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ABSTRACT: The great challenge facing additive manufacturing is that the available high-performance 3D printing materials can
hardly keep up with the rapid development of new additive manufacturing technology. Then, the commercial resins available in the
market have some problems, such as poor thermal stability, insufficient light-curing degree, and large shrinkage after curing, which
need to be solved urgently. This study reports a photocurable polyimide ink for digital light processing (DLP) 3D printing to prepare
controllable 3D structures with high thermal stability, low shrinkage, and excellent comprehensive properties. In this study,
pyromellitic dianhydride and diaminodiphenyl ether, the Kapton polyimide with the highest performance synthesized so far, were
selected as raw materials, and 2,2’-bis(3,4-dicarboxylic acid) hexafluoropropane dianhydride containing fluorine was introduced to
modify the branched-chain structure. The polyimide was prepared by one-step imidization, and then the graft with photocurable
double bonds and certain functions was grafted by reaction of glycidyl methacrylate with phenolic hydroxyl groups. In this work, the
solubility of the synthesized oligomer polyimide in organic solvents was greatly increased by combining three methods, thereby
allowing the formation of ink for photocuring 3D printing, and the ink can be stacked to form low-shrinkage polyimide with complex
controllable shape. Polyimide printed by DLP can produce complex structures with good mechanical character and thermal stability
and small shrinkage. Therefore, the polyimide prepared in this study is considered to be a resin of great commercial possibility. In
addition, due to its properties, it has important development potential in some fields with high demand for thermal stability, such as
high-temperature cooling valves, aerospace, and other fields.

1. INTRODUCTION the application demand of the designated field, it also puts
forward higher requirements for the photocurable materials. At
present, the photosensitive resin materials used in photocuring
on the market generally have problems such as low strength,
thermal stability, and properties that are difficult to merge, and
the defect of low glass transition temperature (150 °C) also
limits much application to a certain extent.

Over the past few years, the research of photocurable
materials has entered a bottleneck period, mainly because of
(TPP),” direct ink writing (DIW),* continuous liquid interface the laclf of high—performfn.lce materials c.ombiniflg mechanical
printing (CLIP),* fused wire manufacturing (FFF),® inkjet properties, thermal stability, and chemical resistance. Many

printing, and polymer powder layer fusion technologies.6’7 resee.lrch.ers are also deve'lopmg novel mater.lals for specific
These technologies can be seen in particular in some applications, such as chitosan hydrogels with growth and

comments, which will not be described in detail here. As a

Additive manufacturing (AM), also known as 3D printing, is
stacked in a bottom-up manner to form a complex three-
dimensional structure. The preponderance of arbitrary shape
control makes 3D printing widely used in various applications.
Material jetting, material extrusion, vat photopolymerization,
and powder bed fusion are the unique methods of AM, of
which developments so far have emerged in stereolithography

(SL), digital light processing (DLP)," two-photon lithography

method of additive manufacturing, photocuring has the Received: December 8, 2021
advantages of being able to be molded at room temperature Accepted:  February 25, 2022
and having excellent geometric versatility on the strength of Published: March 8, 2022

maintaining rapid prototyping in additive manufacturing,’
which also makes it have a wide range of application potential
in automotive, biomedical, aerospace, and other fields.® With
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Figure 1. Reaction equation of preparation process of oligomer polyimide powder.

biocompatibility for biomedical applications,“F13 high-per-
formance isocyanates for space vehicles, and aerospace to
automotive and electronics industries,” and functionally graded
composite materials with hard and soft layers.'* But the
photocurable resins that these researchers have developed for
the specific applications still do not combine many properties,
into a single system. Recently, many researchers have focused
their attention on a special functional material, polyimide,
because it is one of the best organic polymer materials with
comprehensive performance, and the research, development,
and utilization of polyimide has led to it being listed as the
most promising project in the 21st century.

