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ABSTRACT

A Study on Thermal Deformation Analysis of
Aluminum Casting Tire Mold

Park, Keun-Uk
Advisor : Prof. Oh, Yool-Kwon Ph.D.
Dept. of Precision Mechanical Engineering

Graduate School of Chosun University

In this study, the thermal deformation inside teminum casting tire mold was
analyzed using the numerical analysis method andg wevestigated using the
experimental method. The metal casting device ufmd manufacturing the tire
mold products for automobiles in the actual indabtfield was selected as an
analysis model, and Al-Mg system alloy (AC7A) wigalsed for metal casting was
selected as the mold material. For the numericalyais, "COMSOL Multiphysics",
the commercial code based on the finite elementysisa(FEA), was used in order
to predict the thermal deformation of the AC7A imihg temperature, displacement
and stress distribution. Also, in order to veriffhet results calculated by the
numerical analysis, the experiment for temperatmesmasurement inside the tire mold

was performed using the K-type thermocouple undee tsame condition of

- X -



numerical analysis method.

In the numerical results, the results of the iogpltemperature, displacement and
stress distribution inside the tire mold using tmetal casting method was better
than those of the sand casting method and was iregrdhe cooling completed
time. Also, the analysis results by the pre-heatemhperature conditions of metal
casting device revealed that thermal deformatioarastteristics inside the tire mold
is the most suitable for manufacturing mold producivhen the pre-heated
temperature of core and casting device is abou€ 8hd 300C, respectively. In
detail, the displacement inside the AC7A tire moMhs closely related to the
temperature difference. The displacement for 15utem in the metal casting device
appeared to be larger at the center parts of tiodd niiread part) than on its sides,
and the one calculated for the time until it wagnptetely cooled at atmosphere
temperature after it was removed from the metaltirmpasdevice appeared to be
larger on the measurement points of 1, 4 and 7 tteratmosphere than on other
points. Moreover, the stress inside the AC7A tireldnappeared to be larger at the
center parts of tire mold (tread part) because ld shrinkage caused by the
cooling speed difference for the initial 15 minytesd larger on the measurement
points 2, 5 and 8 when the mold was removed from thetal casting device
because of slow cooling speed. From these numerialysis conditions and
results, when the temperature distribution calealaby the numerical analysis and
the one actually measured by the experiment wempaced with each other, it
appeared that there was a slight temperature eiféer between them because of
the latent heat of the AC7A during the phase chapgecess but their cooling

patterns were almost similar results.

_xi_
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5500 2 o]Fojx dom AEZFH 3sxAHl= Aluminum Association, Inc.

[21]¢} Metal Handbook[22] Al #| A3+ ke =83 om AAS ke Table 1

o Aelstidd.

Tire Mold
(ACT7A)

Core
(Gypsum)

Molding Sand
(SiOz)

Fig. 3 Analysis model of sand casting device

Metal Casting (Upper part)

SUS 303

Tire mold
(ACTA)

Core

(Gypsum)

Metal Casting (lower part)
SUS 303

Fig. 4 Analysis model of metal casting device
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Table 1 Chemical composition of AC7A casting materi

Ingredient Content[%] Ingredient Content[%)]
Cu 0.25 Ni 0.05
Si 0.2 Ti 0.2
Mn 0.6 Pb 0.05
Zn 0.15 Sn 0.05
Fe 0.3 Cr 0.15
Mg 35 ~55 Al 925 ~ 945

T3, B AFoM AlgFz FYHF RN THEHOZ ALFHE FEAQ
AC7A 221y HE[21-22F Ed= e JA4LS 9 A" 3ol A

[23-24]= 7+7} Table 2} 39 Aste e Aot

Table 2 Thermophysical properties of AC7A castingtenial

Properties Unit Value
Solidification Temperature C 590
Melting Temperature C 640
Thermal Conductivity W/m K 140
Young's modulus GPa 70
Poisson's ratio - 0.33
Density kg/m’ 2670
Specific Heat kJ/kg K 0.88
Thermal Expansion Coefficient - 23.6 x 10

