Chapter 2
Size Effects in Micro-scaled Plastic
Deformation

2.1 Introduction

Microforming, the so-called micro-scaled plastic deformation, is to fabricate the
parts or part features with the dimensions in submillimeter scale. The process has
great potential to become a promising micromanufacturing method for its unique
characteristics for fabrication of micro-formed parts [1]. Although a comprehen-
sive macroforming knowledge system to support the design of process, tooling,
and the metal forming part has been well established and widely used [2—6], the
development of microparts by microforming, however, cannot totally be based on
the traditional macroforming knowledge and the design and development para-
digm of macro-formed parts as the size effect-affected deformation behaviors and
process performance in microforming are different from the ones in macroforming
[7-9]. In microforming, the material deformation behavior is characterized by a
few grains in the deformation zone. Different properties of grains make the
deformation behavior inhomogeneous and difficult to predict. In addition, there are
interactive effects between workpiece size and microstructure on flow stress, flow
behavior, fracture behavior, elastic recovery, and surface roughening, etc. These
size effect-related deformation phenomena further affect the performance of mi-
croforming system and product quality in terms of deformation load, stability of
forming system, defect formation, dimensional accuracy, surface finish, and the
mechanical properties of the micro-formed parts. This chapter aims at discussing
the size effect-related deformation behaviors and the newly identified phenomena,
which will help understand the mechanisms and fundamentals of the size effects in
microforming processes.

2.2 Flow Stress in Micro-scaled Plastic Deformation

Flow stress represents the strength of forming materials. It also determines the
material deformation behaviors and deformation load in microforming processes.
Flow stress affects process determination, die design, and the geometrical and
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Fig. 2.1 Grain and specimen size effects on flow stress in a tensile and b compression tests [15, 16]

dimensional accuracy of micro-formed parts. In microforming arena, size effect on
flow stress has been extensively investigated via compression and tensile tests
using different size-scaled specimens with different grain sizes in many prior
studies [8, 10-16]. The change of flow stress with the variation of specimen and
grain sizes is shown in Fig. 2.1. From the figure, it can be seen that the flow stress
decreases with the reduction of specimen size and the increase of grain size. The
grain size effect on flow stress occurs in both the macro- and micro-sized speci-
mens, while the specimen geometry size effect is only significant when there is less
than 10 grains in the cross-section of specimen [17]. The flow stress of material
has a close relationship with the characteristics of grain boundary. The specimen
and grain size effects on the micro-scaled plastic deformation behavior have been
investigated separately in prior studies. However, these two size effects actually
interact and interplay to affect the material deformation behaviors. In this section,
the change of flow stress with specimen and grain sizes is articulated. The different
models proposed based on grain boundary strengthening and the influence of
surface grains are discussed for providing an in-depth understanding of the size
effect affected flow stress in microforming.

2.2.1 Strengthening Behavior

The material size effect on flow stress is related to the formation and movement of
dislocations. It needs to generate massive dislocations in material to initiate plastic
yielding and deformation. In yielding process, there are mainly three stages [18].
In the first stage, incompatible stress is generated at grain boundary due to the
different elastic properties of neighboring grains, as shown in Fig. 2.2a. The grain
boundary region having higher stress than that at the grain interior deforms
plastically. In the second stage, the deformation of grain boundary and the gen-
eration of geometrically necessary dislocation (GND) decrease the incompatibility
of stress at the grain boundary, as shown in Fig. 2.2b, c. The work-hardened grain
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Fig. 2.2 Stages in polycrystalline deformation, starting with a, b localized plastic flow in grain
boundary regions (microyielding), forming a work-hardened layer in grain boundary ¢, d that
effectively reinforces the microstructure, and leads to e, f macroyielding in which the bulk of
grains undergo plastic deformation [18]

boundaries act as a rigid network structure which resists the deformation of grain
interior (Fig. 2.2d). In the third stage, the macro-yielding takes place as long as the
applied stress is large enough to further initiate the plastic flow of grain boundary
(Fig. 2.2e). The dislocation density at grain boundary and interior becomes the
same and the plastic incompatibility disappears (Fig. 2.2f). The atoms at grain
interior have a crystalline periodic arrangement, while the atom arrangement at
grain boundary is more disordered and the characteristics of grain boundary are
like the ones in amorphous material. The grain boundary increases the strength of
material via blocking dislocation movement, resulting in dislocation pile-up. The
work-hardening effect is actually caused by the entanglement of dislocations. The
ratio of the total grain boundary surface area to material volume decreases with the
decrease of specimen size and the increase of grain size [19-21]. This leads to the
decrease of grain boundary strengthening effect and the flow stress.

The above explanation of size effect on flow stress is based on the conventional
understanding of grain boundary strengthening behavior. Actually, there exists
size effect on the dislocation formation at grain interior. Hug and Keller [22]
examined the dislocation structures of the elongated nickel foils with different
ratios of foil thickness to grain size (#/d). It is found that a well-defined dislocation
cell structure with high dislocation density is formed for the specimen with the #/d
ratio of 14, as shown in Fig. 2.3. In addition, the cells in surface grains are slightly
larger than those in inner grains. For the specimen with the #/d ratio of 2.5, the
dislocation cells become larger and the dislocation density decreases. The diameter
of dislocation cells in the surface grains is about three times the ones in the inner
grains. For the specimen with the #d ratio of 0.125, a poorly defined cell structure
is observed and the cell diameter is larger than that in the specimen with a large #/d
ratio. Furthermore, the difference between the surface and inner cells is subtle.
Based on the above results, Hug and Keller [22] concluded that dislocation cells
exhibit a delay in their spatial arrangement for the specimen with a small #/d ratio.
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Fig. 2.3 Dislocation structure in the core of the elongated nickel foils with the different ratios of
specimen size to grain size (#/d) [22]. a #/d = 14, b t/d = 2.5 and ¢ t/d = 0.125

2.2.2 Modified Hall-Petch Relation

The most well-known empirical model for describing the grain size effect on
material yield stress (o,) is Hall-Petch relation [23, 24] as follows:

o,(d) = o + Kipd '/ (2.1)

where oy, and K, are material constants. Armstrong [25] further developed
Eq. (2.1) with the consideration of strain hardening into the following equation:

o(e,d) = o1p(e) + Kip(e)d 2 (22)

where o,,(¢) and Kj,,(¢) are the functions of strain. To include the parameters of
specimen and grain sizes in the material model, prior studies [20, 26-28] intro-
duced the ratio of specimen size (D—diameter of billet, +—thickness of foil) to
grain size (d) to quantify the size effect in the following.

