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Obstract

Natural fibers and polyurethane based composites may present chemical bonding between the components of the 
polymer and the lignin of the fiber. The incidence of radiation can cause degradation of the polymeric material and 
alter its mechanical properties. The objective of this study was to obtain and characterize cold pressed composites 
from polyurethane derived from castor oil and sisal fibers, without coupling agents, through thermogravimetric and 
mechanical tests, before and after the incidence of 25 kGy dose of gamma radiation. Woven composites that were not 
irradiated had maximum values of 4.40 GPa for flexural elastic modulus on three point flexural test and dispersed 
fiber composite that were not irradiated had maximum values of 2.25 GPa. These materials are adequate for use in 
non‑structural applications in radiotherapy and radiodiagnostic rooms.
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1. Introduction

The use of natural fibers as load or reinforcement 
in polymeric composites is increasing in the last years. 
Characteristics such as processing flexibility, high specific 
stiffness and low cost make them attractive to industrial 
applications[1-5]. Polymeric matrices are preferred because 
of their low cost and ease of processing, and their main 
functions are joining the fibers, distributing stresses and 
stopping crack propagation in the material[6]. Conventional 
polymers used in radiotherapy furniture and radio diagnostic 
rooms, such as adhesives and agglomerates, have their 
mechanical properties considerably altered when exposed 
to high energy radiation[7].

The effects of gamma radiation in polyurethane 
derived from castor oil adhesive specimens were studied 
by Azevedo et al.[8], and they concluded that there were no 
significant alterations of the mechanical properties when 
materials were irradiated with doses up to 100 kGy, since 
the main effect of radiation in this polymer is the formation 
of cross‑linked bonds within polymeric chains.

The lack of adhesion between the fiber and the matrix 
is one of the greatest concerns regarding the production of 
bio composites. Mechanical loads are held by the fibers, 
and the matrix/fiber interface should transfer the applied 
load from the matrix to the fibers in order to achieve the 
desired mechanical strength[3,9]. In general, natural fibers are 
hydrophilic and do not show good adhesion with hydrophobic 
polymers normally used as composite matrices[9].

Many different approaches described elsewhere[9-16] have 
been explored in order to improve the fiber/matrix adhesion. 
They include the chemical modification of the fiber before 
the composites processing, either through esterification[17-22], 
eterification[17,21,22], silane[11,12,21] or isocyanate[9,23] treatments, 

or through physical means as plasma[11,13,24,25] or corona[24,25] 
treatments, as well as the modification of the polymeric 
matrix[26,27].

During the process of polymerization of the polyurethane/sisal 
composite utilized in this work, the active hydrogen present in 
the sisal lignin, either in its hydroxyl or carboxyl groups, may 
chemically interact with free isocyanate from polyurethane 
and form urethane bonds or carbamic anhydride[28]. Chemical 
interaction between isocyanate and lignin may reinforce the 
polymer‑fiber interface, leading to a better load distribution 
throughout the composite structure when it’s subjected 
to mechanical stresses. This may enhance its mechanical 
performance with no need of adding coupling agents or 
conducting pre‑treatments on the fibers.

The aging resistance of sisal fibers is good[7], and they 
are able to decrease the effect of gamma radiation on the 
mechanical properties of the polyurethane matrix, as well as 
to increase the fiber/matrix cohesion. Huang et al.[29] observed 
the influence of gamma, UVA, and UVC radiations on the 
flexural strength of composites with different volumetric 
proportions of fiber and resin, and concluded that the 
incidence of radiation degraded the mechanical properties 
of the studied materials, without affecting the necessary 
characteristics for their use as accessories in radiotherapy 
and radio diagnostic rooms. However, the possible changes 
in chemical affinity between the components and the mass 
loss with temperature as a function of the incident radiation 
were not studied.

The aim of this work is to evaluate the mechanical 
properties of composites made with castor oil derived 
polyurethane and dispersed and woven sisal fibers, with 
no compatibility treatments, before and after incidence of 
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a 25kGy dose of gamma radiation. This dose is the same 
used sterilization of medical materials. Specimens were 
characterized and evaluated by means of thermogravimetric 
analysis (TGA), cryogenic fracture tests, nanoindentation 
and nanoscratch tests, Izod impact test and flexural test, 
and fracture surfaces were analyzed by scanning electron 
microscopy (SEM).

