1 = fgb + fgi

where 6,1, 1s the flow stress of polycrystalline aggregate. o, and fy, are the flow stress and

poly
the area fraction of the grain boundary, while 6, and f,; are the flow stress and the area
fraction of the grain interior, respectively. In grain boundary strengthening model, the
material is supposed to contain grain interior and grain boundary, while the grains are

classified into surface and inner grains in surface layer model. The surface grains are defined

as those located at the outer layer of the material, while inner grains are those in the inner part.

It is critical to describe the flow stresses of grain boundary and grain interior in accordance
with the above model. Swygenhoven et al. [24] and Gleiter [25] reported that the amorphous
structure of atom almost occurs at grain boundary based on atomic simulation. For the

amorphous material, Donovan [26] proved that Drucker’s constitutive equation [27] is able
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to simulate the plastic deformation behavior. Jiang and Weng [28, 29] and Zhou et al. [30]
thus employed the Drucker’s constitutive equation to present the flow stress of grain
boundary as follows:

Ogp(EDy) = 05 +1np + hyy (e, )1et (6)

where ng(agb), Gﬁb and z—:gb are the flow stress, yield stress and plastic strain of grain boundary.

. . 1 .
n, hy, and ng, are material constants of grain boundary. Furthermore, p = —§(01+ 0, 03) 1S

the hydrostatic pressure and 6, 6, and o3 are the first, second and third principal stresses,

respectively.

According to Weng [31], grain size affects the plastic deformation in constituent grain
because of the possible pile-up of dislocation and the dislocation substructures in grain
boundary. The mechanical property of grain interior in accordance with the mixed isotropic
hardening law can be formulated as [28-30]:

Ogi(ely) = oF + hy (el e

G%i(d) _ GOyO(gi) + kd172 (7)

__ 1,0 -1/
hgi(d) = h% +ad '/

where cgi(sgi), G%i, h sgi and ng; are the flow stress, initial yield stress, strength coefficient,

gi7
plastic strain and work hardening exponent of grain interior. In addition, Gii(d) and hy;(d) are
expressed with the grain size d, which are similar in form to Hall-Petch relationship. oy ) g

hg; and a are material constants in terms of the single crystal or the grain with infinite size.

2.3 The developed constitutive model



In the mixed constitutive model proposed by Lai et al. [8], the specimen is assumed to consist
of surface and inner grains, whose mechanical properties are similar to those of single crystal
and polycrystalline aggregate, respectively. Inner grain which has the same plastic behavior
with polycrystalline aggregate thus can be divided into grain interior and grain boundary on
the basis of grain boundary strengthening model proposed by Meyersm and Ashworth [20]
and Kocks [23]. Therefore, the specimen material has three portions in this research, viz.,
surface grain, grain interior and grain boundary. The following equations can thus represent

the flow stress of material:

6= fsurfG surf + fgbcgb + fgicgi

®)

1= fgue + fop + f

Additionally, there is an assumption that the plastic strains of grain boundary and grain
interior are equal in accordance with the iso-strain model [22]. Combining Egs. (2), (6) and (7)
into Eq. (8), the formula for the developed constitutive model in this research is put forward

in the following:

0(8) = fuupmg (8) + fp (62 + np + ") + (o &+ kd/+ (0% + ad ' /2)e")
9)

1= fsurf + fg‘b + fgi

where o(€) represents the flow stress of the specimen material.

2.4 Research methodology

Fig. 1 shows the research methodology by which a combined surface layer and grain
boundary strengthening model employed to simulate and analyze the deformation behavior
and ductile fracture in micro-scale deformation is developed. To validate the proposed model
and its application in different deformation scenarios, three different geometrical shapes of

