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Lightweight composite materials are the gold standard in aeronautical and aerospace applications due to their strength and low mass. T
transport higher payloads and reduce launching costs, nanosatellites, an excellent option for space exploration due to their lightweight
structures, are migrating to composite materials. Nanosatellites, also known as CubeSats, must resist high thermal radiation loads while
working in orbit. Polymer-based composite materials maintain low mass and the incorporation of reinforcing ceramic fillers contributes to
increasing radiation and heat resistance, meeting both requirements. In this work, the effeatarafna (ALOs) and zinc oxide (ZnO)

micro- and nanoparticles on the thermal properties and degradation kinetics of epoxy-based composites were investigated. The effective
thermal conductivity improved up to 17.8 % for epoxyhl.O3 and 27.4% for epoxy/ZnO. The effective thermal diffusivity values show

a monotonic decreasing behavior as a function of the particle concentration for the-epdx§s composites while for the epoxy/ZnO
composites, no correlation on the effective thermal diffusivity values with the ZnO-content was observed. Both oxide-based ceramic fillers
increase the thermal stability of epoxy up to 260 however,y-Al2O; decreased the maxima decomposition temperature of the epoxy
matrix by 6 C. Zinc oxide did not affect the maxima decomposition temperature but decreased the activation energy of epoxy by 45%. These
results provide a feasible manufacturing method for epoxy-based composite materjaiarfosatellites) where efficient heat transfer, heat
resistance, and low mass are required.
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1. Introduction structural subsystems of the nanosatellites if thermal prop-
erty requirements are met [8,9]. According to Corpétal.

one of the most critical issues for nanosatellite missions

. 4 1
In the last decades, nanosatellites, also called CubeSats, h he effect of the thermal environment on the nanosatellite
transformed the landscape of space missions, especially f(r’ﬁaterial. Heat transfer phenomena (direct solar radiation,

Earth orbit exploration. Nanosateliites hf”“’e_?'so been Widel}élbedo, earth infrared radiation (IR), and internal heat gener-
used as technology demonstrators, scientific tools, and fot. " e to on-board electronics) in space are mainly regu-

gducauonal purposes [1’213]' .T.he de5|gn-of thg hanosate ated by thermal conduction and radiation [4]. Therefore, one
lite structures considers minimizing the weight without sac-

e L . . of the most challenging issues is for the material to manage
rificing performance because it is technically convenient t

date hiah load dt intai c’[emperature variations ranging from 2@to - 130°C corre-
gﬁign':rr]ne Occa)‘s? omlgthzr |23¥1:r? S-rﬁg re?:oTnigneﬁljnegrsfr\;ecrt]urr%ponding to exposure to direct sunlight and eclipse phases in

. . xtremely short periods [1]. The current thermal properties
materials for the development of CubeSats - [3,4] - include y P [1] brop

! of polymeric matrices used in the manufacturing of compos-
Al-7075-T73 and Al-6061-T6 alloys, due to their strength, ;o\ aierials need to be improved to comply with the required
weight, and coefficient of thermal expansion [5]. Alterna-

. L standard for the construction of CubeSats.
tively, a few scientific groups have started to explore the use

of composite materials for the fabrication of the panels con- Polymer-based composite materials reinforced with ce-
stituting nanosatellites [2,6], an example being the Swissramic filler powders offer a diversity of possible multifunc-