N Specimen size (D, t)
~ Grain size (d)

(2.3)

It is revealed that the flow stress has a linear relationship with N for a given
strain, as shown in Fig. 2.4. The relationship can be represented as:

o(e,N) = a,(¢) + K,(¢)N (2.4)

where g,(¢) and K,,(¢) are material constants and they are the function of strain. In
Eq. (2.2), it can be seen that when the grain size (d) is large, the term th(s)d_l/ 2
presenting the grain boundary strengthening effect becomes insignificant. The
dominated term oy,(¢) thus represents the flow stress of grain interior or coarse-
grained and untextured polycrystal [29]. Equation (2.4) actually presents the
similar characteristics of Eq. (2.2). When N becomes small, it results in the
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domination of o,(¢). Chan and Fu [30] showed that ¢,,(¢) varies with specimen
size. Therefore, a,(¢) in Eq. (2.4) provides a better description of the deformation
behavior of grain interior with taking the interactive effect of specimen and grain
sizes into consideration.

2.2.3 Grain Boundary Surface Area-Based Model

The material strengthening effect could be caused by the changing fraction of grain
boundary, which impedes dislocation movement [18, 31]. The ratio of the internal
grain boundary surface area to the total grain boundary surface area is thus
introduced to quantify the interactive effects of the specimen and grain sizes on the
work-hardening behavior and flow stress. To simplify the analysis, the grain
geometry is considered as a cubic. The grain boundary surface area can be
determined from the geometrical point of view. Figure 2.5 shows the schematic
illustration for formulating the internal grain boundary surface area of a cylindrical
specimen. At the top view of a quarter of specimen, the sum of horizontal lengths
of grain boundaries can be expressed as

n=flr/gl

h= > /(*-e?) (2.5)

0

where f[r/g] is the greatest integer function. r and g are the radius of specimen and
grain size, respectively. The sum of the horizontal and vertical lengths of grain
boundaries shown in the top view is

n=f[r/g]
lsy = 8( 3 (r2 - (ng)2)> —4r (2.6)

0
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Fig. 2.5 Schematic illustration of the formulation of the internal grain boundary surface area [21]
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In addition, the sum of the vertical grain boundary surface areas is determined

by
n=rlr/s]
5, = (8( 3 (ﬂ-—(ngf)> —4¢>h (2.7)

0

where h is the height of specimen. The sum of the horizontal grain boundary
surface areas is designated as

M:fE—qmz (2.8)

where f [h/g—1] is the greatest integer function. The internal grain boundary
surface area can be thus denoted as

n:f[r/g] h
Sinternal = Sy + Sp = <8< \/ (r2 — (ng)2)> - 4r>h +f [— - 1] w? (2.9)
0 8

The total grain boundary surface area is

Stotal = Sinternal 1 2mr? + 2rnh (210)

The ratio of the internal grain boundary surface area to the total grain boundary
surface area can be finally obtained in the following based on the above equations.

Sinternal _ Sinternal (2 1 1)
Stotal Sinternal + 2nr? + 2rmh

Figure 2.6 shows the change of Siyermal/Sioral With the grain and specimen sizes.
From the figure, it can be seen that the $j,emal/Sworal decreases with the increase of
grain size and the decrease of specimen size. The change of Sj,ernal/Sioral thus has a
good correlation with size effect. The size effect on work-hardening behavior is
studied based on g0—¢ plot (0 = do/de, which is called hardening coefficient), as
shown in Fig. 2.7. The o0-¢ plot actually presents three hardening stages of
polycrystal [32]. Each stage is related to a specific plastic deformation mechanism.
Stage I corresponds to the microplasticity where the hardening rate significantly
decreases with the increase of flow stress and single slip occurs in most of the
grains [33]. Stage II, which is called pure hardening stage, refers to the linear
region in the 60— plot. In this hardening stage, multiple slip takes place, resulting
in the formation of dislocation cells. The work-hardening effect is caused by the
increase of dislocation density, leading to the entanglement of dislocation and
prohibiting the dislocation motion. Stage III begins at the point where the
downward curvature occurs. It is resulted from the negative contribution on strain
hardening by dynamic recovery. The hardening rate in Stage III, which is sensitive
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to forming temperature and stain rate, is characterized by the superposition of pure
hardening process and the additional softening process [34]. The contribution from
the pure hardening process to the hardening coefficient (6) is almost constant.
However, the influence of softening process increases with stress until the con-
tributions from both processes balance the hardening completely at the saturation
stress (g,) at which the material does not exhibit hardening behavior. The satu-
ration stress is shown in the g-axis of Fig. 2.7.

Based on the g6—0¢ plot shown in Fig. 2.7, it can be seen that the curve shifts
inwards, and the slope of Stage II and the saturation stress decrease with $jyermal/
Swotal- This reveals that the contribution from pure hardening process decreases.
These phenomena could be attributed to the decrease of internal grain boundary
fraction, which plays a significant role on material strengthening behavior. The
material nature changes from polycrystal to single crystal with the decreasing
Sinternal/Stotal- Figure 2.8 shows the change of flow stress with $;emal/Stotar and the
flow stress has a linear relationship with $jpermal/Storar t @ given strain. This further
verifies that the size effect is caused by the change of internal grain boundary
surface fraction.
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2.2.4 Mixture Model

2.2.4.1 Iso-Strain-Based Model

Based on the assumption that there is an incompatibility zone with a few
micrometers width at grain boundary, and the grain boundary and grain interior
undergo the same deformation (iso-strain condition), Kocks [35] described the
flow stress of materials in consideration of the flow stresses and volume fractions
of grain boundary and interior with Voigt model [36] in the following:

0 = fobOgp + f5i0gi (2.12)

where f,; and f,; are the fractions of grain boundary and grain interior, respec-
tively. o4, and o, are their corresponding flow stresses. The Voigt model actually
considers the materials of mixture aligning in the direction of the applied load, as
shown in Fig. 2.9. Meyers and Ashworth [18] assumed that the form of grain is
spherical with the diameter of d and the boundary thickness of A. The fraction of
grain boundary is

