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Abstract

Bio-based polyurethane (PU) coatings were prepared from novel branched isostearic acid (ISA) and long chains dimer fatty
acid. Fatty amide was synthesized by the amidation of ISA with diethanolamine and the required hydroxyl functionality was
developed via condensation polymerization with dimer fatty acid to produce polyesteramide polyol. The structure of the
synthesized ISA based fatty amide (ISAFA) and polyesteramide polyol (ISAPEP) were identified using Fourier-transform
infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance (‘HNMR). The number average molecular weight
of prepared polyesteramide polyol was assessed by gel permeation chromatography (GPC), while the rheological behavior
was examined by the rheometer. Polyurethane metal coatings were developed from polyesteramide polyol, which crosslinks
with hexamethylene diisocyanate (PU-H) and toluene diisocyanate (PU-T) and studied the influence of isocyanate structure
on final PU coatings. A comparison in the crosslinks density of PU films was investigated by the gel content method. Dif-
ferential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA) were performed to evaluate the glass transition
temperature (T,) and thermal stability of the PU coatings. The surface roughness of prepared PU coatings was examined by
Atomic force microscopy (AFM). The PU coated metal panels and films were examined for swelling resistance, hydropho-
bicity, mechanical, and coating properties. Results confirmed that bio-based long chain fatty acids provided hydrophobicity,
flexibility and impact resistance to final PU coatings. It also noted that PU-T coating resulted in increasing thermal, mechani-
cal, and coating properties compared to PU-H coating and this resulted from the structure of TDI, which contribute to higher
crosslink density (i.e. presence of aromatic ring).
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Introduction

The continuous depletion of fossil feedstock and alarming
environmental pollution, bio-based materials have come
to light for an environmentally friendly substitute to that,
because of its high availability, sustainability, low carbon
emission, and relatively low cost [1-4]. Amongst all the
vegetable oils and their derivatives provide a viable alterna-
tive to petroleum-based feedstock and must be explored for
further consideration [5—7]. Vegetable oil is essentially a tri-
glyceride molecule that is arranged with different functional
groups such as unsaturation [8], ester [9], and hydroxyl
moiety [10]. One of the most widely used vegetable oil
derivatives is a fatty acid which is obtained via hydrolysis
of triglyceride [6]. Currently, the polymer industry has seen
tremendous utilization of vegetable oil based polymers or
intermediates such as polyamides [11], epoxy resin [12],
polyester [13], polyesteramide [14], monoglycerides [15]
and polyurethane [16]. The last decade has seen a boom in
the research of the use of vegetable oils in the synthesis of
polyurethane. Polyurethane is the most widely used polymer
that has found applications in adhesives [17], elastomers

[18], thermosets [19], thermoplastics [20], coatings [21],
sealants [22] and foams [23]. Recently, the usage of fatty
acid shows encouraging performance as it provides con-
trol over the polyol structure. The utilization of fatty acids
in polyol synthesis imparts lower viscosity and narrower
molecular weight distribution over the mixture of fatty acids
in the triglyceride structure [24, 25]. The various chemical
modifications of vegetable oil and their derivative have been
researched upon such as amidation-esterification [26], 0zo-
nolysis [27], epoxidation-ring opening [28], metathesis [24],
and hydroformylation [7]. The most sought out synthesis
route is the amidation-esterification route as it allows the
integration of amide functionality in the synthesized polyol,
which is beneficial as it improves various physical and chem-
ical properties of the final polymer [29]. Dimer fatty acids
(DA) are long chain dicarboxylic fatty acids obtained from
C-18 unsaturated fatty acids (predominantly oleic acids) in
the presence of clay [11]. Commercial manufacturing of
dimer acids involves the utilization of oleic acid, linoleic
acid and sometimes in combination with tall oil. The long
hydrocarbon structure of dimer fatty acid provides hydro-
phobicity, flexibility and high stability to the final product
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[30]. As they possess two reactive functional groups per
molecule, they are considered to be excellent candidates for
the synthesis of polyester polyols and polyurethane. Rajput
et al. prepared polyurethane coatings for the wood substrate
from dimer fatty acid via two-pack system [15]. During
dimerization of fatty acids yields many by-products as well.
A mixture of saturated branched-chain fatty acids is referred
to as "Isostearic acid" which has a majority of branched
C-18 fatty acids (68.3%) [31]. The unique branched struc-
ture of isostearic acid offers the derived copolymers with
multitudinous desirable properties such as superior cold
flow properties, low viscosity, excellent thermo-oxidative
stability, and low melting point compared to its linear chain
saturated and unsaturated analog [31-33]. These properties
make isostearic acid an attractive raw material in the syn-
thesis of polyurethane. To the best of our knowledge, no
one has utilized the combination of branched isostearic acid
and long chain dimer fatty acid to date in the synthesis of
polyurethane. Therefore, in this study, we have synthesized
isostearic acid based polyurethane in an attempt to prepared
coating with numerous properties (hydrophobicity, impact
resistance, thermo-oxidative stability) as well as offers sus-
tainable alternatives for the replacement of fossil-based
materials. Here we prepared polyesteramide polyol from bio
based isostearic acid and dimer fatty acid and subsequently
reacted with structurally different diisocyanates specifically
hexamethylene diisocyanate (HDI) and toluene diisocyanate
(TDI) to develop polyurethane coatings. The polyesteramide
derived PU metal coatings were further examined for their

[0}

H
N
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mechanical, physical, thermal, and surface roughness prop-
erties. Furthermore, the effect of the branched methyl group
of isostearic acid on the properties of polyurethane was also
investigated with a comparison to some existing studies.

