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a b s t r a c t

Photopolymerization is one of the most widely used methods for additive manufacturing
and microfabrication of polymer structures. However, the mechanical properties of
these materials, formed incrementally or layer-by-layer by photopolymerization, remain
unclear. One critical issue is the strength of the interfaces between adjacent layers. During
free radical photopolymerization, these interfaces are exposed to atmospheric oxygen,
which is detrimental to the polymerization reaction due to radical inhibition. The influence
of oxygen on the interfacial properties, however, is still not well understood. This paper
investigates the effect of oxygen on the mechanical behavior of interfaces. In order to
facilitate mechanical tests, the interfacial strength is investigated using a part-by-part
method that mimics the conventional layer-by-layer photopolymerization process. The
experiments found that oxygen enhances the interfacial strength by improving interfacial
bridging macromolecular links. A theoretical model is developed to capture the interfacial
evolution. Numerical studies further illustrate the role of several processing parameters
such as curing condition and resin component.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Photopolymerization is widely used in coatings, adhe-
sives, dentistry, and microfabrication [1,2]. It is also one of
the most popular methods used in polymer additive man-
ufacturing (or 3D printing) [3], as photopolymerization
can cure a resin in less than ten seconds, a layer-buildup
speed that meets critical requirements of 3D printing. A
typical photopolymerization resin contains monomer so-
lutions and photoinitiators. Once irradiated by light, pho-
toinitiators cleave into primary radicals and subsequently
propagate by reacting with double bonds in monomers
(see Fig. 1(a) for illustration) to form a network. During this
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process, oxygen reacts with primary or propagating radi-
cals to form less active peroxyl radicals. [4]. The reaction
is shown schematically in Fig. 1(b). The effects of oxygen
have been investigated in, for example, the work of Decker
et al. [5,6] and Bowman et al. [7,8]. In general, they are
more pronounced near the surface where oxygen is abun-
dant. As pointed out by Bowman et al. [8], oxygen inhibi-
tion is undesirable in most cases: it prevents photopoly-
merization in thin films and creates tacky surface layers for
thick films. According to Jariwala et al. [9], oxygen inhibi-
tion may also influence the shape stability of 3D printed
products. Several strategies were proposed by researchers
to prevent this effect, including curing in an oxygen free
environment, changing irradiationwavelength, optimizing
initiator concentration and implementing different chemi-
cal modifications. Detailed discussions can be found in the
review of Ligon et al. [10]. But in some conditions, oxy-
gen inhibition can be useful. Dendukuri et al. [11] showed
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Fig. 1. Photopolymerization process. (a) Chemical structure of photo curable PEG-DA. (b) Reaction mechanism in photopolymerization. (c) Schematic
graphs of sample preparations. ① Curing of the first part by inserting a PDMS barrier. ② Curing of the first part by inserting a glass barrier. ③ Curing of the
whole structure after the addition of a second part.
that the tacky lubrication layer created by oxygen was
essential in microfluidic fabrication of photocrosslinked
particles. Jeong et al. [12] utilized oxygen-induced partial
curing to fabricate hierarchical microstructures. Guvendi-
ren et al. [13] applied the effect of oxygen in surface pat-
terning. Our previous work [14] showed that oxygen could
regulate the deformation of thin films of light active poly-
mers. Recently, Tumbleston et al. [15] utilized the effect
of oxygen to create ‘‘dead zone’’ interfaces in 3D printing,
which accelerated the printing speed by several orders of
magnitude.

The strength of the polymer interface is one of themost
important concerns in applications of photopolymeri-
zation-based 3-D printing, which create structures in a
layer-by-layer manner. In such applications, light irradia-
tion is used to cure one layer of resin to a 2D pattern ac-
cording to the cross-section of the 3D part. Subsequently
a second layer resin is added on the top of the first and is
then cured in the samemanner. When this process is open
to air, the chemical reactions of curing the top surface of
the first layer will be inhibited by oxygen, which subse-
quently affects the properties of the interface between the
first and the second layers. According to some researchers,
for example Jeong et al. [16], the oxygen-inhibited par-
tial curing of the surface is actually beneficial to interfa-
cial bonding of layer-by-layer structures. A similar phe-
nomenon is also observed in dental composites, which also
involve this layer-by-layer structure. However, published
studies related to dental applications mainly deal with
small molecule monomers [17], which are different from
those long chain crosslinkers used in 3-D printing. In ad-
dition, current results on the interfacial strength of dental
composites are contradictory. Many researchers showed
that oxygen inhibition is desirable to increase the interfa-
cial strength [17–19], but some others found that oxygen
seems to play no role [20]. It is apparent that many ques-
tions remain to be answered regarding the role of oxygen
on interfacial strength. In addition, to our best knowledge,
comprehensive studies that can provide quantitative infor-
mation for 3D printing are scarce andmost of them are just
qualitative.