Polyimide is a kind of polymer with an imide ring on the
main chain. It has high- and low-temperature resistance, the
long-term use temperature can be between —200 and 300 °C,
and it has excellent mechanical properties (tensile strength >
100 MPa; bending strength > 170 MPa) and chemical and
corrosion resistance, so it has a wide range of applications in
aerospace, automotive, and other fields."*™" Gouzman et al.”’
mainly describe the modification of polyimide (PI) and
introduce the three-dimensional polyimide structure made by
additive manufacturing or thermoforming, which can expand
the space application of polyimide and has a guiding reference
for the research of polyimide. However, the rigid main chain
structure of polyimide makes it have poor solubility and a high
melting point, so it has obvious defects such as difficult
molding, difficult shape control, and high molding cost. The
advantages of fast curing, room-temperature operation, high-
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quality final products, and low cost can overcome the above
defects. Therefore, the combination of these two research
fields has become the most concerned issue of current
researchers. The photocurable resins used in DLP and SLA
are generally composed of unsaturated monomers/oligomers
that can be excited by ultraviolet light sources, diluents that
reduce viscosity and increase fluidity to ensure printing, and
photoinitiators. Polyimide itself does not have unsaturated
bonds and has difficulty being soluble in various organic
solvents, so it is difficult to adapt to the photocuring molding
method. Many scholars have also tried various methods to add
polyimide into the laminated additive manufacturing system.
Hegde et al.”’ attempted to produce the prepolymer PMDA—
ODA polyamic acid (PMDA, pyromellitic dianhydride; ODA,
4,4'-diphenyl either diamine) through intermolecular cis—trans
cross-linking. After printing and molding, a two-step heat
treatment was performed to obtain a photocurable sample with
a controllable shape that was closest to the molded form of
polyimide. The team has also produced the best performing
polyimide ever manufactured by additive manufacturing
molding. Inspired by Hedge et al’s work, Herzberger’s
research group formed polyamides by introducing the carboxyl
group of 2-(dimethylamino)ethyl methacrylate (DMAEMA)
and polyamides based on the former process and formed the
UV-sensitive group that can be cured by light.”" After that,
removal of DMAEMA during the postcuring process also
provided the high-performance polyamides. In addition, the
team also improved the printing method by combining DIW

https://doi.org/10.1021/acsomega.1c06933
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Table 1. Proportion and Function of Each Component in Oligomer Synthesis
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Figure 2. (a) Infrared comparison of the whole reaction process. (b) Amide characteristic peak, 1544 cm™' (CNH); imide characteristic peaks, 727
ecm™ (OC—C—N-CO), 1378 cm™ (C—N), and 1727 cm™ (C=0). (c) Secondary alcohol characteristic peak, 1015 cm™; characteristic peak of
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and UV curing to improve the printing resolution.”” Although
they all obtained high-performance photocurable polyimide
resins, these resins all had some problems, such as a large
shrinkage rate (45—55%) when removing solvent during the
postcuring period. Mohamed and Kuo, Rusu et al., and Shi et
al.>>~*° discuss various methods of inserting nanoparticles into
a PI matrix by covalent chemical bonding and physical
blending, which have enlightening suggestions for the
modification of polyimide. Guo et al."**” and Li et al.** are
also aware of the problem wherein the shrinkage rate of post-
treatment affects dimensional stability. They are committed to
solving the solubility of polyimide by introducing the main
chain of polyimide as a side chain through chemical
modification grafting technology so that the polyimide is
more suitable for photocuring molding. This chemical grafting
technique improves the solubility of polyimide in organic
solvents, resulting in a higher solid content of oligomer
precursors, and, to some extent, reduces the shrinkage of
subsequent curing. But it also damages its mechanical
properties. Some scholars”’ ™' have also tried new ideas,
considering the combination of traditional manufacturing
methods and additive manufacturing methods or the
combination of several different printing methods to produce
the required 3D objects.

Existing studies show that the main problems of light-cured
polyimides lie in the following three aspects. First, there is the
adaptability of polyimides to photocuring. Second, mechanical
strength, printing resolution, and shrinkage cannot happen
simultaneously. Finally, there are few studies on postcuring.