Eb:inpz(dz@1::4{%_<&>j’ -

172
17d
The fraction of grain interior is

d—2))*
fgizi( 42 ) =

Substituting Egs. (2.13) and (2.14) into Eq. (2.12) gives

1 — fa (2.14)

0 =04 +4(0q — agi)id_l —4(og — ag,-)i2d_2 (2.15)
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Fig. 2.9 Schematic
illustration of the iso-strain
model [81]
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Eq. (2.15) can be rewritten based on Hall-Petch relation
G =04+ [4(agb —0)id " — 4oy — ag,-)/lzd’3/2} a2 (2.16)
Comparing Eq. (2.16) with Eq. (2.1) gives
Ky = 4(agb — agi)ﬂyd_l/z — 4(agb - agi) 22d—3?
= 400 — o) A(d 12 = ja ) (2.17)

Since the Hall-Petch constant, Kj,,, is independence of grain size (). It thus
suggests

z(d-‘/z - Ad‘m) —cC (2.18)

where C is a constant. Another mixture model based on the assumption of grain
with cubical form was proposed by Hirth [31] in the following:

0 =04+ (0gp — 04i)(4d) — 427)d™? (2.19)

The expression based on the Hall-Petch relation can be obtained by rewriting
Eq. (2.19) as follows:

0 =04+ |(0gp — 0i)(4d) — 427)d3/?|d~"/? (2.20)

It can be seen that Eq. (2.20) gives the expression of Kj,, which is the same as
that in Eq. (2.17). It therefore suggests that the assumptions of the spherical and
cubical grain forms are equivalent. As shown in Fig. 2.10, there are different
fractions of grain boundary and interior at different sections. The mean grain

diameter (d) and grain boundary thickness (/) are used and given by [18, 37, 38]
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24 d

Fig. 2.10 Schematic illustration of different grain diameters and the thicknesses at different
sections [81]

E:%d, 7 =1.57) (2.21)
Substituting Eq. (2.21) into Eq. (2.15) gives
0 =04+ S(ng — Jgi))»dfl — 16(ogb — agi)izd’Z (2.22)

Meyers and his colleagues proposed the following [37, 38]:

th = 8KMA(O'gb — O'g,‘) (223)
where
A

Based on the above equations, the most critical issue is to define the mechanical
properties of grain boundary and interior. If there is about one grain over the
specimen thickness, the grain boundary strengthening effect is assumed not sig-
nificant. It can thus be used to model the mechanical properties of grain interior.
The atoms in grain boundary are more reactive as they are more disordered
compared with the atoms at grain interior. Prior studies have shown that the atomic
structure at grain boundary is similar to amorphous structure [39-41]. Numerous
studies assume that the mechanical properties of grain boundary are like the ones
of amorphous materials. Based on this assumption, Kim [42] and Carsley et al.
[43] conducted the investigation of grain size effect on the hardness of materials.
Zhou et al. [44] modeled the grain size effect on the elastic modulus and stress—
strain relation. Drucker’s constitutive equation [45] has been proven to be suitable
for modeling of the plastic behavior of amorphous materials [46] and it was thus
employed to describe the plastic behavior of amorphous grain boundary phase in
prior studies [44, 47, 48]. The Drucker’s constitutive equation is given by
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Table 2.1 The material parameters of grain boundary of pure copper [44]
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Fig. 2.11 Change of a C and b Kj;4 with grain boundary fraction [81]

%" = 6% + mp + h(e*")" (2.25)

where Jf;fb, m, h and n are the material constants of the grain boundary phase.
p = —0o/3 is the hydrostatic pressure. The material parameters in Eq. (2.25) for
amorphous grain boundary phase of pure copper can be obtained from literature
[44] and are presented in Table 2.1.

Equations (2.15)—(2.18) and Eqgs. (2.22)—(2.24) are developed based on the
different definitions of grain diameter and boundary thickness. The former is based
on the section across the diameter of spherical grain, while the later is based on the
averaged grain diameter and boundary thickness in consideration of the different
sections of spherical grain. These models are examined in the following. The ratio
of grain boundary thickness (1) to grain diameter (d) is used to quantify the
fraction of grain boundary. The changes of material constants, C and K,;4 (in
Egs. (2.18) and (2.24)), with A/d at a given grain size are shown in Fig. 2.11. Both
of the constants increase with A/d and grain size. Based on the known
K;, = 0.11 MPa m'?, 04 = 25 MPa, and the yield stress of grain boundary
(0, = 426.28 MPa) of pure copper [37, 44], the material constants, C and K4 for
pure copper can be further estimated by Eqgs. (2.17) and (2.23). They are
6.85 x 107> m"? and 3.43 x 107> m"? respectively. Therefore, the change of
grain boundary fraction and its thickness can be determined, as shown in Fig. 2.12.
It can be seen that the estimated values based on K,;4 is lower than the one based
on C. Both results, however, present the same tendency that the grain boundary
thickness decreases and its volume fraction increases with the decrease of grain
size. The variation of grain boundary thickness is not proportional to the variation
of grain size. Based on the measured flow stresses by experiment and Eq. (2.25),
the change of the fraction of grain boundary with strain and N can be identified
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Fig. 2.12 Change of a grain boundary fraction and b thickness with the grain size of pure copper
[81]

with Egs. (2.15) and (2.22) by using the numerical method, as shown in Figs. 2.13
and 2.14, respectively. The fraction of grain boundary increases with strain and
N. The estimated grain boundary fraction by Eq. (2.15) is about two times higher
than that by Eq. (2.22).

