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ABSTRACT

Aims: The aim of the study is to evaluate polyurethane wood ash composites characteristics and
reliability.

Study Design: Experimental Study Design was used in the study.

Place and Duration of Study: The study was conducted in the faculty of Engineering workshop,
Nnamdi Azikiwe University, Awka, Nigeria from October 2017 and February 2018.

Methodology: Three independent parameters employed include carbonisation temperature,
particle size and volume fraction. Gmelina arborea samples were sundried and carbonised at
varied temperature (400,700 & 1000°C), sieved to three particle sizes (75, 150 & 300 ym) and
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adopted in strength analysis of the composite.

reinforced at varied volume fractions (30, 40 & 50%) with Polyurethane elastomeric polymer. The
mechanical properties of the various samples prepared were tested and Weibull statistics was

Results: The results obtained showed that varying carbonisation temperature resulted in different
mechanical properties of the wood ash composites with the best improvement occurring at 50%
volume fraction, having 300 um particle size at carbonisation temperature of 700°C. However,
decrease in the density of the composite was noticed when the fiber volume fraction increased. In
all cases, carbonisation above 400°C showed improved mechanical properties as a result of
increased carbon yield and reduction in tar and moisture content.

Conclusion: A low Weibull modulus of 1.64 suggests that polyurethane wood ash composites has
highly variable fracture strength, making it difficult to be used reliably in load-bearing applications,
however more useful applications of the new material may include packaging and containerisation.

Keywords: Reliability; polyurethane; wood ash; composites; Weibull distribution.

1. INTRODUCTION

There is a change in outlook occasioned by the
development of ecological mindfulness and
search for packaging and containerisation
materials which are biodegradable and
environment friendly. It might be said that
biodegradability is not just a utilitarian
prerequisite but also a critical natural trait. Along
these lines, the idea of biodegradability
appreciates both easy to use and eco-friendly
materials which are basically gotten from
replenishable timber waste and accordingly it
profits by common asset preservation with a
supporting on naturally amicable and safe
atmosphere [1,2].

Gmelina arborea (melina) was originally
introduced in large tropical areas due to their fast
growth characteristics ease of management in
short rotation systems [3,4]. Classical uses,
microscopic, botanical descriptions, chemical
constituents and pharmacological characteristics
of Gmelina arborea wood has been reported
elsewhere [5,6]. Significant research efforts is
missing on the utilisation of this cellulosic
material in composite formulation, hence the
present study provides beneficial directions to
explore further application of Gmelina arborea
wood in polymer engineering applications.

Studies involving the use of agricultural waste in
polymer composite development abound in
literature. lloabachie, Obiorah, Ezema, Henry,
Chime [7] examined the effect of carbonisation
on the physic-mechanical properties of coconut
shell/unsaturated polyester composite. Subyakto
and Gustan [8] observed the effect of
temperature and time of carbonisation on the
properties of bamboo carbon considering the
chemical components of raw bamboo particles.

99

Ihueze, Obiafudo & Okafor [9] studied biofibers
in polymer matrixes. Shakuntala, Samir,
Raghavendra [10] studied the characterisation
and wear behavior of carbon black filled polymer
composites. Malte and Holger [11] examined the
reinforcement of polymer matrix composite using
carbon residues derived from woody biomass.
Akanbi, Onuoha, Elele, Nwogu [12] evaluated the
effect of carbonised saw dust on the tensile and
flexural strength of polyolefin plastics.

Mechanical and physical properties of
polyurethane reinforced with different natural and
biodegradable contents has been reported in
literature, every reinforcement type and
combination has its own advantages and
disadvantages, multiple studies demonstrated
varying properties of polyurethane reinforced
with polycaprolactone [13], jute fiber [14], glass
fiber [14,15], hemp fiber [16], kenaf fiber [17], rice
husk [18], sugarcane bagasse and sisal [19],
carbon black N990 particles [20], modified castor
oil polyols [21], bambara nut shell and corn chaff
[22], coconut coir fiber [23], Alstonia boonei wood
fiber [24], groundnut husk powder [25]. The
studies showed extensive use of natural fibers in
reinforcing polyurethane matrix. Nonetheless,
studies relating to Gmelina arborea (melina) as
filer in polyurethane polymer are scarce in
literature.

