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Abstract

In macro-scaled plastic deformation, or macroforming, the so-called ductile fracture
has been studied from the perspectives of physics, deformation mechanism, affecting
factor and prediction criterion. In micro-scaled plastic deformation, or microforming,
all of these are relatively new and have not yet been extensively investigated. In
tandem with this, an exploration on the applicability of the traditional fracture
criteria in micro-scaled plastic deformation and the study of how size effect affects
the deformation and fracture behaviors in the process is critical. Using micro flanged
upsetting as a case study process, the fracture in microforming process is studied via
experimental and finite element (FE) simulation. The FE simulation is conducted
using established model based on the widely accepted surface layer model in
microforming arena. Both physical experiments and simulations show that the size
effect has a significant influence over fracture formation in micro-scaled plastic
deformation. It is found that the ductile fracture affected by size effect is difficult to
occur in microforming process under the same deformation conditions at which the
fracture happens in macroforming scenario. The research thus provides an in-depth

understanding of ductile fracture in micro-scaled plastic deformation.

In the first stage of this research, a general constitutive model is established and

Freudenthal fracture criterion is used as it is a classical damage accumulation



criterion. The influence of grain itself to fracture initiation in the entire deformation

process is studied. The primary fracture prediction is conducted with this model.

In the second stage, dislocation density is implemented into the hybrid constitutive
model to distinguish the stress contribution of body-centered cubic (BCC) and face-
centered cubic (FCC) structures in multiphase materials. Freudenthal fracture
criterion is used as the fracture criterion for the compression-dominative
deformation process. The stress-induced fracture map is first proposed to evaluate

the effects of grain and feature sizes on the fracture behavior in microforming.

Then, six uncoupled fracture criteria are studied and discussed in order to determine
their applicability in micro-scaled forming process. The fracture strain via
simulation is compared with the actual experimental fracture strain and a generalized
form of ductile fracture criteria is provided for a better explanation and

understanding of the criteria.

In the last part of this research, the flow stress model for sheet metal deformation
process is presented. Using micro-scaled deep drawing process for experiment
verification, the validity of the surface layer model is discussed and the explanation

for the difference of simulation and experimental results is presented.

Keywords: Micro-scaled plastic deformation, Microforming, Size effect, Ductile

fracture, Stress-induced fracture map.
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Chapter 1 Introduction

1.1 Background

Metal forming, which transforms the bulk or sheet raw materials with simple
geometry into target workpiece without changing the mass of the materials, is
extremely important among all manufacturing processes as it saves manufacturing
cost by eliminating material wastes and saving energy. With the development of
modern forming technologies, workpieces with different shapes, dimensions and
materials are able to be fabricated with metal forming processes. Meanwhile, the
workpieces made by forming process possess excellent mechanical properties due to

the good flowline and microstructure in deformed parts [1].

Compared with conventional metal forming processes in macro-scale, microforming
is a significant and promising manufacturing process to fabricate small parts with at
least two dimensions in sub-millimeter scale. Unlike other micro-manufacturing
processes, such as micromachining and micro-electro-mechanical-systems (MEMS)
based lithography processes, microforming has some unique advantages such as low
production cost, high material utilization, good productivity, excellent material
properties, and net-shape or near-net-shape geometries, similar to what
macroforming has. Due to the huge demand on micro-scaled components in different

industrial clusters, microforming has become increasingly important in biomedical,

1



watch, micro electronic device and consumer electronics industries in different
forms of micro-scaled parts including micro screw, micro pin, micro spring, micro

gear, micro shaft, micro switch, etc.

According to previous researches, the material flow mechanisms of conventional
macro- and micro-scaled plastic deformation processes are not completely the same
due to the so-called size effect in microforming. The size effect, which characterizes
and differentiates the deformation behaviors of microforming from macroforming, is
considered as an important factor in ductile fracture prediction of microforming. As
a result, the fracture formation in microforming could be different from the one in

macroforming in terms of fracture behavior, mechanism, and the affecting factor [2].

In microforming researches, many prior arts basically focused on the material flow
behaviors in the processes with the consideration of size effect. In macro-scaled
plastic deformation processes, viz., macroforming, the so-called ductile fracture has
been studied in terms of physics, mechanism, affecting factor and the prediction
criterion. In micro-scaled plastic deformation processes, however, all of these are
relatively new and have not yet been extensively investigated. There is a need to
provide an in-depth and systematic study on these aspects to establish a more

accurate fracture prediction methodology.



1.2 Research issues

In microforming research, one of the key focuses is to develop microforming
process to efficiently produce qualified micro-scaled parts. From the previous
researches in this area, it is found that the fracture in micro forming and how the size
effect affects the fracture in the process have not yet been paid much attention and
explored. The forming limit and defect formation in microforming requires a
systematic study considering size effect. There is a need to verify whether the
conventional fracture theory can be used in micro-scaled plastic deformation. Thus,

in-depth research on fracture in microforming processes is critical.

The objectives of this research are to ensure and improve the quality of micro-scaled
parts by digging out the root-causes of fracture, and figure out the methods to avoid
them. There are two categories of fracture in micro-scaled deformation, which is the
stress-induced fracture and flow-induced fracture. The stress-induced fracture is the
fracture mainly caused by deformation stress and the flow-induced fracture is
generated by irregular material flow. The stress-induced fracture will be focused in

this research.

1.3 Research overview

The common representation of the uncoupled ductile fracture model can be

designated as a general format:



ff(a,?)dE—CZO (1.1)

0

where f (J,E ) the stress-related function, & is the equivalent strain, &, is the

fracture strain and C is the critical value.

In Eq. (1.1), C i1s different for different fracture criteria and materials. For

multiphase metal with the same heat treatment condition, C is considered as the
same. Ef is the expected fracture strain calculated based on fracture model. There

are two critical issues in the micro-scaled fracture prediction: one is the constitutive
modeling for micro-scaled deformation process, the other one is to determine the
applicable fracture criterion. By addressing these two issues, the most suitable
fracture model for microforming is established. The general representation of the

fracture model is demonstrated in Fig. 1.1.

In Fig. 1.2, the fracture prediction research is divided into four stages. The first stage
is to investigate how the size effect affects the stress-strain relationship in plastic
deformation by comparing the experimental results of the macro- and micro-scale.
The second stage is to study the applicability of different fracture criteria in micro-
scaled deformation. The third stage is to establish the constitutive model of micro-
scaled deformation process by considering the influence of size effect. And the final
stage is to combine the results of the above three stages together to conduct micro-

scaled fracture prediction [3,4]. The details will be discussed in this thesis.
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Fig. 1.1. General representation of fracture prediction model.

Fig. 1.2. Fracture prediction stages for microforming process.



In the stress model research, the constitutive-model-based fracture model (CFM) is
first established for micro-scale. This model is the first attempt which considers the
influence of size effect in micro-scaled fracture prediction, and the result is
acceptable for testing material and deformation process. However, the physical
meaning of some coefficients in CFM has not been explained clearly and the
simulation results in some micro-scaled scenarios do not well agree with the
experimental result. The hybrid constitutive-model-based fracture model (HCFM) is
thus presented for multiphase micro-scaled fracture prediction. With the aim of
crystal strengthening theory, the physical meaning of this model is well explained.
The stress-induced fracture map (SFM) is proposed by using the calculation result of
HCFM to predict the expected fracture strain of all the specimen dimensions with
different microstructures prepared via heat treatment. The influence of different
types of size effects including feature size effect and grain size effect is analyzed via

SFM.

In the fracture criteria selection research, the applicability of various fracture criteria
in both macro- and micro-scaled deformation processes is discussed. Six of the most
commonly used uncoupled fracture criteria are studied and compared, and the most
suitable one is identified for micro-scaled fracture prediction. The influence of size
effect over the applicability of each fracture criterion is considered and demonstrated
with HCFM. The most suitable fracture criterion for fracture prediction in

microforming is thus revealed.



On the other hand, the above research methodology for bulk metal deformation is
implemented in ductile fracture prediction in micro-scaled sheet metal deformation.
The constitutive model for sheet metal deformation is carried out and the suitable

fracture criterion is applied.

1.4 Thesis outline

This thesis consists of seven chapters and a reference list. It is organized into two
parts: the fracture prediction for bulk metal forming, and the fracture prediction for
sheet metal forming. The first part covers the size effect dependent constitutive
modeling, SFM and fracture criteria applicability evaluation from Chapter 3 to
Chapter 5. The second part is Chapter 6 which explores the fracture prediction in
micro-scaled sheet metal forming. The details of each chapter are shown below:
Chapter 1 provides a brief introduction of the objectives of this research;

Chapter 2 presents a brief literature review of previous researches on microforming
and fracture prediction;

Chapter 3 articulates the CFM and introduces the influence of size effect;

Chapter 4 proposes the HCFM for fracture prediction in multiphase alloy. It also
demonstrates the establishment of SFM and how to use it to predict the expected
fracture strain in different deformation scenarios with different specimen dimensions
and heat treatment conditions;

Chapter 5 discusses the applicability and limitation of six commonly used uncoupled

fracture criteria in micro-scaled plastic deformation.



Chapter 6 explores the fracture prediction for micro-scaled sheet metal forming.
Chapter 7 concludes this thesis and provides summarizes of the present researches.

And the future work of this research is also introduced.



Chapter 2 A Brief Review on Microforming

and Ductile Fracture

In metal forming arena, the forming principle of micro-scaled forming and micro-
scaled ductile fracture are the key factor to improve the quality of micro-formed
parts. To establish the fracture model in micro scale, the constitutive model and
fracture criteria in macro-scaled forming are needed to be studied and the difference
between the macro- and micro-scaled deformation is discussed. Therefore, a lot of
researches have been conducted in microforming and ductile fracture areas. This

chapter provides a brief review of the research in these two areas.

2.1 Prior study of microforming

In microforming researches, few efforts are provided to explore ductile fracture and
its formation mechanism in this process. Regarding the flow and deformation
behaviors, the pioneer researches include the exploration done by Pawelski, which
concluded that the rules for macroforming are not fully applicable in manufacturing
of the scaled-down parts using the same forming process [5]. Size effect is thus
proposed to define the limitations induced in the scaled down forming processes.

Michel and Picart conduct the evaluation of size effect on the flow stress of



materials using the tensile test experiment of brass samples [6,7]. The material
parameters are implemented in a constitutive model for sheet metal specimen based
on the experimental results to evaluate the stress-strain model. Fu and Chan have
done a systematic research on the influence of size effect over the deformation
behavior and the friction variation in microforming processes [8,9]. In their
researches, a series of flow stress curves are generated for the scaled down
specimens and the applicability of these curves are validated via experiments and
simulations. To present the panorama of the whole research status of microforming,
Vollertsen have conducted a comprehensive review and succinctly figured out the
issues to be addressed in development of micro forming processes and micro-scaled

parts [10,11].

2.2 Hall-Petch equation and dislocation theory

In polycrystal grains, grain boundaries are opaque to dislocations passing through
grain by grain. In order to generate deformation of the assembled grains, various sets
of slip systems among all the grains are needed. The process in which the grain
boundary acts as a barrier of the dislocation movement of polycrystal grain is
discussed in this chapter. As this analysis is based on the slip system orientation
without considering the deformation mechanism, the Taylor factor is thus considered
to be independent of grain size. Based on the phenomenon that the decreasing grain
size causes the increasing plastic resistance, this analysis states the plastic resistance

of polycrystals depends on grain size, which indicates that grain boundaries is an

10



important factor in strengthening. The Hall-Petch equation is supposed to be an
explanation of the grain strengthening theory. The dislocation pileups achieve the
required percolation in the neighboring grains for the initiation of new slip processes,
which thus develop the stress concentrations and initiate the grain strengthening

process [12].

Fig. 2.1. Ashby’s crystal strengthening theory [12].

Ashby proposed a satisfactory mechanistic interpretation of grain size dependence in
terms of the presence of geometrically necessary dislocations resulted from the
additional local deformation gradient which is needed to maintain compatibility
among grains [13]. Fig. 2.1 (a) shows that a polycrystal is about to undergo plastic
flow. Grain deformation will become incompatible if each grain is able to deform

along its slip system, as depicted in Fig. 2.1 (b,c,d).
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As it can be seen from Fig. 2.2, when considering the dislocation pile up in slip

plane of a polycrystal grain, the applied tensile stress o and the concentrated shear

stress o, (x=0) at a distance & from the grain boundary will have the following

relationship:

O'Xy(x:cS):(O'—O'O)m\/% (2.1)

Fig. 2.2. Pile-up with flank friction [12].

In Eq. (2.1), o, is the critical tensile stress required for initiation of the relative

motion across the faces of slip plane (the shear crack) in the soft grain, m is the
Schmid factor of the slip plane relative to the tensile axis. When the concentrated

shear stress reaches the level of critical shear stress o, which initiated the

12



deformation of neighboring grain, the percolation of plastic behavior will be

achieved. Thus, Eq. (2.1) is thus expressed as:

1

o=0,+ kd 2 (2.2)

which is known as the Hall-Petch relation and & = (o, /m)46 .

2.3 Size effect and surface layer model

In metal forming, flow stress is considered as the most important parameter in
describing the material deformation behavior. In Fig. 2.3, the upsetting test is scaled
down to study the material deformation behavior considering the size effect. It is
discovered that the flow stress decreases with the dimensions of the billet. This
effect has been proved by several experiments of different forming methods

including sheet metal forming, bulging test and upsetting test [10].

In these experiments, the dimension of the specimen and molds are multiplied with a
scaling factor. In Fig. 2.3, it is obvious that the flow stress decreases with the scaling
factor. The reason of this phenomenon can be explained by the surface layer model

theory, as shown in Fig. 2.4.

13



Flow stress
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Fig. 2.3. The scaled down upsetting tests [10].

surface
grains

grain size
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Fig. 2.4. Different portions of surface grains [14].

The mechanical property is mainly determined by the grain size, feature size and
grain orientation in microforming processes. Size effect, which plays an important
role in microforming, is initiated with the combination of specific grain size and

feature size. Size effect can be classified in two different types: grain size effect and
14



feature size effect. The feature size effect is to decrease the specimen size without
changing the grain size. Meanwhile, the grain size effect is to enlarge the grain size
while keep the feature size as constant. Grain size effect considers how grain size
affects the deformation and deformation related phenomena in micro-scaled plastic
deformation process. Feature size effect refers to the phenomenon by which the
geometry dimensions of the workpiece affects the deformation. Both size effects
take place when reducing the ratio between the feature size and grain size, as shown

in Fig. 2.4 and 2.5.

Macro scale Micro scale

Scale/size

Surface grains

Inner grains

Pol tal Scale/size factorn = N,/ N %gle
el L crystal

Fig. 2.5. Surface layer model [14].

To model the size effect in microforming, surface layer model is proposed. It
suggests that the grain cells at the outer surface of the specimen are considered to
have less constrain than other grain cells at the internal area of the specimen. In
micro-scaled deformation, the dislocations which are moving through the grain will

pile up at the grain boundary. But this phenomenon will not initiate at the free

15



surface, which is the outer layer of the grain. In addition, lower deformation

resistance and less hardening are generalized in the outer layer of the specimen.

