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Evaluating Vegetable Oil Epoxidation Efficiency on
Properties of Eucalyptus Wood: Thermal and Thermo-
chemical Processing
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The applications of wood are limited by its hygroscopicity and resulting
dimensional changes, which reduce its service life for outdoor conditions.
Modification methods develop the usages of wood-based products by
altering the structure. This study compared the effect of oil heat treatment
(OHT) with raw (SO) and epoxidized soybean oil (ESO) at different
temperatures relative to the practical properties of eucalyptus wood.
Fourier transform infrared spectra confirmed hemicellulose degradation
with increasing temperatures of ESO-treated specimens. With increasing
temperature, ESO darkened the specimens compared to SO. Thermal
modification at the highest temperature in ESO resulted in a weight loss
of modified specimens and the lowest density, with more hydrophobicity
and dimensional stability compared to the SO-modified specimens. Based
on bending data, unlike modulus of elasticity (MOE), modulus of rupture
(MOR) did not show a statistical difference between the two types of oils,
except at 150 °C. At 200 °C, the specimens modified with ESO exhibited
lower hardness than SO. The impact resistance of 150 and 175 °C/ESO
modified specimens was higher than SO specimens. In summary,
functionalized vegetable oil significantly improved physical characteristics
compared to SO, with obvious improvement in impact strength at 150 °C.
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INTRODUCTION

Wood as a natural and renewable material with various applications, despite its
distinctive features such as aesthetic features, high specific mechanical properties, and
insulation against heat and sound, is highly hygroscopic, dimensionally unstable, and
biodegradable, which reduce its service life (Lee et al. 2018; Baar et al. 2021). Protective
procedures that effectively reduce these inherent limitations expand the utilization of wood
products. Thermal modification of wood under high temperatures in various mediums, such
as water, vapor, nitrogen, and oil, is a practical and environmentally friendly method that
can overcome its disadvantages without the use of toxic chemicals (Hill 2006; Nejad et al.
2013; 2019; Sandberg et al. 2017). The oil heat treatment (OHT) process using vegetable
oils through hemicellulose degradation at high temperatures and the presence of non-polar
oil (without chemical reaction) makes the cell wall hydrophobic (Esteves et al. 2013;
Sandberg et al. 2017). Oil heat treatment with hemp oil enhances the density and
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dimensional stability of European beech (Baar et al. 2021). Oil uptake during OHT
increases the weight of wood and subsequently the density (Lee et al. 2018). However,
degradation of wood cell wall components at high temperatures reduces the final density
of the product (Duzkale Sozbir et al. 2021).

Unlike the physical properties and biological resistance, thermal modification has
been shown to reduce the mechanical strengths of wood (Gaff et al. 2019; Baar et al. 2021;
Yang and Jin 2021). The effect of OHT on the mechanical behavior of wood depends on
the type of strength and processing temperature. Unlike modulus of elasticity (MOE) and
compression strength parallel to the grain, elevating temperature reduces modulus of
rupture (MOR), toughness, and hardness of modified wood (Haseli et al. 2024). To control
the loss of strength, OHT under modified oils can be used (Tjeerdsma et al. 2005).
According to the literature, the reaction of functional groups in modified oils with the
hydroxyl groups of wood improved some physical and mechanical properties (Tjeerdsma
et al. 2005; Jebrane et al. 2015a,b). Soybean oil with high epoxidation capacity is one of
the most important vegetable oils (Tan and Chow 2010). The reaction of epoxy groups in
epoxidized soybean oil forms chemical bonds with the hydroxyl groups of wood (Jebrane
et al. 2015b). Impregnation of Scot pine samples with epoxidized linseed oil (ELO)
decreased the moisture uptake, dimensional changes, and mechanical properties of ELO-
treated wood (Jebrane et al. 2015b). The curing of ESO in the range 175 to 190 °C
increased hardness of resulted polymer. However, the increase of temperature to 205 °C
decreased it due to the thermal degradation of the cured polymer (Khoklang and Srithep
2022).

Simultaneous chemical and thermal modification of wood with functionalized oil
has rarely been studied in literature (Tjeerdsma et al. 2005). It is assumed that OHT in the
epoxidized soybean oil can improve physical characteristics and reduce the mechanical
loss of wood. In addition to the method, the type of environment and the process schedule,
wood species is also an important factor that influence the property alteration extent after
wood modification (Mandraveli et al. 2024). Tomak et al.’s (2011) research showed that
thermally treated beech wood had higher water absorption than Scots pine and resulted that
changes in dimensional stability depend on the species.