2. Materials and Methods

The polyurethane used in this work was donated by 
the company Cequil, from Araraquara ‑ SP, Brazil. It was 
supplied as a bi‑component, a poliol and a pre‑polymer, 
identified as 442 and 253, respectively. The preparation of 
the polymer was made according to the supplier instructions, 
and the ratio poliol:pre‑polymer was 1:1 for all specimens. 
The setting time of the polymer was 24h.

Sisal fibers were acquired from local stores in Curitiba‑PR, 
Brazil, and there was no concern regarding its precedence. 
Two different geometries were used: (1) dispersed fibers of 
approximately 5mm in length, and (2) bidirectional woven 
with thickness of about 2mm composed of sisal threads 
with approximate diameter of 1mm. Fibers was previously 
kept in an oven at 70 °C for six hours in order to eliminate 
moisture, and this was the only processing that they subjected 
to before mixing with the polymer. Two different sources of 
fibers were used, since it was not possible to make dispersed 
fibers form the woven, because it resulted in agglomerates, 
making the homogenization of the composite very difficult.

Fibers and polymer were manually mixed with a 
fiber:polymer ratio of 80/20 wt%, and rectangular sheets 
3‑4mm thick were produced. The mixture was pressed at 
room temperature in a hydraulic press, and the applied 
pressure was 266.6 Pa. No vacuum was made during 
pressing. Specimens were then cut from pressed sheets for 
characterizations, and the dimensions of the specimens used 
for destructive tests are in accordance with ASTM 790‑03 
and ASTM D 256 standards (flexure tests and impact tests, 
respectively).

Gamma irradiation tests, with dose of 25 kGy, were 
performed by the company Embrarad ‑ Cotia/SP with the 
aid of industrial source Cobalt 60 MDS Nordion JS‑9600.

The thermogravimetric analyses (TGA) were carried out 
in a Perkin Elmer STA 6000 thermo scale, and the following 
parameters were used:

• Specimen mass: 4.0 to 5.0 mg;

• Temperature range: 50 °C to 800 °C;

• Heating rate: 10 °C/min;

• Flow of N2 atmosphere: 20 mL/min.

Flexural tests were performed according to the ASTM 
D790‑03 standard in an EMIC DL10000 universal tester, with 
load cell of 5 kN and test speed of 1mm/min. To determine 
impact resistance, test specimens of 55 × 10 × 4 mm 
(length × width × thickness) were submitted to Izod impact 
test in Ceast equipment, model Resil 25, notched in Ceast 
chisel with depth of 2.54 ± 0.1 mm, according to the ASTM 

D256 standard. All woven composites specimens were cut 
in a parallel direction to the length of the fibers.

Scanning Electron Microscopy was performed in a 
Zeiss microscope, model EVO MA 15, and it was used to 
evaluate the surface of fibers after drying and the fracture 
surface of the composites after flexural test.

3. Results and Discussion

Table 1 shows the flexural properties of polyurethane 
derived from castor oil before and after the gamma irradiation 
with dose of 25 kGy. A slight increase on flexural stress 
and flexural elastic modulus after irradiation is noticed, 
which, according to Azevedo et al.[8,30], can be attributed to 
the formation of crosslink bonds in the polymeric chains 
caused by the gamma radiation incidence.

Figure 1 shows the obtained TGA curves of the dispersed 
fibers composite without irradiation. A thermal event starting 
at 50 °C can be observed, and this can be attributed to the 
presence of water[31] and other substances that are present 
onto the surface of the fibers. This thermal event finishes at 
150 °C, and the next one occurs at 520 °C. It can be assumed 
that the thermal behavior of the composite is combination 
of the thermal behavior of its individual components, and 
the phase with higher volumetric fraction gives the major 
contribution. The 20% of the mass remaining at the end of 
the test can be identified as burning residues.

The TGA curves of the dispersed fibers composite after 
gamma irradiation with dose of 25kGy are shown in Figure 2. 
Comparing to the non‑irradiated material, it can be noticed 
that the temperatures of the thermal events did not change, 
but the peaks intensities decreased in the derivative curve, 
which is a sign of degradation of the fibers caused by the 

Table 1. Stress rupture values in flexion and elastic modulus in 
bending the polyurethane derived from castor oil before and after 
incidence of gamma radiation (25 kGy dose).