Experimental Section
Materials

Isostearic acid (Prisorine 3501, Acid value = 185) and Dimer
fatty acid (Pripol 1010, Acid value=195) were obtained
from Chroda Pvt. Ltd, Mumbai. The Isocyanate curing
agents HDI and TDI were obtained from Covestro India
Ltd. Mumbai. Dibutyltin dilaurate (DBTDL) was purchased
from Sigma-Aldrich. Diethanolamine, xylene, diethyl ether,
sodium methoxide, methyl ethyl ketone, and acetone were
procured through Thomas Baker Pvt. Ltd, India. Mild steel
(MS) panels of dimensions 6 X3 cm were purchased from
Komal Scientific. Pvt. Ltd. Mumbai. A 50-micron bar appli-
cator was purchased from Khushboo Scientific, Pvt. Ltd.
Mumbai India.

Synthesis of Fatty Amide

The reaction scheme for the synthesis of isostearic acid
based fatty diethanolamide (ISAFA) is showed in Fig. 1. The
reaction of diethanolamine with ISA taken in a 1:1 molar
ratio in the presence of sodium methoxide as a catalyst.
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Fig. 1 Synthesis of isostearic acid based fatty amide (ISAFA) and polyesteramide polyol (ISAPEP)
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Diethanolamine and sodium methoxide (0.5% by wt of fatty
acid) was added to a 250-mL four-neck round bottom flask
kept in an oil bath and equipped with an overhead stirrer,
condenser, dropping funnel, and gas purger. The reaction
mixture was stirred at 85 °C for 30 min in an N, atmosphere.
ISA was added drop-wise into the reaction mixture up to
1 h and after complete addition, heating was continued for
3 h at 125 °C with continuous stirring. The progress of the
reaction was checked by the regular determination of the
acid value. Upon reaching an acid value below 5, the reac-
tion was stopped by cooling the reaction mixture. The reac-
tion mixture was given 15% brine solution washing followed
bypasses through a bed of anhydrous sodium sulfate [29].

Synthesis of Polyesteramide Polyol

The reaction scheme for the synthesis of dimer fatty acid
based polyesteramide polyol is given in Fig. 1. ISAPEP was
prepared by the esterification reaction between dimer fatty
acid (0.5 mol) and previously synthesized ISAFA (1 mol) in
the presence of xylene as a reaction medium and DBTDL as
a catalyst. All the components were charged to a four-necked
round bottom flask equipped with nitrogen gas purger,
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Dean-stark trap, overhead stirrer, and thermopocket. The
reaction vessel was placed in an oil bath and the reaction was
performed for 4 h at 185 °C with a nitrogen atmosphere. The
water accumulated in the Dean-stark trap, as well as acid
value analysis, were used to monitor the reaction progress.
The reaction was stopped when the acid value attained below
5 mg of KOH/g of sample.

Preparation of Polyurethane Coatings (PU-H
and PU-T)

Figures 2 and 3 shows reactions for the preparation of pol-
yurethane coatings. Polyurethane coating denoted as PU-H
was prepared by crosslinking ISAPEP with polymeric
HDI in a two-pack system. ISAPEP and HDI were taken
in 1:1.2 equivalent weight ratio of (OH: NCO) in the pres-
ence of DBTDL (0.05%) as a catalyst and xylene solvent in
a beaker and mixed vigorously until desirable crosslinking
action occurred. The extent of crosslinking was monitored
by checking the Daniel flow of the resin. Before the appli-
cation of PU coatings, the mild steel panels were scrubbed
with sandpaper and wiped with acetone, and coatings were
applied by using a 50 pm bar applicator. The coated panels
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Fig.2 Representative reaction scheme for preparation of polyurethane coating (PU-H)

@ Springer



58 Journal of Polymers and the Environment (2021) 29:54-70
R
O
CH2 CH2
z § H,C) /\E j z °~ 0
—(Hz C\ /C
N N
R O
ISPEP TDI
DBTDL | RT
|
~»O—C—HN R
o O
H I
—C- O\Z § CH2 /\( CH2 S Z
HZC 0-C—NH Q
H—C—OJW
R O
PU-TDI

Fig.3 Representative reaction scheme for preparation of polyurethane coating (PU-T)

were allowed to stand undisturbed for 8 h. Likewise, PU-T Averase molecular weicht of ISA = 56100 )

was prepared by reacting TDI with ISAPEP having a similar verage mofectiat welght o " Acid Value @)

equivalent weight ratio.

