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A constitutive model for metal plastic deformation at micro/meso scale with

consideration of grain orientation and its evolution

Abstract

Traditional metal forming theories are not accurate in the analysis of micro/meso scale metal
deformation behavior due to the so-called size effect. As the deformation process scales down
to micro/meso level, the characteristics of grain orientation and its evolution play an

important role in the plastic deformation which leads to the significant size effect.

In this study, the pure copper tensile specimens with different grain sizes were prepared. After
that the tensile tests were conducted and the flow stresses were recorded. The flow stress is
found to decrease with the increase of grain size. In addition, the specimens with coarse grain
show greater scatter in flow stress and higher surface roughness due to the grain orientation
effect. Furthermore, the volume fractions for three main grain orientations (<111>,<100> and
<110>) were measured by electron backscatter diffraction (EBSD) both before and after the
tensile tests. It is revealed that <I111> is a stable orientation while the grains with the

orientation of <110> tends to rotate to the orientation of <111> after deformation.

Based on the experimental data, a constitutive model with the consideration of grain
orientation and its evolution was established to analyze the size effect induced. On the basis
of grain heterogeneity, Voronoi tessellation was employed to simulate the polycrystalline

aggregate of material. The new constitutive model was applied in the finite element (FE)
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simulation to characterize the influences of grain orientation and its evolution on the plastic
deformation. The simulated results of flow stress, scatter of data and surface roughness for
different grain sizes were revealed to be in accordance with the experimental results, which

verifies the applicability of the model established in this work.
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1. Introduction

With the boosting requirement of mini products, micro metal parts are greatly needed in the
modern industries such as electronics, fine chemical engineering and medical engineering.
Currently, they can be fabricated by employing a variety of manufacturing processes, such as
machining [1], bending [2, 3], stamping [4-6], drawing [7, 8], bulge forming[9, 10], molding
[11], forging [12, 13] and forward/backward extrusion [14, 15]. Among them micro/meso
scale forming process has become one of the major processes to manufacture the
micro-metallic parts due to its significant advantages of high productivity, low cost, satisfying

mechanical performance, and near net shape characteristics [16].

As the part geometrical dimensions scales down from macro to micro level [17, 18], the
traditional metal forming theories are rendered inefficient in the analysis of micro
deformation behaviors due to the so-called size effect. Therefore, the lack of available
material model linking different scales limits the utilization of simulation tools in the
microforming process affected by the size effect [19]. Accordingly, the precise simulation
results of micro/meso forming process are more difficult to acquire than that of conventional

forming process.

The size effect originates from two distinctly different sources, i.e. the grain size and the
feature/specimen size which involves geometrical scaling of the workpiece. As the forming
dimensions decrease from macro to micro/meso scale, the feature size gradually approaches

the grain size. Therefore the deformation behaviors of individual grains become more



significant which further leads to the size effect [5, 6].

The reduction of flow stress in micro/meso forming process with the decrease of geometric
scale has been extensively investigated [16, 20]. The phenomenon has also been studied
analytically by using different models. Among them, Leu [21] established a model by
including the size effect given by T/D (sheet thickness/grain size). Kim et al. [22] proposed a
grain boundary based model that can quantify the relationship between the grain size and the
feature/specimen size. Furthermore, Zeng et al. [23] investigated the tensile properties and
established a constitutive model of ultrathin pure titanium foils. Lai et al. [24] also proposed a
mixed model to study the material size effect. In addition, Chan et al. [25] studied the
interactive effect of grain and specimen sizes on the flow stress by using a grain boundary
strengthening model. Moreover, Liu et al. [17] established a constitutive model by combining

the surface layer model and the composite model.

The decreasing repeatability and increasing scatter of experimental data have also been
reported a lot in the researches of micro/meso scale forming process. Actually, when the
specimen size is scaled down to micro/meso scale, the deformation behavior is characterized
by the deformation regions with only a few grains. Therefore, the distributions of the grains
with different orientations, sizes and shapes have a significant influence on the overall
deformation behavior, which leads to the increasing heterogeneity and scatter of experimental
data. Chan et al. [26] found the scatter of experimental data and the inhomogeneous

deformation becomes more significant with the decreasing ratio of geometry dimension to



grain size in micro-compression tests. Wang et al. [27] developed a finite element (FE) model
of the flexible micro-bending process. In that model, the grain geometrical structure is
established with Voronoi tessellation to describe the polycrystalline aggregation. In addition,
a crystal plasticity model was reported by Fulop et al. [28] to study the forming of ultra-thin
sheet based on FE simulation. They reported that the numerical results are able to predict the
overall mechanical properties of different grain sizes and sheet thicknesses. Furthermore,
Adzima et al.[29] aslo employed the phenomenological modeling approach and the crystal

plasticity finite element method (CPFEM) to investigate the size effect.

