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Abstract

Composite materials including steel-polymer sandwich composites and short fiber-
reinforced plastics (SFRPs) exhibit high mechanical properties and low density, so
they are widely used in various industrial fields such as automobile, aviation,
aerospace and defense industries. However, composites used in automotive and
structural parts are typically subjected to environmentally dynamic conditions.
Damage resulting from external loading, such as forming, creep and fatigue,
significantly contributes to the degradation of mechanical properties in composite
materials. Therefore, it is crucial to incorporate a safe design that considers these
factors. In this study, experimental and theoretical investigations were conducted to
detect and analyze such damage, aiming to apply the findings in forming or

predicting the creep-fatigue lifespan of composites.

Firstly, the delamination damage was detected using acoustic emission (AE)
technique. Multiple tests were conducted to identify the distinctive AE features
associated with the failure modes of the sandwich composites. Subsequently, a punch
test was performed while monitoring AE signals. By utilizing the AE signals related
to delamination, a new FLD for steel-polymer sandwich composites was constructed.
Additionally, formability tests were simulated using the cohesive zone model, taking
into account interfacial properties, to investigate the impact of interfacial adhesion

on the formability of the sandwich composites.



Secondly, a progressive pseudograin damage accumulation (PPDA) model is
proposed to predict the fatigue life of short fiber-reinforced plastics (SFRPs),
combining viscoelastic-viscoplastic (VEVP) two-step homogenization theory with
Chaboche fatigue damage model. Each representative volume element (RVE) of
SFRPs is decomposed into pseudograins using a two-step homogenization
framework. Then, the fatigue life of each pseudograin is predicted using a master S-
N curve, which is prepared based on the “normalized fatigue factor” taking into
account both the stress ratio and multiaxial stress state. Thereafter, the overall failure
of RVE is predicted by a PPDA model, in which each pseudograin fails progressively
considering the stress concentration of the living pseudograins, resulting in non-
linear fatigue damage evolution. The PPDA model is implemented into ABAQUS
user material subroutine (UMAT), predicting the fatigue lifetime in good agreement
with experimental data.

Lastly, the PPDA model is expended to predict the creep and creep-fatigue
interaction effect of SFRPs. Creep damage model and creep-fatigue interaction
damage model is combined with Tsai-Wu effective stress and normalized fatigue
factor. The expended model was implemented into ABAQUS user material
subroutine and predicted creep life appropriately showing that PPDA approach is in
a good agreement with experimental results in literature compared to first
pseudograin failure model or last pseudograin failure model. Furthermore, PPDA

model reflects nonlinearity of creep-fatigue interaction effect in SFRPs.

Keywords: Composite materials, steel-polymer composites, short fiber-reinforced

plastics, acoustic emission, mean-field homogenization, progressive damage
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Chapter 1. Introduction

1.1. Composite materials

International Energy Agency, IEA reported the data in 2022 that about 22% of the
total CO, worldwide is produced in the transport section as shown in Figure 1-1 [1].
Vehicles are responsible for a huge depletion of natural resources for materials and
fuels production. In the recent years, the car manufacturers have been implementing
several technical solutions to meet EU legislation requirements. Electric vehicle is
one of the promising solution for CO- reduction. According to the IEA report, CO;
emissions would have been 13 Mt higher, if all new electric cars had been diesel or
gasoline cars [1]. Nonetheless, the range that an electric vehicle can travel without
recharge is not satisfactory due mainly to the limitation of energy storage. Due to the
such increasing demands for energy saving vehicles, the need to develop new
lightweight materials becomes essential. Composite materials been increasingly
used in automotive industry for their advantages of lightweight, high strength [2].

Composite materials can be categorized according to their structure as listed in
Figure 1-2 [3]. Particle composites are normally based on the metallic matrix with
hard particles to offer high strength and wear resistance. Structural sandwich
laminates with adhesive layer and short fiber-reinforced composites (SFRPs) are the

main focus of this study.
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Figure 1-1 Global CO; emissions by sector, 2019-2022 [1].
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Figure 1-2 Types of composite materials [4].
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1.1.1. Steel-polymer sandwich composites

Steel-polymer sandwich composites are composed of two skin steel layer and a
core polymer layer. Steel-polymer sandwich composites have advantages such as
improved specific weight and enhanced energy absorption characteristics while
having comparable bending stiffness with the monolithic steel sheet [5] . In addition,
due to the core polymer, steel-polymer sandwich composites exhibit multifunctional
properties, such as acoustic damping and heat insulation [6-12]. Due to their
favorable properties, laminated steel-polymer sandwich sheets have been widely
used to replace monolithic steel sheets in automotive, aerospace and construction

industries [13].

1.1.2. Short fiber-reinforced composites

Short fiber-reinforced plastics (SFRPs) comprised of polymer matrix and
reinforcing short fiber, are one type of fiber-reinforced composites (FRPs) which
have replaced metals in various industrial products to achieve weight reduction [14-
18] due to their great specific properties (Figure 1-3 [19]). Their fibers are randomly
oriented, so that SFRPs show isotropic properties in nature. Injection-molded short
fiber-reinforced plastics have the advantages of molding flexibility, mold cycle time
and formability. While, injection molding, short fibers are typically subjected to

matrix flow so that final structure part shows aligned orientation as shown in Figure

3



1-4. Therefore, environmentally dynamic conditions including multiaxial fatigue

loading.
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Figure 1-3 Specific strength and stiffness values of conventional materials and FRPs [19].
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Figure 1-4 Fiber orientation distribution in the material volume analyzed by means of X-
Ray CT.
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1.2. Damage of composite materials

Micromechanical damage development in composites can result in the degradation
of whole composite parts and the mechanical properties. Micromechanical damage
can occur in the process of forming and their usage. However, it does not lead to the
immediate rupture of the composite laminate. Instead, it leads to a nonlinear response
due to the constraining effects of undamaged part of composites. To describe
microdamage initiation and propagation, many studies have been studied. Tanaka, K.
et al [20] studied the influence of fiber orientation on crack propagation with single
edge-notched SFRP specimens. They observed fatigue crack propagation with SEM
image. Crack path was changed depending on the fiber orientation showing damage
development can differ according to the fiber orientation. Also, Li, Z. et al [21]
conducted full simulation of SFRPs to understand the relationship between
microstructures and complex mechanical behaviors of the materials. They reported

that the damage initiation results from fiber-matrix debonding at fiber ends, which is
perfectly consistent with shear-lag theory and experimental characterization [22, 23].
In the next step, stress is continuously redistributed and the fiber breakage happens.
It leads to the crack of neighboring matrix. Then, loads are transferred to nearby
fibers and matrix along the crack direction. Finally, the damage is accumulated until

the ultimate failure happens.

Various methods reported to quantitatively measure damage in composites. As a
direct method, the internal damage was directly observed through an observation

instrument such as high speed camera [24] and X-ray computed tomography [25-27].
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As an indirect method, it was reported that the damage inside the composites could
be measured by using methods such as ultrasonic wave [28], acoustic emission [29,

30], vibration damping [31], and electrical resistance [32].
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Figure 1-2 Progressive element status during cyclic loading: fiber status (top),
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Figure 1-3 The fatigue damage extent variables of different fatigue failure modes
in SFRPs [33].



1.3. Formability of composite materials

For the composite to be applied to industrial fields, it should be made into various
shapes after forming process. Generally, materials have a forming limit, and the
forming limit diagram (FLD) is mainly used as an indicator of the formability of the
material. The FLD shows the criterion for major and minor strains that can be formed
without failure. With the FLD, the stable forming process can be designed. Therefore,
many researches have been conducted on constructing FLD of metal-polymer
sandwich composites experimentally [34-45]. Among them, some researchers
consider damage in composites and made model for numerical simulation because
making the FLD for sandwich composites through experiments required
considerable labor [35]. There were various model for predicting the FLD, such as
mathematical models (Hill-Swift model, Barlat model, Marciniak-Kuczynski model
and Sing-Rao model) and empirical model proposed by the North American Deep
Drawing Research Group (NADDRG), but they were suitable only in a specific
situation and in most cases did not match the experiment [46]. When the FLD of the
sandwich composite was created through simulation and compared with the
experimental results, the results showed more similar to the experimental results than
the above-mentioned models [36]. However, most of the simulations were performed
through structural simplification or without consideration of interfacial properties.
As mentioned above, even for relatively simple properties such as mechanical

properties and vibration damping performance of sandwich composite, consideration



of the interfacial properties is necessary for accurate prediction. When performing
the formability test of the sandwich composite in our research group, the
delamination at the interface occurred. Therefore, in order to explain the formability

of the sandwich composites, the delamination must be considered.
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1.4. Two-step homogenization model

Various mechanical models of SFRPs considering mechanical responses of SFRPs
have been reported. One of the most widely used type of model is full representative
volume element (RVE) simulation model, which contains mechanical properties and
geometries of all constituents of SFRPs [47-49]. However, this model has high

computational cost for bigger industrial parts such as car body or airplane wings [49].

Instead, A two-step homogenization model was first proposed by Pierard et al. [50]
as an approach to consider micromechanical aspects such as mechanical properties
of constituents and fiber orientation distribution while reducing the computational
time. In this model, RVE is decomposed into several domains. Each domain is a
group of elements with similar fiber orientation, and these domains are called
pseudograins. In the first step, the fibers and matrix are homogenized to predict the
behavior of each pseudograin using various theory such as Eshelby’s single inclusion
theory [51], Mori—Tanaka model [52], self-consistent model [53], double-inclusion
model [54], and differential-scheme model [55]. Then, in the second step, the
pseudograins are treated as individual materials, and they are homogenized to predict
the behavior of the RVE using various model such as uniform strain assumption
(Voigt model [56]), uniform stress assumption (Reuss model [57]), or a combination

of both (Voigt—Reuss model [58]).

This two-step homogenization model has been studied by many researchers [58-

65]. Pseudograins are assumed to be elastic and unidirectionally aligned in a
11



representative orientation, which is determined by processing orientation
distribution function (ODF) with equivalent orientation approach [66] or iso-size
facets algorithm [67]. Many mechanical models for pseudograin are used such as the
elasticity, viscoelasticity and viscoelastic-viscoplasticity [63, 68-71], and fracture
mechanics [61, 63]. When predicting damage of SFRPs using the two-step
homogenization, a progressive failure was modeled as a successive failure of
pseudograins, employing continuum damage mechanics to calculate the damage
accumulation of each pseudograin. Then, the “first pseudograin damage (FPGD)”
model by analogy with first-ply-failure concept for laminates was used to predict
static failure of SFRPs under tensile loading [61, 63]. This model is suitable for
predicting the failure of multiaxial loading with various fiber orientations, however,

damage accumulation by interaction between pseudograins have not been considered.

12



1.5. Research objectives

In this thesis, the objectives are detecting and predicting damage of composite
materials, and applying feature and model to predict mechanical behavior of them.
For those purpose experimental and theoretical approaches were conducted to
understand damage evolution involved in forming behavior of steel-polymer

sandwich composites and creep-fatigue behavior of SFRPs.