Eucalyptus (Eucalyptus camaldulensis), which is a fast-growing species that is
widely planted, has an important role in forestry, environmental restoration, as well as in-
dustrial applications such as papermaking and flooring. The unfavorably high dimensional
changes of eucalyptus wood under different conditions (Poonia and Tripathi 2016) could
be decreased via thermal modification methods such as OHT. In this study, the effects of
OHT modification under epoxidized and raw soybean oil on some of the practical proper-
ties of eucalyptus wood were investigated.

EXPERIMENTAL

Materials

The defect-free and straight-grained heart wood of fast-growing eucalyptus (Euca-
lyptus camaldulensis) was harvested from the north of Iran and cut into 3 cm thick lumber
pieces. After outdoor drying, they were cut to standard size for physical and mechanical
tests according to ASTM D4442-92 (2003) and ASTM D143-14 (2014), in 10 replicates
for each treatment.
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Specimens with similar average dry density of 0.6 g/cm? were selected and oven-
dried at 103 = 2 °C for 24 h. Raw (molecular weight: 874 g/mol) and epoxidized soybean
oil (molecular weight: 1000 g/mol) were obtained from Sepahan Fanavaran Shimi Com-
pany (Isfahan, Iran).

Table 1. The Condition and Code of Treatments

Treatments Code Oil Type Temperature (°C)
C - -

S0150 Raw soybean oil 150
S0175 Raw soybean oil 175
S0200 Raw soybean oil 200
ESO150 Epoxidized soybean oll 150
ESO175 Epoxidized soybean oll 175
ESO200 Epoxidized soybean oll 200

Methods

For OHT, oil immersion of specimens was done in a cubic steel container, and a
mesh plate was placed on them to ensure full soaking. Consequently, the container was
heated in an oven at 150, 175, and 200 °C for 4 h. After treatment, the specimens were left
out of oil for one day to remove excess oil. Then the specimens were dried in an oven at
103 £ 2 °C for 24 h, weighed, and dimensions were measured. The various treatments and
the code of specimens are presented in Table 1.

Physical Properties

The density of specimens, before and after OHT, and weight percent gain (WPG)
of modified specimens was evaluated according to equations 1 and 2,

Density =m /v 1)
where m is the weight (g) and v is the volume of specimens (cm®) before and after
modification.

Weight gain = W1— Wo / Wo x 100 2

In EqQ. 2, Wo and W1 are weight of specimens before and after modification (g).

The efficiency of thermal modification was examined by calculating the water
absorption (WA), water repellent efficiency (WRE), volumetric swelling (VS), and anti-
swelling efficiency (ASE) of the specimens during soaking in water for 216 h according to
equations 3 to 6. For long term immersion, the weight and dimension of specimens were
measured during soaking in distilled water at room temperature until 216 h.

WA = W2— W1/ Wi x 100 3)

where W1 and W- are the weight of the specimens before and after soaking in water (g),
respectively. The water repellent efficiency is given by,

WRE = WA:— WA:/ WA x 100 (4)

where WA: and WA represent water absorption of control and treated specimens. The
volumetric swelling is calculated using,

VS = Vi—Vo/ Vo x 100 (5)

Hajazi et al. (2025). “Epoxidized oil for eucalyptus,” BioResources 20(2), 4450-4463. 4452



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

where V1 and Vo are the volume after and before soaking in water (cm?®). The anti-swelling
efficiency is calculated as,

ASE = S1—S2 / S1 x 100 (6)

where S1 is the volume swelling of unmodified specimens (%), and Sz is the volume
swelling of the modified specimens (%).

Mechanical Properties

Mechanical properties, including bending strength (MOR) and bending modulus
(MOE), hardness, and impact resistance, were tested according to ASTM D143-14 (2014).
Bending strength and hardness were tested using a SANTAM STM-20 machine (Santam
Co., Iran). Impact resistance was tested using the SANTAM SIT-100 Pendulum Impact
Tester machine (Santam Co., Iran).