_23_



Table 3 Physical properties of Gypsum (Core)

Properties Unit Value
Thermal conductivity W/m K 0.1627
Young's modulus GPa 131
Poisson's ratio - 0.27
Density kg/m’ 2320
Specific heat kJ/kg K 1.006
Thermal expansion coefficient - 4.15x10

EEERRS EE

1>

= &% Bolo 229 FAMHS Al AR A
T} FEA9] EAMA= 77} ASM Engineered Materials Reference Book[Z5]
Metals handbook[26] #| A1 ¥ xS == Table 4} 59 Azlste] Y],

TFEFE WS & FAMNHE A A& =¥ AL SUS30E A
o=}

A9 2™ Handbook of Stainless steels[27] #t& &=&3le] 1 54 XS Table

Table 4 Physical properties of SC42 (Steel AISI ()34

Properties Unit Value
Thermal conductivity W/m K 445
Young's modulus GPa 205
Poisson's ratio - 0.29
Density kg/m' 7850
Specific heat kJ/kg K 0.475
Thermal expansion coefficient - 12.3x10

- 24 -



Table 5 Physical properties of molding sand

Properties Unit Value
Thermal conductivity W/m K 1.4
Young's modulus GPa 70
Poisson's ratio - 0.17
Density kg/m’ 2200
Specific heat kJ/kg K 0.73
Thermal expansion coefficient - 0.5x10

Table 6 Physical properties of SUS 303

Properties Unit Value
Solidus temperature C 1400
Liguidus temperature C 1420
Thermal conductivity W/m K 16.2
Young's modulus GPa 200
Poisson's ratio - 0.25
Density kg/m’ 8000
Specific heat kJ/kg K 0.183
Thermal expansion coefficient - 1.2X10

_25_
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Upper part of metal casting device
° R333 . : :

[/ “R298_ 74
+— : ——— z
I@\jecﬁon of AC7A (680 T
v : Core (80C) =
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Lower part of metal cagung device

Fig. 7 3-dimensional analysis model of metal casttfevice

Fig. 8 Schematic diagram of the measurement points
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Injectipn of melt
(Verticdl difection)

¥
AC7A
Upper part (680°C) Lower part
of metal of metal
gasting device casting device

(250T) (250C)

Tr Core
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(a) Injection of melt to vertical direction

Upper part of metal casting device
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} AC7A € Injection of melt r \ I
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Lower part of metal casting device
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(b) Injection of melt to horizontal direction

Fig. 9 Schematic diagram of metal casting by imgédctlirection of melt
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Fig. 11 A photograph of experimental apparatus
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Fig. 14 A photography of installed thermocouples tbe core

Fig. 15 Measurement apparatus of data acquisitimbh u
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Fig. 19 Temperature variation at the measuremeimtpd ~ 3

in tread part during the cooling time (metal cagtin

- 47 -



1.0 LN AL BN B L B B BN LA EL A B B B B
[BEN
0.8 X .
11 ;‘\1\
B | BN
£ 06+ \i\, .
= \\
[0] ). ﬁ B!
£ NS
g N
S 04| Wy, .
o / R
K7 ' N.?'j'.'*_ ]
[m] I\ e ’§'E!=‘:!’;“:‘:j
024 _
1 [ —m— Point1 —v— Point2 —e— Point3 |
0.0 +— LI A B ENLE BN BNLEN BENLEN BENLEN B T T

T T LI
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time [hour]

(@) From 0 to 15 hours

1.0 T T T T T T
—v—Y
R MM
0.8 - P S T
4 | 4
V/v I/-/.T' ”

—_— V/ /l/)
[ "
E 06+ el = -
= v o
2 % '
© v 0
S 04- Vg4 -
K] :/
g | _
a v/

0.2 4 / ]

