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Thermo-Mechanical Behavior of
Novel Wood Laminae-Thermoplastic
Starch Biodegradable Composites
With Thermal Energy
Storage/Release Capability

Andrea Dorigato *, Giulia Fredi and Alessandro Pegoretti

Department of Industrial Engineering and INSTM Research Untiniversity of Trento, Trento, Italy

For the rst time, multifunctional fully biodegradable comosites combining structural
and thermal energy storage/release capabilities were pregred and thermo-mechanically
characterized. Within this scope, thin beech laminae impgnated with a phase change
material (PCM) represented by poly(ethylene glycol) (PE@gre interleaved with thin foils
of thermoplastic starch (TPS) and consolidated by hot pressg. From scanning electron
microscopy, it was observed that a certain amount of PEG (abat 11 wt% of the total

laminate) remained entrapped within the wood pores, negately affecting the interfacial
adhesion between wood laminae and TPS foils. The presence &?EG stabilized in the
wood laminae was con rmed by differential scanning caloriratry tests, in which a speci ¢

melting enthalpy of 27.4 J/g was detected with a melting pealat 55 C. Wood permeation

with PEG was responsible for an increase of the dynamic modiE’ and E as well as of
the tensile and Charpy impact strength of the laminates. Threfore, this paper highlighted
the possibility of developing multifunctional fully biodgradable composites capable of
combining structural and thermal energy storage propertig in which the selected PCM
positively contributed to the mechanical behavior of the hainates.

Keywords: starch, ultrathin wood laminae, composites, poly( ethylene glycol), energy storage

INTRODUCTION

It is well-known that interest in ber reinforced polymers BPs) has noticeably grown over the
last decadesHay et al., 2003 mostly because of their elevated speci c mechanical perdoce,
easy processability and corrosion resistance. On the otaed hvarious environmental concerns
have arisen regarding the use of traditional reinforcingerb (such as glass, carbon and aramid)
in FRPs Pegoretti, 2007as life cycle assessments on these materials have eddéeaelimits