In this work, the role of oxygen on interfacial strength
during incremental photopolymerization was investi-
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gated. We carried out experiments on interfacial bond-
ing under different photopolymerization processing pa-
rameters to investigate the effect of oxygen on interfacial
strength. Realizing the challenge in conducting mechani-
cal experiments on the single interface that is formed in
the layer-by-layer photopolymerization method, we used
an alternative approach, or the part-by-part incremental
photopolymerizationmethod. This method could facilitate
mechanical characterization without significantly chang-
ing the nature of the interfaces. Based on experimental re-
sults, an interfacial model was developed to capture the
evolution of interfacial strength under oxygen inhibition.
Parametric studies were also conducted in order to inves-
tigate the role of oxygen for different conditions.

2. Experiments

2.1. Materials and sample preparations

The resin used in this work was a mixture of 99.28 wt%
PEG-DA (Poly(ethylene glycol) (700) diacrylate; Sigma
Aldrich, St. Louis, MO, USA), 0.67 wt% photoinitiator Ir-
gacure 819 (Phenylbis (2,4,6-trimethylbenzoyl)phosphine
oxide; Sigma Aldrich) and 0.05 wt% photoabsorber Sudan
I (Sigma Aldrich). The phtoabsorber was added to slow
down the reaction so that we could control the speedmore
precisely. In 3D printing, the layer-by-layer method in-
volves hundreds to thousands of layers with a layer thick-
ness smaller than 0.1mm,making it a significant challenge
to study individual interfaces. Here,we designed a part-by-
part curing process that wouldmaintain a similar interface
but could be easily employed formechanical tests. The fab-
rication process is shown schematically in Fig. 1(c). Sam-
ples were cured between two glass slides with 1 mm thick
glass supports at two edges. A LED projector (D912HD,
Vivitek USA, City of Industry, CA, USA) was used for irra-
diation perpendicular to the glass slide. At first, one half of
the sample (7.5 mm × 10 mm × 1 mm) was cured for dif-
ferent time periods under various light intensities. Before
photopolymerization of the first part, an oxygen perme-
able [11,16] Poly(dimethylsiloxane) (PDMS) barrier (cross
section 1 mm × 0.5 mm) was inserted at the center of the
glass mold to control the shape (Fig. 1(c)). As discussed by
Dendukuri et al. [11], since oxygendiffusion in PDMS is two
orders of magnitude faster than in PEG-DA, oxygen can be
taken to be flowing freely in PDMS and therefore the cross-
section in contact with PDMS was open to oxygen during
reaction. In the comparison group, a glass barrier was in-
serted to block oxygen (Fig. 1(c)). After curing the first part,
the barrier was removed, and the resin was injected into
the second half of the mold. The whole structure with a to-
tal length of 15 mm was then cured for a prescribed suffi-
ciently long time (Fig. 1(c)). The cured sample was cut into
a 15mm×4mm×1mmstripwith the interface at the cen-
ter. Tensile tests in the direction perpendicular to the inter-
face were carried out by using a dynamic mechanical anal-
ysis (DMA) tester (Q800, TA Instruments, New Castle, DE,
USA) in Control Forcemode. In order to test themechanical
behavior of normal PEG-DA sample without interface, bulk
strips (15 mm × 4 mm × 1 mm) are cured with an inten-
sity of 3.5mW cm−2 and an irradiation time of 15min. The
interface was characterized on a scanning electron micro-
scope (SEM) (LEO 1530, ZEISS, Oberkochen, Germany) and
a trinocular microscope (89404-886, VWR, Suwanee, GA).
Fourier transform infrared (FT-IR) spectrum of the sample
surface was taken on an FT-IR spectrometer (Nicolet iS50,
Thermo Scientific, Waltham, MA, USA) with an attenuated
total reflection (ATR) unit.

