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ABSTRACT

FINITE ELEMENT ANALYSIS OF ENAMELLED STEEL STRUCTURES

Enamelled steel components have been used widely in cooking appliances, architectural
panels, chemical reactors and heat exchanger parts. Superior chemical and physical
attack resistance and hygiene properties made enamelled steel a preferred material of
choice for these applications. Enamelled steel is a steel-glass composite where metal
acts as a substrate and a thin layer of glass powder is coated on it. By subsequent
thermal processing, glass powder melts and forms a continuous layer on steel. The
difference between the thermal expansion coefficients of steel and glass result in thermal
deflection and warping of the structure. In order to reduce the percentage of out of
tolerance products, many design alternatives are prepared through product development
process. Testing every design alternative can be costly and time consuming, therefore,
a simulation methodology predicting the behavior of the structure through manufacturing
stage is needed. Finite element analysis is used in order to develop a methodology
for the manufacturing process simulation of enamelled steel products. Viscoelastic and
elastic material models are used and the results are compared. The validation of the
analysis methodology is done with rectangular enamelled steel plates manufactured in
Arcelik production facility. The methodology then applied to oven cavity. The oven
cavities manufactured in Arcelik facility were measured dimensionally with Coordinate-
Measurement Machine and the coating thicknesses were measured with elcometer. Finite
element analysis results were compared with Coordinate-Measurement Machine results.
Additionally, Dynamic Mechanical Analyzer was used for characterization of glass in order

to obtain its temperature dependent material properties.



OZET

EMAYE CELIiK YAPILARIN SONLU ELEMANLAR YONTEMI ILE ANALIZI

Emaye yapilar pigirici cihazlarda, duvar panellerinde, reaktorlerde ve 1s1 esanjorlerinde
yogun olarak kullanilmaktadir. Kimyasal ve fiziksel asinmaya kars1 direncleri ve hijyenik
olmalar1 emaye iiriinlerin bu alanlarda siklikla kullanilmalarim1 saglamistir. Emaye celikler,
celik ve cam katmanlarindan oluan kompozit bir yapdr. Bu yapida, ¢elik substrat gorevi
gorlir ve {istli cam tozu ile kaplanr. Termal proses ile cam tozu eritilir ve siirekli bir
cam filmi oluturulur. Cam ve ¢elik katmanlarinin termal genlesme katsayilar1 arasindaki
fark yapida biikiilme ve ¢arpilmalara sebep olur. Uriin igin belirlenen toleranslarn disina
cikmis pargalarin ylizdesini azaltmak i¢in {iriin gelistirme siireci dahilinde bircok tasarim
alternatifi hazirlanir. Tiim tasarim alternatiflerinin fiziksel olarak test edilmesinin pahali
ve zaman alic1 olmasi sebebiyle, emaye yapinin iiretim prosesi siirecindeki davranisini
tahmin edebilen bir simulasyon metodolojisine ihtiya¢ bulunmaktadir. Uretim prosesi
simulasyonunu gercekletiren bir metodoloji gelistirmek icin sonlu elemanlar yOntemi
kullanilmigtir. ~ Viskoelastik ve elastik malzeme modelleri ile analizler yapilmis ve
sonuglart karsilagtirillmistir.  Analiz metodolojisinin validasyon calismast Arcgelik liretim
tesisinde hazirlanmis dikdortgen emaye celik plakalar kullanilarak yapilmistir. Dogrulanan
metodoloji, firin sasi parcasimin analizi i¢in kullamilmistir.  Argelik iiretim tesisinde
iiretilen firin sasileri koordinat 6l¢iim cihazi ile boyutsal olarak Ol¢iilmiis, cam filmi
kalinliklar1 elkometre kullanilarak tayin edilmistir.  Sonlu elemanlar analizi sonuclar
boyutsal 6l¢iim sonuglart ile karsilagtirllmistir. Bunlara ek olarak, dinamik mekanik analiz

cihazi kullanilarak cam numunelerin sicakliga bagli saklama modulii hesaplanmustir.
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1. INTRODUCTION

1.1. VITREOUS ENAMELLING

Vitreous enamelling is a coating method where glass is fused on a substrate to obtain
superior properties. Glass frit, which is powdered glass and binder, is coated on substrate,

then fused to obtain a continuous glass layer.

Substrates such as sheet metal, cast iron, aluminum, stainless steel and copper can be

enamelled [1].

Basic characteristics that make enamelling preferred to other coating types are:

Aesthetic look on coated substrate

Scratch and wear resistance

Every desired color and tint can be applied and color wont fade with time

Adds corrosion resistance to coated metal

Non-Toxic

Ease of cleaning

High temperature resistance

Enamel coating is resistant to fire, cold and hot weather, thermal shock, acidic or basic
corrosion, organic solvents and atmospheric agents. Due to properties mentioned, enamel
coatings are used in general industrial applications, in communication applications and in

household goods [2].

1.2. ENAMELLED STEEL

Enamelled steel is a composite structure where the metal substrate, whether it is in sheet

or bulk form, is coated with a thin film of glass. Enamelling the steel substrate is done to

overcome the physical and chemical attacks on the surface. Superior properties of enamelled



steel which are being hygienic, resistance to corrosion, scratch and other chemical and
physical attacks make it an ideal application for household appliances such as cooking
ware, sanitary ware, bath tubs and hot water boilers. Also, enamelled steel has many other
applications in industry due to its superior properties. Silos, chemical reactors, cisterns,
water purification reservoirs and some parts of heat exchangers are made out of enamelled
steel [3]. In Figure 1.1, enamelled steel components used in different applications can be

seen.

Architectural
Panels

Oven Cavity Pot

Heat Exchanger

Oven Tray Chemical Reactor Parts

Figure 1.1. Enamelled sheet metal products.

Sheet metal parts are formed and welded before the enamelling process. Sheet metal acts
as a substrate for enamel application. The enamelling process starts with the preparation
of a wet slurry of glass frit and colouring ingredients. The slurry is applied on degreased
and prepared sheet metal surface manually or automatically by specialized robotic systems
with nozzles. After this stage, firing cycle is applied to obtain a continuous glass layer.
Firing cycle starts from room temperature and increases up to 830-850°C, where glass frit
particles fuse and form a single layer. From this temperature, enamelled part is cooled down

to room temperature. After firing step, enamelled steel part is naturally cooled down to



room temperature. There can be more than one layers of coating. For some applications, a
primary layer(Ground coating) of coating is applied in order to coat the outer layers(cover
coating) or to improve the new layers adhesion. There can be more than one firing stage
for a multilayered enamelled sheet metal part. Figure 1.2 represents the enamelling process

steps.

Electrostatic
Coating with Glass
Frit

Manufacturing of Cleaning and
Sheet Metal Parts Surface
Preparation

Natural Cooling to
Quality Control Room
Temperature

Firing up to 830-
850°C

Figure 1.2. Enamelling process.

1.3. DISTORTION OF THE ENAMELLED SHEET METAL STRUCTURES

Although its superior properties on hygiene, corrosion and scratch resistance, enamelled
sheet metal parts show up significant distortion problems during manufacturing stage. The
enamel-steel system is a bi-material system where layers of different materials comes up
with different modulus of elasticity and thermal expansion coefficients. Glass layer has a
lower thermal expansion coefficient than steel below glass transition temperature. Because
of the difference, residual stresses are developed during cooling stage. Figure 1.3 shows the
thermograph of enamelled steel manufacturing. Since the enamelled part is deviated from
the primary design, further assembly onto this part can end with spalling and chipping of

the enamel coating.

Glass frit is applied on sheet metal which form a layer of glass powder. Since there are no

bond between the glass powders, it can not develop any stress. At cooling stage, generally
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[ ——] ﬁcompnssswe STRESS
- n enamel
t

Figure 1.3. Manufacturing thermograph [5].

below softening temperature of the glass [5], glass layer start to develop stress. Above glass
transition temperature, glass layer has a higher thermal expansion coefficient than steel.
Glass layer has tensile stress and steel layer has compressive stress at this stage. Glass
transition temperature of glasses used in enamelling are around 510°C and 530°C [29].
Below glass transition temperature, glass has a lower thermal expansion coefficient than
steel. From glass transition temperature to room temperature, residual stresses developed
distort the enamel-steel system. At room temperature, glass layer is under compressive and
steel layer is under tensile stress. Distortion of the enamelled sheet metal parts results with
out-of-tolerance products. These distorted products are usually fail during quality control

stage.

Losses due to faulty enamelled steel products affect the industry in serious manner. Design
for manufacturing should be applied in order to reduce the faulty product ratio. Product
design for enamelled steel parts needs to be designed with support of analysis. Physical
testing of every design change applied by the designers will be costly. To shorten the
duration of the design stage and increase the number of design variations in order to produce
the best possible component, virtual testing of the design becomes crucial. A thermo-
mechanical finite element model that take the temperature dependent mechanical properties

of glass and metal layers can predict the distortions after manufacturing.



2. THEORY

2.1. ANALYTICAL CALCULATION OF THERMAL DEFLECTION
BI-MATERIAL SYSTEMS

Formulations are developed with the analogy of bending of two bonded layers with no slip at
the interface [10]. By using these formulations, one can calculate the thermal deflections and
thermal stresses developed during cooling from neutral temperature to room temperature.
Enamel layer behaves as an elastic material below T so enamel/steel composite system
can be taken as two bonded layers with different elastic properties. Figure 2.1 represents
two bonded layers. E, ¢t and o are Youngs modulus, thickness and coefficient of thermal

expansion.

Figure 2.1. Bonded layers with different elastic properties [10].

Two different materials have different thermal expansion coefficients. If oy > «y, with
decreasing temperature the layer with higher thermal expansion coefficient will shrink more
than the other layer. Both layers are bonded so they cant move with respect to other. Because

of this, composite system will bend because of the bending moment as shown in Figure 2.2.

The forces in each layer are equal to obtain equilibrium.



Figure 2.2. Bended composite system [10].

The equilibrium of moments

h
P§ = M, + M, (2.2)
Bending moments are;
E I
M, = (2.3)
p
E.I.
M, = (2.4)
P
Moment of Inertia of two layers are;
bh.’
I, = 2.5
12 2.5)
3
I, = s (2.6)

12



Substituting the bending moments in (2.2)

h Eel. + Esl;
PS =M.+ M, = Dele ™ Bols
p

(2.7)

Thermal expansion of the layers develops tensile, compressive forces and bending. Strain

in each layer are;

h

s = sAT =
€ «Q + b + 2
P h

e — eAT —
€ Q + L. ate 2

Since there is no slip at the enamel/steel interface, strains are equal;

€5 = €
P Pk
AT Bs G AT — fre
St E Ty bhoE.  2p

Letting m be enamel/steel thickness ratio;

General equation for thermally induced curvature of composite beam[11];

1 6(ce — ) AT(1 4+ m)?
p hB((1+m)2) + (14+mn)(m2+ L))

mn

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)



To simplify the formulation, we need a parameter, K [9],

3(1 +m)?