Food bundling and packaging advancements
have continually developed over the years to
beat challenges in the globalised purchaser
showcase. Most of the materials (glass, metal,
paper, composites and plastics) for sustenance
packaging and containerisation, plastic
possessed over 40% of the bundling market
because of their various favorable flexibility and
minimal cost [26,27]. Composites with different
types of reinforcement has been developed by
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researchers for different application, lhueze,
Obiafudo and Okafor [9] characterised plantain
fiber reinforced high density polyethylene
composite for application in design of auto body
fenders; obviously, new research is needed to
further delineate the specificity between reliability
and material performance, this is because typical
cellulosic composite exhibit pronounced ductility
and often failed in pure flexural mode.

The strength of composites depends upon the
size and distribution of sizes of flaws originated
during processing and manufacturing [28].
Therefore strength of composite material
depends upon the probability of finding a flaw
that exceeds a certain critical size. The Weibull
distribution is an indicator of the variability of
strength of materials resulting from a distribution
of flaw sizes. The Weibull statistic has been
widely used in the recent years to describe the
statistical behaviour of the strength properties of
polymeric matrix composites [29,30]. The ¢ also
describes the fracture toughness of engineering
materials where failure occurs by cleavage
[31,32,30]. Very essential aspect of Weibull
distributions is the Shape Parameter (m) which
has a particular impact is the hazard rate. As is
shown in Fig. 1, Weibull distributions with m < 1
have a hazard rate that decrease with time which
is called early-life failure. When m gets closer to
1, there will be fairly constant failure rate
indicating useful life/frandom failures. However,
when m > 1, there will be failure rate that
increases with time indicating the stage of wear-
out failures. These stages makes up the three
sections of three sections of the classic bathtub
curve. A mixed Weibull distribution with one
subpopulation with m < 1, one subpopulation

with m = 1 and one subpopulation with m > 1
would have a failure rate plot that was identical to
the bathtub curve [30]. lhueze, Achike and
Okafor  [33] verified the  performance
characteristics of coconut fibre particles
reinforced high density polyethylene, Okafor and
Godwin [34] evaluated of compressive and
energy adsorption characteristics of natural fiber
reinforced composites, they conclude that
fabrication of fiber reinforced composites
consisting of plantain fiber reinforcement in
polyester matrix is possible.

Ihueze and Okafor [35] optimally designed for
flexural strength of plantain fibers reinforced
polyester matrix in which the optimum values of
the control factors were established. Literature
has shown that the properties of polymer
composites can be influenced by many factors,
furthermore, tensile [36], flexural [37] and
compressive [38] responses of wood ash
particles reinforced polypropylene composite has
been studied in literature, however these
materials were evaluated in terms of failure
strength only; the researches were rigorously
carried out for characterisation of wood based
composites without recourse to their reliability
during application. Expanding our understanding
on the strength and reliability would add to the
development of a more highly specified model of
engineered composites. From the foregoing, the
need to explore Gmelina arborea (melina)
cellulosic waste for functional reinforcement in
polymer matrix has become very imperative; the
objective of this study therefore is to evaluate the
characteristics and reliability of polyurethane
wood ash composites.

L

; Early Life
. /hEre rate decreases witime)

Useful Life

LY

Failure Rate (failures per unit time)

"
N

-
——

(failure rate approx. constant) -
-
L4
— -

/

/

F

Wearout Life —————/
(failure rate increases wi time) .

/

Time (hours, miles, cycles, etc.)

Fig. 1. The classic bathtub curve
Source: https://www.weibull.com/hotwire/issuel4/relbasics14.htm
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2. MATERIALS AND METHODS

2.1 Particle Size Analysis

The particle size analysis was carried out in the
Civil Engineering laboratory at Nnamdi Azikiwe
University, Awka. The ground carbonised
sawdust weighing 200 g was poured into the
particle size analyser ‘impact laboratory test
sieve’ and was fixed on the mechanical shaking
machine. The sieves were set in descending
order, ranging from coarse to the finest mesh
size and shaken for ten (10) minutes to have
homogenous reinforcement-matrix interfacial
mixture. Three filler sizes (75 ym, 150 uym, and
300 um) were obtained each, for the three
samples (400°C, 700°C and 1000°C) in
accordance with ASTM standard.