in terms of recyclability and nal disposal operation®drigato and Pegoretti, 20).2A partial
solution to these concerns could be represented by the usatofal bers (i.e., kenaf, hemp, ax,
cellulose, etc.) as reinforcement of both thermoplastic #rermosetting matrices\V{/u, 2009.
However, even though with these bers it is possible to reactsthad the physical properties of
conventional laminates@arcia et al., 2008; Iwatake et al., 2008; Kunanopparat 208§, it is
very di cult from a technological point of view to perform e cent thermo-mechanical recycling
of these materials because of the limited thermal degrada#isistance of natural reinforcements
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(Houshyar and Shanks, 2003n this sense, a possible solution = Two examples of biodegradable laminates have been recently
to these environmental issues could be represented by thieveloped by our group. In the rst case, polyvinyl alcohol
development of fully biodegradable composites, in which botffPVOH)-based composites were prepared by a hand lay-
the constituents (i.e., the matrix and the reinforcing pHasgn up procedure, impregnating ultrathin beech laminae with an
be degraded under certain environmental conditions. aqueous solution of PVOH[origato et al., 2018h while in
Among the natural reinforcements that can be used fora second paper thermoplastic composites reinforced with wood
the production of fully biodegradable composites, wood bersaminae were produced through a hot-pressing process by using
represent one of the most interesting optionislé€dzki et al., thermoplastic starch foilsC{origato et al., 2018aIn both of
2002. Wood is mainly constituted by carbon, hydrogen andthese papers, it was found that the resulting materials were
oxygen in the form of cellulose (40-50 wt%), hemicellulose (26haracterized by a peculiar microstructure, in which the ity
wt%), lignin (about 35 wt%) and pectic substances in limitecbf the beech laminae was occluded by the polymer matrix. The
concentrations Core et al., 1979 From a mechanical point of consequence of the matrix permeation within the wood pores was
view, wood behaves like a heterogeneous anisotropic materighat the resulting laminates showed higher elastic modalug
Moreover, in the low deformation regime it can be considersd atensile strength with respect to their constituents.
an orthotropic material Green et al., 1999and its mechanical It is challenging to impart also multifunctional properties
performance is strongly in uenced by the presence of nodeso fully biodegradable composites. In fact, the scientic and
and microstructural defects. Moreover, considering thatodio industrial interest toward materials able to combine di ate
can absorb up to 25-30 wt% of water, the environmentaproperties (structural, electrical, magnetic, thermal,.)ettas
conditions strongly a ect the mechanical response of woodstrongly increased in the latest yeaiSilfson, 2010 In this
based materials. scenario, polymer—matrix composites are particularly suéab
From a microstructural point of view, the cross sectionto be designed as multifunctional materialSa(onitis et al.,
of wood-based materials is formed by a regular distribution201( because they combine the peculiar properties of polymers,
of cellular lumen with isolated and clustered pores andsuch as the low density, good processability and cheapness,
thick-walled bers. In the case of beech, large parenchymakith the elevated sti ness and strength of the reinforcingeris
rays are generally distended along growth ring boundariegMallick, 2007. According to the authors' opinion, one of the
while the concentration of gum inclusions, salt crystals omost interesting options could be to prepare fully biodegradabl
lattices is rather limited Giordano, 198). In the last years, laminates with thermal energy storage (TES) capability. In
particular scientic and technological attention was givem fact, TES technology is based on the storage of heat and its
wood plastic composites (WPCs), constituted by wood bergelease when needed, thus reducing the gap between thermal
or wood our compounded with thermoplastic matrices, such energy availability and reques®iglichowska and Pielichowski,
as polypropylene (PP), polyethylene (PE), and polyvinylchlorid019. Therefore, TES systems can be utilized to accumulate
(PVC) (Oksman and Sain, 2008 These materials can be excess or waste heat, like in solar thermal power plants, to
processed through the traditional technologies of thermsfitas  recover waste industrial heatliadiran et al., 20105 to control
(i.e., extrusion, injection molding). However, the meclwh the temperature inside the buildingsO(der et al., 2008
properties of WPCs are generally considerably poorer thaim smart textiles for body temperature regulatiodbolciak
those of structural wood components, even at elevated lleet al., 201} or in the cooling systems for electronic devices
amounts, especially under severe environmental condition@ uyt and Krupa, 2000 Multifunctional composites combining
(Srimalanon et al., 20)6Quite surprisingly, the possibility to good mechanical properties and TES capability could thus be
utilize thin wood laminae to develop novel thermoplastic wloo applied were weight and volume saving requirements should
composites laminates did not receive much attention in theébe coupled with energy storage capability and/or temperature
open literature. control operations Rigotti et al., 2018 TES systems are
Among biodegradable matrices that could be potentiallygenerally classi ed depending on the underlying process in
applied in fully biodegradable composite laminatessensible, thermochemical, or latent heat-storage systemsng
thermoplastic starch (TPS) has recently drawn considerablhem, phase change materials (PCMs) undergo an endo/exo-
attention. From the chemical point of view, starch is athermic solid-solid or solid-liquid transition, and can be
polysaccharide with a semicrystalline structure, composedassi ed as organic, inorganic or eutecti€gi et al., 2005
by linear amylose and highly branched amylopecBogracheva Thanks to their elevated speci c phase change enthalpy, narrow
et al., 200), and it can be processed through extrusion andransition temperature interval, limited supercooling, lighss
injection molding. In order to overcome the problems related and cheapness, organic PCMs, i.e., parans, poly(ethylene
its elevated hydrophilicity, some attempts were made to nyodifglycol) (PEG) and fatty acids, are probably the most widely
the TPS chemical structure through acetylatiai( et al., 2008; diused (Dorigato et al., 2017; Fredi et al., 2).1Ih particular,
Ayucitra, 2012 or upon blending with other biopolymers, such PEG is a versatile and biodegradable PCM with elevated
as polycaprolactone (PCL) and polyhydroxybutyrate-co-edéer melting enthalpy, tunable transition temperature rangeyated
(PHBV) (Averous et al., 200por with synthetic plastics, like thermal stability, good biocompatibility, non-toxicity dmon-
polyethylene. The most widespread TPS-based products acerrosiveness Jundararajan et al., 2016; Kou et al., 2019
commercially known as Mater-Bi (Novamont, Italy) Bastioli, ~Because of these peculiar properties, researchers haveyguent
1997 and Bioplasf® (Biotec, Germany)l(orcks, 1998 much e orts to synthesize novel PCMs based on PEG, trying to
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physically blend PEG with other supporting materials, to parfor of 1,800-2,200 g/mol and a melting temperature of 51€55
chemical modi cations to prepare PEG based solid/solid PCMsaccording to the producer's datasheet.

or to impregnate PEG in porous materialg/gng et al., 2016; For the preparation of the thin wood lamina€igure 14), a
Yang et al., 2016; Zhou et al., 2D1Blowadays, most of the beech plant with a density of about 0.73 gkihconditioned at
studies on PEG-based PCMs are focused on the preparation 28 C and a relative humidity of 50% was selected. The selection
novel PCMs with improved thermal energy storage capabilityof this wood species is motivated by its regular morphology
The problems associated with the poor thermal conductivity oBind anatomical structure, as described in the Introductithin
organic PCMs and their need to be con ned to limit their leakag wood laminae, with a thickness of about 38®, were kindly

at the molten state {astiukas et al., 20)&ould be partially provided by the CNR Ivalsa Institute (San Michele all' Adige,
solved through their encapsulation in organic or inorgartiels
(Ozaki et al., 2003 or upon the shape stabilization in a polymer
matrix (Yoo et al., 2015 in a layered/porous structure or
in a nanostructured ller QAlexandre et al., 2009 Moreover,
the use of a conductive nano ller could also improve the
thermal conductivity of the resulting systems. Due to its quos
microstructure, it is possible to hypothesize that wood caalkb
be an interesting candidate for the shape stabilization gaaic
PCMs at the molten state.