B (3((1+m)2) + (1 +mn)(m2+ L))

mn

The equation becomes

]- e s
L (P Yy
0

)

Thermally induced deflection at the tip of the composite beam is;

Kb?
d = —(ae — ay) AT
h
Maximum stress in enamel layer
P 1
max B heEe
Omaz(€) = — 35 2
Maximum stress in steel layer
P 1
max = - hsEs_
Omar(s) = =g+ B

Stress in enamel layer at a given point in z-direction

)
0e(2) = Omaz(e) ﬁEez
Stress in steel layer at a given point in z-direction
o
0s(2) = Omaz () E.z

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)



2.2. VISCOELASTIC BEHAVIOR

When some materials get under rapid elastic action and then held at that condition, they
undergo a slow and continuous increase of strain. When the stressing condition is removed,
material exhibit an initial elastic recovery and continuous strain decrease with a decreasing
rate. These materials are sensitive to the rate of stressing and straining. Such materials are

considered as viscoelastic [14]. Figure 2.3 shows the different strain responses to a constant

load.

ot
T
E
Permanent Strain
—
0 t, t

Figure 2.3. Various strain responses to a constant load [14].

Viscoelastic materials show elastic and viscous behaviour during deformation. Such
materials can be mathematically modelled by using elements that simulate these two
characteristics. They can be modelled with combination of dashpot and spring elements

shown in Figure 2.4.

Spring element demonstrates Hookean behaviour and dashpot element demonstrates
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Spring Dashpot
(Elastic) fViscous)
F

(a) (b)

Figure 2.4. Maxwell model elements: (a) Spring, (b) Dashpot [15].

Newtonian behaviour for liquids. Hooke’s law for solids,

(2.22)

SIS

In the equation, o is the stress, € is the strain and E is the Young’s modulus.

The viscous behaviour shows non-Hookean behaviour and has resemblance with Newtonian

materials. In these materials, stress is proportional to first derivative of strain[16].

Newtonian law for liquids,

dy o
— == 2.23
i~ (2.23)

In the equation, o is the stress, 7 is the viscosity of the fluid in the dashpot and 7 is the strain.

2.2.1. Creep, Recovery and Relaxation

Viscoelastic response of materials under different loading and unloading conditions are

defined as creep, recovery and relaxation.
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2.2.1.1. Creep

Creep is the time-dependent and permanent deformation of materials under constant load.
It is observed in all kinds of materials [6]. Creep phenomenon is generally explained in
three stages. First stage is the primary stage where creep occurs with a decreasing rate. The
second step is called the secondary stage. In this step, creep deformation continues with a
constant rate. The third stage is named as tertiary stage. In this stage, creep deformation

occurs at an increasing rate which ends up in fracture [14].

Total strain of the material at any time is represented as sum of elastic strain ¢° and creep

strain €¢,

€=¢"+¢€ (2.24)

2.2.1.2. Recovery

When the load on the material is removed, elastic strain of the material is reversed. Also,

some part of the creep strain recovers with a decreasing rate.

For metals, only a small portion of time-dependent creep is recovered. On the other hand,
for plastics, large portion of the time-dependent creep can be recovered. Some plastics may

fully recover the creep strain if the enough time is allowed [14].

2.2.1.3. Relaxation

If a viscoelastic material is subjected to constant strain, developed stress will decrease with

time in a decreasing rate as shown in Figure 2.5 and 2.6.
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Figure 2.5. Creep and recovery [14].
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Figure 2.6. Stress relaxation under constant strain [14].
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2.2.1.4. Stress Relaxation Behaviour in Enamelled Steel Systems

Stress relaxation is mostly known as a behaviour related to metallic and polymeric materials
but glasses also show this behaviour. At elevated temperatures, glasses show time dependent
relaxation and stresses developed during cooling stage recovers with time. Stress relaxation

1s associated with viscoelastic behaviour.

Stress relaxation behaviour of glass is strictly dependent to temperature. This behaviour can

be considered into three separate temperature regions.

Constant stress gy was applied on the glass sample at time ¢, and removed at time ¢,. The
time-dependent strain responses to the applied constant stress are illustrated in Figure 2.7

with respect to three different temperature regions.

e Case (1): Below T}, (Glass transition temperature): At this temperature range, glass
acts as an elastic material. Strain due to constant stress o is fully recovered as
expected from an elastic body. Theoretically, path A; — Bs is equal to Cy — Ds.

e Case (ii): In the transition region (Near to 7}), response of the glass to constant stress
09 is both elastic and viscous. Line A3 — B3 — C3 — D3 — F5 shows the elastic and
viscous properties on the same segment. In segment A3 — Bs, instantaneous loading
at ¢y results in elastic response. From Bj to (3, under constant stress o, strain is
both elastic and viscous. When the load is removed at ¢, an instantaneous recovery
occurs, which is shown in segment C'3 — D3and the amount of recovery at this instant
is equal to A3 — Bs. In segment D3 — Ej3, time dependent recovery continues. The
non-recoverable strain is equal to the segment '3 — Fj.

e Case (iii): Above glass transition region: In segment A, — By — Cy — D, strain
response of the glass to constant stress oy can be seen. Glass behaves as a viscous
material in this temperature region. When instantaneous load is applied at ¢, there
are no instantaneous elastic strain. Material shows time dependent strain is segment
Ay — By. As stress is removed at ¢1, material does not show recovery as expected
in elastic bodies. Segment C'; — D, is the non-recoverable strain, the material has

permanent viscous strain after ;.
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Case(): T<<T, Eft}
{Below transition region)

Case (i): T>>1, e{t)
(Above transition region)

t i,

Figure 2.7. Strain behaviour under various temperature zones [15].

2.2.2. Continuum Viscoelasticity Formulation

Glass behaves as a viscoelastic material for temperatures around its glass transition range.
Unstable and temperature influenced mechanical behavior in this region makes the use of

viscoelastic material model necessary in order to predict the deformation of the enamelled
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product correctly. In this section, small-strain viscoelasticity, mathematical models
for viscoelastic material response, time-temperature superposition principle, thermo-

rheologically simple behaviour and Narayanaswamy model are discussed.
2.2.2.1. Hereditary Integral Formulation

The constitutive equations used for viscoelastic materials are dependent on entire history
of stress and strain state. This behavior can be indicated by hereditary integrals which are

derived by taking stress and strain development during successive timesteps into account.
2.2.2.2. Small-Strain Viscoelasticity

A constitutive relation taking stress relaxation into account can be developed in hereditary

integral formulation.

t
d
0ij(t) = /0 Gijr(t —7) 6217{7)657' + Gijri(t)ew (0) (2.25)

t — 7 is the time interval, G, are the stress relaxation functions. Stress relaxation functions
represent the stress relaxation response of the material to an applied strain. The relaxation

functions can be indicated by using Prony series. [32]

N
—t
Gin(t) = G5y + Y Gl exp - (2.26)
n=1

where \" is relaxation time, G5}, is the long term modulus. The short term or instantaneous

modulus can be described by,
N
n=1
Using this formulation, stress can be considered as summation of the stresses in a

generalized maxwell model. Generalized Maxwell or Wiechert model is a mathematical

model to indicate the stress relaxation behavior of a material. Elastic behavior of the material
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is modeled with a spring and viscous behavior is modeled with a dashpot analogy[33]. The

stress is therefore,

oii(t) = oy (t) + Y ali(t) (2.28)
n=1
where
Uz?jo = G%‘)klE(t) (2.29)
¢ deg (T
oty = [ Ghuep -yt 230)
0

Generalized maxwell model is represented in Figure 2.8. In order to discretize the

Figure 2.8. The generalized Maxwell model [32].

constitutive equation, incremental approach is used. The total time is divided into timesteps
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At=t,, + t,,_1. Incremental equation for total stress is formulated as,

N

Avij(tm) =[Gy — Y 1 =BGl ] Aeg(tm ZO‘ AT (b — AL) (231)

n=1

where
—A
a"(At) =1 —exp )\nt (2.32)
and
B (At) = " (At)— 7 (2.33)

2.2.2.3. Isotropic Viscoelastic Material

Glass is an isotropic material due to lack of orientations in its microstructure. Therefore,
it fits the isotropic viscoelastic material definition around its transition temperature. For an
isotropic viscoelastic material, volumetric and deviatoric behavior are time dependent and

described by bulk and shear modules. These two behavior are decoupled.

The shear and bulk modules are indicated in a Prony series [32],

N
—t
Gt)=G*+)» G'exp— 2.34
(t) ; P (2.34)
al —t
K(t)= K K" — 2.
(t) + Z exp v (2.35)



Deviatoric and volumetric component matrices are expressed as,

(4/3 2/3 2/3 0 0 0]
2/3 4/3 2/3 0 0
(2/3 2/3 4/3 0 0
] - 0 0 0 10
|

0

o o o O

o 0 0 0
o 0 0 0

| —— |
3
<)
—_
I
o O O = =
o O O = =
o O O = =
o o o o o o©
oo o o o o o
o o o o o o

Incremental equation for total stress is then expressed as,

Ng

Ao(tm) = [G° =) [1—Bi(A)G mgAe(ty)

(KO = S[1 = BL(ADK | m, Ae(ty)
=3 (@At — AD)) — 3 (@At — A1)

n=1

where

Acl(tm) = BT (A G g Ae(ty,) — aljol(ty, — At)

18

(2.36)

(2.37)
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Aol (ty,) = B (A K" m, Ae(ty,) — alol (t, — At) (2.38)

2.2.2.4. Time-Temperature Superposition

Time-temperature characterization of polymeric materials and glass-forming liquids require
a large number of tests in their expected working temperature range. These tests to measure
relaxation modulus or creep compliance of a material are done for constant temperatures
and can take long periods of laboratory work. This kind of discrete tests for different
temperatures are both expensive and time consuming. Some properties of the viscoelastic
materials can be measured at different temperatures for shorter time intervals and by shifting
the resulting curves on to a reference curve of arbitrary temperature, a composite curve that
represent the material property for all temperatures and times can be constructed. This
composite curves are called as master curves. In figure 2.9(a), three short time interval tests
are done for different temperatures, 71,7,, 75 where T5 > T, > T3. Also there is a long
duration test result for 7. In figure 2.9(b), short duration curves are shifted on to curve
of the reference temperature, 7,.. By this method, a master curve that represent material

property for 77,7, and 75 in a larger time duration is obtained. Time-temperature shift

enables us to obtain the property, P, for time ¢ and temperature, 7', from the data obtained

for temperature 7. The transformation from ¢|7 to |7, is done by the shift ar (7, T,)[37]:

t
log(t|7.) = log (%) (2.39)

Master curve is determined for a reference temperature and time. The property function

calculated from master curve is,

t
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log t

Figure 2.9. Tests at different temperatures and time-temperature shifting [37].

Applying time-temperature superposition into relaxation modulus can be stated as,

t
M@E,T)=M| ——=,1: 241

0= (G T 24D
Materials which time-temperature superposition principle is viable are named as thermo-
rheologically simple materials . These material behavior is discussed in section 2.2.

Time-temperature superposition principle can be used for derivation of their constitutive
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equations. The relaxation modulus and creep compliance of these materials are M(t) and

C(t), so the constitutive equations for all constant temperature are,

o(t) = M (ﬁ) e(0) + /Ot M (%) %e(s)ds (2.42)

() =C (ﬁ) o(0) + /Ot C (%) %J(s)ds (2.43)

Time-temperature superposition principle up to this point is derived for constant
temperature. To use the principle for nonconstant/variable temperature states, a shift
function which is dependent on position and time is needed. For this purpose, a shifted

or reduced time argument is derived [37].

