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Abstract   This work proposes a facile fabrication strategy for thermally conductive graphite nanosheets/poly(lactic acid) sheets with ordered

GNPs  (o-GNPs/PLA) via fused  deposition  modeling  (FDM)  3D  printing  technology.  Further  combinations  of  o-GNPs/PLA  with  Ti3C2Tx films

prepared  by  vacuum-assisted  filtration  were  carried  out  by  “layer-by-layer  stacking-hot  pressing”  to  be  the  thermally  conductive  Ti3C2Tx/(o-

GNPs/PLA) composites with superior electromagnetic interference shielding effectiveness (EMI SE).  When the content of GNPs was 18.60 wt%

and 4  layers  of  Ti3C2Tx (6.98  wt%)  films  were  embedded,  the  in-plane thermal  conductivity  coefficient  (λ||)  and EMI  SE  (EMI  SE||)  values  of  the

thermally conductive Ti3C2Tx/(o-GNPs/PLA) composites significantly increased to 3.44 W·m–1·K–1 and 65 dB (3.00 mm), increased by 1223.1% and

2066.7%, respectively,  compared with λ|| (0.26 W·m–1·K–1 )  and EMI SE|| (3  dB)  of  neat PLA matrix.  This  work offers  a  novel  and easily  route for

designing and manufacturing highly thermally conductive polymer composites with superior EMI SE for broader application.
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INTRODUCTION

With the booming development of high-frequency, high-power
and  high-density  electronic  system  and  components,  the
resulted serious  heat  dissipation problems restrict  the  stability,
reliability  and  service  life  of  electronic  equipment  and
devices.[1,2] Meantime,  with  the  rapid  development  of  the  fifth
generation  (5G)  communication  technology,  the  problems  of
electromagnetic  radiation  pollution  and  information  security
are  becoming  more  and  more  prominent.[3−5] Simultaneously,
part of the electromagnetic radiation absorbed by materials will
also be converted into heat, which would further aggravate the
heat  accumulation  and  seriously  threaten  the  safety  of
equipment and consumers.[6,7]

Polymer-matrix  composites  play  irreplaceable  role  in  the
fields  of  electronic  instruments  and  telecommunication
equipment  due  to  their  advantages  such  as  lightweight,  ex-
cellent  specific  strength,  easy  processibility  and  good  corro-

sion  resistance, etc.[8−10] However,  the  intrinsic  thermal  con-
ductivity  coefficient  (λ)  of  the  polymer  matrix  are  relatively
low (0.18−0.44 W·m–1·K–1),  hardly  to  satisfy  the requirements
of  efficient  heat  conduction/dissipation  of  electronic
products.  At present,  the traditional solution is to directly in-
troduce highly thermally conductive fillers (such as boron ni-
tride  nanosheets  (BNNSs),[11,12] aluminum  nitride  (AlN),[13,14]

silicon carbide (SiC),[15,16] carbon nanotubes (CNTs),[17−20] grap-
hene,[21−25] etc.)  into  polymer  matrix.  This  method  presents
simple  procedure  and  is  widely  used  in  practical  industrial
production.  Traditionally,  the  thermally  conductive  fillers  are
randomly distributed inner polymer matrix, and a high filling
amount is required to build up efficient thermally conductive
networks  inner  polymer  matrix  in  order  to  obtain  relatively
higher λ.  However,  high  content  of  thermally  conductive
fillers  not  only  leads  to  more  “filler-filler”  and  “filler-polymer”
interfacial  thermal  barriers,  which  is  unfavorable  to  the  im-
provement  of  thermal  conductivity,  but  also  results  in  prob-
lems such as processing difficulty and deterioration of entire
mechanical properties.[26−28]

