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plants with a maturity cycle of 3–4 years. Bamboo consti-
tutes a group of perennial evergreens in the grass family 
Poaceae, subfamily Bambusoideae. More than 1400 bam-
boo species from 115 genera are found in diverse climate 
and world regions [11]. The tribes of the woody bamboos, 
Bambuseae and Arundinaria, and in particular the « giant 
bamboos »  are of special interest for composite applica-
tions. Bamboo genera that have been identified as a potential 
source for fibers extraction due to their anatomical charac-
teristics and their common use in traditional construction 
are: Bambusa, Dendrocalamus [12, 13], Gigantochloa [14], 
Guadua [15] and Phyllostachys.

An abundant literature is available on bamboo fibers for 
reinforcing polymeric matrices [16–18]. First articles were 
focused on thermoset matrices like polyester [19–21] or 
epoxy [22–24] with low processing temperature compatible 
with the thermal stability of natural fibers. Thermoplastics 
like PLA [25–27], PVC and polyamides [28] are also used 
as matrix.

The most common polyamides—polyamide 6 6 and 
polyamide 6—require processing temperatures that are 
not compatible with the thermal stability of natural fib-
ers. Moreover, their relatively high water sensitivity is an 
inconvenience to tailor green composites. Indeed, the sorp-
tion of water molecules leads to a plasticization of the glass 
transition and the decrease of mechanical properties. By 
increasing the length of aliphatic sequences of polyamides, 
the melting temperature decreases and the processing tem-
perature becomes compatible with natural fibers. Moreover, 
the water uptake is limited. For improving the mechanical 
modulus, aromatic rings may be inserted in the hydrocarbon 
sequence. Following those lines, PA meta-xylylene diamine 
10 (RilsanXD) was chosen as matrix of continuous bamboo 
fibers composites.

In this work, composites were prepared from continuous 
bamboo fibers reinforced RilsanXD [29, 30]. This polyamide 
is synthesized from castor oil extracted from the seeds of 
Ricinus communis which is a tropical plant. Therefore, this 
thermoplastic is a “green” and bio-based polymer. Moreo-
ver, this thermoplastic matrix composite allows mechanical 
downcycling (recycling).

This article presents the tailoring and fabrication of 
bamboo fibers reinforced composites. Particular challenges 
must be overcome in order to implement the bamboo fib-
ers composites in technical applications. Key parameters, 
i.e., the thermal degradation of fibers, the optimum thermal 
processing parameters and the variability in fibers mechani-
cal properties, are investigated. The first step deals with the 
characterization of the extracted technical fibers; their ther-
mal and mechanical behavior is studied by thermogravimet-
ric analysis and tensile test. Then, the investigations focus 
mainly on the matrix, the processing of composites and the 
increase of mechanical properties of composite due to 
fibers.

Experimental

Materials

Continuous bamboo fibers

The selected bamboo species for this study was Phyllos-
tachys viridiglaucescens. The habitat of Phyllostachys spe-
cies is a warm-temperate climate. They are also known to 
have a good hardness against the cold, which makes them 
suitable to grow in Europe [31]. Bamboo culms were har-
vested in the southwest of France (trade by Cobratex/France) 
with an annual temperature of 16 °C, an annual average pre-
cipitation of 800 mm and a relative humidity of 80%. All 
bamboo culms studied are 3 years old because the research 
on fibers chemical composition showed that the lignin 
content is still changing during the first 3 years of growth, 
though this evolution does not modify the mechanical prop-
erties [32]. Technical fibers, which will be referred as fibers 
in this article, were extracted from rewetted bamboo culms 
using a novel hybrid process between chemical and mechani-
cal approach (neither high temperature nor steam explosion 
were used during the extraction) [33, 34]. This process 
makes it possible to obtain fibers from sticks (15 cm longi-
tudinal × 0.5 cm tangential × 2–3 cm radial) using chemical 
treatment with an alkaline solution at 1% NaOH [35–39] 
and mechanical treatment (by rolling and brooming bamboo 
strip with a rolling machine). The maximum length of the 
extracted fibers could be the internode length. For a 3-year-
old bamboo, the internode length is 25–30 cm. Figure 1 
shows extracted bamboo fibers using hybrid method.