¢ dr
3 :/0 ar(T(x,7),T}) (2.44)

By using reduced time, constitutive equations applicable for varying temperatures can be

derived.

o) = M(E)0) + | RCE €)% (5)ds (245)

(t) = C(&)a(0) + / O(6 — &) o(s)ds (2.46)

2.2.2.5. Thermo-Rheologically Simple Behavior

The rate of processes in viscoelastic materials are highly dependent on temperature
variation. These rate changes cannot be ignored when there is a noticeable temperature
change. The response functions shift translationally with respect to change of temperature
along a logarithmic axis. When this shift occurs without changing the shape of function, it is

called simple. The materials exhibit this behavior are characterized as thermo-rheologically
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simple materials.

A reduced time for a given temperature can be defined for Thermo-Rheologically Simple
materials according to temperature field. Viscoelastic equilibrium and compatibility

equations are not equal to the elastic equations when the shifted time is used.

In case of Thermo-Rheologically Simple materials, all characteristic functions obey the
same property. The shape of the shift function stays the same in any temperature but
shifts with respect to temperature variation. This behavior can be seen in figure 2.10 where

relaxation modulus shifts paralel to time axis [32]. Er(Int) is the relaxation modulus as a

Figure 2.10. Shift of relaxation modulus at different times [32].

function of In ¢ at uniform temperature, T.

Er(Int) = Epollnt + £(T)] (;%) (2.47)

With increasing temperatures, modulus curve increases towards shorter times and shifts left.
f(T') is a positive increasing function for 7" > Tj. Relaxation modulus as a function of time

at a constant temperature 18,
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Therefore,
Gr(t) = Gro(§) (2.49)

When the temperature is not constant, the shift fuction is a(7'(x,t)), the rate of change of

reduced time is,
d¢ = ap|T(z,t)]dt (2.50)
Shift function can be specified with respect to Arrhenius equation[32].

InA; = (%) (% = Ti) (2.51)
g

where A, is a time based shift factor. H is activation energy, R is universal gas constant. T

is the temperature and 7, is the glass transition temperature.

An Arrhenius type relation for the appropriate definition of the temperature dependency of

relaxation times is developed [34][36].

t H 1 1 /
f(t,T) = /0 exp (—E (Tref — m))dt (252)

2.2.2.6. Narayanaswamy Model for Structural Relaxation

Narayanaswamy developed a structural relaxation model for design of heat treated processes
where glass exposed to temperature change. In this model, time dependence of physical
properties(volume) are taken into account [35][34]. In glass transition region, molecular
rearrangement rate is fast and occur in scale of minutes and hours. Below glass transition
temperature, viscous properties of the material is dominant and a solidus state is present.
Above glass transition temperature, material get into equilibrium state easily and a liquidus

state exists. With respect to these informations, glass transition phenomenon can be
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explained as a variation of temperature dependence of properties of a liquid while cooling.
When the liquid is exposed to a stress while it is in transition temperature, time dependent
change in dimensions occur because of viscoelasticity of the material. If a liquid in
its transition region is subjected to a instantaneous temperature variation, time-dependent
change in volume occurs as indicated in figure 2.11(a). This process is called structural
relaxation [32]. Suppose that a glass is at 77, then instantaneously cooled down to 75 at
to. Sudden change in volume is o, (7% — 77) continuing with relaxation towards V' (oo, T5).
Total volume change with at ¢; is oy (T, — 17) as shown in figure 2.11(b). Rate of volume
change is controlled by a characteristic time labeled as relaxation time [32]. Parameter o, is
thermal expansion coefficient of glass in solid state and «; is thermal expansion coefficient

of glass in liquid state.

T,
TH
(a)
T
I -
iy t
V(D,T4)

(b) V(0,T5) }—

V(wT5) |—

Figure 2.11. Step input for temperature and volume change [32].
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The slope dV/dT in figure 2.12 changes with respect to «; at higher temperatures
and «, for lover temperatures. Glass transition temperature 7, lies in the middle of
the transition region. At lower temperatures, atoms vibrate but cannot make relatively
large displacements. On the other hand, at higher temperatures, atoms can make larger
displacements because of liquid-like state of the glass. Because of this fact, volume changes

in higher temperatures are larger than lower temperatures, so o, is smaller than «.

During heating-cooling cycle, property of the material stays in a nonequilibrium temperature
that lags behind the applied process temperature. This nonequilibrium temperature that
the material resides is called as fictive temperature, 7. If the applied temperature is 77
but the material shows nonequilibrium behavior of fictive temperature, this temperature
can be indicated by 74(7}). Fictive temperature can be determined by drawing a line
from V(1) with slope of «; and another line starting from V' (77) with slope of «,. The
temperature at the intersection of these two lines gives the fictive temperature. Below glass
transition region, fictive temperature reaches a temperature where it can no longer change,

this temperature is called glass transition temperature 7;,.  The volume change can be

V(T}

I"i'fl::Tj} I].|
Liquid
Siate
VI(T4)

L— Transition Range

Tp

e

uN
Tz Ty Tg TdT4)

Figure 2.12. Volume change as a function of temperature [32].
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described as,

V(Ty,t) = V(T1,00) + ag(Ts — Ty) + (g — a,)(Ty(t) — T) (2.53)

where Tf(T) is instant value of the fictive temperature. The response function, My, controls

the value of 7'; and material property. It is assumed to be linear.

V(t) — V(o0)
V(0) = V(o0

— M(e(t) = =) @54

By time-temperature superposition of Boltzmann, fictive temperature at any time can be

calculated.

d

Ty(t) = T(t) —/_ My (€(1)) —E(t/)E(T(t/))(dt') (2.55)

Reduced time, £(t), is used to unite different response curves into a single master curve.

The reduced time in MSC Marc follows the equation:

£(t) = /_ ; %dt/ (2.56)

Tref 18 reference relaxation temperature at reference temperature 7,..;. The relaxation time

T at a particular time and temperature can be indicated as,

H 1 x 11—z
T = Tyef €XP (_E> (T ; _T_( T )> (2.57)

The parameter x controls how many percent of the fictive temperature participates to

relaxation time. It is also called as fraction parameter and ranges between O to 1. H is

the activation energy and R is the universal gas constant. A response function is,

My (§) = exp <—§) (2.58)

T

Multiple response functions cannot exist but multiple response functions can be summed
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with respect to their weights.
My (&) = En (Wy)iexp (—§> (2.59)
; T

where > (W,); ~1.

In Daudeville and Carre’s work[39], the effect of structural relaxation on the thermal strain

18 shown as,

€th, = ag(T(t) — Tf(t)) + Oél(Tf(t) = To) (2.60)

2.3. DYNAMIC MECHANICAL ANALYSIS

DMA (Dynamic Mechanical Analysis) can be described as application of an oscillating
force to a sample and analyzing the response of the sample material to that applied force
[17]. Researchers can calculate properties like viscosity from phase lag between the applied
force and material’s response. Also, modulus of the sample material can be learned from
the recovery. These properties are associated with material’s damping property, which is the

ability to lose energy as heat.

DMA is widely used in polymeric materials in order to determine 7}, curing temperature
and so on. In same manner, glasses can be analyzed by DMA in order to determine time-
dependent modulus, creep, recovery and stress relaxation properties. As we know, these
properties are traditionally calculated by tensile or compressive testing. The difference of
DMA with traditional methods is that the analysis is not static, rather dynamic. Also, results
are obtained from material’s damping properties and they can be obtained in short time

intervals.

Fig 2.13 shows the section view of a Perkin-Elmer DMA 7e. There are many sample shapes

and interchangeable measuring systems for these shapes. Temperature that the experiment
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is held can be changed because measuring system and sample are in a furnace.

DMA applies an oscillatory force which causes a stress pattern changing sinusoidally with
time. Fig 2.14 shows the sinusoidal patterns of applied stress and material’s response. By
calculating the amplitude of deformation and the phase lag between two waves, viscosity

and damping can be determined. F} is the oscilllatory force and Fj is the static force [17].

Force Motor

Coil
—=— Magnet

—— Temperature Enclosure
LVDT

Core Rod

Interchangeable
Measuring System

Furnace
=~ Heat Sink/Cooling System

Figure 2.13. Section view of Perkin-Elmer DMA 7e [17].

The modulus calculated by DMA is not exactly the same as Young’s modulus. Young’s
modulus is the slope of the stress-strain curve in elastic region. However, in DMA, complex
modulus £*, storage modulus £’ and loss modulus £ are determined. These three different
moduli enables us to determine the material’s ability to recover and store energy F’, ability
to lose energy E” and also the ratio of these two parameters tand, which is known as

damping [17].

E*=FE'+iE" (2.61)
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Material
response

Figure 2.14. Applied stress and material response [17].

1

E*
nt=— (2.63)
w

In Fig 2.15, relationship between storage and loss modulus can be seen. As material
becomes more elastic, § angle gets smaller. For a perfectly rigid material, 6 would be zero

and £* and £’ would be equal. Tendency to flow is calculated as viscosity and shown as n*.

In Fig 2.16, DMA of nylon can be seen. Change of storage modulus and tand with
temperature should be noted. Upper line represents storage modulus and lower line is the

tand.
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Figure 2.15. DMA relationships [17].

2.4. PREVIOUS WORKS ON FEA OF ENAMELLED STEEL

Enameled steel structures have been studied on subjects such as microstructure[23] [24],
cleanability [27], scratch resistance [23], chemical attack resistance [28], aesthetics [26]

and mechanical response during manufacturing [9][5][29].

Van Abeele et al. [9] studied enamelled cantilever beam by first using the Timoshenko
thermostat theory. Deflection and stress results for cantilever beam layers are calculated
by analytical formulation. In addition, finite element analysis of enamelled cantilever plate
is done and validated with Klotz test. In Klotz test procedure, an enamelled steel sample
is heated by electric current thermal deflection of the sample is measured by an inductive
displacement sensor. In the same time, temperature is measured with an infrared pyrometer.
By this method, thermal deflection at stated any temperature can be observed. Van Abeele
et al. have done finite element simulations of the enamelled steed sample and validated with
the Klotz test. After the validation of the model, several enamelled steel parts line baking

tray, hob top and architectural panels are done.

Cooreman et al. [5] searched thermal warping and sagging of enamelled steel parts using
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Figure 2.16. DMA of Nylon [17].

integrated finite element simulations. User subroutines which allow stress and structural
relaxation effects are implemented in Abaqus are used to predict the mechanical behavior
of enamelled steel parts. Stress relaxation can be explained in terms of constant strain and
constant stress. Under constant strain, stress will decrease exponentially. Under constant
stress, strain will increase gradually. Structural relaxation implies that thermal expansion is
not only depend on temperature but also thermal history of the material. 7, can change with
different thermal history and this effect is related with structural relaxation.