2.2. Experimental results

SEM and microscopic images of the interfacial struc-
tures are shown in Fig. 2. In these figures, the locations of
the interfaces are identified by the ridges and are marked
by thin dashed lines. It is clear there are no apparent dis-
continuities, such as voids or cracks, at the interfaces, re-
gardless of whether the first part was covered by PDMS
or by glass. Thus the interface in this work is different
from those created by pressure or heating, as in, for exam-
ple, the work of Jud and Brown [21,22]. This is a reason-
able result because the interfacial structure was developed
through curing the liquid resin against a solid surface. Con-
ventional fracture tests of interfaces [23] may not be reli-
able for this continuous interphase. Furthermore, the brit-
tle nature of crosslinked PEG-DA makes it difficult to ex-
amine with peeling or lap shear tests [24].

Fig. 3(a) shows stress–strain curves of four samples
prepared under the same condition (using PDMS barrier,
with light intensity 3.5 mW cm−2, first curing time of
5 min, second curing time of 15 min). All four samples
broke at the interfaces. Fig. 3(b) shows stress–strain curves
of normal bulk samples without interface. Comparing to
Fig. 3(a), it is clear that the strength of cured polymer
decreases significantly due to the presence of an interface.
The same tensile experiments were conducted on samples
prepared under different conditions. Fig. 3(c) summarizes
the results of the tensile strength as a function of first
curing time; the samples in this group had the same second
curing time of 15 min and the same curing irradiation
intensity of 3.5 mW cm−2 for both parts. In Fig. 3(c), each
experimental point is averaged from at least four tests.
Two observations can be made based on these results.
First, the interfacial strength decreases with the curing
time of the first part. Second, the existence of oxygen
can improve the interfacial strength, especially for longer
curing times. The first observation is easy to understand.
Strong interfacial bonding depends on the development
of sufficient interfacial bridging bonds as well as surface
roughness. For a flat interface (as in our case), the former
will certainly play a major role. As the curing degree of
the first part increases with the irradiation time, there
are fewer unreacted double bonds at the surface. As a
result, interfacial bridging with the second part becomes
more difficult, which finally leads to a weaker interfacial
strength. The second finding coincides with those of
Dall’Oca et al. [17]. When a sample is open to air, the
number of radicals in a thin surface layer is significantly
reduced due to oxygen inhibition, and the conversion of
double bonds by radicals is decelerated. Therefore, even
if the material beneath the surface is well cured, there
are still many unreacted double bonds left near surface.
An indication of this phenomenon is the tacky nature of
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Fig. 2. SEM and optical micrographs of the interface. (a) SEM image of sample interface prepared by inserting a glass barrier. (b) SEM image of sample
prepared by inserting a PDMS barrier. (c) Microscopic image of sample interface prepared by inserting a glass barrier. (d) Microscopic image of sample
interface prepared by inserting a PDMS barrier. (Dashed lines were added to indicate the position of interface.)
the surface layer [13]. These unreacted double bonds act
as potential sites for interfacial bridging once a second
layer of resin is poured on the surface of the first. This
explainswhy structures open to air show higher interfacial
strength.

The existence of unconverted double bonds is verified
from the surface FT-IR spectrum of the first part (Fig. 3(d)).
The absorbance peak at 810 cm−1, corresponding to
the twisting vibration of CH2=CH bonds [25], is chosen
as an indicator of reaction. This peak decreases with
the consumption of double bonds in acrylates [26]. The
curves in Fig. 3(d) are normalized by the peak around
1725 cm−1 for C=O bonds, which should not change
during photopolymerization [26]. After 2 min irradiation,
as a result of photopolymerization, the double bond peak
becomes very small for a surface covered by glass, but
the same peak is still very strong for a surface covered by
PDMS, indicating a large number of unconverted double
bonds. After 10 min irradiation, the double bond peak for
the surface covered by PDMS is still apparent, but it almost
disappears for the case covered by glass.