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
Spectroscopy

For evaluating the chemical structure, the FTIR Spectroscopy was conducted on
the surface of samples using an Agilent cary630 FTIR spectrometer (Agilent Co., USA) in
the attenuated total reflectance (ATR) mode. The resulting spectra were recorded in the
range of 400 and 4000 cm™ with a resolution of 4 cm™.

Color Measurement

The color of specimens before and after thermal modification was assessed using a
ZB-A Colorimeter (Hangzhou Zhibang Automated Technology Co., China) on three points
of tangential surface in the CIELAB color system. This instrument provided the numerical
value of L* (lightness intensity from zero: black to 100: white), a* (the color coordinate in
pure green: -120 —pure red: +120), b* (the color chroma on the pure yellow: +120 —pure
blue axis: -120). To compare the color changes after OHT, three factors, AL* as the
lightness change, Aa* and Ab* as the color coordinates changes, and AE* as the overall
color change due to modification were calculated using Egs. 7-10.

AL = Li- Ls @)
Aa = ai- af (8)
Ab = bi- bt 9)
AE = [AL? + Aa? + Ab?]¥? (10)

where i is the index after modification and f is the index before modification (control
specimens).

Statistical Analysis

A complete randomized design and Duncan grouping were used to evaluate the
effect of different conditions of Thermal modification on the properties of Eucalyptus
wood. Statistical analysis was conducted using SPSS software program, version 17.0 (IBM
Corp., Armonk, NY, USA).
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RESULTS AND DISCUSSION

Chemical Structure

Figure 1 illustrates the Fourier transform infrared spectroscopy of the control and
modified specimens. Compared to the control samples, the peak around 3350 cm™
corresponding to the hydroxyl groups was reduced in the SO-OHT samples, due to the
degradation of hemicellulose (Haseli et al. 2024). By the deacetylation reactions of
hemicellulose, acetic acid was formed, which catalyzed the degradation of polysaccharides
(Hill 2006; Kucerova et al. 2016; Mandraveli et al. 2024). The increase of hydroxyl groups
in ESO-modified specimens can be attributed to the successful opening of the epoxy ring,
which declined with rising temperatures (Jebrane et al. 2015b; Li et al. 2021).
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Fig. 1. Fourier transform infrared spectra of control and treated wood at different conditions (C:
untreated control; SO150, SO175, SO200: thermally modified with soybean oil at 150, 175 and
200 °C; ES0150, ES0O175, ES0O200: thermally modified with epoxidized soybean oil at 150, 175
and 200 °C)

In both SO and ESO-treated specimens, the stretching vibrations of the methyl
groups (CHs) at the end of the triglyceride chain and the methylene part (CH2) of the main
saturated fatty acid chain were observed at 2924 cm* and 2854 cm™, respectively (Li et al.
2021). Compared to control specimens, the peak of carbonyl groups (C = O) at 1735 cm™*
increased for both OHT modifications (SO and ESO), which can be attributed to the
presence of these groups in the oils. Heat treatment up to 200 °C decreased carbonyl groups
intensity, which was more obvious for the ESO-treated specimens, similar to previous
studies (Demirel et al. 2018; Li et al. 2021). Previous literature also confirmed decreasing
the carbonyl peak intensity by thermal modification via the degradation of hemicellulose
(Esteves et al. 2013; Cheng et al. 2016; Suri et al. 2021). The higher intensity of the C-H
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bond at 1458 cm* for modified specimens can be attributed to the presence of hydrocarbon
groups in oil structures (Esteves et al. 2013; Haseli et al. 2024). The intensity of peaks
around 1100 and 1155 cm™ correspond to the C-O-C bond of glucans (Werner et al, 2014),
main glucosic structure of cellulose (Apaydin Varol and Mutlu, 2023), and ether bond of
oils, were higher for SO-treated specimens than ESO-treated ones. At higher temperature,
these peaks slightly decreased due to the more degradation of hemicellulose or amorphous
parts of cellulose (Mburu et al. 2007; Suri et al. 2021). Indeed, glucan remained mostly
unchanged up to 180 °C, and it degraded at higher temperature (Borrega et al. 2011). The
intensity of the peak at 820 cm™ associated with epoxy groups decreased for ESO-modified
specimens at higher temperatures, owing to the side reactions and the opening of the
oxirane ring, the destruction of epoxy rings, and the consumption of epoxy groups (Demirel
et al. 2018; Meadows et al. 2016).