Son et al. [29] developed a finite element analysis methodology to predict mechanical
behavior of enamelled steels. The study is done with u-bending model. The technique
involves sheet metal forming analysis and thermal analysis. Thermal analysis is done
in order to simulate the manufacturing process. Analysis and experiments are done for
different enamel layer configurations. After the simulations, deformations of specimens are
measured. Validation study is done with springback comparison between the FE analysis

and experiments. In order to model the glass transition effect in enamel layer, the elastic

modulus of glass is given as approaching to zero above 450°C.
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3. MATERIALS AND METHODS

Enamelled sheet metal is a composite system composed of glass and metal layers. Metal
layer acts as substrate for the glass layer. To perform manufacturing analysis of a enamelled
sheet steel component, temperature dependent material models should be used. In this

chapter, material properties are given and analysis methodology is discussed.

3.1. GLASS

In the production temperature range of enamelled sheet steel, glass material undergoes a
transition range called the glass transition range. Many properties like thermal expansion
coefficient, modulus of elasticity and viscosity change in accordance to if the temperature is

below or above glass transition temperature, 7.

3.1.1. Properties of Glasses

By definition, “Glass is an amorphous solid completely lacking in long range, periodic
atomic structure, and exhibiting a region of glass transformation behaviour.” [4]. A material,
rather it is organic, inorganic or metallic, which exhibits glass transformation behaviour is a

glass.

Non-crystalline materials such as glass solidify differently than crystalline materials. As the
glass cools down, its viscosity increases continuously with decreasing temperature. There
is no unique liquid to solid transformation temperature for glasses. One of the differences
between crystalline and non-crystalline materials is that, glasses exhibit a dependence of
their specific volume (volume per unit mass) on temperature. Figure 3.1 represents the
change of specific volume over temperature. Crystalline materials exhibit a discontinuous
decrease of specific volume at the melting temperature, 7;,. Non-Crystalline materials
show a continuous decrease of specific volume with decreasing temperature. Upon this
temperature reduction, slope of the curve slightly decreases at a particular point what is

defined as glass transition temperature, or fictive temperature, 7,,. Below the glass transition
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temperature, material is considered as glass. Above this temperature, material is considered

as supercooled liquid and at elevated temperatures as liquid [6].

Liquid

Supercooled

[} i
= |
: |
o c " "
= f Crystallization
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Q
j= 8
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[
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| solid |
| |
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Figure 3.1. Specific volume change of materials [6].

Change of viscosity with changing temperature is another important characteristic of glass-
manufacturing operations. Fig.3.2 shows the viscosity versus temperature (Logarithmic) for

several types of glasses. Several viscosity values are important in glass forming processes.

e Melting Point: Temperature that the viscosity is 10Pa-s. At this temperature, glass is
fluid enough to be considered liquid.

e Working Point: Corresponds to the temperature at which the viscosity is 103Pa-s. At
this temperature, the glass can be deformed easily.

e Softening Point: The ultimate temperature at which the glass piece can be handled
without causing significant deformation. The viscosity is 4 10°Pa-s.

e Annealing Point: Temperature that the viscosity is 10'2Pa-s. At this temperature,
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e Strain Point: Below this temperature, fracture will occur without any plastic

deformation. Viscosity is 3 10'®Pa-s at this temperature[6].
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Figure 3.2. Viscosity change of silica glasses [6].

3.1.2. Characterization of Glass

Identification of material properties like glass transition temperature and thermal expansion

coefficient require material characterization tests. For identification of these properties,

thermal dilatometric analysis is used. Also, for identifying the chemical composition of

the glass frit, XRF(X-Ray Flourescence) analysis is done.
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3.1.2.1. Thermal Dilatometric Analysis

Changes in dimension of a specimen through the thermal changes in its environment can
be precisely measured with dilatometer. Measurements that can be done with dilatometer
are determination of thermal expansion, phase transformations, kinetics studies, softening
points, phase diagram construction and sintering temperatures and rates. Dimensional
changes of the specimen can be used in order to determine the process parameters by using

the thermal cycles which is used in exact process [12].

Dilatometric analysis of the glass frit sample is done by using Netzsch 402c dilatometric
analysis device. Temperature range of the analysis is from 20 C° to 650 C°. The heating
rate is 10 C°/minute. The glass frit is annealed at 1250 C° for three hours, then poured in a
mold to obtain a sample suitable for dilatometric analysis. The analysis result is presented

in Figure 3.3.
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Figure 3.3. Dilatometric analysis of glass.

3.1.2.2. X-Ray Flourescence Analysis

Composition of the glass frit is determined by XRF analysis. X-ray flourescence is an
analytical technique to determine the elemental composition of materials. This was done

by measuring the secondary x-ray emitted after the material is excited by a primary x-ray
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source. Every element has its unique secondary x-ray which can be seen as a fingerprint
of that element. Semi-quantitative XRF analysis is done by Panalytical PW 2404 X-ray
flourescence spectrometer.The compounds in glass frit and their percentages are presented

in Table 3.1.
Table 3.1. Quantification of glass frit XRF results.

Oxides | Concentration(%)
Na,O 12.945
F 0.826
MgO 0.136
AlyO5 1.374
SiO, 57.274
P,0; 0.029
SO3 0.672
K->O 5.571
Cl 0.031
CaO 2.466
TiO, 4.072
Cry05 0.920
MnO 2.954
Fe, 03 5.442
Co30,4 1.584
NiO 0.245
CuO 0.515
ZnO 0.010
SrO 1.264
71O, 0.334
MoO3 0.032
BaO 1.301
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3.1.3. Temperature Dependent Properties of Glass

As mentioned in section 3.1.1, mechanical properties of glasses change with respect to
viscosity and temperature. Viscosity decreases as temperature increases. There are two
approaches about the change of modulus of elasticity through manufacturing stage. As
indicated in section 1.3, modulus of elasticity curve can be given as an input up to 7y in
order to predict the deformations below neutral stress point which is about 350-380°. The
second approach is to define the temperature dependent modulus of elasticity up to 600-
650C° as indicated in Figure 3.4. According to Cooreman, there is a temperature where
glass becomes capable of stress development. At temperatures higher than this point, glass

is viscous enough to relax sufficiently without causing a deformation in glass-steel system.

Glass_Elasticity
Elasticity (x10000) (MPa) MSC A Software
g 1
0 |
0.2 6
Temperature (x100) (°C)

Figure 3.4. Temperature dependent modulus of elasticity of glass.

Glass frit has a similar chemical composition to window(Soda-Lime-Silicate) glass.
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Poisson’s ratio for window glass does not change significantly with respect to increasing

temperature, therefore taken as 0.22 throughout whole analysis [31].

Dilatometric analysis graph is shown in Figure 3.3. Glass transition temperature, 7 is
determined as 500°C. Thermal expansion coefficient, « is determined by the slope of the
curve as 1.03-1075 % Carre et al. [38] mentioned that the thermal expansion coefficient of
glass in liquid state is three times the solid state. In this study, thermal expansion coefficient

. . . . _ 1
of glass layer in liquid state is taken as 3.09 - 1075 5.

3.1.4. Viscoelastic Characteristics of Glass

Glasses can be accepted as viscoelastic material in its glass transition region as mentioned
in section 2.2. In this study, viscoelastic material properties of soda-lime-silica glass is used.
Study of Carre et al. [38] is taken as a reference for viscoelastic material modelling. The
deviatoric, volumetric and structural relaxation parameters are presented in Tables 3.2, 3.3

and 3.4. Reference temperature is, T,.r =596°C:

Table 3.2. Deviatoric part of viscoelastic characteristics [38].

Wi T14
0.09256167 | 0.0002219596
0.1021670 | 0.001672941
0.1387652 | 0.02163904
0.1990315 0.2103019
0.2605422 0.9835313
0.2069324 3.376455

The characteristics used in reduced time calculations are, x=0.5 and % = 76200K



Table 3.3. Volumetric part of viscoelastic characteristics [38].

W2 T24
0.02223075 | 0.000030801
0.02240328 | 0.00061147
0.02871376 | 0.0012435

39

0.2136628 0.011836
0.3940633 0.073738
0.3189240 0.125040

Table 3.4. Structural relaxation parameters [38].

C; A
0.0561 | 51.67
0.5074 | 231.55
0.2163 | 629.36
0.1320 | 1710.9
0.0408 | 4650.0
0.0421 | 20845

3.2. STEEL

In enamel-steel system, steel acts as a substrate for glass layer. Temperature range of
manufacturing is between 830-850°C to room temperature. Mechanical properties of steel
change with temperature. Temperature dependent modulus of elasticity, Poisson’s ratio and
thermal expansion coefficient graphs must be used in order to model the material behavior

correctly.

For enamelling process, there are specialized steels that are suitable for enamelling.
Adhesion, formability and surface properties of these differ from other type of steels.

Steel sheets for enamelling are low carbon and cold rolled. There are distinctive



40

characteristics that distinguish enamel-quality steel sheets from other low carbon sheets.
These characteristics are mainly due to differences in sheet metal production processes.
In this respect, enamel quality sheets are separated from other low carbon but not enamel

quality sheets.

3.2.1. Classification of Cold Rolled Steel Sheets for Enamelling

It is possible to classify the steel sheets for enamelling under three groups. These are:

Decarburized (Type 1), normal (Type 2) and interstitial-free (Type 3) [7].

e Type 1: By application of sheet decarburization, extremely low carbon content is
achieved. This steel sheet is sufficient for direct cover coat enamelling. Also, this
material is applicable for ground and cover coat enamelling. It shows sag resistance
and good formability.

e Type 2: This steel is applicable for ground and cover coat enamelling applications.
The composition of Type 2 steels are obtained through melting operations.

e Type 3: This steel is an interstitial-free steel and applicable for ground and cover coat
enamelling. Composition of the Type 3 steels are obtained through melting operations.

It has excellent formability and good sag resistance[8].

These three different sheet metal grades can be classified according to their mechanical

properties or their ability to be used directly in enamelling processes.

The tempered sheet metal has different standards according to TS EN 10209, ASTM A 424,
ISO 5001, EN 10209 coded standards. Although the basic sheet characteristics specified in

these standards are the same, there are minor differences in classification patterns.

3.2.2. Temperature Dependent Mechanical Properties of Steel

Increasing temperature affects the mechanical properties such as modulus of elasticity,

Poisson’s ratio and thermal expansion coefficient. With increasing temperature, stretching of

the atomic bonds becomes easier therefore mechanical properties dependent on these bond
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stretching resistance decreases. DCO4EK is used in oven cavity component. Temperature

dependent mechanical properties of DCO4EK steel is shown in Figures 3.5, 3.6 and 3.7.

Steel_Elasticity MSC A Software
Elasticity (103) (MPa)
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1.36
2 6
Temperature (x100) (°C)

Figure 3.5. Temperature dependent modulus of elasticity.

3.3. MANUFACTURING OF ENAMELLED STEEL SAMPLES

For validation of the enamelled steel manufacturing finite element simulation, rectangular
enamelled steel plates of DC04 grade are manufactured. Experiment was held at Arcelik

Cooking Appliances Facility at Bolu, Turkey.

Manufacturing process starts with laser cutting of sheet metal specimens from sheet metal
roll. Specimens are 200 mm in length, 50 mm in width and has 1 mm thickness. In order to
attach the specimens on to conveyor line, two circular holes of 7 mm diameter are opened.