Here, for the first, high-temperature imide in the synthesis
process is proposed to solve the shrinkage problem from the
root. Kapton-type polyimides PMDA and ODA are used as
dianhydride and diamine monomers to maintain the character-
istics of high-performance polyimide, and fluorine-containing
diamine is introduced to increase the solubility of the products
in organic solvents to some extent so that the subsequent
polyimide resin has better fluidity and is more suitable for
photocuring molding. In addition, the mechanical properties
and thermal stability of the photocurable polyimide resin were
studied. The influence of different parameters of molding and
postcuring on its properties was investigated. The influence of
postcuring on shrinkage in different directions was investigated
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systematically, which provides some reference for the strict
design of dimensional stability. The printed polyimide samples
have high mechanical properties and thermal stability, and
their excellent dimensional stability makes them have great
potential applications in aerospace, automotive, and other
fields with high thermal stability requirements.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Grafted
Polyimide Oligomer. Recently, we used the advanced
iridized method to synthesize polyimide which can be used
in photocurable shrinkage manufacturing, providing new ideas
for solving polyimide solid shrinkage problems. Specifically, to
the monomer PMDA, ODA, which is the highest synthesis of
Kapton-type polyimide, is added to ensure its strength and
thermal stability. Then, the fluorine-containing diamine is
added to increase the solubility of the product in the organic
solvent. PMDA, ODA, and fluorinated diamine were added to
the organic solvent N-methylpyrrolidone (NMP) at 0 °C and
stirred at constant temperature for 4 h. Amino reacts with an
anhydride to form polyamide acid (PAA) and then gradually
increases the temperature by dehydration cyclization and
imidization to form oligomer PI, which is cooled and grafted
into glycidyl methacrylate (GMA) reaction; the specific
reaction process is shown in Figure 1. In addition, we also
summarize the mass fraction of each component of the
synthesized oligomer and its function in Table 1. PMDA and
ODA are Kapton polyimide monomers, which provide
benzene ring structure, and 6FOHA provides trifluoromethyl,
which can increase optical transparency and make them
suitable for photocuring. GMA, as a grafting structure, on the
one hand, introduces unsaturated double-bond structure; on
the other hand, the branched structure improves its solubility
and has a significant effect on the improvement of interlayer
bonding force.

The chemical structure of the synthesized polyimide
oligomer was determined by FT-IR. The results show that
the chemical structure of the synthesized polyimide oligomer is
shown in Figure 11. We assign all of the spectral peaks of FT-
IR characterization results, and the calibration results are
shown in Figure 2a. Under the reaction conditions of 60 and
110 °C, the disappearance of the characteristic peak of cyclic

https://doi.org/10.1021/acsomega.1c06933
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Table 2. Proportion and Function of Each Component in Ink Formation
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Figure 3. (a) Range of printing viscosity achieved by changing various printing methods and combining solutions in the literature. (b) Comparison

of viscosity of different diluents and shear viscosity of the prepared resin.

(c) Several different attempted ways to synthesize oligomers from

monomers and comparison of the shear viscosity of different processes. (d) Comparison of shear viscosity of different oligomer polyimide content.

anhydride at 1750—1800 cm™ indicates the completion of
dianhydride reaction, while the characteristic peak of amide
(C—-NH) at 1544 cm ™" indicates the formation of polyamide.
In addition, comparing the infrared spectra at 205 °C with
those at 60 and 110 °C, the characteristic amide peak (C—
NH) of the former disappeared at 1544 cm™' and the
characteristic imide peaks appeared at 727 cm™' (OC—C—N-—
CO), 1378 cm™ (C—N), and 1727 cm™" (C=0), which all
indicate that imidization is complete at 205 °C (as shown in
Figure 2b).

FT-IR results of the powder obtained by precipitation
filtration showed that the appearance of the characteristic peak
of secondary alcohol at 1015 cm™ represented the opening of
GMA aliphatic cyclic ethers, and the first appearance of
aliphatic ethers at 966 cm™" (Figure 2c) revealed the successful
grafting of GMA. In addition, we performed solid state NMR
hydrogen spectra of oligomers, printed samples, and postcured
samples, and the results are shown in Supporting Information
Figure S1.

2.2. Preparation of Pl-Based Resin. Generally, photoc-
urable ink®**™** consists of prepolymer, reactive diluent, and
photoinitiator, and some additives are added for functional
structure. Prepolymer generally has one or more functional
groups, which will affect the curing speed, cross-linking density,
and the performance of the final part. The reactive diluent is
added to reduce the viscosity of the prepolymer and facilitate
molding. Microscopically, the curing process is mainly divided
into three stages. First, ultraviolet radiation is transmitted
through the photoinitiator, causing the excited rearrangement
and generating free radicals. Then, the excited rearrangement
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free radicals react with unsaturated bonds in prepolymer
molecules, causing the chain growth in the prepolymer. Finally,
after the free radicals lose their activity, the low molecules of
the reaction system cross-link and solidify into three-dimen-
sional reticular macromolecules, which shows that the liquid
state is transformed into solid state macroscopically. Here we
provide the mass fraction and function of each component of
the resin prepared in this work (see Table 2). The introduction
of LMA™ can improve the interlayer bonding performance of
printed samples, and 3% photoinitiator’® content can provide
the maximum photoinitiation efficiency.