2.4 Ductile fracture

Regarding the forming limit and the defect formation in microforming, Gouveia et al.
have investigated the applicability of four ductile fracture criteria in metal forming
processes [15]. The accuracy of the fracture prediction is examined and compared
with the experimental results. In addition, Ogawa et al. have conducted the research
on the forming limit of magnesium alloy [16]. It is found that the magnesium alloys
have different workability after heat treatment due to oxidation. According to this
phenomenon, a tensile stress related fracture criterion is proposed to predict the
forming limit of the alloy. Sljapic et al. have investigated the fracture of cold
upsetting process of brass [17]. The axi-symmetric brass forming experiments are
modeled by finite element method (FEM). The maximum plastic strain coincident
with the fracture initiation is identified via simulation. Murty et al. have examined
the adequacy of some commonly used criteria which are used to predict ductile
fracture in metal forming processes [18]. By considering the triaxiality, a stress-
function-based ductile fracture model is proposed. Li et al. have provided a
panoramic evaluation of numerous ductile fracture criteria in macro scaled plastic
deformation [19]. By implementation of those criteria in simulation and conducting
the physical experiment, the most applicable conditions and application limitation

are identified for each criterion. However, the research did not address the

16



applicability of the criteria in micro-scaled plastic deformation. Furthermore, Li et al.
have proposed a methodology to predict ductile fracture initiation in tensile test [20].
The one dimensional quasi-static simple tension test is focused and the example of
the Lambert W function in material analysis is provided. The feature size effect on
ductile fracture initiation is considered in their model. Using the single crystal
plasticity model, Kadkhodapour et al. have employed both the experimental and
numerical methods to explain the failure mechanism in the tensile test of steels [21].
It is found that the deformation localization is most probably the root-cause of
failure in the final stage of the test. The stress state dependence is found to be an
important factor in the macroscopic fracture research. Wierzbicki et al. have
revealed the relationship between the equivalent strain and stress triaxiality via
experiment and FE simulation [22,23]. Fracture models for both the negative stress
triaxiality and large triaxiality are proposed. As discussed by Briinig et al., this stress
state dependence effect is caused by the stress state dependence of the damage

mechanisms occurring at micro-scale [24-26].

2.5 Fracture initiation principle in ABAQUS

The damage evolution law describes the degradation rate of the material stiffness
once the corresponding critical value is reached. For damage in ductile metals, FE
simulation software ABAQUS assumes that the degradation of the stiffness

associated with each active failure mechanism can be modeled using a scalar
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damage variable [27]. The stress tensor in the material is given by the scalar damage

equation:
c=(1-D)o (2.3)
where o is the actual equivalent stress tensor, D is the overall damage variable and

o is the effective stress tensor computed in the current increment. The material
loses its load-carrying capacity when D = 1. The removal of a solid element takes
place when maximum degradation reaches at any one integration point. However,
for the shell element, all through-the-thickness section points at any one integration

location of an element must fail before the element is removed from the mesh [27].

Fig. 2.6 illustrates the characteristic stress-strain behavior of a material in which
damage is induced. For elastic-plastic material with isotropic hardening, damage
consists of two parts: softening of the yield stress and degradation of the elasticity.
The solid curve in the figure represents the damaged stress-strain response, and the
dashed curve is the undamaged response. The damaged response depends on the

element dimensions such that mesh dependency of the results is minimized.

. —pl . . . .
In Fig. 2.6, o, and o are the yield stress and equivalent plastic strain at the onset

—pl . . . . . .
of damage, and g; is the equivalent plastic strain at failure; that is, when the overall

damage variable reaches the value 1. The overall damage variable D captures the

combined effect of all active damage mechanisms [27].
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Fig. 2.6. Stress-strain curve with progressive damage degradation [27].

The stress-strain relationship is not able to represent the material’s behavior
precisely after the material damage initiation. In this situation, there will be a strong
mesh dependency in terms of strain localization, if the stress-strain relationship is

still applied in simulation.

Hillerborg proposes a different approach which follows the strain-softening branch
of the stress-strain response curve, and is used to reduce mesh dependency by
creating a stress-displacement response after damage is initiated [28]. In strain-
hardening stage, the required flow stress increase with the equivalent strain. In
strain-softening stage for further deformation becomes smaller, and the stress-strain

response is thus unreliable. Using brittle fracture concepts, he defines the energy

19



required to open a unit area of crack G, as a material parameter, as shown in Fig.

2.7. With this approach, the softening response after damage initiation is
characterized by a stress-displacement response rather than a stress-strain response.

The description of G, is shown below:

;1;1 ;p[
G, = ILO'_Vdg = J‘O'ydu?l
26 ° (2.4)

Fig. 2.7. Energy based damage evolution in Abaqus [27].

In Eq (2.4), L is the characteristic length related to mesh. The damage energy can
thus be obtained through the simple upsetting and tensile test by getting the true
stress and displacement. Fig. 2.8 describes the physical meaning of Hillerborg’s

theory. In this figure, COD is the crack opening distance and w, is the crack width
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when the stress has fallen to zero. According to his theory, although the shaded area
is considered damaged, stress will not drop to the zero immediately when the crack
opens. Instead, the shaded area contains energy, and the crack will only occur when
this energy is absorbed.

ﬁ Crack length Equivalent elastic crack

Real Crack Plastic Zone

Fig. 2.8. Hillerborg’s damage evolution model.

2.6 Summary

The traditional fracture prediction methodology cannot provide a full solution for
fracture prediction in micro-scaled plastic deformation. The influence of size effect
in constitutive modeling and fracture criterion applicability are discussed separately.
A knowledge system which consists of constitutive modeling, fracture criterion
calibration and influence evaluation of different size effects is needed. In this
research, these research issues are discussed and addressed in micro-scaled plastic

deformation. The details will be systematically presented in the following chapters.
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Chapter 3 Micro Flanged Upsetting Study

3.1 Introduction

In microforming, the forming limit and defect formation in the process need a
systematic research considering size effect and it is critical to explore whether the
conventional fracture theory can be used in micro-scaled plastic deformation.
Therefore, this chapter aims at addressing this issue via development of a surface
layer model considering the size effect in microforming process to model and
represent the formation of micro fracture. To realize these thoughts, experiments and
numerical simulations in which size effect is taken into account are thus conducted.
The simulation and experimental results are compared and the proposed size effect

based surface layer model is developed and verified.

3.2 Research procedure

Fig. 3.1 presents the research procedure employed in this chapter. The stress-strain
relationship of the testing material (brass) is first established through macro and
micro scaled upsetting experiments. After the size factor, which represents the
percentage of the surface grains among all the grains in the workpiece, is calculated

according to the specimen dimension, a micro-scaled upsetting stress-strain model is
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established. The simulations of micro flanged upsetting are then conducted using the
model and the corresponding simulation results are compared with the experimental
ones to determine whether the forming process is influenced by size effect. Finally,
the micro-scaled fracture prediction is provided using these results. By
implementing the stress-strain model into Freudenthal fracture criterion, the fracture
energy of the testing specimen is calculated and the fracture initiation strain is

predicted and compared with the experimental results.

3.3 Material behavior modeling considering size effect

In microforming process, when the ratio between the sample dimension and grain
size is reduced, both the feature and grain size effects affect the material properties
and deformation behaviors in microforming process. In this chapter, the two size
effects are considered in the simulation and experiment of the micro flanged
upsetting process to investigate the size effect related fracture phenomenon. The

flow chart of this chapter is demonstrated in Fig. 3.1.
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v
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Fig. 3.1. Flow chart of the proposed methodology.

3.4 Surface layer model

A specimen consists of surface and internal grains. The surface grains have less
constraints as part of the grains have free surfaces. It is thus easier for them to
deform compared with the internal grains. In the conventional macro forming
processes, the ratio between the surface and internal grain number is very small such
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that the contribution of surface grains to the entire deformation can be neglected. In
micro forming process, however, this ratio is much larger and the size effect exists.
In the surface layer model, the flow stress can be formulated as follows:

_ Nvo_s + ]v[o-i

o (N=N,+N,) 3.1)

In Eq. (3.1), o and N are the flow stress and the total grain number of the specimen.

N, and o, are the number and the flow stress of the internal grains, while N, and

o, are the number and the flow stress of the surface grains, respectively.

A hybrid material flow stress-strain model is proposed by Lai and Peng [14,29]. In
their research, the flow stress of specimen is contributed by two types of flow
stresses: the stresses of surface grains and internal grains. The existence of size
effect is caused by the ratio change of the surface and internal grains. The
mechanical property of the surface grains is similar to single crystal. On the other
hand, for the internal grains, a polycrystal model is implemented to represent their
material behavior. By applying Schmid Model, Hall-Petch equation and crystal

plastic theory [30,31], a hybrid model can be expressed in the following:

o (e)=mr,(e)

Vd (3.2)

In Eq. (3.2), d represents the grain size; m and M are the orientation factors of the

surface layer and internal grains; 7, (5) is the main shear stress; A is the size factor,
which represents the percentage of the surface grains in all the grains of the
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deformation body. Compared with Eq. (3.1), let N, =A- N, the material flow stress

model can thus be designated as:
O'(S) = O-ind + O-dep

0= Mry(e)+ £

Jd

tep = ﬂ(mfk (£)-Mr,(£)- k\(ﬁj)J

(3.3)

In Eq. (3.3), o0, represents the conventional polycrystal flow stress which is feature

size independent. o, is the flow stress related to size factor.

In flanged upsetting process, the raw specimen can be divided into two sections: the

surface grain and internal grain sections, as shown in Fig. 3.2. In the figure, the

surface grain section is shaded while the internal grain section is not shaded. The

height and diameter of the specimen are H and D, and the grain size is d.

Fig. 3.2. The surface layer model in the micro-scaled simple upsetting and flanged

upsetting.
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According to Eq. (3.1) and geometrical calculation, the size factor A is described as

follows:
ﬂDzH—(ﬂ(D—Zd)Z(H—Zd))—2”D2 d
4 \4 4
5+()
AN 372 =ﬁ(m+(l_ij}(d<2j (3.4)
N ZD’H D\ DH D 2
4
5<(s)
372
/1:1,(6122)
2

Eq. (3.4) represents the size factor when the specimen is still polycrystalline. And
when d = D, which means the specimen is single crystalline material and the size
factor is 1. It is believed that the billet length must also be considered when the ratio

of grain size is close to feature diameter.

3.5 Calculation and comparison of flow stress models
in simple upsetting

To demonstrate the influence of size effect over the material flow and compare
different models, curve fitting is employed to get the stress-strain curves based on

the experimental results. After compared with several mathematical models, the

exponential function is considered as the best flow stress model.
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First of all, the curve fitting is done with the experimental data of the macro scale
billet (2x3mm, H/D = 1.5) to obtain the coefficients of Hall-Petch equation without
consideration of the size effect. The surface layer model is then set up with these
coefficients. Finally, the results of the developed model and the conventional bulk
forming model without consideration of size effect are compared with the actual data

of the micro-scaled simple upsetting experiment.

To establish the size effect dependent flow stress model, the experimental data with
small size factor is applied. In this case, the size factor is 0.04 as the grain size of the
raw material is 18.54um. In Fig. 3.3, the four color lines describe the relationship of
stress and strain of four series of specimens under different heat treatment conditions
with the average grain sizes of 18.54, 24.21, 45.48 and 87.73um. From Armstrong’s

flow stress model, the equation below is obtained:

0. (6) = M, (&) + £1E) (3.5)

' Jd

where M is known as 3.06 for BCC material based on Taylor’s model [32]. M is

calculated at the yielding process of the material and varies differently when the

strain is larger. When the strain exceeds the yield strain, this parameter needs

recalculation. 7, (&) and k(&) can be represented by an exponential function of

y=ke". If the strain is set to a certain value, the equation will converge to the

classic Hall-Petch equation. If a series of strains are given, a series of flow stresses

can then be obtained via the simple upsetting experiment [33].
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k(e)
N7

As mentioned above, if the strain is set to a certain value, o,(&)=Mrz,(&)+

. : : k : .
will converge to the classic Hall-Petch equation o, = M7, + —=. In this equation,

Jd

both M7, and k are constant. When the grain size d changes after heat treatment,
the corresponding true stress will also change. All the grain sizes and stresses can be
obtained from experiment. A linear function between grain size d and true stress o
can thus be established and M7, for this certain strain is obtained. Let the strain be
0.1, 0.2, 0.3, and finally to 1.0 with the increasing interval of 0.1, the set of M7,
which contains the values for these ten strains can be determined and the

relationship between M7, (&)and ¢ are obtained, as shown in Fig. 3.4.

v Experiment Data

600 - — Fitted curve of 5 (¢)

500 v
400

. 300

W

M

o

[S)

200 -

o(e) = MTR(E)

100

0.0 02 04 0.6 0.8 1.0

Fig. 3.4. Relationship between M7, (&) and ¢.
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Therefore, the hypothetic equation of 7, (g) can be calculated using the nonlinear

curve fitting method in the following:

7, (£)=176.32£" (3.6)

Integrate Eq. (3.6) with the surface layer model and let the grain orientation factor m

equal to 2, which is the minimum limit of this parameter. Conducting the nonlinear

fitting with the size factor of 4 =0.6 and the grain size of d = 18.54pum, k(g) is thus

obtained as follows:

k(g)=73.09"% 3.7)

The final model with M = 3.72 and m =2 (lower bound) are:
6(8) =0 + adep
1
Gy = Mz, (6)+ He) _ 539.5350 1 472 73,0050
1

Oy = /l(er (6)-Mr,(¢) —Mj = /1[352.6450"8 ~539.53¢"% —d 2.73.096""

Ja J (3.8)

The experimental data and the fit curve are shown in Fig. 3.5.
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Fig. 3.5. Experimental data and the fitted curve of 2x3mm specimens.

Fig. 3.6 shows the two sets of the experimental data by simple upsetting test with the
billet dimensions of 2x3mm and 0.5%0.75mm. From £=0 to ¢=1.2, the flow
stresses of both the macro and micro scale upsetting increase. In the figure, the area
between the curve and the coordinate for the case of 2x3mm is obviously larger than
the area of the case of 0.5x0.75mm, it indicates that the specimen of macro-scaled
forming absorbs more energy in deformation process than that of the micro-scaled

forming.
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Fig. 3.6. Stress-strain curves generated via simple upsetting experiment.

In order to examine the accuracy of the developed surface layer model, the
experimental data, Peng’s model and the flow stress curve without consideration of
size effect are compared with the model developed in this chapter. By applying
different size factors, the flow stress curves are shown in Fig. 3.7. The flow stress
curve without consideration of size effect is the conventional model with the size

factor A =0. The current surface layer model and Peng’s surface layer model are

quite similar. The difference in-between is the calculation methodology of 7, (5)

and the definition of the size factor 4. Peng’s model is mainly used in micro sheet
metal forming and simple upsetting process, while the proposed surface layer model

in this chapter is more accurate in the flanged upsetting process as the length of
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billet is an important parameter and the volume portion of the grains in the top and

bottom surfaces cannot be neglected.

-2 Experiment data
1000 - Proposed model
. — —Peng's model
900 ~ —&— F|ow curve without considering size effect
800

True stress ¢ (MPa)
S

True strain ¢

Fig. 3.7. Comparison of the experimental data and different models.

In the curves shown in Fig. 3.7, the flow stress without considering size effect is
much higher than the actual experimental result, revealing that the influence of size
effect is significant. The flow stress model without considering size effect provides a
much higher stress result than the experimental results and other flow stress models.
The results of the proposed surface layer model and Peng’s surface layer model are

quite similar in simple upsetting process as the ratio between the length and diameter
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is larger than 1, in which the surface volume portion of the grains on top and bottom

surfaces can be neglected during forming process.