In Chapter 2. the formability of steel-polymer sandwich composites was
investigated using a new forming limit diagram (FLD) while considering
delamination and fracture. The acoustic emission (AE) technique was used to
observe delamination during the forming process. Several tests, including tensile and
lap shear tests, were performed to identify the AE features of delamination. In
addition, finite element simulations were carried out using the cohesive zone model
to predict the delamination of steel-polymer sandwich composites. An FLD of the
sandwich composite was also constructed using the finite element model. Finally,
the effect of interfacial adhesion on the formability of sandwich composites was
investigated, from which the optimal condition for interfacial adhesion (in terms of

ensuring the formability of the sandwich composite) was obtained.

In Chapter 3, a progressive pseudograin damage accumulation (PPDA) model is
proposed to predict the fatigue life of short fiber-reinforced plastics (SFRPs),
combining viscoelastic-viscoplastic (VEVP) two-step homogenization theory with

Chaboche fatigue damage model. Each representative volume element (RVE) of
13



SFRPs is decomposed into pseudograins using a two-step homogenization
framework. Then, the fatigue life of each pseudograin is predicted using a master S-
N curve, which is prepared based on the “normalized fatigue factor” taking into
account both the stress ratio and multiaxial stress state. Thereafter, the overall failure
of RVE is predicted by a PPDA model, in which each pseudograin fails progressively
considering the stress concentration of the living pseudograins, resulting in non-
linear fatigue damage evolution. Finally, the PPDA model is successfully
implemented into ABAQUS user material subroutine (UMAT), predicting the fatigue

lifetime in good agreement with experimental data.

In Chapter 4, the progressive pseudograin damage accumulation (PPDA) model is
expended to predict the creep and creep-fatigue interaction effect of SFRPs.
Nonlinearity in creep and fatigue interaction are investigated. Each representative
volume element (RVE) of SFRPs is decomposed into pseudograins using a two-step
homogenization framework. Then, the creep and fatigue life of each pseudograin is
predicted using a master curve, which is prepared based on the Tsai-Wu effective
stress and “normalized fatigue factor”. Thereafter, the overall failure of RVE is
predicted by a PPDA model. The PPDA model is successfully implemented into
ABAQUS user material subroutine (UMAT), predicting the creep lifetime and creep-

fatigue interaction effect of SFRPs in good agreement with experimental data.
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Chapter 2. Damage detection and a forming
limit diagram

2.1. Delamination-based forming limit diagram

Various forming methods have been used to produce metal-polymer sandwich
composites such as deep drawing [72], injection forming [73] and roll bonding [74].
Furthermore, incremental forming was recently developed to extend forming
potential of the sandwich laminates [75]. Despite these manufacturing techniques,
various failure mechanisms such as delamination, skin sheet cracking, and core
polymer failure are major obstacles that make it difficult to accurately form sandwich
composite parts. Delamination, in particular, occurs during forming process due to
the different lengths of the metal skin layers, resulting in high shear forces in the
interfaces [76]. Therefore, it is essential to characterize the formability of sandwich

composites considering delamination to evaluate forming methods effectively.

Extensive researches have been conducted on characterizing forming limit of
metal—polymer sandwich composites. One of the most widely used to characterize
formability of sheet material is forming limit diagram (FLD) [77]. The FLD shows
the criterion for major and minor strains that can be formed without failure. Many
researches have been conducted on investigating the effect of change in constituent

of sandwich composites [34-45]. Typically, the FLD is built by analyzing the failure

15



of bottom metal sheet [43, 78]. Furthermore, studies have shown that increasing the
core thickness improves the formability [35, 38], and that the mechanical properties
of the core polymer can also improve the formability of metal-polymer sandwich

composites [34, 79].

Kazemi et al. performed Nakazima test of steel—polyethylene sandwich composites
and observed noticeable delamination based on the SEM investigation [80].
However, since the SEM image was observed after all fractures had occurred, the
forming limit at the moment of delamination could not be observed. As a result,
delamination was not considered in their FLD. [81] constructed an FLD for a
multilayer sheet material (steel-polyvinyl chloride—polyethylene terephthalate)
based on delamination. They used a CCD camera during the forming process to
optically observe the moment of delamination between the steel and polymer—coated
layers, but only the delamination to the surface was observed. To construct a FLD of
sandwich composites based on delamination, a technique to detect both surface and

subsurface delamination during the forming process is required.

This study proposes a new process for constructing the FLD of a steel-polymer
sandwich composites based on delamination. The acoustic emission (AE) technique
was used to detect delamination during formability testing. First, several tests were
carried out to identify the characteristic AE features associated with the failure
modes of the sandwich composites. Then, a punch test was performed with AE

monitoring. Using the AE signals of delamination, a new FLD of the steel-polymer

16



sandwich composites was constructed. Additionally, the formability tests were
simulated using the cohesive zone model to consider interfacial properties, and the
effect of interfacial adhesion on the formability of the sandwich composite was

investigated.
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2.2. Methods

2.2.1. Sandwich composites preparation

An electrogalvanized (EG) steel sheet with a thickness of 0.6 mm was used as the
skin material for the sandwich composite. A polyamide-6 (PA) sheet with a thickness
of 1 mm was used as the core material. The total thickness of the EG steel-PA-EG
steel (EG-PA-EG) sandwich composite was 2.2 mm. A cyanoacrylate adhesive,

Loctite 401, was used to bond the skin and core sheets together. After adhesive

applied, sandwich sheet was heated at 120°C with 0.0015 MPa pressure for 3 hours.

2.2.2. Punch test procedure

Hemispherical punch test was selected as the forming process of steel—polymer
composites in this study. Figure 2-1(a) shows the punch test set-up based on a 100-
kN Instron™ universal testing machine. The diameter of the hemispherical punch

was 50 mm and that of the die cavity was 56.5 mm.

A specimen was placed on the die and then clamped by the blank holder using nuts
and bolts. The beads on the blank holder ensured that the specimen did not slip. The
punch descended at a crosshead speed of 10 mm/min. Sandwich composite

specimens prepared for the Nakajima forming test are shown in Figure 2-1(b) [82].
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Circular specimens 100 mm in diameter, and hourglass-shaped specimens with neck
widths of 10, 20, 30, 40, and 50 mm, were used. Due to their geometrical shape, each

specimen was designed to have different strain paths from uniaxial to biaxial tension.

Circular (3-mm-diameter) grids were printed on specimens using a stamp (Figure
2-1(c) left). The grid on deformed (“failed”) specimens was transferred to a flat
surface using tape. The major and minor strains were identified by measuring the
deformed grids on the tape. Safe and neck/fracture regions were determined [83].
The nearest unnecked grids were considered as safe regions, while necked and
fractured grids were classified as neck/fracture regions (see Figure 2-1(c) right).
Then, the forming limit curve was plotted above the strains of the safe region and

below the strains of the neck/fracture region.
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Figure 2-1 (a) Punch test set-up, (b) specimen geometry for the Nakazima punch
test, and (c) circfular grids printed on the specimen with a stamp (left) and grids of
the deformed specimen (right).
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2.2.3. Observing delamination using acoustic emission

2.2.3.1. Equipment

An AE system was used to establish the moment of delamination during the punch
test (Figure 2-2(a)). First, a broadband-type transducer (M204A; Fuji Ceramics
Corporation, Japan) collected wave signals. The transducer had a diameter of 5.5
mm and operated at 10-600 kHz. Then, a Fuji Ceramics Corporation amplifier
amplified the AE signal. A single-channel Mistras 1283 USB AE Node data
acquisition board (Physical Acoustic Corporation, USA) was used to record the AE
data. Acoustic emission software (WIN; Mistras, USA) was used to analyze the wave
signals. To ensure good acoustic coupling, silicone grease was applied to the surface
of the transducer, which was fixed to a magnetic support. The intensity of wave

acquisition was calibrated using a pencil-break test.

2.2.3.2. Test procedures

We conducted two types of tests to obtain acoustic emission (AE) signal features.
The first type of test involved performing tensile tests on monolithic layers of steel
(T-EG) and polymer (T-PA) according to ASTM ES8 [84] and D638 [85] standards,
respectively. The geometry of the steel and polymer specimens used in these tests

are shown in Figure 2-2(b) and (c), respectively. Punching tests of monolithic EG
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steel (P-EG) were also conducted to confirm that the AE signal features are generated
in the punching test environment. The sensor was attached to the blank holder as

shown in Figure 2-2(a).

For the second type of test, delamination of sandwich composites was induced
using the lap shear test (T-LS) according to the ASTM D3164 [86] standard, and the
geometry of the lap shear specimen is shown in Figure 2-2(d). Tensile testing of the
steel-polymer sandwich composites with (T-SC-W) and without (T-SC-WO)
adhesion was also conducted with the specimen geometry shown in Figure 2-2(b).
Next, the punch shear test specimen (P-LS) was designed such that delamination was
the primary failure mode (Figure 2-2(e)). When the hemispherical punch pushed the
middle region of the specimen, shear force was generated between the steel and
polymer layers, and delamination finally occurred. The sensor was attached to the

blank holder as shown in Figure 2-2(a).
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Figure 2-2 (a) Acoustic emission (AE) test set-up. (b) Steel and composite tensile
specimens (T-EG, T-SC-W, T-SC-WO), (c) polymer tensile test specimen (T-PA),
(d) lap shear test specimen (T-LS), and (e) punch shear test specimen (P-LS) used
to observe AE features.
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2.2.4. Numerical simulation of punch test

Numerical FLD of steel-polymer composite was constructed to compare with
experimental results and confirm the theoretical validity of experimental FLD.
Additionally, we used the numerical FLD to investigate the influence of interfacial
properties on the formability of the sandwich composites. In Section 2.2.4.1, built-
in models used to simulate the punch test are introduced, followed by the material

parameter identification for these models in Section 2.2.4.2.

2.2.4.1. Numerical model

To simulate the punch test, finite element analysis software (ABAQUS, Simulia Inc)

was used. Following the actual experiments, three-dimensional solid models were
generated; the geometries of the model and specimen are provided in Figure 2-3(a).
An example of punch test simulation result and strain measurement region is shown
in Figure 2-3(b). Delamination between the steel skin and core polymer was
considered in the cohesive element layer. The thickness of this layer was set to be
0.001 mm.

Isotropic elastic, J2 plastic, ductile failure criterion, and damage evolution built-in
models were used to simulate steel and polymer behaviors. J2 plasticity model is
adequate for simulating the properties of the core polymer in the punch test since the
effect of temperature and strain rate are negligible. The ductile failure criterion, a

phenomenological model, was used to predict the onset of material damage as
24



suggested by [87]. Equivalent plastic strain was determined as a function of stress
triaxiality (n) using Equation (1). When Equation (2) was satisfied, softening of

the yield stress and degradation of elasticity occurred [88]

o E sinh| ky (™ =) |+ & sinh |k, (n-7") |
o ()= sinh[ko (777 - )] (1)

Jog=1 @)

€D (77)

Previous researches have simulated the delamination in metal—polymer sandwich
composites using cohesive zone model [89, 90]. This model involves the use of
cohesive elements that determine delamination according to the traction—separation
law [91]. Among various types of traction—separation laws, a bilinear law was
selected due to its efficiency with respect to CPU time. The bilinear law consists of
two stages. In the pre-delamination stage, the cohesive element follows elastic

traction-separation relations given by:

o) (K, 0 05,
o |=| 0 K, 0]s¢ (3)
o 0 0 K\

| |

where ¢ and J represent traction and separation, respectively, and n, t, | denote the
normal, tangential and longitudinal directions. K denotes the interfacial
stiffness. When the traction in cohesive element reaches the maximum traction,

delamination is initiated, and the post-delamination stage begins. Delamination

propagates until the energy release rate reaches the critical fracture energy. The
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energy release rates are expressed as:

G =[ods, i=nt|] ()
The quadratic criterion (Equation (5)) suggested by (Ye, 1988) was used to evaluate
the failure initiation value that induces delamination. the power law criterion
(Equation (6)) suggested by (Long, 1991) was used to evaluate failure propagation

criterion for continued delamination.