PU Flexural stress 
(MPa)

Elastic modulus 
(GPa)

Before irradiation 42 ± 3 1.64 ± 0.12
After irradiation 47 ± 12 1.66 ± 0.50

Figure 1. Thermogravimetric Analysis curves obtained for the 
non‑irradiated dispersed sisal fibers composite.
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incident radiation. The amount of burning residues after the 
test showed no significant variation.

The curves obtained from thermogravimetric analysis of 
the non‑irradiated woven composite are shown in Figure 3. 
A thermal event starts at 50 °C and finishes at 150 °C, and 
this event is also attributed to the presence of water, similar 
to the previous cases. Following that, another thermal event 
starts at 150 °C and finishes at 520 °C, and the same amount 
(20%) of burning residues remains at the end of the test.

Figure 4 shows the TGA curves of the woven composite 
after gamma irradiation. Again, when comparing to the 
non‑irradiates specimens, no variation of the initial and 
final temperatures of the thermal events was observed. 
The decreasing intensity of the peaks in the derivative 
curve indicates the influnece of the gamma radiation on the 
degradation of the sisal woven, and the burning residues 
mass was the same as observed previously.

It was observed that the intensity of the thermal events for 
the sisal woven composites occurring in the temperature range 
between 250 °C and 450 °C is larger than its correspondents 
for dispersed fibers composites. That could be explained 
by the difference in morphology of the reinforcements, 
implying in different modes of thermal energy transference 
inside the materials.

Figure 5 shows a SEM micrograph of the fracture surface 
after cryogenic fracture of dispersed fibers composite without 
incidence of gamma radiation.

From Figure 5 one can see that there are no voids or 
gaps on the fiber‑matrix interface, suggesting that, besides 
the mechanical interlocking, fibers may present chemical 
affinity with this type of polyurethane, increasing surface 
adhesion and providing better mechanical properties, since 
load transfer becomes more efficient. More than one failure 
mode was observed in the fracture surfaces of the composites, 
which is expected for this type of material. Fiber breakage and 
tearing, as well as polymer matrix fracture were observed. 
The polymer fracture was of brittle in nature, evidenced by 
mirrored areas starting at stress concentration points such as 
bubbles, which are inherent to the manufacturing process 
of the polymer, impurities at the fibers surface and fibers 
edges. Figure 6 shows a SEM micrograph of the dispersed 
fibers composite after gamma irradiation. It is observed 
that there are no gaps around the fiber‑polymer interface, 
suggesting that even after the incidence of the applied dose 
of gamma radiation the chemical affinity between the fibers 
and the polyurethane matrix is maintained. It is also observed 
that the amount of empty regions in the fibrils interior has 
enhanced, which can indicate embrittlement due to radiation, 

Figure 2. Thermogravimetric Analysis curves obtained for the 
gamma irradiated dispersed sisal fibers composite.

Figure 3. Thermogravimetric Analysis curves obtained for the 
non‑irradiated woven sisal fibers composite.

Figure 4. Thermogravimetric Analysis curves obtained for gamma 
irradiated woven sisal fibers composite.

Figure 5. SEM micrograph of cryogenic fracture of non‑irradiated 
dispersed sisal fibers composite.
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behavior also evidenced by detachment of micro fibrils in 
other regions of the material.

Figures 7a and 7b show the surface fractures after 
cryogenic fracture of the non‑irradiated and irradiated 
sisal woven composites, respectively. In both cases, the 
fracture aspect was the same observed for the dispersed 
fiber composite, with embrittlement of micro fibrils after 
irradiation and no presence of interfacial gaps between the 
fibers and the polymer matrix.

Figure 6. SEM micrograph of cryogenic fracture of gamma 
irradiated dispersed sisal fibers composite, dose of 25 kGy.

Figure 7. SEM micrograph of fracture surfaces after cryogenic fracture of woven sisal fibers composite: (a) before gamma radiation, and 
(b) after gamma irradiation with dose of 25 kGy.

Figure 8. Average values and standard deviations for (a) flexion stress, and (b) flexion elastic modulus for each composite, before and 
after gamma radiation incidence with dose of 25 kGy.