Volume
Sample

2.2 Determination  of  Fiber
Fraction and Composite
Preparation

The volume fraction of wood ash samples was
achieved following the derivations from the rule
of mixtures based on the procedures of Jones
[39] and implementation of Archimedes
procedures. A mold of 200 mm x 200 mm x 5
mm having a base of glass and sides of wood
was used for casting the composite sheets. A
measuring cylinder was used to measure out the
polyurethane resin and the corresponding wood
ash filler samples were mixed and stirred with a
mechanical stirrer for 60s before pouring in the
mold. The volume fraction of the wood ash filler
in the composite ranges from (30, 40 and 50%).
Care was taken to avoid formation of air bubbles
during pouring and the mixture, which was
covered to avoid buckling and allowed to cure at
room temperature for 48 hours. For quick and
easy removal of the molded composite sheet, a
mold release sheet was kept over the glass plate
and wood sides. After curing, the laminate
produced was trimmed and cut into required test
specimen sizes for necessary tests.

2.3 Density Measurement Procedure

The material density was determined following
ASTM D792 for density and specific gravity.
Specimens of size 20 x10x 5 mm3 was taken
from the cast composite sheet and used for this
purpose.

2.4 Tensile Test Procedure

Tensile test was carried out in accordance to
ASTM D3039 for polymer matrix composite

materials using rectangular sheets of 250 mm x
25 mm x 5 mm. Tests were done at ambient
temperatures at a cross head speed of 5 mm/min
giving rise to tensile strength, stress-strain,
elongation at break and modulus

2.5 Flexural Test Procedure

Flexural test was performed using a three point
loading system for center loading in accordance
with ASTM D790 Standard Test Methods for
Flexural Properties of Reinforced Plastics, 2015.
The specimen lies on a support span and the
load is applied to the center by the loading nose
producing three-point bending at a cross head
speed of 5Smm/min. The specimen thickness is 4
mm and the width is 13 mm.

2.6 Weibull Statistics for Polyurethane
Wood Ash Composites Strength
Analysis

The Polyurethane wood ash Composites is
considered as a body of volume V with a
distribution of flaws and subjected to a stress o.
If we assumed that the volume, V, was made up
of n elements with volume V, and each element
has the same flaw-size distribution, Askeland,
Fulay & Wright [28] showed that the survival
probability, P(1}), is given by

PV = exp|—(T2mn)"] (1)

4]

The probability of failure, F(V},), can be written as
— . \m
F(V,) = 1- P(V,) = 1- exp[- (Z222)7] (2
0

In equations 1 and 2, g is the applied stress, g,
is a scaling parameter dependent on specimen
size and shape, o0,,, is the stress level below
which the probability of failure is zero (i.e., the
probability of survival is 1.0). In these equations,
m is the Weibull modulus/shape parameter which
is a measure of the variability of the strength of
the material. However, there is no nonzero stress
level for which we can claim a reinforced material
will not fail [30,28]. Hence Equations 1 and 2 can
be rewritten as follows:

P(%) = exp[-(2)"] 3)
and
FU) = 1-P) = 1-ep[-(2)"] @

101



Okafor et al.; IMSRR, 1(3): 98-107, 2018; Article no.JMSRR.43847

Assuming that all samples tested has same
volume, thus the size of the sample will not be a
factor in the present study, such that we can use
the symbol V for sample volume instead of V.
Hence equation 4 now becomes

3. RESULTS AND DISCUSSION

3.1Initial Characterisation of
ethane Wood Ash Composites

Polyur-

The sample composition in the order of Particle

m
F(V) = 1-P(V) = 1-exp [— (Uio) ] (8)  size (um)/Carbonisation temperature (°C)/Fiber
volume fraction (%) following Taguchi L9
or orthogonal array is presented in the Fig. 2.
1- F(V) = exp [_ (i)m] (6) Fig. 2 showed clearly that polyurethane
% composite has a significant  flexural

Taking the logarithm of both sides

m
In[1-F(V)] = — (Jio) @
Taking the logarithm of both sides again

In{in[1 — F(V)]} = m(no — lnay,) (8)

We can eliminate the minus sign on the left-hand
side of equation 8 by rewriting it as