Color Appearance

The changes in the color of the specimens were measured by the colorimetric test
(Table 2). Thermal modification darkened the specimens, which was more obvious at
higher temperatures (Fig. 2) (Bak and Nemeth 2012; Freitas et al. 2018; Vybohova et al.
2018; Baar et al. 2021; Yang and Jin 2021).

C Oil Type 150 °C 175°C 200 °C

SO

ESO

Fig. 2. Color of the control and thermal modified wood at different temperatures

Higher temperatures decreased L* index compared to the control. At all
temperatures, the color change of the modified samples with ESO was more than SO
modified ones, and the maximum total color change was observed on the ESO modified
samples at 200 °C, which it has previously been confirmed in the literature (Tjeerdsma et
al. 2005). Change of color by OHT depends on temperature, amount of oil uptake, and type
of oil (Tjeerdsma et al. 2005). Thermal treatment alters the chromophore groups of lignin
(Yang and Jin 2021). In oxygen-free mediums like oil, caramelization of soluble sugars in
frying oil is a more probable reason for the darkening effect (Lee et al. 2018).
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Table 2. Parameters of Wood Samples Color Change after Oil Heat Treatment

Treatment L* a* b* AE*

C 62.09 (2.42) 15.16 (3.26) 25.41 (1.59) -

S0150 42.42 (1.29) 20.69 (2.2) 22.08 (0.52) 20.76 (1.78)
ESO150 29.02 (1.54) 16.9 (0.99) 12.05 (3.39) 35.84 (1.17)
S0175 32.12 (1.28) 15.85 (2.41) 18.41 (0.93) 30.86 (1.12)
ESO175 32.81 (1.77) 22.24 (2.87) 20.22 (3.32) 30.75 (2.36)
S0200 25.39 (0.58) 8.4 (0.49) 12.37 (0.89) 39.53 (0.64)
ES0O200 23.72 (2.11) 5.76 (2.9) 6.18 (1.87) 44.04 (1.71)

Note: Standard deviation in parenthesis

Physical Properties

According to the results, thermal modification in ESO/200 °C resulted in a weight
loss of modified specimens (Fig. 3). This phenomenon could be attributed to less uptake
of ESO with higher molecular weight into the wood structure than SO. Proportional with
increasing temperature, the ESO modification showed lower WPG compared to SO and
even led to a reduction of weight at 200 °C. Decrease in WPG of ESO200 could be
attributed to: cell wall degradation at high temperature (Tjeerdesma et al. 2005; Mandraveli
et al. 2024), and less uptake of ESO with higher molecular weight. Because of the
simultaneous loss of wood substance and oil uptake during the OHT, wood mass loss could
not be exactly measured (Tjeerdesma et al. 2005). The density of OHT specimens
significantly increased at 150 °C for SO/ESO and SO175 compared to control specimens
because weight gain from oil uptake was more than weight loss due to cell wall
degradation; however, the weight decreased with increasing of the temperature to 200 °C
(Fig. 3) (Tjeerdesma et al. 2005; Boonstra et al. 2007; Duizkale Sozbir et al. 2021; Yang
and Jin 2021). According to thermal analysis of ESO, functionalization with epoxy groups
increases thermal stability of oil up to 240 to 260 °C (Kim and Sharma 2012; Sun et al.
2013). Thus, weight loss and subsequently, decrease of density for ESO200 could be
attributed to the more cell wall degradation that could not be compensated with oil uptake.

Weight gain B Density
15 -
0.8
bc
é 10 - 0.6 %
c
- 04 =
o
> 5 =
= 02 2
= &
[ 0 - -0 O
= (=]
C 0.2
5 -
04
-10 -0.6

c 50150 ESO150 SO0175 ESO175 S0200 ESO200

Fig. 3. Density and weight percent gain (WPG) of control and modified specimens. C: control;
S0150, SO175, SO200: thermally modified with soybean oil at 150, 175 and 200 °C; ES0O150,