/ [ —=— Point1 —v— Point2 —e— Point3 | |
00 . , . , . , .
0 5 10 15 20
Time [min]

(b) From 0 to 20 minutes

Fig. 20 Displacement variation at the measurememtp 1 ~ 3

in tread part during the cooling time (metal cagtin

_48_



=TT T T T T T T T T T T
_v,v-v—v-v—v—v—v—v—v-v-v—v-v-v-v-v—j
-_.’._._-_._._._-—I—I—I—I—I—I—I-ITI

o . _9-0-0- S .

o

o i

w

w

Qo

o

0.2 H 4

|

1 [ —m=— Point1 —v— Point2 —e— Point3 |

o777 7T T T T T T T T

o 1. 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time [hour]

(@) From 0 to 15 hours

T T T
0.5 <
¥

v/'/v,V
v/'/

0.4 - v/v/ .

v/
4 v/

T '/v/ B

0] 0.3 '/ /./!/-/l > 3

I;. / ./!/- )

3 vy n/.( ’

& 02 A T

_a
/ A
—=— Point1 —v— Point2 —e— Point3 |
T T T T T T
5 10 15 20
Time [min]

(b) From 0 to 20 minutes

Fig. 21 Stress variation at the measurement pdints 3

in tread part during the cooling time (metal cagtin

_49_



S 411894

o

]
=
gl
T
—_
fi%e)

o

7z

€]

EE R

A

3 = A

Hos w2

o)

Fal o=

S

)

.
o

BN

o

!

ol

2t} WA, ol

<
T

)
!

o

el

}71 Zell ml g

o

Joll <

=

=1

g3l

/é?(

|€2%=E 80C, 150C, 200C, 250C, 300C 7} A

o

B8] W

]
ﬂl
!

T
—_
o

~
0

o
xr
il

73 el ol A

g%

/gz

80C ~ 300C 7}~

Figs. 22 ~ 3%

B

el

3

3 olt},

tel vebd el

S

7 5%

—_—

X

AP A 712 158 ©]
el A A A

50C 7} A

ok
=

_50_



’l_

shect.

6(95
Fig. 22} Fig. 23 &

<
T

[e)

T

%

B
i
B

olo
K

oF
g

=)
i

~
fite)

A

=
-

ol o}

3z

UEbd e
npe} o], FxHE BEEv §8 FUF o 15E7HA

=

=

L

NAAAR Yol 2 A%

T

L.

Sk
Fig. 22(apll A} =

w)
=

=

N

e

1o wehA], W7

R4

ANFE

3o 8

2 ®Bed. a2¥Y, Fig.

0|

)

o

-

N

)

o}

o
pil

b

W
~

Aol A ok 50T o]

L

o] H=

o

o
o

el

Fig. 22(bp} Fig. 23(bje 242 W FA &8 W

=y
T

i
i

n__.ﬁ
—
B

i

gz Jepda Qo

=
=

CER

gt

o we} 7

=7} 7hd A

_51_



}m 1589 ol= e ¢k 0.475mne] W7t

S

3

w~

)

—_
o
usel

[0

]
.mﬂ
)

mJ

op

Fig. 23(bpll A vetd ZA =, 1, 4, B A

A=

hyA
o ol

iz

w 9]

14 of

O]

A)

A

2

of FxoA th7]et
T

Hhsl ol

RO Z Atgdrt.
5= FgAM Ed

T

L

L

R

Fig. 22(cpl A =R

14 A7t 27 Yerg

o

o3k W4

o

X
N

T

—_—

0
i

1=
T

o}

=
K3

229

=

b 71

S

o WAy

=
=

[e)

(¢

AG ol A ok 0.8GPa]

A

A

=3
o

i
il

—

<P

AT & F U Al

EEE

I 71 Hel

ol

o

B

i

o

)
d
7K

N

o] e

i~

gyl
;oT

—_—

n__.ﬁ

CER=IE]

AP HHA Fig. 23(cplA e vt

] ol

o
N
-

__oT
0
il
5
u,

%

A

o

0
o

!