Cube, launched in 2009 [7], that included carbon fiber-epoxyional applications [10,11]. Several functional properties
composite panels in its structural subsystem. Composite ma&uch as electrical conductivity, piezoelectricity, thermal con-
terials have a lower density than aluminum alloys and repreductivity, and thermal stability can be improved, with the ad-
sent a viable candidate to replace aluminum in some of thdition of reinforcing particles [12]. Epoxy resins, used as the
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matrix of carbon fiber composites for aerospace, aeronautsynthesized ZnO and AD; particles were characterized in a
cal, and automotive applications [13], have been combine@martLab XRD diffractometer from Rigaku in PB/PSA mode
with a variety of fillers at high and relatively low particle Parallel Beam/Parallel Slit Analyzer with a grazing incidence
loadings such as graphene (1, 3, and 5 wt. %) [14], grapherengle (v = 0.5°) 26 geometry and Cu K radiation(40 kV, 44
oxide at 0.5 wt. % [15], carbon nanotubes at 1 and 6.1 wt. %Amp) at a step size of 0.04 The diffraction patterns were in-
[16,17], barium titanate at 6 wt. % [18], alumina from 1 to 70 dexed using the Integrated X-ray powder diffraction Software
wt. % [19-22] or combinations of these nanopatrticles [17,23]PDXL from Rigaku. The surface morphology of the synthe-
to improve fracture toughness, electrical properties, flame resized powders was determined through a field emission scan-
tardancy, UV-shielding [24], and wear resistance [20]. Fewning electron microscope (FE-SEM) Jeol JMS-7200F, using
studies have focused on the study of thermal properties. Yan accelerating voltage of 1.5 kV and different amplification
Fenget al. [25] proved that the incorporation of /D5 par-  factors.

ticles induces an enhancement of the thermal conductivity of

epoxy with increments of 145, 200, and 317 % at 50, 60
and 70 wt. % filler loading, respectively. M. Wasim Akhtar
et al. also reported an increase in the thermal conductivit

2.2.  Composite preparation

)ﬁ'he resin compound Epolam 2500, a biphasic epoxy resin
g S ) 0 ,
of epoxy with increasing filler loading up to 50 wt. % [26]. Ocomposed of primer and hardener was purchased from Sika

Both studies concluded that high particle loading (up to 7 ) . .
. . dvanced Resir8. The primer and hardener were mixed
0,
wt. %) must be employed to obtain an apparent fun<:t|ona1A‘t a 100:22 weight ratio. Zinc oxide orAl,O; particles

property improvement, which in turn, increases the weightaere incornorated by solution blending in the enoxv resin at

of the material, decreases the specific mechanical propertievsv ! P y soluti Ing ! POXy resi

and turns the polymer fragile [22] concentrations of 0.1, 0.25, and 0.5 wt. %. In a first step,
’ ZnO particles were suspended in ethanol and sonicated for

To design ceramic reinforced composite materials for bout 5 min to break the aaalomerates as much as possible
nanosatellite structures, it is essential to improve the therma! 99 P

properties ie, the thermal diffusivity and conductivity) of and until a homogeneous dispersion was achieved. Then, the

the epoxy resins without considerably increasing the weigh‘tapOXy resin was added to the solution that was kept under

of composite materials. The present investigation reports th(éonstant stirring at ST until ethanol was completely evap-

effect of micro- and nanoparticle low concentratieng wt, orated, and apparent uniform distribution of the ZnO in the

0 ) s . X resin was attained. The same mixing strategy was followed
% ofy-alumina (ALOs) and zinc oxide (ZnO) on the thermal for the~y-Al,O3-epoxy composite. All samples were cured at

contjucﬂwty, stapmty, .and kmetlcs. degradation of an aero- oom temperature for 24 h followed by a dwelling time of 2 h
nautical grade biphasic epoxy resin system (Epolam 2500{.
. : at 100C.
The active thermography technique was employed to deter-
mine the thermal diffusivity at room temperature while the
thermal conductivity of each composite was determined fron.3. Thermal characterization
the analysis of the transient thermal response. For each parti-
cle filler, the effect of the oxide nanoparticles on the thermal2.3.1. Modulated thermal response
stability of the composite was assessed through degradation
kinetics by thermogravimetric analysis. Thermal images were acquired through an active infrared
thermography setup, consisting of a TTL controllable laser
(120 mW LASER LDCUS5, at 658 nm); a function generator,
for the generation of the TTL control signal; a closed sample
chamber; and an IR camera (FLIR, SC5000), suitable to op-
erate in the 2.5 - 5.m wavelength range. Between the IR
The ZnO particles were prepared following the aqueous solcamera and the sample chamber, a germanium window was
gel synthesis method. Briefly, zinc acetate and oxalic acigplaced to avoid undesirable contributions to the thermal im-
were mixed at a molar concentration ratio of 0.1 /0.1 (M).ages. The spherical lens is used to ensure a highly focused
The oxalic acid solution was added dropwise to the zinc aciddeam impinging on the frontal sample surface. Figure 1 dis-
solution, which was kept under constant agitation for 90 minplays a schematic of the active thermography system.
(formation of the gel). The gel obtained was dried for 12 hat The capabilities of the IR camera electronics, along with
60°C and then subjected to a thermal treatment at60dr  its software, allow the phase-sensitive images processing and
3h. synchronization to the reference signal (from the function
The alumina particles were prepared by the citrate routegenerator); so, there is no need for an external lock-in am-
A polymeric citrate precursor derived from a citric acid alu- plifier module. The sample chamber was kept at high vac-
minum nitrate solution at a molar concentration ratio ofuum (L x 10~% Torr) during the measurement using a rotatory
0.5/0.1 (M) was used. The precursor thermal decomposivacuum pump (Varian Vacuum Technologies, DS 102) cou-
tion at 60C formed a precipitate that was dried at 200 pled with a turbo-molecular vacuum pump (Varian Vacuum
for 2 h, followed by thermal treatment at 9@ for 2 h. The  Technologies, Turbo-V 81-AG) to avoid heat losses due to