pure copper specimens with the effective diameter of 1 mm are annealed at 400, 750 and
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1000 °C for 3, 1 and 1 hours, respectively, to produce different microstructural grain sizes.
The dog-bone samples with different grain sizes are employed to carry out micro-tensile tests
to determine the true stress-strain curves of the materials. The metallographs with different
microstructures and grain sizes, which are observed by optical microscope, are used to extract
information, viz. area fractions of surface grain, grain interior and grain boundary based on
the digital image processing technology. The combined surface layer and grain boundary
strengthening model is thus built, in which the mechanical property of surface grain is
established by the surface layer model and the flow stresses of grain interior and grain
boundary are formulated by the grain boundary strengthening model. On the basis of the
combined constitutive model, FE simulation is conducted to simulate the whole micro-tensile
test by importing the material property, meshing the tensile deformation sample, setting up
boundary condition, etc. Furthermore, the load-displacement curves determined by physical
experiments and FE simulations are compared to validate the newly combined constitutive
model. In accordance with the physical experiments and FE simulations using the proposed
constitutive model, the interactive relationship of grain size, stress triaxiality and fracture
strain can be established in this research. Finally, fractographs are observed to explore the
fracture mechanism and mode in the deformation process. All of these intend to more
accurately predict the ductile fracture and advance the knowledge of the interaction among
grain size, fracture strain and stress triaxiality in micro-scale deformation and their effects on

fracture formation in the deformation.
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Fig. 1 Research flow of the newly combined constitutive model.

3. Experimental procedure
3.1. Grip design and specimen preparation

It can be seen from the Fig. 2 that a set of grips and the tiny dog-bone specimen have been
smartly designed and manufactured to facilitate the micro-tensile tests. In addition, the
selected research material is pure copper because of its good ductility and extensive use. The
pure copper specimens are annealed in the argon atmosphere for protection against oxidation
at 400, 750 and 1000 °C for 3, 1 and 1 hours, respectively. The microstructures of annealed
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specimens can thus be observed by optical microscope after they are polished and etched in
the etchant of 5 g FeCls, 85 mL H>O and 15 mL HCI for 18~25 seconds, as displayed in Fig.

3.

©3.00

200 um : © 200 um

Fig. 3 Microstructures of the specimens after heat treatment at (a) 400 °C; (b) 750 °C and (c)
1000 °C for 3, 1 and 1 hours, respectively.
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3.2. Processing and analysis of metallographs

The metallography with different microstructural grain sizes is obtained. The software
ArcMap is used to extract information to calculate the area ratios of surface grain, grain
interior and grain boundary using digital image processing technology, as shown in Fig. 4.
Generally, each metallograph is a raster layer which can be processed to extract vector
features, such as points, polylines, and polygons, which summarize the interesting
information, such as total number of grains, area or perimeter of each grain, etc. by the digital
image processing method. Firstly, an image containing brighter grains with higher gray
values and darker grain boundary with lower gray values is chosen. A threshold is thus
determined to separate the grain and grain boundary. Unfortunately, it is not able to precisely
detect the outer circular boundary of the specimen for over oxidation. To solve this problem,
an inner fence and surface grains are digitalized manually and recorded as a single polygon
and a set of spatial contiguous polygons, respectively, so that information of the digitalized
surface grains can be summarized and pixels out of the fence are discarded. Further, the
digitalized surface grains are converted to overlap with the maintained inner part as a
combined raster layer of grain boundary, and pixel resolution of this raster layer equals the
averaged width of the boundary. The raster layer can be converted as an editable vector layer
to cut and remove the noises. Finally, the raster layer grouped by grain interior, surface grain
and grain boundary is obtained to calculate the area fractions by accumulating the area of
pixels, shown in the end of Fig. 4. Fig. 5 shows the schematic diagram of calculating the
fractions of grain boundary and surface grain for the sample annealed at 1000 °C with the
holding time of 1 hour. Table 1 presents the area ratios of grain interior, surface grain and
grain boundary of the samples annealed at 400, 750 and 1000 °C for 3, 1 and 1 hours,

respectively.
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Fig. 4 Digital image processing to extract the raster layer grouped by grain interior, surface
grain and grain boundary.
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Fig. 5 Schematic diagram of the determination of area ratios of grain boundary and surface
grain for the sample annealed at 1000 °C for 1 hour.
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Table 1 Fractions of grain interior, surface grain and grain boundary.