Targeting  to  the  above-mentioned  problems,  researchers
reported  strategies  such  as  the  prefabricated  thermal  con-
ductive networks,[29] and electrospinning[30] methods, aiming
to  promote  the  ordered  arrangement  of  thermally  conduc-
tive  fillers  inner  polymer  matrix  effectively,  so  as  to  improve
the  construction  efficiency  of  the  thermally  conductive  net-
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works,  and  thereby  improving λ values  of  the  polymer  com-
posites.  Hu et  al.[31] prefabricated  three-dimensional  BN  (3D-
BN)  thermally  conductive  networks via ice  template  self-as-
sembly,  followed  by  infiltration  and  curing  of  epoxy  resin  to
obtain  the  thermally  conductive  3D-BN/epoxy  composites.
When the content of BN is 34 vol%, the λ of the thermally con-
ductive  3D-BN/epoxy  composites  is  4.42  W·m–1·K–1,  281.0%
higher than that of the thermally conductive BN/epoxy com-
posites  with  random  BN  dispersion.  This  great  improvement
of λ is  mainly  due  to  the  ordered  arrangement  of  BN  in  the
thermally  conductive  3D-BN/epoxy  composites,  which  is
more favorable for constructing BN thermally conductive net-
works.  Yang et  al.[32] prepared  BNNSs/CNTs/PVA  fiber  net-
work with oriented BNNSs/CNTs hybrid fillers by electrospin-
ning,  and  then  obtained  the  thermally  conductive  (BNNSs/
CNTs)/epoxy  composites  after  following  impregnation  and
curing  of  epoxy  resin.  When  the  amount  of  BNNSs/CNTs  hy-
brid fillers is  27.5 wt% (CNTs 0.35 wt%),  the in-plane λ ( )  of
the  thermally  conductive  (BNNSs/CNTs)/epoxy  composites
can reach 6.3 W·m–1·K–1, which is about 88% higher than that
of  the  thermally  conductive  (BNNSs-70)/epoxy  composites
(3.4  W·m–1·K–1)  without  CNTs,  mainly  due  to  the  easier  con-
struction  of  thermally  conductive  BNNSs/CNTs  networks  by
electrospinning.  In  our  former work,  the strategy of  “electro-
spinning-hot  pressing”  was  proposed  to  prepare  thermally
conductive  polymer  composites,  which  effectively  achieved
the  ordered  arrangement  and  efficient  lapping  of  thermally
conductive fillers inner polymer matrix, further improving the
thermal  conductivities  of  the  composites.[33−36] For  example,
when the amount of BNNSs is 30 wt%, the λ|| of thermally con-
ductive  BNNSs/PVA  composite  film  by  electrospinning  is  as
high  as  18.63  W·m–1·K–1,  32.1  times  that  of  BNNSs/PVA  com-
posites film (0.58 W·m–1·K–1) prepared by traditional blending
method.[37] Even the above methods effectively promote the
construction of thermally conductive pathway inner polymer
composites,  there are still  some drawbacks,  such as complex
process,  long  production  cycle  or  requirement  of  expensive
production equipment.

3D printing technology features specially in designing and
preparing complex shapes and structures that are hard to be
manufactured  by  traditional  technologies,  which  has  been
widely  used  in  aerospace,[38] automobile,[39] environment,[40]

medicine,[41] wearable devices[42] and other fields.  Compared
with selective  laser  sintering (SLS),  stereo lithography appar-
atus (SLA) and digital light procession (DLP), fused deposition
modeling  (FDM)  3D  printing  technologies  possess  the  ad-
vantages  such  as  simple  preparation  process,  short  produc-
tion cycle and cheaper production equipment.[43−46] Gnanasekaran
et  al.[47] prepared  GNPs/PLA  electromagnetic  shielding  com-
posites by FDM 3D printing. The obtained EMI SE value of the
GNPs/PLA  composites  with  12  wt%  GNPs  was  10  dB  at  30
GHz, higher than that of the blend processed GNPs/PLA com-
posites  with  the  same  GNPs  content.  What’s  more,  FDM  3D
printing technology has been reported to achieve the orderly
arrangement of  fillers  and the construction of  filler  networks
more  conveniently  and  efficiently,  due  to  the  melt  flow  ori-
entation  in  the  process  of  polymer  extrusion.[48,49] Jing et
al.[50] reported  the  melting  blend  of  linear  low  density  poly-
ethylene (LLDPE) with graphite nanosheets (GNPs) firstly into