In {ln [1_;01) } = m(lno — Ingy) 9)

o, represents the characteristic flexural strength
of the composites. In equation 3, when ¢ = g,

the probability of survival becomes iz

0.37 or 37%. Therefore, g, is the stress level for
which the failure probability is = 0.63 Or 63%. As
the required probability of failure (F) goes down,
the stress level to which the composite can be
subjected (o) also goes down [28].

characteristics, the density of the composite as
can be seen from the Fig. 2 recorded
concomitant decreases as the fiber volume
fraction increases. This gives credence to the
observation made by previous researchers.
According to lloabachie et al. [7], the decrease in
density with increase in volume fraction of the
reinforced composite may be attributed to the
light weight of fiber particles. However the
density of the fiber carbonised @ 400°c recorded
the highest density values, apparently in the
entire volume fraction loading. This could be
argued as a result of increased tar and moisture
content in them.

The best improvement in the tensile strength
of the wood composite samples s
achieved when filled with 50% fiber
volume fraction, having 300 pum particle size
and carbonisation temperature of 700°C.
Generally, as could be seen in Fig. 2,
the tensile strength of the composite samples
increases with the increase in fiber volume

Material Property
N
o

® Tensile Strength (MPa)

15 1 )
1 ® Density (g/cm3)
05 J ' Flexural strength (MPa)
0
Q\%Q\ Q\%Q\ <,)Q\ Q\@\ \bg\ \bg\ Q\‘)Q\ Q\(‘)Q\ 69\
W ® S ™ & w® O & o
O 8 O @ S S &S
RN T AR RN

Sample composition

Fig. 2. Result of initial sample characterisation
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fraction. A similar trend was reported by Salih,
[40] and this is as a result of increase in the
viscosity of the polyurethane matrix with the
increasing fiber content and an indication to
matrix/fiber interfacial bonding caused by
decrease in the resin flow.

From the Fig. 2, it could be observed that in all
cases of the wood composite samples, due to
the strong nature of the polyurethane matrix, the
flexural  strength indicated improvements.
However, the wood composite samples having
50% fiber volume fraction recorded concomitant
increase in flexural strength more than any other
samples. It could also be observed, that the
wood composite samples is in agreement with
the same trend reported by different authors
[37,7] where the flexural strength of fiber
reinforced composite increases with the increase
in fiber volume fraction.

3.2 Modeling Flexural Responses of
Polyurethane Wood Ash Composites

The experimental data was fitted using MATLAB
plot function, a quadratic polynomial of equation
10 was found suitable in describing the flexural

behavior of the composite as shown by the
coefficient of determination (R® = 0.985). In Fig. 3
flexural strength of polyurethane wood ash
composite increased with increase in volume
fraction and attained maximum at 4.95 MPa
between 45% to 50% volume fraction. More
addition of reinforcement increased brittleness of
the composite resulting from debonding micro
processes leading to decline in flexural property
[41].

F, = —0.011V7 + 1.084V; — 21.51 (10)

From equation 10,

F, = — 2151+ 1.084V; — 0.011V7 (11)
_ 1084 0.011 .,

k= -2151 [1 2151 Ve + 2151 Vi ] (12)

F, = —21.51[1 — 0.0504V; + 0.0005V7 |  (13)

Taking F;, as the ultimate flexural strength at
zero volume fraction, equation 13 can be
compared to Guth’s filler reinforcement model
[42] such that equation 13 becomes.

35

PO T SOV

Flexural Strength Fs (MPa)

Flexuralstrength_MPa vs. VolumeFraction_Vf
Quadratic polynomial

Volume Fraction Vf (%)

Fig. 3. Influence of volume fraction on the flexural strength of the composite
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= = 1 - 0.0504V; + 0.0005V7

so

(14)

From equation 14 therefore, the wood ash filler
reinforcement for polyurethane matrix can be
mathematically represented as

0.0504V; + 0.0005V/ (15)
3.3 Weibull Modulus Parameter
Determination and Reliability of

Polyurethane Wood Ash Composites

50 Polyurethane wood ash Composites of
[300/700/50] composition were further tested and
the flexural strengths were obtained, the Weibull
modulus/shape parameter was estimated by
fitting the data to equation 9. The slope of the
fitted data/Weibull modulus of 19.237 was
determined using maximum and minimum points
in the log scale. This Weibull modulus/shape
parameter suggests that polyurethane wood ash
composites has highly variable fracture strength,
making it difficult to be used reliably in load-

bearing applications [28], however more useful
applications may include packaging and
containerisation. Another characteristic of the
distribution where the value of m has a distinct
effect is the hazard rate, Fig. 4 shows Weibull
distributions with m > 1 which is an indication
of a failure rate that increases with time, also
known as wear-out failures when compared with
Fig. 1.