2.3. Fluidity and Adaptability to Light Curing. The
polyimide has a rigid backbone structure to cause it to have
poor solubility, and it is difficult to solute in many organic
solvents so that it is difficult to adapt to a printing method
manufactured by the addition. Our group innovation uses
three ways to modify its solubility in an organic solvent. First,
the fluorine diamine is modified in monomeric structures.
Atomic fluorine or trifluoromethyl is greatly improved to
polyimide, and the optical transparency is improved,’”** which
is essential for polyimide adapted to additive manufacturing.*”
In addition, the team modified polyimide solubility by
chemical grafting techniques. GMA can be grafted into the
polymer due to the presence of a highly active acrylate double
bond, and the epoxy groups contained in GMA can be reacted
with a variety of other functional groups to form a
functionalized polymer. The team grafted GMA on the
polyimide branches, not only modifying polyimide solubility
but also achieving a toughening effect.*® At the same time, the
introduction of GMA with an aliphatic side group enhances the

https://doi.org/10.1021/acsomega.1c06933
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Figure 4. (a) Ultra-depth-of-field microscope image capturing the print sample of the photocuring printer (sample design size, 10 X 10 X 10 mm?;
aperture 1000 X 500 um?). (b) Gradient porosity print sample map (design size, 4 X 4 X 4 mm?®; minimum aperture, 100 ym). (c) Macroscopic
surface of the sample showing that the slight scratch on the surface of the sample is the result of etching after ethanol treatment. (d) Photograph of
the sample shown in panel b by optical microscope showing that the surface molding is complete without damage.

transparency of polyimide, which is necessary for UV light
curing to increase the light depth. Last, but not the least, our
group used precipitation filtration in water to redissolve in the
diluent rather than directly dissolve in the diluent. Our belief is
that this step can improve the solubility of polyimide by
destroying the symmetry and regularity of the main chain of
polyimide molecules and increasing the free volume content in
the material. The soluble powder dissolves in the diluent to
obtain the less viscous resin, and the excellent fluidity makes it
a perfect combination with additive manufacturing. The
fluidity of the resulting resin is shown in Figure 3b,c. Our
group combined three ways to improve the solubility so that
the resin fluidity reached the level of centipoises, which was a
great improvement compared with the level of pascal-second
obtained by other groups (Figure 3a), which also provided the
possibility for the resin prepared by our group to realize DLP
additive manufacturing of high resolution.

In addition, we studied the relationship between viscosity
and different solid content (mass ratio of polyimide to organic
solvent). The results show that (as shown in Figure 3d), with
the increase of solid content, its viscosity also increases
correspondingly, and this high solid content also benefits from
its high solubility in organic solvents. Interestingly, we found
that the resins prepared in this work exhibit shear thickening.
We analyze this because the preparation of the resin is a
multiphase mixture system, containing acrylate and other solid
content systems;41 in addition to this, we are investigating
polyimide solubility modification but have still failed to achieve
the high polyimide solid content type resin: polyimide solid
content is relatively low so wettability is bad.** When the
external force is applied, the original dense structure is
destroyed and a new structure is formed. It is worth
mentioning that we found that the viscosity of the prepared
resin would decrease with the increase of temperature. We
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believe that the increase of the distance between the liquid
molecules makes the intermolecular attraction decrease, so the
internal friction decreases, resulting in the decrease of the
viscosity of the liquid. In addition, with the increase of storage
time, its viscosity increased significantly, but it was still in a
small printing viscosity range.

2.4. Characterization. A DLP 3D printer is used to
produce 3D architecture by stacking photocured polyimide
layer by layer. First, the 3D model of the set architecture entity
is drawn by computer software, then imported into DLP
printer by computer in STL format, and converted into a series
of single-layer 3D images in the form of digital slices. Finally,
the polyimide resin in the curing chute is controlled to solidify
and stack layer by layer by ultraviolet projection, until the
whole design 3D object is formed. The macrosurface of the
printed polyimide sample is shown in Figure 4a,b. Under the
ultra-depth-of-field microscope, hundreds of micrometer-sized
voids can be completely penetrated and clearly seen, which is
due to the high resolution of the stereolithography apparatus
method. Panels ¢ and d of Figure 4 show the macroscopic
picture under the ultra-depth-of-field microscope and the
aperture picture under the optical microscope after being
cleaned by ethanol. The controllable aperture can reach 100
pum, which provides unlimited development potential for
photocuring high-precision printing.