2. Materials and methods

2.1. Particle preparation

Rev. Mex. 5. 66 (4) 479-489
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FIGURE 1. Schematic representation of the active thermography S = Sample holder ZnO
system.

units)

conductive and convective heat transfer to the surroundings.
The modulation frequency of the excitation beam was fixed ¢
to 10 mHz.

Intensity (arb.

2.3.2. Transient thermal response
(110)

112
(103)(200() (z)on
Y £ ©on (202

The transient thermal response of each sample was sense _

using a thermal analyzer (Hot-Disk), Whlch employs a very 25 a5 & o &

thin nickel wire (shaped like a double spiral, encapsulated on 4, 20 angle

a 25 pum-thick Kapton cover) as the transient plane source _ )

or TPS. The TPS functions as a heating source as well a§/GURE 2. X-ray diffraction pattern recorded for the (&)Al2Os

a temperature sensor through its electrical resistance tim@nd (b) ZnO synthesized particles.

variations. These occur when a controlled electrical power,

Pout, is sustained during the time measuremeptqas When

the TPS is in thermal contact with the studied sample. This3. Results and discussion

particular technique has some resemblance to the well-known ) ) o

Hot-wire and Hot-strip techniques, and their mathematicaB-1- Ceramic-particles characterization

foundations can be found elgewhere [27,28,29]. To avoid healthe acquired X-ray diffraction patterns of theAl,O5 and

losses through the boundaries of the sample as much as P%0 synthesized particles are presented in Figs. 2a and 2b

sible, aPyyt = 25 mW and atmeas= 10 S were considered. Y ; par P s gs. o
respectively, identifying the characteristic XRD peaks with
the Miller indices of their corresponding diffraction planes.
While the ZnO particles exhibit sharp (Lorentz-type) peaks

2.3.3. Thermogravimetric analysis (Fig. 2b) corresponding mainly to the wurtzite hexagonal
phase of ZnO; the XRD obtained for theAl,O3 particles

The degradation kinetics of the composites were evalupresents broader peaks (Fig. 2a), and their positions corre-

ated by thermogravimetric analysis (TGA), performed in aspond predominantly to cubig-Al,O3 [30]. The observed

PerkinElme® thermogravimetric analyzer (TGA 4000) in peaks broadening is, presumably, due to the overlapping of

the temperature range from 50 to 9@) in a nitrogen flow at  Lorentz-type peaks. An estimate of the crystallite size was

20 mlmin—!, at heating rates of 5, 10, 20 and°&min~!. calculated using the Rietveld method. The crystallite size of

Pure epoxy samples and ZnO- and\l,O3-epoxy compos- ~-Al,O3 particles is about 3.32 nm, while the crystallite size

ites were analyzed. Samples t§.000 + 0.005 mg were  for ZnO particles is 22.5 nm. The apparent morphology of

placed inside the alumina sample-holder and then heated #te obtained particles was analyzed by FE-SEM micrographs

a given heating ramp. The TGA analyses of the composite~ig. 3). The SEM micrographs show that the ZnO pow-

were performed under non-isothermal conditions; then, thelers are a combination of rod-like structures with an aver-

activation energy of each composite was calculated with thage thickness of 63 nm and small cubic and irregular chunks,