A4 ol

oA Wyzto] &7

} o

o

A
L

0
o

el

_52_



700 T T T

—m—Point 1 —e— Point 2 »— Point 3
—v— Point 4 »— Point 5 —<«— Point 6 —
Point 7 —e— Point 8 —*— Point 9

'g —
2
g i
3004 - H:%\ i
iz \ﬂﬁﬁqtﬁ
200 ~ . ;i;i;ﬂéiéﬁ i
T T T
0 5 10 15
Time [min]
(a) Temperature variation
0.50 , ; . ; , ;
0.45 ] -
0.40 ] -
035 | i
£ 030 | i
= 025 ] 4
g |
& 0.20 i
8 44
S 015 .
2 | |
0.104 =— Point1 —e— Point 2 Point 3 T
1 —v— Point 4 >~ Point 5 —«— Point 6
0.05 Point 7 —— Point 8 —*— Point 9 ]
000 -
0 5 10 15
Time [min]
(b) Displacement variation
0.9 T T T
05 i

Stress [GPa]

—=—Point 1 —e— Point 2 Point 3 T
—v— Point 4 »— Point5 —«— Point 6 T
Point 7 —e— Point 8 —x— Point 9 T

5 10 15
Time [min]

(c) Stress variation
Fig. 22 Thermal deformation at the measurementtpoduring the cooling

time from O to 15 minutes, in case of pre-heateds BOT

_53_



T T T T T T T
400 | —
i —m— Point 1 —e— Point 2 Point 3 1
350 —v— Point 4 Point 5 —«— Point 6 a
| Point 7 —e— Point 8 —*— Point 9 ]
300 .
) i |
2.
© 250 —
E 4 4
© .
> 200 —
f=3 < 4
£ :
150 —
2
] \t\'\’\‘\‘ 1
100 - ., i
| ey, - |
- * i~ .
50 "-'«q\'*_‘_'_’_‘
T T T T T T T T T T T T T T
0 60 120 180 240 300 360 420
Time [min]
(a) Temperature variation
22 T T T T T T - ]‘_TI‘
2 - IR LS S b R
e T o 1
2.0 e T -
T 1
18 —=—Point1 —e—Point2 —4—Point 3 | ]
— 164 /Jt//‘ —v—Point4 —&—Point5 —<«—Point6 | |
E = Point 7 —e— Point 8 —*— Point9 | ]
— 1.4 -
- ke —k ke
[ e e ke e~ 4
£ I -o-0-9-0 |
@ ) ]
oy i
kS d
o i
2 g
(SIS q—qd—1 4]
444444«4444«44 ]
0.6 H 44_4,14 —
0.4 -
0.2 . . . — — . . T — T
o] 60 120 180 240 300 360 420
Time [min]
(b) Displacement variation
T T T T T T T
1.0
0.9

PR L IR
-4 Y-V-V-V-V-V-V-V-VV

A S

s a-A *f *’*_' *'_*_*_*_*_*—*—*—*—*—*-*—*—* 1
- B _
kK

Stress [GPa]

0.4 4 *’*’*’ = -.’-—i—u;-—u—-;!—l;"""':'"_i:';"' E
05| paaa [ —=—Point1 —e—Point2 Point 3
~ —v—Point4 —¢— Point5 —<«— Point6 7
02 ] Point 7 —e— Point 8 —*— Point 9 1
’ M T M T T T T T M T M T T T
o] 60 120 180 240 300 360 420
Time [min]

