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a  b  s  t  r  a  c  t

Four  types  of  cycloaliphatic  structure  of  polyester  were synthesized,  using  1,4-cyclohexanedicarboxylic
acid (1,4-CHDA).  Those  resins  were  formulated  to make  polyester/melamine  coatings  to control  the
formability,  and  to have  good  stone-chip  resistance.  The  characteristics,  viscoelastic  behavior  and  flexibil-
ity of those  resins  were  measured  by  DMA  and  tensile  test.  Cycloaliphatic  structure  of  polyester  coatings
were  coated  on  the cold  roll  steel  sheets  to  verify  formability,  using  a deep  drawing  test  and  stone-chip
resistance  was  measured  by  the  chipping  resistance  test  at the  −20 ◦C.  Results  showed  that  storage  mod-
ulus  decreased,  and  glass  transition  temperatures  shifted  to lower  temperatures  with  increasing  contents
of  cycloaliphatic  structure.  So,  cycloaliphatic  structure  of  1,4-CHDA  provides  lower  stiffness  and  higher
softness  to  the  polyester  coating  and  has  better  elasticity  than  aromatic  structure  of IPA. To analyze
the  formability,  we  calculated  FU (the  forming  coefficient  based  on strain  energy)  and  F� (the  forming
coefficient  based  on strain).  When  FU and F� are  both  larger  than  1, the polyester  coatings  have  good
formability.  Also,  BCHDA-20  had  0.44%  of removed  area  by  the  chipping  resistance  test  and  it  means  that

cyclic  structure  of 1,4-CHDA  has  better  elasticity  than  aromatic  structure,  and  can  give  better  impact
resistance

From  those  tests,  BCHDA-20  which  had  20 mol  of 1,4-CHDA  had  good  formability  and  also  showed
good  stone-chip  resistance.  So, cycloaliphatic  structure  provides  lower  stiffness  and  higher  softness  to
the  polyester  coating  for  automotive  pre-coated  metals.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Stringent environmental legislations have been made around
he world. These legislations also affect manufacturing sectors
hat employ coating processes. Pre-painted or coil-coated metals
PCM) provide an opportunity to eliminate coating processes [1,2].
re-painted or coil-coated metals (PCM) have been used in many
pplications, such as household electric appliances, building mate-
ials and others. In this system, the wet coating process can be
liminated by using a roll coating process, making it possible to cir-
umvent the problem of air pollution arising from evaporation. One
f the most important properties of PCM is formability. If the film

n the coated PCM parts is damaged, the products are rendered use-
ess [3]. During the drawing, a flat PCM is deeply drawn by a punch.

∗ Corresponding author at: Laboratory of Adhesion and Bio-Composites, Program
n  Environmental Materials Science, Seoul 151-921, Republic of Korea.

E-mail address: hjokim@snu.ac.kr (H.-J. Kim).

ttp://dx.doi.org/10.1016/j.porgcoat.2016.05.003
300-9440/© 2016 Elsevier B.V. All rights reserved.
The strain behavior of coated film is complicated, because tensile
and compressive strain are both developed during the drawing [4].

The stone-chip resistance of automotive coatings is considered
to be one of the important characteristics during service [5]. Bendor
has reported the stone-chip resistance and mechanical properties
of polymer coating, and found that the glass transition temperature
of the primer coating is the key factor in stone-chip resistance [6,7].
The chip resistance has been decreased by increasing the glass tran-
sition temperature, such as by increasing the baking temperature,
and decreasing the oil length.

A cycloaliphatic structure, such as 1,3-cyclohexanedicarboxylic
acid (1,3-CHDA), or 1,4-cyclohexanedicarboxylic acid (1,4-CHDA),
gives physical properties that are intermediate between aromatic
and linear aliphatic [8,9]. The Tg of cycloaliphatic polyester is lower
than that of aromatic polyester, but is higher than that of linear
aliphatic polyester. The flexibility of cycloaliphatic polyester is also

intermediate between the aromatic and linear aliphatic polyesters
due to the cyclic structure, which can absorb energy through the
interconversion of chair and boat conformations. When cross-

dx.doi.org/10.1016/j.porgcoat.2016.05.003
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2016.05.003&domain=pdf
mailto:hjokim@snu.ac.kr
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 cycloaliphatic structure of polyester.
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Table 1
Formulations used for the synthesis of cycloaliphatic structure of polyester (unit:
mole).