filaments,  followed  by  FDM  3D  printing  into  GNPs/LLDPE
composites.  When  the  content  of  GNPs  is  15  vol%,  the λ of
EDF  printed  GNPs/LLDPE  composites  along  the  printing  fila-
ment  direction  is  3.43  W·m–1·K–1,  much  higher  than  that  of
GNPs/LLDPE  composites  (1.98  W·m–1·K–1)  prepared  by  mold-
ing with the same amount of GNPs. In addition, FDM 3D print-
ing  technology  can  endow  the  materials  with  strong  des-
ignability, and to achieve the regulation of the internal micro-
structures  of  the  composites  by  topology  design,  facilita-
ting multiple reflections of electromagnetic waves inner elec-
tromagnetic shielding composites and the consequential im-
provement of EMI SE.[51−53] Wang et al.[54] used FDM 3D print-
ing technology to construct porous PLA skeleton,  which was
impregnated  into  CNTs  aqueous  solution  to  prepare  porous
CNTs/PLA. Then the fabricated electromagnetic shielding 3D-
CNTs/PLA composites with isolation structure were prepared
by thermal molding. When the content of 3D-CNTs is 2 wt%,
the  EMI  SE  of  electromagnetic  shielding  3D  CNTs/PLA  com-
posites  at  X-band  is  40  dB,  20  dB  higher  than  that  of  SM-
CNTs/PLA composites (20 dB) prepared by blending molding
with  the  same  content  of  CNTs.  Therefore,  FDM  3D  printing
technology  can  facilitate  the  overlapping  of  fillers  and  effi-
cient construction of network inner polymer composites, and
would  be  considered  as  an  efficient  and  simple  strategy  for
preparing polymer composites  with high thermal  conductiv-
ity and excellent EMI SE.

In this  work,  o-GNPs/PLA sheets  with orderly  arrangement
of GNPs fillers were prepared by FDM 3D printing technology
with PLA as  polymer  matrix  and GNPs as  thermally  conduct-
ive  fillers.  The  thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)
composites  with  superior  EMI  SE  were  further  prepared  by
“layer-by-layer  stacking-hot  pressing”  process,  with  introdu-
cing Ti3C2Tx films prepared by vacuum-assisted filtration. Mor-
phologies of the thermally conductive GNPs/PLA composites
were  characterized  by  scanning  electron  microscope  (SEM).
Chemical  structures  and  morphologies  of  the  Ti3C2Tx films
were  characterized  by  X-ray  diffraction  (XRD),  X-ray  photo-
electron  spectroscopy  (XPS),  SEM  and  atomic  force  micro-
scope (AFM). The GNPs arrangement and dosage affecting on
the  thermal  conductivities  of  the  thermally  conductive
GNPs/PLA composites were investigated. Furthermore, the ef-
fects  of  the  layer  number  of  Ti3C2Tx films  on  the  related
thermal  conductivities,  electrical  conductivities,  electromag-
netic  shielding  performances  and  thermal  properties  of  the
thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)  composites  were
also studied.

EXPERIMENTAL

Fabrication of the Thermally Conductive GNPs/PLA
Composites
Dried  PLA  pallets  were  compounded  with  GNPs  powder  by
melting extrusion.  The  corresponding temperatures  of  feeding
section, melting section and extrusion section were set up to be
30,  140  and  125  °C,  respectively.  By  controlling  the  extrusion
speed and the pulling rate with the die diameter of 2 mm, the
related  GNPs/PLA  filament  with  a  diameter  of  1.75  mm  was
extruded.  Then,  the  prepared  GNPs/PLA  filament  was  installed
in  a  3D  printer  (CreatBot  F160)  to  prepare  the  thermally
conductive  o-GNPs/PLA  composites.  In  this  work,  the  print
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nozzle  diameter  and the  layer  height  were  fixed to  be  0.4  and
0.2  mm,  with  the  printing  temperature  to  be  190  °C,  and  the
filling density to be 100%. In addition, the thermally conductive
GNPs/PLA  composites  were  also  prepared  by  hot  pressing
GNPs/PLA premix at 190 °C as referenced samples and marked
as r-GNPs/PLA. The corresponding preparation processes of the
o-GNPs/PLA and r-GNPs/PLA composites are shown in Fig. 1.

