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HIGHLIGHTS

® The interfacial bonding strength of polymer-on-polymer surfaces can be availably tailored by the filling density and cooling rate.
® As the filling density increases, the interfacial bonding strength firstly increases to an optimal value and then decreases.
® The better strength of interfacial adhesion is mainly attributed to the larger width of wetted interface and degree of inter-molecular diffusion between two

adjacent layers.

ARTICLE INFO ABSTRACT

The controllable interfacial adhesion behaviors of polymer-on-polymer surfaces during fused deposition mod-
eling (FDM) three-dimensional (3D) printing process were examined by combining the experimental tests and
self-consistent field theory (SCFT) to further get insight into the interfacial bonding behaviors between currently-
and previously-deposited layers. The results show that the interfacial bonding strength can be availably tailored
by the filling density and cooling rate. An unusual and interesting phenomenon was also observed that the
interfacial bonding strength firstly increases to an optimal value and then decreases as the filling density in-
creases. Both the experimental observations and SCFT calculations revealed that the better strength of interfacial
adhesion is mainly attributed to the larger width of wetted interface and degree of inter-molecular diffusion
between two adjacent layers. The critical mechanism behind the controllable interfacial adhesion strength of
polymer-on-polymer surfaces were precisely clarified. The present work may provide useful information for
preparing lightweight FDM parts with high performance and a general understanding of the interfacial bonding
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behaviors of polymer-on-polymer surfaces.

1. Introduction

Additive manufacturing (AM), also so-called three-dimensional (3D)
printing, has been leading to a mold-less era, which has captured a wide
horizon [1,2] and is also developing at an incredible pace in the speed
and accuracy of printing models with complex geometries and low
manufacturing cost, representing a new edge on prototyping process
evolution [3,4]. As the trendiest technique among all AM technologies,
the fused deposition modeling (FDM) shows the high potential for
fabricating 3D-printed parts with the capacity to compete with con-
ventional processing techniques [5,6]. Moreover, the potential to grow
mostly depends on the materials available for FDM process, so it is
meaningful to develop new materials to further broaden the range of its
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applications [7-13]. Although, the FDM 3D printing is an effective tool
to realize the optimal design with various materials, there still remain a
critical problem of achieving an adequate level of mechanical strength
for FDM products due to the discontinuous nature of the FDM process,
where a molten filament is extruded and deposited onto the previously
deposited layers to form interfacial bonds with adjacent filaments. The
mechanical properties of the FDM 3D-printed parts are far weaker than
that of the parts fabricated by traditional methods such as the injection
moulding [14].

In addition to new materials, the processing parameter optimization
is also a critical factor to improve the mechanical properties of FDM 3D-
printed parts. Also, several studies focused on discovering the re-
lationship between the mechanical properties of the FDM 3D-printed
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parts and the processing parameters during FDM process, such as raster
angle and gap [15-17], layer thickness [17,18], printing orientation
[17-19], post-processing [10,20,21], and other external environmental
conditions [22]. Despite of the advanced development of FDM 3D
printing materials and technologies, the systematic research on the
interfacial bonding behaviors between the extruding molten filaments
and the previously deposited layers during the FDM process is seldom
concerned. Also, the mechanism and impact factor behind the inter-
facial bonding strength of FDM 3D-printed parts is still unclear. Here,
we demonstrated the effect of environmental cooling rate on the in-
terfacial bonding strength of FDM 3D-printed parts by combining the
mean-field theory to further get insight into the interfacial bonding
behaviors between the previously-deposited and current layers.