Our group observed the microscopic morphology of the
printed sample section, and we could observe the obvious layer
structure (as shown in Figure 6a). However, after we have
improved the print parameters and the printing ink is
dispersed, the combination between the layers is denser and
the section SEM map is shown in Figure Sb. After the
postcured heat treatment (220 °C/4 h), the layer bond is
closely observed and the layer structure is not observed (Figure
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Figure S. (a) Sample section scanning electron microscope (printed
single-layer thickness, 20 ym). (b) Scanning electron microscope
image of the sample section showing that the printed sample layer
thickness is 20 ym and the curing time is 11 s. (c) Scanning electron
microscope image of the sample section showing that the printed
sample layer thickness is 20 ym and the curing time is 13 s. (d)
Scanning electron microscope image of the sample section showing
that the printed sample layer thickness is 20 ym and the curing time is
15 s.

Sc,d). This is because of iridization and presentation as a
macroscopic surface to be complete!

2.5. Mechanical Properties. The resin printed by light
curing has the problems of low strength and poor mechanical
properties after printing. In our work, Kapton polyimide
PMDA—ODA is used as dianhydride and partial diamine as
the monomer; the former is the monomer with the highest
mechanical properties of polyimide so far, so the mechanical
properties of our resin printed by light-curing (DLP) are better
than those of ordinary commercial resin to some extent, but it
still does not reach a satisfactory height. In this work, the
degree of curing is increased by further postcuring, which is
expected to bring significant effect for the improvement of
mechanical properties.*”** Shear and compression expression
experiments show that the mechanical properties of DLP
printed by light curing are improved after heat treatment at
190 °C for 3 h. There are two reasons for this analysis. First,
due to the low cross-linking degree, some active diluent NVP
polymerization®® occurs in an environment close to the
melting point. In the process of photocuring, free radical
initiator also converts NVP into poly(vinylpyrrolidone), and
the increase of molecular weight improves its mechanical
properties. The microscopic performance is that its links are
more closely connected, so it needs higher energy to break and
its mechanical properties are higher. On the other hand, due to
the ultraviolet light energy and the photosensitivity of the

prepared resin, the polyimide is incompletely cured after digital
light process printing, and the curing degree is further
improved at 190 °C, so its mechanical properties are also
higher. Moreover, we believe that glycidyl methacrylate will
also affect its mechanical properties. As GMA grafted with
unsaturated double bonds, there may be insufficient polymer-
ization after UV curing, so there may be incomplete
polymerization of unsaturated double bonds. However, during
thermal curing, part of the unsaturated double bonds are
further polymerized with the temperature rising, the degree of
polymerization is further improved, and its molecular weight is
higher, so its mechanical properties are better.

In addition, the parameters of UV-curing printing of
synthetic resin were also studied. The curing depth of light
curing is mainly related to the photosensitivity of resin. At
present, most researchers use the Jacobs equation to describe
the curing depth:>*'"' %

Cq = Dp In(E,/E,)

In which Cy is the curing depth, E; is the energy density of
incident ultraviolet light, E_ is the critical energy density to be
cured, and D, is the sensitivity of photocuring, that is, the
depth of light transmission. The prepared resin can be cured to
form the required 3D component only after the ultraviolet
energy exceeds the critical energy density to be cured. Given
this, we explored the influence of different parameters,
including single-layer thickness and single-layer curing time
on the curing effect. Combined with SEM micrographs, it is
the observer that if the thickness of the single layer is designed
to be 20 pm, the curing is incomplete, forming a natural
gradient distribution and fine pores; When the thickness of the
single layer is designed to be 10 ym, no layered structure can
be observed in the microstructure and the bonding is very
dense, which is consistent with the calculation of the Jacobian
equation. Our team provided the experimental steps and
schematic diagrams of stretching, shearing, and compression.
First, we printed the sample structure designed by computer
(tensile sample: sample size is shown in the Support
Information Figure S2) by DLP (error, +0.1 mm).
Subsequently, samples before and after the thermal curing
(as shown in Figure 11) are put through, as shown in Figure 6,
shear, tensile, and compression experiment devices for testing.
The results are shown in Figure 7 and Figure 8. It can be seen
that the mechanical properties decrease greatly with the
increase of monolayer thickness, and the shear strength of the
sample with monolayer thickness of 10 ym is up to 28.2 MPa.
Moreover, our team also discussed the curing time of a single
layer for samples with the same thickness as a single layer. As
shown in Figure 6c, the curing time of the single layer is set to
11-15 s. It is obvious from the figure that the mechanical
properties of the single layer are significantly enhanced with

(a) Computer design (b)