Z( ”‘j —1, i=ntl (5)

O-i.c

Z(é;‘] =1, i=n,t,l (6)

i.c
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2.2.4.2. Material parameter identification

Tensile tests were conducted on monolithic steel and PA sheets, and the resulting
material parameters are presented in Table 2-1. Using these material parameters and
the models described earlier, tensile tests were re-simulated, and the results have a
good agreement with the measurements, as shown in Figure 2-4(a) and (b).

To determine four interfacial properties (4,., é,,=9,., G,., G,.=G,.) required

for the bilinear law, four different experiments were carried out including butt joint,
lap shear, double cantilever beam, and end-notched flexure tests [92]. The interfacial
stiffness for the cohesive element was set to be 106 N/mm3 following the previous
studies [93-95]. All material constant values for the cohesive zone model are
provided in Table 2-2. The butt joint and lap shear tests were then re-simulated, and
results were in good agreement with the measurements, as shown in Figure 2-4(c)

and Figure 2-4(d).
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Table 2-1 Material parameters of EG steel used for the simulations.

Elastic-plastic behavior

Elastic modulus

Poisson’s ratio

Yield strength

Tensile strength

190 GPa

0.3 130 MPa

250 MPa

Ductile damage

Failure strain

Stress triaxiality

Strain rate

0.29

0.33

0.02 5!

Damage evolution

Fracture toughness

10 N/mm

Table 2-2 Material parameters required by the cohesive zone model.

Mode | Mode!l | Mode lll
Failure strength (MPa) 1.85 5.36
Fracture toughness
(N/mm) 0.36 0.8
Stiffness (N/mm?) 106
Mesh size (mm) 0.01
31



2.3. Results and discussion

2.3.1. AE signal features

Previous studies have utilized five AE parameters (amplitude, duration, energy, rise
time, and peak frequency) to classify the failure modes of composite materials.
Among these parameters, peak frequency has been identified as the most significant
by researchers such as [96], [97] and [98]. Therefore, in this study, we transformed
AE signals to frequency domain using fast Fourier transform (FFT) to extract peak
frequency information. The method for identifying delamination AE signal features
using peak frequency will be described below.

An example of AE signals obtained from T-EG is shown in Figure 2-5(a), and its
FFT result is shown in Figure 2-5(b). First, the time at which the AE signals was
generated was plotted on the x-axis, and the peak frequency of the AE signals was
plotted on the y-axis to create a peak frequency plot. Next, the peak frequency plot
was overlaid with the load-time plot to generate a peak frequency distribution plot.
Figure 2-5(c) shows the peak frequency distribution plot of the T-EG as an example.
The peak frequency distribution plot of each test is analyzed, and the “frequency
bands” are defined by clustering the peak frequency that appears repeatedly, to be
used for classification of failure mechanisms. For each test, frequency bands are
visually defined: frequency between 10 and 50 kHz (blue band); frequency between
70 and 200 kHz (green band); and frequency between 300 and 500 kHz (red band).

For an example frequency bands of T-EG are shown in Figure 2-5(d).
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The peak frequency band plot for the tests conducted in Section 2.2.3.2 are presented
in Figure 2-5(d) and Figure 2-6. The blue and green frequency bands are visible in
all the tests. In the case of T-EG, T-PA, P-EG, T-SC-W, and T-SC-WO, these bands
begin at the onset of both steel and polymer fractures, as shown in Figure 2-5(d),
Figure 2-6(a), (b), (e) and (f). Thus, these frequency bands can be considered as
characteristic features of steel and polymer fractures.

The red frequency band was observed in the T-LS and P-LS tests, and it was
continuously generated throughout these tests. Therefore, the red frequency band is
considered an indicator of delamination.

When comparing T-SC-W and T-SC-WO, it was found that the steel-polymer
composite specimens containing adhesive between layers displayed an additional red
frequency band at the same time as steel fracture, which was not observed in the
specimens without adhesive. In T-SC-W, it was observed from the specimen broken
that delamination had occurred, as shown in Figure 2-7(a). Furthermore, numerical
simulation of T-SC-W showed that delamination was observed slightly before the
steel skin was broken, as shown in Figure 2-7(b). The time at which delamination
occurred coincided with the time at which the AE signals appeared in Figure 2-6(e).
The peak frequency bands of each failure mode in the steel-polymer sandwich
composites are listed in Figure 2-8; these were then used to detect delamination

during formability testing and construction of an FLD considering delamination.
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Figure 2-5 (a) AE waveform recorded, (b) fast Fourier transform result of the
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Figure 2-6 Peak frequency band plots of (a) polymer tensile test (T-PA), (b) steel
punch test (P-EG), (c) lap shear (T-LS) and (d) punch shear tests (P-LS). Peak
frequency band plots of a steel-polymer composite tensile test. Specimens (e) with

adhesive (T-CS-W) and (f) without adhesive (T-CS-WO).
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Figure 2-7 (a) Observed delamination area after tensile testing of the steel—
polymer sandwich composite (T-SC-W) and (b) results of numerical simulation.
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Figure 2-8 Peak frequency bands of each failure mode for the steel-polymer
sandwich composite.
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2.3.2. Forming limit diagram based on fracture of bottom steel

After the punching test, deformed EG-PA-EG sandwich composite specimens
exhibited both steel fracture and delamination, as shown in Figure 2-9. In this
section, the formability of steel-polymer sandwich composites considering the
fracture of the bottom steel is investigated. The experimental FLDs of the EG
monolayer and EG-PA-EG sandwich composite are shown in Figure 2-10(a) and
(b), respectively. It is shown that the formability of the composite was improved
compared to that of the monolayer skin, as observed in other studies of metal—
polymer sandwich composites [99, 100]. This can be explained by an initial defect
parameter, which is one of the major parameters affecting the formability of a sheet
material [101]. As thickness of sandwich composites is larger than that of monolithic
steel, initial defect becomes smaller and therefore, FLC of the sandwich composite

shifted upward.
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Figure 2-9 Deformed specimens after the punch test.

41



Major strain

Major strain

0.2

3 : O Safe !
: A Neck/Fracture
0.9 .‘\\ ........

04 03 02 01 00 01 02 03 04
Minor strain
O Safe;

. s BLC. o

A Neck/Fracture

-0.1 0.0 0.1

Minor strain

0.2 0.3 0.4

Figure 2-10 Experimental forming limit diagram (FLD). (a) Electrogalvanized (EG)
monolayer steel sheet and (b) EG steel-polyamide-6-EG steel (EG-PA-EG)

sandwich composite.
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2.3.3. Forming limit diagram based on acoustic emission delamin

ation signals

In this section, the formability of steel-polymer sandwich composites considering
delamination is investigated. The load versus displacement plots obtained from the
tests are overlaid with the peak frequency band plot of AE signals during the
punching test. They are shown in Figure 2-11(a)—(f). The red frequency band in the
plot corresponds to the peak frequency band of delamination obtained from Section
2.3.1. The dashed line in the plot represents the average displacement of AE signals
whose peak frequency falls within the range of the red band. Therefore, the dashed
line indicates the moment of delamination during the punch test. In the W10
specimen, delamination occurred almost simultaneously with steel fracture, while in
the W40 specimen, delamination occurred 4.5% earlier than steel fracture. No AE
signals corresponding to delamination were observed in the W100 specimen. Based
on these observations, it was concluded that delamination rarely occurred under
biaxial and uniaxial tension conditions. However, delamination was likely to occur
rapidly when the minor strain of the sandwich composite approached zero.

To construct experimental FLD considering delamination, punch displacement
corresponding to the dashed line in Figure 2-11(a)—(f) was applied in the punch test.
Then, major and minor strains of each specimen were measured. Finally, FLD based
on delamination constructed as shown in Figure 2-12. The FLD constructed by

considering delamination (black dash line) was slightly lower than that based on skin
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steel fracture (black solid line). Therefore, it should be noted that if the AE features
of failure mechanisms are identified through pre-tests, the Nakazima test with AE
sensors can be used to characterize the formability of steel-polymer sandwich
composites considering both steel fracture and delamination.

A numerical FLD with interfacial properties was developed, as shown in Figure 2-
12. The FLD constructed by considering delamination was slightly lower than that
based on specimen fracture, which was consistent with the experimental results.
Although there was a slight difference between the uniaxial and biaxial tension
conditions, the FLDs showed good agreement over a wide range of minor strain
(from -0.1168 to 0.1360).

Simulations were conducted to determine the effect of interfacial properties on the
formability of the sandwich composite and predict the necessary interfacial
properties for stable formability, by varying the mode | and I failure strengths while
maintaining the same ratio. The results, shown in Figure 2-12, indicate that the
forming limit of the sandwich composite increased as the interfacial properties
increased. The legend “Adhesion” represents the interfacial properties in the
experiment, while the other legends indicate the multiples used to change the failure
strength. In most cases, delamination at the interface occurred before specimen
failure in the formability simulation, and weaker interfacial properties resulted in
delamination at lower strain. Additionally, deterioration of formability due to a weak
interface was greater when the minor strain approached zero. The optimal interfacial

properties to ensure stable formability were indirectly identified through simulation,
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and the failure strengths at the interface during the formability test that prevent
delamination should be at least four times higher than those of the interfacial

properties confirmed experimentally.
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Figure 2-11 Load as a function of displacement of the steel-polymer sandwich
composite showing acoustic emission signals (dots), the moment of delamination
(dashed line), and the delamination peak frequency band (red band). Samples (a)
W10, (b) W20, (c) W30, (d) W40, (e) W50, and (f) W100.
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2.4. Summary

In this study, we proposed a novel experimental approach for constructing forming
limit diagram (FLD) to evaluate the formability of steel-polymer sandwich
composites. Our approach relied on acoustic emission (AE) monitoring to detect
delamination, which was identified by a peak frequency band in the range of 300-
500 kHz. We also conducted numerical simulations using the cohesive zone model
to investigate the effects of interfacial properties and damage on formability. Our
results showed that stronger interfacial properties led to improved formability by
reducing the risk of delamination. Overall, our approach provides a valuable tool for
optimizing the design and processing of steel-polymer sandwich composites for

various industrial applications.
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Chapter 3. Fatigue life prediction of short fiber-
reinforced plastics (SFRPs)

3.1. Progressive pseudograin damage accumulation (PPDA) model

Various fatigue failure models of SFRPs have been reported, which can be classified
into two types: phenomenological and micromechanical models. Phenomenological
models describe the fatigue behavior of SFRPs at a macroscopic level [102, 103].
Therefore, researchers have used criteria such as von Mises criteria [103], Tsai-Hill
criteria [15], and Fatemi-Socie parameter [104] to describe the phenomenological
fatigue failure of SFRPs. The use of these phenomenological models requires labor-
intensive experiments to characterize the fatigue properties whenever the properties
of constituents such as fiber volume fraction, aspect ratio or orientation tensor
change. This makes such phenomenological models difficult for modeling SFRP
parts that have a large difference in mechanical properties depending on the local
fiber orientation [105, 106].