The absence of fiber‑matrix interfacial gaps was reported 
by other authors[32,33] only for fibers that were treated with 
coupling agents, witchy suggests that the chemical affinity 
between the materials investigated in this work is suitable 
even without the use of coupling agents.

The results obtained for flexural stress and elastic 
modules before and after the incidence of gamma radiation 
are shown in Figures 8a and 8b. Specimens were identified 
as follows: DF ‑ dispersed fiber composite; W ‑ woven fiber 
composite; NI ‑ non‑irradiated.

Both flexural stress and elastic modules of dispersed 
fibers composites were lower when compared to woven 
composites and non‑reinforced polyurethane. Such result 
could be attributed to the fact that the fibers extremities 
act as stress risers and crack initiation sites, decreasing 
the material flexural strength[6]. In this case, the higher 
fiber‑to‑matrix volume ratio contributed to this decrease in 
flexural strength, since there are more stress risers points[34,35]. 
It was also observed that the incidence of gamma radiation 
decreased the mechanical strength of the materials, because 
of the degradation on fibers caused by radiation[7], which was 
evidenced by the surface fractures observation. The highest 
flexural strength was obtained by the non‑irradiated sisal 
woven composite, with an increase of 190% in flexural 
strength and 268% in flexural elastic modules when compared 
to the non‑irradiated and non‑reinforced polyurethane.
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The comparison between impact resistance of the 
composites before and after irradiation is shown in Table 2. 
Higher values were measured for disperse fibers composite, 
probably because the fibers extremities acts as crack arresters, 
impeding the crack propagation and consequently increasing 
impact resistance. It was also noticed that standard deviation 
values for dispersed fibers composites are higher than for 
woven composites, due to lack of uniformity of fibers 
dispersion among different specimens. The manufacturing 
process of the specimens was made manually, which may 
have originated heterogeneous regions with different fibers 
concentration within the polymer matrix.

The impact resistance of both composites increased after 
the incidence of gamma radiation, as a result of the higher 
density of cross‑linked bonds in the polyurethane matrix.

Silva et al.[1] reported impact resistance values of 23kJ/m2 
for short untreated sisal fibers with fiber content of 20% in 
volume and 25kJ/m2 with 27% with fiber content. Alkali 
treatment performed on the fibers in[1] resulted in decreased 
impact resistance of the composites ‑ 11kJ/m2 with 20% fiber 
volume and 10kJ/m2 with 27% of fibers. Since the fibers 
used in this work were commercially available ones, with 
no information regarding any possible pretreatment, it is 
possible that they were previously processed in a similar 
manner as reported by Silva et al.[1].

4. Conclusions

The objective of this study was to obtain and characterize 
cold‑pressed composites made of polyurethane derived from 
castor oil and sisal fibers, without the use of coupling agents, 
through termogravimetric analysis, surface observation and 
mechanical tests, before and after the incidence of gamma 
irradiation, with dose of 25 kGy. Through thermogravimetric 
analysis it is possible to conclude that all studied composites 
showed thermal stability up to 150 °C, even after incidence 
of gamma radiation, and that none of them had solvents in 
their composition. SEM cryogenic fractures observation 
indicated that there was no gap between sisal fibers and 
polyurethane matrix in any of the materials, even after gamma 
irradiation. Flexural tests results showed that dispersed fibers 
composites had lower flexural strength and flexural elastic 
modulus values. This happened because dispersed fibers 
extremities act as stress concentration points, diminishing 
flexural mechanical strength. Non‑irradiated woven composites 
had the highest results in flexural tests, since its interlaced 
structure provides better load distribution. After radiation 
incidence, both composites had their mechanical properties 
decreased. Dispersed fibers composites had better impact 
resistance when compared to woven composites, which 
is also explained by the highest amount of inner stresses 

Table 2. Impact resistance values of the dispersed fibers and 
woven composites before and after incidence of gamma radiation 
(dose of 25 kGy).

Composite Impact resistance (kJ/m2)
Dispersed fibers without radiation 10.4 ± 3.4
Dispersed fibers 25 kGy 13.1 ± 3.2
Woven without radiation 8.7 ± 1.3
Woven 25 kGy 9.1 ± 1.3

caused by fibers extremities. Gamma radiation incidence 
has increased the impact resistance in both materials. Based 
on these observations it is possible to conclude that these 
composites are suitable for applications in radio diagnosis 
and radiotherapy rooms.
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