Material condition Fraction of  Fraction of grain  Fraction of grain  Mean grain size

surface grain boundary interior (um)
400 °C for 3 hours 2.80% 23.06% 74.14% 8.23
750 °C for 1 hour 19.93% 8.85% 71.22% 41.78
1000 °C for 1 hour 32.78% 4.17% 63.05% 79.36

3.3 Experimental setup

An experimental platform on the top of a MTS system is established and the system
automatically takes photos with an extremely fine resolution with a fixed time interval to
record the whole micro-scale deformation process. The true stress and strain relationship is
determined based on the recorded loading of the MTS system and the displacement from the
photos taken during the micro-tensile test. Fig. 6 shows the whole micro-tensile process of
the tiny dog-bone specimen and Fig. 7 displays the true stress-strain curves of the dog-bone
samples with three different microstructural grain sizes. The true stress-strain curves of the
three different geometrical shapes of pure copper specimens with the same grain size are
considered to be equal in this research. Furthermore, the decrease of flow stress in Fig. 7 can
be explained by the surface layer and grain boundary strengthening models. In the grain
boundary strengthening model, grain boundary forbids the propagation of slip, further
generating the pile-up of dislocation and strain hardening, leading to the higher strength of
material in this location. The specimen with a larger grain size and less number of grains in
the cross section has a relatively lower density of grain boundary, which results in a lower
restriction to deformation and the lower flow stress. The characteristics of grain boundary
thus have a close relationship with grain size effect on the deformation of material, also
reported by Chan et al. [32]. According to the surface layer model, the surface grains have
fewer constraints to deformation and thus have a lower stress compared with inner grains. For
the dog-bone specimens with the same thickness, the area fraction of surface grains in cross

section increases with grain size, which causes the decrease of flow stress. When the grain
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size keeps constant, different geometrical sizes of specimens have different fractions of
surface grains in the cross section and different tensile curves. Thus, the geometry size effect

on the deformation of material can be explained by the surface layer model.

[t=0s|[t=104 s|[t =204 s|/t = 304s|[t = 404 s/t = 504 s||t = 604 s||t = 652 |

Fig. 6 The whole micro-tensile process of the tiny dog-bone specimen.
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Fig. 7 True stress-strain relationships of the dog-bone samples with different microstructural
grain sizes.
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4. Simulation implementation and validation
4.1 Determination of the parameters in the newly combined constitutive model

To determine the parameters in the newly combined constitutive model, fitting curve method
on the basis of the experimental flow stress-strain relationships introduced by Ran et al. [12,
18] is employed. When the strain keeps constant, grain size and flow stress can be formulated
in the form of Hall-Petch relationship shown in Fig. 8 below. It can be seen that Mty is
established based on the fitted linear function of flow stress and grain size for different strain
values. Thus, the fitting curve of Mtg and strain can be displayed in Fig. 9. It can be
expressed as follows:

Mty = 599.546¢0-35 (10)
where M is equal to 3.06 in this article. Eq. (10) is combined with Eq. (4) to obtain the flow
stress of surface grain according to the surface layer model:

Gourr(€) = mtg (€) = 391.86€0°% (11)

where m is equal to the minimum value, viz. 2.

The area ratios of grain interior, surface grain and grain boundary and the mean grain size are
determined based on the digital image processing technology mentioned above. For the
determination of parameters in the formulas of mechanical properties of grain boundary and

grain interior, n can be set to 0.4 as the material constant of the grain boundary for pure
copper according to Zhou et al. [30]. When strain is equal to zero, csoyo(gi), k and Gﬁb are three

unknowns in the newly combined constitutive model. The true stress-strain curves of the
samples with three different microstructural grain sizes are thus needed to determine the three

unknowns under the condition of zero strain. For the remaining five unknown coefficients,

o]

viz. hg;, hyp,, a, ng; and ng,, curve fitting method is employed. Firstly, the true stress-strain
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curve of the sample annealed at 750 °C is employed to obtain the five unknown coefficients
by curve fitting mainly due to the appropriate fractions of grain interior and grain boundary.
Secondly, the mechanical property of the specimen annealed at 1000 °C is used to validate
the newly combined constitutive model. Finally, the five unknown coefficients may need a
slight adjustment to ensure a good matching between the physical experiment and the fitted
curve for the sample annealed at 400 °C. Therefore, the formulas of mechanical properties of
grain boundary and grain interior are designated as:

Ogb(€) = 16.91 + 0.4p + 815.99¢%47 (12)

6,i(e) = 10.57 - 1.21d"17% + (629.01 + 3.56d1/2) 247 (13
g

Fig. 10 exhibits the true stress-strain curves of grain interior, surface grain and grain
boundary of the sample annealed at 750 °C for 1 hour. Thus, combining Egs. (11), (12) and
(13) into Eq. (9), the developed constitutive model is thus expressed in the following:

o(e) = £,;1391.86%% + £, (16.91 + 0.4p + 815.99¢%47)

+£,(10.57 - 1.21d1/2 + (629.01 + 3.56d"1/2)£%47) (14)
1= fsurf + fgb + fgi

Fig. 11 presents the comparisons of experimental results and different constitutive models,
viz. Ran’s surface layer model [12] and the proposed constitutive model for the samples with
different grain sizes. It can be seen from Fig. 11(a) that the fitted curve of Ran’s model is
closer to the experiment. It is mainly due to the different fractions of surface grains and the
determination of the flow stress of inner part in the specimen. The fraction of surface grains
is calculated based on the uniformly-distributed sphere model of grain in Ran’s model, while
it is determined by digital image processing technology for the combined constitutive model
in this research. The flow stress of inner part, which represents the strength of polycrystal and

is not related to feature size factor in Ran’s model, is obtained from the nonlinear curve
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fitting of the true stress-strain relationship of the specimen with the grain size of 8.23 um.

However, grain boundary and grain interior are considered in the inner part of the specimen

in the combined constitutive model, and the formulas of flow stresses of grain boundary and

grain interior are derived from the true stress-strain curves of the samples with three different

microstructural grain sizes. The accuracy of the combined constitutive model thus shows

higher, especially for the specimen with a larger grain size.
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4.2 Micro-tensile test

In order to validate the newly combined constitutive model, the micro-tensile specimens with
different shapes designated as Type I, I and III made of the material with three grain sizes
are employed, as shown in Fig. 12. The effective dimension at the sample center is 1 mm.
The simulated results on the basis of the combined constitutive model are compared with the
physical experiments of the micro-tensile tests using the prepared specimens. The FE
simulations are conducted in ABAQUS with the powerful nonlinear analysis modules. The
true stress and strain values of the deforming material are calculated based on the combined
constitutive model, input and assigned to the three different geometrical shapes of specimens
to facilitate the simulations. An axisymmetric model is built and the specimens of Types I, II
and III are meshed with 9166, 10272 and 18939 elements of the 4-node bilinear element,
CAX4R, and 9460, 10506 and 19199 nodes, respectively. Figs. 13, 14 and 15 compare the
simulated load-displacement relationships with the physical experiments for the three
different geometrical shapes of specimens with the grain sizes of 8.23, 41.78 and 79.36 um,
respectively. It is apparent that the simulated load-displacement relationships match well with
the experimental results of the specimens with the grain sizes of 41.78 and 79.36 um for all
the three types. Although the trends of load-displacement curves predicted by simulations and
the physical experiments of the specimens with the grain size of 8.23 um for all the three
types are same, there is an obvious deviation for the central part of the curves. The main
reason is that the fitting true stress-strain relationship based on the proposed constitutive
model in Fig. 11(a) is larger than the experimental result. The larger fitting data result from
the recalculation and adjustment of the newly combined constitutive model, which seek to
reduce deviation from the physical experiments of all the specimens, also reported by Ran et
al. [18]. Therefore, the comparisons of the simulated load-displacement relationships and the

experimental results for the three different types of specimens with the grain sizes of 8.23,
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41.78 and 79.36 um, respectively obviously indicate that the newly combined constitutive
model considering the composition of grain interior, surface grain and grain boundary of

materials is validated.
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5. Results and discussion