Sample 1,4-CHDAa IPAb AAc TMPd PCDLe 1,6-HDf HPHPg

CHDA-0 0 20 3 3 1 5 10
CHDA-5 5 15 3 3 1 5 10
CHDA-10 10 5 3 3 1 5 10
CHDA-20 20 0 3 3 1 5 10

a 1,4-CHDA (1,4-cyclohexanedicarboxylic acid).
b IPA (isopthalic acid).
c AA (adipic acid).
d TMP  (trimethylolpropane).
e PCDL (polycarbonatediol).
Scheme 1. Synthesis process of

inked with melamine-formaldehyde, 1,4-CHDA based polyesters
rovided better humidity and impact resistance [10].

In this study, we designed an improvement of the elasticity of
oatings using 1,4-CHDA, which can give lower Tg and higher flex-
bility to polyester coatings, compared to isophthalic acid, because
,4-CHDA has a cycloaliphatic structure consisting of a CH2 CH2
omponent, and it has better elasticity than the linear structure
f adipic acid. Cycloaliphatic structure of polyester were synthe-
ized with different contents of 1,4-CHDA. The elongation, tensile
trength and viscoelastic properties of synthesized polyester of free
lm were measured. The formability of PCM was evaluated using a
ylindrical drawing test and we calculated FU (the forming coeffi-
ient based on strain energy) and F� (the forming coefficient based
n strain). The stresses and strains of the coatings were analyzed
y tensile test and DMA  creep test. From those tests, the relation-
hip between the contents of 1,4-CHDA and the formability of the
olyester coatings was discussed. Stone-chip resistance was mea-
ured, to assess their potential as an automotive coatings.

. Experimental

.1. Materials

Cycloaliphatic structure of polyester was synthesized by
olybasic acids and alcohols. The polybasic acids used were 1,4-
yclohexanedicarboxylic acid (1,4-CHDA, Tokyo Chemical Industry,
apan), adipic acid (AA, Samchun Pure Chemical, Republic of Korea),
nd isophthalic acid (IPA, Junsei Chemical Corp., Japan); and
he polybasic alcohols that were used were trimethylol propane
TMP, Tokyo Chemical Industry, Japan), 1,6-hexandiol (1,6-HD,
amchun Pure Chemical, Republic of Korea), neopentyl gylcol
ono(hydroxypivalate) (HPHP, Tokyo Chemical Industry, Japan),

nd polycarbonatediol (PCDL, Mn = 500, Asahi Kasei Chemicals
orp., Japan), which were used without further purification. Butyl-
tannoic acid (FASCAT 4100, Arkema Inc., USA) was  used as a
atalyst to catalyze polymerization, and to prevent a transesteri-

cation reaction during the polymerization [11].

Polyester coatings were formulated with synthesized polyester
nd curing agents. Hexamethoxymethylmelamine (Cymel 303LF,
ytec Industries Inc., USA) was used as the curing agent, and Nacure
f 1,6-HD (1,6-hexandiol).
g HPHP (neopentyl gylcol mono (hydroxypivalate)).

(NACURE 1953, King Industries, Inc., USA) was used as a curing
catalyst.

2.2. Synthesis of cycloaliphatic structure of polyester

Synthesis process is shown in Scheme 1 and the formulations
of cycloaliphatic structure of polyester are listed in Table 1. It was
synthesized from polybasic alcohols and polybasic acids with the
following procedure, which consisted of two  synthetic processes.
One was the fusion process, and the other was the solvent process.
The synthesis took place in a 500 mL  round bottom flask equipped
with a four-necked flask, having a mechanical stirrer, thermome-
ter, condenser and separator. The condenser and separator were
to remove the water produced during the poly-condensation reac-
tion. Isophthalic acid (IPA) has two  carboxyl groups, one of which
reacts at around 190 ◦C, and the second one reacts at a temperature
above 210 ◦C. It therefore requires a high reaction temperature.
Polycarbonatediol could be decomposed around 210 ◦C. To avoid
decomposition of polycarbonatediol, a modified synthesis process
was carried out as follows.