Bio-based polyamide matrix

Polyamide meta-xylylene diamine 10 is a new semicrystal-
line bio-based thermoplastic synthesized by Arkema (France) 
under the trade name RilsanXD. The chemical structure of this 
material is recalled on Fig. 2. Its water uptake at room tem-
perature for a humidity rate of 50% is 1.3 ± 0.2% [40]. Due to 
its low melting point at 189 °C, it is well suited for constitut-
ing the matrix of continuous bamboo fibers composites. It was 
provided as pellets for the processing of composites.

It is important to note that DSC studies show that the 
crystallinity of polyamide is not modified in composites.

Methods

Scanning electron microscopy

Bamboo fibers and bamboo/polyamide composites were 
observed by scanning electron microscopy (SEM). 



Thermal stability and mechanical behavior of technical bamboo fibers/bio-based polyamide…

Composite samples were cryo-fractured by breaking 
frozen composites in liquid nitrogen. The samples were 
coated using platinum and observed with a JSM 7800F 
Prime (JEOL, Japan). This apparatus is equipped with a 
field-emission electron gun, at a voltage of 5 kV and a 
secondary electron detector.

Thermogravimetric analysis and gravimetric analysis

Thermogravimetric analysis (TG) and gravimetric analysis 
(GA) were performed using an TGA Q50 from TA Instru-
ments; mass sensitivity was 0.1 µg; and temperature sensitiv-
ity was 0.1 °C. Sample mass evolution (initially 5–10 mg) 
was measured for a linear increase of temperature under 
inert gas (nitrogen) or oxidant atmosphere (air). For TG, 
the temperature rate was 10 °C min−1.

In GA, mass variation was measured versus time at a 
given temperature under air atmosphere. Isotherms were 
reached with a heating ramp of 20 °C min−1.

Tensile test

Before tensile testing, fibers were visually selected in order 
to verify the absence of major damages and conditioned at 
relative humidity and room temperature. Fibers diameter was 
determined by optical microscopy; the measurement was 
taken with 9 points giving an average diameter for each fiber. 
In order to determine the mechanical properties of extracted 
fibers, tensile tests were performed using a paper frame [41]. 
The fiber was glued on the paper frame (Fig. 3) with a gauge 
length of 25 mm. The frame offers clamping surfaces with 
sufficient friction to transfer load without damaging the 
fiber; sliding in the clamp was avoided; and fiber alignment 
in the grips was insured. The paper frame was clamped in 

the machine at top and bottom, and was then cut carefully. 
Tensile tests were performed with a Criterion Model 43 
(MTS, USA) equipped with a 2.5 kN capacity load cell. 
Samples were analyzed at a tensile speed of 1 mm min−1. 
The test was performed on 44 samples. The Young’s modu-
lus was calculated as the slope of the stress–strain curve in 
the linear strain interval.

Dynamic mechanical analysis

The mechanical behavior was determined by DMA using 
an Advanced Rheometric Expansion System setup (Rheo-
metric Scientific, USA). Measurements were performed on 
parallelepipedic samples using torsional mode in the tem-
perature range from − 130 to 150 °C, with a heating rate of 
3 °C min−1, under nitrogen flow, at an angular frequency of 
1 rad s−1 with a dynamic shear strain of 0.1%. After the first 
scan, samples were immediately cooled at the same rate and 
the second scan was always recorded with the same previous 
condition.

Complex shear modulus G* is defined by the following 
equation:
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Fig. 2  RilsanXD chemical structure
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Fig. 3  Schematic representation of paper frame for the single-bamboo 
fiber tensile test
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300–350 µm. Such continuous bamboo fibers were used as 
reinforcement of a bio-based polyamide (RilsanXD). Single 
ply bamboo fibers/polyamide sustainable composites were 
processed. The composition of composites was determined 
from the DTG analyses of the peak associated with bamboo 
situated at 330 °C. Composites with 60 m % of bamboo fib-
ers were prepared and analyzed. The observation of SEM 
cryo-cuts images shows the absence of voids between techni-
cal fibers and polyamide matrix which suggests interesting 
mechanical properties. The cohesion in shear was tested by 
dynamic mechanical analyses. Comparative data recorded 
on bio-based polyamide and 60/40 bamboo fibers/polyamide 
composite highlights a significant improvement of the shear 
glassy modulus which is multiplied by 1.6 at 20 °C. This 
result seems consistent with SEM images and may be due 
to a dense network of static hydrogen bonds.
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