In general, different researches have revealed that the deformation of metal material in
micro/meso scale is no longer uniform due to the variation of grain orientations as the feature
size approaches the grain size. As a results the increase of local imperfection, the reduction of
repeatability and formability become more significant. In-depth experimental and analytical
investigation on the grain-orientation related size effect in the micro/meso forming process is

thus critically needed.

In this study, the uniaxial tensile tests of pure copper specimens with different grain sizes
were conducted. The grain-orientation parameters for three main grain orientations were
measured by electron backscatter diffraction (EBSD) both before and after the tensile test. A
constitutive model with the consideration of grain orientation and its evolution was
established. The FE investigations were also conducted to simulate the grain structure by

Voronoi tessellation. This study aims to create a link between the microstructure and the



macroscopic response of polycrystalline metals. Therefore, this work can provide a
fundamental understanding and characterization of the size effect affected polycrystalline

deformation in micro/meso forming process.

2. Experimental Investigations

2.1 Specimen Preparation

The sheet metals of T2 pure copper with the thickness of 1.5 mm were employed in the
experiments. The as-received material was annealed with recrystalization at three different
temperatures of 400, 700 and 900 °C as shown in Table 1 to remove the hardening effect
caused by cold rolling and to obtain different grain sizes. The heating and cooling speeds of
heat treatment were 10 °C /minute. In addition, the argon atmosphere was adopted to
prevent the oxidation of material during the annealing. After the treatment, the samples were
etched with a solution of 10 g FeCls, 30 ml HCI and 120 ml H>O for about 15 seconds. The
micro structures of material under different annealing temperatures are shown in Fig. 1. In
addition, the average grain sizes were also calculated according to ASTM-E211. The results
are summarized in Table 1.

Table 1 The heat treatment parameters

Temperature  Dwelling time  Average grain size  Grain size deviation

(°C) (h) (um) (um)
400 1 12 3
700 2 35 8

900 1 180 20
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Fig.1 Micro structures of copper samples at different annealing temperatures:

(2) 400 °C (b)700 °C (c) 900 °C

2.2 Tensile Test

The uniaxial tensile experiments were designed according to ASTM-E8. The tensile
specimens with the dog-bone shape were prepared by using the wire electric discharge
machining (WEDM) process as shown in Fig. 2. The specimens were then tested on a

universal testing machine of SUNS-UTM4000 with the moving velocity of 1 mm/min.
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Fig. 2 The preparation of specimen:

(a) the geometrical dimensions of design; (b) the fabricated specimen

The flow stress curves of the specimens with different grain sizes are presented in Fig. 3, The
mechanical parameters are summarized in Table 2. The significant reduction of flow stress
with the increase of grain size can be observed. That can be explained according to the
normal Hall-Petch relation presented by Greer and De Hosson [30]. As the grain size
increases, the fraction of grain boundary in the unit volume of polycrystalline structure
decreases. Considering that the grain boundary impedes the dislocation movement, the
strengthening effect of grain boundary thus becomes less significant with the increase of

grain size, which leads to the reduction of flow stress.
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Fig.3 The flow stress curves of material with different grain sizes

Table 2 The mechanical properties of annealed specimens at different temperatures

Temperature o (MPa) o, (MPa) &%)
(°Cc)
400 72.22 331.27 39.36
700 50.89 323.78 43.22
900 30.54 251.96 27.13

In addition, it can be observed that the percent elongation first increases and then decreases
with the increasing grain size. This observation is different from the results reported by Chan
and Fu [31]. They found that the percent elongation decreases with the increase of grain size.
The reasons for this difference may be attributed to the fact that the as-received material is
not fully softened by the complete recrystalization in the 400 °C annealing process. The
plasticity of material is thus enhanced by removing the effect of cold working as the
annealing temperature increases from 400 to 700 °C  which leads to the increase of ductility.
However, for the specimens annealed at 900 °C with coarse grains, the uneven deformation

of individual grains causes the significant stress concentration at the early stage of



deformation. Therefore, the percent elongation distinctly decreases in that condition.