Fabrication of the Thermally Conductive Ti3C2Tx/
(o-GNPs/PLA) Composites
According  to  our  former  work,[55,56] Ti3C2Tx nanosheets  were
prepared  based  on  the  minimally  intensive  layer  delamination
(MILD)  method.  Ti3C2Tx films  prepared  by  vacuum  assisted
filtration, were immersed in dichloromethane solution with PLA
concentration of 0.05 g/mL, and then placed in fume hood until
the  completely  evaporation  of  the  solvent.  The  treated  Ti3C2Tx
films  and  o-GNPs/PLA  sheets  were  laid  alternately  in  the
preheated  170oC  mold  under  pressure  of  10  MPa  for  5  min.
Then, the layered samples were demolded after natural cooling
to  obtain  the  thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)
composites  (see  Fig.  S1  in  the  electronic  supplementary  infor-
mation,  ESI).  The  thermally  comductive  Ti3C2Tx/(o-GNPs/PLA)
composites with n layers of Ti3C2Tx films were marked as Ti3C2Tx-
n/(o-GNPs/PLA)  (n=0,  1,  2,  4)  and  their  corresponding
compositions were listed in Table S1 (in ESI).

The  information  of  “Materials”  and  “Characterizations”
were detailed in ESI.

RESULTS AND DISCUSSION

Thermally Conductive GNPs/PLA Composites
λ∥ λ⊥

λ∥
λ∥

λ∥

Fig.  2 shows  the  in-plane λ ( , Fig.  2a)  and  cross-plane λ ( ,
Fig.  2b)  values  of  the  thermally  conductive  GNPs/PLA
composites  and  the  corresponding  SEM  photographs  (Fig.  2c
and Fig.  2d).  The  values  of  the r-GNPs/PLA and o-GNPs/PLA
composites  increase  with  the  increase  of  GNPs  content.  With
the  same  GNPs  content,  the  values  of  o-GNPs/PLA
composites  are  significantly  higher  than  those  of  r-GNPs/PLA
composites.  When  the  loading  of  GNPs  is  30  wt%,  the  of
o-GNPs/PLA  composites  is  3.93  W·m–1·K–1,  1.5  times  that  of
r-GNPs/PLA  (2.55  W·m–1·K–1)  with  the  same  loading  of  GNPs,

λ∥

λ∥
λ⊥

λ⊥

λ⊥

and  15.1  times  that  of  neat  PLA  (0.26  W·m–1·K–1).  With  the
increase  of  GNPs  content,  the  increased  vaues  of  the
GNPs/PLA  composites  are  due  to  the  enhanced  possibility  of
GNPs-GNPs thermally  conductive pathway inner PLA matrix.  In
addition,  more  closely  arranged  filaments  are  presented  in  3D
printed o-GNPs/PLA composites following the in-plane direction
achieved  by  FDM  technique  (Fig.  2c),  resulting  in  more  GNPs-
GNPs  thermally  conductive  pathway  in  the  in-plane  direction.
Therefore,  higher  values  were  achieved  in  o-GNPs/PLA
composites.  With  the  same  loading  of  GNPs,  the  values  of
the  o-GNPs/PLA  composites  are  markedly  lower  than  those  of
the r-GNPs/PLA composites (Fig. 2b). The  value of the o-GNPs/
PLA  composites  with  30  wt%  GNPs  is  0.76  W·m–1·K–1.  This  is
because that there are many gaps and defects between the 3D
printed filaments in the cross-plane direction of the o-GNPs/PLA
composites,  leading  to  lots  of  interfacial  thermal  barrier  in  the
process  of  phonon transmission (Fig.  2d).  Therefore,  the GNPs-
GNPs thermally conductive pathway in the cross-plane direction
of the o-GNPs/PLA composites is less efficient than that inner r-
GNPs/PLA  composites.  As  a  result,  the  values  of  the  o-
GNPs/PLA composites are significantly lower than those of the r-
GNPs/PLA composites.