Quite interestingly, only a few investigations have been
performed on the possibility of preparing multifunctional PMCs
combining TES and structural features. For example, ou
group recently developed novel epoxy/carbon ber composite
containing carbon nanotube (CNT)-stabilized para nic wax
(Fredietal., 2017, 2013&poxy/discontinuos carbon bers with
microencapsulated para niporigato et al., 200)9thermoplastic
polyamide 12 (PA12)/glass ber composites containing both
microencapsulated and shape stabilized PCMs, reinforced with
long glass bers Kredi et al., 201§aor with discontinuous
carbon bers (Qorigato et al., 2018c; Fredi et al., 2)16r
thermoplastic acrylic Eliun¥ /carbon ber laminates containing
microencapsulated paran Fredi et al. in preparation).
However, no papers on the production of fully biodegradable
composites with good mechanical properties and TES capability
can be found in the open literature. On the basis of
these considerations, the aim of the present paper is to
develop for the rst time multifunctional fully biodegradéd
composite laminates, constituted by a thermoplastic starch
matrix reinforced with thin wood laminae, in which the theah
energy storage function can be obtained by impregnating wood
laminae with PEG in the molten state. The microstructural,
thermal and mechanical behavior of the resulting laminates
investigated, considering also the e ect of the orientatioh
the reinforcing phase within the composites. The properties
of the resulting laminates were also compared with those of
their constituents.

(720

EXPERIMENTAL

Materials
Thermoplastic starch MaterBi EF51V was supplied by
Novamont Spa (Novara, Italy) in the form of foils with a thickss
of 100mm. This TPS grade is characterized by a density of 1
glcm®, a MFI of 4 g/10min (190C, 2.16kg) and a melting
temperature of 167C.

The employed poly(ethylene glycol) was PEG 2000 purchas
by Alfa Aesar (Karlsruhe, Germany). It has a molecular weig

N

IGURE 1 | Representative images of A) neat wood lamina; (B) wood
aminae after PEG impregnation(C) wood/PEG/starch laminate.

[1%
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Italy). The laminae were obtained through a Marunaka SUpE€TABLE 1 | List of the prepared samples.

Meca-s planer (Marunaka Tekkosho Inc., Shizuoka, Japan) from

beecjh.boards, conditioned a'F a tempgrature of2and a relat'ive :;Z’E}I,?n t?]zsccgr?;?tzg:“s \é\::ma:s;
humidity of 50%. Although this machine allows the productidn o

even thinner laminae, the choice of the thickness was m&tid/a r-L Single wood lamina Longitudinal
by the need to reach a compromise between the exibility of the-t Single wood lamina Transversal
thinner laminae and their PEG storage capability. PEG Poly(ethylene glycol) _

i A Single starch foil -
Preparatlon Of the Samples FP-L Single wood lamina impregnated with  Longitudinal
Wood laminae were cut in square sheets of 12020 mnt, PEG
with the wood bers oriented either parallel or at 45with  Fp-T Single wood lamina impregnated with ~ Transversal

