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Environment-friendly fiber-reinforced composites were fabricated using ramie fibers and
soy protein isolate (SPI) and were characterized for their interfacial and mechanical
properties. Ramie fibers were characterized for their tensile properties and the parameters
for the Weibull distribution were estimated. Effect of glycerol content on the tensile
properties of SPI was studied. Interfacial shear strength (IFSS) was determined using the
microbond technique. Based on the IFSS results and fiber strength distribution, three
different fiber lengths and fiber weight contents (FWC) were chosen to fabricate short
fiber-reinforced composites. The results indicate that the fracture stress increases with
increase in fiber length and fiber weight content. Glycerol was found to increase the
fracture strain and reduce the resin fracture stress and modulus as a result of plasticization.
For 10% (w/w) of 5 mm long fibers, no significant reinforcement effect was observed. In fact
the short fibers acted as flaws and led to reduction in the tensile properties. On further
increasing the fiber length and FWC, a significant increase in the Young’s modulus and
fracture stress and decrease in fracture strain was observed as the fibers started to control
the tensile properties of the composites. The experimental data were compared to the
theoretical predictions made using Zweben’s model. The experimental results are lower
than the predicted values for a variety of reasons. However, the two values get closer with
increasing fiber length and FWC. C© 2002 Kluwer Academic Publishers

1. Introduction
Fiber-reinforced composites have become increasingly
popular in a variety of applications such as aerospace
structures, automotive parts, building materials and
sporting goods because of their high specific strength
and modulus compared to the conventional metals.
With the usage of these composites recording double-
digit growth worldwide, their disposal after intended
use is expected to become critical in the near future.
As a result, there has been growing interest to develop
“Green” composites using plant-based natural fibers as
the reinforcement and biodegradable resin [1– 6].

While the plant-based fibers may not be as strong
as graphite and aramids such as Kevlar�, their main
advantages are their low cost, biodegradability and
yearly replenishability. The hollow tubular (cellular)
structure of the plant fibers also provides excellent
insulation against heat and noise for automobile ap-
plications [1]. Mohanty et al. [2] have provided an
overview of various fully and semi-biodegradable com-
posites [3–5]. Recently, some fully degradable green
composites have also been developed, mostly using
thermoplastic resins such as poly(hydroxybutyrate-co-
valerate) resin (Biopol�) and polyester amides [6–9].
Wool et al. [10] have chemically modified the oils from
soybeans for use as resins. Otaigbe et al. [11], Paetau

et al. [12], Thames and Zhou [13], Liang et al. [14] and
Lodha and Netravali [15, 16] have used soy protein as
resin to make green composites.

This paper presents the processing of green compos-
ites using ramie fiber and soy protein. Soybeans, ob-
tained from an annual plant, Glycine max (L.) Merrill
[17], typically contain 20% oil and up to 50% pro-
tein. This protein consists of polypeptide chains of var-
ious lengths of which about 62% are polar and reactive
amino acid residues. Two main varieties of soybean pro-
tein, soy protein isolate (SPI) containing 90% protein
and soy protein concentrate (SPC) containing 50–70%
protein, are available in the market [17].

The soy proteins (7 S and 11 S, S = svedburg unit)
crosslink through covalent sulphur crosslinks under
oxidative conditions at cysteine residues [18]. Dehy-
droalanine (DHA), formed from alanine by loss of side
chain beyond the β-carbon atom, also react with ly-
sine and cysteine to form lysinoalanine and lanthionine
crosslinks, respectively [18, 19]. Besides, asparagine
and lysine can also react together to form an amide-type
of crosslink. All these reactions occur during the curing
process of the SPI-polymer forming a resin of moder-
ate strength [15, 16]. The SPI-polymer is highly hygro-
scopic/moisture sensitive in nature due to presence of
amine, amide, carboxyl and hydroxyl groups [19].
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Ramie fibers are obtained from the bast/stem of the
annual shrub, Boehmeria nivea from the nettle family,
Utricaceae [20, 21]. They are resistant to many chemi-
cals, show continuous reduction in diameter at the two
ends and have branches along the length.