λ∥ λ⊥

Considering  from  aspects  of  the  thermal  conductivities,
tensile  strength  (Fig.  S2  in  ESI),  storage  modulus  and  loss
modulus  (Fig.  S3  in  ESI),  and  the  corresponding  rheological
properties (Fig. S4 in ESI,  processability),  the optimal content
of  o-GNPs  inner  o-GNPs/PLA  composites  is  chosen  to  be  20
wt%, with the related , , tensile strength and MVR values
are 2.90 W·m–1·K–1,  0.75 W·m–1·K–1,  47.5 MPa,  and 13 cm3/(10
min), respectively.

Structure and Morphologies of Ti3C2Tx Film
The  compact  layered  structure  of  Ti3AlC2 is  shown  in Fig.  3(a),
while Ti3C2Tx nanosheets present a typical two-dimensional (2D)
lamellar structure with more uniform thickness (Fig. 3b). Ti3C2Tx
nanosheets  have  regular  shape  and  few  defects  from  AFM
image (Fig. 3c). The correponding radial dimension is about 600
nm and the average thickness is only 2.038 nm. Fig. 3(d) shows
the XRD patterns of Ti3AlC2 and Ti3C2Tx, which indicates that the
diffraction  peak  at  39°  corrosponding  to  the  (104)  plane
disappear  after  acid  etching.  The  presence  of  sharp  diffraction
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Fig. 1    Schematic illustration of the fabrication for thermally conductive GNPs/PLA composites.
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peak at 6.85° and the weaker diffraction peaks at 13.78°, 17.73°

and  26.10°  of  Ti3C2Tx nanosheets,  are  attributed  to  the  (002),

(004),  (006)  and  (008)  planes,  respectively. Fig.  3(e)  shows  the

XPS full spectra of Ti3AlC2 and Ti3C2Tx. Ti3AlC2 mainly contains O,
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Fig.  3    SEM images of  Ti3AlC2 (a)  and Ti3C2Tx (b);  AFM image of  Ti3C2Tx (c);  XRD patterns of  Ti3AlC2 and Ti3C2Tx (d);  XPS spectra of  Ti3AlC2 and
Ti3C2Tx (e); C 1s XPS spectrum (e’) and Ti 2p XPS spectrum (e’’) of Ti3C2Tx.

  Ma, T. B. et al. / Chinese J. Polym. Sci. 2022, 40, 248–255 251

 
https://doi.org/10.1007/s10118-022-2673-9

 

https://doi.org/10.1007/s10118-022-2673-9


Ti, C and Al elements, while Ti3C2Tx mainly contains F, Ti, O and C
elements.  For  Ti3C2Tx,  the  characteristic  peaks  at  287,  531  and
685 eV correspond to C 1s, O 1s and F 1s, respectively. Peaks at
35, 60, 457 and 563 eV correspond to the characteristic peaks of
Ti 3p, Ti 3s, Ti 2p and Ti 2s, respectively which indicates that Al
element  disappears  and  F  element  appears  by  strong  acid
etching.  In  addition,  the  surface  of  Ti3C2Tx contains ―OH, ―F
functional groups, which indicates the formation of Ti3C2Tx. Figs.
3(e’)  and  3(e’’)  present  the  high  resolution  C  1s  and  Ti  2p
spectra of Ti3C2Tx, repectively. Peaks at 281.5, 282.2, 284.8, 286.8
and 288.8 eV shown in Fig. 3(e’) correspond to Ti―C, C―Ti―O,
C―O,  C―F  and  O―C＝O,  respectively.  Characteristic  peak  at
457.4  eV  in Fig.  3(e’’)  corresponds  to  Ti＝O  (2p3/2),  indicating
that a small amount of Ti3C2Tx has been oxidized to TiO2 during
the reaction.[55] The above analyses demonstrate that the strong
acid successfully strips Al atoms to form few-layer Ti3C2Tx.