PEG

respect to the square edge. The sheets were immersed in the
molten PEG at 70C for 5 min, then taken out and immediately FA-L
gently blotted with absorbent paper to remove excess molté&h PEFA-T
from the surface Kigure 1B). Each wood lamina was weighed FA-O
before and after immersion in liquid PEG in order to measureLAM-L
the weight fraction of absorbed PEG. Preliminary experiment
had shown that a soaking time of 5min was enough to reachAM-T
the maximum weight increase due to PEG absorption, as a
longer soaking time (up to 24h) did not result in a greater-"M-©
weight increase. The wood/PEG laminae were interleaveld wit
starch foils of 120 120 mn? and compacted in a hot-plate
press at 170C for 7 min, with an applied pressure of 1 MPa.
Each laminate Kigure 1Q consisted of 5 wood/PEG laminae  Thermogravimetric analysis (TGA) was performed through
interleaved with 6 starch sheets. The samples were producadTA Q5000 IR thermobalance. The test was performed on the
following two stacking sequences, i.eg][(unidirectional) and constituents (A, F and PEG), on the PEG-impregnated wood
[C45/ 45/C45/ 45/C45] (angle ply). Laminates with virgin lamina (FP) and on both the prepared laminate types (FA and
wood laminae (without PEG impregnation) were also prepared AM). Specimens of 20 mg were cut out of all the prepared
for comparison. Moreover, the mass of each constituent ofamples and tested at X/min up to 700 C, under a nitrogen
each laminate was measured before the hot-pressing stage aod of 150 ml/min. These tests allowed the measurement of the
compared to the nal mass of the prepared laminates to study theemperatures corresponding to a mass loss of 1 wt%g(and
PEG leakage during the laminate preparation. Specimens withwt% (Tse), the temperature corresponding to the initial stages
di erent orientations were cut out of the prepared laminatesof degradation (Bnse), determined with the tangent method, the
for the subsequent characterization. The characterimati@s peak temperature of the mass loss derivativg (indicating the
performed also on the constituents, i.e., the starch fdilsyirgin - maximum degradation kinetics, the initial mass loss befyiget
wood laminae and the PEG-impregnated laminae. The list ofm;) and the residual mass after the testjm
the prepared samples is reported Table 1 All the composite Di erential scanning calorimetry (DSC) was performed with
laminates with their relative constituents were stored at@ a Mettler DSC30 instrument. The test was performed on the
with a relative humidity of 50%. It was decided to condition constituents (A, F, and PEG), on the PEG-impregnated wood
both the constituents and the laminates at this temperaturéamina (FP) and on both the prepared laminate types (FA and
and humidity level because these are the typical hygrotherm&AM). Specimens of 10 mg were cut out of all the prepared
conditions of the laboratory. In this way, the in uence ofeh samples and tested at X/min in the temperature interval
temperature and of the moisture absorption during the labgestbetween 20 and 100C, under a nitrogen ow of 100 ml/min.
could be minimized. It could be also interesting to point out All the specimens were subjected to a rst heating scan, amgoli
that this production process, which consists of embedding thecan and a second heating scan. In this way, the melting and
PCM directly in the reinforcing phase and employing matrix crystallization temperatures {f, T¢) and enthalpy { Hmn, 1 He)
foils, allows the preparation of thermoplastic laminates with of the PEG and of the starch phases were determined. An
a melt compounding step, which could partially degrade thee ective weight fraction of PEG inside the laminates was then
PCM (Fredi et al., 201§aTherefore, the pristine thermal energy calculated from the measured phase change enthalpy. The test
storage properties of PEG should be retained. also evidenced the presence of irreversible phenomena, such a
the evaporation of the absorbed water.
Experimental Techniques The viscoelastic properties of the samples were investigated
The microstructural features of the prepared samples wertairough dynamic-mechanical analysis (DMA), by using a
investigated through a scanning electron microscope (SEM) JEDMAQ800 machine, provided by TA Instruments (New Castle,
IT300, operating at an acceleration voltage of 15 kV. The sampI®E, USA). The test was performed in tensile mode, between 0
F, FP, FA, and LAM were cryofractured in liquid nitrogen, ahé  and 150C at 3 C/min, with a maximum deformation of 0.05%
fracture surface was analyzed after Pt-Pd sputtering. applied at a frequency of 1 Hz. The test was performed on the

5 wood laminae and 6 starch foils Unidirectional (lonp.
Unidirectional (trang

Angle ply

5 wood laminae and 6 starch foils
5 wood laminae and 6 starch foils

5 wood laminae impregnated with PEG
and 6 starch foils

Unidirectional (long.)

5 wood laminae impregnated with PEG
and 6 starch foils

Unidirectional (transv.)

5 wood laminae impregnated with PEG
and 6 starch foils

Angle ply
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TABLE 2 | Mass and weight fraction of the constituents of the sample FRind the two laminates (FA and LAM).

Sample Constituent Mass (g) Nominal weight fraction (%) Experi mental total weight (g)
FP F (wood) 29 01 53 6 54 05
PEG 25 04 46 11
FA A (starch) 10.1 0.3 41 2 243 09
F (wood) 146 0.6 59 3
LAM A (starch) 10.1 0.3 27 2 282 0.8
F (wood) 146 0.6 39 3
PEG 12 2 34 5