A review article by Herrera-Franco and Drzal
[22] discusses various state-of-the-art interfacial shear
strength (IFSS) measurement techniques including mi-
crobond, single fiber fragmentation (single fiber com-
posite), single fiber pull out and micro-indentation.
Single fiber composite test analysis has been done us-
ing optical or acoustic emission on various fiber/resin
systems [23, 24]. The single fiber pull out technique
(from resin clock, disc or droplet) is believed to possess
some of the characteristics of the actual fiber pull out
in composites [7, 25–28]. The microbond (microbead)
technique, a modification of the fiber pull out technique,
has been used in many interface studies [7, 26–29]. This
was the only technique found useful in the present work
for estimating the IFSS.

2. Experimental procedures
2.1. Materials
Soy protein isolate (SPI) powder, PRO FAM� 970, was
obtained from Archer Daniels Midland Co., IL. Un-
bleached (brownish) ramie fibers were supplied in a
roving form by Danforth International Trade Associates
Inc., NJ, USA. Analytical grade glycerol (C3H5(OH)3),
was supplied by Aldrich Inc., MO.

2.2. Fiber characterization
The diameters of 150 ramie fibers, conditioned at
ASTM conditions (21◦C and 65% R.H.) for 48 hrs, were
measured using vibroscope technique as per the ASTM
D 1577-90 procedure. Tensile properties of ramie fibers
were characterized using Instron tensile testing ma-
chine (Instron), model 1122, according to modified
ASTM D 3822-91 procedure. The tensile tests were
performed at a gauge length of 50 mm and a strain
rate of 0.2 min−1. Various properties such as Young’s
modulus, fracture stress, fracture strain and energy to
break were calculated. The fracture stress data were
fit to a two parameter Weibull distribution as shown in
Equation 1 and the shape parameter, r , scale parameter,
X0, and mean fracture stress, µ, were determined

W (X ) = 1 − exp

[
−

(
X

X0

)r
]

(1)

µ = X0 × �

(
1 + 1

r

)
(2)

where W (X ) is the probability for the fiber fracture
stress to be less than X .

The surface topography of the ramie fibers was ob-
served using an Electroscan E-3 Scanning Electron Mi-
croscope (SEM) available at the Cornell Center for Ma-
terials Research (CCMR) at Cornell University, NY.

2.3. Curing process for SPI
The curing method for SPI, recommended by Liang
et al. [14], was used, with some modifications, for the
current study. To prepare specimens SPI-powder was

mixed with glycerol (30%, w/w) and distilled water
(300%, w/w) and rolled into small balls of 40 gm
each, which were hot pressed at 75◦C into a circular,
1.5–2 mm thick sheet between two stainless steel plates.
To enhance uniformity, each sheet, was four folded
before precuring at 75◦C for 30 min in the hot press
and dried in air for 24 hrs. The dried sheet was hot
pressed at 80◦C (showed lowest viscosity) for 5 min.
The specimens were repeatedly pressurized (to 0.3 MPa
and at 80◦C) and depressurized in order to eliminate
the voids and air bubbles. Finally, the sheet was hot
pressed (cured) at 110◦C for 2 hrs at a pressure of
2.87–3.83 MPa. The cured SPI-polymer sheet (1 mm
thick) was then conditioned for 48 hrs before testing.

2.4. Effect of glycerol content
The SPI-powder was mixed with 20%, 30%, 40% and
50% (w/w) of glycerol, maintaining the water at 300%
(w/w of SPI) and cured using the curing cycle described
in the earlier section. The specimens of 70 mm × 10 mm
dimensions were tested on Instron according to ASTM
D 3039-89 procedure at a gauge length of 50 mm and
strain rate of 0.2 min−1. Optimum amount of glycerol
of 30%, based on mechanical properties and processi-
bility, was used for further experiments.