Multilinear Regression Method (MLR) from the TGA data. which seem to cohere in micrometric aggregates with a max-

Rev. Mex. 5. 66 (4) 479-489
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10 nm

FIGURE 3. a) SEM micrographs of Epolam + 0.5 wt. % ZnO, b) Epolam + 0.5 wty%l 203, ¢) ZnO particles aR0kz, d) y-Al20s
particles atlOkz, ) ZnO particles a80kzx, and f)~y-Al2Os particles aB0kzx.

imal averaged size of 20m in the powder form (Figs. 3c
and 3e). On the other hand, the micrographs ofyttfd ;O3 B w 1
particles show small irregular particles, as small as 50 nm and MAy - Min[/r-ATe] = — 200s; @)

as large as 0.22m, which also present a tendency to form . G
large aggregates in the powder form (Fig. 3d and 3f). Micro—WhereAw is the photothermal phase shift** is the (mod-

graphs of the composites at a concentration of 0.5 wt. %, epéilated) temperature amplitudefs the radial cpordinatg; anc_j
lam/ZnO, and epolam#Al,0;, are presented in Fig. 3a and "Aw 81d7Min( 7. a7ec) are the slopes of the linear regions in
3b, respectively. As it can be observed on the micrographé,hEAw versus and Ll /7 - AT*’] versus curves, respec-
the particles are not visible on the surface of the compositeé"’ely [31'32’33'34'35.]' Fr(_)m Eq. (1) th_e thermal dn‘fgsw-
and the apparent surface roughness of the epojafi /O3 ity, acsy, can be obtained if the modulation frequenoyis

. . ac
is higher than that of the epolam/ZnQ at this particle concenknown' Figure 4 presents tmw vs.r and Lr_{r AT ] VS
tration. r plots for the epoxy matrix. The convective-radiative heat

losses at low frequencies are responsible for deviations from
linearity [36].

Following the same data processing, the thermal diffusiv-
The slope method for thermal diffusivity measurementsity of the different epoxyy-Al,O5; and epoxy/ZnO compos-
shows that for a homogenous thermally thin, sample the folites was calculated; Figure 5 shows the results obtained. In
lowing relationship exists: any case, the error bars associated with the effective thermal

3.2. Thermophysical Properties

Rev. Mex. Fs. 66 (4) 479-489
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monotonic behavior fok.;; as a function of they-Al,O;
content, deviating from linearity at the origin. This supports
that the oxide particle loading is well-dispersed within the
matrix since dispersion has proven to be one of the most im-
portant factors to improve the thermal conductivity [26]. The
improvement in thermal conductivity is recorded up to 17.8
% by introducing just 0.5 wt. % of-Al,O5. Furthermore,
the improvement in thermal conductivity at such low oxide
particle loading is similar to the improvement obtained by
[26,47] filler loading up to 10 wt. % was added.

A quite different thermal behavior occurs for the
epoxy/ZnO composites, were a non-monotonic dependency
a) 7 (107 x m) b) 7 (107 x m) of ket On the ZnO content is evident. Moreover, the sample
FIGURE 4. a) A¢ vs. r, and b)Ln[\/r - AT¢] vs. r plots, for with 0.25 wt. % content of ZnO shows an important decrease
the epoxy sample. The solid red line shows the best least-squareif the kef value compared to the samples with 0.1 and 0.5

linear fit. wt. % content of ZnO, but still higher than ttiggs value cor-
responding to the neat epoxy sample. Lower conductivity at
1.764 —— : — this concentration could be due to agglomerate formation at
T 1752 | this concentration.
"8 1mi0 = E| Considering thatces, aeff are not independent thermo-
X I OO . .
= {98 % physical parameters, but related through the (effective) vo-
Sme |
3 ] 3.0 5 ‘ T
1.704 - . . ; i e e
0.0 0.1 0.2 03 0.4 0.5 o 244 PR E
a) Particle Content (wt.%) i i S 3
T <
160 O O
Es0 . T -
l\x ~ 3 -
o 1430 a)
& 1.300 - o
3 ! —~
1.170 - ‘ ‘ o 4 2
0.0 0.1 0.2 0.3 0.4 0.5 2
b) Particle Content (wt.%)
FIGURE 5. Obtained values for the effective thermal diffusivity,

as a function of the particle content, for (a) Epoxy/@, and (b) b) ,(55)