2.2.4.2 Mixed Iso-Strain and Iso-Stress-Based Model

In the case that the grain boundary and grain interior are assumed to have the same
stress (iso-stress condition), the flow stress of material can be represented based on
Reuss model [49] as follows:

1_fo (=fa) (2.26)
G O Ggi '

The iso-stress-based model considers the materials of the mixture aligning
perpendicular to the direction of the applied load, as shown in Fig. 2.15. Most of
the mechanical behaviors of material fall in between the iso-stress and iso-strain
models [44]. The iso-strain-based model is thus considered as an upper bound
model, while the iso-stress-based model as a lower bound model. The material is
assumed to be composed of an array of repeating cubic unit grain, as shown in
Fig. 2.16. The unit grain has two phases, viz., grain boundary and interior. The
contribution of flow stress from the side boundary is described based on the iso-
strain model, while contributions from the top and bottom boundaries are repre-
sented by the iso-stress model. The combined flow stress of the grain interior and
the side boundary is calculated by

fe

i
Ogit+gh,s = Ogi
S f o+ fobs

fgb,s

o 2.27
gbfgi + fobs (2.27)

+
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Fig. 2.14 Change of A/d with a strain and b N (Based on Eq. (2.22)) [81]

The combined flow stress of the unit grain is

-1
a<@+ém+éﬁ? (2.28)

Ogi+tgb,s Ogb

where f,), 4 is the volume fraction of the top and bottom boundary, while f,,, , is the
volume fraction of the side boundary, as shown in Fig. 2.16. The volume fraction
of each component can be calculated from the geometric point of view in the
following:

d—27)°
fu— % (2.29)
& — (d —27)*—2d%), (d—24)°" 22
Fabs = 5 =l-a - (2.30)
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2420 22
Jepb = B = a (2.31)

where d is the grain size and 4 is the thickness of grain boundary. Based on
Egs. (2.27)—(2.31) and the properties of grain interior and boundary defined in the
previous section, the variation of grain boundary fraction can be determined by
using the numerical method, as shown in Fig. 2.17. The results show the tendency,
that the grain boundary fraction increases with strain and N, is the same as the one
obtained in the previous section. The estimated grain boundary fraction falls in
between the results (Figs. 2.13 and 2.14) predicted by the previous two models.
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2.2.4.3 Finite Element Simulation

Based on Figs. 2.13, 2.14, and 2.17, it can be seen that Egs. (2.15), (2.22), and
(2.28) have different estimations on grain boundary fraction. Finite element (FE)
simulation, which provides an advanced analysis of material deformation behav-
ior, is thus employed to evaluate the accuracy of different models. The number of
grains at each section of the material is assumed to be almost the same, as illus-
trated in Fig. 2.18. Therefore, it can be considered as the plane strain deformation
condition. The model is further simplified to be a single grain with the side length
of d and the boundary thickness of A. The simulations are conducted in a com-
mercial CAE system, ABAQUS. The forming material is modeled as an elastic—
plastic body and meshed with four-node bilinear quadrilateral elements. Fig-
ure 2.19 shows the simulation results of the change of flow stress with N for a
given strain. Although the estimated grain boundary thicknesses are different by
using different models, the FE simulation results based on those estimated grain
thicknesses generally have a satisfactory agreement with the experimental results.
By using the thickness estimated by Eq. (2.15), it yields the highest flow stress
among three models and then followed by the results based on Egs. (2.28) and
(2.22). It is difficult to evaluate which model is relatively accurate, the averaged
error is thus used to quantify the accuracy of each model and expressed as:

ez 100 % an
J (de de
[ de

where o, and ¢, are the flow stresses obtained from experiment and the models for
a given strain, respectively. The estimation errors are 4.0, 3.8, and 3.5 % for
Egs. (2.15), (2.22), and (2.28), respectively. Therefore, Eq. (2.28), which is the
mixed iso-strain and iso-stress-based model, performs a little bit better than the
others.

e =

(2.32)
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Fig. 2.18 Model simplification [81]

2.2.5 Surface Layer Model

Miyazaki et al. [27] found that the dislocation tangles only occur near the threefold
node of grain boundaries and a few dislocations are heterogeneously distributed
inside the grain at the surface layer of material. It is suggested that the deformation
behavior of the surface material is different from the inside one. Surface grains
have less constraint compared with internal grains. The dislocation structure in
surface grains is thus different from that of internal grains [22, 27] and the surface
grains have lower flow stress [50, 51]. The decrease of flow stress could be
attributed to the change of the volume fraction of surface grains. The flow stress
can thus be determined by both the surface and internal grains [52-55] and
expressed as:

(&) = oy05(e) + 0i(e) (2.33)

where og4(¢) and o,(¢) are the flow stresses of surface and internal grains, respec-
tively. They are the function of strain. ¢, and o; are the volume fractions of surface
and internal grains. The number of grains in the cross-section of workpiece is large
and the volume fraction of surface grains is small when the workpiece size is in
macroscale and the grain size is fine. When the workpiece size is decreased to
microscale and the grain size is large, there are only a few grains constituting the
workpiece and the volume fraction of surface grains increases tremendously as
shown in Fig. 2.20, which results in the decrease of flow stress.
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Fig. 2.20 Change of the volume fraction of surface grains with the change of specimen and grain
sizes [16, 81]

2.3 Deformation Behavior

The specimen and grain sizes affect the material flow behavior in microforming
processes. Figure 2.21 shows the end surfaces of the original and compressed
Al6061 cylinders with different sizes. It can be seen that the shapes of the
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Fig. 2.21 End surfaces of the original and compressed Al6061 cylinders [16]
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compressed specimens change from circular to irregular shape with the decrease of
specimen size. A similar phenomenon is also observed in the compression of
copper cylinders with the change of grain size, as shown in Fig. 2.22. Inhomo-
geneous deformation arises in the case with coarse grains.

2.3.1 Anisotropic Properties of Single Grain

The size effect on material flow behavior is related to the interaction among grains
to maintain strain continuity across grain boundary. Grain deforms via slipping.
The slip plane together with the slip direction constitutes the slip system. The slip
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Fig. 2.23 Slip systems in different models, a Sachs model, b Taylor model, ¢ Kocks and Canova
model and d Leffers model

plane is the plane that has the greatest atomic density, while the slip direction is the
closest-packed direction in the slip plane. Grain has a number of slip systems for
deformation. Schmid and Boas [56] found that single crystal deforms when a
critical shear stress is reached in a slip system. This criterion is applied by Sachs
[57] who assumed that all the grains are deformed by single slip, as shown in
Fig. 2.23a. However, this hypothesis neglects the strain compatibility at grain
boundary. Taylor [58] assumed that each grain undergoes the same homogeneous
strain, equal to the macroscopic strain. He suggested that all the grains are
deformed homogeneously as long as at least five independent slip systems are
activated, as shown in Fig. 2.23b. He further predicted the grain orientation factor
(M), which relates macroscopic tension stress (¢) and shear stress (1), has a value
of 3.06 for random FCC polycrystal, which is in contrast to the value of 2.24
predicted by Sachs [57]. A modification of Taylor theory was then done by Kocks
and Canova [59]. They proposed that the strain continuity can be maintained with
less than five slip systems. Different slips may not be necessary to pass through the
whole grain, as shown in Fig. 2.23c. Leffers [60] modified the Sachs model and
proposed that the slip planes meet the grain boundary and the generated stress is
relaxed by the second slip in the neighbor grains, as shown in Fig. 2.23d.