Methods of Characterizations
End Group Analysis

ASTM and AOCS standards were referred to carry out end
group analysis of synthesized products. The acid value
(ASTM D 1980-87) of ISA and dimer fatty acid was ana-
lyzed through (Eq. 1). The acid value was utilized to deter-
mine the average molecular weight of ISA and dimer fatty
acid (Eq. 2), which was used for stoichiometric calculations
of amidation and esterification reactions.

Acid Value = M )
where, A= Volume in ml of KOH required for the sample,
N =Normality of the standard KOH solution, B=Weight in
gm of a sample taken for the test

@ Springer

The % conversation of the amidation reaction and molecular
weight of ISAFA was calculated using Eqgs. 3 and 4.

% Conversion of amidation reaction

_ Acid value of initial reaction mixture — Acid value of ISAFA
Acid value of initial reaction mixture

x 100

3)

Molecular weight of ISAFA = ((M.W. of ISA + 105.14)
X (% conversion/100) — 18)

“
The number of hydroxyl groups present in ISAPEP was
evaluated using Hydroxyl value (AOCS Cd 13-60) (Eq. 5),
which also used to calculate the equivalent weight of the

polyol. The equivalent weight and reaction conversion of
ISAPEP was calculated using Eqgs. 6 and 7.

56.11 x(A—-B)x N
C

Hydroxyl Value = 5)
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where, A =Volume of KOH solution (in mL) required for
titration of the blank, B = Volume of KOH solution (in mL)
required for titration of the sample, C = Weight of sample (in
2), N=Normality of the KOH solution

56100

Equivalent weight of ISAPEP = ———
quivalent weight o Hydroxyl Value ©

% Conversion of polyesteramide polyol reaction

_Actual amount of water formed % 100
Theoretical amount of water formed ©)]

Instrumentation Techniques

To identify the functionality of the synthesized ISAFA
and ISAPEP, FT-IR analyses were carried out on FT-IR
8400 (Shimadzu, Japan) with a range of 4000400 cm™!
and resolution of 4 cm™!. 'H NMR spectra of ISAFA and
ISAPEP were conducted by an Agilent Technologies 500-
MHz instrument (recorded in CDClj; solvent and report-
ing the chemical shifts in ppm). The number average (Mn)
molecular weight, weight average (Mw) molecular weight
and polydispersity index (PDI) of polyesteramide polyol was
analyzed through gel permeation chromatography (Agilent
GPC-Addon).The sample was dissolved in tetrahydrofuran
to give an accurate concentration at 5-6 mg ml~!. For GPC
calibration, a concentration of 2 mg ml~! of each of the
polystyrene standards was used. Rheological properties of
resin were investigated by Rheometer 9MCR 101, (Anton
Paar, Austria) including parallel plat assembly. During the
rheological analysis, the rheometer cone was maintained
at a distance of 0.5 mm from its plate (diameter—25 mm.
The glass transition temperature (T,) of cured PU films was
evaluated using Hitachi 7020 differential scanning calorim-
etry (DSC) with a heating range of 20 °C to 300 °C and a
rate of 10 °C min_l, in inert nitrogen condition. The thermo
gravimetric analysis (TGA) of cured PU coatings were con-
ducted on TA- Discovery 55, (USA) with a heating range of
20 °C to 600 °C at a rate of 10 °C per minute, and nitrogen
gas stream. Contact angle measurement (CA) (sessile drop
method), was conducted on a DMO 601 Kyowa Interface
Science (Japan) dynamic contact angle meter, to evaluate
the hydrophilic-hydrophobic properties of cured PU coating
surface. The surface properties of PU coatings were recorded
on Asylum Research oxford (model No.: MFP-3D), Atomic
force microscope (AFM). Roughness was calculated over a
sample area of 100 pm?.