Oil and dirt coming from both roll and cutting process must be cleaned before enamelling
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Figure 3.6. Temperature dependent Poisson’s ratio of steel.

process starts. Cleaning process is done by putting the steel specimens in a cleaning solution
for one hour. After the cleaning process, the specimens are dried and get into coating stage.
Specimens are hung on conveyor line which gets them into coating chamber as shown in
Figure 3.9. Glass frit is sprayed from specialized nozzles. Two sides of the rectangular
specimens are coated with frit. In order to measure the bimaterial deflection effect correctly,
one side of the specimen is cleaned out of frit. This cleaning stage is done by hand. After
this stage, conveyor carries the specimens into furnace where the glass frit is melted and
form a continuous film on sheet metal. The temperature-time graph of the furnace stage can
be seen in Figure 3.8. Total process time in the furnace is 19 minutes and it starts from 20°C

up to 840°C and then cool down to 20°C again.

The glass film thickness was measured using an elcometer from the five specified points on

each sample. Measurement points are shown in Figure 3.10.
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Figure 3.7. Temperature dependent CTE of steel.
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Figure 3.8. Thermograph of the enamelling process.
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Figure 3.9. Uncoated sheet metal sample on conveyor line.

19 samples were prepared and measurements were taken from the specified points. Table

4.1 shows the thickness values of each specimen on each specified point in micrometers.

The arithmetic mean of the glass thickness values are 121.9 micrometers. Therefore, the

thickness of glass layer in enamel-steel system will be taken as 0.122 mm.

To measure the deformation caused by the bimaterial effect, samples are positioned in such
a way that two ends are touching the surface. The deflection in the middle part is measured
with a caliper. All the samples are measured as indicated in Figure 3.11. Table 4.2 indicates

the deflection of each sample in +z direction.
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Figure 3.10. Glass film thickness measurement points on specimen.

Figure 3.11. Bimaterial deflection measurement.

3.4. MANUFACTURING OF ENAMELLED STEEL OVEN CAVITY

Oven cavity is an enamelled steel product act as a chassis component for ovens. All
the systems and components are mounted on oven cavity. The deformations on this
component directly affects the further performance of the oven. An improperly mounted
system or component will bring quality and functionality problems. To design better oven
cavities, engineers should try different designs and end up with a robust design. The
manufacturing process of oven cavity involves sheet metal forming, joining and enamelling
stages. Producing a prototype for every design idea can be costly. Therefore, a valid
finite element model that predicts the deformations after manufacturing stage has great

importance.

Manufacturing of oven cavities involve three stages. Forming of sheet metal parts of oven
cavity, joining of these parts and enamelling the joined sheet metal component. In this study,

forming and joining stages of oven cavity are not covered.
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Enamelling stage is performed as similar to enamelled steel sample manufacturing stage
as mentioned in section 3.3. Formed sheet metal parts are joined to produce a sheet metal
oven cavity body. After this step, the grease and dirt cleaned with an acidic solution in
industry scale baths. Cleaned oven cavities are dried out-of this solution and get into
coating stage where a nozzle spray glass frit and the interior of the oven cavity is coated
with this powder electrostatically. It is impossible to be only coating the interior of the oven
cavities. The exterior surface is coated either. But the thickness of the coating on exterior
surface is relatively small comparing to interior, which will be mentioned in the following
chapter. Then the oven cavities go into heating stage where the glass powder melt and form
a continuous glass layer which is known as enamel. Figures 3.12, 3.13 and 3.14 shows the

uncoated, glass frit coated and finished oven cavities on production line.

Figure 3.12. Uncoated oven cavities on production line.



Figure 3.14. Finished oven cavities.
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3.5. DIMENSIONAL MEASUREMENT OF OVEN CAVITIES

3.5.1. CMM Measurement

Oven cavities are measured by Zeiss Contura CMM (Coordinate Measurement Machine) in
Arcelik Bolu Cooking Appliances Factory. There are two measurement stages, uncoated and
enamelled. The components are measured with respect to CAD models and their deviation
is calculated. 19 separate oven cavities with same design and manufactured by the same
production process are measured and the arithmetic mean of the deviations are presented.
By using coordinates of points on the oven cavity, 21 separate dimensions on each oven
cavity are measured. In Figure 3.15, CMM measurement of uncoated oven cavities can be

seen.

Figure 3.15. CMM measurement of uncoated oven cavity.

Table 4.4 indicates the arithmetic mean of measurements taken from 41 points on 19 separate
oven cavities. Location of the measured area, direction, CMM measurement, measurement
same point or distance between two points from CAD model and deviation between samples

and CAD model are presented. All the measurements are in millimeters. CAD model of the
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oven cavity and its parts can be seen in Figure 3.16.

Oven Cavity Front Part

U-Chassis Top Part

Rear Part Hinge Support
Brackets

Figure 3.16. CAD models of oven cavity and its parts.
Figures 3.17 and 3.18 show the locations of the points measured. From measurement 1 to
17, distances between opposing shelfs are given. From 18 to 21, distance between the flat

surface of the front part and rear part are given.

After CMM measurement, uncoated oven cavities are put into enamelling process. After
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Figure 3.17. CMM measurement points from 1 to 17.

this process, the same oven cavities are taken into CMM measurement and the same points
indicated in Table 4.4 are measured again and the results are shown in Table 4.5. The
deviation between uncoated and coated (Enamelled) oven cavities are also presented. All
the measurements are in millimeters. In Table 4.5, measurements taken from coated oven

cavities can be seen.

3.5.2. Coating Thickness Measurement

Thermal deformation of enamelled steel components are directly related to thickness of the
glass coating thickness on steel substrate. Since the glass frit is sprayed from a nozzle while
the oven cavities are attached to production line, coating thickness of glass can vary on
different parts on the component. The glass coating thickness of 19 separate oven cavity
samples are measured with Dr. Nix QNix 4500 coating thickness measurement device.
Arithmetic mean of the thickness values are given in micrometers. Table 3.5 indicates the

mean thickness values for the parts.
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Figure 3.18. CMM measurement points from 18 to 21.

Table 3.5. Coating thicknesses of different parts.

Part Mean Coating Thickness (m)
Front Part 108.0395
Top Part 139.4105
U-Chassis 137.2196
Rear Part 127.2737
Hinge Support Brackets 50

3.6. FINITE ELEMENT ANALYSIS

Deformation prediction of enamel-steel systems require implementation of computational
methods into account. Analytical and numerical methods are used in order to compute the

deformations occur after manufacturing due to bimaterial effect.
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Finite element analysis (FEA) is a method used for numerical solution of a wide range of
engineering and physics problems. These problems can be heat transfer, structural analysis,
electromagnetic potential or mass transport problems. Analytical solution of these problems
can be time consuming or even be impossible. In addition, complex geometries used in many
engineering applications complicate the computability of an exact solution. In order to have
a good approximation and solving engineering and design problems, numerical methods

such as finite element analysis are used.

In finite element analysis, rather than dealing with a continuous problem, the structure is
divided into finite number of well-defined components which are called finite elements. By
using finite elements, continuum problems can be discretized. Discrete problems with a

large number of finite elements can be solved by modern digital computers.

A finite element can be visualized as a small piece of a structure with well-defined
morphology [19]. Modeling a structure with finite elements arise the question of
representation of the actual geometry. By using finite elements, the model will be an
approximation of the structure. In order to model the structure more accurately, different
types of elements are developed. There are one, two and three-dimensional elements.
Elements are connected to each other from points which are called nodes. Table 3.6 shows
some element types. It should be noted that nodes are not always on the tips, but also
can be on the edges of the elements. These type of elements are referred as quadratic
and their element formulation is different than linear elements. Dividing the structure into
elements and nodes is the main strategy in finite element method. Divided model, which is
an assemblage of elements and nodes, is called finite element mesh. Figure 3.19 shows finite

element mesh of a gear tooth. 6 node triangular elements are used to model the geometry.

3.6.1. Element Type Selection

In finite element analysis, good representation of the geometry will enable the analyst to get
the nearest approximate result to the actual values. Modeling different geometries require
different element types in order to achieve a good representation. As mentioned before,

there are one, two and three-dimensional elements. There are also elements that represent



Table 3.6. Finite element types [20].

Type

(&S]

1D Beam Element (Quadratic)
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2D Triangular Quadratic Element

2D Quadrilateral Quadratic Element

3D Tetrahedral Element

T2 3D Brick Element
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xu

Figure 3.19. Two-dimensional finite element model [19].

welds, springs, dampers or gaps. In Table 3.7 element types, shapes, additional input data
and their practical applications can be seen. Beams, rods, bars, pipes can be modeled with
1D elements with a predefined cross-section. Structures where the size at one dimension
is quite smaller than the other two dimensions (Sheet metal parts, plastic parts etc.), these
materials can be modeled with 2D elements, on other words, shell elements. When all three

dimensions are comparable with each other, three-dimensional elements are used.

3.6.1.1. 2D Elements

Structures which has two dimensions much larger than the third-dimension can be
discretized with 2D elements. Shell elements are planar and they can be visualized like
paper [21]. Size of the third-dimension or thickness can be assigned with additional input

data by the analyst. For better representation, middle surfaces of the thin walled structure
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are extracted. Figure 3.20 shows the middle surface of a thin plate. Since middle surfaces

are two dimensional, half of the thickness is assigned to top and bottom.

200

500, 300 >> 10 mm
LI>>>Y

Figure 3.20. Thin walled structure [21].

Problems that can be represented in two dimensions arrive with the need for different
2D element formulations. Plane stress, plane strain, plate, membrane, thin shell and
axisymmetric solid are some of these element types. Each element has its own application

area which is shown in Table 3.8.
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Table 3.7. Element type selection [21].

Type and
Data Application
Shape
L Rod, bar, beam, pipe,
. 1D Area of
DI axisymmetric,  Longshafts,
® Element, Cross-
beams, pin joint, connection
Line Section
X>>>V2 elements, etc.
Midsurface
2D Thin shell, plate, membrane,
Element, Thickness plane stress, plane strain,
Quad, Tria axisymmetric solid, etc.
X,Z>>> Y
3D
Element,
Transmission casing, engine
Solid,Tetra, | None
block, crankshaft,etc.
penta, hex,
e pyramid
J— E Other Mass, Spring, Damper, Gap,
9 Elements Rigid and Weld Elements

3.6.1.2. Thin Shell Elements

Thin shell elements is the most general type of 2D elements. Unlike the other members
of 2D element family, every node in a shell element has 6 degrees of freedom. In figure
3.21, degrees of freedom in a shell element are represented. U, Uy, U, are translational and

0., 0,, 0. are rotational degrees of freedom.
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Table 3.8. 2D finite element types [21].