Micromechanical models describe the fatigue failure of SFRPs considering
individual constituents (fiber, matrix, and interface). Researchers described
micromechanical models considering matrix damage [107] and delamination [33,
108, 109]. In particular, Pierard et al. proposed a two-step homogenization procedure
[50]. A two-step homogenization framework of viscoelastic-viscoplastic (VEVP)

matrix and elastic fiber was proposed [110] and developed [111, 112] to describe
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non-linear behavior of SFRPs. Kammoun et al. [61, 63] suggested a pseudograin
damage accumulation model with the two-step homogenization framework. Rather
than defining the overall failure of whole composites, a progressive failure is
modeled as successive failures of pseudograins, employing continuum damage
mechanics to calculate the damage accumulation of each pseudograin. Then, the
“first pseudograin damage (FPGD)” model by analogy with first-ply-failure concept
for laminates was used to predict static failure of SFRPs under tensile loading. This
model is suitable for predicting the failure of multiaxial loading with various fiber
orientations, however, it only predicts the static failure of SFRPs, not fatigue failure.
Krairi et al. [113] proposed a fatigue failure prediction model of SFRPs using mean-
field homogenization method. This model assigned a continuum damage evolution
law to weak spots in the SFRPs and calculated the damage evolution using the matrix
strain. The S-N curves of the SFRPs were predicted through the failure of the weak
spot. However, the volume fraction and damage parameters of the weak spot needed
to be estimated through reverse engineering of the S-N curve. Furthermore, the
predicted S-N curves were not in a good agreement when the load angle varied with
respect to the flow direction because the model did not consider anisotropic fatigue
damage.

In this study, we propose a new model called ‘the progressive pseudograin damage
accumulation (PPDA)’ model which is capable of predicting the fatigue life of short
fiber-reinforced plastics. Unlike other models, our model does not compute the

fatigue life by orientation averaging of the whole composites, but rather describes
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sequential fatigue failure of pseudograins. In our proposed model, we take into
account the viscoelastic-viscoplastic behavior of SFRPs. Anisotropic fatigue damage
of pseudograin is also considered using a so called “normalized fatigue factor”. Then,
we propose a progressive damage accumulation method that can predict the overall
failure of SFRPs considering the stress concentration and fatigue damage of
pseudograins. Finally, PPDA model is implemented into ABAQUS user material
subroutine (UMAT). Fatigue lifetime predicted by UMAT was in a good agreement
with experimental data. The graphical description of the overall procedure of our

model is provided in Figure 3-1.
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Figure 3-1. The graphical description of progressive pseudograin damage
accumulation (PPDA) for fatigue.
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3.2. Constitutive modeling

To predict the effective response of the real RVE is assumed to be equivalent to that
of a numerical RVE, which is modeled as an aggregate consisting of discrete
pseudograins. Each pseudograin is unidirectional composites, where elastic fibers
with the same orientation are embedded in the VEVP matrix phase. While the
pseudograins are aligned within each other, they are misaligned within the numerical
RVE. This approach leads to a two-step homogenization, proposed by Doghri et al.
[114]. In the first step, a mean-field homogenization is used to distribute the fatigue
load inside each pseudograin. In the second homogenization step, a uniform strain is

partitioned to pseudograins, resulting in the overall mechanical response.

In our PPDA model, the two-step procedure is generalized in order to treat
progressive fatigue damage and failure. Section 3.2 describes the procedure of
developing the PPDA model under the assumption that each pseudograin is a
unidirectional continuous fiber-reinforced plastic. The matrix behavior model and
two-step homogenization procedure are described in Section 3.2.1 and 3.2.2,
respectively. The fatigue life prediction of each pseudograin and RVE are described

in Sections 3.2.3 and 3.2.4, respectively.

3.2.1. Viscoelastic (VE)-viscoplastic (VP) matrix model

In this study, the behavior of matrix in pseudograin is described by viscoelastic-
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viscoplastic (VEVP) constitutive equation. Researchers have proposed VEVP
constitutive models for the thermoplastic polymer [20, 21]. In this section, VEVP

constitutive models used in this study are briefly introduced.

The increment of total strain is additively decomposed into two parts: a viscoelastic

strain increment de” and a viscoplastic strain increment de” .

de =de" +dg" (7

3.2.1.1. Linear viscoelastic model

The linear viscoelastic stress is computed in integral form by applying the Boltzmann

superposition principle [22, 23].

o) =] C*(t-0): a;ve

dr (8)

T

For an isotropic material, relaxation tensor C*(t) and long term relaxation tensor

C¥ are written as:

C"(t) = 2G(t)1™ + 3K (t) 1™ 9)

C¥ =2G_1™ +3K_I" (10)

where 1™ and 1* are the spherical and deviatoric operators respectively. They

| vol

can be expressed as: 1®1 and 1™ =1-1"", where 1 and | are the

Wl

second and the fourth order symmetric identity tensors respectively. G(t) and
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K(t) are the shear and bulk stiffness of the Maxwell elements and can be expressed

as Prony series:

6()=6,+36, exp(_gi)

j=1 j

K®) =K, +3 K, exp(—ki) (11

El j

G, and K_ represent the long term relaxation moduli. N is the number of
Maxwell elements. G; and K; are the relaxation weights, and ¢; and k; are

the relaxation times.

3.2.1.2. Viscoplastic model

The Perzyna viscoplastic flow rule is adopted to characterize viscoplastic behavior.

T - (G I
P =yN=y—, y=—"(| — 12
0o 7 <(ay0]> (12)

Where ci)i indicates the direction of viscoplastic strain vector perpendicular to the
c

yield surface in the flow rule. y is the viscoplastic multiplier indicating the

magnitude of the strain vector. x# and m are viscosity coefficient and exponent

respectively. In the above equation, “ <0> ” are MacCauley brackets used to describe
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(o)=0 when e<0,and (e)=e when e>0.Yield function adopted in this study

1s defined as follows:

f=0-0,-x(") (13)
k(&)= AE")" (14)

Where o, is initial yield strength and x(¢™) is isotropic hardening stress

function. In this model, equivalent stress & is calculated using classical J2 theory

(von Mises stress). A and B are hardening coefficient and exponent, respectively.

3.2.1.3. Computational algorithm of VEVP constitutive equation

Variables (o,,¢,,€,,7,) at t, are assumed to be known. Variables at t,, are

n+1

calculated using a strain increment Ae as described as follows.

A return mapping algorithm was used to calculate the stress with VE predictor

followed by VP corrector. The unknown stress at time t,,, is expressed as follows:

n+1

ot,.,)=6""(t,,,)-C" :Ae" (15)

Trial stress 6" (t,,,) is calculated with VE predictor as follows:
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i, ) (16)

]

)=C¥ig"(t,)+C" 1 Ag+ > exp(-

j=1 v

trial
c (tn+1

where h, is internal stress variable which is updated at every time increment as:

x x At ve ve ve ve
Zhj(tn+1):Zexp(_r_)hj(tn)—‘rc Ag _CooAs (17)
j=1 j=1 j

]

where
C" = 2G(A)I™ + 3K (At) 1™ (18)

n, l-exp(-At/g;
G(At):Gw+ZGJM

) At/ g,
K(At) = K JZn:K 1-exp(-AK)) )
= + P L
TE T Atk

When the trial stress satisfies f <0 using Equation (13), the matrix behavior is

considered viscoelastic and the total stress at t, is:
o(t,)=CY :e"(t,)+ > h;(t,) (20)
=

Combining Equation (16) and (20), the stress increment can be expressed as:
A =C" : (Ae—Ae¥ 210

where Ag is the following inelastic term of VE part:
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Agl =(C* )’l ; zn:{l—exp(—g):lh () (22)

j=1 i

When the trial stress satisfies f >0, the VP corrector operates using flow rule and

yield function in Equation (12) and (13). VP corrector find the solution using

Newton-Rapson iteration that satisfy following Equation (23) and (24):

1/m
HAY
=f- <0 23
Z O-yO {Atayo J ( )
gl =g +AYN, (24)

Equation (23) is dynamic yield function including VP flow rule [115]. When trial

stress satisfies y <0 during iteration, the stress increment can be expressed as:
A6 =C" : (Ae—Ag"® —Ag® —Ae¥) (25)

p

where As‘v"; is the following inelastic term of VP part. Asj‘; is expressed as:
af af _ vp -1,
Ag, +Agy, = As—(C ) :Ae (26)

where C¥ isalgorithmic tangent operator followed by general isotropization [116].
Using Equation (26), inelastic term for mean-field homogenization of VEVP

pseudograin is calculated as follows:
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Ar=—(C") i (At +Ae2) 27)

3.2.2. Mean-field homogenization of a pseudograin

In order to calculate the behavior of every pseudograin, the homogenization of
elastic fiber and VEVP matrix is required. Mean-field homogenization method based

on the Mori-Tanaka model is used [ 12]. The macro-strain field is expressed as <£> 0°

where <0> , designates volume averaging operator quantity. The average micro-

strain field in each phase can be correlated using the strain concentration tensor

(between matrix and fiber) A as follows.
(8)g, =A" 1{e)g, (28)

Mori-Tanaka model assumes that all fibers in composites are aligned and identical.
The strain concentration tensor A provided by the Mori—-Tanaka model is as

follows:
A =[1+s:(CliC, -] (29)

where S is Eshelby’s tensor of ellipsoidal inclusion. The details of the Eshelby’s
tensor component are given in Mura's study [117]. Average macro-strain field can be
correlated using the strain concentration tensor (between phase and macro-strain)

B¢ are as follows:
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-1

B, =[v,l+v, AT, Bf =A [y, 1+v,A] (30)

where v, and v, are the volume fraction of matrix phase and fiber phase,

respectively. Strain increment field of macroscopic composites, fiber and matrix

phases are proposed by Doghri et al. [118] as follows:
(Ae), = Vo (A2), +V; (As), (31)

<A£>Qf =B, :(Ag) +(1-B,):(C,-C) " : (A1), (32)

m

(ae),

m

~B,:(Ae), ~-(1-B,):(C, ~C,) "1 {aq),, (33)

where At is the increment of inelastic term defined in Equation (27). Substituting
Equation (32) and (33) into Equation (31) with respect to the stress increment

field, we obtain,
(As) =(C)_ :(Ag) +v,(C,-C):(1-B):(C,-C,)": <Ar>9m (34)

<C>Q is the effective stiffness tensor of macroscopic composites is derived as

follows:
(c), :[vam +v,C, :A*“J :B?, (35)

In order to apply mean-field homogenization to VEVP material, the incrementally

affine linearization method developed by Miled et al. [13] is used in the study. The
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VEVP stress increment of the matrix can be linearized with tangent stiffness C,

and inelastic term At as follows:
Ac=C_ :Ae+ At (36)

Hereafter, the incrementally linearized stress increment of the matrix is homogenized

with elastic stress increment of the fiber by mean-field homogenization scheme.

3.2.3. Fatigue damage model of a pseudograin

When the RVE of SFRPs is loaded, pseudograins in it are subjected to multiaxial
stresses. Since the multiaxial stresses varies for each pseudograin, a single master S-
N curve is required that can predict the fatigue failure of all pseudograins. An
effective stress representing the multiaxial state is suggested for describing a single
master S-N curve. Subsequently, a fatigue damage model is introduced for the

pseudograin master S-N curve.