Epoxy/ZnO composites.
poXy P FIGURE 6. Thermal response (in amplitude) of a) Epoxy/@k,

and b) Epoxy/ZnO composites, recorded employing the Hot-Disk

diffusivity are one hundred times smaller than thg ; val-
measurement system.

ues ( 1079 m2.s~1) for the epoxy/AbO; composites. How-
ever, for the epoxy/ZnO composites, the variations.gf as

a function of the ZnO content are of the same order of mag- ~ ol

045 ] H
nitude of the corresponding error bars; therefore, the addition &2 Zz =
of ZnO has no real impact on the effective thermal diffusivity £ | Eﬁ/
=

FTRRTE FERUTE FURETY FURET Fe

of such composite samples. On the other hand, the epoxy/ %@: 040

Al,O5 composites exhibit a non-linear monotonic decreasing ¥ ot

behavior inaef, with the~-Al,05 content. Figure 6 presents 03 0.0 o4 0 8 0% 0

the transient thermal response of the samples under the expe\a) Particles Content (wt.%)

imental conditions described in 2.3.2 for differeptAl O3 P ‘ ‘ ‘ e |

and ZnO contents. % Sﬁ E / f
The effective thermal conductivityk. ¢, of the com- £ ) ]

posite samples was determined from tééﬂ VS. t curves %t 0393 ©/ E

by linear fitting procedures according to the model re- + **" @/ E

ported by [29]. The obtained values for the neat epoxy 036 00 o 02 03 04 0.5

matrix, epoxyk-Al,O3, and epoxy/ZnO composites agree b) Particles Content (wt.%)

well to similar epoxy-based composites reported elsewherg|gure 7.  Effective thermal conductivity values of (a)

[32,33,26,37]. Figure 7 summarizes these results, indicatEpoxy/Al,Os, and (b) Epoxy/ZnO composites, obtained from Hot-
ing that the epoxyy-Al,O3; composites exhibit an increasing Disk measurement data.

Rev. Mex. 5. 66 (4) 479-489
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367 IE R I is observed. However, these hypotheses must be corroborated
260 7 2'605 E} ] by quantification of the spatial distribution of the dispersed
] S particles.
— 3.52 1 4 1~ HEEY
2 /e ] Y %{ 3.3. Thermal stability and degradation kinetics
E / E L /
é 7 @f i ] The thermal stability of the epoxy/Al,O3 and epoxy/ZnO
. o ERCOE w was studied by TGA at a heating rate of°@min under
G 1 &2 ¢ % 1 a nitrogen atmosphere. Figure 9 displays the thermograms
2403 ] 1 and their derivative (DTG) obtained for epoxyAl ;O3 and
224 ] @ ] 2~20f ] epoxy/ZnO, respectively. As a reference, neat epoxy with-
' ] @ out ceramic particle incorporation was also analyzed. From
Y B 2104 T R TGA curves (Figs. 9a and 9c) of the neat epoxy, it is pos-
i ot 05 o T G5 il e sible to observe that the main thermal transition occurs from
a) Particle Content (wt.%) b) Particle Content (wt.%)