The irregular shape of the compressed specimen is caused by the random
characteristics of grain size, form, and orientation. The deformation properties of a
single grain are anisotropic. Since the polycrystalline material is composed of a
large number of grains, the grains with different properties can be randomly and
evenly distributed, resulting in the isotropic deformation behavior. When the size
of workpiece is in microscale and the grain size is coarse, there is only a few grains
in the workpiece and the even distribution of different grains no longer exists. The
anisotropic properties of each grain become significant to the deformation
behavior and lead to the inhomogeneous deformation. The deformation behavior
of material in microforming could fall in between that of polycrystal and single
crystal, as shown in Fig. 2.24. To minimize such kind of size effect, Eichenhueller
et al. [61, 62] conducted the microforming at an elevated temperature, which is
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Fig. 2.24 The transition of
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above room temperature and below recrystallization temperature. Their experi-
mental results show that the homogeneous deformation can be achieved in
extrusion process due to the dislocation movement thermally activated at the
elevated temperature. It makes the unfavorably oriented grains plasticized and the
strain incompatibility among grains decreased.

2.3.2 Modeling of Deformation Behavior

In compression and tensile tests, it can be found that the scatter effect of the
obtained flow stress curves increases with the decreasing number of grains in
testing materials. Figure 2.25 shows the obtained flow stress curves in the com-
pression test of micro-cylinders with the dimension of @0.5 x 0.75 mm and the
grain size of 40 and 180 pm corresponding to the results shown in Fig. 2.22. The
scatter effect of flow stress curve is caused by the grains with different sizes,
shapes, and orientations unevenly distributed in the testing samples. Therefore,
different flow stress curves should be used to model the deformation behaviors of
testing materials with different grains. The flow stress of the testing material could
be modeled with a composite model in the following:

owzin@ (2.34)

where 7 is the total number of grains in the specimen. V; is the volume fraction, or
area fraction in two-dimensional case, of the ith grain. ¢,(¢) is the flow stress of the
ith grain and a function of strain considering work-hardening. Figure 2.26 shows a
schematic illustration of a set of flow curves of specimens with the same geometry
dimension and mean grain size. The scatter effect of the flow stress curve could be
modeled with a normal distribution function, which is one of the most commonly
observed random variables with a bell-shaped probability distribution.
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Fig. 2.25 Flow stress curves of micro-cylinders with the dimension of #0.5 x 0.75 mm and the
grain size of 40 and 180 pum [82]
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Fig. 2.26 Schematic illustration of the modeling of scatter effect with a normal distribution
function [82]

Taking the case with only four grains in the sample and each grain having the
same volume in the material as an instance, the deformation behavior of each grain
is described with its corresponding flow stress curve and the averaged flow stress
curve could be used to describe the deformation behavior of the entire sample
material based on the composite model. To generate the upper bound of the
measured flow stress curves for the testing samples, the flow stress curves of some
grains must be higher than the upper bound of the measured flow stress curves of
the testing samples, as shown in Fig. 2.27a. Similarly, the flow stress curves of
some grains must be lower than the lower bound of the measured flow stress
curves, as shown in Fig. 2.27b. Therefore, the degree of spread of the grain
properties must be wider than that of the testing sample properties, as shown in
Fig. 2.27c, while the mean flow stress curve of the grains is the same as the
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Fig. 2.28 Random assignation of grain properties on the metallographies of the sample models
[82]

measured mean flow stress curve of the testing samples. This assumption could
also be adopted in the case shown in Fig. 2.26 and the schematic illustration of the
grain properties is shown in Fig. 2.28. In Fig. 2.28, the grain properties are divided
into several groups represented by their corresponding flow stress curves, which
are evenly spaced within the upper and lower bounds. When the metallographies
of the testing samples are known, the volume/area fraction of each grain in the
testing sample can be estimated. The properties can then be assigned to the grains
on the metallographies randomly. The flow stress curves of the testing samples and
the scatter effect can be estimated based on Eq. (2.34).
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Fig. 2.29 Evaluation of the degree of spread d(¢) of the flow stress curves of grains [82]

As shown in Fig. 2.29, the properties of grains are determined via evaluating
the degree of spread d(¢) of the flow stress curves of grains, estimating the scatter
effect of the testing samples with Eq. (2.34), and matching the estimated scatter
effect with the physical experimental results. In addition, Fig. 2.30 shows a
schematic illustration of the grain size effect on material flow stress. The size effect
on inhomogeneous deformation behavior and the scatter of flow stress can be
modeled with the degree of spread J(¢) in the flow stress curves of grains, while
the size effect on the decrease of flow stress can be modeled with the mean flow
stress g,,(¢) of grains. The larger ratio of specimen size to grain size (D/d), the
stronger grain boundary hardening effect, and further the higher mean flow stress
of grains. In addition, the wider spread of the flow stress curves of grains, the
greater scatter effect of the obtained data, and the higher degree of inhomogeneous
deformation.

2.3.2.1 Simulation of Micro-Compression

Based on the results of compression test as shown in Fig. 2.25, the modeling
methodology presented in the previous section is demonstrated. First, the metal-
lography of the annealed pure copper is extracted from physical sample, as shown
in Fig. 2.31. Different groups of the grain plastic properties are evenly and ran-
domly distributed in the metallography presented in Fig. 2.32. Twenty regions
with an approximate D/d ratio of 2.8 are extracted as the sample models for
estimation of the upper and lower bounds of grain flow stress curves. The ratio is
the same as that of the physical samples with the dimension of @30.5 x 0.75 mm
and the grain size of 180 pum. The area fraction of each grain in each sample model
could be obtained using computer-aided design (CAD) system. Based on the
aforementioned explanation, the degree of spread of the grain flow stress curves
must be larger than that of the testing samples. Therefore, the scatter range of the



2.3 Deformation Behavior 33

Size effect on the flow stress curve

A D= Spe_cirqen diameter

= d = Grain size

e 550

\.E_/ 500

@

5 450

w 400

]