3.2.3.1. Normalized fatigue factor

One of the most general criteria to predict the strength of the composites is Tsai-
Wau failure criteria [119]. Assuming that pseudograin is transversely isotropic and

that o,, isnegligible, it can be expressed as follows:

61



™ (Gij )= [F116121 +F, (ng + 0'23) +Fe (0122 + Gfa)] +[Ro,, +F (0, +65,)] =1

(3 7)
1 1 1 1 1 1 1 1
- = = = Fss = 57

The left-hand side of Equation (37) represents a distance from origin to the failure
envelope [120]. In this study, non-dimensional Tsai-Wu effective stress is defined as
the distance from origin to the failure envelope, representing the ratio of the
magnitude of the current stress state to the static failure of the composites. With this

definition, non-dimensional Tsai-Wu effective stress is expressed as follows:

2 F116121 +F, (6222 + 0-323) +Fes (0-122 + 0123)]

c= (3%)

R0y + F(0y, + o)1+ \/[ Fou+F(o,+ 0_33)]2 +4[F0f +Fyy(oh + 0_3?3) +Fg (of+ 0—123)]

where X, and X, are tensile and compressive strength through the longitudinal
direction to aligned short fiber. Y, and Y, are tensile and compressive strength

through the transverse direction to aligned short fiber and S is shear strength of
pseudograin. The schematic illustration of non-dimensional Tsai-Wu effective stress

is shown in Figure 3-2.

On the other hand, Kawai et al. [120] proposed “modified fatigue stress ratio” using

Tsai-Hill effective stress (7 ) and stress ratio ( R ) for unidirectional continuous fiber-

reinforced plastics.
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_ 1/2(1-R)y

1-1/2(1+R)p (39)

In our study, » in Equation (38) is used instead of 7 in Equation (12). In

addition, Equation (12) is further modified. Jang et al [121] modified this equation

for SFRPs by introducing the additional term. Using fitting parameter 4,, a new
equation for master S-N curve was suggested in terms of ‘normalized fatigue factor
(NFF)’ and validated by demonstrating that S-N curves of various FRPs can be
collapsed into a single master S-N curve using NFF in the followings.

_ 1/2(1-R)¢

=120+ R)§+21R(1— R (-1<R<1) (40)

3.2.3.2. Chaboche fatigue damage model

After converting the multiaxial stress state of pseudograin to a universal scalar
quantity (NFF), a fatigue damage model is required to predict the lifetime of

pseudograins. In this study, Chaboche model was used for this purpose.

Chaboche et al. suggested a non-linear continuous fatigue damage model for stress-
controlled condition [ 122, 123]. This model describes the progressive degradation of

material for the crack initiation process.

63



dD

YW m_n_ p+1ya Smax_Sm ’
N =[1-(1-D)""] [—J (41)

M (1-D)

where D is the fatigue damage variable, S, is the maximum stress, and S, is

the mean stress, g is constant. ¢ and M are stress dependent functions and are

expressed by,
S, =S, —S,(1-bS )
=1-a max m 10 m 42
¢ < Su _Smax > ( )
M =M, (1-bS,) 43)

where S, is the fatigue limit, S, is the ultimate tensile strength. a is non-

u

linearity parameter, b is mean stress effect parameter, and M, 1is a constant.

To apply NFF to Chaboche fatigue damage model, Equation (40) were combined
with (41), (42), and (43). Since NFF is defined considering stress ratio, the mean
stress effect can be neglected. Therefore, mean stress effect parameter b was set to

be zero and final fatigue damage equations for pseudograins are as follows:

B
d_D — [1_ (1_ D)ﬁ+l]a { l//max }

dN M, (1- D) (44)
azl_a<l//max_l//10> (45)
Vi = Vimax
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M = I\/Io (46)

Integrating damage from O to 1 in Equation (44), fatigue lifetime (N, ) can be

expressed as:

1 Vi |
N, = (47)
(B)A-a)| M,

Furthermore, damage at fatigue cycle N can be obtained by integrating cycle

N=0 to N, as follows.

1
1 \pa
l-a
D=1- 1—[ﬁ] (48)
N

f
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Figure 3-2 Schematic illustration of non-dimensional Tsai-Wu effective stress.
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3.2.4. Developement of new damage accumulation model

After the fatigue lifetime of each pseudograin is obtained using the procedure in
Section 3.2.3, the overall failure of RVE is predicted by PPDA model. We propose a
new and novel PPDA model that is inspired by the progressive-ply-failure concept
of laminate composites [124]. Once a pseudograin fails, the damage accumulation

of the other pseudograins is accelerated due to the stress concentration.

We assume that the RVE in the fatigue loading is composed of k pseudograins: PG,
(i=1, 2, ..., k). The NNF of pseudograins is calculated to v, (i=l, 2, ..., k) by
Equation (40). The fatigue life of pseudograins is expressed by N,; (i=1,2,...,k)
using Equation (47). Here, assume that PG, is a pseudograin with the shortest
lifetime and PG, is the pseudograin with the longest lifetime. Once PG, has
failed first, all pseudgrains are cycled through N,, cycles. At this cycle (N, , ), the
stress of the other pseudograins ( PG,) is concentrated due to following two reasons:
(a) accumulated damage in the PG, until the cycle N, (which can be calculated
by Chaboche fatigue damage model) and (b) loss of the load-bearing ability of PG,;.

First, accumulated damage of the other pseudograins is calculated using Equation

(49) as follows:
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N l-a
D, =1- 1—{ N”} (49)

where D,, isaccumulated damagein PG, at N, cycles. Interms of mechanical
parameters, damage D,, can be expressed by means of a net area reduction [125].

As the damage represents the loss of effective area taking into account local stress

concentrations, one can write:

__ ¥
1-D;,)

Vio (50)

where y,, is damaged NFF. Then, the failure of PG, is modeled assuming that it

is still capable of transferring the load to the other pseudograins and thus stress

concentration effect is reflected in the NFF as follows:

vii =Ky, (51)

where ,, is concentrated NFF at N,,,and K is stress concentration factor due

to the failure of PG,.

Stress concentration factor K is obtained by considering the NFF of RVE based
on the assumption used in the second step of homogenization procedure. In this study,
Voigt model [56], which assumes an iso-strain condition, was adopted for the second
step homogenization. Accordingly, the NFF of RVE can be computed as the sum of

the product of NFF and the fraction of each pseudograin, as follows:
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K
Vee = Zwi Vi (52)

i=1

where .. is NFF of RVE before PG, fails. After PG, fails, NFF of RVE (w/:)

can be expressed as follows:
k
Yee = KZWi'//i (53)
i=2

It is assumed that NFF of RVE is unchanged before and after failure (v =i )-

Then, the stress concentration factor can be derived as follows:

K
Z Wiy,
=)

K:i

X (54)
Wiy,
2

The concentrated NFF of other pseudograins after the first pseudograin failure can

be calculated using Equations (50), (51) and (54) as follows:

K
Wiy
v, =Kyp = I?
2wy

i=2

: (1_ [i)i.l) (55)

Then, using Equation (47), (48) and (55), the remaining life of PG, (n;,) can

be obtained as follows:

d
_ 1 Via 1M fH1Nl-a
nf.z——(ﬂﬂ)(l_a)(Moj [1-0-@-D)")" ] (56)
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The same procedure is then repeated after the failure of PG,, PG,

Finally, the life of the RVE is obtained by,
k
Nige =Ng+N,++n, =Ny +an.i

i=2

Flow chart for prediction of S-N curve and CLD was shown in Figure 3-3.
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Figure 3-3 Flow chart of PPDA model.
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3.3. Experimental

3.3.1. Materials

SFRP specimens were made of short glass fiber-reinforced polypropylene. The
glass fibers with 30% weight fraction was embedded in polypropylene (or 13.09%
volume fraction). The injection-molded sheets with a thickness of 2.7 mm were

prepared and hereafter denoted by PP-GF30.

The orientation tensor of short glass fiber-reinforced plastics has been obtained by
many researchers using injection molding simulation tools such as Moldex3D and
Moldflow [126-132]. These researchers adopted Folgar-Tucker equation and iARD-
RPR model to describe changes in the fiber orientation tensor during the injection
process. The values for the parallel and transverse direction components of the fiber
orientation were reported to be 0.603 to 0.785 and 0.196 to 0.377, respectively. Jiang
et al [132] proposed a three-dimensional numerical model for accurately predicting
the fiber orientation in injection molded parts and compared the simulated results
with experiments. The material used in this study was short glass fiber-reinforced
polypropylene with a plate thickness of 3 mm, and a fiber weight fraction of 20%.
Due to the similarity of plate thickness and weight fraction with our study, we

adopted the fiber orientation tensor a; used by Jiang et al as follows:
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0.741 0.000 0.000
a; =|0.000 0.242 0.000 (58)
0.000 0.000 0.017

3.3.2. Mechanical testing of polypropylene

The VEVP properties of the polypropylene matrix were characterized. The
viscoelastic parameters were identified by dynamic mechanical analysis (DMA) test.
DMA test machine (Q800, TA instrument, USA) was used in three-point bending
mode. The length and width of specimen were 60 and 10 mm, respectively. Testing
temperature were ranged from —50 to 140°C with 10°C increments. The frequency
were ranged from 0.01 to 10 Hz. The viscoplastic parameters were obtained by
tensile tests. Tensile tests were conducted at room temperature (25°C) using a tensile
testing machine (Instron 8801; Instron, Norwood, MA, USA) according to the ISO
527-2 standard [133]. Two test speeds (1.15 and 5 mm/min) were used. A digital
image correlation (DIC) system (Vic-3D v7; Correlated Solutions, Inc., Irmo, SC,
USA) was used to measure the tensile strain of the specimens. The dog bone-shaped
specimens was used. The total length and gauge width of each specimen were 180
and 10 mm, respectively. The results of DMA test and tensile test results of PP matrix

are presented in Supplementary material.

73



3.3.3. Fatigue testing of SFRPs

Load-controlled fatigue tests were conducted using an Instron 8801 (Instron 8801;
Instron, Norwood, MA, USA). The frequency was set to 5 Hz. The fatigue test was
conducted with a stress ratio of 0.1 and -1 at room temperature (25°C). Dog-boned
specimens were obtained from the injection molded plate. The specimens were
machined at different orientation angles by milling. Their fiber orientation angle was
defined as the angle between the flow direction and the longitudinal axis of the
specimen, on which the fatigue load was applied. Specimens with three orientation
were used and named as PP-GF30-0D, 20D and 90D, respectively. The specifications

of the test set-ups and the fatigue specimen, are shown in Figure 3-4(a) and (b).
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Figure 3-4 (a) Experimental set-ups and (b) test specimens for fatigue test. (c)
Schematic diagram of fatigue test specimen and (d) PP-GF30-0D, 20D, 90D from

PP-GF30 plate.
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3.4. Results and Discussion

3.4.1. Experimental validation of VEVP homogenization model

The VEVP properties of PP matrix obtained from the DMA test and tensile tests are
shown in Section 3.4.1. Figure 3-5 and Figure 3-6 show the DMA test and tensile
test results of polypropylene, respectively. The storage modulus - reduced time curve
is shown in Figure 3-5. Fitting the storage modulus - reduced time curve, the
viscoelastic parameters were obtained for 15 Maxwell components. In the meantime,
viscoplastic parameters were also obtained by curve fitting of tensile test results as
shown in Figure 3-6. The obtained viscoelastic and viscoplastic parameters of the

polypropylene were presented in Table 3-1.