3.6 Simulation implementation

The purpose of conducting macro-scaled simple upsetting experiment and
establishing surface layer model is to obtain a stress-strain curve to predict the

fracture behavior of micro-scaled flanged upsetting.

The proposed research can be divided into three stages: the experiment stage, the
flow stress and fracture model stage and the CAE simulation stage, as shown in Fig.
3.8. In CAE simulation, the data which is required in material property section all
come from the surface layer model and fracture criteria. As has been discussed in
previous section, the flow stress data of the macro-scaled simple upsetting will be
extracted and input into the surface layer model. By using the fracture criteria, the
fracture strain and C value can be generated according to the fracture energy per unit
which the specimen absorbs before damage initiation. The results of the expected
fracture strain are compared with the actual fracture strain of micro-scaled simple

upsetting.

Mesh is implemented according to the requirement of damage evolution function. In
compression simulations, which are unlike other microforming processes, mesh

must be first applied and a Mesh Part needs to be created before material property
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being assigned. This is because in the compression simulation, when a mesh element
has been damaged and considered as an invalid mesh element, a “blank area” will be
formed when the invalid mesh is deleted. As the original boundary condition does
not involve this “blank area”, the other elements around this element will overlap
with each other when the compression simulation continues. In this simulation, a 4-
node bilinear element CAX4R, which is used in simulation with very large mesh

distortions, is applied to model the simple upsetting and flanged upsetting sample.

The data which is needed in damage evolution function is extracted in modeling
stage. The fracture strain is obtained from the surface layer model in order to
demonstrate the absorbed energy per unit during the hardening part of the flow stress
curve. In the softening part, however, the flow stress curve cannot represent the

material property. To address this issue, damage energy G, which is the energy to

open a unit area of crack, is adopted in Hillerborg’s proposal [28]. The damage
energy to open a unit area can either be found in fracture manual or obtained from a
flow stress-displacement curve. By taking into account the mesh sensitivity, the
damage evolution law can be specified in terms of damage energy per unit area.
When the material stiffness of a damaged element is fully degraded, this invalid
element will be removed and the “blank area” left is considered as the result of

fracture formation.
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Finally, when the simulation is over, the predicted result of the micro-scaled flanged
upsetting will be compared with the actual experimental result. Load-stroke curve
and fracture position comparison will be conducted and the final conclusion of the

fracture prediction will be made.

3.7 Experiments

Brass C3602 was used as the testing material in this research. The heat treatment of
the specimens was conducted to obtain different microstructures and the heat

treatment conditions are presented in Table 3.1. Cylinder samples are annealed at a
vacuum condition with different temperatures and holding times, which are 750°C

for 3 hours, 600°C for 2 hours and 450°C for 2 hours to obtain different grain sizes.
In addition, the metallographic examination is done after the specimen is etched in a

solution of 5g of FeCl,, 15ml of HCI and 85ml of H,O for 15 seconds. The grain

sizes were measured correspondingly and also presented in Table 3.1.

Table 3.1 Heat treatment parameters of cold uppseting process.

Target temperature | Dwelling time Grain size
Group 1 As-received As-received 18.54pum
Group 2 450°C 2h 24.21um
Group 3 600°C 2h 45.48um
Group 4 750°C 3h 87.73um
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The upsetting experiment was conducted in a MTS testing machine. The tools and
specimen were lubricated with machine oil to reduce the friction in between. The

punch speed is 0.0 1mm/s to eliminate the strain rate effect.

For the experiment, the original specimens with the dimensions of 2x3, 1x1.5 and
0.5 mm x0.75mm are used and their microstructures are shown in Fig. 3.9. These

samples are compressed to the height reduction of 75%.

Grain size = 24.1m

Grai size = 18.54um 7

Grain size =5.48,um ' Grain size = 87.73um

Fig. 3.9. Microstructures of the billets under different heat treatment conditions.
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The flanged upsetting process was then conducted. Scanning electron microscope
(SEM) was used to investigate the potential fracture location in the barreling surface
predicted by FEM simulation. The specimen was sectioned perpendicular to the

bottom surface to study the interior fracture in the workpiece.

Fig. 3.10 shows the die structure and assembly used in this research. The tooling
components can be changed to do different micro-upsetting experiments with the
specimens of different dimensions. By changing the pins with different sizes, the die

can also be used to realize different microforming processes.

Punch holder
Inner pin %M%}\QT%

—~——
Punch ]
Sample - L
Spacer L §// AR
Die =

NN NP

Raw material Formed sample

Fig. 3.10. Die assembly for micro-scale flanged upsetting.
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3.8 Results and discussion
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Fig. 3.11. SEM photos for different scales and H/D ratios (the ratio of free height to
diameter) in the flanged upsetting. Each sample is compressed with the height
reduction of 75%. Samples (a) and (b) are considered as macro-scale flanged

upsetting, while (e) and (f) are considered as micro-scale flanged upsetting.
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The implementation of macro and micro scale flanged upsetting is shown in Fig.
3.11. The macroscopic crack propagates along one shear band until fracture happens

when the stroke reaches its limit with the height reduction of 75%.

In order to determine the size effect in micro-scaled flanged upsetting, simulation of
the process was conducted based on the surface layer model and the size
independent model. Their corresponding results are further compared with the
experiments. From the load-stroke curves presented in Fig. 3.12, it can be seen that

the proposed surface layer model is more accurate than the conventional one.

—a&— Experimental result of flanged upsetting
= Simulation result considering size effect

700 - = « Simulation result without considering size effect
600 +
500

Z 4004 K

o 1 0.5x2.75mm,750°C annealed

@

o 300 H

-

0.0 0.1 0.2 0.3 0.4 0.5 06

Stroke (mm)

Fig. 3.12. Comparison of the FEM results using the proposed surface layer model

and the conventional model.
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Fig. 3.13 shows the mechanism of fracture formation in micro-scaled flanged
forming process. The picture in the left top corner shows the expected fracture
location and the actual defect place of the micro flanged upsetting. In this research,
there are two types of energy: The fracture energy is the required energy to start
damage initiation, while the damage energy is the required energy from damage
initiation till major crack occurs. When the absorbed energy of a mesh exceeds the
damage energy, which is obtained from the stress-strain curves determined by the
actual experiment, this mesh will be considered as an invalid one. And the Young’s
modules of these invalid meshes will be automatically set to a very small value and
become invisible in simulation. The blank area is used to represent those failed
elements. In the figure, a slight difference between the actual experimental and
simulation result can be found at the bottom of the flange. This is mainly caused by
the mesh distortion of the model. The typical shear dimple is found at the fracture
section of the specimen. When the punch contacts the top surface of the specimen,
the material in the main deformation area, viz., the flanged part, flows in two
opposite directions along the shear bands, as shown in Fig. 3.13, which tallies with
the research done by Saanouni et al. [34]. The step-like elongated dimples are

formed in the two fracture surfaces in the broken specimen.

In macro upsetting process, the specimen dimension is much larger than grain size
and the size factor is approximately equal to zero. In micro flanged upsetting process,
the deformation is much easier to initiate and the ductility of the specimen decreases

accordingly with the increase of grain size, which is caused by the reduction of grain
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boundary constraint as the total amount of grain boundaries is reduced accordingly.
This is because the grain boundary in polycrystalline acts as a barrier of dislocation
movement in polycrystalline. When the grain size increases due to heat treatment,

less grain boundaries exist in this specimen. Thus, there are fewer barriers which

makes deformation easier.

X300 ¢ 50pm 09 30 SEI

Fracture cross section of
the two broken parts

X350 sopm -

Fig. 3.13. Shear fracture in the micro-scaled flanged upsetting process.

To predict the fracture in macroforming, damage evolution is judged by the fracture
energy, which is considered as constant for the same material. Freudenthal defined
this constant with the fracture stress and equivalent strain [35-37]. Using Hall-Petch
equation and Armstrong’s methodology, the damage evolution equation can be re-

designated in the following equation proposed in this research:
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2

C=Tad€=f[ao(3)+ \;_)j (3.9

As discussed above, when the size effect is considered in microforming process, the
surface layer model established above is more accurate compared with the
conventional macroforming model. Therefore, the damage evolution equation can be

represented in the following form.

J0,,1d+0d£p dg f[MTR(8)+%+/I(er(8) Mrt,(g)— \;E)Ddg (3.10)

0
For the material annealed with the same heat treatment process and having a strain
gradient during experiment, it should follow the fracture criterion in Eq. (3.11) with
the same C. Figs. 3.14 to 3.16 present the relationship between the expected strain
when achieving the maximum stress and the actual strain under the same heat
treatment condition. In these figures, the vertical lines represent the existence of the
maximum flow stress during the deformation. The area, which is formed by the
vertical lines indicated in the figures, the stress-strain curves and the coordinate axis,

represents the energy the specimen absorbed in the hardening process.
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Fig. 3.14. The expected and the actual maximum fracture strains of the brass

annealed at 450°C.

In Eq. (3.11), the first one represents the fracture criterion of macro-scaled forming
and the second one is for micro-scaled forming. The fracture factor C and the grain
size d in both the macro and micro scaled specimens are all the material constants
with the same value. By solving Eq. (3.11), the relationship of the fracture strain in
macro and micro scales is obtained and the prediction of micro scaled fracture strain

can be made. As shown in Fig. 3.14, when the grain size equals to 24.21um, the

micro scaled fracture strain g;"pmd = 1.07.9?4"”m . And in Fig. 3.15, it can be predicted

that the micro-scaled fracture strain &<’

y =1.098j‘f"°’”. This explains the reason
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why the micro fracture is difficult to form in micro scaled plastic deformation

process.
) fh i 1
C = [(0, + 0, M = [| 539536 +d 2.73.096" +, -[352.6450'68—539.5350'68—d 2.73.09.9"’06} de
0 0

£ra £ra

1 1
C= [(0,y + 0 e = [ | 539.536" +4 2.73.006" +, -[352.6450'68 ~530.536"% 4 2 .73.09g°-°6J de

0 0

(3.11)
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Fig. 3.15. The expected and the actual maximum fracture strain of brass annealed at

600°C.
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In Fig. 3.16, the maximum fracture strain is determined as £$*“**’ = 1.285;”“”" using

Eq. (3.11). With the height reduction of 75% in upsetting deformation, the micro
scaled specimen is difficult to break due to the contribution of size effect. However,
it is also obvious that the actual maximum fracture strain of the micro scaled
specimens is much larger than the expected fracture strain. This can be illustrated by
the SEM photos shown in Fig. 3.16. In the SEM photos, although the micro fractures
are observed on the barreling surface of specimen, the continuous fracture has not
yet formed when the strain reaches the maximum fracture strain. This may be due to

the error caused by the friction force between the specimen and the die.

1000]  —=—2x5 (Grain size = 87.73um) v
——0.5x1.25 (Grain size = 87.73um)

Stress(MPa)
T,

T T T — T Tt
-0.2 0.0 ; i 0.6 0.8 1.0 \ 152

Stl’ain g g}/facm g;xpected

Fig. 3.16. The expected and the actual maximum fracture strain of brass annealed at

750°C.
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With the support of experimental results, the stress without consideration of size
effect is much higher than the size dependent one. As the damage energy is
considered as the same, the fracture strain predicted by the size dependent model is
believed to be larger than that of the size independent model [28]. Therefore, a larger
deformation is needed in micro-scaled flange upsetting to reach its damage evolution

energy.

Figs. 3.17 and 3.18 illustrate the simulation and experimental results of the macro
and micro flanged upsetting. In Fig. 3.17, two fractures are found on the surface of
the macro scale specimen. The fracture located at the barreling surface with about 45
degrees to the axis direction of the sample is considered as the main fracture. The
other is the second fracture located at the flanged surface perpendicular to the
sample axis. The simulation results show that when the main fracture is initiated and

grows to a certain level, the second fracture will happen.
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Fig. 3.17. The experimental and simulation results of the macro-scaled flanged

upsetting.

As discussed before, fracture is more difficult to form in micro-scaled specimen. The
pictures in Fig. 3.18 are the SEM photo and FEM simulation of the micro-scaled
specimen with H/D = 1.5 and the dimensions of 0.5mm x2.75mm and the height
reduction of 75%. From the picture, it can be found that there is no continuous
ductile fracture existing on the barreling surface or the flange surface in micro-
scaled forming. Compared with the simulation result of the macro-scaled flanged
part, the equivalent strain of the micro-scaled flanged part in the shear band is
smaller than that in macro-scaled case with the same height reduction percentage.
According to the explanation of Fig. 3.16, the damage initiation in the micro part

will occur only when the specimen undergoes more deformation. The simulation
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result and SEM photo are the direct result of ductile fracture formation affected by

size effect.

PEEQ
[fwg: TEM)
+2.14%=+D0
+1570a+D0
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+1.4132+D0
+1.3EE= 1D
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+T.17Ea-D1
+51EE=-[1
+1.E3E=-[1
+1.E07=-01
+1.EEE=-0]

X40  500pm 09 40 SEI

The samples with the dimension of 0.5mmX2.75mm,
annealed at 750°C and compressed with the height
reduction of 75%, H/D = 1.5.

Fig. 3.18. The experimental and simulation results of the micro-scaled flanged

upsetting.

Fig. 3.19 shows the fractography of the specimen with different scaling factors. The
image on the left illustrates the fractography of specimen without heat-treatment.
The fracture is transgranular and the dimple size is quite different. The image on the
right is a shear fracture showing the elongated shear dimples with uniform
distribution [38].
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Grain size = 18.54um Grain size = 87.73um

Fig. 3.19. Fractography of the samples with different grain sizes.

3.9 Summary

The size effect is considered as an important factor in microforming processes,
which affects micro fracture formation in the process. In this chapter, a size-effect-
based surface layer model is developed to predict the fracture formation in micro-
scaled plastic deformation processes. Using micro flanged upsetting process as a
case study process, the proposed model is implemented and FEM simulation is
conducted via ABAQUS. The physical experiments are also done. Based on the
experimental results, it is found that the simulation results using the proposed
surface layer model are more accurate than that of the conventional mathematical

models. The following concluding remarks can thus be drawn:
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In micro-scaled forming, it is hard to reach the damage energy when applying
the same equivalent strain as in macroforming. The fracture on the flange surface
is easier to form in the large scale flanged upsetting process.

The result of flow stress curve generated based on this model is similar to Peng’s
model when the ratio of height to diameter of the cylinder specimen is large.
However, the proposed model is more accurate in dealing with the specimen
with the H/D ratio less than 1.5:1.

Fractography illustrates that the step-like elongated shear dimples exist in the
two fracture surfaces of the broken flanged part. The dimple size on the
transgranular fractures surfaces is affected by different scaling factors. The
existence of these fracture behaviors is caused by size effect.