A second set of experiments was conducted by varying
the light intensity while holding the curing time of the
first part at 2 min and the second curing time at 15 min.
Although the presence of oxygen improves interfacial
behavior even if light intensity reaches 15 mW cm−2,
the interfacial strength shows a continuous decrease
with increases in light intensity (Fig. 3(e)). Photoinitiators
certainly break into radicals at a faster rate at a higher
light intensity, which means that under high intensity
conditions there are fewer unconverted double bonds after
a given time period. As a result, interfacial bridging with
the second part becomes harder, as there are fewer active
sites on the first part. Oxygen can only slow this tendency,
thus it can improve the interfacial strength. Increasing light
intensity is a strategy frequently used to reduce the oxygen
inhibition effect during photopolymerization [10]; but it
does not work well in improving interfacial bonding. Since
a higher light intensity is desirable in the case of fast curing,
exposing the surface layer to oxygen is a feasible method
to improve interfacial properties at the same time.

3. Modeling interfacial strength

It was shown experimentally in Section 2 that oxygen
inhibition can increase interfacial strength during part-by-
part photopolymerization. But the extent to which oxy-
gen may improve interfacial properties depends on sev-
eral processing parameters, such as irradiation intensity,
oxygen concentration and resin composition. This section
presents a theoretical model that can capture the effect
of oxygen under these different conditions. The model is
mainly based on classical methods used in previous work
on photochemistry [5,8,11] and on photmechanics [27–
30], but several additional assumptions are introduced to
further simplify the model.

Fig. 4 shows the configuration of the problem. In the
samples we prepared, the total length 2L along the x-axis
is sufficiently large that we have h ≪ L and w < L. We
start from reactions in the first part (x < 0 in Fig. 4), which
will be in contact with the second part. The concentrations
of chemical species at x > 0 are set to zero during the
first curing. The first assumption is that light attenuation
along the sample thickness can be ignored. This is because
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Fig. 3. Selected tensile curves of samples (inserting PDMS barrier, light intensity 3.5 mW cm−2 , curing time of first part 5 min). (b) Tensile curves of 3
normal sampleswithout interface (light intensity 3.5mW cm−2 , curing time 15min). (c) Symbols: Tensile strength as a function of curing times for the first
part (light intensity 3.5mW cm−2); Lines: concentration of interfacial bridges as a function of first part curing time (from themodel in Section 3). (d) FT-IR
spectrum of liquid PEG-DA resin, the surface of the first part covered by glass or PDMS after 2 min irradiation and after 10 min irradiation. (Incident light
intensity 3.5 mW cm−2). (e) Symbols: Tensile strength as a function of light intensity (curing time of first part 2 min); Lines: concentration of interfacial
bridges as a function of light intensity (from the model in Section 3).
h is relatively small and we are interested in interfaces
that are parallel to the irradiation. The concentrations of
photoinitiators, radicals, interfacial bonds, etc., are taken
as averages across the thickness, and they will only be
functions of time and coordinates x and y. In addition, it is
reasonable to assume that the irradiation is uniform in the
sample plane, because the sample’s dimensions are smaller
than the size of the light projection. A non-uniform field
could only be created from boundary effects along the x-
axis. Therefore, all the quantities are functions of time and
x only. The evolution of photoinitiator concentration C̃I is
described as,

∂ C̃I(x, t)
∂t

= −βC̃I(x, t)I0  
photoinitiator consumption

+ DI
∂2C̃I(x, t)

∂x2  
photoinitiator diffusion

. (1)

Here β is a reaction parameter, I0 is the incident light
intensity and t is the irradiation time of the first part.
Here, a tilde (∼) is added to the top of CI to indicate that
it is a state variable for the first curing, and so for the
other state variables used for the first curing. The first
term on the right-hand side (RHS) of Eq. (1) represents
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Fig. 4. Schematic graphs of the modeling domains of whole sample (a)
and first part curing (b).

the consumption of photoinitiators upon irradiation. A
Fickian diffusion term is introduced in the RHS of Eq. (1)
to account for the motion of photoinitiators triggered by
oxygen inhibition. The initial photoinitiator concentration,
which will be written as CI0 afterwards, can be obtained
from the resin composition. The boundary condition for Eq.
(1) is simply set as ∂ C̃I (x,t)

∂x


x=−L

=
∂ C̃I (x,t)

∂x


x=0

= 0.