Cured Coatings Characterizations

Mechanical properties of the PU films were tested on Uni-
versal Testing Machine UTM (2302 R & D Equipment,
Mumbai) using 50 N load cell with a crosshead speed of
5 mm/min. The film sample was cut in measurements of
12 cmx 1 cm with a film thickness of 150-200 p. The
cured PU-H and PU-T samples were subjected to several
mechanical and surface tests for evaluation. The gloss of
cured coating was measured, at an angle of 60°, using
a calibrated digital gloss meter (Khushboo Scientific,
Pvt. Ltd. Mumbai India). The impact resistance (ASTM
D-2794) of the coating was tested by dropping a 2 kg.
load from an elevation of 80 cm on to the coated side of
the panel. The thickness of the cured film was measured
with a dry film thickness gauge (calibrated). Referring to
ASTM D-522, a conical mandrel tester (Komal Scientific,
Pvt. Ltd. Mumbai) was used to assess the coating flexibil-
ity by bending the panel at different angles in the range
of 45°-180°. Pencil hardness (ASTM D-3363) of cured
coatings was evaluated using a pencil hardness tester (Raj
Scientific, Mumbai India). The adhesion property of coat-
ing was assessed using a cross-cut test (ASTM D-3359)
which involves applying adhesive tape over a lattice mark
(till the metal surface was exposed) of 1 cm? on the coat-
ing. After ripping off the tape, standards were referred to
evaluate the extent of adhesion failure. Scratch hardness
(IS-104), which involves allowing a needle to move over
the coating with a gradually increasing amount of weight
acting on it until the film breaks, was also conducted on
the panel. The tests were conducted in triplets to obtain
more precise readings. Ethanol, water, and toluene were
used to examine the swelling properties (S) (Eq. 8) of
cured PU coatings. Weighed samples were placed in sol-
vents for 50 h at ambient temperatures, followed by dry-
ing and weighing.

W, - W
%s:%xmo ®)

where, W, =weight of the cured sample before immersion
in the solvent, W, =weight of the sample after immersion
in the solvent.

Gel content (ASTM D 2765-01) of cured PU films
helped to examine their crosslink density. Before testing,
the 1 g samples were vacuum dried at 40 °C for 2 days.
The empty filter paper pouch and the pouch with the dried
film placed in it were both weighed with weights W1 and
W2 respectively. The pouch was stapled sealed and was
again weighed (W3). For a period of 24 h, the film carry-
ing sealed pouch was placed in a xylene refluxing Soxhlet
apparatus. The pouch was dried at 150 °C in a vacuum
oven and weighed to a constant weight (W4). The test was
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conducted in triplets for precise readings. The gel content
(Go) for the cured films was calculated using the Eq. (9).

W3 _W4
G.(% ) = 100 — x 100

W,—W, ®

Result and Discussion

Physicochemical Properties of Fatty Diethanolamide
and Polyesteramide Polyol

End group analysis of fatty acid based fatty diethanolamide
is depicted in Table 1. The ISAFA was prepared by the reac-
tion of ISA with diethanolamine. The advancement and con-
version of the reaction were calculated by the decreases in
acid value. Initially, the acid value of the reaction mixture

Table 1 Physico-chemical properties of ISAFA and ISAPEP

Physico-chemical properties/code of samples ISAFA ISAPEP

Acid value (mg of KOH/g of sample) 3.6+04 1.9+0.5

Hydroxyl value (mg of KOH/g of sample) 141+2.1 102+2.6
% Conversion of reaction 98.05% 95.65%

Average molecular weight (g/mol)

382.5+2.7 550+3.1

is 185 which is attributed to the acid groups present in ISA.
After the completion of the reaction, the acid value (3.6 mg.
of KOH/g) was dropped down significantly as shown in
Fig. 4, which signifies the consumption ISA acid in the
desired reaction to yield fatty amides. The % conversion
(Eq. 3) of the reaction was determined by a decrease in acid
value and was achieved to be 98.05%. The average molecular
weight of ISAFA (Eq. 4) was determined from % conversion
of amidation reaction and it was to be 382.5 g/mol. The
Physicochemical properties of polyesteramide polyol are
described in Table 1. The ISAPEP prepared via esterification
reaction between dimer fatty acid and previously prepared
ISAFA. The extent of reaction was controlled by compar-
ing the actual and expected water as a by-product, as well
as calculating the acid value of the reaction mixture peri-
odically. The progress of the esterification reaction to yield
the desired hydroxyl groups can be seen by the continuous
drop in the acid value as shown in Fig. 4. The yield of reac-
tion (Eq. 7) was determined to be 95.65%. The equivalent
weight (Eq. 6) of the ISAPEP was calculated by utilizing
the hydroxyl value (102 mg of KOH/g) and was found to
be 550 g/mol.

Fig.4 Graph of acid residue 200
content of ISAFA and ISAPEP ® ® [SAFA
during reaction versus time ]
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Rheology Behavior of Fatty Amide
and Polyesteramide Polyol

As we know the viscosity of resin impacts the nature of the
applied coatings [34]. It may influence the thickness of the
coating, spreading ability, film formation, adhesion, and lev-
elling. The rheological behavior of ISA, ISAFA and ISAPEP
at various shear rates is analyzed and results are presents
in Fig. 5. Upon the reaction of ISA with diethanolamine,
there was an improvement in viscosity because of rising in
the molecular weight of polymer structure (ISAFA). Fur-
thermore, ISAPEP exhibited higher viscosity than ISA and
ISAFA, which was mainly because of the contribution of
long chain fatty acid from dimer acid in the molecular struc-
ture of resulting polyesteramide polyol. The higher molecu-
lar weight of polyol showed non-Newtonian behavior.