2. Methods
2.1. Experimental section

In the present work, the poly(lactic acid) (PLA) masterbatches
(3052D, NatureWorks, USA) were extruded in a single-crew extruder
(SHSJ45, Songhu Co., China) to prepare the fused deposition modeling
(FDM) 3D printing PLA filaments with 1.75 mm in diameter. During the
process, the barrel temperature ranged between 190 °C and 240 °C. The
tensile samples were prepared by feeding the PLA filaments into a
commercial desktop FDM unit with two nozzles (MakerPI M2030X,
Soongon Co. Ltd., Shenzhen, China), which could feed two different
materials mixing with different feeding speed at the same time. Near
the nozzle in the FMD 3D printing machine, there are two small air fans
with identical rev on the opposite side to cool down the previously
deposited layers. The rev of the two fans can be identically tailored
from 100% to 0% corresponding to the cooling rate, where the higher
rev of the two fans represents the faster cooling rate. The diameter of
the nozzle in FDM unit is 0.5 mm, ensuring that no clogging happens
during FDM 3D printing process.

The modified ISO 527 5A dog-bone dimensions with pipe cylinder
dimensions (Scheme 1) were followed. The specimens were conducted
in a universal testing machine (AGS-X Shimadzu Co., Kyoto, Japan)
with a 100 kN transducer capacity. The cross-head speed for tensile
tests were 2 mm/min. The SEM micrographs of the fracture surfaces
were taken with Hitachi SU8010 FEG-SEM with an acceleration voltage
of 5kV after specimens were fractured in liquid nitrogen.

2.2. Self-consistent field theory

As shown in Scheme 2, we consider an incompressible system with

(@)

10.0mm x 6.0mm x80.0mm

Chemical Physics Letters 739 (2020) 136959

air area filled with long homopolymers (H)

molten filaments'\
(A)

raq

cooled filaments (B)

flat substrate (W)

Scheme 2. Scheme of the currently-molten filaments (A) deposited on the
previously-cooled filaments.

total volume V, containing n, monodisperse homopolymers (A) soft-
confined in a fluid droplet with a fixed volume V, spreading on the
surfaces of the ng cooled monodisperse homopolymers (B) with the
same length to A (N5 = Ng = N), ny long homopolymers (H) to fill the
air region surrounding the droplet, and n,, wall “particles” to construct
the flat solid substrate (W). The polymer chains (A, B, and H) are
treated as Gaussian chains with the same statistical segment length a
and a fixed segment volume po ™.

Within the SCFT framework, the configuration of a single polymer
chain is determined by a set of effective chemical potential fields w;(r)
to replace the actual interactions, where I denotes A-, B-, and H-species.
The potential fields are conjugated to the density fields ¢;(r). We invoke
an incompressibility (¢a(r) + ¢p(r) + Pu(r) + ¢w(r) = 1) by introdu-
cing a Lagrange multiplier £(r) that enforces the incompressibility
constraint. The free energy per chain is given by

whrw = v S N8

= ABHW
1#]

> 601(1')¢1(1‘)+§(1')[1 - 2 ¢1(r)]}
1= ABHW

I=ABH

-an(3) - (%) - 2n(3)
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@
where kg is the Boltzmann constant; T is the temperature; yi; is the
Flory-Huggins parameter between I- and J- species; ca = VA/V,
cg = Vp/V, and ¢y = Vy/V is the volume fraction of A homopolymers (B
homopolymers or long H homopolymers); a is the ratio of the long H

(b)

Scheme 1. (a) 3D Model of the specimen used for FDM 3D printing and (b) FDM 3D printing process.
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homopolymer length Ny to A homopolymer length N, i.e. a = Ny/N.
Qa, Qg, and Qy is the partition function of a single non-interacting A, B,
and H polymer chain subject to the fields wa(r), wp(r), and wy(r) in
terms of the backbone propagator ga(r,s), gp(r,s), and gu(r,s), respec-
tively. The spatial coordinate r is rescaled by R,, where R,> = a®N/6.

For the A and B homopolymers (I = A or B), the propagator satisfies
the following modified diffusion equation

dq; (x, s)
0Os

and is subject to the initial condition g;(r,0) = 1 for the free end of the I
(=A or B) homopolymer chain at s = 0. In terms of the propagator
qi(r,s), the single chain partition function can be computed by

Qi = [ drg(x, 1) ®3)

In addition, the backward propagator q;"(r,s) of each A hand B
homopolymer chain is also defined, which satisfies the same diffusion
equation to g(r,s), Eq. (2), subject to the initial condition q;* (r,0) = 1,
and starts on the other free end of the I (=A or B) homopolymer chain.