Thermally Conductive Ti3C2Tx/(o-GNPs/PLA)
Composites

λ∥ λ⊥

λ⊥

Fig.  4 shows  the  and  (a)  values  of  the  thermally
conductive  o-GNPs/PLA  and  Ti3C2Tx/(o-GNPs/PLA)  composites,
the  SEM  images  (b−e)  of  the  cross  section  for  Ti3C2Tx/(o-
GNPs/PLA)  composites  and  the  EDS  mapping  (b’−e’)  of  the
titanium element. As shown in Fig. 4(a), the λ|| and  values of
the  Ti3C2Tx-0/(o-GNPs/PLA)  composites  are  3.40  W·m–1·K–1 and
0.80 W·m–1·K–1, respectively, higher than λ|| (2.90 W·m–1·K–1) and

λ⊥

λ∥ λ⊥

 (0.75 W·m–1·K–1)  of  the o-GNPs/PLA composites.  It  is  mainly
due to the existence of many voids in the cross section of the o-
GNPs/PLA composites by FDM 3D printing without hot pressing
(Fig.  S5a  in  ESI).  The  orientation  of  GNPs  caused  by  FDM  3D
printing  process  is  retained  inner  Ti3C2Tx-0/(o-GNPs/PLA)
composites, and the hot pressing process effectively eliminates
the  internal  gap  (Fig.  S5b  in  ESI,  the  original  gap  is  effectively
closed  by  hot  pressing),  which  is  favoarable  for  the  phonons
transmission inner  Ti3C2Tx-0/(o-GNPs/PLA composites,  resulting
in  higher  and  values  than  those  of  o-GNPs/PLA
composites.

λ∥ λ⊥

λ∥ λ⊥

λ∥
λ⊥

Meanwhile,  the  and  values  of  the  Ti3C2Tx/(o-GNPs/
PLA) composites increase slightly with the increase of the lay-
er number of Ti3C2Tx films. When the layer number of Ti3C2Tx
film  is  4,  the  and  values  of  the  Ti3C2Tx-4/(o-GNPs/PLA)
composites  are  3.44  W·m–1·K–1 and  0.82  W·m–1·K–1,  respect-
ively,  almost at  the same level  as the  (3.40 W·m–1·K–1)  and

 (0.80 W·m–1·K–1) of the Ti3C2Tx-0/(o-GNPs/PLA) composites.
Although Ti3C2Tx shows relatively higher intrinsic λ value than
that  of  PLA  matrix,  the λ values  of  the  Ti3C2Tx/(o-GNPs/PLA)
composites  are  still  mainly  dominated  by  GNPs-GNPs
thermally  conductive  pathway.  The  regular  embedding  of
Ti3C2Tx films  (Figs.  4b−4e)  does  not  cause  negative  effect  on
the λ values of the Ti3C2Tx/(o-GNPs/PLA) composites. In addi-
tion,  there  is  no obvious  interface  separation and fracture  at
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b’ 500 μm

c 500 μm
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λ⊥Fig.  4    λII and  values of  the thermally conductive o-GNPs/PLA and Ti3C2Tx/(o-GNPs/PLA) composites (a),  the corresponding cross-

section SEM images (b−e) and the EDS mapping of the titanium element (b’−e’).
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the section of the Ti3C2Tx/(o-GNPs/PLA) composites, which in-
dictes  that  Ti3C2Tx films  have  good  interface  adhesion  with
PLA matrix.

σ∥
SE∥

σ⊥ SE⊥

σ∥ SE∥
SE∥

σ⊥ SE⊥

σ⊥ SE⊥

σ∥ SE∥

σ⊥
SE⊥

Fig.  5 shows  the  electric  conductivity  (σ)  values  of  the
thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)  composites  (a),
EMI  SE  (b−e)  and  schematic  diagram  (f)  of  electromagnetic
waves  passing  through  Ti3C2Tx/(o-GNPs/PLA)  composites.
With the increase of the layer number of Ti3C2Tx films,  and
EMI  values  of  the  Ti3C2Tx/(o-GNPs/PLA)  composites  in-
crease significantly,  while the related  and EMI  values
change slightly. When 4 layers of Ti3C2Tx films are embedded,
the  and EMI  values of the Ti3C2Tx-4/(o-GNPs/PLA) com-
posites reach the maximum values of 288.4 S/m and 65 dB (at
X-band), 206.0 times and 3.8 times of σII (1.4 S/m) and EMI 
(17  dB)  values  of  the  o-GNPs/PLA  composites,  respectively.
While  and  EMI  values  of  the  Ti3C2Tx-4/(o-GNPs/PLA)
composites are only 1.3 S/m and 18 dB, which are at the simi-
lar level to the  (1.3 S/m) and EMI  (18 dB) values of the
Ti3C2Tx-0/(o-GNPs/PLA)  composites.  This  is  because  when
electrons  transfer  in  the  in-plane  direction  of  the  Ti3C2Tx/(o-
GNPs/PLA)  composites,  highly  conductive  Ti3C2Tx films
provide more rapid transmission channels for  electron trans-
mission,  resluting  in  significant  increase  of  and  EMI 
values.  While electrons are transferred in the cross-plane dir-
ection  of  the  Ti3C2Tx/(o-GNPs/PLA)  composites,  highly  con-
ductive  Ti3C2Tx films  are  separated  by  o-GNPs/PLA  sheets.
Therefore, the effectiveness of Ti3C2Tx films on electron trans-
port  is  not  obvious,  resulting  in  little  change  in  and  EMI