Figure 3-7 shows the re-simulation result for validation of tensile test of PP-GF30.
Elastic modulus of 72.40 GPa, Poisson’s ratio of 0.22 and fiber aspect ratio of 25
were used for glass fiber in simulation. Poisson’s ratio of 0.43 was used for the PP
matrix in simulation. A cubic geometry of size 6x6x6 mm was created and meshed
with a C3D8 element of size 1x1x1 mm as shown in Figure 3-7(a). The U1=0, U2=0,
and U3=0 boundary conditions were applied to the plane perpendicular to the x-, y-,
and z-axis in the negative direction, respectively. A displacement boundary condition
of 0.06 mm was applied to the plane perpendicular to the x-axis in the positive
direction so that the applied tensile strain was 1%. The re-simulation result was

compared with tensile tests of PP-GF30-0D as shown in Figure 3-7(b). The
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simulation result was in good agreement with the experimental stress-strain curve of
PP-GF30-0D. It was confirmed that the developed UMAT properly described VEVP

behavior of SFRPs.
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Figure 3-7 (a) Boundary condition of simulation and (b) experimental and UMAT
re-simulation stress—strain curves of PP-GF30-0D.

79



Table 3-1 Obtained VEVP parameters of polypropylene at room temperature
(25°C).

Viscoelastic parameter

Instantaneous modulus ( E,) 4201 MPa
i Relaxation time (7 ) Maxwell component moduli ratio (E; / E,)
1 106 0.0436

2 10° 0.0475

3 10* 0.0459
4 103 0.0268

5 10? 0.0398
6 10! 0.0525

7 10° 0.0361

8 10! 0.0898
9 102 0.0565
10 1073 0.0511
11 104 0.0480
12 103 0.0579
13 106 0.0455
14 107 0.0385
15 108 0.0407

Viscoplastic parameter

Initial yield strength (o) 10 MPa
Viscoplasctic coefficient ( z ) 5489 MPa-s
Viscoplasctic exponent (M) 1.2
Hardening coefficient ( A) 88.79 MPa
Hardening exponent ( B ) 0.4792
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3.4.2. Fatigue test results and master S-N curve construction of a

pseudograin

Fatigue tests of PP-GF30-0D, 20D, and 90D samples were performed at two stress
ratio (-1 and 0.1). These results were assumed to represent the fatigue behavior of
pseudograin, whose the fiber direction is highly aligned. Therefore, S-N curves of
PP-GF30-0D, 20D, and 90D shown in Figure 3-8 are considered to be the off-axis

S-N curve of a pseudograin.

To calculate exact off-axis angle of the specimen, the orientation tensor of PP-GF30-
0D obtained from Section 3.3.1 was rotated using simple rotation tensor (r, )
expressed as:

cosp —sing 0

r,=|sinp cosp 0 (59)
0 0 1

where ¢ is the transverse angle respect to the flow direction. Combining Equation
(58) and (59), the orientation tensors a, of PP-GF30-0D, 20D, and 90D are as

follows:

0.741 0.000 0.000 0.683 0.160 0 0.242 0.000 0.000
a, = 0.242 0.000 |, a, = 0300 0 |,a,= 0.741 0000  (60)
0.017 0.017 0.017

Using orientation tensors in Equation (60) and fatigue data in Figure 3-8, a master
S-N curve was constructed. First, the uniaxial maximum strength S from fatigue
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test was converted to stress tensor (S, , S S,, ) as follows:

20 ?

Spx 0 0 0.741 -0.427 -0.097
S, =Q, 0 0|Q) = 0.246  0.056 |S .,
0 0.013
Sux 0 O 0.683 -0.457 -0.090
S, =Q,, 0 0|Q, = 0.306  0.060 |S,., (61)
0 0.012
Sux 0 0 0.242 -0.427 -0.032
S, =Q,, 0 0|Q, = 0.754  0.056 |S,,,
0 0.004

Note that uniaxial tensile strength S, was multiplied with rotation tensor Q,
expressed as follows:

cose_cos¢ sindcos¢g sing _ a.(2.2)
Q,=| -sing cosé 0 |, @=sin” [ /m} $p=sin" ( la¢(3,3)) (62)

—cosdsing —sin@sing cos¢

where 6 and ¢ aretwo Euler angles respect to the x-axis and xy-plane defined by

Advani and Tucker [134]. Details about derivation of rotation tensor can be found in
literature [135, 136]. It should be noted that fatigue specimens were treated as

unidirectional composites so that a, represents the orientation of single fiber. Then,

NFF was obtained by substituting the multiaxial stress into Equation (38) and (40).
Tsai-Wu parameters for Equation (38) were obtained fitting the tensile and

compression test of PP-GF30-0D, 20D, and 90D as shown in Table 3-2. The fitting
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parameter (4 =-0.2 ) was obtained that can collapse S-N curves of different stress

ratio (-1 and 0.1) into a single master curve. Finally, the obtained master S—N curve
is presented in Figure 3-9, where the symbols indicate the NFF obtained by
transforming the fatigue data in Figure 3-8. The result shows that fatigue data were
properly collapsed, confirming that the fatigue life of any pseudograin can be

predicted regardless of fatigue loading condition.

To model progressive degradation of individual pseudograin, Chaboche damage
fatigue model in Equation (44) was implemented into ABAQUS user material
subroutine (UMAT). Fatigue parameters for the master curve were obtained and are
listed in Table 3-3. Details of parameter identification methods are given in reference
[137]. The value of parameter a was assumed to be 0.65, which is the value of PP-
GF obtained from the same reference [137]. The master S-N curve obtained by the

fatigue damage model is shown by blue solid line in Figure 3-9.
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Figure 3-8 S-N curves of PP-GF30 with different fiber orientations (0D, 20D, and

90D) for stress ratio (a) -1 and (b) 0.1.
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Table 3-2 Tsai-Wu parameter for unidirectional pseudograin

Tsai-Wu parameters

Longitudinal tensile strength ( X, ) 126.72
Longitudinal compressive strength ( X ) 158.35
Transverse tensile strength (Y, ) 53.06
Transverse compressive strength (Y,) 98.60
Shear strength (S ) 43.88

Table 3-3 Chaboche fatigue damage model parameters of PP-GF30 master curve.

Chaboche fatigue damage model parameters

Ultimate normalized fatigue factor () 1.4
Fatigue endurance limit (,,) 0.01
Non-linear parameter ( Q) 0.65
Chaboche constant 1 ( 3) 5.658
Chaboche constant 2 (M) 2.875
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3.4.3. Experimental validation of PPDA model

The reconstruction of orientation distribution function (ODF) and pseudograin
decomposition procedure for 12 pseudograins were implemented in UMAT. Then,
the VEVP model and mean-field homogenization method described in the previous
sections were implemented. The PPDA model developed in this study were also
implemented in UMAT. The re-simulation of PP-GF30 fatigue tests with three
specimen (0D, 20D, 90D) and two stress ratio (-1, 0.1) were performed as follows.
Elastic modulus of 72.40 GPa, Poisson’s ratio of 0.22 and fiber aspect ratio of 25
were used for glass fiber in simulation. Poisson’s ratio of 0.43 was used for the PP

matrix in simulation. Maximum NFF . was obtained from the maximum value

of the third cycle of the fatigue simulation.

A cubic geometry of size 6x6x6 mm was created and meshed with a C3D8 element
of size 1x1x1 mm. The U1=0, U2=0, and U3=0 boundary conditions were applied
to the plane perpendicular to the x-, y-, and z-axis in the negative direction,
respectively. A load in a sine wave with 5 Hz frequency was applied to the plane
perpendicular to the x-axis in the positive direction. Varying maximum load of sine
wave and stress ratio, the fatigue tests of three different specimens (PP-GF30-0D,
20D, 90D) were simulated. Simulation conditions are detailed in Table 3-4.

The simulation results are presented in Figure 3-10, where Figure 3-10(a) and
Figure 3-10(b) show the result of tension-compression ( R = —1) and tension-tension

(R=0.1) conditions, respectively. Both S-N curves show a good agreement with
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experimental results, confirming that NFF reflects the mean stress effect of
pseudograins inside SFRPs. The black, red, and green solid lines in Figure 3-10
represent simulation results of specimens with different fiber orientation tensor (0D,
20D, 90D), showing a good agreement with the experimental results. Therefore, it
can be claimed that Tsai-Wu effective stress concept and pseudograin decomposition
method can properly capture the effect of fiber orientation. However, there is a slight
difference between the simulation results of PP-GF30-0D and PP-GF30-20D in law
fatigue cycle (~10%) shown in Figure 3-10(a) and the experimental results. This is
thought to be due to a master S-N curve fitting problem. As shown in Figure 3-9,
the master S-N curve does deviate slightly from each experiment as the number of
cycles decreases. This error seems to be cause of the difference between experiments
and simulation. More detailed investigation into this issue will be discussed in the

following Section 3.4.4 and Section 3.4.5.
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Table 3-4 Boundary condition of fatigue test simulation

Stress ratio Specimen Applied maximum stress Applied maximum load
Ry (MPa) (N)
1 PP-GF30-0D 20, 30, 40, 50, 60 720, 108%116‘(‘)40’ 1800,
-1 PP-GF30-20D 20, 30, 40, 50 720, 1080, 1440, 1800
-1 PP-GF30-90D 15, 20, 30, 40 540, 720, 1080, 1440
0.1 PP-GF30-0D 40, 50, 60, 70, 80 1440, 180§é ;é 60, 2520,
0.1 PP-GF30-20D 40, 50, 60, 70 1440, 1800, 2160, 2520
0.1 PP-GF30-90D 40, 50, 60 1440, 1800, 2160
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3.4.4. Comparison of PPDA model with Tsai-Hill fatigue indicator

The present PPDA model employs NFF concept and Chaboche fatigue damage
model to describe damage and predict fatigue life of individual pseudograin. This
section is to compare the present model with widely used Tsai-Hill fatigue indicator

model for individual pseudograins. The Tsai-Hill fatigue indicator is expressed as

follows:
f(N) = ‘:121 7011(‘5222+033) 6§22+0§3 +( 21 _ 22 )6,,65 + (61222+Ufs) +( 24 _ zl )653
XZ(N) X{(N) YEN) - XE(N) YE(N) S*(N) YE(N) - X{(N)
(63)
Sl Sl Sl
X((N) =X (=—2-log(N) +1) , Y,(N)=Y,(=—"log(N)+1) , S(N)=S(-—>log(N)+1)
Int, Int, Int

where f(N) is the failure indicator, X,(N), Y,(N) and S(N) are the fatigue
strength of two tensile and one shear fatigue loading, and Sl,, SI,, Slg, Int,,
Int, and Int; are parameters of Tsai-Hill fatigue indicator. Tsai-Hill fatigue
indicator finds the fatigue life of unidirectional composites finding N =N, which
makes f(N)=1. Using the Thai-Hill fatigue indicator parameters in Table 3-2 and

experimental fatigue test results in Figure 3-10, Tsai-Hill fatigue indicator

parameters are obtained by fitting Equation (63). The result is shown in Table 3-5.