For the long H homopolymers filled the air region surrounding the
droplet, the partition function gy(r,s) also stratifies the same diffusion
equation subject to the long H homopolymer field wy(r), but now s runs
from 0 to @ = Ny/N, and is given by

= V2q,(r, s) — wr(®)q; (r, 5) @

ﬂaqﬂ (x,s)

Nig s = quH (x,s) — COH(I')QH (x, s)

()]
subject to the initial condition gg(r,0) = 1. To further calculate the
homopolymer density ¢y(r), we approximate the qy(r,s) at @ = 4 which
is accurate enough to reduce the relative error [23]. Besides, the single
chain partition function can be further calculated by

Qu = [ drg,(r, @) )

In accordance with the propagators and partition functions, the seg-
ment densities ¢(r), ¢p(r), and ¢y(r) follow that

P (r) = CS—V ‘/;1 dsq, (r, $)g, " (x, 1 —5) )
A

By (0) = % S dsgy (e 91,71 = ) -
\74 a

Py @) = CS—H _/(: dsqy (x, 8)qy (r, o0 — 5) ®

Finally, the minimization of free energy with respect to ¢a(r), ¢p(®),
¢u(r), and &(r) is achieved by satisfying the mean-field equations

W (1) = Yo N@y (1) + Xa Ny (1) + Xaw Ny (1) + () 9)
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The density field of wall “particles” ¢w(r) is a fixed function of r
that is specified before starting the SCFT simulations, following the
“masking” technique proposed by Fredrickson et al. [24] and extended
by others [25-27]. The transition of ¢w(r) is selected to be a hyperbolic
tangent form, which is as follows

1 aw
Py (@ = 2{1+tanh[/1 - ]}

where A and o are factors used to define the transition region and set the
width of the transition region, respectively; d(r) is the distance from the
point r to the edge of the boundary of the wall. We assume that the
boundary of the wall is at ¢w(r) = 0.5, and select A = log(99) = 4.5951
such that the wall transition region begins at ¢(r) = 0.01 and ends at
¢w(r) = 0.99. The o is set to be 0.5R; which approximately equals to

13
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the interface width. Note that the o value couldn’t affect the results as
suggested by Fredrickson et al. [24]. This “masking” technique can
retain the stability characteristics of standard saddle point search
methods and is particularly suited for the numerical implement of the
SCFT equations by pseudo-spectral method.

The simulations in this work were carried out in the two-dimensions
with periodic boundary conditions owing to the “masking” technique.
The numerical solution of the mean-field equations was started from a
random initial states by confining A homopolymers in a semi-sphere on
the surfaces of cooled B homopolymers and filling the air region sur-
rounding the droplet with long H homopolymers, see Scheme 2. The
modified diffusion equations were solved via the pseudo-spectral
method and operator splitting formula scheme. In the calculations, the
spatial resolutions were taken as Ax < 0.1R; and the contour step sizes
were set at As = 0.01. The numerical simulations proceeded until the
relative accuracy in the fields is smaller than 107° and the in-
compressibility condition was achieved [28].