Primary radicals are created by the cleavage of pho-
toinitiators, and subsequently are transferred to propagat-
ing radicals. Here all types of reactive radicals except per-
oxy radicals are considered the same, which is the case in
many previous works [8,11]. Thus the evolution of radical
concentration C̃R is written as [14],

∂ C̃R(x, t)
∂t

= 2βC̃I(x, t)  
radical generation

− kt C̃2
R (x, t)  

self -termination

− koC̃R(x, t)C̃o(x, t)  
oxygen inhibition

. (2)

The first term on the RHS of Eq. (2) represents the creation
of radicals. In comparison with the RHS of Eq. (1), a
factor of 2 is introduced to account for the fact that one
photoinitiator always cleaves into two radicals. The second
and third terms on the RHS of Eq. (2) describes the self-
termination and oxygen inhibition, respectively. kt and
k0 are two reaction constants. Because peroxyl radicals
created through inhibition are less active and are very easy
to terminate, they are ignored in the subsequent reactions.
In the cases studied here, there is a gradient of radical
concentration near the interface (from the interface to
the inside of the sample). But the diffusivity of radicals is
relatively slow, as they quickly attach to polymer chains.
We therefore neglect the diffusion of radicals in the above
equation. The initial value of C̃R in Eq. (2) is set to C̃R(x, 0) =

CR0 = 0 because there are no radicals at the beginning of
the reactions [5].

The evolution of oxygen obeys a similar rule, as shown
in our previous work [14],

∂ C̃o(x, t)
∂t

= − koC̃R(x, t)C̃o(x, t)  
oxygen consumption

+Do-PEGDA
∂2C̃o(x, t)

∂x2  
oxygen diffusion

. (3)
The first term on the RHS of Eq. (3) indicates oxygen
consumption during the inhibition reaction, while the
second term describes the Fickian diffusion of oxygen. The
initial value of C̃o in x < 0 is set to the equilibrium
oxygen concentration in PEG-DA, which can be obtained
from Henry’s law [31] as Co0 = So-PEGDAPo. Here So-PEGDA
is the solubility of oxygen in PEG-DA and Po is the partial
pressure of atmospheric oxygen. Because the side far from
the free surface is blocked from oxygen, a no flux boundary
condition ∂ C̃o(x,t)

∂x


x=−L

= 0 is used. For the case without

oxygen, the boundary condition at x = 0 is also set to
∂ C̃o(x,t)

∂x


x=0

= 0. For the case with oxygen (using PDMS),
an additional domain is introduced for the evolution of
oxygen if the surface of the first part is covered by PDMS
with a thickness of LP (Fig. 4(b)). Oxygen transportation in
the PDMS barrier is described as,

∂ C̃o(x, t)
∂t

= Do-PDMS
∂2C̃o(x, t)

∂x2
, (4)

where Do-PDMS is the oxygen diffusivity in PDMS. The
initial value of C̃o in 0 < x < LP and the boundary
value of C̃o at the surface open to air (x = LP) are
set to the equilibrium oxygen concentration in PDMS,
which can be obtained from Co-PDMS = So-PDMSPo. Here
So-PDMS is the solubility of oxygen in PDMS. The continuities
of diffusion flux and oxygen partial pressure across the
PEG-DA/PDMS interface (x = 0) are controlled by
Do-PEGDA

∂ C̃o(x,t)
∂x


x=0−

= Do-PDMS
∂ C̃o(x,t)

∂x


x=0+

and C̃o(0−,t)
So-PEGDA

=

C̃o(0+,t)
So-PDMS

, respectively [32]. x = 0− indicates the first part
side and x = 0+ means the PDMS side.

During the chain propagation, the double bonds are
cleaved and transferred to propagating radicals. The
number of radicals remains the same in this process, but
the concentration of unconverted double bonds will obey
the following kinetics,

∂ C̃M(x, t)
∂t

= −kpC̃M(x, t)C̃R(x, t)  
double bonds consumption

. (5)

Here C̃M represents the concentration of double bonds
in the crosslinkers, and kp is a reaction constant of
propagation. The RHS of Eq. (5) implies the consumption
of double bonds by radicals. The initial value of C̃M ,
which is written as C̃M0, can be obtained from the resin
composition.

We now turn to the curing of the second part. Here,
we consider the scenario where the first part, after being
cured for a period t1, comes in contactwith the second part,
which is pure unreacted resin. Upon contact, the whole
interface area is blocked from atmospheric oxygen. The
evolution of chemical species in the two separate partswill
obey same rules outlined in Eqs. (1)–(3) and (5), but the
domain of these equations is changed to the whole sample
plane (−L < x < L, Fig. 4), i.e.,

∂CI(x, τ )

∂τ
= −βCI(x, τ )I0 + DI

∂2CI(x, τ )

∂x2
, (6a)
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Table 1
Parameters in the model.