Firstly, IPA, TMP, 1,6-HD, and HPHP were charged into a dried
◦
reactor, and the reaction temperature was set to 150 C, with stir-

ring for 2 h under N2 purge. Subsequently, the reaction temperature
was increased from 150 ◦C to 210 ◦C, at the rate of 0.5 ◦C/min. The
reaction temperature was  set to 210 ◦C for 2 h. During the fusion
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Table  2
Formulations of cycloaliphatic structure of polyester coatings (unit: wt%).

Contents BCHDA-0 BCHDA-5 BCHDA-10 BCHDA-20

CHDA-0 65.5 – –
CHDA-5 – 65.5 –
CHDA-10 – – 65.5 –
CHDA-20 – – 65.5
aSolvent 15.0 15.0 15.0 15.0
Black pigment 7.5 7.5 7.5 7.5
HMMM  5.4 5.4 5.3 5.3
Additives 1.0 1.0 1.0 1.0

p
w

t
s
r
w
r
d
t
a
fi

a
e
c
a
m
m
3

t
o
w

2

w
e

2

d
b
b
t

2

p
1
i
2
t

2

2

J
a

Table 3
Conditions for the deep drawing of PCM [2].

Shape of punch Cylindrical

Corner radius of punch (mm) 5
Shoulder radius of punch (mm) 5
Size of punch (mm) 40
Size of PCM (mm) 105
Nacure 0.6 0.6 0.6 0.6
aSolvent 5.0 5.0 5.1 5.1

a Solvent: solvesso #100.

rocess, all raw materials were liquefied, and the produced water
as removed and collected by the separator.

After that 1,4-CHDA, AA, and PCDL were charged into the reac-
or containing liquefied reactants prepared from the preceding
tep, and the reaction temperature was set to 130 ◦C, with stir-
ing for 2 h under N2 purge. Subsequently, the reaction temperature
as increased from 130 ◦C to 190 ◦C, at the rate of 0.3 ◦C/min. The

eaction temperature was maintained to 190 ◦C for 2 h, and the pro-
uced water was removed and collected. During the fusion process,
he acid value was measured by 0.1 N KOH solutions. When the
cid value was under 40 mg  KOH/g resin, the fusion process was
nished.

The fusion process was then converted into solvent process, by
dding 25 g of xylene. Xylene was reflux solvent for carrying out
fficiently the produced water during the reaction. The solvent pro-
ess was carried out to synthesize the polyester and to make a low
cid value. The reaction temperature was set to 180 ◦C and was
aintained for 4 h. During the solvent process, the acid value was
easured by 0.1 N KOH solutions. When the acid value was under

 mg  KOH/g resin, the solvent process was finished [11].
After finishing the solvent process, the reactor was  cooled down

o 50 ◦C. Xylene was added to the reactor to control the solid content
f synthesized polyester. The solid content of synthesized polyester
as 75%.

.3. Preparation of cycloaliphatic structure of polyester coatings

Synthesized cycloaliphatic structure of polyester was mixed
ith the cross-linker, HMMM,  additives, and solvents. Four differ-

nt formulations were prepared, as listed in Table 2.

.3.1. Free film
The polyester coatings were cast onto an aluminum pan, and

ried to evaporate solvent in the oven at 60 ◦C for 12 h, and then
aked at 150 ◦C (oven temperature) for 1 h. The thicknesses of the
aked films ranged from 150 to 200 �m.  The resulting films became
he samples for tensile strength and dynamic mechanical analysis.

.3.2. PCM
Cold roll steel sheets (thickness of 0.8 mm)  were coated with

rimer, and baked at 180 ◦C for 20 min. The cured primer films were
5 �m in thickness. Then cycloaliphatic structure of polyester coat-

ngs were coated on the cured primer, and then baked at 180 ◦C for
0 min. The thickness of those cured films was 25 �m.  The total film
hickness was  40 �m.

.4. Characterization
.4.1. Fourier transform infrared spectroscopy (FT-IR)
Infrared spectra were obtained using a JASCO FT/IR-6100 (Jasco,

apan) spectrometer that is equipped with a Miracle accessory, and
ttenuated total reflectance (ATR) setup. The ATR crystal was made
Drawing height (mm) 30
Speed of the punch (mm/min) 20

of diamond, and its refractive index was 2.4 at 8500–2500 cm−1

and 1700–300 cm−1. The spectra were collected using ATR mode
in the wavenumber range of 4000–650 cm−1, and the resolution of
the spectra recorded was  4 cm−1.