samples F, A, FP, FA and LAM, in the L and T directions (where&omposition for each laminate (FA and LAM). It can be observed
applicable), on rectangular specimens with dimension of 25  that the quantity of PEG absorbed by a single lamina&6 wt%
mm?, while the thickness was that of each sample. of its initial mass. On the other hand, if ve of these laminae
Quasi-static tensile tests were performed with a universalre alternated to 6 starch foils, the experimental mass of the
dynamometer Instron 5969, equipped with a 50 kN load celllaminate obtained through hot-pressing (LAM) i25 wt% lower
according to 1ISO 527 standard. Rectangular specimens with itkhan the sum of its components. This mass loss can be almost
plane dimensions of 120 10 mn? were cut from the samples entirely attributed to the leakage of PEG out of the wood iz,
F, A, FP, FA, and LAM and tested at 5 mm/min until failure. Theas the mass loss of the laminate without PEG (FA) is almost
samples FA and LAM were tested in L, T and O directions, whil@egligible. Therefore, the e ective PEG weight fraction fre t
the samples F and FP were tested in the L and T directions. Fiv@minate is 11 wt%. This leakage suggests that a considerable
specimens were tested for each sample and for each considefeattion of the absorbed PEG has just solidi ed on the surfaice
direction. The stress-strain curves allowed the detertnomaof  the laminae and is not properly con ned in the wood porosity,
the tensile strengthsp), and of the strain at break#(). While  and the gentle blotting is not su cient to remove excess PEG.
testing the wood laminae with and without PEG (samples F antéHowever, the major part of PEG was successfully stabilized in
FP), small plywood blocks were interposed between the speciméme wood laminae.
and the grips to avoid damaging the sample due to the contact Figures 2A—Fshows the SEM micrographs of the cryofracture
with the hard steel grips. For the samples LAM and FA, vesurface of the prepared samples. Since the cross section was
additional specimens for each of the considered directiang( investigated with this technique, in the samples with londinal
O) were tested at 0.25 mm/min for the measurement of theiglast bers (L) the wood bers are perpendicular to the fracture
modulus by using a resistance extensometer Instron 2620 wiplane, while they are parallel in the samples with transversal
a gauge length of 12.5mm. The elastic modulus was measurdsers (T). In Figures 2A,BFESEM micrographs of the wood
as the secant modulus of the stress/strain curves betwezn tlaminae cut in the transversal and in the longitudinal diien
strain values of 0.05% and 0.25%. The elastic modulus wase respectively reported. As already shown in our previous
calculated in the same way also on the stress-strain curtfeeof papers on ultra-thin wood laminae impregnated with poly(vinyl
other specimens. alcohol) Qorigato et al., 2018bin the longitudinal direction the
Finally, Charpy impact tests were performed on the samplegeculiar structure of the wood can be appreciated, with trathei
FA and LAM in the L and T directions, by using a Ceast 6549vood bers and vessels, while the parenchymal cells are less
impactor equipped with a hammer with an arm length of aboutclearly visible. Tracheids and wood bers are characterizged b
25 cmand a mass of 0.48 kg, positioned at a starting angle of 15@& mean diameter of about Iim, while wood vessels present
In this way, the tests were performed at an impact speed of 2&h average size of 4@n. The presence of some tracheids in
m/s, with a maximum impact energy of 2 J. A thin plasticine layeradial direction can be appreciated in the transversal sectio
was used to damp the vibrations to avoid the inertial peak & th From the micrographs of the laminae impregnated with PEG
force-displacement signal. Tests were performed on rectangu (Figures 2C,D, it can be observed that PEG patrtially lls the
specimens having nominal dimensions of 12010 2 mm®, wood porosity. This could be explained by assuming that the
with a span length of 40 mm. At least ve specimens were testedolume fraction of the closed porosity is not negligible. Moren
for each sample. In this way, the values of maximum forgg (F the viscosity of the molten PEG is too high to allow the snslle
and of the specic energy absorbed under impact conditiongpores to be lled in the time window of the impregnation

(Usp) were determined. process (up to 24 h). Moreover, the surface of the lamina hosts
a considerable amount of PEG, as suggested by the smoothness
RESULTS AND DISCUSSION of the surfaces of the laminae containing PEG (indicated by

arrows), if compared to the remarkably rough surfaces of
Table 2reports the weight composition of a single wood laminathe neat wood laminae. This may complicate the adhesion
impregnated with PEG (FP) as well as the nominal mass of eadl¢tween the wood laminae and the starch matrix, an issue
component before the hot-pressing step and the nominal weigtartially visible from the fracture surface of the two lamirsate
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FIGURE 2 | SEM micrographs of the cryofracture surface (cross-sectio) of the prepared samples.(A) F-T; (B) F-L; (C) FP-T; (D) FP-L; (E) FA-T; (F) LAM-T.

(Figures 2E,F. In the laminate containing PEG-{gure 2F the by the arrow), which is not observed in the neat laminate.
interlaminar adhesion seems worse than that of the neatlatei However, this apparent worsening in the interlaminar adhesio
as the cryofracturing operations caused delamination (iatid due to the PCM does not negatively aect the mechanical
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TABLE 3 | Results of the TGA tests on the prepared samples.

Sample  Ti (C) Tse (C) Tg(C) Tonset (C) mj (%) mr (%)

F 53.0 241.3 345.0 263.0 5.76 0.38
PEG 208.4 274.5 396.9 352.4 0.00 0.00
A 281.3 316.0 400.0 316.8 0.00 0.00
FP 89.3 265.4 405.1 317.8 2.01 0.04
LAM 29.4 260.7 365.5 293.5 2.04 0.27

T106 , Tse, D temperature corresponding to a mass loss of 1 and 5 wt%.