=

=

. : - D/, D/ D/d D/,
0 03 06 0.9 = : = s

True strain

Fig. 2.30 Schematic illustration of grain size effect [82]

Fig. 2.31 Metallography of the annealed pure copper [82]

flow stress curves (shown in Fig. 2.25) of the samples with the geometry
dimension of @0.5 x 0.75 mm and the grain size of 180 pm could be considered
as a basis to estimate the upper and lower bounds of the grain flow stress curves.
The grain properties can be identified by evaluating the degree of spread d(¢) of
grain flow stress curves, and estimating the flow stress curves of sample models
and the scatter range using Eq. (2.34). The identified grain properties and the
corresponding 20 estimated flow stress curves from the sample models are shown
in Fig. 2.33. The identified flow stress curves of grains are used for 2D axisym-
metric and 3D simulations using the commercial computer-aided engineering
(CAE) system, ABAQUS.
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Fig. 2.32 The selected 20 cases for estimation of the grain properties in the sample with the D/
d ratio of 2.8 [82]

2.3.2.2 2D Axisymmetric Model

To simulate the grain size effect on the material deformation behavior, the grain
interior and grain boundary are considered as a single body, while the change of
grain boundary strengthening effect due to the change of D/d ratio is taken into
account with varying the mean flow stress of grains based on the modeling
methodology presented in Sect. 2.3.2. By using the 2D axisymmetric model to
simulate the deformation behavior of specimen with the D/d ratio of 2.8, four half
of the section of each selected region shown in Fig. 2.32 is simulated with four-
node bilinear axisymmetric quadrilateral element. Punch and counter punch are set
to be rigid bodies, while the specimen is defined as an elastic—plastic body. The
identified properties shown in Fig. 2.33a are assigned to the grain models and the
friction coefficient is set to be 0.1. The shapes of the side profiles of the simulated
cases, as shown in Fig. 2.34, are irregular and the deformation is inhomogeneous,
which has a good agreement with the experimental results shown in Fig. 2.22.
Furthermore, the simulated flow stress curves are shown in Fig. 2.35. It can be
seen that some simulated flow stress curves are out of the range of the experi-
mental results.

To simulate the deformation behavior of the specimen with the D/d ratio of 12.5
(the case with the dimension of @#0.5 x 0.75 mm and the grain size of 40 pm), it
needs to consider the fact that the grain boundary hardening effect is higher than
that of the case with the D/d ratio of 2.8. Based on the grain properties in the case
with the D/d ratio of 2.8 (Fig. 2.33a), the mean flow stress of the grains is
increased to the mean flow stress curve of the testing specimens with the grain size
of 40 um (Fig. 2.25), while the parameter d(¢) keeps the same. The material
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properties of the grains in the specimen with the D/d ratio of 12.5 are shown in
Fig. 2.36. Figure 2.37 shows the 20 selected sections of the axisymmetric sample
models with an approximate D/d ratio of 12.5. Figure 2.38 shows the four simu-
lated results. The simulated result shows that the specimens perform a higher
degree of homogeneous deformation when compared with the case with the
D/d ratio of 2.8 based on the shape of side profiles (Fig. 2.34). The simulated flow
stress curves are shown in Fig. 2.39. It can be seen that the simulated scatter effect
is still larger than the experimental result, but the error is less than that in the case
with the D/d ratio of 2.8 (Fig. 2.35). The error is due to the fact that the axi-
symmetric model only considers half of the section and some grain properties with
higher or lower flow stress may dominate in the model, resulting in the higher or
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2.8 [82]
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lower mean flow stress in simulation. The error of the simulated result can be
addressed with Fig. 2.40, which represents a metallography of sample model. The
grid represents a unit area and the thick line stands for the grain boundary. Dif-
ferent colors and numbers in the grids are used to differentiate the properties of
grains. The larger the value, the higher the flow stress. In the axisymmetric model
where only half of the section is considered, the area fraction with the high value
of 7 dominates on the left half and the area fraction with the low value of 1
dominates on the right half. The mean values of the left half (5) and the right half
(2.3) thus become higher and lower than the mean value of the whole section (3.7),
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respectively. This error decreases with the increase of D/d ratio since the indi-
vidual grain properties become insignificant to the properties of the whole material
model.

2.3.2.3 3D Full-Scale Model

In order to have an in-depth investigation on modeling of the deformation behavior
in micro-compression, 3D full-scale simulation is conducted with eight-node linear
brick element. Grain is represented as a cube for simplification. Figure 2.41
illustrates a 3D metallography assembled with cubic grains and the grain prop-
erties are randomly assigned. The identified grain properties shown in Figs. 2.33a
and 2.36 are employed in the full-scale models for simulating the deformation
behaviors of the specimens with the D/d ratio of 2.8 and 12.5, respectively. The FE
model with the D/d ratio of 12.5 is shown in Fig. 2.42. Twenty sample models are
simulated in both the cases with the D/d ratio of 2.8 and 12.5, respectively. Four
simulation results of the deformed specimens in both the cases are shown in
Figs. 2.43 and 2.44, respectively. Based on the simulated contours of side surfaces
of the sample models, it can be seen that the size effect on the increasing degree of
inhomogeneous deformation with the decrease of D/d ratio can be simulated. The
simulated flow stress curves in both the cases are shown in Figs. 2.45 and 2.46,
respectively. The results show that the scatter effect of the flow stress curve
increases with the grain size and the simulated scatter range has a good agreement
with the experimental result. Based on the above simulated results, it is concluded
that the simulation of grain size effect in micro-compression is feasible with the
identified grain properties and the proposed modeling methodology.
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2.4 Fracture Behavior
2.4.1 Fracture Strain and Fractograph

In microforming process, material undergoes large deformation which could lead
to ductile fracture. Ductile fracture is one of the common defects in metal-formed
parts caused by the tensile stress exceeding the strength limit of material. Con-
trolling the amount and uniformity of deformation in each forming operation is
critical to avoid fracture. Figure 2.47 shows the change of fracture strain with the
variation of the ratio of testing foil thickness to grain size (#/d) in tensile test. It can
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Fig. 2.38 The simulated stress distributions in the 2D axisymmetric models with the D/d ratio of
12.5 [82]
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be seen that the fracture strain decreases with the number of grains over the foil
thickness. Figure 2.48 shows the fractographs of the tested samples with the
thickness of 600 and 100 pm, and the different values of #/d. It reveals the ductile
fracture mode of the samples.