(c) Stress variation
Fig. 23 Thermal deformation at the measurementtpoduring the cooling

time from 15 to 420 minutes, in case of pre-heafeds 80T

_54_



A%

150C &

ok

=

Fig. 24} Fig. 25=

3 = = = T
- I oy 2 o =B KX
x - il it N RR O =
TP oigliERil ‘13
%llﬁm%mﬂmogrur ﬂﬁe@f%@.
5 0 w7 o ®oE = s <) T o
S H] 0 -~ felll 3 < Pooor NS : 5 B W e
— = _i o_a 1%! X = o_a = :._o H_.L -~ o . PO = 1_M %
o oq 0T N~ s E © b & S A
= Ul — N o+ ORI oo ° w i N
gl N o} ) L 0 g Wo° " B = W
R ad = B TR o o K = L (o
T oo B < x g ~ o 2 o X o B - o
1%4%@@ ﬂ@ﬁ#ﬂﬂ _ﬁ__omu - 5
' R © o ) ) oK N~ . T T E K sz I
o N X S 0 N X Gl )

X0 N W e O T o mo = o S 9 r &
N o o R o P o 3 I w oo
R _ 22 oo 5 o w oMo 0©
N ~ ok o N iy o Rlu oy w0 nH M - H ) B o o
o3 NI o oK < o S T S oo
o <) oF @ " % ~ L do w2 m e B = o — of
5 = N o W ol N < T W B o = R T IR
LR ﬂgmﬁfw = TxtEy 5 & o 3
N- o do & i) o N ol N o= %o ™ . -
woap oo N I @ <9 T Ar 5w mo o R
o WO SO e T o T o= o T 5 - D - o -

R B ol X ) = X B © T * — N

ajo Wy oo 0 N el ~ L= X A 4 o ~ = o 1|
0 =) . K Y o _ W ECRN f = ) X o

ny g mK r ny o o5 ! iy ‘_.ﬁ_m N S = =0 o 3 A~

m ﬂw«ﬂﬂ wog oM R R 7z1il,ﬂ = =

@_ F o= T % ot ox Mo T O X oo ¢ R b o

oW P o A Q oo R i X ow M i

moztcwgznglkziﬂﬂ:qﬂg %
B RO M I

Nr N MM_ oot mj ﬂ% = ‘Ml =K m w o) WT 4 ko WL T =~ g M W I

T T oM X o A of © & 0 oo ~ s = 5 5

ro R e g N .%@d}ﬂ@ﬂ e I

o ek s ol 5 - B AR < L N

= = b o M S Now T w5 Moo o o o =

0y 8] o EES Moo = M o O E = o) o T

E_%ﬁ.qﬂoL_Lﬂﬂﬂoaambﬂ %J?sﬁga bo
M X N ® W ~ K < W s o xe o L = olp W

o Yo N = m W i X o A

z%ﬂznﬂﬂ%gﬂﬁ@ﬁm4@1@1

A T "

noox W LL MM o Nr o) o 1, _..,.Hqv mm o o ol

10% - i} X0 HT —

R FR S Mm mm w X =

Bl op o olo -

=y

- 55 -

ﬁ}'ud /\-] 7]_@_

A3

ulk
=

=] 2
doll A oF 0.7GP&| &9
23 o]



AT T3, Fig. 25(cpl YElA ule} 2o,

<
T

92 ool 2w

3} 8 Aol A9 2AF SHARE JehA "k 2y, 3

=

A M 7+ =2

s

o

5

5%

1

=

ol A 4H 3} 69

4

by
HEX

o
o

T 27k A €]

£
g
T

olo

oH

o))
W

—_
fite)

ol A J4HA I

[
D

0]

al

s

WAl 7hga =

_56_

T

L

’l_

S

=
=

719 A

A F

Z_}‘

€}
=

A ofl



700 T T T

—m— Point1 —e— Point 2 —4— Point 3
—v— Point 4 > Point5 —<— Point 6 7
— —Point 7 —e— Point 8 —*— Point 9

o' 500 -
o,
[
=
© 400 | -
[
o
IS
()
= 300 | =gy b
200 | .
T T T
0 5 10 15

Time [min]