Element Type Total # of DOF | Application

Plane Stress 8 Thin sheet metal parts like aircraft

skin, narrow beams

Plane Strain 8 Underground pipes, wide beams,
dams
Plate 12 Bending load application
Membrane 12 Balloon, Baffles
Thin Shell 24 Most general type of 2D elements,

used in many applications

Axisymmetric Solid 8 Pressure  vessels, objects of

revolution

3.6.1.3. Shell Elements with Composite Properties

Composite material is the combination of two or more dissimilar materials. These
constituent materials are physically and chemically different from each other. When
they combined into a composite, the resulting material has superior properties from its
constituents. Finite element analysis of composite structures require specification of the
layers according to material properties, thickness and orientation. There are many finite
element analysis packages which can carry out composite analysis like MSC Nastran, MSC
Marc, Altair Optistruct, Abaqus etc. A finite element preprocessor with composite modeling

capacities should be used for correct modeling the structure.

Altair HyperMesh is a finite element preprocessor which is capable of generating large-
scale finite element models. Preprocessing starts with importing CAD file into HyperMesh
to exporting the finite element model into solver. Programme has developed shell element
composite modeling capabilities and a specialized GUI in order to define the laminate

properties is available.
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Figure 3.21. DOF in a shell element [21].

Composite structure is modeled with shell elements. An example of a shell meshed
composite structure is shown in Figure 3.22. Different colors on model points to different
ply stacking sequences. Ply stacking is set from Hyperlaminate GUI. As shown in Figure

3.23, ply stacking sequence is regulated with respect to element normal.

By using Hyperlaminate GUI, as shown in Figure 3.24, material, thickness and orientation
of plies can be entered as input. Also, failure mechanism of the composite material can be

defined.

In this study, composite properties are defined in MSC Marc. Rather than using property
cards as in HyperMesh, composite material properties are defined by using composite

material card in MSC Marc.

3.6.2. Manufacturing Process Modelling of Enamelled Steel Sample

In order to validate the finite element model of the enamelled steel manufacturing, samples

with simple geometry are produced in Arcelik Bolu Cooking Appliances Factory. The

displacements are measured from the samples as indicated in Section 3.3.
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Symmetry Plane

Figure 3.22. Finite element model of a composite structure [22].

Element normal direction

Figure 3.23. Ply stacking sequence and element normal direction [22].

3.6.2.1. Analysis Methodology

A methodology to perform manufacturing simulation of enamelling process is developed.
Since the sample is a sheet metal plate with glass layer, a surface model is designed. The
surface is meshed with 2D finite elements with quad and tria elements. Desired element
size is 5.00 and the minimum element size is 2.49 mm which is close to the holes on the
sample. For modelling and meshing steps, Altair Hypermesh is used. Figure 3.25 represents

the surface and finite element models of the sample.

Preprocessing step is performed with Hypermesh and the finite element mesh is exported
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Figure 3.24. Composite property input by Hyperlaminate GUI [22].

into MSC Marc. In version 2017.2 of Altair Optistruct, shell elements with composite
property are not compatible with temperature dependent material models. Due to this,

analysis continues with MSC Marc.

Temperature dependent material models of steel and glass are introduced with mechanical
property versus temperature tables. Also, temperature versus time tables are inputted in
analysis to solve the problem with structural dynamic transient method. Time-temperature
graph of the enamelling process is shown in Figure 3.26. At point (a), sheet steel sample is
coated with glass frit. At this point, the temperature is 20°C and the frit cannot develop any
stress since it is in powder form. At point (b), where temperature is 840°C, glass frit fuses
and forms a viscous layer, due to low viscosity, stress relaxation process is rapid enough
to prevent any stress development until point (c). At point (c), temperature is 600°C and
viscosity becomes high enough to allow stress development in enamel layer. From (c) to

(d), where it becomes 20°C again, the thermal deformation occurs due to different thermal
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L.

Figure 3.25. CAD and finite element models of the sample.

expansion factors of steel and glass layers.
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Figure 3.26. Manufacturing thermograph.

Rather than modelling whole 19 minutes of enamelling process, analysis is divided into two
stages, heating and cooling. In the heating stage, which covers from point (a) to (c), sample
is heated only with steel property from 20°C to 600°C. There is no stress development and
no bending effect from point (a) to (c), it is reasonable to take the sample as if it is only
steel. The expanded finite element mesh is then imported into second stage, cooling. At

this point, (c), it is 600°C and composite material properties are applied. The cooling stage,
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which is from 600°C to 20°C, is done with composite material properties where steel and

glass layers are present.

Temperature-time graph of heating stage can be seen in Figure 3.27(a). Since there is only
steel property and there are no heating rate effect in the material model, this stage is set as
heating from 20°C to 600°C in 1 seconds where analysis time is divided into 50 timesteps.
Each timestep covers 0.02 seconds in heating stage. The cooling stage, however, is highly
dependent on cooling rate where stress and structural relaxation parameters are present in
material model. Therefore, whole temperature-time graph from point (c) to (d) is set. The
cooling stage takes 585 seconds. The cooling stage is divided into 2340 timesteps where
every timestep covers (.25 seconds. The temperature-time graph of cooling stage is shown

in Figure 3.27(b).

Geometric properties of the shell elements are set as 3D Shell. Thickness is inputted as 0.82

mm (0.7 mm steel and 0.12 mm for glass layers).

For steel layer, elastic-plastic isotropic material model is used. Temperature dependent
modulus of elasticity, Poisson’s ratio and thermal expansion coefficients are given. For
glass layer however, three different material model scenarios are applied. These are; single
thermal expansion coefficient, two thermal expansion coefficients (solid and liquid) and two

thermal expansion coefficients with viscoelastic properties.

Initial and boundary conditions for heating are specified as state variable nodal temperature.
Initial condition for heating stage is 20°C and boundary condition is given as increasing
nodal temperature according to time-temperature table shown in Figure 3.27(a). Also,
gravity is defined in x-direction and in order to avoid rigid body motion, zero-displacement
in x-direction boundary condition is applied for two nodes at the very end of the sample
as indicated in Figure 3.28. For cooling stage, initial condition is 600°C. The thermal
boundary condition for this stage defined with respect to Figure 3.27(a). Similar gravity
and zero-displacement boundary conditions applied in the heating stage were also applied

in the cooling stage.
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Figure 3.27. Time-temperature graph for heating and cooling stages.
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Figure 3.28. Displacement boundary conditions in x-direction.

Due to time-dependent temperature variation of the analysis, structural dynamic transient
loadcase is used. Total analysis time and respective timesteps for heating and cooling stages

are defined in two different loadcases.

The second part of the methodology is cooling stage. As a result of the heating analysis,
we obtained an expanded finite element model. This finite element model is imported into
cooling analysis. Importing the expanded finite element model is done by first opening
the result file(.t16) in Hyperview, a postprocessor program developed by Altair, and the
expanded model is exported in Nastran format(.bdf). The expanded finite element model is

then imported into MSC. Marc and prepared for cooling analysis.

As mentioned above, the sample is cooled down from 600°C to 200°C with 0.25 second
timesteps. In this stage, material model is selected as composite. The layer thicknesses
are specified in this part. At the end of the cooling analysis, the deformed finite element
mesh is obtained. The deformed mesh is imported into Altair Hypermesh to measure the
deformation in the middle-area of the sample, just like the measurement of the real sample
as indicated in Section 3.3. Figure 3.29(a) shows the displacement in z-direction. In order
to measure the displacement of the deformed finite element mesh correctly, two nodes are
selected from both ends and a line is created by these nodes. The middle point of this
line is marked with a node. Then the distance from this node to the middle area of the

deformed mesh is measured. The results are nearly similar with the arithmetic mean of the
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Figure 3.29. Displacement in z-direction.

sample deformation in z-direction. In Figure 3.29(b), the measurement system can be seen.

Manufacturing simulation flowchart is indicated in Figure 3.30.

3.6.3. Preprocessing of the Oven Cavity Finite Element Model

Preprocessing of oven chassis is done with Altair Hypermesh. Since shell elements will
be used, middle surfaces of 3D parts are created. The finite element mesh is created with
BatchMesher GUI in Hypermesh. BatchMesher is an automatic mesher which works with
the element quality criteria inputted by the user. Figure 3.31 shows the element criterias

specified by the user. Targeted element size is 3 mm with minimum element size of 0.5 mm.



Preprocessing with
Hypermesh

FE Mesh is imported into MSC
Marc

Applying I.C. and B.C.
(Heating Stage)

Heating from 20°C to 600°C
as steel

Applying I.C. and B.C.
{Cooling Stage)

Cooling from 600°C to 20°C
as composite

Postprocessing with MSC
Marc and Hyperview

Figure 3.30. Manufacturing process simulation methodology flowchart.
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The resulting finite element model has minimum element size of 0.5 mm and total number

of elements are 141700.

Eriteria] Parameters ]

Target element size: 3.00

[ Advanced Criteria T able

Checks On|  Fail[individual Methods ~|
Min Size v 0.50 | Minimal height -]
Max Size v 15.00
Aszpect Batio ¥ | 1000 | Hypertesh j
W arpage v EEI.EIEIJ Hypeitdezh ﬂ
Max Interior &ngle Quad | ¥ | 150,00
Min Interior Angle Quad | W | 30,00
M ax Interiar Angle Tria v 130.00
Min Interiar &ngle Tria v 20.00
Skew [w ED.tItI]HyperMesh j
Jacaobian v 0.50 |At inteqration points ﬂ
T aper [ D.ED|HyperMesh ﬂ
% of Trias v 6.00
* [ Use min length from timestep calzulataor
Min Size On|  Fail
User input [w 0.50
Bazed on time step v 4.511

Figure 3.31. User specified finite element quality criteria.

In order to reduce CPU time and eliminate convergence problems, welded areas between
the parts are not modelled and these parts (U-Chassis, rear and top parts) are united into
a single body. The front part is linked to the rest of the oven chassis and hinge support
brackets by rigid body elements. Figure 3.32 shows the finite element model of the oven

cavity. Different element colors indicate different parts of oven cavity.

As mentioned in Section 3.3, glass layer thickness of different parts of the oven cavity has
different values. In Table 3.9, glass and steel layer thicknesses of oven cavity parts are

indicated.
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Figure 3.32. Finite element model of oven cavity.

Table 3.9. Thicknesses of oven chassis parts.

Part Steel(mm) | Glass(mm) | Composite(mm)
Front 0.8 0.108 0.908
Top 0.6 0.139 0.739
U-Chassis 0.6 0.137 0.737
Rear 0.8 0.127 0.927
Brackets 1.25 0.05 1.3

The analysis methodology is the same with enamelled sample mentioned in Section 3.6.2.

The enamelling simulation of the oven cavity has two parts, heating and cooling.

Boundary conditions are applied to three nodes on the rear part as displacement and rotation
on x-axis are inhibited. Since the gravity is applied in negative x-axis direction, the boundary
conditions simulate as if the oven cavity is hanged and the front gap is oriented to the ground.

In Figure 3.33, direction of gravity is indicated. At the end of the analysis, MSC. Marc result
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MSC X Software

-

Figure 3.33. Oven cavity and the direction of gravity.

file(.t16) is opened in Hyperview and exported in Nastran format(.bdf). This file is opened

in Hypermesh and the dimensions mentioned in Section 3.4 is measured on nodal basis.

3.7. DYNAMIC MECHANICAL ANALYSIS

3.7.1. Fixtures and Sample Geometries in DMA

Fixtures can be get into two groups with respect to the type of applied load.