By comparing the fractographs of the samples with the same thickness
(600 pm), as shown in Fig. 2.48a, b, it is found that the number of micro-voids
decreases with #/d. In the extreme case with only about one grain (#/d = 1.2) in the
thickness direction, there is no micro-void found and the slip band and the typical
knife edge rupture can be clearly observed on the fracture surface, as shown in
Fig. 2.48c. The decrease of #/d leads to the localized deformation at the fracture
region. Actually, the measured strain is not the fracture strain at the fracture region,
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but it is the averaged strain over the gauge length. The decrease of fracture strain
with the decreasing #/d could be attributed to the inhomogeneous deformation and
the nonuniform distribution of plastic strain along the gauge length. It causes a
significantly large strain localized at the fracture region [63]. The similar result of
the nonuniform plastic strain in the coarse-grained material in microbending test is
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Fig. 2.43 The simulated stress distribution in the 3D full-scale models with the D/d ratio of 2.8
[82]

also reported in prior studies [64]. This could be attributed to the fact that the
location, size, and orientation of the individual grains affect the deformation
behavior significantly when the grain size approaches the specimen size.

In addition to the aforementioned explanation, the testing samples underwent
rolling and electrical discharge machining processes. Surface flaws might be
originated from these processes and the size of flaws is not scaled down with the
thickness of specimen. It can be seen in Fig. 2.49 that the surface flaw at the side
surface of the tested samples, which is induced in the electrical discharge
machining process, becomes significant when the specimen thickness is decreased
from 600 to 100 pm. The flaw acts as a stress-raiser leading to premature localized
strain and early fracture [65]. Furthermore, when the specimen thickness is in the
order of grain size or even smaller, it may perform like a single crystal with less
constraint with neighboring grains. Only a few slip systems are activated to realize
deformation, it would also result in small fracture strain [66].
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2.4.2 Grain Statistics

Pure copper has the FCC crystal structure with 12 slip systems {111} < 110 > . In
the case that the grain is subject to uniaxial loading, the work increment (dw) by
the slips in all the activated slip systems within a grain is

dw=1.»_|dy,| = o.de, (2.35)

where the critical resolved shear stress (t,.) is the same in all the slip systems and
dy, is the incremental slip in the nth slip system. The Taylor factor (m) which
depends on the grain orientation is given by

o 2 ldnl
=Z=nr 2.36
m T, de, ( )



2.4 Fracture Behavior 43

Fig. 2.46 The simulated Simulated flow stress curves with 3D full scale model
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The Taylor factor can be represented in terms of von Misses stress (o,) and
strain (g,) in the multiaxial stress state in the following:

dy
oy ; [4,] dw o:de
m—=—=— = =
Te ds, t.de,  tede,

(2.37)

The averaged Taylor factor is commonly used to represent the ratio of the
macroscopic flow stress to the critical resolved shear stress for polycrystalline
materials. This is based on the assumption that the soft grains cannot deform unless
the hard and soft grains deform simultaneously and the shape change performs in
the way of minimizing energy consumption, i.e., min{dw} = 7. [min{z |dyn|}] .

n

In the tensile test, plastic deformation begins when the local yield stress is reached.
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Fig. 2.48 Fractographs of the tested samples [83]. a r = 600 pum, d = 36 pum, #/d = 16.7,
bt =600 um, d = 286 um, #/d = 2.1 and ¢ t = 100 pm, d = 83 pum, #/d = 1.2

The testing specimen can be considered as a chain illustrated in Fig. 2.50. Each
specimen section perpendicular to the loading direction acts as a link member. The
section of specimen yields when all the grains in that section yield. The initial
yielding occurs at the weakest section [67]. The yield stress of the jth section is
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Fig. 2.49 The side surface of the tested samples [83]. a = 600 pm and b # = 100 pm
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Fig. 2.50 Schematic
illustration of yielding at the
weakest section in the tensile
testing specimen [84]
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where 0 ;, a;; and m; are the yield stress, area fraction and the Taylor factor of the
ith grain in the jth section, respectively. ma.g ; is the averaged Taylor factor in the
Jjth section. The force applied in the jth section is

Fj = 0jAj = Temavg A (2.39)
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where A; is the jth section area. The weakest section should be the one with
min{ma,,;A;}. In the testing specimen, the grains with the favorable orientation to
deform along the loading direction could be considered as a soft portion, while
other grains with the unfavorable orientation are considered as a hard portion.
Minimization of plastic work can be achieved by selecting the specimen section
with the smallest yield stress.

Based on the above analysis, simulation can be conducted to study the grain and
specimen size effects on material yielding behavior. To simplify the model, it is
assumed that the grain geometry in the specimen can be represented as a cubic and
the cross-section area is the same in each section. Therefore, it is not necessary to
consider different area fractions of different grains in each section and the weakest
section is the one with the lowest averaged Taylor factor (min{ma.g;}). The
Taylor factor of grain ranging from 2.3 to 3.7 [68] is given by a random number
generator to model the random characteristic of grain properties. Fifty samples are
modeled for each case with a specified number of grains in the specimen section
and the ratio of gauge length to specimen width.

The change of min{ma.,;} with different numbers of grains in the specimen
section and different gauge lengths is simulated and the mean values are presented
in Fig. 2.51. It can be seen that the min{m,,,;} decreases with the number of
grains in the specimen section. It has a good correlation with the experimental
results on the change of flow stress and fracture strain. In addition, the min{mg ;}
increases with the decrease of gauge length. The simulation results suggest that the
longer gauge length and the smaller number of grains in the specimen section, the
higher probability to have a section with a significantly large fraction of soft
grains, as illustrated in Fig. 2.52. This could be due to the fact that the distribution
of different grains becomes nonuniform when there are only a few grains consti-
tuting the specimen. A significant large deformation could be concentrated at the
soft grains. This further leads to the small fracture strain in the tensile test.
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2.5 Elastic Recovery

In development of microscale parts, the control of geometrical accuracy of the
micro-formed parts is a critical issue as the requirement of dimension accuracy with
less than a few microns is always needed in many industrial clusters. The spring-
back caused by the elastic recovery affects the dimensional accuracy of the micro-
formed parts. Fu et al. [69] investigated the springback behavior in the leadframe
production process based on L-bending. It is revealed that the springback increases
with die radius, die angle, and the punch-die clearance. In addition, it is found that
the strip along the rolling direction exhibits a larger springback than that of the
transverse direction. Liu et al. [15] conducted the three point bending tests using
copper foils to study the interactive effect of specimen and grain sizes. It is found
that the springback increases with the decreasing ratio of specimen thickness to
grain size, as shown in Fig. 2.53a. The similar result obtained by using brass foils is
also reported by Gau et al. [28]. Diehl et al. [70] investigated the size effect on the
springback based on L-bending using different size-scaled pure copper foils with
similar microstructure. It is found that the springback decreases with foil thickness
when the influence of surface grain dominates, as shown in Fig. 2.53b. When the
foil thickness is decreased to a certain value, the strain gradient effect takes place
and the amount of springback increases with the decrease of foil thickness.