2.5. IFSS characterization
SPI-powder with 300% water content and glycerol had
high viscosity and was found to be unsuitable for form-
ing microbeads for interfacial shear strength (IFSS)
tests. Hence, the SPI-powder was mixed with 30% glyc-
erol and 700% water compared to 300% water. This for-
mulation resulted in the desired size of the microbeads
suitable for IFSS tests. A polyethylene filament was
used to transfer the resin mixture to the ramie fiber,
mounted on a paper tab. The microbeads were then
dried and cured using the standard thermal cycle ex-
cept that no pressure was applied at any stage during
curing. As the water evaporated the microbead diameter
decreased to approximately half of the original size.

The fiber diameter and embeddment length were
measured using a Leitz Wetzlar optical microscope at
the two ends of each microbead. The IFSS test was con-
ducted by keeping the microbead under the microvise
plates and pulling the fiber on the Instron at a crosshead
speed of 5 mm/min until debonding occurred. Detailed
description of the microbead test can be found else-
where [7, 26–28]. Average IFSS was calculated by di-
viding the debonding force by the interface area. The
critical length, lc, was calculated using the average IFSS
value and fiber fracture stress value as shown by the
Equation 3. The minimum length of the fiber, required
to effectively transfer full load in the axial direction in
a composite, is called the critical, load transfer or the
ineffective length

lc = σf × d

2 × τ
(3)

where σf is the fracture stress of the ramie fiber of length
equal to lc, d is the fiber diameter, assuming it to be
round, and τ is the average IFSS value [21].
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2.6. Preparation of short fiber-reinforced
composites

The critical length was calculated to be 2.5 mm and
based on this result, three fiber lengths of 5, 10 and
15 mm were chosen. Composites with 10, 20 and 30%
fiber weight contents (FWC) were prepared for all
three fiber lengths used. The FWC is w/w of SPI-
powder + fiber weight for the rest of the paper. Fibers
of required lengths were chopped using a shear cut-
ter. To prepare resin/fiber mixture, the SPI was mixed
with 30% glycerol (w/w of SPI-powder weight) and
300% (w/w of SPI-powder + fiber weight) water and
stirred to make uniform dough. To prepare composites
with 10% fibers of various lengths, required amounts
of SPI-powder, glycerol and water were mixed to form
dough. Measured weight of chopped fibers, mixed us-
ing a compressed air canister, were slowly added to the
dough by dabbing to maintain uniform distribution. The
dough was made into a ball and subjected to the same
curing cycle used for making SPI sheets. For compos-
ites with 20 and 30% FWC of all three lengths, required
amount of SPI-powder, glycerol, water and the fibers
were weighed and mixed as explained earlier. The cured
composite sheets were then conditioned at ASTM con-
ditions for 48 hrs prior to testing.

2.7. SPI resin and composite
characterization

The SPI-polymer resin and composites was cut into
specimens of 70 mm length and tested on Instron ac-
cording to ASTM D 3039-89 procedure at a gauge
length of 50 mm and strain rate of 0.2 min−1. The widths
of the pure resin and the composite specimens were
10 mm and twice the length of the fiber, respectively.
The density of the SPI-polymer resin was measured
using the density gradient column at TRI-Princeton,

Figure 1 SEM photomicrograph of a ramie fiber.

Princeton, NJ. The fractured surfaces of the composite
were characterized using the SEM.