Tq D temperature corresponding to the maximum degradation rate (peak of the masess
derivative signal).

Tonset D temperature corresponding to the initial stages of degradation, after the
water evaporation.

m; D initial mass loss before Fnset.

m, D residual mass after the test.

and impact properties, as reported hereafter. In future work
on these systems it could be important to perform a detailed
characterization of the interlaminar adhesion conditiooisthe
prepared composites, as the interlaminar fracture toughness|i
one of the key aspects in the assessment of the mechanic&GURE 3 | Results of the TGA tests on the samples F, A, PEG, and LAM:
behavior of composite materials. residual mass and mass loss derivative as a function of tempature.

TGA analysis was performed to evaluate the resistance to the
thermal degradation of the laminates and of each constituen
Figure 3 shows the TGA thermograms (with the residual mas
and the derivative of the mass loss) of the sample LAM an
of its three constituents, i.e., PEG, F, and A, whikble 3
reports also the results on the sample FP. For the sample
F, the initial mass loss (ih of 5.8% is imputable to the
absorbed water. This behavior is also observed in the samples
FP and LAM, but to a lesser extent, as for these samples
the wood laminae are only a fraction of the total mass. Afte
water evaporation, the thermal degradation of the wood phase
becomes appreciable above 25@&nd occurs in two main steps.
Conversely, no water was detected on the samples A and PEG,
which indicates that the total water fraction of the compesits
entirely absorbed by the wooden phase. The thermal deg@auati
of these two polymer phases starts to be evident at 320-
350 C and reaches the maximum rate a#00 C. From these
results, it can be concluded that the thermal stability dftlaé
constituents is su cient to withstand the processing tempeira
of 170 C. Moreover, as expected, the degradation thermogra
of the sample FP lies between those of its constituents,H.e.,
and PEG. Also, the thermal degradation of the sample LA
shows all the degradation steps of its constituents, as it can
be better appreciated from the mass loss derivative signal.
From TGA/DTG thermograms reported ifrigure 3, it is also materials underwent a complete thermal degradation even in
evident that the degradation of PEG and A samples is almogtert atmosphere.
complete at 50QC, while the F and LAM samples present a The DSC tests were performed to investigate the thermal
last degradation step between 500 and &5Qorobably due to transitions of the constituents and to assess the thermatgn
the degradation of some wood constituents in inert atmospher storage capability of the PEG within the laminates. In fast, a
A detailed analysis of this degradation stage, which occureported in many papers in the literature, DSC is the most
far above the application temperature interval of the preparediseful technique to assess the TES capability of these adateri
laminates, is out of the scope of this work, and it could bedyett (Pielichowska and Pielichowski, 2Q1¥ the present paper, this
investigated in the future developments of this work. Howgeve test allowed the determination of the melting (and crystaition)
as reported inTable 3 the residual mass values at 7G40(m;)  enthalpy values of the PEG phase within the laminates. The DSC
are below 0.4% for all the samples, meaning that all the testédermograms of the prepared samples are reporteBigure 4,

Uy

FIGURE 4 | DSC thermograms of the prepared laminates, showing the the
scans ( rst heating, cooling, second heating). Samples F, ERFA, and LAM.
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TABLE 4 | Results of the DSC tests on the prepared samples ( rst heatingcan and cooling scan).

Sample TREG (0 1HREC (rg) TEEC (0 1 HEEC (rg) TH (O 1HA (3g) T&(O) 1HE (J/g)
PEG 52.6 168.9 30.9 155.3 - - — —

A - — — — 168.1 9.8 71.1 10.1
FP 56.1 88.5 25.8 86.7 — — - -
FA — — — - 168.7 4.6 70.9 51
LAM 54.7 27.4 215 24.1 166.8 4.4 71.8 4.8

TPEG, TPEG D melting and crystallization temperatures of PEG.

1 HREC, 1 HPEG D melting and crystallization enthalpy values of PEG.

TA, TA D melting and crystallization temperatures of thermoplastic starch.

1 HA, 1 HA D melting and crystallization enthalpy values of thermoplastic starch.

while the most important results are collected Table 4 The that the prepared composites could be potentially applied for
DSC thermogram of the neat starch (A) was not reported here fol ES applications.