It can also be noticed that the scatter of experimental data increases with the annealing
temperature, indicating that the repeatability of experimental data becomes worse with the
increase of grain size. This is because there are fewer grains in the deformation region as the
grain size increases. The influence of individual grains on the flow stress thus becomes more
prominent with the decrease of grain boundary density. As a consequence, the uneven
distribution of individual grains with different sizes, shapes and orientations in the
deformation region leads to the significant inhomogeneous deformation and scattered

material properties.

The surface microtopgraphy of specimen is also revealed to be affected by the variation of
grain size. The KENYENCE VK-X200 laser profile measuring microscope was employed to
scan the surface topography both before and after the tensile tests. The sampling position was
selected in the homogeneous region of gauge length as indicated in Fig. 4 (a). To verify the
repeatability and accuracy of the experimental investigation, three different specimens were
tested for each case and three different regions were scanned in each specimen according to
ASME B46.1-2009. The results were summarized in Fig. 4 and 5. It can be observed that the
surface of specimen is roughened after deformation. In addition, both the surface roughness

and its scatter after deformation are revealed to increase significantly with the grain size.
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Fig. 4 Surface microtopgraphies of specimens with different grain sizes before and after



tension:

(a) the sampling area; (b) before deformation;

©)d=12 pum;(d)d =35 um;(e)d =180 um
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Fig. 5 Effect of grain size on the surface roughness

The reason for the increase of surface roughness with the grain size may attribute to the
deformation and rotation of individual grains in the surface layer. Before the grain structure is
coarsened, the deformation of individual grain is constrained by each other leading to the
overall homogeneous performance of material. With the increase of grain size, the individual
grains, especially the surface grains, become less restricted due to the decrease of grain
boundary density. Considering that the orientations and structures of individual grains are
random distributed, the inhomogeneous and uneven deformations of surface grains become
more significant, which leads to the increase of surface roughness with the grain size after

tensile test.



2.3 Grain Orientation Detection

The grain orientation and distribution both before and after tensile deformation were detected
by using the electron backscattered diffraction (EBSD) process. The samples were first
electro-polished in a solution of 125 ml distilled water and 500 ml HPO; with the input
voltage of 2.1 V for eight minutes at room temperature to obtain high quality surface. After

that the detection tests were conducted in the LV UHR FE scanning electron microscope with
HKL Channel 5 system. The accelerating voltage is 20 kV and the tilt angle of sample stage
is 70 degree. At least 100 grains were investigated in each sampling area and the fraction of
successfully-indexed orientation is set as 80%. The orientation image maps (OIMs) of grains
before and after deformation along the tensile axis are reconstructed and illustrated in Fig.
6-9. Furthermore, the scattered inverse pole figures are presented in Fig. 10 and the fractions

of different grain orientations are summarized in Table 3.

Fig. 6 Grain orientation maps of cold-rolled pure copper before deformation
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Fig. 7 Grain orientation maps of copper specimens with the grain size of 12 um :

(a) before tension; (b) after tension
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Fig. 8 Grain orientation maps of copper specimens with the grain size of 35 um:

(a) before tension; (b) after tension
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Fig. 9 Grain orientation maps of copper specimens with the grain size of 180 um:

(a) before tension; (b) after tension
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Fig.10 Scattered inverse pole figures of copper specimens with different grain sizes:
(a) as-received; (b) d =12 um(c)d =35 um (d)d =180 um

Table 3 Composition variation of three groups of grains before and after deformation

Grain size
(um) State <110> <100> <ll1>
Before tension 0.35 0.18 0.26
12 After tension 0.05 0.21 0.58
Before tension 0.42 0.13 0.32
3 After tension 0.06 0.15 0.59
Before tension 0.58 0.09 0.25
180 After tension 0.07 0.01 0.90

In the OIMs of grains, different colors represent the different orientations of grains referring

to the roll direction (RD) which is also the tensile axis direction. It can be observed that there



are three main types of grain orientation, i.e. <111>, <110> and <100> . The grains with
different orientations are randomly distributed before deformation. The scattered inverse pole
figures also show that the crystallographic orientation aggregation is not significant before
tensile deformation. According to the OIM results before deformation, the <110> orientated
grains take the greatest proportion while the grains with the orientation of <100> take the

least for all the three grain size conditions.