Parameters Value Description and reference

CI0 (mol L−1) 0.02 Photoinitiator concentration (calculated)
CM0 (mol L−1) 3.2 Double bonds concentration (calculated)
So-PEGDA (cm3(STP)/cm3 atm) 0.1 Oxygen solubility in PEG-DA [10]
So-PDMS (cm3(STP)/cm3 atm) 0.46 Oxygen solubility in PDMS [38]
Po (atm) 0.21 Atmospheric oxygen partial pressure
Co0 (mol L−1) 0.001 Equilibrium oxygen concentration in PEG-DA [10]
Co-PDMS (mol L−1) 0.004 Equilibrium oxygen concentration in PDMS [38]
DI (m2 s−1) 1 × 10−10 Photoinitiator diffusivity [36]
Do-PEGDA (m2 s−1) 1 × 10−11 Oxygen diffusivity in PEG-DA [39]
Do-PDMS (m2 s−1) 3.4 × 10−9 Oxygen diffusivity in PDMS [38]
LP (mm) 0.5 PDMS barrier thickness (measured)
β (cm2 mW−1 s−1) 7 × 10−4 Photoinitiation coefficient [14]
kt (L mol−1 s−1) 1 × 106 Self-termination coefficient [36]
ko (L mol−1 s−1) 7 × 104 Oxygen inhibition coefficient [4]
kp (L mol−1 s−1) 6 × 102 Propagation coefficient [36]
kb (cm4 mol−1 s−1) 300 Interfacial bridging coefficient
α (MPa m2 mol−1) 0.94 Scaling factor of strength (calculated)
∂CR(x, τ )

∂τ
= 2βCI(x, τ ) − ktC2

R (x, τ )

− koCR(x, τ )Co(x, τ ), (6b)

∂Co(x, τ )

∂τ
= −koCR(x, τ )Co(x, τ ) + Do-PEGDA

∂2Co(x, τ )

∂x2
,

(6c)

∂CM(x, τ )

∂τ
= −kpCM(x, τ )CR(x, τ ). (6d)

To prevent confusion, we replace t by τ (so that τ = t− t1)
as the cure time after the two parts are in contact. The
initial condition for the second curing in thewhole domain
should be,
Ci(x, 0) = C̃i(x, t1), (x ≤ 0)
Ci(x, 0) = Ci0, (x > 0)

(7)

(i = I, R, o,M),

where Ci0 indicates the initial value of different species
prior to the reaction. The boundary conditions for Eqs. (6a)
and (6c) are,

∂Ci(x, τ )

∂x


x=±L

= 0, (i = I, o). (8)

The final step deals with the interfacial bridging
between these two surface layers. Here, a key assumption
is that the rate of interfacial bonding is proportional to the
amount of unconverted double bonds in both sides, which
is similar to Fredrickson et al. [33] and O’Shaughnessy
et al. [34]. Therefore,

dCb(τ )

dτ
= kbCM(0−, τ )CM(0+, τ )


CR(0−, τ )+CR(0+, τ )


2

,

(9)

where Cb is concentration of bridging chains per unit area
(mol m−2), and kb is a reaction constant of bridging. x =

0− indicates the first part side and x = 0+ means the
second part side. Interfacial bridging actually results from
chain propagation, and thus the rate of it should also be
proportional to the amount of free radicals near interface.
An average of free radical concentration in two sides is used
in Eq. (9). The correlation between Cb and the interfacial
tensile strength σs is straight forward by applying the
simple relation proposed by Vincent et al. [35], that is σs =

αCb where α is a scaling factor.

4. Numerical results and discussions

In this section, results based on the theoretical model
are presented. Equations in Section 3 were solved numeri-
cally to obtain the value of the interfacial chain concentra-
tion, Cb. Parameters used in the model are listed in Table 1.
Although diffusivities of chemical speciesmay change dur-
ing the reaction process [36], they are set to constant val-
ues in the model. This will not lead to significant devia-
tions as shown by Dendukuri et al. [11] and Long et al. [37].
It should be noted that although kb and α have their spe-
cific physical meanings, their contributions can be lumped
into one parameter kbα. In the current work, we set kb to
a value so that the magnitude of Cb is comparable to CM
and the interfacial bond density will be comparable to the
chain density of the bulk material. Then the scaling factor
α is selected by comparing the model with experiments,
which will be shown later.