In this section, the fiber orientation of 12 pseudograins was set to be identical so that
a single pseudograin was calculated. The re-simulation of PP-GF30 fatigue result
with three specimen (0D, 20D, 90D) and two stress ratio (-1, 0.1) were carried out.

Fiber orientation tensors of Equation (60) was used. The same geometry, mesh type,
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and boundary conditions as in the previous section were taken.

The simulation results are presented in Figure 3-11(a) and Figure 3-11(b) are the
result of tension-compression ( R=-1) and tension-tension ( R =0.1) conditions,
respectively. Overall, Tsai-Hill failure indicator predicts a shorter fatigue life of PP-
GF30. The slope of S-N curve predicted by Tsai-Hill failure indicator is smaller than
that of the present model. When compared to experimental S-N curve, both Tsai-Hill
fatigue indicator and the present model show similar levels of accuracy. Nevertheless,
Tsai-Hill fatigue indicator is not appropriate for predicting damage accumulation in
sequential fatigue failure of pseudograins. The key requirement in sequential fatigue
failure process is to calculate the damage accumulation of each pseudograin when
other pseudograins have failed and is to consider the stress concentration caused by
the accumulated damage. Tsai-Hill fatigue indicator only predicts the final failure of
pseudograins because it assumes that strength of composites decrease linearly as the
fatigue cycle progresses. If accumulated fatigue damage in pseudograin is linear,
Tsai-Hill failure indicator can be used; however, previous studies have shown that
the fatigue damage accumulation profile is nonlinear [122, 137]. Consideration of
asymmetric tensile and compressive strength is another advantage of the current
PPDA model compared to the Tsai-Hill indicator that does not take such asymmetry
into account.

Inaccuracies in the prediction in Figure 3-11 are likely to be a consequence of
assumption in parameter identification. Accumulated damage of pseudograins

during successive failure is highly dependent on the fatigue damage parametera.

92



Note that a is obtained from the reference [137]. More accurate fatigue life
prediction is possible, if parameter a is identified by two-step fatigue test or
observation of cyclic stiffness [123]. Moreover, the assumptions for the current
PPDA model may lead to inaccuracies in prediction. In the present framework,
micromechanical damages behavior such as matrix damage by fiber tip [107],
delamination [109], and fiber-fiber interaction effect [138] during fatigue cycles
were not considered. While micromechanical models considering these behavior
may bring more physically reasonable and accurate results, their use may increase
the computational cost due to the existence of 12 pseudograins and iterations in
VEVP behavior. In this aspect, the current PPDA model offers a good compromise

between accuracy and computational cost in simulation.
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Figure 3-11 Comparison of S-N curves predicted using the present model with that
using Tsai-Hill fatigue indicator for different fiber orientations (0D, 20D, 90D) and
stress ratio (a) -1 and (b) 0.1.
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Table 3-5 Parameters of Tsai-Hill fatigue indicator (PP-GF30)-

R=-1
Sl Int, SI, Int, Sl Intg
-18.47 126.7 -6.608 53.06 -4.998 43.88
R=0.1
Sl Int, Sl Int, Sl Intg
-10.62 126.7 -2.609 53.06 -2.102 43.88
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3.4.5. Further comparison of PPDA model for different fiber

orientation cases

The failure of RVE can be decided using various criteria, e.g., first pseudograin
failure, last pseudograin failure, and PPDA model in this study. In this section, these
criteria are compared by simulating the fatigue behavior of SFRPs for two different

loading conditions: (1) PP-GF30-20D with S, =70 MPa and R=0.1 and (2) PP-

GF30-90D with S =30 MPaand R=-1.

3.4.5.1. Case (1) PP-GF30-20D, S__ =70 MPa, R=0.1

Figure 3-12 shows the NFF of decomposed pseudograins and their fatigue lifetime
(number of cycles on x axis below circle symbols). When the RVE is subjected to
the maximum stress during the fatigue cycle, 12 pseudograins experience different
NFF (ranging from 0.278 to 0.898) and lifetime (ranging from 110 to 526341) as
shown in Figure 3-12(a). Clearly it can be confirmed that first or last pseudograin
failure criterion are not suitable for predicting RVE failure of SFRPs (see two
lifetimes and experimentally determined lifetime). In contrast, the predicted lifetime

by PPDA model has a good agreement with the experimental results.

3.4.5.1. Case (2) PP-GF30-90D, S__ =30 MPa, R=-1
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Figure 3-12(b) shows the NFF of decomposed pseudograins and their fatigue
lifetime (represented by circle symbols) of case (2). 12 pseudograins have similar
NFF (ranging from 0.611 to 0.642) and lifetime (ranging from 1345 to 1942). Since
the pseudograins fail almost simultaneously, all RVE failure decision criteria can
predict a reasonable lifetime.

In case (2), pseudograins have similar fatigue lifetime so that RVE failure decision
method does not have a significant impact, whereas in case (1), we observed
significant difference. This is because the fiber orientation tensor of SFRPs in case
(1) shows random fiber distribution compared to case (2) (See Equation (60)). After
the pseudograin decomposition process, the 12 pseudograins have significantly
different fiber orientations, leading to significant differences in NFF between
pseudograins as shown in Figure 3-12(a). Therefore, first and last pseudograin
failure criterion lead to inaccurate predictions for case (1). In contrast, PPDA model
in this study considers all 12 pseudograin failures and damage inside them
considering the stress concentration caused by constraining effect throughout the
cycles of the RVE. Therefore, PPDA model can predict the fatigue life of SFRPs
with different fiber orientation tensors, and is also more suitable than other failure

models for simulating real parts.
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3.5. Summary

In this study, to predict fatigue lifetime in SFRPs, we proposed a novel PPDA model,
which has not been reported in literature. The proposed model consists of two stages:
(1) calculation of fatigue damage of each pseudograin and (2) failure determination
of RVE considering progressive pseudograin failures. In the first stage, Chaboche
fatigue damage model was used for the non-linear damage accumulation of
pseudograins and NFF was used to consider their anisotropic fatigue characteristics.
In the second stage, we considered the stress concentration and accumulation of
fatigue damages accelerated by it, finally determining a reasonable RVE fatigue
failure. We implemented PPDA model into UMAT and compared the predicted S-N
curves with experimental data. In the first stage, the combination of Chaboche
fatigue damage model and NFF was compared with Tsai-Hill fatigue indicator,
showing similar accuracy but better suitability for the PPDA model. In the second
stage, the PPDA model showed better predictions of fatigue life compared to the first
pseudograin failure or last pseudograin failure approach. Overall, the proposed
model is a promising approach for predicting the fatigue behavior of SFRPs and can

potentially be extended to other composite materials.
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Chapter 4. Application of PPDA model to creep-
fatigue interaction behavior

4.1. Constitutive modeling
4.1.1. Creep damage model of pseudograin

4.1.1.1. Tsai-Wu effective stress

Assuming that pseudograin is transversely isotropic and that o,, is negligible, it

can be expressed as follows:

TW(cij) = [Fllcfl +F, (ng +G§3) +Fs (6122 ‘H’fs)] +[Fo, +F, (6, +065)]=1

(64)

11 11 1 1 1 1
- - - Fu=g7

The left-hand side of Equation (64) represents a distance from origin to the failure
envelope [120]. In this study, non-dimensional Tsai-Wu effective stress is defined as
the distance from origin to the failure envelope, representing the ratio of the
magnitude of the current stress state to the static failure of the composites. With this

definition, non-dimensional Tsai-Wu effective stress is expressed as follows:
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E= 2l F116121 +F, (6222 + 0-323) + Feg (0-122 + 0123)] (65)

R0y + Fy(0y, + o)1+ \/[ Fou+F(o,+ 0—33)12 +4[F0f +Fyy(oh + 0_3?3) +Fg (of+ 0—123)]

4.1.1.2. Chaboche and Lemaitre creep damage model

After converting the multiaxial stress state of pseudograin to a universal scalar
quantity ( £ ), a creep damage model is required to predict the lifetime of
pseudograins. In this study, Chaboche and Lemaitre creep damage model was used

for this purpose. Chaboche and Lemaitre suggested a non-linear creep damage

evolution model [139]. This model expressed as:

o, _ (LJ (1-D,) " (66)

where D, is the creep damage variable, S is the creep stress, and A, r, K

creep

are constants.

By applying Tsai-Wu effective stress to Chaboche fatigue damage model, Equation
(65) was combined with (66), resulting in the following creep damage equations for

pseudograins:

(67)

Integrating damage from 0 to 1 in Equation (67), creep rupture time (t,) can be
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expressed as:

1 (AY
LK [Ej (%)

Furthermore, damage at creep time t can be obtained by integrating time t=0 to

t, as follows.

D =1—[1—ljK+l (69)

We obtained Chaboche and Lemaitre creep damage parameters from creep tests
reported in the literature [137]. Short glass fiber-reinforced plastics with
polypropylene were used in the literature. The weight fraction of GF was 30% and
fiber orientation is transverse to the load applied (PP-GF30-90D). Creep tests result
data is shown in in Figure 4-1(a). Creep data was converted to creep master curve
using Tsai-Wu effective stress. The data was obtained from figures in paper (Figure
4-1(a)) by image digitizing using Grabit.m file in Matlab program. Creep parameters
for the master curve were obtained and are listed in Table 4-1. Details of parameter
identification methods are given in reference [137]. The value of parameter K was
assumed to be 7.5, which is the value of PP-GF obtained from the same reference
[137]. The master creep curve obtained by the damage model is shown in Figure 4-

1(b).
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Table 4-1 Chaboche and Lemaitre creep damage model parameters of master creep
curve.

Chaboche and Lemaitre
creep damage model parameters

Non-linear parameter ( K ) 7.5
Chaboche constant 1 (r) 10.6
Chaboche constant 2 ( A) 0.44
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4.1.2. Creep-fatigue interaction model of pseudograin

Constitutive modeling for fatigue damage model of a pseudograin in SFRPs is
developed in Section 3.2.3 using normalized fatigue factor and Chaboche fatigue
damage model. In addition, constitutive modeling for creep damage model of a
pseudograin in SFRPs is developed in Section 4.1.1 using Tsai-Wu effective stress
and Chaboche and Lemaitre creep damage model. When the creep damage (linked
to the loading duration) and fatigue damage (due to cyclic loading) are present
simultaneously, the interaction effect can be represented macroscopically by

introducing a coupling as:

dD =dD, +dD, (70)

By combining , Equation (70) was combined with (44) and (67), resulting in the

following creep-fatigue interaction damage equations for pseudograins:

r B
dD _ é _ -K M1_ p+lya V max
dNR_(AJ (1-D) ™ +[1-(1- D)**] (—Mo(l_D)] 1)

We obtained Chaboche fatigue damage parameters from creep and fatigue test results
reported in the literature [ 140]. Eftekhari, M. et al. used short glass fiber-reinforced
plastics with polypropylene. The weight fraction of GF was 30% and fiber
orientation is transverse to the load applied (PP-GF30-90D) which is the same
material in Section 4.1.1. Therefore, we used creep damage parameters listed in

Table 4-1, and fatigue damage parameters were obtained from the literature. Fatigue
105



tests result data in the literature is shown in in Figure 4-2. The data was obtained
from figures in paper (Figure 4-2) by image digitizing using Grabit.m file in Matlab
program. Fatigue S-N curve data was converted to master S-N curve using
normalized fatigue factor in Section 3.2.3. The master S-N curve obtained by the
damage model is shown in Figure 4-3. Fatigue parameters for the master curve were

obtained and are listed in Table 4-2.
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Table 4-2 Chaboche fatigue damage model parameters of PP-GF30 master curve
[140].