ESO175, ES0O200: thermally modified with epoxidized soybean oil at 150, 175 and 200 °C.
Different letters on columns indicate Duncan grouping at 95% significant level.
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Figure 4 illustrates the water absorption (WA) and water repellency efficiency
(WRE) of the control and modified specimens. WA of control specimens ranged from 18%
after two hours soaking in water to 94% after 9 days (216 hours). WA of oil heat-treated
specimens reduced significantly. At the end of soaking time, the reduction in WA was 23%
for SO150 and about 77% for ESO200 compared to the control. At all temperature
conditions, ESO-modified samples with higher WRE absorbed less water compared to the
SO-modified samples in spite of higher WPG, and this difference became more obvious by
increasing temperature. This result confirms the higher efficiency of ESO (WRE: 82% after
9 days) through chemical reaction of epoxy groups with free hydroxyl groups of wood cell
wall and reducing water absorption sites, which confirms with FTIR results (Meadows et
al. 2016; Demirel et al. 2018). Typically, hydrophobicity of OHT-modified samples
occurred through two mechanisms: (1) the hydrophobic nature of the oil absorbed into the
wood cavities and (2) the reduction of hydroxyl groups by degradation of hemicelluloses
(Lee et al. 2018; Baar et al. 2021). In ESO heat treated specimens the simultaneous
chemical/thermal modification could also intensify the effect of this procedure on WRE.
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Fig. 4. Water absorption (a) and water repellency efficiency (b) of different treatments. Legends
are the same for (a) and (b). C: control; SO150, SO175, SO200: thermally modified with soybean
oil at 150, 175 and 200 °C; ESO150, ESO175, ES0200: thermally modified with epoxidized
soybean oil at 150, 175 and 200 °C, respectively.

According to Fig. 5, OHT resulted in the dimensional stability of modified
specimens, which was higher for ESO than SO-modified specimens. At the end of soaking
time, the highest ASE results (79%) were obtained from ESO200 and the lowest from
S0O150 (10%). The least thermal modification occurred at lower temperature (150 °C). It
has been proposed that the main reason for hydrophobicity is a mechanical barrier effect
of nonpolar oil in wood cell lumens (Baar et al. 2021). ASE and also WRE of SO modified
specimens were reduced rapidly with outgoing of oil in SO150, while chemical bound of
ESO with wood maintained these two factors relatively constant in ESO150. ASE was
enhanced prominently with increasing temperature. Degradation of hemicelluloses by
declining hydroxyl groups during heat treatment has been stated as being the reasons for
dimensional changes (Lee et al. 2018). Chemical reaction of epoxy groups in
functionalized oil with the hydroxyl groups of wood at higher temperatures also further
reduced the swelling of ESO-modified specimens. The reduction of the intensity of epoxy
groups with increasing temperature, indicating the reaction of epoxy groups with wood,
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has been confirmed by the FTIR spectra (Fig. 1). These results were in agreement with
those of other researchers, who have reported ASE increases of 70% for ESO and 12.7%
for SO modified Scots pine wood (Demirel et al. 2018). Several publications reported
increases of WRE or ASE with chemical modification of wood with epoxidized vegetable
oils (Temiz et al. 2013; Jebrane et al. 2015a; Demirel et al. 2018) and synchronic
thermal/chemical modification with chemically modified vegetable oil (Tjeerdesma et al.
2005).
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Fig. 5. Volume swelling (a) and anti-swelling efficiency (b) of different treatments. Legends are
the same for (a) and (b). C: control; SO150, SO175, SO200: thermally modified with soybean oil
at 150, 175 and 200 °C; ESO150, ESO175, ES0O200: thermally modified with epoxidized soybean
oil at 150, 175 and 200 °C, respectively

Mechanical Properties

The bending strength of treated and untreated specimens is presented in Fig. 6. Heat
treatment with both types of oil increased MOE. This improvement was not significant at
200 °C compared with control specimens. This increment could be attributed to (1) the
degradation of the amorphous part of cellulose and increasing relative crystallinity
(Kocaefe et al. 2008; Lee et al. 2018; Baar et al. 2021; Haseli et al. 2024), (2) the
transformation of lignin (from a glassy state to a plastic state at glass-transition temperature
and cross link formation with more rigidity) (Aradjo et al. 2016; Lee et al. 2018; Baar et
al. 2021), and (3) the filling of cell lumens by oil as incompressible fluid (Megnis et al.
2002; Baar et al. 2021). Gaff et al. (2019) reported a slight increase in MOE of European
oak wood modified under low temperature (160 °C), which declined with increasing
temperature.