The evolution of chemical species during the first and
the second curing are respectively shown in Fig. 5(a)–(c)
and (d)–(e). As shown in Fig. 5(a), in the curing of the first
part, although initially there are residual oxygenmolecules
inside the resin, they are consumed quickly. For the case
of using PDMS barrier, oxygen mainly aggregates in a
thin layer near the face that is in contact with PDMS.
Because the diffusivity of oxygen in PDMS is two orders
of magnitude higher than that in PEG-DA, the oxygen
concentration at the resin surface (x = 0) nearly remains
the same during the reaction (Fig. 5(b)). This is true
even if the thickness of the PDMS barrier LP approaches
2 mm. Fig. 5(b) shows that the PDMS serves as an oxygen
reservoir, which continuously pumps oxygen into the PEG-
DA. In addition, it is only the oxygen in the PEG-DA affects
the reaction, and the oxygen content in the PDMS is much
higher than that in the PEG-DA; therefore, in regard to
the effects of oxygen to the radical depletion, PDMS is
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Fig. 5. Evolution of different species during the part-by-part curing. (a) Oxygen concentration near the interface during the first part curing. (b) Oxygen
concentration at resin surface as a function of time and PDMS barrier thickness. (c) Radical concentration near the free surface during the first part curing.
(d) Double bond concentration in two sides during the second part curing (the first part curing time is 5 min). (e) Photoinitiator concentration across the
interface during the second part curing (the first part curing time is for 5 min). (Incident light intensity for (a)–(e) 3.5 mW cm−2 .)
the same as open air. In the vicinity of this surface layer
where oxygen inhibition dominates the reaction process,
the number of reactive radicals is significantly reduced
(Fig. 5(c)). As a result, the conversion of double bonds near
the surface is reduced, which provides more unreacted
sites for interfacial bridging upon contact with the second
part (Fig. 5(d)). It should also be noted that as the second
part resin is brought into contact with the first part,
photoinitiators diffuse into the first part, which helps to
further cure the first part. Fig. 5(e) shows the diffusion of
photoinitiators from the second part to the first part as a
result of the concentration gradient. This also accelerates
double bond conversion in the first part and contributes to
interfacial reaction with the second part.

The evolution of Cb based on Eq. (9) is shown in Fig. 3(c)
and (e) as lines. The scaling factorα between the interfacial
bridge concentration Cb and the interfacial strength σs is
set to be 3 (MPa)/3.2 (mol m−2) = 0.94 (MPa m2 mol−1).
The results obtained using the theoretical model agree
well with the experimental results. The interfacial strength
shows a continuous reduction with both the irradiation
time and the light intensity, as a result of a decrease in
the number of double bonds in the first part, which is
shown in Fig. 6(a)–(b). This trend is decelerated if oxygen is
present. Because radicals are significantly reduced through
inhibition reaction (Fig. 5(b)),manymore double bonds are
left unconverted (Fig. 5), which is beneficial to interfacial
bridging with the second part. In Fig. 3(c), for the case
without oxygen, deviations betweenmodel prediction and
experiments appear at longer time intervals. This may be
because self-termination no longer obeys a second order
kinetic rule due to the entanglement effect of the network.
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Fig. 6. (a) Double bond concentration near the surface as a function of first part curing time (incident light intensity I0 = 3.5 mW cm−2). (b) Double bond
concentration near the surface as a function of incident light intensity (first part curing time 2 min). (c) Interfacial strength as a function of atmospheric
oxygen volume ratio (first part cured for 2 min, I0 = 3.5 mW cm−2).
The deviations in Fig. 3(c) and (e) for the case with oxygen
may occur simply because we neglect the effect of surface
roughness. As the cured PEG-DA surface covered by PDMS
is slightly rougher than the one covered by glass, this may
also contribute to interfacial strength improvement.

In order to better illustrate the role of oxygen,
interfacial bridging is calculated by varying the volume
ratio of atmospheric oxygen; the interfacial strength is
then derived by using the scaling relation σs = αCB. As
can be seen in Fig. 6(c), interfacial strength σs increases
by almost 50% as the atmosphere approaches pure
oxygen. The strength as oxygen volume ratio approaches
0 corresponds to the case without oxygen.