(a) Temperature variation

T T T T T
—.—
e e i
=" e
— = ——e—o—®
3 TN e g—e—®
£ /4';;,-/" =t |
£ e e e
5 AT ]
e _
«
o
) N
o —u—Point 1 —e— Point2 —4— Point 3
—v— Point 4 Point 5 —«— Point 6 B
Point 7 —e— Point 8 —*— Point 9
T T —

Time [min]

(b) Displacement variation

0.9 T T T
0.8 4
0.7+ . 4
0.6 - ."__;.,__,.s.—o,—so—;' i
T oc ] et
o 0.5 ~/././ u
O, = =3
7] f—’iﬂi:i:i——’_ _
2 ﬁ:!jf‘ o A—A—f ]
£ e 0 S e WS
7] TR i
—a—Point 1 —e— Point 2 Point 3 ]
—v— Point 4 »— Point 5 —<«— Point 6 N
Point 7 —e— Point 8 —x— Point 9

T T T
5 10 15

Time [min]

(c) Stress variation
Fig. 24 Thermal deformation at the measurementtpoduring the cooling

time from O to 15 minutes, in case of pre-heateds T50C

_57_



T T T T T T T
400 —
—m—Point 1 —e— Point 2 »—Point 3 g
350 —v— Point 4 »— Point 5 —<«—Point 6 -
—— Point 7 —e— Point 8 —x—Point 9 |
300 4 -
'§ ]
& 250 \ .
E ]

©
o 200 E
Q 4
5

s 150 .
100 . -
e ]
50 - i ST E

B o SR

T T T T T T T
[¢] 60 120 180 240 300 360 420

Time [min]
(a) Temperature variation

T T T T T T _I
22 __ |~'~;E:Es]‘_<ﬂ"n—w_‘nr_n—nrwin 71
2.0 Fﬂ,,,—w'ff””" : ]
1.8+ P> st 7
—u—Point 1 —e—Point2 —4—Point3 1
—v— Point 4 Point5 —<«—Point 6 T

Point 7 —e—Point 8 —*— Point 9

el

- PO

] h* _g-e-s-0-9-®
- P & ) .

Displacement [mm]

4_4,4.4—4-4-4—4«44—4—4—4—44—4—4 ]

T T T T T
180 240 300 360 420
Time [min]

(b) Displacement variation

T T T T T T T
1.0
0.9 - -
4 44—4_‘_4_4—4—4—4—44—1 4
0.8 o 878 PR vﬂv_v_y—v—v—v-v—v—v-v—V_
i . 4 P v’v,v—v’v" ]
— 0.7 - ,/’ < vV -
& g aras
0] 1 % ‘/:,V/
-;- 0.6 v —
@» *,*,*-*‘*‘*
i ok xT - .
0.4 l*‘/*‘ e .‘-_._'.'_.—i—-—I;I;I—I—-—I—I—I—l—l i
ok g
1 % = - - -
0.3 _’_,u“‘" “ —m—Point1 —e— Point2 +— Point 3 i
| w™ —v—Point4 —¢—Point5 —<«—Point6 |
024 Point7 —e—Point8 —*— Point9 i
T T T T T T T T T T T T T T
o] 60 120 180 240 300 360 420
Time [min]

(c) Stress variation
Fig. 25 Thermal deformation at the measurementtpoduring the cooling