Molecular Weight Distribution of ISAPEP

The GPC curve and the corresponding molecular weight dis-
tribution values of the ISAPEP is represented in Fig. 6. The
results exhibited that the number average molecular weight
(Mn) and weight average molecular weight (Mw) of ISAPEP
were 379 and 840 respectively. The polydispersity index
(PDI) of the ISAPEP was found 2.21, which shows that pre-
pared polyol has broad molecular weight distribution.

FTIR Analysis

Figure 7 shows the FTIR spectrum of ISAFA and ISAPEP.
The broad absorption peak for -OH group stretching existing
in ISAFA was noticed at the range of 3223-3496 cm™'. The
characteristic peak at 1630 cm™! and 1459 cm™! are attrib-
uted to the stretching frequency of amide carbonyl (C=0)
and an amide linkage (C—N) [26]. The absorption peak at
1738 cm™! corresponding to the stretching frequency of the
ester carbonyl (-C=0). The characteristics peak at range
of 2861-2936 cm™! represent CH, symmetric and asym-
metric stretching of long chain fatty acid. The appearance
of an amide absorption peak and the disappearance of amine
functionality confirmed the synthesis of ISAFA. The FT-IR
spectra of ISAPEP showed the broad absorption peak for
OH stretching at a range of 3329-3500 cm™'. The charac-
teristics peak at 2853 and 2921 cm™' is attributed to CH,
symmetric and asymmetric stretching present in ISAPEP.
The appearance of characteristic peaks at 1739 cm™!, 1655
and 1460 cm™' indicated stretching frequency of ester car-
bonyl (-COOR), amide carbonyl (-CON-) and amide link-
ages (C-N) respectively. Additionally, in the ISAPEP FT-IR
spectra, peaks at 1166 cm™! corresponded to the stretching
vibration of -C—O-, however, the absence of this absorption
peak in the ISAFA FT-IR spectra proves successful forma-
tion of ester linkages.

Fig.5 Rheological behavior of 12
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Fig.6 Gel permeation chromatograph of ISAPEP

Fig.7 FT-IR spectra of ISAFA
and ISAPEP
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"H-NMR Analysis
The molecular structure of ISAFA and ISAPEP was studied

by 'H NMR. Figure 8 shows the spectrum ISAFA, the peak
at 5=0.83 ppm (1) attributes to terminal methyl groups,
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while the peak obtained at §=1.10-1.33 ppm (3) represent
internal —CH,— groups present in the isostearic fatty acid
chain. The peak appeared at 5=1.59 ppm (2) attributed to
the —CH- group proton, which is existing between the inter-
nal —CH,— groups and terminal methyl groups. The signal
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Fig.8 'H NMR analysis of
isostearic acid based fatty amide
(ISAFA)
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obtained at 5 =2.22 ppm (4) corresponds to the proton of
the —CH,- group linked to carbonyl functionality. The peak
obtained at 6 =3.43-3.51 ppm (5) corresponds to the proton
of —CH,- group linked to amide linkage, while the proton
of —CH,— group attached to the terminal hydroxyl group

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
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caught at §=3.70-3.73 ppm (6) [15]. The peak detected
at 5=3.00 ppm (7) belongs to the primary —OH from
ISAFA. Thus the '"H-NMR spectra were used to confirm the
molecular structure of fatty amide. The 'H-NMR spectra
for ISAPEP are shown in Fig. 9. The proton of the terminal

O
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Fig.9 'H NMR analysis of isostearic acid based polyesteramide polyol (ISAPEP)
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methyl groups detected at §=0.85 ppm (1,12), while the
proton of the internal -CH,— groups present in the long
fatty acid chain observed at 5=1.10-1.31 ppm (3,10). The
peak obtained at 8=1.59 ppm (2, 11) corresponds to the
methine group proton, which is existing between the ter-
minal methyl groups and internal -CH,— groups. The peak
appeared at 6 =2.28 (4) and 8=2.33 ppm (9) were charac-
teristics for -CH,— attached to carbonyl amide functional-
ity and —CH,— attached to ester functionality respectively
[30]. The peak appeared at 5=3.6 ppm (5) was attributed to
—CH,— group linked to amide nitrogen and the peak obtained
at §=3.75 ppm (6) attributed to the proton of —CH,— besides
to —OH group. The peak appeared at 6 =3.41 ppm (8) attrib-
uted to the -CH,— group proton, which is present between
the ester functionality and —CH,— group adjacent to amide
linkage. The sharp peak observed at d=4.12 ppm (7) asso-
ciated with —OH group from ISAPEP. Therefore the 'H-
NMR spectra were used to verify the molecular structure of
isostearic acid based polyesteramide polyol.

Gel Content

Gel content is an important factor, which directly impacts
the properties of cured PU coatings. There is a direct rela-
tionship between gel content and extent of crosslink density
as higher the crosslink density, lesser will be the insoluble
polymers present in the cured film and lesser will be the gel
content. The results for gel content are presented in Table 2.
The result exhibits that the PU-H cured coating had lower
gel content compared to the coating cured with PU-T, which
indicates that the higher reactivity of isocyanate toward the
OH and aromatic structure of TDI promotes high crosslink-
ing and thus increased crosslinking density.