DLP Printed

(@

e |

Figure 6. (a) Comparison between computer designed sample size and actual DLP printing (error, 0.1 mm). (b) Tensile specimen stretched by
universal mechanical testing machine. (c) Schematic diagram of compression experiment. (d) Schematic diagram of shearing experiment.
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Figure 7. (a) Shear strength under different monomer and graft chemical structures. (b) Shear curves of samples obtained by photocuring printing
resins with different mass fractions. (c) Influence of printing parameters on its mechanical properties (layer thickness, 10—30 ym; curing time, 11—
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Figure 8. Effect of postcuring on mechanical properties: (a) Curing at 190 °C for 1—5 h to test its compressive stress—strain curve; (b) curing at 90
°C for 1-5 h to test its tensile strength; (c) printing of the shear curve of the sample in the layer stacking direction; (d) printing of the shear curve

of the sample in the direction perpendicular to the layer stacking.

the increase of the curing time of the single layer. Figure S
SEM diagram mentioned above shows good surface properties
and excellent interlayer bonding properties.

Interestingly, when exploring the mechanical properties of
single-layer curing time and thickness,"”’~* we found an
interesting experimental phenomenon—the mechanical prop-
erties of printed samples are closely related to the printing
direction. Because of this, we have entered into an in-depth
study of this phenomenon. Our group has carried out thermal
curing on the samples in a 190 °C air drying oven while
keeping the curing time and thickness of the single layer the
same and explored the changes in their mechanical properties.
Several groups of samples were cured by heat treatment for a
different time, and shear, compression and tensile experiments
were carried out. The shear and tensile tests (such as in Figure
8b,c) show that the mechanical properties increase significantly
with the increase of heat treatment time at 190 °C, but
decrease after more than 3 h. Our analysis indicates that this is
because the mechanical properties of the polymer bonds are
destroyed after the complete polymerization is completed after
more than 3 h. In the tensile test, with the extension of heat
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treatment time, the stress increases significantly, but the strain
decreases gradually, which shows that the strength of the
sample is enhanced and the toughness is relatively decreased
by heat treatment. When we compare the shear strength in the
stacking direction and the vertical and stacking direction in the
shear experiment, we find an interesting phenomenon. It was
observed that the shear strength and compression modulus in
the vertical and printing directions were significantly higher
than those in the parallel printing direction. Our analysis
determined that this is due to the characteristics of addition of
the improvement materials, and the characteristic of the rapid
molding of the addition of the reducing material makes it
better before the layer is lower than the layer, and thus the
mechanical properties are lower. Given this, our team
increased its solidification again by heat curing. The results
show that after thermal curing, the mechanical properties
parallel to the print direction are varied to the mechanical
properties in the vertical and printing direction (as shown in
Figure 9), which is because the degree of cure deepened the
combination, which is also consistent with the previous
analysis. In addition, the difference of shear strength between
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Figure 9. Comparison of mechanical properties perpendicular to the layer stacking direction and parallel to the layer stacking direction: (a) no
thermal curing occurred; (b) 190 °C, 1 h; (c) 190 °C, 2 h; (d) 190 °C, 3 h; (e) 190 °C, 4 h; (f) 190 °C, S h.

vertical direction and parallel direction reaches the minimum,
which indicates that the optimal heat treatment condition is
190 °C for 3 h.

2.6. Thermal Stability. Polyimide is one of the highest
performance organic polymer materials, and its unique
advantage is that its long-term use temperature can be used
for —200 to 300 °C. At present, commercially available
photocurable resins cannot achieve high-temperature use
requirements, and thermally decomposing temperatures are
below 200 °C, while the photocurable polyimide oligomer
powder prepared by this work is thermally decomposed below
300 °C (as shown in Figure 9), this is also closely related to the
synthetic monomers we used. For polyimide synthesized from
p-xylenedic acid dianhydride and phenylenediamine, the
thermal decomposition temperature can be as high as one of
the most thermally stabilized varieties in the polymer, and
Kapton PMDA with ODA as monomer was also used in this
work. The dianhydride and phenylenediamine introduce
fluorine-containing diamine, and chemically modified grafting
techniques are modified, the chain structure is increased, the
solubility is increased, and the thermal stability is damaged. Its
thermal decomposition temperature is much lower than 600
°C. But although only 300 °C, it is better than currently
photocurable commercial resins, providing greater develop-
ment potential for high-temperature application of resins. In
order to explore the preparation of powder and thermal
stability of resin, several experiments were carried out.
Thermogravimetric analysis (TGA test condition: nitrogen;
room temperature to 1000 °C; heating rate, 10 °C/min) was
performed on Kapton polyimide powder synthesized in this
work and resin prepared by different monomers. The results
are shown in Figure 9. The result shows that the thermal
decomposition temperatures’’~>* of linear PI and fully
aromatic PI are significantly different. Compared with linear
PI, the thermal decomposition temperature of all-aromatic
polyimide is linear PI, mainly because all-aromatic PI has more
benzene rings and a stable structure, which requires a higher
temperature to break its bond energy. However, the linear
polyimide chain structure is unstable and easily damaged, so
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the thermal decomposition temperature is low. However, the
thermal decomposition temperature of aromatic polyimide
grafted GMA powder synthesized in this work is somewhat
different from that of fully aromatic powder, but it is still better
than that of linear polyimide. This is also because the branched
structure is introduced with grafting, but the existence of the
benzene ring structure of the Kapton monomer is still difficult
to destroy. For the TGA results, we assigned the mass losses at
different temperatures and compared the boiling point; these
mass losses were consistent with the content we added. As
shown in Figure 10, the yellow curve is the TGA of the sample
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Figure 10. TGA test curves of powder and printed samples (test