Axisymmetrical flanged parts are widely used in industries and their fracture
behaviors in microforming need to be investigated. Through this study, the size
effect in microforming is found to have a significant effect in forming and
fracture formation process. According to simulation and experiment results in
simple upsetting and flanged upsetting, the ductility of micro scaled parts are
much better than macro parts. This is because the reduction of feature size has
increased the proportion of surface grains, which have more free surface than

internal grains in plastic deformation.
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Chapter 4 Hybrid Constitutive Fracture

Model for Microforming

4.1 Introduction

As a critical issue in micro-scaled plastic deformation, viz., microforming, the
effects of workpiece geometry and material grain sizes on ductile fracture behavior
have been studied. However, the flow stress contribution of each phase in
multiphase alloys to the ductile fracture and deformation behaviors in microforming
has not yet been fully addressed. In this chapter, a hybrid model is proposed for
modeling and representing the fracture and deformation behaviors in microforming
processes. The proposed model can be used to calculate fracture energy and then
predict the fracture strain of the alloys with single- or multi-phase. The model is
proven to be more accurate in fracture prediction as it considers the influence of size
effect over material fracture energy. Using brass C3602 with different grain sizes
obtained via heat treatment as the testing material, the grain and feature size effects
are investigated. Through the finite element simulation by using the developed
hybrid model and physical experiment, the methodology to represent and model the
influence of metal phase over deformation and fracture behaviors in micro-scaled

plastic deformation of multiphase alloys is presented. Also, to compare the

54



difference between grain and geometry size effects, the stress-induced fracture map,
which articulates the relationship of size effect, fracture energy and the expected

fracture strain in microforming, is proposed.

In Chapter 3, a constitutive flow stress model, which can represent the fracture
deformation behavior in most micro-scaled deformation scenarios, is developed. The
simulation results, however, do not have a good agreement with the actual
experimental results when the size factor A, which is defined as the percentage of
surface grains in all the grains of the deformation body, is larger than 58%. As Hall-
Petch equation is employed in the constitutive model, the fracture prediction is
reliable for single phase alloy. For multiphase alloys, which may contain both BCC
and FCC structures, they have not been considered in this model. The objective of
this chapter is thus to establish a hybrid model to represent the influence of different
phases of the materials over their micro-scaled deformation behaviors, especially for
the ductile fracture deformation in microforming processes, via, simulation and

experiment. The model is implemented in FE simulation and verified by experiment.

4.2 Hybrid flow stress modeling and research

methodology

Stress modeling is important in micro-scaled fracture prediction. The most important
issue of flow stress modeling is to distinguish the contribution of size effect in the

macro- and micro-scaled scenarios in this research. The proposed hybrid flow stress
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modeling introduces the size factor A to the conventional stress model. Thus the

flow stress in micro-scaled deformation can be more accurately described.

4.2.1 Macro-scaled flow stress modeling

In forming process, the flow stress ¢ can be represented by the micro-scaled shear

stress T in the following [39]:

o=Mrt 4.1)

where M is the Taylor factor, which is not related to the grain size of material [40].
Generally, the flow stress model needs to consider two parts of contribution. One is
the grain size independent part and the other is the dependent part [39]. The famous

Hall-Petch equation is established by considering both the two parts:

1

o =0, +hkd ? (4.2)

where o, 1s a material constant representing the stress of single crystalline, & is also

a material constant and d is the grain size [41].

For the Armstrong’s model in the following, it considers the flow stress at a certain

strain and takes the form of:

r(&)=1, (5)+k(£)d% 4.3)
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In Eq. (4.3),7, (8) and k are constants for a given strain. Eq. (4.1) is then designated

as:

1
o(e) :M(ro (¢)+k(e)d zj (4.4)
Eq. (4.4) is used to calculate the macro-scaled flow stress in Peng’s research and

Ran’s work [3,29]. Based on the crystal plasticity theory, shear stress (&) can be

represented by the lattice friction stress r, (8) and the interaction among

dislocations in the following [12]:

7(&)=1,(&)+aub\/p; 4.5)
In Eq. (4.5), o is a particular constant for the phase of alloy and describes the

dislocation interaction. u is the corresponding shear module for different phases. b
is the Burgers vector and different for FCC and BCC phases. p, is the total

dislocation density. To explain the strengthening effect, which is related to the grain

size change, Ashby (1970) proposed a model which classifies the dislocations into

statistically stored dislocation density ps(g) and geometrically necessary

dislocation density p, (5) The statistically stored dislocation density is considered

as a monotonic function and represented as:

C,e

o (4.6)

pi(€)=
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where C,,¢, b and L' are the material constant, strain, Burgers vector and slip

length, respectively [39]. The geometrically necessary dislocation density is

generally expressed as:

po() =22 @47

where C, is the material constant. Therefore, the total dislocation density takes the

following form:

Ce Ce N Ce
bd bl bd

pr=p.(&)+ps(&)=p,()+ (4.8)

When there is almost no coarse grain in the deformation body, the grain boundary

strengthening becomes critical in the deformation. This means the influence of the

statistically stored dislocation can be neglected, viz., p, (8) ~0. In Eq. (4.4), it is
known that o, (6‘) is equivalent to M, (5) and can be described by an exponential

function of y =ke&". Thus, the constitutive model for a single phase metal in macro-

scaled deformation is proposed in Eq. (4.9).

o(e)= M[TO (5)+a,ubﬁfps (8)+%J = Mke" +aM ub, ’% (4.9)

Compared with the previous model developed and presented in Chapter 3, the

1
present constitutive model specifically articulates the form of k(g)d ? instead of

using the curve fitting approach. The model in Eq. (4.9) has been proven to be valid

for single phase alloys. For multiphase alloys, the coefficients x, b and C, in Eq.
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(4.9) are different for each phase. The flow stress can be combined with the stress of

each phase by adding the volume fraction of each phase and designated as:

oc=>Yo0f (4.10)

Eq. (4.10) is the multiphase mixture rule in which o, and f; are the corresponding

stress and the volume fraction of each phase, respectively.

4.2.2 Hybrid constitutive model

As mentioned in Chapter 3, the flow stress of the deformation material can be

expressed as:

o=_—3"s i i:no- +(1_77)O-1’(N=Ns+]vl’/l=]]\\f;j (411)

where o and N are the total flow stress and the grain number; the flow stress and

grain number of the surface grains are N, and o, while N, and o, for the internal

grains. The independent stress-strain relationship is as follows:

¢ o,(&)=mz,(&)=mke"
o,(e)=0,f,+0,(1-1,)

=| Mk,e™ +aMu b, Ge S +| Mk,e™ +aM b, G (1-£,)
b,d b,d

- = Mk,e" + f,aM u b, ,E +(1-f,)aM u,b, G
b.d \bsd (4.12)

N
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where o, 0,, f, and f, are the stress and volume fraction of a phase and /8 phase;

m 1is the grain orientation factor. By combining Eqs. (4.11) and (4.12), the final

formulation of the hybrid model is thus obtained:

n C C
C vl (5) =Mk,e" + f,aM u b ﬁ + (l—fa )aM,uﬁbﬂ /ﬁ
o B

+A| mke™ —| Mk,e™ + f,aM u b, Ge +(1- 1, )aM pzb, Ge
b,d b,d

Eq. (4.13) is suitable for both the macro- and micro-scaled deformation when there

(4.13)

are only few coarse grains in the specimen. For the processed specimens with heat
treatment, the contribution of grain boundary to dislocation density is small as the
grain becomes coarse and the volume of grain boundary is smaller. Thus, the effect
of statistically stored dislocation cannot be ignored and Eq. (4.13) is further

formulated as:

Ce Ceg C.e Cye
o, (&)=Mk,e" + f aMub (1= f )aM ub 37 4 2%
total( ) 2 fa Hb, baLs bad ( fa) 'uﬁ B bﬁLv bﬂd
Ce Ceg Ce Ce
+A| mke™ —| Mk, ™ + f,aM u b 4+ (1-f )aM u b 3~y 2-
[ 1 [ 2 fa Iua a baLs bad ( fa) /uﬂ B bﬂLs bﬂd JJ
(4.14)

where C, is a material constant.
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4.3 Research methodology

Fig. 4.1 schematically illustrated the methodology to establish the hybrid model for
ductile fracture analysis of multiphase alloys. In this figure, the macro-scaled
material properties are obtained from the load-stroke curve via simple upsetting
experiment. The flow stress curve of the material can then be calculated. By
observing the microstructure and using energy dispersive X-Ray spectroscopy
(EDX), the volume fraction of each phase in the multiphase alloys can be obtained.
The coefficient of the macro-scaled constitutive model of the multiphase materials is
thus calculated using curve fitting based on the data of volume fraction and flow
stress curve. To identify the influence of size effect, the macro-scaled constitutive
model is implemented into the surface layer model. The surface layer model
introduces the size factor A4 into the macro-scaled constitutive model to describe the
influence of size effect in micro-scaled forming. The final form of this hybrid model
can be used to calculate the flow stress of all the other scenarios of the multiphase
materials. For ductile fracture prediction, the fracture energy C is calculated based
on this hybrid constitutive model. After that, it goes to FE simulation stage. In this
stage, the meshing of computer-aided design (CAD) model is conducted and the
boundary condition is set up. The damage energy G, obtained from the flow stress-
displacement curve is applied to the material property so that the damage evolution
behavior of the material can be demonstrated during the deformation process.

Finally, the load-stroke curve of the flanged upsetting simulation is extracted for the

result comparison with the actual experiment.
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In most of the previous researches, the influence of feature and grain size effects is
considered separately and no report is found so far on revealing of the interaction
and interplay of these two size effects in micro-scaled ductile fracture. The so-called
Stress-induced Fracture Map (SFM) is generated in this chapter for micro-scaled
fracture prediction. SFM schematically articulates the interaction relationship among
the size effect, fracture energy and the expected fracture strain in micro-scaled
plastic deformation of the multi-phase alloys. It can be used to reveal the influence
level of different size effects with the same size factor. The expected fracture strain
of the multiphase alloys in different scenarios can thus be predicted. Finally, the
load-stroke curve of the micro-scaled flanged upsetting generated by FE simulation
based on the established hybrid model is compared with the experiment results to

verify the efficiency of the developed hybrid model.
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Fig. 4.1. Research methodology of the hybrid fracture method.
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4.4 Experiment

Brass C3602 is selected as the testing material for multiphase alloys. The material
was annealed to obtain different microstructures. The annealing was conducted in a
protective Argon atmosphere with different temperatures and holding times, which
are 750°C for 3 hours, 600°C for 2 hours and 450°C for 2 hours, to get different
microstructures and grain sizes. In addition, the metallographic examination is done
to observe microstructure after the specimen is etched in a solution of 5g of FeCls,
15ml of HCI and 85m!/ of H,O for 15 seconds. The original specimens have the
dimensions of 2 x 3 mm and 0.5 X 0.75 mm. The grain sizes of the samples are 18.54,

24.21,45.48 and 87.73 um and shown in Fig. 4.2.

Grain size = 24.21um

Grain size = 18.54um

h .

rain siz =45.58um Grain size = 87.73um

Fig. 4.2. Microstructures of the Brass C3602 billets using different heat treatment
conditions.
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The samples are compressed with the punch velocity of 0.01 mm/s to the height
reduction of 75%. In order to verify the applicability of the proposed model, the
micro-scaled flanged upsetting is chosen as the microforming method. The height

and diameter ratio H/D of 1.5 is selected for the flanged upsetting, as shown in Fig.

4.3,
TOOTRRNN
ez 2 ﬁﬁ% D
\ <_\
_‘S \ % /Jikv //E i ‘Ai% 7 ¢ ,
H_V S % — TH
K \\ \r

—>|

/
%

1

S \/>/\»

Raw material F\\ NLJT NN

s

X40  500pm 09 40 SEI

2.00 x 7.00 mm sample, 0.50 x 2.75 mm sample,

H/D =3.00 mm/2.00 mm, H/D = 0.75 mm/0.50 mm,
H’/D’ =0.75 mm/3.40 mm H’/D’ = 0.19 mm/0.85 mm
Macro scale — —— Micro scale

Fig. 4.3. Micro-scaled flanged upsetting.

Other verification experiments are also conducted to prove the influence of size

effect in micro-scaled compression-dominative plastic deformation. In Fig. 4.4, three
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types of upsetting process are conducted in both macro and micro scale. The
dimension of the specimens in these upsetting processes has been scaled down from
2 x 3 mm to 0.5 x 0.75 mm. The specimen shapes of these three upsetting process
are different in order to distinguish the stress contribution of the removed material of
cylinder shape specimen. The specimens have been compressed to 25% of their
original height and observed by using SEM, as shown in Fig. 4.5. For the as-
received samples, it is discovered that major cracks exist in all three types of
specimens in Scenario 1, while no major cracks exist in all three types of specimen
in Scenario 3 and 4. For the samples annealed at 800°C, major crack only exists in
Type B of Scenario 1. This is a proof of the existence of feature size effect in

microforming.

-

|

Scenario 3 Scenario 4

X (mm)
Y (mm)
Z. (mm)
H (mm)
h (mm)

Fig. 4.4. Three types of billets for verification upsetting experiments.
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Scenario 1 Scenario 2 Scenario 3 Scenario 4
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Type B

500pm 10 41 SEI X100  100pm 1141 SEI 20kV X160  100pm 11 41 SEI

(b) Compressed billet, 800°C annealed Type €

Macro scale e Micro scale
Fig. 4.5. SEM photos of verification upsetting experiments.
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4.5 Implementation and result discussion

4.5.1 Coefficient calibration procedure of the hybrid constitutive

model

Eq. (4.14) 1s the final format of the hybrid constitutive model. The unknown
coefficients of the equation are determined by curve fitting method based on the
flow stress data of the macro-scaled upsetting experiment. How the experimental
data is used for coefficient calibration is presented in Table 4.1. The stress-strain
curve of the sample with the dimension of 2x3mm is used for curve fitting, while
the experimental data of the samples with other three dimensions is used for result

comparison with simulation.

Table 4.1. Experimental data processing.

“Heat treatment As received 450°C 600°C 750°C annealed
Size annealed annealed
2x3mm Macro-scaled experimental result, used for curve fitting
Ix1.5mm Micro-scaled experimental result, used for result comparison
0.5%0.75mm Micro-scaled experimental result, used for result comparison
0.25%0.375mm Micro-scaled experimental result, used for result comparison

Eq. (4.14) is applicable for all scenarios as it is suitable for both the fine and coarse

grains. The equation contains five unknown coefficients, viz., k,, n,, C,, C, and
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C, . Fig. 4.6 presents the curve fitting procedure used to determine the five unknown
coefficients in this research. In the figure, the coefficients marked with red color are
unknown and to be decided in the shown curve fitting stage, while the volume

fraction of alpha phase f,, grain size d and size factor A can be determined using

the experimental result before the curve fitting.

There are three curve fitting stages as shown in Fig. 4.6. The first curve fitting uses
the flow stress data of the as-received specimen with the dimension of 2x3mm . The
size factor A of this scenario, which is calculated from the information of
metallographic photo, is 4% and its size effect is ignored. Thus, only the
independent part of Eq. (4.13) needs to be considered. With the flow stress data of
the as-received specimens and those annealed at 450°C with the dimension of
2x3mm , the unknown coefficients k,, n,, C, and C, of Eq. (4.13), are calculated
and determined by using curve fitting method, which is only suitable for the

deformation of specimen with fine grains.