After the tensile deformation, it can be observed that the fraction of <110> orientated grains
decreases prominently while the fraction of grains with the orientation of <111> increases
significantly. On the other hand, the fraction of <100> orientated grains almost remain the
same. Hence the <111> and <100> can be considered as the final orientations of grains after
tensile deformation. The <111> orientated grains remain in the <111> orientation during the
deformation. While the grains with the orientation of <110> tend to subdivide and rotate to
the <111> orientation under the action of uniaxial tensile stress. In addition, the orientation of
<100> can be treated as a tansitional orientation which remain unchanged during the
deformation process. The orientation evolution observation in this study is similar to that
from the previous research on the cold drawn experiments of <110>, <100> and <I11>

orientated single crystal copper [32].

In addition, the orientation factor are also calculated as shown in Table 4. The orientation
factor distribution is demonstrated in Fig. 13. The flow stress is revealed to be in direct

proportion with the orientation factor according to Taylor's theory. In order to characterize the



effect of grain orientation and its evolution on the flow stress, the results in Table 4 are

employed in the modeling process.
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Fig.13 Orientation factor distribution of pure copper specimens:

(@d=12 um;(b)Yd=35 um;()d=180 um.



Table 4 The measured average grain orientation factors

Orientation <l10> <100> <lll>
Average factor 3.512 2418 3.621

3. Constitutive Modeling

In order to characterize the size effect observed in the experimental investigations, a new

constitutive modeling method was proposed with the consideration of grain orientation effect.

3.1 Traditional Modeling Method

In macro scale, the Hal-Petch equation is employed a lot to describe the constitutive behavior
of polycrystalline material. In the Hall-Petch equation, it is assumed that the normal stress is
equal to 27 , where 7 is the resolved shear stress. Therefore the yield stress o can be
expressed as follows:
o, =21, (1)
o, =21, 1 2kd ()
If o, isequalto 27, and K isequalto 2k o may be given as
o, =0, +Kd " (3)
Here, o,and K are material constants. Eq. (3) is the Hall-Petch equation derived with the
dislocation pileup model [33]. The equation characterizes the relation between the yield stress

and the grain size to describe the flow stress for polycrystalline material. According to Eq. (3),

the yield stress of material is composed of the two terms. The first one is the shear stress



required to overcome the friction working on the dislocation along the gliding plane in the
grain interior. The second one represents the shear stress required to conquer the resistance

generated by the dislocation pileup near the grain boundary.

According to Taylor’s theory, the yield stress can be expressed by the average orientation

factor. The resolved shear stress o, can thus be further written as Eq. (4):

1 1

o, =Mr'+MK'd >=M(r'+K'd ? @)
In Eq. (4), M is the Taylor factor. The value of M can be variable for different grain structures

or orientations. According to Taylor's theory, M equals to 3.1 for the metal material with FCC

crystal structure.

Furthermore, Armstrong expanded the Hall-Petch equation into the whole range of flow

stress [34-36]. The flow stress of polycrystalline material can be expressed as follows:
o(e)=0,(e)+ K(s)d (5)

In Eq. (5), o,(¢) and K(¢) are material constants at the given strain, which reflect the

contributions of single grain and grain boundary to the flow stress respectively. Therefore

o,(¢) can be decomposed as the shear stress of single grain:

0,(6) = 1,(e)(cos Acos ) = M (&) (6)

3.2 Constitutive Model with Orientation Effect

The polycrystalline material can be treated as the aggregate of many randomly-distributed



grains with different orientations. Therefore, the properties of material are determined by the
collective function of every individual grain. In macro scale, there are a number of grains
located in the section of the material. Although the orientations and shapes of these grains are
stochastically distributed, the material demonstrates the overall isotropy properties as the
average performance of these grains. As illustrated in Fig. 11, the grain size becomes closer
to the feature size as the deformation scale decreases to micro/meso level. As a result, there
are only a few grains in the deformation section. Therefore, the orientation and shape of each
individual grain play a more significant role in the overall performance of material. In
addition, the grains, especially the surface ones, are also less constrained by each other due to
the reduction of grain number. The collective material behavior thus performs higher
uncertainty due to the random properties of individual grains. This is the intrinsic reason for

the size effect of flow stress and surface roughness observed in the above experiments.
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Fig.11 Schematic description of the grain orientation effect