2.4.2. Gel permeation chromatography (GPC)
The molecular weight and polydispersity of the synthesized

cycloaliphatic structure of polyester were measured using a YL9100
GPC SYSTEM (Young Lin, Republic of Korea) apparatus, consisting
of a pump and a RI detector. Tetrahydrofuran (THF) was used as the
eluent, and the flow rate was 1 mL/min.

2.4.3. Viscoelastic and creep properties by dynamic mechanical
analysis (DMA)

The glass transition temperature and viscoelastic properties of
the polyester/melamine coatings were analyzed using a dynamic
mechanical analysis instrument (Q800, TA Instruments). The
crosslink density (�c) was  derived from the minimum storage mod-
ulus (E′

min) and temperature at minimum storage modulus (TE′min
)

in the rubbery plateau region. The crosslink density was calculated
using the following equation [12]:

�c = E′
min

3RTE′
min

Rectangular specimens of 20 mm  in length and 6.45 mm in
width were prepared. The specimens were tested in tension mode
at a frequency of 1 Hz and strain of 0.3%, at temperature levels from
−60 ◦C to 160 ◦C, at a scanning rate of 2 ◦C/min.

The creep strains of the free films were performed using a
dynamic mechanical analysis instrument. Rectangular specimens
of 20 mm in length, 6.45 mm in width and 200 �m in thickness
were prepared. The time-dependences of creep compliance of the
free films were obtained at a stress level of 5.1 × 106 Pa. The tests
were performed at 25 ◦C, and with a loading time of 90 s, which was
designed to correspond to the deep drawing testing time.

2.4.4. Deep drawing
A cylindrical deep drawing test was  performed to examine

formability of PCM, as shown in Fig. 1. The shape of PCM before
deep drawing was a disk of 105 mm diameter. The shape of the
punch was  a circle of 40 mm diameter, and the shoulder radius of
the punch and the corner radius of the punch were 5 mm.  Specific
conditions of the deep drawing are shown in Table 3. The speed of
the punch was  20 mm/min, and the drawing time was 90 s.

2.4.5. Analyzing of formability [4]
The strain behavior of the coating film in a deep drawing is

very complicated because both tensile and compressive strains are
developed. To analyze formability, we have been considered strain
energy and strain using tensile and creep test.

Compressive stress on PCM (�p) and forming ratio (Rf) can be

calculated using Eqs. (1) and (2)

�p = blank force (N)

total area before drawing test
(

mm2
) (1)
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the deep drawing test [2].
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Table 4
Chip stone types of stone-chip resistance test.

Type Standard Range of
particles (mm)

Remarks

Stone number JIS A5001 2.5 ∼ 5 Pass through sieve
Fig. 1. Procedure of 

f =
(

total area after drawing test
(

mm2
)

total area before drawing test
(

mm2
) − 1

)
× 100 (2)

The calculated value of the compressive stress was  5.1 MPa, and
hat of the forming ratio was 23.4%.

Strain energy at Rf in tensile strength test (UT) can be calculated
sing Eq. (3). The value of UT means that the pure strain energy of
oating film to forming at Rf in the stress-strain curve during the
rawing.

T =
∫

0

Rf

Strain − dependent stress curve d� (3)

Strain energy for 90 s in creep test (UC) can be calculated using
q. (4). The value of UC means that the pure strain energy of coating
lm to forming at 5.1 MPa  for 90 s.

C =
∫

0

90

Strain − dependent stress curve d� (4)

From those equations, forming coefficient based on strain
nergy (FU) can be calculated using Eq. (5) and forming coefficient
ased on strain (F�) can be can be calculated using Eq. (6)

U = UC

UT
(5)

� = �C

Rf
(6)

here �c is the strain during the creep test.

.4.6. Tensile strength
Tensile strength was measured using a Universal Testing

achine (Zwick Corp.) at a crosshead speed of 20 mm/min, which
as designed to correspond to the deep drawing testing speed at

n ambient temperature. The tensile specimens prepared from free

lms were 40 mm in length (span length), 6.45 mm in width and
00 �m in thickness. The tensile strength value was calculated by
ividing the maximum load in newtons (N) by the average original
ross-sectional areas in the gage length of the specimen in square
#7 13 mm and remaining
sieve 2.5 mm

meters. The percent elongation (strain%) was calculated by divid-
ing the change in gage length by the original specimen gage length,
expressed as a percentage (%) [13].