The second curve fitting uses the flow stress data of the specimen annealed at

450°C with the dimension of 2x3mm . The coefficients k,, n,, C, and C, are

recalculated and adjusted to ensure the hybrid model fits both the experimental

results of the as-received scenarios and those annealed at 450°C.
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Fig. 4.6. Curve fitting procedure.
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After the two rounds of curve fitting, the remaining unknown coefficient C, can be

determined via curve fitting of the flow stress data of the specimens annealed at 600
and 750°C with the dimension of 2x3mm . A slight adjustment of the coefficients

k,, n,, C, and C,is necessary if the fitted curve has a significant difference from

any experimental result of the four scenarios with the sample dimension of 2x3mm .

4.5.2 Coefficients calculation of micro-scaled deformation

According to Eq. (4.10), the macro-scaled stress obtained from the simple upsetting
experiment can be decomposed into the stresses of various phases. As there is only
2% lead in Brass C3602, the deformation body can be specified into a and £ phases

without consideration of the stress influence of lead phase.

In Fig. 4.7, there are about 5% of the total pixels of EDX picture with black color. It
indicates that there is no spectrum to be detected. By sharpening the metallurgical
photo as shown in Fig. 4.8, it shows that the volume fraction of the white area is
77%, representing o phase, while the black area is about 22%, representing £ and
lead phases. This result is closed to the EDX result and the final volume fractions of

a, f and lead phases are 81, 17 and 2%, respectively.
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Cu (56%)

Electron Image 1

"Pb (2%)

Fig. 4.7. Determination of the phase volume fraction by EDX.

In Eq. (4.13), a=0.34 (Rodriguez, 2003); x, =78500 MPa (shear modulus for

FCC  phase); w,=72000 MPa (shear modulus for BCC phase);

2

ba=7><3.69><10‘1°=2.608x10‘1°m (Burgers vector for FCC phase);

b, = ?x 2.94x107" =2.546x107""m (Burgers vector for BCC phase); the volume

fraction of each phase is obtained based on the EDX results, which is 83% for a
phase and 17% for f phase. The unknown coefficients in Eq. (4.13) are the constants
of dislocation density in o and g phases. By using the curve fitting approach, the

constants C, and C, can be determined and Eq. (4.13) thus becomes:
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(o}

1 1
o (£)=587.526%% 404986 -d 2 — /1[203.5250-23 +0.4985%° - d 2 ] (4.15)
where C,=0.14, C,=0.18, k =k, =192, n,=n,=023, M=3.06, m=2. k

and k,, n, and n, here are actually the same coefficients in the equation of

7, (8) =ke&". The subscript is used to distinguish the stress of surface grain in Eq.

(4.12).

Microstructure of Brass C3602

for phase distinguishing

Fig. 4.8. Determination of the phase volume fraction via metallurgical photo.

The comparison between the calculation result and the true stress-strain curve from
the actual experiment is shown in Figs. 4.9 and 4.10. In Fig. 4.9 (a), the solid curve
without star is the true stress-strain curve obtained from the actual experiment and
the curve with star is the curve fitting result of macro-scaled simple upsetting. By

using the data in Eq. (4.15), the unknown coefficient in Eq. (4.14) can be determined.
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The final description of flow stress and size factor 7 is obtained and presented in Eq.

(4.16)

o,

total

1 1
(g) =587.52&"% +0.681"° -d 2 —1(203.5230'23 +0.681™ - d 2] (4.16)

Fig. 4.10 shows the simulation result of the flow stress model using Eq. (4.16). It
indicates that when the size factor A is higher, the simulation result is closer to the

actual experimental result.

Although Figs. 4.9 and 4.10 show a good variation trend between the simulation
results and the experimental ones, some part of the simulated stress curve has
deviation with the experimental results. This is caused by the fact that the unknown
coefficients of Eq. (4.14) are calibrated with the flow stress data of all the four
scenarios with the sample dimension of 2x3mm . If the four unknown coefficients
k,, n,, C, and C, are determined without adjustment after the first curve fitting, the
simulation result of the as received scenario is quite close to the experimental results.
However, the simulation results of other three scenarios, including 450, 600 and
750°C annealed series, all deviate from the actual experimental results. Thus, the
coefficients k, and n, need to be calibrated and adjusted after the two rounds of
curve fitting to ensure all the simulation results are as close as possible to the

corresponding experimental results.
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(a) 2 x3 mm billet, As-received.

800 -
=afe= Simulation result for 0.5x0.75mm billet

700 | === True stress of 0.5x0.75mm billet

600
500
400

300 d =18.54um, n=14%

True stress o (MPa)

200

100 -

True strain
(b) 0.5 x0.75 mm billet, As-received.

Fig. 4.9. Comparison of the curve fitting and the experimental results (As-received
sample).
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True stress o (MPa)

o= True stress of 2x3mm billet

=ade== Simulation result for 2x3mm billet
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True stress ¢ (MPa)

| == True stress of 0.5x0.75mm billet

| 4 ! ' 1 ' I ' I ' 1 ' I
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(a) 2 x 3 mm billet, 750°C annealed.

=afe= Simulation result for 0.5x0.75mm billet

d =87.73um, n =58%

True strain ¢

(b) 0.5 x 0.75 mm billet, 750°C annealed.

Fig. 4.10. Comparison of the simulation and experimental results (750°C annealed).
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When the experimental data of macro-scaled upsetting is used, the unknown
coefficients of Egs. (4.13) and (4.14) can be calculated via curve fitting and Eqgs.
(4.15) and (4.16) are thus obtained. Eq. (4.15) is suitable for macro- and micro-
scaled deformation when there are few coarse grains in the specimen, while Eq.
(4.16) is applicable for macro- and micro-scaled deformation of all kinds of
scenarios. Therefore, the stress-strain curve of micro-scaled upsetting process can be

calculated via Egs. (4.15) and (4.16) and compared with the experimental result.

4.6 Ductile fracture prediction

In order to predict the ductile fracture, the fracture energy of the deformation
material, which is considered as a material-related constant, must first be determined.
Based on Freudenthal’s criterion [42], the damage evolution equation can be

expressed in the following form:
6/’
C=[o(e)de 4.17)
0

To use the fracture energy C to predict the ductile fracture, the size effect needs to
be considered. By combining Eqgs. (4.15) and (4.17), the fracture energy C is

presented as follows:

A L 1
C= J£587.525°'23 +0.681£%-d 2 —/1{203.525“3 +0.681£%-d 2 Dda (4.18)
0
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Using the original 2x3mm billet without heat treatment, the fracture strain of

¢ =1.15 is obtained. With the corresponding grain size d =18.54um and the size

factor 4 =0.04, the C value can thus be determined as:

1.15

1

C= j (587.525"” +0.681x &% x (18.54>< 10*6) 2
’ 1 (4.19)
—0.04{203.525"23 +0.681x &% ><(18.54><10*6 )ZD de = 684.09

With the hybrid fracture model shown in Eq. (4.18) and the fracture energy C, the
fracture strain and grain size of other scenarios can thus be calculated. In Fig. 4.11,

the dash line represents the corresponding expected fracture strains of different

scenarios, which are &5.75 45 =1.19,¢, ;... =119 andg .. .. =1.39. These

results are quite close to the actual experimental results.

—@=—.5x0.75, as received, n=0.14
2x3, 750 degree annealed, n=0.18
7004 == 0.5x0.75, 750 degree annealed, n=0.58

600-
500 —
400 ..
300

200 —

True stress o (MPa)

100

True strain ¢

Fig. 4.11. Fracture strain prediction for different size factors.
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4.7 Numerical implementation

In this chapter, the finite element simulation was conducted in ABAQUS, which has
powerful nonlinear analysis function. In addition, the 4-node bilinear element
CAX4R mesh is employed as it is suitable for processing of large plastic
deformation. The total number of elements is 1794 and the total number of nodes is
1946. By setting the damage evolution condition with the calculated expected
fracture strain in Table 4.2, the mesh elements, which are damaged and considered

as invalid mesh elements, will be deleted automatically.

Table 4.2. The expected fracture strain and size factor of Brass C3602.

C Size 2>3mm | 1x1.5mm | 0.5%0.75mm | 0.25x0.375mm

st (A receive) | & 115, | &, =116, | &,=1.19, | & =126,
A=4% | 1=7% | A1=14% A =27%

T e e R
( annealed) | ) sor | a=9% | a-18% 1 =35%

508 (600" C o e, =111 | ¢,=115, | & = 1.22, &= 1.36,
( annealed) |2 g0 | 1218% | 4=33% A =59%

B B L e e
( annealed) | ) 1o | 2232% | 4=58% 4 =91%

As mentioned in Section 4.2, Eq. (4.16) is the final format of the hybrid constitutive

model. Eq. (4.16) can be used not only to calculate the expected fracture strain of
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specimens annealed at 450, 600 and 750°C, but also provides the expected flow
stress data of the upsetting deformation of these scenarios when the size factor is
determined via the metallographic photo. When a series of strains are provided, the
expected flow stress of each scenario can be obtained from Eq. (4.16). These
expected flow stress curves are then implemented into ABAQUS to simulate the
micro-scaled flanged upsetting process. Fig. 4.12 shows the simulation result of the
deformation load in micro-scaled flanged upsetting by using multiphase hybrid
model and it indicates that the load predicted by simulation is close to the actual
experimental result. In addition, there is no ductile fracture occurrence in this
deformation scenario. In this figure, it is obvious that the stress-strain curve obtained
from experiment is smoother than the one from simulation. This is because the load
amplitude type used in this simulation is “tabular”. It will cause “force vibration” in
the force-time curve which is obtained via ABAQUS. Changing the amplitude type
to “smooth” or increase the simulation time and mesh number is an acceptable
option in simulation, but these measures will significantly increase the simulation
time. Since the simulation result and experimental result have an agreement, the
measures above will not be changed in this research in consideration of the

simulation efficiency.
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=0.£omm 799 - _ Simulation result using multiphase hybrid model
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Fig. 4.12. The expected and the actual load-stroke curves in micro-flanged upsetting.
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4.8 Stress-induced fracture map

The FE simulation of micro-scaled flanged upsetting can be implemented after the C
value and the fracture strain are determined. Table 4.2 shows the expected fracture
strain and the size factor for each case. In the table, the fracture energy C for each
scenario of the material with different heat treatment conditions is calculated from
Eq. (4.19). The size factor A is determined based on Eq. (4.11). The expected
fracture strain is calculated from Eq. (4.18) when the fracture energy C is confirmed

via Eq. (4.18) for each scenario.

Upon acquisition of the data from simulation, the stress-induced fracture map (SFM)
for multiphase alloys is proposed. In Fig. 4.13, all the expected fracture strains
calculated by the hybrid ductile fracture model are presented in the map. For the
multiphase alloys such as C3602, the SFM is established by using the data shown in
Table 4.2. In SFM, each axis stands for specimen size, fracture energy and the
expected fracture strain of the material. As the grain size effect occurs when the
grain size is changed while the specimen size remains constant, the fracture energy
C represents this type of size effect as C is a material constant for the material with
the same microstructure. For feature size effect, the dimension of the specimen
represents the influence of feature size change. Therefore, the SFM demonstrates the
influence of grain and feature size effects in micro-scaled ductile fracture

deformation.
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Fig. 4.13. Stress-induced fracture map.

By using the data in Table 4.2, a pre-stress-induced fracture map is first established.

From Fig. 4.14, it is clear that the original material without heat treatment has the

highest fracture energy (C, =650"C), but its fracture strain is considered to

s Received
be lower than that of the material annealed at 750°C . This indicates that the
“original samples” may have received other types of heat treatment. The final of
SFM can be constructed after the “as-received” series is removed, which is shown in

Fig. 4.15.
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Fig. 4.15. Change of the fracture strain in different types of size effects.
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When SFM is completed, each scenario in the range of size and fracture energy can
have a unique fracture strain from SFM. This fracture strain is a damage initiation
condition for the ideally isotropic metal alloys. Analysis of these scenarios is thus

conducted in the following:

(1) The change of the expected fracture strain with the two size effects is different
for each scenario. For grain size effect, the change of fracture strain in each size
scale can be considered as the same. From Fig. 4.15 (a), lines 1, 2, 3 and 4,
which indicate the tendency mentioned above, are considered as linear curve. On
the other hand, the fracture strain change affected by feature size effect in Fig.
4.15 (b) is not the same in each scenario. When the annealing temperature is high
such as 600°C and 750°C, the gradient of these curves increases rapidly when
the specimen diameter is smaller than 0.5 mm.

(2) For the two types of size effects, grain size effect has greater influence on
fracture strain than feature size effect when the size factor A is the same. As
shown in Fig. 4.16, the scenarios which are linked by lines have the same size
factor. It is found that the expected fracture strain affected by grain size effect is
larger than those affected by feature size effect when the size factor is the same.

This phenomenon can be explained based on Eq. (4.20) in the following:

C= 77.15}‘5 + 477.7(9_1/23 -A- (77. 18}‘5 + 165.55}‘23) (4.20)
Eq. (4.20) is the solution of Eq. (4.18). For feature size effect, the fracture energy
C remains the same for each scenario as feature size effect does not change the

grain size or fracture energy. When the size factor A increases, the expected
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fracture strain must increase to maintain the same C. For the grain size effect, the
fracture energy C also increases with size factor 4. Therefore, the expected

fracture strain needs to increase much more than that in the feature size effect

scenario.

1.8

n
o

1.4

Expected fracture strai

Fig. 4.16. The expected fracture strain with the same size factor A .

The SFM not only predicts the fracture strain of certain multiphase alloy, but also
reveals the in-depth relationship of grain size effect and feature size effect in ductile

fracture of microforming. It can be considered as a useful tool in predicting the

stress-induced fracture in microforming process.
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Fig. 4.17 demonstrates the simulation results and the actual experimental result via
SFM. In this figure, the surface marked with stars represents the real fracture map
with the actual experimental result. This real fracture map is drawn after all the
actual fracture strains of different scenarios in Table 4.2 are obtained. Compared
with the simulation result, it is obvious that there is an agreement between this new
model and the experimental result. When the deformation is large, the result of the

new model is much closer to the experimental results.

1.7

1.6

1.5

1.4

1.3

1.2

B10 1.1

2 575 GH0 C

Fig. 4.17. Comparison of the simulation and the actual experimental results.
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4.9 Summary

A hybrid flow stress model for multiphase alloys, which determines the contribution
of each phase to the mechanical deformation behavior of material and uses fracture
energy to predict the ductile fracture in microforming, is proposed. The fracture
energy of the testing material brass C3602 is calculated and the fracture strain of
each scenario is obtained for fracture prediction. As the simulation results based on
the proposed hybrid model have a good agreement with the actual experimental ones,
the proposed model is thus considered to be more reliable in ductile fracture
prediction. In this chapter, the following concluding remarks can be drawn:

1. It is found that the dislocation density and phase volume fraction affect the flow
stress of materials in micro-scaled deformation process and the proposed
multiphase hybrid model can effectively describe this effect.

2. By using the macro-scaled upsetting flow stress data, the coefficients of the
hybrid model can be determined and the expected fracture strain and flow stress
of the materials with different geometry sizes can be obtained directly and used
for flow-induced fracture prediction.

3. The stress-induced fracture map is constructed for predicting the fracture strain
of multiphase alloys and revealing the in-depth relationship of grain size effect
and geometry size effect in micro-scaled ductile fracture deformation. It thus
provides a useful tool for prediction of ductile fracture in micro-scaled plastic
deformation.