250 to 500C with a weight loss of about to 70 %, attributed
FIGURE 8. CalculatedCert values of a) Epoxy/AlOs, and b)  to the degradation of the epoxy network [15]. A stable zone
Epoxy/ZnO composites, as a function of the particle content.  from 500 to 700C follows this thermal transition, and a final
. . ) weight loss of about 10 % occurs from 700 to 900
Iume-spemflc heat capaut)_/l(alsp known as heat capacity per The total mass loss for all samples was ranged from 79.8
unit volume),Cetr = efr - o - Figure 8 displays the calcu- ., 26 g o4~ The derivative of the thermogravimetric curves
lated values of” from this relation for all composite sam- helps to determine the temperature at which the maximum
plei in th AlLO les showed an i . rate of thermal decomposition is reached (see Fig. 9). DTG
gain, the epoxy/-Al,O; samples showed anincreasing ., oq displayed in Figs. 9b and 9d show a three-stage degra-

n??r;lmeirl rr(l)onotortuc ?ega\/lt?']rln?%ﬂ xalugstﬁs afund};nodation for the neat epoxy in a nitrogen atmosphere, which
ot the~-Al2Ds content. Ln the other hand, I epoxyIZNUiq arected by the increasing content of each oxide. The

0,
samples show that, for a 0.25 wt. % content of Zdig; has first degradation stage of the epoxy starts at°&lénd is

Zulgt(i:\ilt mlsr;:']n;gr?hrenz;téyct?vie t:]?artgzle(fifi(fafﬁtgi/\itths;mzlscgg associated with uncured epoxy resin and loss of volatiles.
racticgl’l the same for all the epoxv/ZnO samyles here stu The second stage of degradation onset was detected between
P y POXY. P 18 and 330C with a maxima temperature decomposition at

led. Assuming that the synthesizeeAl,O; and ZnO parti- about 340C; this points out to the decomposition of aromatic

cles are homogeneously distributed into the bulk of the SaMg nctional groups. The last stage observed between 480 and

ple, the effective volume-spfecmc heat capacity could be eSt"550"C corresponds to the breaking of the main chains of the
mated by Eq. (2) as follows: epoxy resin. These polymer degradation stages match with
pret - Wy - Clay + (1 — wiay) - Crmy data reported in the literature [15,38,39].
2) The DTG curves for all composites showed that the addi-
tion of ceramic particles inhibited the first stage of the ther-
In Eg. (2), C(m), C(d) are the volume-specific heat capacial degradation of epoxy, contributing to the dissipation of
ity of the continuous (neat epoxy matrix) and discrete phasess volatile fraction. These findings have not been reported
(v-Al, 03 and ZnO particles) of the composite, respectively;in other studies. The results demonstrate that for tempera-
wq) Is the content fraction of the discrete phase, given by theéures under 250C, the addition of either ZnO oy-Al,Os
wt. % particle content of the composite; ang = () -p*d§ with concentrations< 1 wt. % increase the thermal stabil-
is the ratio of the mass densities. However, Eq. 22) hadty of the epoxy matrix; this is in agreement with the analy-
a decreasing behavior-owing to the thermophysical propersis of volatile organic compounds in polymers reported else-
ties difference between the discrete and continuous composgvhere [40]. Similar thermal transitions were observed for
ite phases-, contrary to the experimental observation for athe second and third stages of thermal decomposition for
composites. The observed demeanor of the thermophysicttie neat epoxy, epoxy/Al,O3, and epoxy/Zn0O, as the tran-
propertiesoet, keff, andCeg- together with the theoretical es- sitions appear at similar temperatures ranges (318-330 and
timation Cpyi-, suggest that the ballistic heat transfer mecha480-550C, respectively). However, for epoxy/Al O3 at a
nism competes with the diffusive heat transfer mechanism irconcentration of 0.1 wt. %, it was noted that the third transi-
response to the possible formation of axial thermal paths intion shifts towards lower temperatures with an onset at about
side the composites, being the one exception, the epoxy/Zn@55°C.
composite with 0.25 wt. %. For such a particular sample, itis  The incorporation ofy-Al,O3 decreases slightly the tem-
plausible that the concentration of ZnO particles induces th@erature at which the maximum rate of thermal decomposi-
agglomeration of the particles in disjoint volume elementstion occurs from 340 to 334€, suggesting the detriment of
diminishing the formation of thermal paths and, therefore, ahe thermal stability of the matrix caused by the oxide. It is
greater contribution of the diffusive heat transfer mechanisnbelieved thaty-Al, O3, at low concentrations, acts as a cata-

C =
bulk 1_ (1 _ Prel) : w(p)