3.7.1.1. Axial Fixtures

e Three-Point and Four-Point Bending

e Dual and Single Cantilever



Parallel Plate and Variants

Bulk

Extension/Tensile

Shear Plates and Sandwiches

3.7.1.2. Torsional Fixtures

Parallel Plate

Cone and Plate

Couette

Torsional Beam and Braid
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In order to measure storage modulus of glass, the most suitable testing method is three-point

bending. Unlike polymers, glasses are more sensitive to tensile stresses than compressive

stresses. Constraints on the sample should not produce extra tensile stresses in order to avoid

premature fracture. Because of this fact, cantilever fixtures are eliminated.

+ J N
l r‘NF ‘\\Depih iz)
3 Q‘J e
*
= :

Displécement (Ay)
le—- wigth (x) —

v | ae

Figure 3.34. Three-point bending test fixture [17].
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3.7.2. Dynamic Mechanical Analysis of a Soda-Lime-Silicate Glass Specimen

Young’s modulus of glass layer in enamelled structures has a great importance in order to
successfully predict the mechanical behaviour of the structure during manufacturing and
application stages. Dynamic mechanical analysis of a SLS(Soda-Lime-Silicate) glass is

done to measure the storage modulus and tan ¢ with respect to temperature and frequency.

TA Instruments DMA Q800 dynamic mechanical analyzer is used in these experiments. The
specifications of the device is listed in Table 3.10 . Its working temperature range is enough
to spot the glass transition temperature of SLS glass, which is around 500°C. The output
values of the TA Q800 DMA are storage modulus, loss modulus, compliance, tan d, complex
modulus, complex/dynamic viscosity, creep compliance, relaxation modulus, temperature,
static/dynamic force, time, stress/strain, frequency, sample stiffness and displacement.

Figure 3.35 is the device used in tests.

Figure 3.35. TA Instruments DMA Q800.



72

Table 3.10. Specifications of TA Instruments DMA Q800 [21].

Maximum Force 18 N
Minimum Force 0.0001 N
Force Resolution 0.00001 N
Strain Resolution 1 nanometer
Modulus Range 10? to 3210'? Pa
Modulus Precision +1%
Tan ¢ Sensitivity 0.0001
Tan 0 Resolution 0.00001
Frequency Range 0.01 to 200 Hz
Dynamic Sample Deformation Range | £0.5 to 10000m
Temperature Range —150 to 600°C
Heating Rate 0.1 to 20°C'/min
Cooling Rate 0.1to 10°C'/min

3.7.2.1. Samples, Deformation Modes and Experiment Theory

Three-point bending test is widely used for brittle materials to measure their modulus of
elasticity and flexural stress-strain response. For brittle materials, clamping can be a reason
for premature cracking. Therefore, a non-clamping method such as three-point bending is
suitable. The deflection at the center of the sample is the used to measure the modulus of
elasticity. Figure 3.36 shows the glass specimens used in DMA. Specimens have changing

length from 30 to 50 mm, 12 mm width and 2 mm thickness.

The deflection at the center of the sample with a rectangular cross section is defined as

P}
 48EI

(3.1)

Wo

where wy is the maximum deflection, P is force, L is length and [ is the moment of inertia.



Figure 3.36. Glass specimens.

Figure 3.37. Glass specimen in three-point bending mode.
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4. RESULTS

4.1. THERMAL DEFORMATIONS IN ENAMELLED STEEL SAMPLES

4.1.1. Coating Thickness and Thermal Deformation Measurements of the Sample

Coating thickness of samples are measured with Elcometer. The results given in
micrometers are shown in Table 4.1. Also, thermal deformations are measured as mentioned

in Section 3.3.

Arithmetic mean of the displacement values in Table 4.2 is 6.17 mm (in z-direction).

4.1.2. Validation of Analysis Methodology: Experimental and Numerical Results

To ensure the accuracy of a finite element model, validation with simple geometries is a
logical method. For comparison, a plate composed of glass and steel layers is manufactured
in Arcelik-Bolu Cooking Appliances factory in Bolu, Turkey. The manufacturing and
deformation measurement procedures are mentioned in Section 3.3. The finite element
model composed of separate heating and cooling stages are developed by using Altair
Hypermesh (for preprocessing) and MSC Marc. The method involves transient structural
analysis. Temperature dependent material models for glass and steel layers are used. The

results are given in terms of displacement in z-direction.

The experimental and numerical results are given in Table 4.3. There are three methods

which are:

e (i): Thermal expansion coefficient of glass in solid form is applied and constant
throughout the analysis.

e (i1): Two different values of CTE (Solid and liquid) for glass which change at the 7§,.

e (iii): Viscoelastic approach for glass where there are two CTE (Solid and liquid) and

stress and structural relaxation parameters are present.



Table 4.1. Glass film thickness on specified points of the specimen (microns).

Sample | Point 1 | Point 2 | Point 3 | Point 4 | Point 5
1 94 80 81 87 114
2 138 139 138 128 168
3 143 108 117 132 157
4 89 73 88 101 121
5 132 103 131 132 145
6 148 112 107 143 140
7 125 67 79 116 112
8 111 57 74 92 101
9 139 106 124 125 158
10 125 134 155 122 168
11 96 83 76 98 130
12 164 110 106 124 150
13 159 139 143 145 183
14 81 73 77 92 135
15 145 128 114 153 155
16 112 81 75 112 124
17 154 137 136 140 118
18 143 122 165 137 184
19 135 124 130 141 173
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4.2. THERMAL DEFORMATIONS IN ENAMELLED STEEL OVEN CAVITY

Thermal deformations on enamelled steel oven cavities are measured with CMM, as
mentioned in Section 3.5. Numerical simulations of enamelling process of oven cavity
are done with MSC. Marc. Finite element mesh is generated by Hypermesh and rest of the
simulation is prepared and solved with MSC. Marc. The analysis procedure is the same as

enamelling simulation of sample model and the procedure is explained in Section 3.6.2.
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Table 4.2. Displacements of the middle area of samples.

Sample | Max. Displacement (mm)
1 6.2
2 5.6
3 6.1
4 59
5 6.2
6 6.2
7 5.7
8 6.3
9 6.5
10 6.5
11 5.8
12 6.0
13 6.0
14 6.0
15 7.3
16 52
17 52
18 7.6
19 6.9

4.2.1. Dimensional Measurement Results of Oven Cavity

Dimensional measurements of oven cavities are done before and after enamelling process.
Tables 4.4 and 4.5 present the uncoated and coated oven cavities and their deviation from

CAD model.
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Table 4.3. Experimental and numerical results of plate sample.

Displacement in z-direction(mm)
Experimental 6.17
One CTE 4.45
Two CTE 0.32
Viscoelastic 5.61

4.2.2. Numerical Simulation Results of Oven Cavity

At the end of the simulation procedure, the deformed mesh after enamelling process is
obtained. The deformed finite element model is imported into Hypermesh and measured
as nodal displacements. The measured regions are shown in Figure 3.17 and 3.18. The
deviation between the experimental(CMM measurements from coated oven cavities) and
numerical simulation results are compared by deviation between the results. The FEA
results from point 1 to 15 are revised due to use of shell elements. The distance between
shelfs are measured from nodal results but the nodes/elements are placed on midsurface
of the U-Chassis CAD model. Since the thickness of the U-Chassis part is 0.6 mm, 0.6
mm is substracted from the nodal result. By this way, the nodal distances between left
and right shelfs can be compared with CMM results. The simulation was performed with
two different material models for glass layer. First, glass with constant thermal expansion
coefficient. Second, glass with viscoelastic behavior. The results were presented in Tables

4.6 and 4.7.

4.3. DMA RESULTS OF SLS SPECIMENS

DMA device can measure the storage modulus and tan ¢ of the specimen with very small

deflections. The deflection and the size of the specimen is given as an input to the DMA.

Temperature range and increasing rate is also defined by a GUL.



Table 4.4. CMM results from uncoated oven cavities.

No | Direction | CMM (mm) | CAD (mm) | Deviation (mm)
1 zZ 465.3812 466 -0.6188
2 z 465.7773 466 -0.2227
3 z 466.9811 466 0.9811
4 zZ 465.4646 466 -0.5354
5 z 465.9215 466 -0.0785
6 z 466.6832 466 0.6832
7 z 465.5703 466 -0.4297
8 z 465.9811 466 -0.0189
9 z 466.6971 466 0.6971
10 z 465.3805 466 -0.6195
11 z 465.9457 466 -0.0543
12 z 466.8078 466 0.8078
13 z 465.091 466 -0.9090
14 z 465.4369 466 -0.5631
15 z 467.0529 466 1.0529
16 y 78.2154 78.6 -0.3846
17 y 789177 78.6 0.3177
18 X -432.285 -431.2 -1.0850
19 X -433.24 -431.2 -2.0400
20 X -432.5515 -431.2 -1.3515
21 X -432.6617 -431.2 -1.4617
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Experiment is done with three different deflection values and seven different frequencies.

Deflection values are 15, 20 and 30 m. On Figure 4.1, storage modulus and tan 6 changing

with increasing temperature can be seen. Frequency of deformation also effect the storage

modulus results. The frequencies applied are 1, 3, 5 and 8 Hz. Figures 4.2 and 4.3 show

how storage modulus changes with different frequency applied.



Table 4.5. CMM results from coated/enamelled oven cavities.

No | Direction | CMM (mm) | CAD (mm) | Deviation (mm)
1 z 466.1968 466 0.1968
2 z 467.0479 466 1.0479
3 z 468.0965 466 2.0965
4 z 466.3946 466 0.3946
5 z 467.5074 466 1.5074
6 z 468.1603 466 2.1603
” z 466.5364 466 0.5364
8 z 467.8553 466 1.8553
9 z 468.4193 466 24193
10 z 465.9700 466 -0.0300
11 z 467.3563 466 1.3563
12 z 468.0990 466 2.0990
13 z 465.2697 466 -0.7303
14 z 465.9024 466 -0.0976
15 z 467.5818 466 1.5818
16 y 78.0080 78.6 -0.5920
17 y 78.8650 78.6 0.2650
18 X -431.3529 -431.2 -0.1529
19 X -432.4004 -431.2 -1.2004

20 X -432.1947 -431.2 -0.9947

21 X -432.3635 -431.2 -1.1635
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Table 4.6. Numerical simulation results with constant CTE.

No | Direction | FEA (mm) | CMM (mm) | Deviation (mm)
1 zZ 465.919 466.197 0.278
2 z 465.984 467.048 1.064
3 z 466.004 468.097 2.093
4 z 465.768 466.395 0.627
5 z 465.874 467.507 1.633
6 z 465.979 468.160 2.181
7 z 465.708 466.536 0.828
8 z 465.820 467.855 2.035
9 z 465.969 468.419 2.450
10 z 465.678 465.970 0.292
11 zZ 465.827 467.356 1.529
12 z 465.980 468.099 2.119
13 z 465.787 465.270 -0.517
14 z 465.899 465.902 0.003
15 z 466.002 467.582 1.580
16 y 78.600 78.008 -0.592
17 y 78.732 78.865 0.133
18 X 431.119 431.353 0.234
19 X 431.146 432.400 1.254

20 X 431.300 432.195 0.895

21 X 431.298 432.364 1.065
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Table 4.7. Numerical simulation results with viscoelastic behavior.