2.4.7. Stone-chip resistance
The Gravelometer is designed to evaluate the stone-chip resis-

tance of surface coatings (paint, clear coats, metallic plating, etc.),
caused by the impacts of gravel or other flying objects. The primary
usage of this test is to simulate the effects of the impact of gravel
or other debris on automotive parts.

A stone-chip resistance is proposed to evaluate surface damages
by stones, sands and NaCl salts. Before the stone-chip resistance
test, specimens were set at −20 ± 3 ◦C for 3 h in the cold cham-
ber. The tested pressure was  4 ± 0.2 kgf/cm2, and the chip stone is
listed in Table 4. The specimens prepared from the galvanized steel
coated films were 150 mm in length, 100 mm in width and 40 �m
in thickness [14].

2.4.8. Video image enhanced evaluation of weathering (VIEEW)
After the stone-chip resistance test, the surface damages were

evaluated by the VIEEWTM. VIEEWTM is capable of capturing digital
images of samples under various lighting schemes that are opti-
mized to highlight and enhance surface defects, to digitally process
images. It is also capable of measuring and counting defects with
a comprehensive statistical profile. The area under the scan was
selected, and lights for the reflection were optimized using Atlas

imaging software. Sample images were analyzed for surface tex-
ture and smoothness by grayscale. The value of the removed area
of specimens was calculated by dividing the removed area by the
tested area (%) [15].
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Fig. 2. IR spectra of cycloaliphatic structure of polyester (aromatic ring: 728,
1286 cm−1, cyclic ring: 1036, 1138 cm−1).

Table 5
Characterization of cycloaliphatic structure of polyester.

Property CHDA-0 CHDA-5 CHDA-10 CHDA-20

Number average M.W. (Mn) 7220 7250 7280 7340
Polydispersity index (Mw/Mn) 2.9 3.1 3.3 2.8
anOH (mg  KOH/g) 38.8 38.6 38.5 38.1
Mn/nOH (g/mg KOH) 186 187 189 192
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Crosslink density (10−3 mol/cm3) 0.47 0.35 0.25 0.16

a nOH—Theoretical hydroxyl number of polyester resins.

. Results and discussion

.1. Characterization of cycloaliphatic structure of polyester

Cycloaliphatic structure of polyester were synthesized based on
ifferent contents of 1,4-CHDA. The aromatic ring and cyclic ring in
he synthesized polyester were determined using FT-IR. As shown
n Fig. 2, the aromatic ring of isophthalic acid was detected at 728
nd 1286 cm−1, and the intensity of these bands decreased with
ncreasing content of 1,4-CHDA. The cyclic ring of 1,4-CHDA was
etected at 1036 and 1138 cm−1, and the intensity of these bands

ncreased with increasing content of it [16,17].
Table 5 lists the molecular weight and polydispersity of the

ynthesized cycloaliphatic structure polyester. The theoretical
ydroxyl number of polyester resin (nOH) was little decreased with

ncreasing content of 1,4-CHDA, because (nOH) is dependent on the
olecular weight of synthesized resin. Also, the ratio between the

umber average molecular weight and hydroxyl number (Mn/nOH)
ndicates the length of the repeating unit in the crosslink network
f the synthesized polyester [18].

.2. Viscoelastic behavior

Dynamic mechanical analysis (DMA) is a convenient method to
tudy thermal and mechanical viscoelastic properties of polymeric
aterials. The DMA  data allow observations of changes in loss and

torage modulus, glass transition temperature (Tg), and crosslink
ensity [19].

Fig. 3(a) shows the storage modulus as a function of tem-
erature for cycloaliphatic structure of polyester. The storage
odulus decreased with increasing contents of 1,4-CHDA, i.e.
CHDA-0 > BCHDA-5 > BCHDA-10 > BCHDA-20. These results can be
xplained by the cycloaliphatic structure of 1,4-CHDA. Compared
o isophthalic acid (IPA), the cycloaliphatic structure of 1,4-CHDA
s more flexible than the conjugate structure of aromatic struc-
Fig. 3. Viscoelastic properties of cycloaliphatic structure of polyester coatings (a)
storage modulus and (b) tan �.

ture, because cycloaliphatic structure consists of only the �-bond
between CH2 CH2 components, and can be rotated and bent [20].
Also, the Tg shifted to a lower temperature with increasing content
of 1,4-CHDA, as shown in Fig. 3(b) [21]. From the dynamic mechani-
cal analysis, cycloaliphatic structure could provide flexibility to the
polyester coatings [3].