Rev. Mex. 5. 66 (4) 479-489
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FIGURE 9. TGA thermograms for ceramic/epoxy and neat epoxy. The respective DTG thermograms for each concentration is displayed on
the top right corner of the image. (a) Epoxy#8ls and (b) Epoxy/ZnO.

lyst at high temperatures, accelerating the breaking of that 900 C were determined for each composite. Table | lists
polymeric chains of epoxy resin and decreasing the deconthe thermal stability factors for both composites at different
position temperature. In the case of ZnO incorporation, thdiller content. Thely; for epoxyh-Al,O3 at 0.1 and 0.25 wit.
DGT curves for all concentrations showed similar thermal% was similar to that of neat epoxy. However, asih&l ;O3
behavior to neat epoxy, indicating the apparent conservatiooontent increased to 0.5 wt. %, tlig; decreased by T%.
of the thermal stability of the matrix. For the epoxy/ZnO, the Td5 decreased by @3ompared
Thermal stability factors such as initial decompositionto neat epoxy, regardless of the particle content. The char
temperature (the temperature of 5 wt. % Id&g;) and char  at 900C decreased for both composites compared to neat
epoxy. Regardless of the ZnO particle content, the char at
TABLE |. Thermal stability of epoxy/AlOs and epoxy/ZnO com-  900°C remains constant at 22.8 wt. % while a lower concen-
posites obtained from TGA thermograms. tration of v-Al, O3 displays the lowest char at 900, 20.20
wt. %.
The thermal properties in this study are compared

Filler Filler content Tys Char at 900C

(wt. %) ) (%) for epoxy resin-based composites produced by the above-
None 0 288 23.08 mentioned process for particle loadings 1 wt. %. The
0.1 288 20.20 comparability of the results obtained with other studies is re-
~-Al, 05 0.25 288 20.20 stricted due to differences in the epoxy resin system used;
05 273 21.34 for instance, Jiangt al. [21] studied the behavior of epoxy
(DGEBA) with contents of nano alumina{Al,O3) from 1
0.1 269 22.80 to 4 wt. %; the results show tHE;5; value of the composites
Zn0O 0.25 269 22.80 similar to that of the neat epoxy resins (36} with char
0.5 269 22.80 contents increasing gradually with increasing concentrations
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FIGURE 10. Thermograms of neat epoxy and Epoxy/@k at different heating ramps used to determine the kinetic degradation of the MRL
method. a) Neat epoxy, b) 0.1 wt. %, c¢) 0.25 wt. %, and d) 0.5 wt. %.

of nano ALO; [21]. Fan-Long Jin and Soo-Jin Park [41] tion, andk is the reaction rate. The three kinetic parameters
studied the same epoxy resin system (DGEBA) with@J  have been obtained using various iso-conversion model-free
loadings ranging from 5 up to 15 wt. %; their results showas well as MRL methods from materials data as a function
a two-stage degradation process with char increasing as tlod temperature and conversion. Non-isothermal TGA is one
concentration of AlIO; was increased [41]. However, in our of the best methods to understand the kinetics degradation
case, the char yield decreased for lower concentrations of algprocess of polymers, therefore adequate to find solutions for
mina by 2.88 wt. % of the total mass used in the study comthe estimation of the kinetic parameters [42]. The degrada-
pared to neat epoxy. THE;; values remain the same until tion kinetics analysis at different heating ramps (5, 10, 20
the alumina concentration reached 0.5 wt. %, at this pointand 50C/min) showed a slight displacement towards higher
theT,5 value decreased by 16. temperatures with higher heating ramps for the neat epoxy
Kinetic analysis of thermal degradation was carried outresin and both composites (Fig. 10 and 11). This behavior
with Multilinear Regression (MLR) method to fit four data is markedly observed at temperatures below*&5€r neat
curves obtained at a constant heating rate by TGA in an inepoxy, 425C for epoxy#-Al,O3 and 475C for epoxy/Zn0O.
ert atmosphere to the Arrhenius relationshigt) = A - Figure 12 presents the activation energy) for all the
exp(E,/RT), determining the pre-exponential factor (A) composites and neat epoxy. Activation energy values were
(min—1), Ea is the apparent activation energy-(kdl—'), R obtained with a determination coefficien®) at 95 % and
is the universal gas constant, and T is the temperature (Kjaken conversions of) of 5, 10, 15, 20, 25, and 30 %. Ea
For the iso-conversion method, the expression for the rate af neat epoxy 121.53 +9.15 kJ/mol) and epoxy/-Al, O3 @
conversionda/dT = k(T) - [1 — o]™ can be used, where  0.10 % and @ 0.25 %1(8.11 + 6.47 and 104.63 + 7.34
is the degree of chemical conversionis the order of reac- kJ/mol, respectively) display similar values (Zone I). How-
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results are in agreement with the activation energy observed
by Omrani and Rostami at a similar concentration of alumina
(0.5 phr) [43]. Epoxy/ZnO composites, regardless of the con-
centration of the filler, show similar behavior to epoyy/
Al,O3 @ 0.5 %. These results suggest that loadidgs.5