Based on the results, SO/thermal modification at 150 °C, unlike ESO, did not cause
a significant change in MOR compared to the control specimens. However, any statistical
difference was not observed between the two types of oils at higher temperatures (Fig. 6).
According to the literature, oil uptake improved the MOR of wood specimens, which could
compensate for the negative effect of structural degradation of SO/OHT modified wood
(Baar et al. 2021). The lower uptake of ESO likely resulted in loss of MOR in modified
specimens at 150 °C. The lowest value of MOR was observed at 200 °C, due to the
increased degradation of the cell wall components proportional with increasing
temperature (Boonstra et al. 2007; Aradjo et al. 2016; Baar et al. 2021).
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Fig. 6. Modulus of elasticity and MOR of control and modified Eucalyptus wood. C: control; SO150,
S0175, SO200: thermally modified with soybean oil at 150, 175 and 200 °C; ESO150, ESO175,
ES0200: thermally modified with epoxidized soybean oil at 150, 175 and 200 °C. Different letters
on columns indicate Duncan grouping at 95% significant level.

Oil heat treatment at 150 °C resulted in an increase in hardness for both oil types
(Fig. 7) due to the transformation of lignin, which was not significant for ESO ones (Gaff
et al. 2019; Juizo et al. 2020). At 200 °C, the specimens modified with ESO exhibited
lower hardness than those modified with SO. According to Jebrane et al. (2015b), chemical
modification of Scot pine wood with epoxidized linseed oil also decreased the hardness.
The reduction of hardness proportional to increasing temperature can be attributed to the
degradation of cell wall components (Fang et al. 2012; Khoklang and Srithep 2022).
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Fig. 7. Hardness of control and oil heat treated specimens. C: control; SO150, SO175, SO200:
thermally modified with soybean oil at 150, 175 and 200 °C; ES0O150, ESO175, ES0O200:
thermally modified with epoxidized soybean oil at 150, 175 and 200 °C. Different letters on
columns indicate Duncan grouping at 95% significant level.

The results showed that thermal modification significantly reduced impact bending
resistance (Fig. 8). The highest impact resistance was measured for the control specimens,
and this strength declined by increasing temperature for both oils, which could be related
to the increasing brittleness resulting from degradation of the cell wall and enhancing
rigidity due to the formation of cross-linkages in heat treated specimens (Gaff et al. 2019;
Yang and Jin 2021; Zheng et al. 2023). In comparing two types of oil, the impact resistance
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of 150 and 175 °C/ESO modified specimens was higher than SO ones, without significant
difference at 175 °C. Wood modification in ESO by replacing long chains of oil between
cellulose microfibrils, likely increased flexibility due to the weakening of the bond between
the cell wall components, which enhanced impact resistance of 150 °C/ESO modified
specimens, without obvious degradation in this temperature.

80 -

60 - _1_ )

40 - c

Impact bending
resistance (KJ/m?)

I i@

c SO150 ESO150 SO175 ESO175 S0200 ESO200

Fig. 8. Impact bending resistance of control and modified specimens. C: control; SO150, SO175,
S0200: thermally modified with soybean oil at 150, 175 and 200 °C; ES0O150, ESO175, ESO200:
thermally modified with epoxidized soybean oil at 150, 175 and 200 °C. Different letters on columns
indicate Duncan grouping at 95% significant level.

Thermal modification with ESO at a lower temperature, in the presence of catalysts,
may retain the mechanical strength accompanied by the desirable color and dimensional
stability, which needs to be investigated in future research.

CONCLUSIONS

1. The results showed the change in the chemical structure of the oil heat treated
eucalyptus wood. Thermal modification in epoxidized soybean oil (ESO) with
increasing temperature resulted in a darker color, loss of weight and density, and more
hydrophobicity and dimensional stability compared to the raw soybean oil (SO)-
modified specimens.

2. Bending strength did not show a statistical difference between the two types of oils in
the case of oil heat treatment (OHT) specimens, except at 150 °C.

3. At 200 °C, ESO-modified specimens showed lower hardness than SO-modified
specimens.

4. The impact resistance of 150 and 175 °C/ESO modified specimens was higher than SO
specimens.

5. Functionalized vegetable oil significantly improved physical properties and impact
strength at 150 °C compared to SO.
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