3. Results and discussion
3.1. Fiber characterization
The structure of the ramie fiber is cellular with cell
lengths in the range of 154 mm, spiral angle of 7.5◦
and length-to-diameter (aspect) ratio of the cell being
approximately 3500 [30]. Density of ramie fibers has
been reported to be 1.5 gm/cc [20]. Ramie fibers used
in this study had a length of 12 cm and an average
diameter of 48.5 µm (7.8 µm). The fibers had an av-
erage fracture stress of 621 MPa (296 MPa), fracture
strain of 1.9% (0.45%), Young’s modulus of 47.5 GPa
(15.2 GPa) and energy at break of 7.44 × 10−4 J. The
numbers in parentheses are the standard deviation val-
ues. The scale and shape parameters were calculated to
be 710 MPa and 2.6, respectively. It is clear from these
data that the fiber mechanical properties have large vari-
ability which is common for all natural fibers. Figs 1
and 2 show the SEM photomicrographs of the longitu-
dinal view of the ramie fiber and an end of a ramie fiber
fractured under tensile load, respectively. Fig. 1 clearly
shows the fibrillar structure and the non-circular cross-
section of the fiber due to the fibrils and the presence of
lignin on the surface. Fig. 2 shows the separated fibrils
after the tension test. On a closer view, the individual
fibrils appear to have a smooth surface.

3.2. Effect of glycerol on the tensile
properties of SPI-polymer sheet

The effect of glycerol content on various tensile prop-
erties of SPI-polymer is shown in Fig. 3. As expected,
due to plasticization, the fracture strain of the pure
SPI-polymer resin increased from 32% to 147% on in-
creasing the glycerol percentage from 20% to 50%,

3659



Figure 2 SEM photomicrograph of the end of a ramie fiber fractured under tensile load.

Figure 3 Effect of glycerol content on various tensile properties of the SPI-polymer resin.

respectively. For the same reason, the Young’s modu-
lus and fracture stress values of the SPI-polymer resin
decreased from 505 MPa to 40 MPa and 15.5 MPa to
5.3 MPa, respectively. The density of the SPI-polymer
resin with 30% glycerol was measured to be 1.31 g/cc
using a density gradient column.

Glycerol acts as a plasticizer without forming any co-
valent linkages with the SPI-polymer. However, due to
three hydroxyl groups present in glycerol, it is expected
to strongly hydrogen bond with the protein molecules
at amine, amide, carboxyl and hydroxyl sites. Being
small in size, it effectively increases the free volume of
the system, thus decreasing the glass transition temper-
ature. As a result, the SPI-polymer resin changes from
brittle to leathery to rubbery at room temperature, as the
percentage of glycerol is increased from 0% to 50%.

3.3. IFSS characterization
Fig. 4 shows a typical SEM photomicrograph of a SPI-
polymer microbead on a ramie fiber. It can be seen that
the bead is globular rather than smooth, which is charac-

teristic of the way SPI-polymer resin dries. In addition,
as mentioned earlier, the bead diameter decreases to
approximately half its original size after drying. This is
an inherent problem of the SPI-polymer resin system.
The tested specimens showed traces of resin adhering
to the fiber indicating good interface as shown in Fig. 5.
The average IFSS value was calculated to be 29.8 MPa.
Based on this value, the critical length was estimated to
be 2.54 mm using Equation 3. The ramie fiber with
a different resin (epoxy resin) has been reported to
show a much higher average IFSS value of 79 MPa
[19, 20]. However, in the case of epoxy, the IFSS
value was characterized using a single fiber composite
test and also the epoxy used was a high functionality
resin creating a larger number of hydroxyl groups. Al-
though SPI-polymer resin contains several amino acids
with polar groups, it also contains amino acids such as
alanine, glycine, leucine, isoleucine etc. that have non-
polar groups that cannot hydrogen bond with the cellu-
lose molecules in the fiber. Assumption of round cross-
section may also add to the error in the IFSS value.
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Figure 4 SEM photomicrograph of a typical microbead on ramie fiber.

Figure 5 SEM photomicrograph of the tested microbead on ramie fiber.

3.4. Effect of fiber length and content
on tensile properties of composites

Figs 6–8 show the plots of fracture stress, Young’s mod-
ulus, and fracture strain, respectively, of green compos-
ites as a function of FWC, for all the three fiber lengths.