the sake of brevity, but this test was performed as a preliminary Figures 5A,B 6A,B report the thermograms obtained from
experiment to nd a suitable hot-pressing temperature of theDMA on the tested materials, performed to investigate their
laminates (however, the results of this test are reported iwiscoelastic response below and above the PCM melting
Table 4. The thermogram of the neat beech (F) shows a broatemperatureFigures 5A,Bshow the thermograms of the samples
endothermic peak on the heating scan that is not present in thd, F, and FP. The latter two samples have been tested with
cooling and second heating scans. This peak, associated witte wood bers oriented parallel (L) and perpendicular (T) to
water evaporation, has an enthalpy of 161.5 J/g. Consideratg ththe applied load. The thermogram of the neat starch (A) has
the latent evaporation heat of water is 2,272 J/g, the wateeptes been reported together with the samples in the T directions
in the neat beech can be estimated af.1 wt%, which is in (for a better comprehension of the plots). The starch phase (A)
good agreement with the mass losses observed by TGA in the laxhibits a storage modulus at© of 250 MPa, and it shows
temperature region. The other DSC signals of this sample, suehconsiderable drop at 60 C in correspondence of the glass
as those associated with the glass transitions of the amarphotransition, in good agreement with the DSC results. The same
wood components, are not clearly visible in this plot, but theyphenomenon is detectable through peaks in the #ad tard
have been thoroughly described in a recent work of our gromp o thermograms. For the neat wood lamina (F), the value of E
wood/starch composite laminate®¢rigato et al., 201§aThe  in the L direction is one order of magnitude higher than that
signal of water evaporation is partially visible also in thet rs jn the T direction, and in both cases it shows a slight deaeas
heating scan on the sample FP, which also presents the signats 50 C because of the amorphous fraction in the wood (i.e.,
of the melting and crystallization transitions of PEG, thgh  |ignin) (Kelley et al., 1997 From a comparison between the
the presence of narrow peaks at 55 and @brespectively. signals of the neat wood (F) and the PEG-impregnated wood
The phase change enthalpy measured in the rst heating scafp) laminae, it is immediately evident that the presenceE®GP

is 88.5 J/g. Assuming that the phase change performance agyni cantly contributes to increase the storage modultighe

the CryStaIIization behavior of the PEG embedded in the WOOdvood laminae in both directionsy probab|y dueto a partia] [yn
are not di erent from those of the virgin PEG, the total PEG of the wood porosity. The major signals in the FP thermograms
weight fraction in the sample FP can be calculated from thee those related to the PEG phase transition, ahBws a step,
phase change enthalpy of the neat PEG (169 J/g), with thgnjle peaks are visible in both the Bnd tard signals, which
result being 52.4 wt%, in good agreement with the nominalye evident mostly in the L directiorF{gure 5A4). The positive
PEG content (se@able 9. The peak of water evaporation is ;qnuiption of PEG in increasing s also transferred to the
also present in the thermograms of the two prepared laminateg, yinates Eigures 6A,B, even though this is accomplished to
The sample FA also clearly shows all the thermal transitiong |egqer extent. Also in this case, the thermograms presknt al
of the starch phase, which are visible in the second heatinge sjgnals related to the thermal transitions of the PEG and
scan, i.e., a glass transition a0 C, post-crystallization at gtarch phases. For example, the PEG melting is clearly delectab
110C and a melting peak at 168. The thermal transitions through the DMA thermograms. This e ect, which evidences
of the starch phase are also visible in the thermogram of thghe interesting and unusual possibility to study a meltingmtv
sample LAM (except for the post-crystallization in the secondhrough DMA, was also observed by our group in other works
heating scan), although the most intense signal is representrelated to polymer matrix composites containing a PCMe(di

by the phase change transitions of the PEG, whose enthalpyds al., 2017, 2013aFurther e orts will be performed in the
27.4 J/g ( rst heating scan). From this signal, the e ectiveGPE future to better characterize the PCM melting signals thgbu
weight fraction in the LAM is 16.2 wt%, slightly higher than DMA analysis.

that calculated from the masses of the laminates, but in the Finally, two tests were performed to investigate the e ect of
same order of magnitude. This DSC signal clearly demonstrate®EG on the mechanical properties of the wood laminae and of
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FIGURE 6 | DMA thermograms of the laminates, showing the storage

FIGURE 5 | DMA thermograms of the constituents, showing the storage modulus (&), the loss modulus (E”), and the loss factor (tad). (A) Samples FA
modulus E% the loss modulus E”, and the loss factor tad. (A) Samples F and and LAM (longitudinal direction)(B) samples FA and LAM (transversal
FP (longitudinal direction)(B) samples F, FP (transversal direction), and A. direction).