4. For micro-scaled bulk material forming process, the grain size effect has greater

influence on the stress-induced fracture formation than the feature size effect.
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When the size factor of the two size effects is the same, the fracture strain of the

grain size effect is considered higher than the one of feature size effect.
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Chapter 5 Applicability of Fracture

Criteria in Microforming

5.1 Introduction

As mentioned in prior chapters, most of the previous fracture researches are focused
on macroforming, in-depth research on the fracture behavior in micro-scaled plastic
deformation has not yet been extensively conducted [22-26,43-51]. The essential
issues of ductile fracture and the applicability of ductile fracture criteria (DFC) in

microforming are thus needed to be systematically studied.

This chapter investigates the applicability of six uncoupled fracture criteria which
are widely used in macro-scaled forming processes. To explain their applicability in
micro-scaled deformation, the hybrid constitutive model developed in chapter 4 is
used in FE simulation and the six DFCs are implemented [3,4]. The critical value of
each DFC is calculated by using the hybrid constitutive model. To describe the flow
stress change in micro-scaled plastic deformation, the size factor is determined and
included in the hybrid constitutive model. The influence of size effect on fracture
behavior is quantified by SFM. Finally, the applicability of the six DFCs are
identified by comparing the FE simulation results with the experimental results

including load-stroke curve and the SFM.
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5.2 The uncoupled ductile fracture criteria

Table 5.1 lists six widely used uncoupled DFCs. Each DFC has its own critical value,

and fracture occurs when the integral value is larger than its critical value.

Table 5.1. Uncoupled fracture criteria.

Latham model

Macro scale fracture . Criteria
. Criteria formula ..
criteria description
Cockecroft and Cockcroft-model-

based criterion

Oyane model

Cockcroft-model-
based criterion

Ayada model

Cockcroft-model-
based criterion

Brozzo model

Cockcroft-model-
based criterion

Johnson-Cook model

Stress-triaxiality-
based criterion

Rice and Tracey 't am Stress-triaxiality-
J‘ e =C O
model ! based criterion
&y o
Freudenthal model I de=C Energy—based
0 criterion

Eq. (1.1) is the representation of the uncouple DFCs. The critical value C is material
constant and usually determined by upsetting and tensile tests. For the material with

a specific heat treatment condition, its unique C value can be obtained.
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Among the six DFCs, Cockcroft and Latham criterion is one of the pioneer criteria
in ductile fracture arena, which is proposed based on Freudenthal criterion [36]. It is
found that the yield stress at fracture point is not affected by the shape of the necked
region in tensile test, which is different from the actual experiment scenario. The
Cockcroft criterion is thus developed for bulk forming and applicable to the
deformation with low stress triaxility. The simplified form of the criterion is

designated as:

&f
d8=.[61d8=c (5.1)
0

J— O-l
(o
o

Sy E—

In Eq. (5.1), o, is the maximum principal stress and (i] is a non-dimensional

o

stress-concentration factor.

Oyane model articulates the concept of ductile fracture with four development stages,
viz., micro-scaled void formation caused by dislocation pile-up, void distance
becoming closer due to void growth, plastic deformation concentration, and the
dimple initiation on the surfaces of material [52]. For porous materials, by

employing the relationship between equivalent strain ¢ and volumetric strain g, ,

the stress strain relationship can be represented by Eq. (5.2) in the following.

de, =% (imoj (5.2)

where y is the ratio between the nominal density and the constituent metal density

of porous material and f is a function of y. o, is the hydrostatic stress and ¢, is a

92



material constant. The volumetric strain &, represents the volume alternation of

porous materials and can be represented as the ratio between the volume of the
porous material and the volume of the constituent metal with the same weight and

denoted as:

g =InY=—InL =—Iny (5.3)
Yo Po

In Eq. (5.2), the fracture strain can be determined if the fracture occurs at a particular

volumetric strain. Eq. (5.2) can be further formulated in the form below:

jg—fz de, =j(i-@+1}12 (5.4)

a, o

As a,, y and f are all material constant, Eq. (5.4) can be written as:

T[i.ﬁﬂla@:c (5.5)

o\ % O

where C is the critical value of this criterion.

Ayada criterion is proposed based on Cockcroft and Oyane criteria to provide an
evaluation of fracture in compression-dominative deformation, since the result
predicted by Cockcroft criterion is beyond satisfactory when the strain is large and

the tensile stress is small [53]. The form of Ayada criterion is shown in Eq. (5.6).

N
! £?Jdg =C (5.6)

where o, is the mean stress. C is the critical value of this criterion and considered

to be inversely proportional to the hardness of material according to experiment.
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Brozzo criterion in Eq. (5.7) is established on the basis of Cockcroft criterion and

articulates the relationship between the maximum stress and mean stress at fracture

[54].

&f 2/

c— — f — - a —n+l

J.Ga’g=const=a.|.g d3=—5} (5.7)
0 0

: . . o, . o .
By introducing the stress concentration factor = in Cockcroft criterion, Eq. (5.8) is

obtained.

—\2
To consider the influence of the maximum strain, the weighting value (—J 1s

introduced to satisfy the experimental result. Eq. (5.8) can be rewritten in the

following form:

— N2 - -
£r {EJ (ij = const = &5 & de [ij (5.9)
g o g de\ o

In addition, the stress-strain relationship can be expressed as:

By combining Egs. (5.9) and (5.10), the fracture criterion is described as:

EfﬁL:const (5.11)

& 3(o,-0,)

m

If the criterion is presented in a general form, Eq. (5.11) can thus be redesignated as:
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& _
ILLLS‘:C (5.12)
0

where C is a material constant.

Rice and Tracey model is more focused on the modeling of fracture growth of micro

void with sphere shape [55]. The model assumes that the fracture growth rate is

. ... O e
affected by stress triaxiality =2~ . When stress triaxiality is high, the fracture growth
o

rate of micro voids approximate to:

30,

T’;zo.SSew (5.13)
&

In Eq. (5.13), V is the volume growth rate of the micro voids. The final fracture

criterion can be denoted as:

q

3

=C (5.14)

o0
Q
N
Ql

where « is material constant and C is the critical value of the criterion

The last criterion to be investigated in this chapter is Freudenthal criterion, which
describes the influence of damage accumulation in plastic deformation process [42].
The integral of the equivalent stress provides the physical meaning of the energy
required to initiate a crack tip per unit area. Freudenthal criterion is formulated as

follows:

jadgzc (5.15)

95



Considering size effect, Freudenthal criterion is used in the fracture prediction of

micro-scaled flanged upsetting process and the result is acceptable [4].

In this chapter, the above six DFCs are extensively investigated and identified via
FEM simulation and experiment. Their applicability in micro-scaled plastic

deformation is systematically explored and analyzed.

5.3 Research methodology and experiment

The purpose of this chapter is to study the applicability of DFCs in micro-scaled
plastic deformation via comparing the difference of the prediction results in
compression deformation process using the above six commonly used DFCs. These
DFCs are widely used in macro-scaled plastic deformation. By using the
conventional flow stress model and the hybrid flow stress model developed in
previous chapters, the influence of size effect on the applicability of the six DFCs in
ductile fracture prediction in micro-scaled deformation is considered. The prediction
deviation of each criterion by using the conventional and hybrid flow stress models
is calculated and compared. A generalized formulation for describing the common-
used uncoupled DFCs is proposed and the explanation for prediction deviation is

presented. The entire research methodology is illustrated in Fig. 5.1.

From experimental realization perspective, micro flanged upsetting is used to

examine the applicability of different DFCs in this chapter. The main reason to
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choose this microforming process is that the process has a cross-shape shear band
and the ductile fracture is easy to occur in this shear band. The multiphase alloy
brass C3602 is used as the testing material. To obtain the different microstructures of
the testing material, annealing of the materials was conducted. The heat treatment
conditions and the average grain sizes of the material after annealing are presented

in Table 3.1.

Hybrid stress model calibration

'

Calibration of mean stress and maximum
principal stress via simple upsetting simulation

v

Establishment of the conventional stress model

v v

Determination of the Identification of the expected
expected fracture strain fracture strain without

considering size effect considering size effect

I |
v

SFM construction

v

Prediction error compared with the experiment
results

v
A generalized formation for uncoupled ductile

fracture criteria

Fig. 5.1. A general research methodology.
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For the micro flanged upsetting process, the punch velocity is set to the minimum
value of the machine which is 0.01mm/s to ensure that the strain rate does not affect
the experimental result. All the specimens are compressed to 75%, to ensure the

occurrence of the macro-scaled fracture.

5.4 Criteria calibration in micro-scaled plastic

deformation

5.4.1 Hybrid constitutive model

To explore the applicability of different DFCs, the hybrid model which considers the
influences of size effect and each phase of the multiphase alloy in micro-scaled
plastic deformation is presented in Eq. (4.14). By implying all the known
coefficients and using curve fitting to determine all the unknown coefficients in Eq.

(4.14), the final form of the hybrid constitutive model is shown in Eq. (4.16).

This model is used to predict the flow stress behavior in both the macro-scaled and
micro-scaled deformation scenarios. As this model is established using the data of
micro-scaled upsetting process, it can also be used to describe the equivalent stress

in other micro-scaled deformation processes.
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5.4.2 Hybrid-constitutive-model-based fracture prediction

The hybrid constitutive model shown in Eq. (4.16) is used for analysis of micro-
scaled plastic deformation. This model is implemented to obtain the fracture critical
value C for the testing material.
é L 1
C= j{587.5250-23 +0.681&"° - d 2 —/1-(203.525023 +0.681¢" -d ZDdg
0 (4.18)
The formulation of the hybrid constitutive model is the integral of equivalent stress,
and the physical meaning is the threshold energy required to initiate the stress-
induced fracture with the fracture strain. When other uncoupled DFCs such as
Cockcroft-model-based and stress-triaxiality-based fracture criteria are implemented,
the mean stress and the maximum principal stress are needed for calculation of the
critical value of each DFC. The upsetting simulation of each scenario with a specific
heat treatment condition to obtain the principal stresses is conducted by using

DEFORM 3D. All the upsetting simulation results are extracted and summarized

into the form of o =k&" via curve fitting. The summarized results of the mean

stress and the maximum principal stress are listed in Table 5.2.

Table 5.2 Mean stress and maximum principle stress for each scenario

2x3mm 1x1.5mm 0.5x0.25mm 0.25x0.375mm
O-m O-* O_m O-* O-m O-* O-I'H O-*
As 368" 725&%7 716" 1679 186£%| 359%™ 572&%% 907"
Receiv
ed

450°C | 39701 733038 37354 586£°% | 630£%%° 970£%%| 471£%%] 90351

annealed
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600°C | 405£%%°| 719£%%| 287 705£%7 | 3055°%| 714£%%| 341£°%| 663"
annealed
750°C | 406&"" | 733%™ 424£°% 708" | 297%%| 673" 286" | 569£°%¢
annealed

By incorporating the corresponding parameters into each criterion, the critical value

1s thus determined. The expected fracture strain in simple upsetting process for each

case is calculated and presented in Table 5.3.

Table 5.3 Expected fracture strain predicted with different fracture criteria

Specimen Dimension
Fracture Critical
Criteria | Value 503 ™ T 5mm | 0.5%0.25mm | 0.25%0.375mm
Freudenthal C=0684 (As _ _ _ —
model received) & =115 | ¢,=1.16 &, =119 &, =126
C=578
(450°C &, =103 | ¢, =105 &, =1.08 g, =1.16
annealed)
C=698
(600°C e, =111 | &, =115 &,=122 &, =136
annealed)
C=606
(750°C & =119 | ¢, =125 &, =139 &, =1.63
annealed)
Cockecroft C=730(As _ _ _ _
model received) e =115 ] &,=091 &, =21 &,=0.89
C=553
(450°C e, =103 | &, =117 e, =0.96 e, =074
annealed)
C=574
(600°C e, =111 | ¢, =112 &, =115 e, =11
annealed)
C=575
(750°C e =119 | &, =121 e, =123 &, =134
annealed)
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Oyane
model

C=2.68(As
received)

g, =115

g, =1.03

g, =1.58

g, =082

C=22
(450°C

annealed)

£, =1.03

& =1.03

£, =0.93

& =0.73

C=239
(600°C

annealed)

g, =111

g, =1.22

g, =1.16

£, =0.99

C=243
(750°C

annealed)

€f=1.19

g, =111

gle.IS

gle.07

Ayada
model

C=0.61(As
received)

6‘f=1.15

£, =098

&= 2.25

& =0.67

C=047
(450°C

annealed)

g, =1.03

g, =1.03

=09

&= 0.57

C=05
(600°C

annealed)

g, =1.11

1.3

M
~
||

€f=1.19

g, =0.89

C=0.46
(750°C

annealed)

g, =1.19

&= 1.07

g, =111

Brozzo
model

C=151(As
received)

gf:1.15

gf:l.lS

gf:1.15

C=134
(450°C

annealed)

£, =1.03

=09

& =0.97

C=1.46
(600°C

annealed)

g, =111

g, =128

g, =1.88

g, =1.16

C=145
(750°C

annealed)

ef:1.19

& =1.07

& =1.86

gle.lS

Rice&Tracey
model

C=255(As
received)

6‘f=1.15

g, =0.96

£, =1.69

& =0.58

C=2.05
(450°C

annealed)

gf:1.03

& =1.02

g, =0.89

g, =0.61

C=2.04
(600°C

annealed)

g, =111

& =1.15

£, =1.09

£, =0.88

C=2.34
(750°C

annealed)

g, =1.19

=1.1

g, =117

£, =1.08
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5.4.3 Fracture prediction with the conventional stress model

(without considering size effect)

As the size factor is introduced in the hybrid-constitutive-model-based fracture
model (HFM), the conventional-constitutive—model-based fracture model (CFM) is
thus needed to reveal the influence of size effect by comparing with the prediction
accuracy of HFM. The size factor dependent part of Eq. (4.14) is removed and the

flow stress model without considering the size effect is described in the following:

Ce C Ce
— +(1- oM u. b +—=
bL b (1-1.) ””bL b,d

(¢)=Mk,e" + faMupb, (5.16)

o

total

By applying Eq. (5.16) to each fracture criterion, the expected fracture strain of

CFM is obtained and presented in Table 5.4.