DSC Analysis of Cured PU Coatings

Generally, glass transition temperature (T,) of the polymer
mainly depends on intermolecular interaction, chain seg-
ment mobility, and crosslink density of a polymer [16]. The
influence in T, is directly co-relate with crosslink density
which depends on the functionality of the resin and hardener.
In that case, TDI with the aromatic ring can impact the T,
together with additional factors like crosslink density and
the long fatty acid chain from the polyesteramide polyol.
The T, values of cured PU coatings were recorded based

on endothermic peaks of their second heating DSC curves.
Figure 10 shows glass transition temperature (T,) of PU-H
and PUT coatings as 53.08 and 64.18 °C respectively. The
PU-T based coating showed higher T, values compared to
PU-H coating, which can be assigned to the higher crosslink
density of the coating. The higher T, values of PU-T coating
may be attributed to a higher extent of crosslinking of coat-
ings due to its higher reactivity and rigid structure of TDI,
while PU-H coating show lower T, values because of low
reactivity and aliphatic structure of HDI. Moreover, the T,
values also affected by the structure of the polyol in which
the branched methyl group may influence the chain mobility.
The enhanced crosslink density decreases the chain segment
mobility, in this manner extra energy required to molecular
segments order to achieve smooth region [2].

Thermo Gravimetric Analysis of Cured PU Coatings

Thermo gravimetric analysis (TGA) is a widely used method
that examined the thermal stability of materials and assess-
ing the fractions of volatile components by monitoring the
weight change [35]. The thermal stability of PU coatings
mostly depended on the structure of isocyanate (hard seg-
ment) and polyol (soft segment). The thermo-oxidative deg-
radation process of cured PU coatings with different iso-
cyanate is demonstrated in Fig. 11 and related data for 5%
and 30% weight loss temperature (TS, T30) and char resi-
due at 600 °C are depicted in Table 3. TGA curves for both
PU-H and PU-T samples exhibited two steps of degradation.
Initially, 5% of weight loss for both PU-H and PU-T coat-
ings at 210-219 °C correspond to entrapped air and volatile
matter. The first degradation step of the PU-H appeared at
263-352 °C and degradation resulted in a 50% weight loss.
The second degradation step happened at 365490 °C with
corresponding weight losses in the range of 43% and this
step exhibits slow-moving degradation. The first degradation
step of the PU-T coating was occurred at 272 °C and finished
at 388 °C with degradation resulted in a 30% weight loss.
In the second step of degradation, the onset temperature for
PU-T coating was between 390 and 498 °C with 63% weight
loss. The first step degradation is attributed to the decom-
position of urethane linkages (hard segment), which results
in the formation of isocyanate, primary or secondary amine
and alcohols [36]. The second step degradation is assigned

Table 2 Mechanical, swelling property and gel content of cured PU coatings

Sample code Tensile strength Elongation at Young modulus Swelling (%) Gel content (%)
(Mpa) break (%) (Mpa)
Water Ethanol Toluene
PU-H 10.7+1.7 6.34+0.8 391.39+3.4 .6 .5 7 5 94.53+0.75
PU-T 15.5+0.6 4.27+03 452.36+3.3 3+09 +0.2 +1.7 97.89+0.68
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Fig. 10 DSC analysis of cured
PU coatings
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Table 3 Thermal analysis of cured PU coatings

Sample code T5 (°C) T30 (°C) T50 (°C) Charred Ts (°C)
residue at 600
(°C) (%)
PU-H 210.21 312.16  352.31 1.35 132.97
PU-T 219.24 388.31 44637 1.26 157.25

Table 4 Surface and physico-mechanical properties of PU coatings

Properties PU-H PU-T
Pot life (h) 3 2.5
Surface drying (min) 30 25

Tack free drying (h) 2.5 2

Hard drying (h) 8 7.5
Gloss (°) 96+3 108+3
Thickness (u) 47+1 47+1.3
Adhesion 100 100
(Cross-hatch) (%)

Flexibility 1/8"” bending mandrel Pass Pass
Scratch hardness (kg) 2.1+0.2 24+02
Impact resistance 1b. in 141+1.3 148+1.5
Pencil hardness 3H 4H
Contact angle (°) 108 +2 115+2
Root mean roughness (nm) 9.24 15.37

to the thermal decomposition of ester moieties, amide link-
ages, and hydrocarbons chain present in PU coating (soft
segment) [30, 37]. The thermal stability of PU coatings was
also evaluated using statistic heat resistance index tempera-
ture (Ts) which was calculated from Eq. (10).

Ts = 0.49[Td5 + 0.6(Td30 — Td5)] (10)

where, Td5-temperature of 5% weight loss, Td30- tempera-
ture of 30% weight loss.