3.3. Flexibility

Flexibility is the most important property for the cutting, press-
ing and stamping processes in the pre-coated metals. Tensile
strength tests were carried out to study the basic mechanical
properties of modulus, tensile strength, elongation at break, and
toughness of polymeric materials [22]. Fig. 4 presents the effects of
the contents of 1,4-CHDA on tensile behaviors of the synthesized
polyester. The tensile strength decreased with increased content of
1,4-CHDA (BCHDA-0 > BCHDA-5 > BCHDA-10 > BCHDA-20). In con-
trast, the maximum strain increased when the content of 1,4-CHDA
increased (BCHDA-0 < BCHDA-5 < BCHDA-10 < BCHDA-20).

The maximum stress of BCHDA-0 and BCHDA-5 was 25.8 MPa

and 23.1 MPa, and the value of strain was 76% and 100%, respec-
tively. However, in terms of elongation, the opposite trend to that
of the stress appeared. Elongation of polyester coatings gener-
ally increased with increasing content of cycloaliphatic structure.
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Fig. 4. Stress-strain curve of cycloaliphatic structure of polyester coatings.

n the case of BCHDA-10 and BCHDA-20, the maximum stress
as 19.7 MPa  and 12.9 MPa, and the value of strain was  123%

nd 157% respectively. These values could be explained by the
ycloaliphatic structure between the ester linkages from the 1,4-
HDA. The cycloaliphatic structure was more flexible than the
onjugate structure of IPA, because the cyclic structure consisted

f only the �-bond between CH2 CH2 groups [20]. Cycloaliphatic
tructure could give the flexibility of a polymer network. Therefore
t could be implied that cycloaliphatic structure can give flexibility,
nd would provide lower stiffness to the polyester coatings [10].

Fig. 5. Formability of cycloaliphatic structu
ic Coatings 99 (2016) 117–124

3.4. Formability

The deep drawing test is a common method for determining
formability in pre-coated metals. During the deep drawing test,
which took 90 s to complete, the calculated stress was 5.1 MPa, and
the strain on the PCM was 23.4%.

Fig. 5 shows the formability resulting from the deep draw-
ing. The BCHDA-0 specimen had cracks and delamination, even
though it exhibited a higher tensile strength from the flexibility
test. BCHDA-0 was  not flexible enough to be stretched out during
the deep drawing. The others exhibited good formability, because
those specimens had sufficient tensile strength and elongation val-
ues, based on the flexibility test, and also had sufficient flexibility,
based on the creep test.

FU, forming coefficient based on strain energy, was  calculated
form Eq. (5). FU = UC/UT and, UC and UT were calculated form Eqs.
(3) and (4). UC of BCHDA-0 is 145.7 and UT of BCHDA-0 is 205.7. FU
of BCHDA-0 is 0.71 and BCHDA-5, BCHDA-10 and BCHDA-20 were
1.03, 1.44 and 2.42, respectively. F�, a forming coefficient based on
strain, was  calculated form Eq. (6). F� = �c/Rf and, �c, the developed
strain for 90 s was  measured by creep strain. As shown in Fig. 6. The
developed strains of BCHDA-0, BCHDA-5, BCHDA-10 and BCHDA-
20 were 18.5%, 23.6%, 29.6% and 43.2%, respectively. F� of BCHDA-0
is 0.79 and BCHDA-5, BCHDA-10 and BCHDA-20 were 1.08, 1.27 and
1.85, respectively. FU should be larger than 1, and F� should be larger
than 1 to have good formability [4]. So, BCHDA-0 was not flexible
enough to stretch out during the deep drawing test. However, the
FU of BCHDA-5, BCHDA-10 and BCHDA-20 were larger than 1, and
those of F� were also larger than 1. So, those specimens can be
stretched without being damaged during the deep drawing. The

calculated values are listed in Table 6. From the deep drawing test,
cycloaliphatic structure of 1,4-CHDA of the CH2 CH2 group could

re of polyester coatings on the PCM.
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Fig. 6. Strain of cycloaliphatic structure of polyester coatings by the creep test.