time from 15 to 420 minutes, in case of pre-heafeds 150C

_58_



] YEAA 158712 1%

= -
FZAX

o) B
S

=
T

Fig. 267 Fig. 2

= _UT TO= T Lo
i P o om WoH o B R
— ;o..u =) ~
£) mmlWWﬂ M__ﬁggwﬁ MMOAT%wtﬁz
R o oy K ®oa X oo B S
Mﬂ“ o r .ﬂ_ﬁ NM © K o iy M_le gl %0 N o M_/_.A B W o
o do S bor o W T R Nom P — B
qﬂo . g W L L ] "X I L mﬁ
K o T & NoAR e o w7
~ NI h_u_lu s D oF Ao Nr ok MT W 70 AR
N ~ 5B Fom W ~ W o oo N ™
o & 7 o0 X on e F o o I T m M
= ol ) g orEE T e g o o %o
% Y % P 2 E g R W o~ ow oo 4%
E ~ 0 X0
W g b MM Y ‘V.._ %_o B ) o o AR oo of wr oo 5] HAr T
~ o x o= @ p T e W od T YT
< - b B o © T I 2Lz L
= = w or 8 s o N X Mmoo ° 9~ ™
T & %__ o o R op ™ Wl o W ou X
_ — = = I~ I — 0 =
i U R TR S i
S S s IIfe 4 TTIEN
R R X = ) o — T 3
ofo “ mm H oo Wr G & N o g W T = n < -
_ vl R B o . = oF N W 0 B w0 5 T fop R0 —
oK - S m oz BoW o, T RE® g g
F 5 o B % T = W N LI < o
g:d W om R b K o o Bk © B e
iy H o< X % o oF W
B L T = oM om i
;Id_u.l ) 0 \D! 01_ ‘m (i) —_
1H I Wogp s = O o BN de oy R
%L o N ™ o CoTY v & X o5 8 ™ M T ow N M - m_w
= AF o o= - I, S o a B ox M
o BN ~ RH ~ o O N )
SNA B I S e T o T o w3 o o B
AR I~ < X = 4 7 - O X
= ©° I N T oW Mo ®m 5 B of N ~ ®
= Ao u_.ﬁ @ J| - ) i) o _m/w o % sroer o Ao
1u3m0t10ﬂﬂ@ﬁ%ﬂzq@éﬁﬂqﬂﬂﬂ%
7 %ﬂm@d%mmw_.mv@_t%ﬂﬂz,%gﬁ
Ffas " Rewae £08

golth.

3

1

9
pal

A}

o

i

Lo ore] 80T ¢ 150C ¢ 34 29
- 59 -

€]

ARl e ¢



700 T T T

—m=— Point 1 —— Point 2 Point 3
600 —v— Point 4 —¢— Point 5 —<— Point 6 —
Point 7 —e— Point 8 —x— Point 9
o' 500 B
®
=
© 400 4
2
£ ;;;;‘,?,
g A S = TN
" 300 TR Ry
200 | B
T T T T T T
0 5 10 15
Time [min]
(a) Temperature variation
0.50 . : . : . T
0.45 4 —
0.40 - B
0.35 ,.—;_,_v—-v——‘v B
E 1 ,4—"/' e 1
0.30 | e .._---—0-—'° _
£ - e _—g—e—
= 1 v/ / /./. *__,*___,__,*_sr R
£ 025 v e ez R R R .
g | v'/A iy l‘:‘/ﬁ |
@ 020 ‘/‘/*/*/ .
© 1 * |
g— 0.154 -
A ] i
0.104 —=—Point 1 —e— Point 2 —A— Point 3 8
0.05 ] —v— Point 4 Point 5 —«— Point 6 ]
T Point 7 —e— Point 8 —*— Point 9 |
000 -
T T T
0 5 10 15
Time [min]
(b) Displacement variation
09 T T T
0.8 —m—Point 1 —e— Point 2 Point 3 n
—v— Point 4 —¢— Point5 —«— Point 6
074 Point 7 —e— Point 8 —*— Point 9 _
0.6 ) —o—* B
=0
—_ ﬂ.—_——:'——‘.
© .——*.
o 0.5 /.—/’."’ .
<) /O/././
® 04 /./ ——i .
3 == __——1_
» 034 m’«, gyt i
= e A J
024 / ﬁ/ -
Za |
0.1 + —
0.0 T T T
o 5 10 15

Time [min]

(c) Stress variation
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time from 15 to 420 minutes, in case of pre-heafeds 200C
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time from 15 to 420 minutes, in case of pre-heafeds 300C
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