5.1 Stress triaxiality and fracture strain in micro-scale plastic deformation

The qualitative agreement of the experimental and simulated load-displacement relationships
for the specimens with different geometrical shapes and microstructural grain sizes can
facilitate the investigation on ductile fracture by using the newly combined constitutive
model in micro-scale plastic deformation. The displacement at which the fracture happens is
determined by the obvious drop of loading for all the cases in this research. The maximum
equivalent plastic strain from simulation at fracture displacement is approximately regarded

as fracture strain [33]. In addition, the stress triaxiality 1 is defined as follows:

ar |

n= (15)

1 . N .
where o,,= 5(614— 0,+ 03) is the mean stress and 6 = \/5 [(6,-6,)*+(0,-63)*+(0,-63)?] is the

equivalent von Mises stress.

According to the simulated results by employing the newly combined constitutive model, the
curves of equivalent plastic strain and stress triaxiality at the central point of Type II
specimens with different grain sizes which receives the maximum equivalent plastic strain are
denoted by Fig. 16. It displays that the maximum equivalent plastic strain decreases with the
increased grain size, while the stress triaxiality fluctuates against each other, particularly
during the necking deformation stage. In addition, the shape of the deformed specimen
determined by simulation agrees with that of the physical experiment for points A and B. It
also suggests that the developed constitutive model can simulate the deformation process of
micro-tensile test with sufficient accuracy. Fig. 17 reveals the change of stress triaxiality and
fracture strain for the specimens with different geometrical shapes and grain sizes. For the

specimens with a specified shape, both of fracture strain and stress triaxiality decrease with
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the increased grain size, and the extent of the decreased stress triaxiality is obviously less
than that of the decreased fracture strain. For the specimens with a specified grain size,
fracture strain decreases with the increase of stress triaxiality, and the extent of the decreased
fracture strain becomes gradually insignificant for the larger grain size. In addition, Type I
specimen with the grain size of 8.23 um has the largest fracture strain and lower stress
triaxiality. Type II specimen with the grain size of 79.36 um however has the smallest
fracture strain and higher stress triaxiality. From the interaction among fracture strain, grain
size and stress triaxiality in micro-scale deformation, it can be found that grain size has an
influence on both stress triaxiality and fracture strain, and more significant on fracture strain.
Moreover, high stress triaxiality causes the decreased fracture strain, and the extent of
decreased fracture strain becomes subtler with the increased grain size. The increased stress
triaxiality accelerates the growth and coalescence of microvoids. The specimen with high
stress triaxiality is thus easier to fracture during plastic deformation. The finding that the
extent of decreased fracture strain becomes subtler with the increased grain size could be
attributed to the nonuniform distribution of grains and the inhomogeneous deformation. Chan
and Fu [34] simulated that a large fraction of soft grains which deform along the loading
direction in priority occur when the grain size increases and the number of grains decreases in
the section of the specimen. A significantly localized deformation can be concentrated at the
soft grains, which causes easier fracture during the plastic deformation. It further leads to the
phenomenon that the extent of decreased fracture strain becomes subtler with the increased
grain size. It facilitates to advance the knowledge of grain size effect and the impact of stress

triaxiality on ductile fracture in micro-scale plastic deformation process.

25



—&— Type II (d =8.23 um)
1091 e Type IT (d = 41.78 um)
—A— Type Il (d =79.36 um)

PEEQ
(Avg: 75%)
+1.187¢+00

PEEQ
A (Avg: 75%)

+8217e01
+7.305¢ 01
+6392¢.01
+5:479¢.01
+4567¢ 01
B8t
12741601

+1529¢01 1.46
+9.161e.02

+3.483e-04

Stress triaxiali

Point B Point A 1.31

0.0 * ] l ] l ] l T I ] I L] I ] l T I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Equivalent plastic strain

Fig. 16 Simulated stress triaxiality and equivalent plastic strain relationship.