It can be seen from Fig. 6 that the fracture stress of the
composite is lower than the pure SPI polymer for 5 mm
fiber length and 10% FWC. Similarly, a decrease in
Young’s modulus was also observed. The fiber length
of 5 mm is close to the critical length of 2.5 mm in
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Figure 6 Effect of fiber content on the fracture stress of ramie fiber reinforced SPI-polymer composite.

Figure 7 Effect of fiber content on the Young’s modulus of ramie fiber reinforced SPI-polymer composite.

Figure 8 Effect of fiber content on the fracture strain of ramie fiber reinforced SPI-polymer composite.

absolute value. As a result, the composites with low
fiber content of 10% (w/w) do not show any contri-
bution to the fracture stress from fibers. Instead, the
fibers with low aspect ratio seem to act like particles,
low stress bearing points. Inclusion of short fibers at
this low weight content, thus, seems to act as imperfec-
tions or flaws to reduce the composite strength. Other
reasons are explained later.

With higher fiber content, the fracture stress increases
steadily. The trend for Young’s modulus as shown in
Fig. 7, is also very similar. As expected, the fracture
strain (Fig. 8) shows a steady decline from 81.6% to

4.3% as the fiber content increases from 0 to 30%, re-
spectively, and the fibers begin to control the compos-
ite fracture strain value. For fibers with 10 and 15 mm
length, both strength and modulus values increase with
increasing fiber content while the fracture strain de-
creases, as expected.

As for 10 and 15 mm long fibers, where the length
is well above the critical length value, significant rein-
forcement effect is observed. Longer fibers will have
less fiber-ends and hence there would be less flaws or
low stress bearing points. Thus, the composite frac-
ture stress and modulus increase and fracture strain
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T ABL E I Predictions for Young’s modulus (GPa) of the composites
with various fiber lengths and contents using Zweben’s model [31]

Fiber weight content

Fiber length 10% 20% 30%

5 mm 0.75 1.36 1.99
10 mm 0.82 1.48 2.16
15 mm 0.85 1.52 2.21

decreases on increasing the fiber length. However, the
trend for fracture strain was not evident due to the fiber
concentrations at higher fiber lengths and contents. As
the fiber content is increased, more fibers are available
per unit cross-section area of the composite and hence
the fracture stress and modulus increase and the frac-
ture strain decreases. However, for 30% fiber weight
content and longer fiber lengths, a large number of
specimens showed delamination. As a result, expected
strength values for these composites were not achieved.
The delaminated surfaces indicate poor wetting of the
fibers and also bundling of fibers. With better control
in processing, it should be possible to prepare better
composites and achieve higher strengths.

The predictions for Young’s modulus for composites
of various fiber lengths and contents using Zweben’s
model (based on Cox’s approach) are presented in
Table I [31]. For all experimental combinations of fiber
contents and lengths the experimental Young’s modu-
lus values fall short of the theoretical modulus values
obtained using Zweben’s model [32]. This is believed to
be because of the high variability of fiber strength and
non-random distribution and orientation of the fibers
in the composites. The ramie fibers show a low shape
parameter, which implies high variability in terms of
fracture stress, which is typical for most plant-based
and other natural fibers. Also, various composite speci-

Figure 9 SEM photomicrograph of fractured surface of composite specimen with 15 mm fiber length and 20% fiber content.

mens prepared in this study showed some fiber-rich and
some resin-rich regions as a result of non-uniform fiber
distribution. For composites with 10% FWC, the failure
occurred in the region where the local fiber content was
the lowest, as expected. As a result, the measured frac-
ture stress values of the composites were correspond-
ing to a lower effective fiber content as compared to
the intended fiber content. The orientation of the short
fibers, however uniformly random in a long-range, usu-
ally showed a short-range uneven distribution. Thus the
lack of perfect randomness caused some deviations,
mostly lower, in expected trend in the tensile proper-
ties of the composites. Some other plausible reasons
are presented in the subsequent paragraphs.