It is noticeable from Table 3 and Fig. 11 that the PU-T
coating showed higher thermal stability compared to PU-H
coating, which can be assigned to the higher crosslink den-
sity of the coating. The higher crosslinking density arises
from higher reactivity of TDI, because of the aromatic
ring present in it. Additionally, it also can be assumed that
branched methyl group of isostearic acid restricts the chain
segment mobility of polymer and enhanced thermal stabil-
ity [38]. The present study exhibited better thermal stability
compared to our earlier work [26].

@ Springer

Evaluation of Surface and Physico-Mechanical
Properties

The surface properties of PU coatings presented in
Table 4. The pot life of PU-T and PU-H coatings obtained
at ambient condition was found to be 3 h. The coatings
applied on the metal panel took 25 to 30 min for drying
while tack free drying required 2 to 2.5 h. The surface
drying and hard drying time were observed to be fastest
for PU-T because of the higher reactivity and aromatic
ring present in TDI, which promote faster curing. Hard
drying of PU-T and PU-H was achieved over 7.5 and 8 h
respectively. The thickness of PU-T and PU-H was found
to be 47u. Gloss was found to be 108° for PU-T and 96° for
PU-H coatings respectively. The higher gloss of the PU-T
system could be assigned to the existence of an aromatic
ring in the TDI hardener, which leads to a higher extent of
crosslinking. The coating also maintained excellent dimen-
sional stability and smooth surface that enhanced the gloss
of PU-T coating [39]. The cured PU coatings panels are
bent to 180° following the conical mandrel tester. After
bending, if the coating is neither removed nor cracked then
it is said to be passed. Polyesteramide polyol will fully
use the saturated fatty acids likewise offer longer structure
chains, suitable in flexible applications. Both the coatings
passed the flexibility test due to the combination of a long
aliphatic chain of dimer acid and non-crystallinity in the
polyol structure that contribute to better flexibility of the
PU coatings. Both PU coatings passed the impact test
as none of them shows any indication of breaking upon
impact test. This superior impact resistance is attributed
to the fatty acid chain contributed by isostearic acid as
well as the long fatty acids chains of dimer fatty in the
soft segments of polyol and hardness offered from high
crosslink density of PU structure. Compared to vegetable
oil based coating in the earlier study, a coating with the
highest impact resistance of 70.86 1b.in [16] and in present
research the highest impact resistance of 148 Ib.in which
shows that fatty acid based coating is more flexible and
can be applied for developing high-performance coatings.
PU-T coating indicated scratch after the application of 4H
pencil due to more cross-link density of coating arising
from the rigid structure of TDI while the PU-H coating
showed scratch upon the application of 3H pencil due to
more flexible structure of HDI. It could be attributed to the
uniform, optimum cross-linked, and well-adhered struc-
ture of the PU coating [40]. The scratch hardness for both
coatings was found to be 2.4 kg for PU-T and 2.1 kg for
PU-H respectively. The higher scratch hardness of PU-T
coating could be attributed to the aromatic ring in the TDI
hardener, which leads to a higher extent of crosslinking
and responsible for the surface hardness of the coatings.
Additionally, the presence of polar groups and hydrogen
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bonding in PU backbone increases the surface hardness
and provided an excellent scratch hardness and pencil
hardness to the prepared coatings. The present study of
fatty acid based PU coating shows high values for scratch
hardness and pencil hardness compared to the reported
fatty acid based PU coating [15]. Both PU coatings show
100% adhesion to the metal substrates as measured by the
cross-cut adhesion test. The N-H group from urethanes
linkage created a hydrogen bond with the metal substrate
and improve its adhesion property [41]. Additionally, the
morphology of the isostearic fatty acid structure inside
the polyesteramide polyol makes a substantial improve-
ment in the adhesion. Considering the above-mentioned
physicomechanical characteristics, the final PU coating
properties are affected by the rigid structure of TDI and
flexible structure of HDI, as well as, presence of long ali-
phatic chains in isostearic acid and dimer fatty acid.

Mechanical Properties of PU Coatings

Generally, mechanical properties of a polymer rely on vari-
ous parameters like the existence of polar groups within the
polymeric chains, hydrogen bonding, presence of inter and
intra-molecular interactions, molecular weight, and compo-
sitions of the reactants. The cross-link density would also
influence the tensile properties and elongation of the PU
coating [42]. The hard segment from PU creates ordered
domains due to hydrogen bonding and provide high strength
and rigidity to the material, while the soft segments from PU
provides elastic properties to the material. The mechanical
properties of PU coatings were studied by tensile strength,
young modulus and elongation at break and presented in
Table 2. As can see (Table 2) PU-T coating exhibited higher
tensile strength (15.5 Mpa) and young modulus (452.36
Mpa) compared to PU-H coating’s tensile strength (10.7
Mpa) and young modulus (391.39 Mpa). Increasing the
crosslinking density of polymer backbone reducing the
mobility of chain segments and increases of tensile strength
and young modulus of PU-T coatings [43]. This is because
of the high reactivity and aromatic structure of TDI (hard
segment), which imparted more stiffness and rigidity to the
final cured PU-T coatings. Moreover, PU-H coating exhib-
ited higher elongation at break (6.34%) compared to PU-T
(4.27%). This is because of the aliphatic structure of HDI as
well as the presence of long fatty acids chains in polyol (soft
segment), which provides extra flexibility to PU-H coating
hence improved elongation at break [44].