3. Results and discussion
3.1. Adhesion strength

In the present study, the effect of filling density (denoted by ps) and
cooling rate (measured by the rev of the cooling fan and denoted by v)
on the interfacial bonding strength (denoted by ¢,) of the FDM 3D-
printed parts were significantly investigated. As shown in Fig. 1a, it can
be seen that the interfacial bonding strength shows an increase as the
cooling rate decreases at a certain fixed filling density. Take the filling
density pf = 90% as an example (the olive line in Fig. 1a), the inter-
facial bonding strength gradually increases from 30.8 MPa to 32.5 MPa
to 33.9MPa to 35.4MPa to 36.4MPa and then to 36.9 MPa as the
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Fig. 1. The effect of (a) cooling rate » with different filling density p¢ and (b)
filling density p¢ with different cooling rate v on the interfacial bonding strength
for the FDM 3D-printed samples.
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cooling rate decreases from 100% to 80% to 60% to 40% to 20% and
then to 0%, respectively. Moreover, at relative lower filling density
(pr = 60% and 70%, corresponding to the black and red line in Fig. 1a,
respectively), the cooling rate exhibits a dramatic impact on the in-
terfacial bonding strength, where the interfacial bonding strength is
improved by about 89% (ps = 60%) and 56% (ps = 70%) as v decreases
from 100% to 0%. However, at relative higher filling density (ps = 80%,
90%, and 100%), the effect of cooling rate on the interfacial bonding
strength is weak, where the interfacial bonding strength is just im-
proved by about 12% (pf= 80%), 20% (pf= 90%), and 16%
(pr = 100%) as v decreases from 100% to 0%. That is to say that the
interfacial bonding strength can be markedly tailored by the cooling
rate when the filling density is relative lower and is less dependent on
the cooling rate as long as the filling density is high enough.

The effect of filling density on the interfacial bonding strength at a
certain fixed cooling rate, as presented in Fig. 1b, shows an unusual and
interesting phenomenon that, as the filling density increases from 60%
to 100%, the interfacial bonding strength firstly increases to an optimal
value at pf = 90% and then decreases. The decrease in the interfacial
bonding strength when pr increases from 90% to 100% indicates that
the FDM 3D-printed parts could simultaneously possess high interfacial
bonding strength and low weight (or low py). Note that the lower filling
density represents the lighter weight and the less usage of the 3D
printing filament because of the higher porosity [10]. Take the cooling
rate v = 100% as an example (the dark yellow line in Fig. 1b), the in-
terfacial bonding strength gradually increases from 12.7 MPa to
18.9 MPa to 29.6 MPa to 30.8 MPa and then decreases to 26.7 MPa as
the filling density increases from 60% to 70% to 80% to 90% and then
to 100%, respectively. Moreover, at relative lower cooling rate
(v = 0%, 20%, 40%, and 60%), the effect of filling density on the in-
terfacial bonding strength is weaker, where the interfacial bonding
strength is improved by about 54% (v = 0%), 58% (v = 20%), 64%
(v = 40%), and 85% (v = 60%) as pr¢ increases from 60% to 90%.
However, at relative higher cooling rate (v = 80% and 100%), the ef-
fect of cooling rate on the interfacial bonding strength is much more
marked, where the interfacial bonding strength is improved by about
133% (v = 80%) and 143% (v = 100%) as pr increases from 60% to
90%. Likewise, it can be concluded that the interfacial bonding strength
is less dependent on the filling density when the cooling rate is relative
lower and can be markedly tailored by the filling density as long as the
cooling rate is higher.

3.2. Elongation at break

In addition to the interfacial bonding strength, the elongation at
break is also an important indicator to measure the mechanical quality
of the FDM 3D-printed parts and the study on it (Fig. 2) greatly con-
tribute to understanding of the interfacial bonding mechanism. As
compared with Fig. 1, the variation trends of the elongation at break
(Fig. 2) are completely identical to the interfacial bonding strength
(Fig. 1); namely, the stronger interfacial bonding exhibits the larger
elongation at break for the FDM 3D-printed parts. It is well known that
the mechanical properties of the FDM 3D-printed parts are attributed to
the interfacial adhesion between two adjacent extruded layers. Similar
to polymer healing process [26-31], the adhesion of two layers of
molten polymers during FDM process can be described by two steps: (1)
surface contact, followed by (2) inter-molecular diffusion of polymer
chain segments across the wetted interfaces [21,32-35]. Thus, the
strength of interfacial adhesion is determined by the formation of
wetted interface and degree of inter-molecular diffusion between two
extruded layers and also the diffusive mechanism of adhesion could be
proposed to explain how one extruded layers sticks to another [21,33].