No | Direction | FEA (mm) | CMM (mm) | Deviation (mm)
1 z 465.894 466.197 0.303
2 z 465.667 467.048 1.381
3 z 466.050 468.097 2.047
4 z 465.698 466.395 0.697
5 z 465.873 467.507 1.634
6 z 466.033 468.160 2.127
7 z 465.622 466.536 0.914
8 z 465.811 467.855 2.044
9 z 466.027 468.419 2.392
10 z 465.580 465.970 0.390
11 z 465.809 467.356 1.547
12 z 466.045 468.099 2.054
13 z 465.558 465.270 -0.288
14 z 465.909 465.902 -0.007
15 z 466.061 467.582 1.521
16 y 78,887 78.008 -0.879
17 y 78.685 78.865 0.180
18 X 431.097 431.353 0.256
19 X 431.132 432.400 1.268
20 X 431.207 432.195 0.988
21 X 431.293 432.364 1.070
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5. DISCUSSION

Enamelled steel components were composed of steel and glass layers which have different
mechanical and physical properties. Enamelling process involves heating and cooling
stages. At first, glass frit (Glass powder) is coated on to sheet metal. Second, glass frit
coated steel is heated up to 840°C and at this temperature, glass frit is fused and form
a thin layer of glass. At this temperature, viscosity of glass is relatively low enough for
molecular arrangements to occur fastly. This causes stress relaxation to occur very quickly,
therefore, stress inside the glass layer do not increase. During cooling stage, between 650°C
to 600°C, viscosity became high enough for stress development in glass layer. After this
temperature, thermal deformation starts to occur. Deformed components. This deformation
causes breakage in the glass layer during assembly. Also, thermal deformations cause
quality problems. Design of enamelled steel products were done in order to minimize the
excessive deformation of the component in manufacturing stage. Before manufacturing,
these design must be tested to find out if it behaves as expected. Testing every design idea
is not time and cost efficient. Using engineering simulation and performing virtual tests
can hinder these time and cost losses. Finite Element Method is a widely used and well-
developed engineering analysis tool and it can be used in enamelling process simulation.
Developing a FEA methodology for enamelling simulation is essential for performing these

virtual tests.

Enamelled steel samples were prepared in order to validate the finite element model which
is then used to analyze a larger structure, oven cavity. Cooreman et al. [5] used a
validation methodology which uses the Klotz test. In Klotz test, a U-Shaped sample was
constrained from one end and tip displacement in the free-end is tracked by Linear Variable
Displacement Transducer (LVDT). In this study, a rectangular sheet steel sample was coated
with glass frit introduced into enamelling process. When compared with the Klotz test, the
method used in this study is cheaper and more suitable for applying in factory conditions
where the researcher can simply attach the sheet metal samples to the production line and
get the prepared samples from the end of the line in a very short time (In our case, 2 hours

for 19 samples). The measurement of the deflection of the samples were done manually
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rather than by using CMM. The reason for this is the CMM machine uses magnets to
stabilize the components. Since our samples are easy to deform with a small amount of
force, this method is not recommended by the CMM specialists in Arcelik Bolu Plant. The
manual measurement of the samples are simulated in nodal displacement measurement in

Hypermesh. It was a very easy and time saving method for measurement of deformations.

Due to time dependent nature of the analysis, dynamic transient structural analysis method
was used in MSC. Marc. At the start of this study, we have planned to perform the analysis in
Altair Optistruct but then it was realized that using temperature dependent material models
with composite shell mesh is not available at the moment. Because of this fact, finite element
mesh prepared in Hypermesh is imported into MSC. Marc for further preprocessing and

solving.

FE analysis of enamelled steel manufacturing process was studied in previous works of Van
Abeele, Cooreman and Son et al [9][5][29]. Van Abeele states that the T (350°C) is the
initial condition and the enamelled steel is cooled down to 20°C. Temperature dependent
Young’s modulus and thermal expansion coefficient is used as they stated. Since they
worked in temperatures where glass layer is fully solid, there are only one thermal expansion
coefficient which is not changing until the 7,. Cooreman et al. state that they have included
stress and structural relaxation into FE analysis by introducing these formulations in a
commercial FEA program with user subroutines. Son et al. accepted the low temperature

CTE constant throughout the analysis.

In this study, previous methodology which do not take viscoelascity into account were
compared with the viscoelasticy included methodology. Three different material model
approaches were used for glass layer. At first, thermal expansion coefficient of the glass is
set as constant throughout the analysis. This method is used by Son et al. [29] in their work.
Secondly, thermal expansion coefficient is changing at the 7,. This method is applied in
order to take phase transformation at the 7, into account. Thirdly, viscoelastic behavior was
included in glass material model. Although there are two thermal expansion coefficients
stated, the deformation results are different than the second case. As it can be seen in

Table 4.3, viscoelastic material model for glass gave the closest results to experimental
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results. Although there are only one thermal expansion coefficient defined, the single
CTE approach had given worse results than viscoelastic approach. This is because of the
presence of stress relaxation and change of thermal strain by temperature which relates to
Equation 2.60. By referring to these results, it is logical to use viscoelastic material model
for thermal deformation analysis of enamel-steel systems. It must be admitted that in this
study, viscoelastic parameters of soda-lime-silicate glass retrieved from the work of Carre
and Daudeville [38]. Since our glass layer is a soda-lime-silicate based composition but
there are coloring agents in order to meet visuality requirements. In this study, we could not
carry out a study on characterization of glass in order to find and derive stress and structural
relaxation parameters. It can be seen that, the results will be much closer if one use exact
viscoelasticity parameters characterized with their own glass composition. In Table 5.1,
the differences between the results were indicated as percentage. The experimental result
was accepted as 100 per cent, numerical simulation results were evaluated according to

experimental result.

Table 5.1. Deviation between experimental and numerical results.

Deviation from Experimental Result(%)
Experimental 0
One CTE -27.88
Two CTE -94.81
Viscoelastic -9.08

First (Constant CTE) and third (Viscoelastic) approaches to glass material behavior were
used in FEA of enamelled steel oven cavity. The CMM measurement of coated oven cavities
were compared with FEA results in Tables 4.6 and 4.7. Displacement between shelfs were
investigated. The deformation behavior in the U-Chassis shelf area is such that the distances
between shelfs are increasing from front to the rear areas of oven cavity. This was also a
situation encountered in CMM results of actual oven cavities. The mismatch between the
distances of rear areas between FEA and actual product can be seen. We assume that this

can be due to several reasons.
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e Welds between the parts were not introduced in the finite element model.

e The sheet metal parts were manufactured by deep drawing process. The residual
stresses and strain hardening of the metal substrate was not included in this analysis.

e Viscoelastic behavior of SLS-glass was used. The glass used for enamelling process
can be assumed as a derivative of SLS-glass according to Table 3.1. However, the
glass transition temperature of the enamelling glass is lower than SLS-glass.

e Thermal expansion coefficient of the enamelling glass is higher than the SLS-glass
because of the coloring agents included in enamelling glass composition.

e Cooling stage of the analysis is started from 600°C. It is assumed that above this
temperature, glass layer can not develop any stress, therefore the structure do not warp.
In reality, limit of stress-free state temperature can be above or below this temperature

as mentioned in Cooreman’s work [5].

In Table 5.2, simulation results of first and third approaches were compared. The
deformation results were nearly the same with a little more deformation observed with

viscoelastic approach.

Shell element moments and curvatures of oven cavity were calculated for first and third
approaches. Since the stress in shell elements are calculated by moments and curvatures, it
is logical to refer these outputs [40]. In Figure 5.1, shell element moments on oven cavity
model is shown. The yellow circle on models represent the area that shell moment versus
temperature curves were retrieved. The shell moment and curvature versus the temperature
results are shown in Figure 5.1. It can be seen that the viscoelastic approach result in larger
shell moments and curvatures. The yellow circles in Figure 5.1 represent the area that the

equivalent of shell moment and curvature results taken in Figure 5.2.

In this study, although the results were not used in material models, DMA was used in order
to characterize the stress and structural relaxation parameters of the glass. We have first
started with SLS glass because of its accessibility. We have prepared samples for three-point
bending mode. Since this mode was referred as the most suitable for glass and ceramics,
because is does not apply tensile loads by constraining the sample, we have made the DMA

analysis with this mode. The results from the DMA show that this method can be used for
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Table 5.2. Numerical simulation results with viscoelastic behavior.

No | FEA(1st) (mm) | FEA(3rd) (mm) | CMM (mm)
1 465.919 465.894 466.197
2 465.984 465.667 467.048
3 466.004 466.05 468.097
4 465.768 465.698 466.395
5 465.874 465.873 467.507
6 465.979 466.033 468.160
7 465.708 465.622 466.536
8 465.820 465.811 467.855
9 465.969 466.027 468.419
10 465.678 465.58 465.970
11 465.827 465.809 467.356
12 465.980 466.045 468.099
13 465.787 465.558 465.270
14 465.899 465.909 465.902
15 466.002 466.061 467.582
16 78.600 78.887 78.008
17 78.732 78.685 78.865
18 431.119 431.097 431.353
19 431.146 431.132 432.400

20 431.300 431.207 432.195
21 431.298 431.293 432.364

determination of temperature dependent storage modulus of glass. Disc shaped SLS glass
samples for compression mode are also prepared characterization of viscoelastic properties
of the sample. This study could not be completed because the maximum force that the DMA
device can apply is insufficient to create a measurable strain. This method can be used with

DMA devices that can apply higher forces in compression mode.
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6. CONCLUSION AND FURTHER WORK

In this study, a glass frit used in enamelled steel component production is characterized by
using XRF and thermal dilatometry methods and effect of using viscoelasticy in analysis of
thermal deformation of enamel-steel systems is investigated. Enamelled steel plate samples
are produced directly in production facility of Arcelik were used in validation study of the
finite element analysis methodology of analyzing enamel-steel systems under temperature
loads. The viscoelastic approach is compared with elastic approach and superiority of the
viscoelastic approach in thermal deformation analysis of glass-steel composite systems are
shown. Furthermore, the viscoelastic approach is used in analysis of oven cavity, which
is also composed of glass-steel layers. The oven cavity is measured with CMM while
before and after enamelling. The differences between actual enamelled oven cavity and
finite element analysis results are shown in Tables 4.6 and 4.7. It can be seen that the results
and deformation behavior of the oven cavity can be predicted with the finite element analysis

methodology presented in this study.

Dynamic Mechanical Analysis(DMA) is used in order to characterize the glass to obtain
its temperature dependent storage modulus and stress relaxation parameters. The storage
modulus of the glass can be predicted by this method.The stress relaxation parameters could
be obtained by using compression mode of the DMA device but the maximum force that the
DMA device can apply is insufficient to create a measurable strain. This characterization

can be achieved with a DMA device that apply sufficient force.

Viscoelasticity of the glass layer is modelled with SLS glass viscoelasticity parameters. In
order to increase the accuracy of the FE analysis, the glass used in enamelling process should

be investigated in depth to obtain the viscoelasticity parameters.
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