Swelling Properties of PU Coatings

The swelling test was performed to examine the resistance of
the PU coatings towards the water and organic solvents (tol-
uene and ethanol) and the finding are presented in Table 2.
Both PU coatings showed superior resistance to water than
to organic solvents because the hydrocarbon character leads
the fatty acid and derived polymers extremely hydrophobic.
Hence, the hydrophobic nature of fatty acid chains presence
in polyol seems to play an important role than the presence
of ester bonds. Moreover, it is notable that the steric effect
of methyl group of the isostearic acid helped to improve the
swelling properties of the PU coating [45]. Besides, higher
reactivity and aromatic structure of PU-T favored dimin-
ishing the swelling of which was usually attributed to the
improvement of crosslinking. Additionally, it was indicated
that PU-H coating showed inferior swelling resistance com-
pared to PU-T coating due to the aliphatic structure of HDI,
which lowers the crosslink density of the coating.

Hydrophobic Properties of PU Coatings

Water contact angle (WCA) is used to examine the hydro-
phobic and hydrophilic character of the cured PU coatings
surface. If the contact angle is more than 150°, the surface
is said to be ultra-hydrophobic, contact angle below 90° it
is considered as hydrophilic and contact angle 90°-150°
it is considered as hydrophobic [29]. As shown in Table 4,
the water contact angle for PU-H and PU-T coatings is
108° and 115° respectively, which exhibit wettability of
coating. Both coatings show a contact angle higher than
90° which shows the hydrophobic nature of the coatings
and the results are consistent with the percentage of water
absorption. The improvement can be mostly attributed
to the extremely hydrophobic nature of long fatty acids
chains present in polyesteramide polyol [26]. Further-
more, the PU-T coatings exhibited a high contact angle
value compared with PU-H, this difference arises due to
the higher crosslink density of PU-T coatings. Due to high
crosslink density, the coatings show a hydrophobic nature
which prohibits permeation of water droplet and increas-
ing the material’s hydrophobicity. Compared to fatty acid
based PU coating in the earlier research, a coating with the
highest contact angle of 87° [30] and current research the
highest contact angle of 115°, that shows that the current
coating system is more hydrophobic.

Surface Roughness Properties of PU Coatings
AFM is a widely used technique to examine the surface

roughness and three-dimensional (3D) surface topogra-
phy of coatings. It has been noticed that polyurethanes
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Fig. 12 AFM images of PU coatings. a PU-H, b PU-T

prepared from various polyol, hardener, and chain extender
show the distinctive morphological structure, and numer-
ous factors like surface flexibility and adhesion are all
associated with the AFM topographic images [46]. Fig-
ure 12 shows the variation in surface topography of both
PU coatings. The root mean square of roughness (RMS)
was assessed from five randomly selected regions of each
coating sample and results presented in Table 4. Topo-
graphic images (Fig. 12) and surface roughness values
indicate more aggregation of hard segments in PU-T coat-
ing which displays a rougher surface than PU-H coating.
Increasing hard segments through an aromatic ring of TDI,
which is probably the main reason for increasing cross-
link density hence the surface roughness of PU-T coat-
ing enhances. The surface roughness is influencing the
mechanical and hydrophobic properties of coatings, as we
can see from Tables 2 and 4, the increase in tensile prop-
erties and contact angle values with increases the coating
roughness [47].

@ Springer

20 ym

Conclusion

This study demonstrated that the bio-based sources namely
isostearic acid and dimer fatty acids can be exploited for the
synthesis of polyesteramide polyol and polyurethane metal
coatings. The crosslinking density and rigidity of final PU
coatings were modified through structurally different diiso-
cyanates. Moreover, it was also verified that long aliphatic
chains from fatty acids contributed to flexibility, hydropho-
bicity, impact resistance, and elongation properties in final
cured PU coatings. After assessing physicomechanical,
swelling resistance, surface roughness and coating prop-
erties, it was found that PU-T coating exhibited excellent
performance due to its higher crosslink density. The PU-
coatings showed remarkable results, including a glass tran-
sition temperature (Ty) of 53.08—64.18 °C, highest thermal
degradation temperature of 352—446 °C, the tensile strength
of 10.7—15.5 Mpa, and young modulus of 391.39-452.36
Mpa. Consequently, the PU-T coating showed superior
results in comparison to the PU-H coating. This study
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encourages the utilization of bio-renewable sources for the
synthesis of green polyurethane coatings and offers a sus-
tainable replacement over the conventional petroleum feed-
stock in the development of coatings.
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