The Zweben’s model assumes an elastic matrix that
is perfectly bonded to an elastic fiber [32]. Although,
the fiber is elastic, the matrix is not. The matrix shows a
large amount of plastic deformation along with the ini-
tial elastic deformation similar to polypropylene and
polyethylene. The assumption of a perfect interface
may also be not met by the ramie/SPI-polymer sys-
tem because of the presence of unintentional voids. In
addition, as mentioned earlier, delaminations were ob-
served in composites with higher FWC indicating poor
resin wetting of the fibers. The model also assumes that
the fibers have a round cross-section. The ramie fibers,
however, are fibrillar in nature and do not have a uni-
formly circular cross-section, as seen in Fig. 1. Individ-
ual fibrils, however, are somewhat oval in cross-section.

The fiber length distribution about the average in-
tended fiber length also contributes towards lower frac-
ture stress as shorter fibers act as poor reinforcements.
Shorter fiber lengths also implies higher variation in
fiber length. Other factors include presence of some
voids in composites, moisture absorption by the ma-
trix/fiber and thermal degradation of the fibers during
hot pressing. Many of these factors may be overcome
by improving the process for making composites.
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Figure 10 SEM photomicrograph of fibers just above the fractured surface of composite specimen with 15 mm fiber length and 30% fiber content.

3.5. Composite fracture surface analysis
SEM photomicrograph of a typical fracture surface of a
composite specimen with 15 mm fiber length and 20%
fiber content is shown in Fig. 9. The fracture surfaces
show few fibers/fibrils protruding out with transverse
fracture, suggesting a brittle failure. Also, the protrud-
ing fiber/fibril lengths are short. This confirms good
fiber/resin bonding. Fig. 10 shows a SEM photomicro-
graph of the fibers protruding from the fracture sur-
face of a composite specimen with 15 mm fiber length
and 30% fiber content. The photomicrograph had been
taken slightly about the fracture surface. A large extent
of fiber fibrillation can be seen in these photomicro-
graphs. As seen in Fig. 10, some of these fibrils show
resin adhering on the surface whereas some fibrils have
a comparatively smoother surface without much resin.
The photomicrograph also shows the fractured resin all
over the fibers. This indicates that there may be no in-
terfacial debonding at some locations. Since, the IFSS
is stronger than the resin shear strength, the debonding
may have been caused by voids near the fiber surface. It
is also possible that these fibrils may be from the central
part of the fibers where it is impossible for the resin to
reach.

4. Conclusions
This research has shown that the ramie fibers and SPI
polymer form a compatible system to give moder-
ate strength composites. However, there is significant
scope to improve the tensile properties of both the SPI-
polymer and the composites containing natural fibers
by modifying processes. Following broad conclusions
may be drawn from this study:

1. The ramie fibers showed an average fracture stress
of 621 MPa, Young’s modulus of 47.5 GPa, fracture
strain of 1.9% and energy at break of 7.44 × 10−4 J.

2. The SPI-polymer containing 30% glycerol had
a density of 1.31 gm/cc after processing. The resin
showed an average fracture stress of 5.9 MPa, Young’s
modulus of 184 MPa and a failure strain of 81.6%. The
tensile properties of SPI-polymer resin were found to
be highly sensitive to moisture and glycerol content.

3. The ramie fiber/SPI-polymer interface showed an
average IFSS of 30 MPa. Based on this IFSS value, the
critical length of ramie fibers for SPI-polymer resin was
calculated to be 2.54 mm.

4. As expected, the short fiber composites showed
increased fracture stress and modulus with increase in
both the fiber content and the fiber length. However, for
long fiber length of 15 mm and fiber content of 30%,
a large amount of delamination was observed. Both
fracture stress and Young’s modulus were significantly
lower than expected due to interlaminar failure.

5. The results for Young’s modulus were not found
to be in good agreement with the predictions made by
Zweben’s model for lower fiber contents and lengths but
significantly better for higher fiber contents and fiber
lengths.

6. The fit of the experimental data to the model could
be improved significantly by improving the processing
conditions and avoiding voids and uneven fiber distri-
bution in the composites.
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