Table 5.4 Expected fracture strain using conventional stress model

Fracture Critical Specimen Dimension
Criteria Value 2x3mm | 1x1.5mm | 0.5x0.25mm | 0.25x0.375mm
Freudenthal C=697 (As _ _ _ _
model received) e =115 ¢,=115 &, =115 g, =115
C=592
(450°C =103 | ¢, =103 &, =103 &, =1.03
annealed)
C=0621
(600°C e, =L11| ¢,=111 e, =111 e, =111
annealed)
C=654
(750°C e =119 | ¢,=1.19 e, =119 e, =119
annealed)
Cockcroft C=730(As _ _ _ _
model received) &, = 1.15 &, = 0.91 &, = 2.1 &, = 0.89
C=553
(450°C e, =103 | &, =117 &,=0.96 e, =074
annealed)
C=574
(600°C 8f=1.11 €f=1.12 <E‘f=1.15 5f=1.1
annealed)
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C=575
(750°C

annealed)

g, =1.19

g, =121

£, =123

g, =134

Oyane
model

C=2.66 (As
received)

& =1.15

8f=1.01

&= 1.55

g, =0.89

C=2.18
(450°C

annealed)

g, =1.03

g, =1.04

&= 0.96

£, =081

C=233
(600°C

annealed)

g, =111

g, =124

g, =122

gf:l.l3

C=234
(750°C

annealed)

g, =1.19

g, =1.14

g, =125

g, =128

Ayada
model

C=0.6 (As
received)

gf:1.15

g, =0.99

g, =241

g, =0.75

C=0.46
(450°C

annealed)

g, =1.03

& =1.05

g, =0.93

& =0.67

C=049
(600°C

annealed)

g, =111

g, =135

g, =131

g, =1.13

C=046
(750°C

annealed)

& =1.19

g, =111

& =1.29

& =1.34

Brozzo
model

C=1.51(As
received)

& =1.15

6‘f=1.15

6‘f=1.15

=1

C=1.34
(450°C

annealed)

g, =1.03

=09

g, =097

g, =1.03

C=1.46
(600°C

annealed)

g, =111

ef:1.28

£, =1.88

g_f:1.16

C=1.45
(750°C

annealed)

g, =1.19

&= 1.07

g, =186

g, =1.18

Rice&Tracey
model

C=2.52(As
received)

gf:1.15

g, =097

g, =171

g, =0.76

C=241
(450°C

annealed)

g, =1.03

£, =1.22

£, =1.03

Er =0.87

Cc=2.19
(600°C

annealed)

g, =111

g, =127

g, =125

g, =1.14

C=221
(750°C

annealed)

Er =1.19

g, =1.14

& =1.28

& =1.32
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5.5 Result analysis and discussion
5.5.1 Comparison of the expected fracture strain

After the expected fracture strain is calculated, it can be compared with the actual
experimental results. Fig. 5.2 shows the actual fracture strain and the expected
fracture strain using different fracture criteria in upsetting process. In Fig. 5.2 (a), it
is found that the prediction results using Brozzo and Ayada DFCs in macro-scaled
plastic deformation are the closest to the experimental ones with the deviation of
4.9%. Meanwhile, Freudenthal model, which gives the worst performance, has the
deviation of 12.6% compared with experiment. This could be caused by the different
grain sizes of macro and micro-scaled specimens. To distinguish the different stress
contribution arising from the grain and feature size effects, the macro- and micro-
scaled specimens are annealed with the same heat treatment condition. Fig. 5.2 (b)
shows the result comparison in micro scale. In the simple upsetting process with the

specimen dimension of 0.5X0.75mm, the specimen does not show a major crack

when the specimen height is reduced to 25% of its original one via compression. The
long dash line in the picture is the predicted flow stress curve if no fracture occurs
during the deformation process. For micro-scaled simple upsetting, however,
Freudenthal criterion provides the best result with the deviation of only 3.7%
between the calculation and experiment. Brozzo model has the worst performance
with the deviation of 38.2%. It seems that the energy based method has a better

performance in analysis of the micro-scaled compression forming.
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— 1.Flow stress curve of 2x3mm simple upsetting, 450'C annealed

--0--2.Freudenthal model
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(a) macro scale
— 1.Flow stress curve of 0.5x0.75mm simple upsetting, 750'C annealed
— — 2.Expected flow stress curve if no fracture occurs
1000 4 —— 3.Maximum True strain with no fracture
1 —Cc— 4.Freudenthal model
QDD‘_ —— 5.Cockeroft model 53 4
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—
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True Strain

(b) micro scale

Fig. 5.2. Calculation and experimental result of fracture strain in macro and micro

scale.
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5.5.2 Stress-induced fracture map in DFC evaluation

SFM is a useful tool to analyze the different contribution of both grain and feature
size effects. It is a three-dimensional diagram to schematically articulate the
interaction relationship among the size effect, fracture energy and the expected
fracture strain in micro-scaled plastic deformation of the multi-phase alloys. By
using the expected fracture strain in Tables 5.3 and 5.4, the SFM based on the hybrid
model and the conventional model can thus be constructed. Fig. 5.3 shows the SFM
comparison between experiment and simulation. The experimental result represented
by red star has the similar shape with the SFM of Freudenthal criterion. It indicates
that the Freudenthal criterion can be used for both the macro-scaled and micro-

scaled fracture prediction and provides a relatively accurate result.

Fig. 5.3 also shows the SFMs of Cockcroft & Latham, Rice & Tracey and SFM of
Oyane criteria. Compared with the experimental results, these three criteria perform
relatively well when the billet diameter is larger than 1 mm. When the billet diameter
is 0.5 and 0.25mm, which is in the micro-scaled forming category, the SFM has an
deviation of 28%, 36% and 41% by comparing the expected fracture strain obtained
from simulation and experiment. The SFM indicates that these three DFCs should be

used to predict fracture in macro-scaled deformation processes.
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Fig. 5.3. SFM of uncoupled fracture criteria (cont’d).

To evaluate the influence of size factor in fracture prediction, Figs. 5.4, 5.5 and 5.6,
which show the deviation evaluation of each criterion, are constructed. In Fig. 5.4, it
can be seen that the deviation of HFM is less than 11%, which is very promising

compared with the conventional fracture models. The CFM shows a good result in
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macro scale, but the deviation increases when the geometry size of the specimen
becomes smaller, which is a direct proof of the influence of size effect. In addition,
Fig. 5.5 shows the deviation between the actual experimental result and the
calculation ones based on Brozzo and C&L criteria. The size effect does not directly
affect the calculation result, since the expected fracture strain with or without
considering size effect is the same for these two criteria. When the specimen
dimension is less than 0.5mm, the predicted result has an over 40% deviation
compared with the experimental result. The deviation percentage of the rest three
fracture criteria including Ayada, Oyane and Rice & Tracey criteria are shown in Fig.
5.6. These three criteria have one thing in common: the fracture prediction result by
using the conventional constitutive model is much more accurate than the result by

using hybrid constitutive model. The reason for this will be explained in the section

5.5.3.

@ Freudenthal(with size factor)
* Freudenthal(without size factor)
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Fig. 5.4. Deviation evaluation using Freudenthal criterion.
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Fig. 5.5. Deviation evaluation using Cockcroft & Latham and Brozzo criterion.
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Fig. 5.6. Deviation evaluation using Ayada, Oyane and Rice & Tracey criterion.
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Fig. 5.6 Deviation evaluation of Ayada, Oyane and Rice & Tracey criteria. (cont’d)

5.5.3 The generalized fracture model formulation

Among various DFCs, the coupled criteria assume that most ductile fracture are
caused by void accumulation and growth, which further lead to macro-scaled
fracture. The coupled criteria introduce the damage factor D to simulate the void
growth in plastic deformation process. As most of these criteria use tensile test to
determine the critical value, their application in prediction of tensile-dominative

deformation is acceptable. However, the accuracy of coupled fracture criteria in

compression-dominative deformation is beyond satisfactory.
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Void-growth-based fracture criteria such as GTN and McClintock DFCs are not well
applicable to compression-dominative deformation [56]. The main reason is that the
fracture initiation and growth in tensile test is caused by both the void growth and
shear stress concentration. In compression-dominative deformation, however, void
can hardly exist inside the specimen. Unlike the tensile-dominative deformation,
when the brittle phase or impurity in the multiphase metal is broken down under
compression stress, the void will immediately be replaced by the rest part of
specimen. Thus, the existence of ductile fracture in the compression-dominative

deformation is mainly caused by shear stress concentration.

For the conventional DFCs listed in Table 5.1, the critical value is the key factor to
evaluate the existence of ductile fracture. As mentioned in Eq. (1.1), the integral of
the strain related function changes in deformation process and becomes the critical

value C when the strain value reaches the fracture strain, as shown in Eq. (5.17).
F(e)=C (5.17)
In Eq. (5.17), F (8) is the damage value function, ¢, is the fracture strain and C is

the critical value. For each fracture criterion, its simplified form can be written as a

strain related exponent function.

In tensile-dominative deformation, stress triaxiality is critical to determine whether
void growth or shear stress concentration has a major contribution in fracture
initiation. In compression deformation, stress triaxiality and non-dimensional stress-

concentration factor, which is presented in Cockcroft & Latham model, are
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considered as the two important factors which affect the damage value function

F (6‘) Table 5.5 presents the generalized formulations of different DFCs. Most of

the uncoupled DFCs can be represented by the integral of stress triaxiality, non-
dimensional stress-concentration factor and mean stress. The damage value function

is described by Eq. (5.18)

F:J- u(e)" -n(e)” o, de (5.18)

In Eq. (5.18), ,u(g) is the stress concentration factor which equals to 9 , 77(6‘) is
o

D . o . . .
the stress triaxiality and designated as —2 . This equation reveals the physical
o

meaning of the damage value function that the fracture initiation is caused by stress
concentration and affected by the contribution of void growth and the magnitude of

deformation force.

Table 5.5 Generalization of various uncoupled fracture criteria

Freudenthal sz-g'dgzj L-0'm E:jl-amdg

Cockeroft & Latham | F =J.O'1d<_9 = IG,,, 2 Qe =J.£~Umd<_€‘
o

Ayada F:J‘%dgzjndz

Oyane F=j(l+AGJ”jd2=I(1+A-n)d2
o

114



Brozzo FZJ.3(01_O.m) J.:{G] o j g

Rice & Tracey F= J'e

Regarding the deviation of different fracture criteria presented in Section 5.3, it can
be explained by the general formulations presented in Table 5.5. In Table 5.5, the
stress triaxiality of Freudenthal criteria is the only one which is inversely
proportional to damage value function. According to the deformation of multiphase
alloy, the decrease of stress triaxiality means that the main contribution to fracture
initiation comes from shear stress concentration. In upsetting experiment, it is found
that when the specimen size becomes smaller, the stress triaxiality of macro-scaled
deformation is smaller than that of micro-scaled deformation, as shown in Fig. 5.7(a).

The equation of Freudenthal criterion in Table 5.5 can thus be re-designated in the

following:
1 |
F = J. 77 . Gmdg/l—dep = J‘ o . o—mdgl_dep
A—dep m
! 1
587.52&" +0.681" - d 2 —/1'(203.5250‘23 +0.681" -d zj
1 1
F = J. 77 . Gmdgi—ind = j - X O-mdgl_l.nd
A—ind m
1
587.52&"” +0.681" - d 2
(5.19)

The first equation of Eq. (5.19) is the damage value function considering size effect,

while the second one does not consider this effect. In micro scale, it is obvious that
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the stress triaxiality considering size effect 7, ,,, is larger than the one which does
not consider size effect 77, , ,. To obtain the same damage value F, the expected
fracture strain &, ,,, in consideration of size effect, needs to be larger than &, .

The expected fracture strain is thus closer to the experimental results.

The stress triaxiality in Ayada, Oyane and Rice & Tracey criteria, on the other hand,
are all proportional to the damage value function. The influence of size factor makes
the calculation result even more deviated from the experimental result. Taking

Ayada criterion as an instance, which can be re-designated in Eq. (5.20) as follows:

O-m
F = J‘nl—depdgﬁ.—dep = J‘ 1 1 dgﬂ.—dep
587.52¢"” +0.681%° -d 2 — A~ [203.5260'23 +0.681™ -d 2 ]
(o}
F= J'nl—ind dgi—ind = j = 1 dgi—ind

587.525°% +0.681% -d 2
(5.20)

As mentioned above, 7, ,,, is larger than 77, ,,, &, ,, needs to be smaller than
&, _na to obtain the same damage value and thus makes ¢, ,, more deviation from

the actual experimental result. This conclusion reveals why the fracture prediction
result by using the conventional constitutive model is better than the one using the

hybrid constitutive model when Ayada, Oyane and Rice & Tracey DFCs are used.
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Fig. 5.7 Relationship between the damage value and stress triaxiality

Based on HFM and the data obtained in the previous section, the FE simulations for
micro-scaled flanged upsetting are thus conducted in DEFORM 3D, and the result is

demonstrated in Figs. 5.8 and 5.9. In Fig. 5.8, it is found that the Freudenthal
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fracture criterion is the only applicable DFC that can predict fracture in macro-
scaled flanged upsetting. For other fracture criteria, as the damage value does not
reach its own critical value, no fracture initiates in these scenarios, and their load
stroke curves are almost the same. In Fig. 5.9, the simulation result of the micro-
scaled flanged upsetting shows that no fracture exists by applying all the DFCs. As
the load-stroke curve is pretty close to experimental result, Freudenthal criterion is

thus considered to be the most suitable DFC in micro-scaled flanged upsetting

Pprocess.
2000 —a— Experiment data
8000 4 —o— Freudenthal ¢
! —&— Ayada
7000 —v— Brozzo Rl
. —<4— C&L -
SRR —»— Oyane Ayada, Brozzo,
5000 4 —— R&T C&L, Oyane, R&T
£ 4000-
<
3 .
9 3000 -
2000
1000
04
7 Experiment Freudenthal
-1 OOO I T I T I T I T I L) I
0.0 0.5 1.0 1.5 2.0 25
Stroke(mm)

Fig. 5.8 Simulation and experimental verification for macro-scaled flanged upsetting.
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Fig. 5.9 Simulation and experimental verification for macro-scaled flanged upsetting.

5.6 Summary

The applicability of six most widely used fracture criteria in micro-scaled plastic

deformation are examined and calibrated. Each DFC together with the hybrid

constitutive model is implemented for fracture prediction in both the macro- and

micro-scaled deformation scenarios. Through simulation and experiment, the

following conclusions are made:
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(1) Freudenthal criterion is the most suitable criterion for compression-dominative
deformation processes in both macro and micro scales. The SFM based on
Freudenthal criterion is close to the experiment.

(2) In compression-dominative deformation, the applicability of Cockcroft &
Latham and Brozzo criteria is limited. The Ayada, Rice and Tracey, and Oyane
criteria are able to predict the ductile fracture in both the macro and micro scales
when the constitutive model without considering size effect is used. Introducing
the size factor into these DFCs makes the prediction results have a greater

deviation from the experimental results.

By using Freudenthal criterion, only flow stress curve is needed for fracture
prediction. Other DFCs, however, need principal stress to calculate the fracture
critical value C. Freudenthal DFC is thus the most convenient one for micro-scaled

fracture prediction.
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Chapter 6 Ductile Fracture in Micro-scaled

Sheet Metal Forming

6.1 Introduction

This chapter deals with the size effect influence over ductile fracture in micro-scaled
sheet metal forming. Micro-scaled sheet forming such as blanking, three-point
bending and deep drawing, is widely used in many industries such as
microelectronics and consumer electronics. Considering the product cost and
efficiency of microforming against other micro-scaled manufacturing, many of the
existing products are explored to be fabricated by microforming instead of the
traditional manufacturing method [57-63]. In this chapter, micro-scaled sheet metal

deep drawing part is the target deformation process to be studied.

6.2 Size factor of sheet metal

Similar to micro-scaled bulk forming presented in the previous chapters, the
constitutive model based on the surface layer model is proposed to analyze the
influence of size effect in micro-scaled sheet metal forming process. In this chapter,

the grain size effect will be mainly discussed, as show in Fig. 6.1.
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Fig. 6.1. Surface grain proportion of different scales.