the relative laminates, i.e., quasi-static tensile tests@harpy of PEG on the tensile properties of the wood laminae, especially
impact tests. For the tensile tests, representative sttesn-s in the T direction, as the average elastic modulus increases
curves of the sample FA in all the three considered directames from 120 to 310 MPa and the tensile strength from 60 to 170
reported inFigure 7 (the curves for the other samples are notMPa, while the properties in the L direction of the two samples
reported for the sake of brevity), whildgure 8shows the trends are not signi cantly di erent from each other. The mechanica

of the elastic modulus and of the tensile strength, respelgtiv properties measured on these thin laminae are remarkablyrlowe
The sample F has a linear stress-strain curve until failure ithan those reported for bulk beech, which exhibits a exural
both the L and T directions, with a rather low strain at breakelastic modulus of 14.5 GPa and a exural strength of 120
( 1%). PEG-impregnated laminae (FP) show an initial lineaMPa (Giordano, 198). This e ect, already observed in previous
behavior, followed by a region in which the slope decreasesorks of our group Dorigato et al., 2018bis attributable to
until failure. This test also evidences the positive coniiitn  the considerable destroying of the pristine cellular morplggio
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FIGURE 8 | Results of quasi-static tensile tests on the prepared sampk.
FIGURE 7 | Representative stress-strain curves from quasi-static tesile tests Elastic modulus and stress at break.
of the sample FA (all the three considered directions).

TABLE 5 | Results of Charpy impact tests on the two prepared laminates
performed in different orientations.

to which the ultrathin laminae are subjected during cutting sample Fo (N) Usp (I/m2)
The stress-strain curve of A is typical of a thermoplastichhjig

ductile polymer; the initial linear region terminates withelative  FA-L 24 1.2
maximum, conventionally regarded as the yield point, folldwe FA-T 11 0.6
by a strain-hardening region until failure, which happens atrA-0 18 1.0
high strain values (i.e., 450%). The properties measured @n thiam-L 138 237
starch Im are consistent with those reported in the literegfor — LAM-T 52 7.5
similar materials Bastioli, 1997; Mark, 1999FromFigure 7itis  Lam-0 95 14.8

immediate to observe that, as expected, the mechanical piepert

of the angle ply (O) laminates are intermediate in respect tsth

of the samples L and T. From the results reported-igure 8,

it is also evident that the properties measured on the lammate

are considerably higher than those expected from the traiti UP to now by our group for PCM-containing polymer

rule of mixture, largely used to predict the performance ofcomposites fredi et al., 2017, 201Bain this case the

composites. This e ect, already observed in previous workECM contributes positively to the mechanical properties of

(Dorigato et al., 2018a; Fredi et al., 20),&tems from the partial the host composite, and the mechanical and TES properties

lling of the wood porosity by the interpenetrated matrix, wtfi ~ ¢an be considered as synergistic and not parasitic. This

reduces the total pore volume fraction. As reported before fols remarkably important in the perspective of developing

the s|ng|e |am|nae’ th|s poros|ty |||ng e ect |S a|so the reas mu|tifunCti0nal matel’ia|S Combining StI’UCtUI’al and theEth

of the enhanced tensile sti ness and strength of the sample LANPanagement functions.

compared to FA, in all the considered directions. Considgtime

elastic modulus results reported figure 8, it should be pointed CONCLUSIONS

out that the laminates (i.e., FA and LAM) and the constituents

(i.e., FP, F, and A) were not tested at the same speed. HowevEhis work aimed at developing novel multifunctional fully

elastic modulus results of the laminates and of their cdnstits  biodegradable composite laminates with thermal energy

could be directly compared, at least from a qualitative poinstorage/release capability. With this aim, thin wood beech

of view. It must also be considered that the most importaniaminates were impregnated with PEG at the molten state,

comparison in the mechanical properties should be performe@nd the resulting reinforcements were interleaved to foils

between the FA and LAM samplesin di erent orientations, whichof thermoplastic starch through hot compaction. The

were tested at the same speed. microstructural and thermo-mechanical behavior of the
Similar conclusions can be drawn by analyzing the results aksulting laminates was thoroughly investigated and coragar

the Charpy impact tests, summarizedTable 5(representative with that of the relative constituents.

force-time curves were not reported for the sake of brevity). Even though not all the PEG introduced in the samples

The maximum force measured during the test is considerablis e ectively con ned within the wood pores, a PEG fraction

higher for the LAM samples, and so is the absorbed speci of about 11 wt% of the whole laminate remained entrapped

energy, for all the considered ber orientations. It can bewithin wood laminae. From SEM micrographs it was found

therefore concluded that, contrarily to what has been repdrt that PEG is able to partially Il the wood porosity, but

F, D maximum value of force reached during the test.
Usp D speci ¢ energy absorbed under impact conditions.
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the presence of PEG on the surface of wood laminae could This work demonstrated the possibility to prepare fully

negatively a ect the adhesion and the compenetration betweebiodegradable multifunctional materials by combining.stiural

the wood laminae and the starch matrix, thereby worseningind thermal management functions, in which the insertion of
the delamination resistance of the resulting compositesnfr a biodegradable PCM had a positive e ect on the mechanical
DSC tests it was evident that the stabilization of PEGperformance of the host composite.

within the wood pores was responsible for the presence

of an endothermic signal at 56, with a specic melting AUTHOR CONTRIBUTIONS
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