In order to describe this effect, the traditional constitutive method can be modified by
considering the collective contribution of each individual grain with different shape, size and

orientation. The contribution of each grain is weighted according to the fraction f; in the



polycrystalline material. Therefore, the total flow stress of specimen can be obtained as

follows:
o= fM,(r' 4K, 'd ") )
i=1

In Eq. (7), the overall flow stress is considered to be composed of n types of grains with
different orientations. In this study, three main orientations, i.e., <110>., <100> and <I111>.
The total flow stress of material can thus be expressed as follows:
o=fiM (7' \+K, 'di%)"‘szz(T'z"‘Kz 'di%)+/[3M3(T'3+K3 'di%) (8)
Assuming 7', (i =1, 2,3) and K, '(i =1, 2,3) follows the power and exponential function of
strain, the following equation can be obtained:
o= fM, (A]g’"l n B]g”‘d%)Jr M, (Azg’”z n Bzgnzd%)+ 1M, (A3g’"3 L Bend )
In Eq. (9), f, and M, are the volume fraction and orientation factor of the grains with the
orientation of <110> respectively. f, and M, are the fraction and orientation factor of the
grains with the orientation of <100>, respectively. f, and M, are the fraction and
orientation factor of the grains with the orientation of <111>, respectively. 4. (i =1, 2,3) ,

1

B, (l' =1, 2,3), m, (z' =1, 2,3), and 7, (i =1, 2,3) are all material constant.

The fractions of the three orientations are proportionally extrapolated based on the
experimental results. The calculated volume fractions are shown in Table 4. According to the
EBSD results, the grain orientations are revealed to evolve under the action of external stress.
In this study, the fraction of grains with a specific orientation is assumed to follow the linear

function of strain during the uniaxial deformation as given below:



fi(e)=f, + Y=,
@, -2y

fr(&)=fo + Yy =l (10)
(2f ‘92,)

fe)= i+ LI,
(3_,‘ 83,)

In Eq. (10), f,,, f,; and f;, are the fractions of the grains with the orientations of <110>,
<100> and <111> before deformation respectively while f ., f,, and f,, are the
fractions after deformation.

Table 4 Volume fraction of grains with different orientations

Grain size (um) State <110> <100> <]11>
Before tension 0.44 0.23 0.33
12 After tension 0.06 0.25 0.69
Before tension 0.48 0.15 0.37
3 After tension 0.08 0.19 0.73
120 Before tension 0.63 0.10 0.27
After tension 0.07 0.007 0.923

4. Model Validation and Discussion

Based on the EBSD results, the established model was applied on the flow stress curves of
different grain sizes according to the regression analysis. The fitted results are summarized in
Table 5 and Fig. 12. The flow stress curves of grains with the orientations of <111>, <110>
and <100> were obtained based on the method in Ref. [37-40]. In addition, the calculated
results based on the developed model as well as the ones without considering the grain

orientation development are also illustrated in Fig. 12.



Table 4 The fitted results of the established model
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Fig.12 Comparison of analytical and experimental results:

@d=12 um;(b)d=35 um;(c)d=180 um.

It can be observed that the calculated results with the consideration of grain orientation
development agree with the experimental results. On the other hand, the calculated results
without considering the grain orientation effect are close to the experimental ones at the small
strain. However, the difference between the calculated and experimental results increases
significantly with the strain. This is because that the grains with the orientation of <110>
gradually rotate to the <111> orientation as the strain increases in the experiment. At the
beginning of deformation, the fractions of the grains with different orientations are close to
the initial condition. However, the differences of fractions become more and more significant
as the strain increases. Therefore, the difference between the predicted and the experimental

curves becomes more and more significant if the grain orientation effect is not included.