conditions: nitrogen; room temperature to 1000 °C; heating rate, 10
°C/min.).

after DLP printing in the powder dissolved in NVP and
TMPTA. Combining the boiling points of NVP and TMPTA,
we analyzed that the mass loss above 200 °C, and below 400
°C was the gradual evaporation of residual NVP, the mass loss
at 400—450 °C was the gradual evaporation of TMPTA, and
the mass loss at 450—600 was due to the gradual evaporation
of PI. These mass losses are also consistent with our increase in
the amount of each component.

2.7. Postcuring. The rapid molding of additive manu-
facturing makes the parts of photocuring a defect with a low

https://doi.org/10.1021/acsomega.1c06933
ACS Omega 2022, 7, 9582—-9593


https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06933?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 11. Shrinkage diagrams of the sample before and after heat curing at 190 °C for 0—5 h.
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Figure 12. Change of thermal shrinkage rate: (a) shrinkage rate in x-, y-, and z-directions and volume shrinkage rate; (b) changes of shrinkage in
the z-direction at different temperatures; (c) density change of prepared polyimide sample after heat curing for 1-$ h.

degree of cure. The work is enhanced by reinforcing the degree
of cure after printing samples in the 190 °C blast drying tank,
to expect its improvement integrated performance goals.
System experiments show that thermal cure increases its
degree of cure, which has great improvements to its hardness,
shear modulus, and compression modulus.

2.8. Shrinkage Rate. The thermal curing increases its
overall mechanical properties, which affects its dimensional
stability. A large challenge facing light-curing polyimide is that
the dimensional stability is poor, and the shrinkage is as high as
30—40%. However, fewer researchers have explored the system
of contracting laws in their various directions, but the
polyimide is considered to be associated with isotropic
contractions. The group adopts the introduction of fluorine
dihydride, chemical grafting techniques, and ester concen-
tration, and the solution is greatly increased to increase its
solubility in organic solvents; excellent solubility properties
make it have a large solid content in an organic solvent. Thus,
the resin obtained by this work exhibits smaller volume
contraction after thermal curing (less than 20%; as shown in
Figure 11). In addition, this work also systematically explores
the contraction law of the photocurable polyimide resin in
each direction and has made great contributions to the size
stability in the polyimide.

System experiments show that the contraction in the
planned direction of the print layer is consistent (as shown
in Figure 12a, x and y directions), at 180 °C in 3—4%, while
the contraction is perpendicular to the print layer plane (as
shown in Figure 12a, z direction) and should be significantly
higher than the contraction on the print layer plane; 180 °C
remains around 8—10%. This is mainly due to the manufacture
of a layer-by-layer stacked rapid molding, which is not
sufficiently cured in the layer stack direction, and from the
above discussion, thermal curing can significantly increase its
degree of solidification, resulting in its mechanical properties
being significantly increased, so different temperature thermal
curing is still selected to explore its directional contraction
changes. The results show that as the curing heat curing time is
removed, the shrinkage in the z direction is gradually increased
and shrunken in the x and y directions. When the shrinkage
rate is maximized in 4 h, the shrinkage becomes small in S h
because the polymer in hot curing is destroyed, causing
cracking and thus the sample becoming smaller (as shown in
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Figure 12b). This is because the thermosetting layers are
tighter in the gap between layers, and thus shrinkage gradually
increases. In addition shrinkage in the z direction has no
significant relationship with thermoset temperature, because
the occurrence of imidation occurs.