The Characteristics of Distribution Table 1
displays measures of the center and spread of
the distribution. The mean time to failure (MTTF)
and the median estimates are measures of the
center of the distribution, whereas the standard
deviation and the interquartile range (IQR) are
measures of the spread of the distribution. The
MTTF (1.2793) and the standard deviation
(0.0823) are sensitive statistics because the tails
in a skewed distribution and outliers significantly
affect the values. The median (1.2906) and the
IQR (0.1050) are resistant statistics because the
tails in a skewed distribution and outliers do not
significantly affect the values.

Table 1. Characteristics of distribution

Estimate Standard error 95.0% Normal CI
Lower Upper
Mean(MTTF) 1.2793 0.0000118 1.27932 1.27937
Standard Deviation 0.0823 0.0000002 0.0823289 0.0823297
Median 1.2906 0.0000118 1.29061 1.29066
First Quartile(Q,) 1.2329 0.0000117 1.23294 1.23299
Third Quartile(Qz) 1.3379 0.0000119 1.33796 1.33801
Interquartile Range(IQR) 0.1050 0.0000003 0.105021 0.105022
Hazard Plot for Strenght (MPa)
Weibull
Type 2 (Failure) Censored at 5 - LSXY Estimates
70 Table of Statistics
Shape 19.2372
Scale 1.31546
60+ Mean 1.27935
StDev 0.0823293
50 Median 1.29063
IQR 0.105022
Failure 4
40 1 Censor 46
8 AD* 90.989
& 304 Correlation 0.720
20
101
04
1.0 1.1 12 13 14
Strenght (MPa)

Fig. 4. Weibull hazard plot for strength of the composite
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Survival Plot for Strenght (MPa)
Weibull - 95% CI
Type 2 (Failure) Censored at 5 - LSXY Estimates
Table of Statistics

100 + Shape 19.2372

Scale 1.31546

Mean 1.27935

80 - StDev 0.0823293

Median 1.29063

IQR 0.105022

Failure 4

-E 60 - Censor 46

@ AD* 90.989

g Correlation 0.720
a 40
20
0-

T T T T T
1.0 1.1 1.2 1.3 1.4
Strenght (MPa)

Fig. 5. Waibull survival plot for strength of the composite

The hazard function provides the likelihood of
failure as a function of how long the material has
lasted (the instantaneous failure rate at a
particular time, t). The hazard plot shows the
trend in the material failure rate over time. For
this data, the hazard function is based on the
Weibull distribution with shape = 19.2372 and
scale = 1.3155. On this hazard plot, the hazard
rate is increasing over time, which means that
the materials are more likely to fail as they age.
An increasing hazard happens in the later stages
of a product's life, as in wear-out.

The survival plot depicts the probability that the
material will survive until a particular time. Thus,
the survival plot shows the reliability of the
product over time. Fig. 5 showed maximum
survival strength of 1.43MPa for polyurethane
wood ash composite. As shown in the Fig. 5, the
Weibull distribution reduces to the exponential
distribution when the shape parameter p equals
1.

4. CONCLUSION

The following conclusions can be drawn from the
results obtained in this research:

1. Varying carbonisation temperature resulted
in different tensile and flexural values of
the wood composite.

2. The tensile and flexural strengths of the
composite increased with increasing fibre
volume fraction.

3. The density of the composite decreases
with the increase in fibre volume fraction.

4. The best improvement in the tensile and
flexural strength of the wood composite

samples is achieved when filled with 50%
fiore volume fraction, having 300 pum
particle size and carbonisation temperature
of 700°C.

5. The density of the sample carbonised at
400°C recorded the highest density values,
apparently in the entire fibre volume
fraction with a highest value of 1.58 cm? at
a reinforcement volume fraction of 30%.
While the sample carbonised at 1000°C
recorded the lowest value of 0.89 mm3.

6. In all cases, carbonisation above 400°C
showed improved mechanical properties
as a result of increased carbon yield and
reduction in tar and moisture content.
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