Fig. 6.1 schematizes the surface grain proportion of different scales. The grains
shaded with red color represent the surface layer grains and the rest part is the
internal grains. ¢ is the thickness of the sheet metal, w is the width of the sheet

metal and d,,d, is the grain size of as-received sample and the one annealed at

750°C . As this chapter mainly focuses on the grain size effect, w and ¢ thus remain
the same for these two scenarios as the feature dimension of the grain size effect is

the same. The surface grain number can be represented as:

w-t—((w—2d)~(t—2d))
’ 7-d*/4

(6.1)

The size factor is thus determined as:
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w~t—((w—2d)-(t—2d))

2N z-d’ /4 _ 2dw+2dt—4d’
N w-i w-t
z-d* /4

(6.2)

Unlike the size factor of feature size effect in Peng’s research [29], the size factor of

o o d o
grain size effect cannot be simplified as 4 = — because the grain size becomes very
t

close to the thickness and significantly affects the magnitude of size factor.

6.3 Research issue

In micro-scaled sheet metal forming, the feature dimension, especially for the
thickness of sheet metal is the most important factor as there will be only several
grains along the thickness direction after heat treatment. In this chapter, micro-
scaled deep drawing will be discussed and the corresponding constitutive model is
established. The coefficient of the model is calculated based on the experimental
result of the tensile test of the as-received brass sheet with thickness of 0.2mm. The
experimental results of the deep drawing test are thus compared with the simulation
results. The general methodology is presented in Fig. 6.2. Similar to Chapter 3, the
size factor is calculated after grain size is known from microstructure observation.
The unknown coefficient of the constitutive model for sheet metal is then obtained
via curve fitting using the size factor and flow stress curve of tensile test. Therefore,
the fracture in micro-scaled deep drawing can be predicted via FE simulation and the

predicted load-stroke curve is compared with the experimental results.
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Fig. 6.2. General methodology of micro-scaled sheet metal forming.

6.4

Experiment

In this chapter, brass C2680R is used as the testing material. The thickness of the

specimen for tensile test is 0.2mm and the width is 10mm. The specimens are

annealed in protective Argon atmosphere with different temperatures and holding

times. The heat treatment conditions are listed in Table 6.1.

Table 6.1 Heat treatment conditions of sheet metal specimen

Scenario | Target temperature | Dwelling time | Grain size
1 As-received As-received 17um
2 500°C 2h 25um
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3 600°C 2h 66um
750°C 3h 160um

After heat treatment, the specimens of the four scenarios shown in Table 6.1 are
polished and etched for metallographic examination. The grain size for each scenario

is shown in Fig. 6.3.

100 pm

500°C annealed specimen, d = 25um

My

600°C annealed specimen, d = 66um 750°C annealed specimen, d = 160um

Fig. 6.3. Microstructure of different heat treatment scenarios [64].

The tensile test for scenario 1 to 4 is conducted on a MTS testing machine with an
extensometer after the heat treatment is completed. The testing speed is 0.01mm/s to
eliminate the influence of strain rate and each specimen undergoes plastic
deformation until major cracks occur. The load-stroke curve of each scenario is thus
extracted and transformed into true stress-strain curve, which is demonstrated in Fig.
6.4. They are then used for curve fitting and result comparison after the constitutive

model is established.
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Fig. 6.4. Stress-strain curves of sheet metal specimens [64].

The micro-scaled deep drawing is thus conducted. The original sheet material is wire
cut into a circle with the diameter of 3mm, and then placed between the die and
holding pad. When the deep drawing deformation is finished, the formed part will be
kept in die cavity, as the contact surface of the die is larger than the contact surface
of the punch. In order to protect the formed part after deep drawing process, the die
is split into two parts such that the formed part can be easily ejected out from the die.

The die set is shown in Fig. 6.5.
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Fig. 6.5. Die set of micro-scaled deep drawing process.




6.5 Constitutive model of sheet metal forming

The constitutive model of sheet metal in this chapter is based on the surface layer
model. The flow stress of the sheet metal in deformation process is represented in

the following:

=Mr, (8)+%2)+2~(er (5)—M2'R (5)—%)

Eq. (6.3) is similar to Eq. (3.3) in Chapter 3 except for the size factor 4. The

(6.3)

calculation method of size factor A is given in Section 6.2.

k
In Eq. (6.3), Mz, (8)+ (8) is used as the general stress form of polycrystalline

N7l

grain. In Chapter 4, HCM, which is considered to be more accurate, is proposed for

k(e
multiphase metal such as brass. In HCM, the k(&) in Mz, (&)+ (2) is calculated

Jd
with dislocation theory and the coefficient of k(s) is obtained via a three-stage

curve fitting. However, this model is not suitable as the primary objective of this
research is to discuss the influence of grain size effect in micro-scaled sheet forming
and the feature dimension remains the same for different scenarios. To obtain the
final form of the constitutive model by using the experimental data of the as-

received samples to conduct curve fitting, the number of unknown coefficient must
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k(e
be reduced to two in M7, (g)+ ( ) for curve fitting. The HCM in Chapter 4 has

7

five unknown coefficients, and the flow stress data of the as-received samples with
more than three scenarios of different dimensions is needed for the curve fitting to

calculate these unknown coefficients. Therefore, the general stress form of the

k(2)
N7l

polycrystalline grain is designated as M, (8)+ as this form has only two

unknown coefficients.

According to Table 6.1 and Eq. (6.2), the size factor for each scale is calculated and
listed in Table 6.2. In Scenario 4, the calculated size factor equals to 1.58 and the
reason for this is the grain size of 160m, which is larger than half of the specimen
thickness. This means in this scenario, most places along thickness direction will
have only two grains or even one single grain. Therefore, the size factor of this

scenario is 1 as all the grains have free surfaces.

Table 6.2 Size factor for each heat treatment scenarios.

Heat treatment As-received 500 600 750
condition
Size factor 17.28% 25.38% 66.44% 100%

Similar to Chapter 3, the form of 7, (8) and k(g) is simplified as kg" for faster

calculation. In Eq. (6.3), M is the Taylor factor with has the value of 3.06 and the

grain orientation factor m is 2. Based on the true stress — strain curve of the as-
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received sample and the samples annealed at 500°C, the curve fitting is conducted

and the coefficient of 7, (&) and k(&) is obtained as follows:

7, (&) =1730&""

_ 0.54
k(g)=366¢ (6.4)

Therefore, the final form of Eq. (6.3) is:

1 1
o =5293.86"" +d 2-365.66" - A- [183380'03 +d 2 -365.650'54J
(6.5)

6.6 Result analysis

By using Eq. (3.9) in Chapter 3 and Eq. (6.5), the critical value C, which represents
the fracture energy of sheet metal, is calculated and listed in Table 6.3. The critical
value C shows the same trend as the flow stress — strain curve in Fig. 6.4. The as-
received sample has the lowest fracture energy and smallest fracture strain among all
the heat treatment scenarios. For the samples with heat treatment, the fracture energy

and fracture become small with the increase of grain size.

Table 6.3 The critical value and fracture strain in different heat treatment conditions

Heat treatment condition (°C) | As-received | 500 600 750
Critical value 432.73 896.401 | 638.543 | 446.72
Fracture strain 0.095 0.20 0.17 0.14

In Chapters 3, 4 and 5, if the Freudenthal fracture criterion is used, the critical value

and the expected fracture strain increase with grain size. This has been proved with
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the hybrid constitutive model in compression-dominative deformation process. But
in tensile test, this conclusion is not applicable for micro-scaled sheet metal forming

process.

The main reason for this phenomenon is the material and the heat treatment
condition. The testing material C2680R is a type of brass, which consist of 68
percent of copper and 31% of zinc. Dezincification of brass occurs when the brass
sample is heated over the recrystallization temperature for over half an hour. The
dezincification level increases with heat treatment time. With the zinc vaporizing out
of the specimen, a tiny void will be left on the place where the zinc used to be. With
the longer heating time and the higher temperature, there are voids in the testing

material, as shown in Fig. 6.6.
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650°C,2h

900°C,3h

Fig. 6.6. Voids initiated by dezincification of brass in bulk material

For bulk material mentioned in Chapters 3, 4 and 5, the dezincification does not
affect stress-strain curve much as the proportion of surface layer grain is around 5%
to 60%. Although some of the zinc in the surface layer of the specimen vaporizes
after annealed at 750°C for three hours, the zinc in the internal layer can hardly
vaporize. On the other hand, the experiments in Chapter 3, 4 and 5 are all
compression-dominative deformation process. Even there are voids occurring in the
internal layer of the specimen, they will be eliminated in deformation since the rest

material in the rest part of the specimen will fill up their original positions.
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However, for sheet material in this chapter, the dezincification of brass has
significant influence over fracture energy and fracture strain. As the sheet metal is
very thin along thickness direction, zinc is considered to be much easier to vaporize,
which will create more voids than bulk material. In addition, both the tensile test and
deep drawing experiment is the tensile-dominative deformation, these voids will not
only exist during the deformation process, but also have the chance to grow and
form micro cracks with the voids nearby. This is illustrated in Figs. 6.7 and Fig. 6.8,

which are the experimental and simulation results of the micro-scaled sheet metal

forming of the as-received material and those annealed at 750°C .

S, Mises
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Fig. 6.7. Experimental and simulation results of deep drawing process (Low size

factor).
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Fig. 6.8. Experimental and simulation results of deep drawing process (High size

factor).

In Fig. 6.7, both the experimental and simulation results show that the major crack is
induced by flow stress. The top surface of the as-received specimen is smooth
without voids caused by the dezincification of brass. As the raw material is well
lubricated before deformation, it is certain that the fracture of the as-received sample
is not affected by friction stress or irregular metal flow, but only caused by the

overwhelming stress during the deformation.

In Fig. 6.8, the SEM photo shows that the formed surface does not have the major

crack. When higher magnification time is acquired, tiny voids are found on the top
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surface of the formed specimen. This is the direct proof of the size effect influence

in micro-scaled sheet metal forming: Although the samples annealed at 750" C has
coarser grains and more tiny voids than the as-received sample, it is still able to

complete deep drawing deformation without forming major cracks.

6.7 Summary

A fracture model for micro-scaled sheet metal forming is established based on the

surface layer model and Freudenthal fracture criterion. Micro-scaled deep drawing

process is thus used to verify the fracture model. In this chapter, the following
conclusion can be made:

1. Surface layer model is suitable to describe the influence of micro-scaled sheet
metal deformation. As there are only several grains along the thickness direction
of sheet metal, the influence of size effect is much more obvious in micro-scaled
sheet metal forming than micro-scaled bulk metal forming.

2. For the grain size effect in micro-scaled sheet metal forming, the specimen with
coarser grain has better mechanical property than the as-received specimen, as
there might be only 1~2 grains along the thickness direction.

3. When brass is used as the testing material in sheet metal forming, heat treatment
is more likely to cause dezincification and affect the material property of the

testing material.
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Chapter 7 Conclusions and Suggestions for

Future Research

7.1 Conclusions

In this research, the hybrid constitutive fracture model including a hybrid flow stress
model is proposed and the evaluation of uncoupled ductile fracture criteria for their
applicability in micro-scaled plastic deformation is carried out. Using micro flanged
upsetting and micro-scaled deep drawing as the case study process, the FE
simulation and the proposed model are verified and validated. The research provides
an in-depth understanding of the influence of size effect in microforming and a basis
for ductile fracture prediction and avoidance, and forming process design in terms of

forming limit and product quality improvement.

First of all, a flow stress model, which can represent the stress contribution of each
phase in multiphase alloys, is established. This hybrid flow stress model is proved to
be accurate and suitable for fracture prediction of both bulk metal forming and sheet
metal forming. Compared with the conventional constitutive model, the influence of

size effect is considered. With the expected fracture strain calculated using this
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model, the SFM is established to distinguish the different influence of flow stress

over feature size effect and grain size effect.

Secondly, the conventional fracture criteria for macro-scaled deformation process
are evaluated in terms of their applicability in fracture prediction in micro-scaled
forming processes. The generalized formation of the six uncoupled fracture criteria
is proposed and the deviation of fracture prediction by using these criteria is
presented. Meanwhile, Freudenthal fracture criterion is considered as a most
suitable fracture criterion for both tensile-dominative and compression-dominative

deformations.

By combining the research results of constitutive modeling and fracture criterion
evaluation in micro-scaled plastic deformation, the hybrid constitutive fracture
model can provide a satisfied fracture prediction for flanged upsetting, backward
extrusion and deep drawing process. Using this model, the expected fracture strain
of the testing material can be calculated, and SFM for the testing material can be set
up. All the expected fracture strains with different microstructures and dimensions
can be determined via stress-induced fracture map without conducting tensile or
upsetting test for the same material with different microstructures and dimension.
The thesis provides a systematical study on micro-scaled plastic deformation, and

the in-depth understanding of micro-scaled ductile fracture.
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7.2 Suggestions for future research

7.2.1 Fracture criterion evaluation in microforming

As pointed out in Chapter 5, six commonly used ductile fracture criteria are
evaluated for their applicability in micro-scaled ductile fracture prediction. The
generalized form for these six criteria is proposed to explain the deviation between
the strain predicted by these fracture criteria and the experimental results. However,
some of the uncoupled fracture criteria such as McClintock criteria cannot be
analyzed with this generalized equation. On the other hand, the applicability of
uncoupled fracture criteria in micro-scaled plastic deformation is determined for
compression-dominative deformation. The fracture criterion evaluation for tensile-
dominative deformation process, however, has not been discussed in this research.

For coupled criteria, there is the same issue to be explored and addressed.

In tandem of this, further exploration is needed from these two aspects. The final
generalized form of ductile fracture criteria need to be revised to cover more
uncoupled fracture criteria such as McClintock, Norris and Johnson-Cook fracture
criteria. Meanwhile, micro-scaled tensile test of bulk metal will be conducted and
the applicability for ductile fracture in tensile-dominative deformation will be
evaluated in our future research. Its critical value needs be calculated and compared

with the one in compression-dominative deformation.
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For coupled fracture criteria such as the Gurson-Tvergaard-Needleman porous
plasticity model (GTN model), the influence of size effect will be considered.
Compared with the uncoupled ductile fracture criteria, the prediction result of the
GTN model with the consideration of size effect should be more accurate in tensile-

dominative plastic deformation process.

7.2.2 Ductile fracture in micro-scaled sheet metal forming

In this thesis, the micro-scaled sheet metal forming is presented and considered as
another important microforming process, in addition to micro-scaled bulk forming.
The ductile fracture in this process is also a very critical issue. In Chapter 6, the
constitutive model for micro-scaled deep drawing process is established and the
ductile fracture in this process is successfully predicted. In modern industry, the
progressive sheet metal forming process, which consists of several forming
processes such as deep drawing and blanking, has a much higher manufacturing
efficiency than separated deep drawing process [65]. In ductile fracture in this
microforming process is of special importance in understanding of the process and

deformation behaviors.

In this process, the die set for micro-scaled progressive forming consists of different
die and punches in each forming operation. The original material of the progressive
forming will be a piece of long sheet metal. The sheet metal will be firstly deep

drawn into a cylinder, but still connected with the original sheet metal, which will be
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used as the perform for further deep drawing. After a few steps of drawing, the
cylinder will be getting longer and thinner. Blanking is the last forming operation

when the length and diameter of the cylinder reaches the expected value.

In future research, the above-mentioned micro-scaled deep drawing process will be
conducted with the progressive forming tooling. The hybrid constitutive modeling of
the micro-scaled tensile-dominative deformation will be conducted for fracture
prediction. The stress-induced fracture inthe deformation process will thus be
analyzed via FE simulation. The fracture based forming capability will be
investigated in the process for design of the deformation in each operation and the

total deformation in the whole process.
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