In order to further verify the accuracy of the proposed material model, the FE model of



uniaxial tension was established. The 2D geometrical model of virtual grains was constructed
based on the Voronoi theory [41-43] in ABAQUS/CAE environment for the materials with
three different grain sizes. The orientations of grains were defined statistically according to
the fractions of grains with different orientations. After that the mechanical properties were
defined for each grain according to its orientation based on the predictive results obtained
from the established model. In addition, three different structures were generated for each
grain size condition to verify the repeatability of simulation. The simulation for each structure
was repeated for 20 times by using different grain orientation mapping solutions. CPS4R
element were employed in the calculation. The developed numerical models are shown in Fig.

13.
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Fig.13 The FE models of materials with different grain sizes:

(@)d=12 um (b)d=35 um (¢)d=180 um

The FE results are shown in Fig. 14 (a). The surface roughness for different grain sizes were
also calculated based on the FE results. The predicted and the experimental results are both
shown in Fig. 14 (b). It can be observed that the FE results agree with the experimental one.
Both the average value and the scatter of surface roughness are revealed to increase with the
grain size according to the FE results. This is because the mechanical properties of individual
grains are different from each other, which leads to the significant inhomogeneous
deformation. The uneven deformation can be clearly observed in Fig. 14 (a). As the grain size
increases, the number of grains in the deformation area decreases. Therefore the individual
grains are less restricted by each other and the inhomogeneous deformation thus become
more and more severe. Hence the surface roughness increases as a consequence. The FE
simulation thus provides an intuitive and persuasive demonstration of the surface roughness

size effect.
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Fig. 14 Surface topography analysis of the FE results:

(a) The simulated free surface morphology after deformation;

(b) the roughness of deformed surface

The true stress vs. true strain curves for different grain sizes were also obtained as shown in

Fig. 15. It can be observed that there is a satisfying agreement between the experimental and

simulated results. On the one hand, the simulated average flow stresses agree with the



experimental results under different strain and grain size conditions. On the other, the scatter
of simulated results also increases with the grain size, which is in accordance with the
experimental observation. This is because the properties of individual grains were defined
statistically. The number of grains in the deformation area decreases as the grain size
increases. Therefore the overall deformation behavior becomes more dependent on the
property and deformation of individual grain. Since the properties of individual grains
demonstrate the significant randomness, the scatter of data increases with the grain size.
Therefore it can be concluded that the developed model can describe the flow stress affected
by the grain orientation effect reasonably under different grain sizes. The size effect affected
deformation in micro/meso scale forming processes can be represented and approximated in
an intuitive and practical manner by combining this model and FE tools. This work thus
provide a basic and effective tool for understanding and analyzing the intrinsic reason of size

effect in microforming process.
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Fig. 15 Comparison of simulative and experimental results:

(a)d=12 um (b)d=35 um (c)d=180 um

5. Conclusions

The grain orientation and evolution effect on the deformation of copper material at

micro/meso scale was investigated by using the uniaxial tensile test. Both EBSD and surface



scanning methods were employed to characterize the grain orientation effect on the

micro/meso scale deformation. Based on the discussion, a new constitutive model of flow

stress was proposed by considering the grain orientation effect. A Voronoi tessellation based

FE method was also employed to simulate the deformation of polycrystalline material and to

verify the applicability of the proposed model. The following conclusive remarks can be

drawn:

1) The flow stress is revealed to decrease with the increase of grain size according to the
experimental results. In addition, the scatter of data and surface roughness were found to
increase with the grain size. The inhomogeneous deformation of individual grains was
attributed to the phenomenon.

2) EBSD tests of copper specimens were conducted both before and after the tensile test. The
grains with the orientation of <110> were identified to rotate to the <I111> orientation
significantly after deformation.

3) A constitutive model of flow stress was established based on the Hall-Petch equation by
including the effect of grain orientation and its evolution. The predicted results were
verified by experimental results. The grain orientation effect is revealed to have a
significant influence on the flow stress.

4) The FE model of material with different grain sizes was established based on the Voronoi
method. By combining with the proposed constitutive model, the predictive results of flow
stress and surface roughness are revealed to agree with the experimental results. The effect
of grain orientation and its evolution on the deformation at micro/meso scale is found to be

one of the intrinsic reason of size effect. Further researches still need to be conducted to



verify the established method in various microforming conditions.
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