2.6 Surface Roughening

The interaction of deformation among surface grains with different orientations
makes the formed micropart surface rough. Figure 2.54 shows the SEM images of
the surface topographies of the compressed copper cylinders captured under the
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Fig. 2.54 Surface topographies of the compressed specimens [21]

same magnification ratio. It can be seen that the surface roughness increases with
the grain size in different size-scaled samples, while roughening does not occur in
the cold-drawn samples. Quantitative evaluation on this size effect can be done via
the measurement of the surface roughnesses of the elongated foils with different
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Fig. 2.56 Scanning electron
micrograph of the deformed

aluminum polycrystal. Well-
defined slip bands occur in all
the grains except grain

A. Three slip line systems are
present in grain B [85]

thicknesses and grain sizes using profilometer [71]. The measured surface
roughnesses are shown in Fig. 2.55. The similar experimental results of the
increase of surface roughness with the increasing amount of deformation and grain
size can also be found in other studies using steels and aluminum alloys [72, 73].

Grain deformation mechanisms have a close relationship with surface rough-
ening. Grains deform via slip in the particular systems and the neighboring grains
have different crystallographic orientations. This results in strain incompatibility
between neighboring grains and different amount of deformation in different grains
[74]. The surface grains have less constraint so that the strain incompatibility make
the grains move normal to the surface. In addition, deformation is generally
restricted near the grain boundaries, which leads to the formation of grooves, as
shown in Fig. 2.56. The formation of grooves was investigated by Urie and Wain
[75] through the measurement of local elongation in the individual grains of
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Fig. 2.57 Schematics of three types of elongation curves near grain boundary [75]

aluminum. The deformation behaviors in the vicinity of grain boundary can be
classified into three categories schematically illustrated in Fig. 2.57. The most
common type is that the average deformation on either side of the boundary is
quite different. Relatively large deformation only takes place inside one of the
grains shown in Fig. 2.57a. The other two types of deformation behaviors occur
when the amount of deformation in both grains is almost the same. In one scenario,
there is a considerable restriction in deformation at the grain boundary as shown in
Fig. 2.57b, while the other scenario is that the boundary has only a subtle influence
on the deformation presented in Fig. 2.57c.

On the other hand, there is no surface roughening effect in the cold-drawn
material, as shown in Fig. 2.54. This can be explained based on the fine micro-
structure and the strong crystallographic texture that the strain incompatibility
among grains is not significant [76-79]. In addition, surface roughening effect is
also related to crystal structure [80]. Greater roughening effect occurs for the
crystal structure with few available slip systems, such as HCP. This can be
ascribed to the fact that only a few slip systems accommodate local deformation,
resulting in the increase of strain incompatibility. Based on the above-reported
results, it can be found that the surface roughening effect has a close correlation
with the specimen size, grain size, crystallographic texture, and crystal structure. A
rough surface can cause strain localization, lower forming limit, increase tooling-
workpiece interface friction, and weaken the mechanical properties of the formed
microparts. The surface roughening effect thus needs to be taken into account in
design of microforming system and the quality control and assurance of
microparts.

2.7 Summary

The conventional knowledge in macro-scaled forming processes is not fully valid
or effective to support the design and development of microparts via microforming
due to the occurrence of different size effects with the decrease of part or part
feature size. Size effects significantly affect the quality of micro-formed part in
terms of dimensional accuracy, surface finishing and mechanical properties.
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Understanding of the size effect-related deformation behaviors and phenomena
and size effect mechanisms is crucial in micropart development via microforming.
It is known that grain boundary increases the strength of material via blocking
the movement of dislocations. The ratio of the total grain boundary surface area to
material volume decreases with the decrease of specimen size and the increase of
grain size. This leads to the decrease of grain boundary strengthening effect.
In addition, surface grains have less constraint compared to internal grains. The
change of flow stress with part geometry size is partly attributed to the change of
volume fraction of surface grains. Regarding the size effect on deformation
behavior, even distribution of different grains no longer exists when there are only
a few grains in the microscale workpiece. The anisotropic properties of each grain
and the random nature of grain distribution and orientation become significant,
which lead to the inhomogeneous deformation, irregular-formed geometry, and the
scatter of the measured flow stress and other deformation-related variables.

Based on the tensile test results, fracture strain decreases with the ratio of
specimen size to grain size. The distribution of plastic strain becomes nonuniform
along the gauge length when there are only a few grains in the cross-section of
specimen. This leads to a large strain localized at the grains which are favorable to
deform in tensile direction. There is an interactive effect of the grain and specimen
sizes on deformation behavior in tensile test. The measured data in tensile test
could be significantly affected by individual grains along the gauge length.
Therefore, the accuracy of the measured data needs to be examined.

The anisotropic properties of grain and the incompatibility among the neigh-
boring grains at the free surface lead to the grains moving normal to the material
surface in deformation process. In addition, the deformation at grain boundary
region is restricted, resulting in the formation of groove. The above issues further
make the surface of the deformed material rough. When the formed part size is
decreased to microscale and the grain size is large, the surface roughening effect
could significantly lower the formability of material and the dimensional accuracy
of the formed part.

Although the polycrystalline material deformation behaviors have been
extensively studied, the physics behind the size effect is not yet thoroughly
understood. Nowadays, the size effect in microforming processes is still a chal-
lenging issue to be explored. This chapter presents the understanding and
knowledge of size effects and the size effect-affected deformation behaviors, which
help the design and development of microparts via microforming.
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