 values.

SE∥
SE∥

With the increase of  the layer  number  of  Ti3C2Tx films,  the
absorption  part  of  EMI  (SEA)  of  the  Ti3C2Tx/(o-GNPs/PLA)
composites  gradually  increases,  while  the  reflection  part  of
EMI  (SER) changes little. When the layer number of Ti3C2Tx
films  is  4,  the  SEA value  of  the  Ti3C2Tx-4/(o-GNPs/PLA)  com-
posites is 60 dB, while the SER is only 5 dB. This is because the
microstructures  inner  Ti3C2Tx/(o-GNPs/PLA)  composites  are

the  stacking  of  o-GNPs/PLA  layer  and  Ti3C2Tx films  layer-by-
layer.  The  o-GNPs/PLA  layers  of  the  Ti3C2Tx/(o-GNPs/PLA)
composites  possess  good  impedance  matching  with  the  ex-
ternal space, resulting in a small part of incident electromag-
netic  waves  reflected  on  the  surface  of  the  Ti3C2Tx/(o-
GNPs/PLA)  composites.  After  the  residual  electromagnetic
waves are transmitted into Ti3C2Tx/(o-GNPs/PLA) composites,
the  multiple  reflection  and  scattering  of  electromagnetic
waves  between  “Ti3C2Tx and  o-GNPs/PLA”  and  “Ti3C2Tx and
Ti3C2Tx”  interfaces.  At  the  same  time,  the  continuous  Ti3C2Tx

films provide dense conductive networks. Under the action of
alternating  electromagnetic  field,  the  electric  charges  accu-
mulate  inner  Ti3C2Tx films  and  generate  induced  current,
causing  conductivity  loss,  leading  to  conversion  of  electro-
magnetic  energy  into  heat  energy  and  the  attenuation  of
electromagnetic waves.

CONCLUSIONS

λ∥ SE∥

Thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)  composites  were
successfully  prepared  by  combining  FDM  3D  printing,
vacuum  assisted  filtration  and  “layer-by-layer  stacking-hot
pressing”  process,  which  achieved  the  construction  of  both
phonon  and  electron  dual  transmission  channels.  Micros-
tructures  of  Ti3C2Tx/(o-GNPs/PLA)  contribute  to  the  synergistic
and  efficient  improvement  of λ and  EMI  SE  values  of  the
thermally  conductive  Ti3C2Tx/(o-GNPs/PLA)  composites.  When
the  content  of  GNPs  was  18.60  wt%  and  4  layers  of  Ti3C2Tx

(6.98 wt%) films were embedded, the  and EMI  values of
the  thermally  conductive  Ti3C2Tx-4/(o-GNPs/PLA)  composites
increased to be 3.44 W·m–1·K–1 and 65 dB, which were 1223.1%
and 2066.7% higher than those of neat PLA (0.26 W·m–1·K–1 and
3 dB). This work offers a novel and easy route for designing and
manufacturing  highly  thermally  conductive  polymer  compo-
sites with superior EMI SE for broader application.
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Fig. 5    σ (a), EMI SE (b−e) and schematic illustration of EMI shielding (f) for thermally conductive Ti3C2Tx/(o-GNPs/PLA) composites.
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