(a)224

)
L

-
@
n

Fracture strain

Fracture strain

Fig. 17 The interaction among fracture strain, stress triaxiality and grain size. (a) 3D surface
plot; (b) Specified shape and (c) Specified grain size.
26



5.2 Fractographs of the specimens with different geometrical shapes and grain sizes

The fracture surfaces of the specimens with different geometrical shapes and grain sizes are
observed to study the fracture mode and mechanism in micro-scale plastic deformation. Figs.
18 and 19 present the scanning electron microscope (SEM) fractographs of the specimens
with different grain sizes for a specified shape and with different geometrical shapes for a
specified grain size, respectively. The ‘cup and cone’ fracture in which the ‘cup’ with the flat
surface is dominated by the dimple fracture, and the ‘cone’ with shear lip is dominated by the
shear fracture occurs in all the specimens. For the Type II specimens, the equiaxed dimples
are fewer in number, more uneven in distribution, larger difference in size and deeper in
depth for large dimple with the increased grain size. The shear fracture increasingly
dominates as well. According to the ductile fracture mechanisms with different stress
triaxiality levels experimentally studied by Barsoum and Faleskog [35], the intervoid
shearing mechanism occurs at low stress triaxiality, while the necking of intervoid ligament
appears at high stress triaxiality. The change of ductile fracture mode from dimple-dominant
fracture to shear-dominant fracture in the ‘cup-cone’ fracture thus reflects the finding that the
stress triaxiality decreases with the increased grain size for the specimens with a specified
shape. Furthermore, Fig. 19 shows that Type I specimen exhibits the finest dimples compared
to Type II specimen, which reveals the largest dimples when the grain size keeps constant.
The larger dimples of Type II specimen are mainly caused by the fact that the increased stress
triaxiality accelerates the growth and coalescence of microvoids. The specimen with high
stress triaxiality is thus easier to fracture during plastic deformation. It can also be employed
to explain that the fracture strain decreases with the increased stress triaxiality for the

specimens with a specified grain size.
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Fig. 18 Scanning electron microscope (SEM) fractographs of the specimens of Type II with
different grain sizes. (a) d = 8.23 um; (b) d =41.78 um and (c) d = 79.36 um.
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Fig. 19 SEM fractographs of the specimens of the grain size of 41.78 um with different

shapes. (a) Type II; (b) Type III and (c) Type L.

6. Conclusions

In this research, a new constitutive model combining the surface layer and grain boundary

strengthening models is built by taking into account of the contributions from grain interior,
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surface grain and grain boundary to the deformation and ductile fracture in micro-scale
plastic deformation. Its efficiency is thus validated via the experimental results and FE
simulations of the micro-tensile specimens with three different geometrical shapes and grain
sizes. The conclusions are drawn as follows:

(1) The newly combined surface layer and grain boundary strengthening model is validated
by the good agreement between physical experiments and simulations. The proposed
constitutive model can thus be used to analyze the deformation and ductile fracture more
accurately in micro-scale deformation.

(2) The relationship of stress triaxiality, fracture strain and grain size is constructed based on
the FE simulation by employing the newly combined constitutive model and physical
experiment. It is found that both of stress triaxiality and fracture strain decrease with the
increased grain size for the specimens with a specified shape. The fracture strain decreases
with the increase of stress triaxiality for the specimens with a specified grain size.

(3) Grain size has an influence on both stress triaxiality and fracture strain, and more
significantly on fracture strain. Moreover, high stress triaxiality causes the decrease of
fracture strain, and the extent of decreased fracture strain becomes subtler with the increased
grain size. In addition, fracture strain is larger when grain size is smaller and stress triaxiality
is lower.

(4) The ‘cup-cone’ fracture exists in all the micro-tensile specimens. For the specimens with
a specified shape, dimple-dominant fracture occurs at high stress triaxiality when the grain
size is small, whereas shear-dominant fracture exists at low stress triaxiality when the grain
size is large. For the specimens with a specified grain size, increased stress triaxiality
accelerates the growth and coalescence of microvoids to make the larger dimples to fracture

easily.
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