wt. % of ZnO and only the loading of 0.5 wt. % §fAl,O3
decreased the thermal stability of neat epoxy resin. Other au-
thors have reported decreasing activation energy values with
the addition of oxide particles, mainly attributed to a catalytic
effect of these particles [44,45,46]. This effect has been ob-
served for copolymer/TiQ[44] at a concentration of 0.2 wt.

% and polyacrylate/ZnO [45] composites. Therefore, the in-
corporation of ZnO (for all cases) and &3 at 0.5 wt. %

had a significant impact on Ea values of neat epoxy.

4. Conclusions

FIGURE 12. Activation energy vs. nanoparticle concentration in

wt. %.

ever, a significant decrease in Ea is observed forytié, O;

content of 0.50 wt. %75.42 + 7.13 kJ/mol) (Zone Il). These

The present study analyzes the effect of the incorporation
of low contents (0.1, 0.25, and 0.5 wt. %) of citrate route

~v-Al;,05 and sol-gel synthesized ZnO nanoparticles on the
thermal properties and degradation kinetics of Epolam 2500
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epoxy resin. Concentrations under 1 wt. % of ceramic paraccelerated by the incorporation #fAl, O3, decreasing the
ticles were introduced in the polymeric matrix to improve temperature at which the maximum rate of thermal decompo-
thermal behavior while maintaining the specific mechanicakition takes place by“® with particle loadings of 0.5 wt. %.
properties and low weight of the material. The addition of ZnO particles decreases the initial decompo-
The inclusion ofy-Al,O3 particles at loadings under 1 sition temperature by P& in the second stage of the thermal
wt. % produces an evident competition between ballistic andlegradation of epoxy, and the Ea value decreased by 45 %.
diffusive heat transfer mechanisms, enhancing monotonically The results suggest that the incorporation of low load-
the thermal conductivity and volume-specific heat capacity oings of alumina or oxide zinc nanoparticles increases the
the composite as the nanoparticle contentis increased at rootermal properties and thermal stability of epoxy. These
temperature. For epoxy/ZnO, the dependence of the effectivesults also showed a feasible manufacturing method for
thermal conductivity on the concentration of zinc oxide par-lightweight epoxy-based composite materials that might be
ticles is not monotonous. Similar behavior is obtained wherused for space applicationiss( nanosatellites).
calculatingCet of the epoxy/ZnO. The experimental results

suggest that in the samples with ZnO particle additions, the
ballistic mechanism also dominates over the diffusive mechAcknowledgments
anism. However, when the ZnO content reaches 0.25 wt. %,
agglomeration of the particles decreases the ballistic transfhe authors kindly thank the Mexican Council of Science
port, altering the monotonous behavior for that concentrationand Technology (CONACYT), the&edras Program and the

The incorporation ofy-Al;Os and ZnO particles in-
creased the thermal stability of the polymer up to Z50in-

Mexican Spatial Agency (AEM) for the financial support pro-
vided through the project 275783 “Dise y caracterizabin

hibiting the first stage of thermal decomposition of the epoxyde materiales compuestos para estructuras de néfitesat
Above 250C, the thermal decomposition of the epoxy wastipo CubeSat”.
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