Table 6
Calculated values from the tensile test and creep test [4].

Sample UT UC FU (UC/UT) �C (%) F� (�C/Rf)

BCHDA-0 205.7 145.7 0.71 18.5 0.79
BCHDA-5 183.6 190.1 1.03 23.6 1.08
BCHDA-10 152.5 220.2 1.44 29.6 1.27
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Fig. 7. Stone-chip resistance of cycloaliphatic structure of polyester coatings on the
PCM (before test specimens set −20 ◦C × 3 h).
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Fig. 8. Removed area of cycloaliphatic structure of polyester coatings of the stone-
BCHDA-20 100.1 242.5 2.42 43.2 1.85

ive the flexibility of polymer network, and could provide good
ormability.

.5. Stone-Chip resistance

Fig. 7 shows the stone-chip resistance result as a function
f the 1,4-CHDA content. With increasing 1,4-CHDA, synthesized
olyester had increased cycloaliphatic structure in the polymer
hain; and the cycloaliphatic structure affected a decrease in Tg, and
ncreased flexibility. BCHDA-0 had 0 mol  of 1,4-CHDA and 20 mol  of
PA. It had the highest Tg, which meant that the polyester coatings

ould be very hard. A stone-chip resistance test was  carried out at
 ± 0.2 kgf/cm2 of pressure. Specimens were set to −20 ◦C for 3 h in a
old chamber, before the chipping resistance test. So, the polyester
oating of BCHDA-0 could be easily damaged and removed by the
tone-chip under the low temperature. It had lots of removed areas,
nd large sized defects. However, by increasing the content of 1,4-
HDA, the removed areas were generally decreased. In the case of
CHDA-20, it had 20 mol  of 1,4-CHDA. It had the highest amount
f 1,4-CHDA, so it had the highest amount of cycloaliphatic struc-
ure, which could give flexibility to the polymer chain of polyester.
o, BCHDA-20 had little removed area and small sized defects. This
eans that the cycloaliphatic structure was more flexible than the

onjugate structure of aromatic structure.
Fig. 8 shows the removed area (%) of specimens, which is cal-

ulated from the removed area by the tested area using VIEEWTM.
he removed area was dramatically decreased. The removed area
f BCHDA-0 was 3.70%, but that of BCHDA-20 was  0.44%. From
he stone-chip resistance test, the cycloaliphatic structure can give
exibility, and would provide lower stiffness than aromatic struc-
ure to the polyester coatings. Cycloaliphatic structure has better

lasticity than aromatic structure, and can give better stone-chip
esistance.

chip resistance by VIEEW.
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. Conclusion

Four types of cycloaliphatic structure of polyester were syn-
hesized and formulated, to control formability for pre-coated

etals. Those resins were designed to show the flexibility of the
ycloaliphatic structure. The viscoelastic behavior, flexibility and
ormability were measured to determine the cycloaliphatic struc-
ure effect on the flexibility of the pre-coated metals. When the
ontent of cycloaliphatic structure of 1,4-CHDA was increased
n the synthesizes resins, the stiffness of the product generally
ecreased, and the Tg of each cured polyester coatings shifted to

 lower temperature. Therefore, cycloaliphatic structure is a major
actor in improving the flexibility and formability of polyester coat-
ngs.

To analyze the formability, we calculated FU (the forming coeffi-
ient based on strain energy) and F� (the forming coefficient based
n strain). FU of BCHDA-0 is 0.71 and BCHDA-5, BCHDA-10 and
CHDA-20 were 1.03, 1.44 and 2.42, respectively. F�, of BCHDA-0

s 0.79 and BCHDA-5, BCHDA-10 and BCHDA-20 were 1.08, 1.27
nd 1.85, respectively. When FU and F� are both larger than 1,
he polyester coatings have good formability. Also, BCHDA-20 had
.44% of removed area by the chipping resistance test and it means

hat cycloaliphatic structure has better elasticity than aromatic
tructure, and can give better stone-chip resistance.

From those tests, BCHDA-20 which had 20 mol  of 1,4-CHDA had
ood formability and also showed good stone-chip resistance. So,

[
[
[
[
[

ic Coatings 99 (2016) 117–124

cycloaliphatic structure provides lower stiffness and higher soft-
ness to the polyester coatings for automotive pre-coated metals.
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