3.3. Fracture-surface morphologies

To study the interfacial adhesion behaviors of the FDM process, we
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Fig. 2. The effect of (a) cooling rate v with different filling density p¢ and (b)
filling density p¢ with different cooling rate » on the elongation at break for the
FDM 3D-printed samples.

further examined the fracture-surface morphologies of the FDM 3D-
printed samples with filling density ps = 100% at different cooling rate
v, as illustrated in Fig. 3. It can be seen that the fractured surfaces
become much more smooth as the cooling rate increases, indicating
that the weaker interfacial adhesion occurs at higher cooling rate
(larger v). Note that the rougher fracture surfaces mean larger wetted
interfaces and degree of inter-molecular diffusion between two adjacent
extruded layers, and the formation of them needs to absorb more
fracture energy. Therefore, it can prove that the higher cooling rate
induces the larger wetted interfaces and degree of inter-molecular dif-
fusion to effectively disperse the stress acting on the interfacial bonding
area and absorb more fracture energy, which availably strengthens the
interfacial bonding adhesion.

3.4. Interfacial width calculated by SCFT

The behavior that the lower cooling rate » leads to stronger inter-
facial adhesion can be also rationalized by considering the width of
wetted interfaces (interfacial width). Here, we employed the extended
self-consistent field theory to examine the interfacial width (we define
the width as w = (dgﬁ/dz)_1 evaluated at the interface [36]), as pre-
sented in Fig. 4. As can be seen, the interfacial width becomes narrower
rapidly as yapN increases from O to 20, where the other interaction
parameters used in the SCFT -calculations were fixed at
xauN = xawN = xguN = yuwN = 20 and ypwN = 0. Moreover, as
xasN increases, the interfacial width first narrow rapidly at relatively
low yagN and then slightly at relatively high xapN. Note that the larger
xasN corresponds to the larger cooling rate v and vice versa, i.e. yapN
v. To make a comparison with the experimental results, we have also
placed the cooling rate » in the corresponding location in Fig. 4.
Combining with the experimental results (Figs. 2 and 3), they all
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Fig. 3. SEM of the fractured morphologies of the FDM 3D-printed samples with filling density p; = 100% at different cooling rate: (a) v = 0%, (b) v = 20%, (c)

v = 40%, (d) v = 60%, (e) v = 80%, and (f) v = 100%.
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Fig. 4. Interfacial width w/R, of the interface between currently-extruded (A)
and previously-deposited (B) layers calculated by the self-consistent field
theory.

elucidate that the lower cooling rate v (smaller yapN) forms broader
wetted interfaces (interfacial width) and the larger degree of inter-
molecular diffusion between two adjacent deposited layers.

4. Conclusions

In summary, the controllable interfacial adhesion behaviors of
polymer-on-polymer surfaces during FDM 3D printing process were
examined by combining the experimental tests and SCFT calculations.
Our results show that the interfacial bonding strength is markedly de-
termined by the filling density pr and cooling rate v, where the higher
filling density p; and lower cooling rate v would strengthen the inter-
facial adhesion or bonding, and vice versa. The interfacial bonding
strength is less (or more) dependent on the filling density p¢ (or cooling
rate v) when the cooling rate v (or filing density py) is relative lower and
can be markedly (or slightly) tailored by the filling density ps (or
cooling rate v) as long as the cooling rate v (or filling density pg) is
higher. Moreover, an unusual and interesting phenomenon was ob-
served that the interfacial bonding strength firstly increases to an
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optimal value at pf = 90% and then decreases as the filling density
increases from 60% to 100%. The present results may provide useful
information for preparing lightweight FDM parts with high mechanical
properties and a general understanding of the interfacial bonding be-
haviors of polymer-on-polymer surfaces. Beyond this work, it still re-
mains a number of opportunities for further discovery both in funda-
mental and applied work with different FDM 3D printing parameters as
well as different polymers because of the distinct characteristics among
them, such as the sensitivity of polymers to temperature, which is worth
to be demonstrated to expedite the development of the theory of the
interfacial bonding behaviors and the practical applications of FDM 3D
printing technologies.
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