Chaboche fatigue damage model parameters

Ultimate normalized fatigue factor (y, ) 1.2
Fatigue endurance limit (y,, ) 0.01
Non-linear parameter ( Q) 0.65
Chaboche constant 1 ( 5) 5.06
Chaboche constant 2 (M) 1.067
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4.1.3. PPDA model for creep-fatigue interaction behavior

After the creep-fatigue lifetime of each pseudograin is obtained using Equation
(72), the overall failure of RVE is predicted by PPDA model. We assume that the

RVE in the fatigue loading is composed of k pseudograins: PG, (i=l, 2, ..., k). The
creep-fatigue life of pseudograins is expressed by N, (i=1, 2, ..., k) integrating
the Equation (73) from D=0 to D=1 Here, assume that PG, is a pseudograin
with the shortest lifetime and PG, is the pseudograin with the longest lifetime.
Once PG, has failed first, all pseudgrains are cycled through N., block cycles.
At this block cycle ( N, ), the stress of the other pseudograins ( PG, ) is concentrated
due to following two reasons: (a) accumulated damage in the PG, until the cycle
N, and (b) loss of the load-bearing ability of PG,. First, accumulated damage of

the other pseudograins is calculated using Equation (71) as follows:
1

1 \pa 1

l-a

K+l
D,=1- 1—[ NRJJ —[1— N“] (74)
. NR.i NR.i

where D,, isaccumulated damagein PG, at N., cycles. Interms of mechanical

parameters, damage D,, can be expressed by means of a net area reduction [125].

As the damage represents the loss of effective area taking into account local stress

concentrations, one can write:
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_ Y _ g
Vio = ‘(1_ D..) v Sip 1-D,,) (75)

where y,, and ¢, are damaged NFF and Tsai-Wu effective stress.

Then, the failure of PG, is modeled assuming that it is still capable of transferring

the load to the other pseudograins and thus stress redistribution happens. After the
redistribution, stress concentration effect of other pseudograins is reflected in the

NFF and Tsai-Wu effective stress as follows:
vii=Kyip, &.=K'&p (76)

where y,, and &, are concentrated NFF at N., . K and K' are stress

concentration factors due to the failure of PG,;.

The procedure to calculate stress concentration factor K is explained in Section
3.2.4. Another stress concentration factor for creep stress K' is obtained by
considering the Tsai-Wu effective stress of RVE based on the assumption used in the
second step of homogenization procedure. Like in the calculation of K , Voigt model
[56], which assumes an iso-strain condition, was adopted for the second step
homogenization. Accordingly, the Tsai-Wu effective stress of RVE can be computed
as the sum of the product of Tsai-Wu effective stress and the fraction of each

pseudograin, as follows:
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Srve = Zwigi (77)

where &, is Tsai-Wu effective stress of RVE before PG, fails. After PG, fails,

Tsai-Wu effective stress of RVE (&°,c ) can be expressed as follows:

Sae =K IZWiéi (78)

It is assumed that Tsai-Wu effective stress of RVE is unchanged before and after

the pseudograin failure (&, = &', )- Then, the stress concentration factor can be

derived as follows:

=T (79)

The concentrated Tsai-Wu effective stress of other pseudograins after the first
pseudograin failure can be calculated using Equations (75), (76) and (79) as

follows:

Zwi(:i &
§Ll = K|§i.D = i:1 i
zwé (1_ DiAl)

(80)

Then, the remaining life of PG, (n;,) can be obtained as follows:
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The same procedure is then repeated after the failure of PG,, PG,

Finally, the creep-fatigue life of the RVE is obtained by,

K
Nere =Ngq+Ngy+:o+ N = Ng;y +ZnR.i
i—2
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4.2. Validation of PPDA for creep behavior

4.2.1. Creep behavior of pseudograin

The reconstruction of orientation distribution function (ODF) and pseudograin
decomposition procedure for 12 pseudograins were implemented in UMAT. Then,
the VEVP model and mean-field homogenization method described in the previous
sections were implemented. The PPDA model developed in this study were also
implemented in UMAT. The re-simulation of PP-GF30-0D creep case were
performed as follows. Elastic modulus of 72.40 GPa, Poisson’s ratio of 0.22 and
fiber aspect ratio of 25 were used for glass fiber in simulation. Poisson’s ratio of 0.43
was used for the PP matrix in simulation.

A cubic geometry of size 6x6x6 mm was created and meshed with a C3D8 element
of size 1x1x1 mm. The U1=0, U2=0, and U3=0 boundary conditions were applied
to the plane perpendicular to the x-, y-, and z-axis in the negative direction,

respectively. A creep stress ( S ) in Table 4-3 was applied to the plane

creep
perpendicular to the x-axis in the positive direction. Varying the creep stress, the
creep behavior of PP-GF30-0D were simulated.

The simulation results are presented in Figure 4-5. Creep stress-rupture time curve
shows a good agreement with experimental results, confirming that creep PPDA

model implemented in ABAQUS can properly capture the creep behavior of SFRPs.
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Figure 4-4 Geometry, mesh information, boundary condition of creep test and
creep-fatigue interaction test simulation.
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Figure 4-5 Creep simulation result.
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Table 4-3 Boundary condition of creep test simulation.

Creep stress (S, )

19 MPa
18 MPa
17 MPa
16 MPa
15 MPa
14 MPa
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4.2.2. Comparison of PPDA creep model with other RVE failure

criterion

The creep failure of RVE can be decided using various criteria, e.g., first creep
pseudograin failure, last creep pseudograin failure, and PPDA model in this study.
In this section, these criteria are compared by simulating the creep behavior of

SFRPs for PP-GF30-0D with S____ =16 MPa.

creep
Figure 4-6 shows the Tsai-Wu effective stress of decomposed pseudograins and
their creep rupture time (represented by circle symbols). 12 pseudograins have
similar Tsai-Wu effective stress (ranging from 0.101 to 0.164) and creep rupture time
(ranging from 8745 to 11242). Since the pseudograins fail almost simultaneously, all
RVE failure decision criteria can predict a reasonable lifetime.

After the pseudograin decomposition process, the 12 pseudograins have
significantly different fiber orientations, leading to significant differences in Tsai-
Wu effective stress between pseudograins as shown in Figure 4-6. Therefore, first
and last pseudograin creep failure criterion lead to inaccurate predictions of creep
rupture time. In contrast, PPDA model in this study considers all 12 pseudograin
creep rupture behavior and damage inside them considering the stress concentration
caused by constraining effect throughout the creep loading of the RVE. Therefore,
PPDA model can predict the creep rupture time of SFRPs with different fiber
orientation tensors, and is also more suitable than other failure models for simulating

real parts.
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Figure 4-6 Tsai-Wu effective stress of pseudograins when 16 MPa creep stress
applied on RVE.
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4.3. Validation of PPDA model for creep-fatigue interaction effect

A cubic geometry of size 6x6x6 mm was created and meshed with a C3D8 element
of size 1x1x1 mm. The U1=0, U2=0, and U3=0 boundary conditions were applied
to the plane perpendicular to the x-, y-, and z-axis in the negative direction,
respectively. Block of fatigue cycles and creep stress were applied. One fatigue cycle
of 5 Hz frequency is applied first and creep stress of half maximum stress of
maximum fatigue stress were applied after the fatigue cycle. Repeated blocks were
applied to the plane perpendicular to the x-axis in the positive direction. Varying
maximum load of sine wave and stress ratio, the fatigue tests of three different
specimens (PP-GF30-0D, 20D, 90D) were simulated as shown in Table 4-4.

A summary of experimental results under creep-fatigue loading condition is
presented in Table 4-4, and simulation results are shown in Figure 4-7. The
nonlinear behavior can also be observed from the cross plots of fatigue life ratio
versus hold-time life ratio, shown in Figure 4-8. Sum of the life ratios (sum of the
cyclic and hold-time damages based on LDR) is less than unity for all the conditions
which confirms a non-linear behavior in terms of damage accumulation. Re-
simulation results were conducted for most of the conditions and very good

repeatability of results were obtained.
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Table 4-4 Boundary condition of creep-fatigue interaction test simulation.

Boundary conditions

Stress ratio

Maximum fatigue

Creep stress (MPa)

Hold time (s)

stress (MPa)
0.3 16.72 10.9 13
0.3 16.72 10.9 39
0.3 16.72 10.9 73
0.3 17.76 9.8 243
0.1 18.58 12 19.2
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4.4. Summary

In this study, to predict creep-fatigue interaction effect of SFRPs, we extended use
of the PPDA model proposed in Chapter 3. The proposed model consists of two
stages: (1) calculation of creep and fatigue damage of each pseudograin and (2)
failure determination of RVE considering progressive pseudograin failures. The
PPDA model is successfully implemented into ABAQUS user material subroutine
(UMAT), predicting the creep lifetime and creep-fatigue interaction effect of SFRPs

in good agreement with experimental data.
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Chapter 5. Conclusion

This study aimed to detect and model the damage of composite materials, and then
to apply feature of damage and theoretical damage model to predict mechanical

behavior of the composite materials.

Delamination damage was detected by AE technique, and FLD of steel-polymer
sandwich composites was constructed. Our approach relied on monitoring to detect
delamination, which was identified by a peak frequency band in the range of 300-
500 kHz. We also conducted numerical simulations using the cohesive zone model
to investigate the effects of interfacial properties and damage on formability. Our
results showed that stronger interfacial properties led to improved formability by
reducing the risk of delamination. Overall, our approach provides a valuable tool for
optimizing the design and processing of steel-polymer sandwich composites for

various industrial applications.

Progressive pseudograin damage accumulation model to predict fatigue lifetime in
SFRPs was developed. The proposed model consists of two stages: (1) calculation
of fatigue damage of each pseudograin and (2) failure determination of RVE
considering progressive pseudograin failures. In the first stage, Chaboche fatigue
damage model was used for the non-linear damage accumulation of pseudograins

and NFF was used to consider their anisotropic fatigue characteristics. In the second
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stage, we considered stress concentration and accumulation of fatigue damages
accelerated by it, finally determining a reasonable RVE fatigue failure. We
implemented PPDA model into UMAT and compared the predicted S-N curves with
experimental data. In the first stage, the combination of Chaboche fatigue damage
model and NFF was compared with Tsai-Hill fatigue indicator, showing similar
accuracy but better suitability for the PPDA model. In the second stage, the PPDA
model showed better predictions of fatigue life compared to the first pseudograin

failure or last pseudograin failure approach.

The PPDA model was expanded to encompass the creep behavior and the interaction
between creep and fatigue effects of SFRPs. We implemented the PPDA model into
UMAT and compared the predicted creep curves with experimental data available in
literature. The results demonstrated that the PPDA model outperformed the first
pseudograin failure or last pseudograin failure approaches in terms of predicting
creep life. Subsequently, we employed the PPDA model to forecast creep-fatigue
tests, which involved repeated block loading combined with fatigue cycling and
creep holding time. The simulation outcomes indicated that the PPDA model
effectively captured the nonlinearity exhibited by the creep-fatigue behavior of
SFRPs. Overall, the proposed model is a promising approach for predicting the
creep-fatigue behavior of SFRPs and can potentially be extended to other composite

materials.
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