We then conduct parametrical studies by varyingmodel
parameters. Here, the strengths of interfaces with (σwith

s )

and without oxygen (σwithout
s ) are calculatedrespectively.

Fig. 7(a)–(b) show the dependence of σwith
s − σwithout

s on
resin composition, specifically the initial photoinitiator
concentration CI0 and the initial double bond concentra-
tion CM0. The red dot in Fig. 7(a) indicates the experimen-
tal condition in Section 2. As shown in both Fig. 7(a) and
(b), the effect of oxygen is more apparent with the in-
crease of CM0 at a fixed CI0. This trend can also be found
in Fig. 7(c). According to Eqs. (5) and (6d), the conversion
rate of double bonds is proportional to a product of CM and
CR, which relate to CM0 and CI0, respectively. For a constant
initial photoinitiator concentration, increasing the number
of double bonds implies that more double bonds will be
left unreacted. This is more pronounced in the presence of
oxygen at the interface, as oxygen consumes a significant
number of radicals. This analysis can also be used to ex-
plain Fig. 7(d) where the initial photoinitiator concentra-
tion increases while maintaining the double bond concen-
tration constant. In this case, the increase of photoinitia-
tors generates more radicals, which consume more dou-
ble bonds at the interface and thus reduce the interfacial
strength. However, if the number of photoinitiator is too
small, as the leftmost edge in Fig. 7(d), photopolymeriza-
tion cannot even start and the interfacial strength drops to
zero. Fig. 7(a)–(d) suggest that a resin composed of a rel-
atively small number of photoinitiators and a large num-
ber of double bonds (which can be realized by using short
chain crosslinkers [40]) seems desirable for the interfacial
strength of incrementally photopolymerized structures.

The discussion of Fig. 7 shows that the conversion rate
of double bonds plays an important role in determining
the interfacial strength. In general, a slow conversion
rate of double bonds at the interface in the first part
curing will lead to a stronger interface. However, a slow
double bond conversion rate in the bulk, which can be
controlled by the photoinitiator concentration and the
initial double concentration, is not desirable in layer-by-
layer applications, as this leads a condition where the
whole material/structure fails to fully cure. Oxygen, which
only dominates at the interface, provides an efficient
method of reducing the double bond conversion rate at the
interface, thus it is beneficial to the interfacial strength and
to the overall properties of the part or structure.



Z. Zhao et al. / Extreme Mechanics Letters 9 (2016) 108–118 117
Fig. 7. (a) Strength increase due to oxygen as a function of initiator concentration CI0 and double bond concentration of CM0 (first part cured for 2 min,
incident light intensity 3.5 mW cm−2). (b) Strength increase due to oxygen as a function of CM0/CI0 (extracted from (a)). (c) Interfacial strength as a
function of double bond concentration CM0 (CI0 = 0.02 mol L−1 , extracted from (a)). (d) Interfacial strength as a function of initiator concentration CI0
(CM0 = 6 mol L−1 , extracted from (a)). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
5. Conclusion

In this paper, we studied the effects of oxygen on in-
terfacial properties in incremental photopolymerization.
We found experimentally that in a part-by-part photopoly-
merization cured structure, interfacial strength decreases
with curing time and incident light intensity of the first
part, while the presence of oxygen can significantly im-
prove the strength of the interface. The role of oxygen
becomes much more apparent if the first part of an in-
terfacial structure is cured for a long time. The improve-
ment of interfacial strength is attributed to the fact that
chain propagation and thus double bond consumption at
the surface layer will be decelerated if the amount of rad-
ical is reduced by oxygen inhibition. Unconverted double
bonds in the first part are beneficial for interfacial bonding
with a second part. Based on these results, we proposed a
model that can capture the evolution of interfacial bridg-
ing and interfacial strength very well. Several numerical
simulations were carried out using the theoretical model,
and the role of processing parameters such as oxygen con-
centration and resin components were investigated based
on the details of chemical reactions. It was found the in-
terfacial strength increases with atmospheric oxygen con-
centration. We also found that interfaces with improved
strength can be obtained by either decreasing the amount
of photoinitiator or by using short chain crosslinkers that
can increase the concentration of double bonds.
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