3. CONCLUSIONS

In conclusion, on the basis of Kapton polyimide monomers
PMDA and ODA with the best performance up to now,
fluorine-containing diamine was introduced to change the
structure of polyimide to make it easier to dissolve in the
organic solvent, glycidyl methacrylate was introduced into its
chain by chemical grafting technology, and finally, oligomer
polyimide was obtained by maleic anhydride end-capping.
Glycidyl methacrylate has two functions: on the one hand, it
can introduce photocurable double bonds; on the other hand,
it can enhance the adhesion between layers after resin curing to
promote printing. In addition, in this work, the solubility of the
prepared oligomer polyimide in organic solvent was greatly
enhanced through three-step treatment, so that the oligomer
polyimide dissolved in the organic solvent NVP had higher
solubility, thus achieving higher solid content of printing resin
to reduce its shrinkage. Then, the gradient porosity block
structure with controllable shape is printed by digital light
processing (DLP) equipment. The effects of different solid
content, curing time, and single-layer printing thickness on its
mechanical properties were deeply investigated. The shear
strength and compressive strength of prepared polyimide are
positively correlated with different solid content and curing
time and negatively correlated with single-layer printing
thickness. In this work, due to the modification of solubility
and viscosity by grafting technology, the solid content can
reach 40%. Moreover, this work explores for the first time the
influence of the curing degree of thermal curing on its
mechanical properties and finds out the best parameters
(heating at 190 °C for 3—4 h) of thermal curing. Interestingly,
in the process of exploring the influence of curing degree in
this work, a novel phenomenon was found—the printing
direction had a great influence on its shear strength. Given this,
this work has made a systematic inquiry and made a reasonable
explanation for this phenomenon for the first time. This
phenomenon is mainly attributed to the molding method of
photocuring layer-by-layer stacking manufacturing. In the layer
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Figure 13. (a) Geometric configuration of preparation of oligomer polyimide. (b) Chemical formula of a structural unit of the final product for

preparing polyimide oligomer.

stacking direction, because the bonding strength between
layers is not as high as that in the horizontal direction, the
mechanical properties in the vertical and horizontal printing
layers are better than those in the horizontal printing layer
direction. This phenomenon gradually weakens with the
thermal curing, which is because the thermal curing makes
the bonding between layers closer, so the performances gap
between the two directions is obviously reduced. It is worth
mentioning that the thermal stability of polyimide has always
been its greatest advantage, and its long-term usable temper-
ature can be between —200 and 300 °C, while the usable
temperature of commercial resin that can be used for
photocuring in the market is below 200 °C. Although the
thermal decomposition temperature of the polyimide resin
synthesized in this work is different from that of the traditional
polyimide, it is still significantly better than the current
photocuring resin. Therefore, this work is of great significance
to areas with high demand for thermal stability, such as cooling
valves, and has great reference value for the development and
application of photocurable resin materials.

4. EXPERIMENTAL SECTION

4.1. Reagents and Materials. The main materials used in
the experiment are as follows: hexafluoropropylene (6FOHA),
4,4'-diphenyl ether diamine (ODA), and homothallic acid
dianhydride (PMDA), from Chem Pure, Shanghai Maclin
Biochemical Technology Co., Ltd.; N-methylpyrrolidone
(NMP), hydroquinone, triethylamine, tetraethylammonium
bromide, maleic anhydride (MA), glycidyl methacrylate
(GMA), N-vinylpyrrolidone (NVP), trimethylolpropane tri-
acrylate (TMPTA), lauryl methacrylate (LMA), polyethylene
glycol diacrylate (PEG400DA), from Chemical Pure, Shanghai
Aladdin Biochemical Technology Co., Ltd.; (2,4,6-
trimethylbenzoyl)diphenylphosphine oxide (TPO), Shanghai
Bangcheng Chemical Co., Ltd.; and nitrogen.

4.2. Synthesis of Oligomer Polyimide. First, dianhy-
dride and diamine monomers were dissolved in the organic
polar solvent N-methylpyrrolidone under a nitrogen atmos-
phere at 0 °C. This was stirred evenly for 4 h until completely
dissolved. Maleic anhydride was added as a capping agent and
the mixture stirred for another 1 h. Then the temperature was
gradually raised to 60, 110, and 205 °C for 2 h at constant
temperature, respectively. The sample was cooled to room
temperature; hydroquinone, triethylamine, tetraethylamine
bromide, and glycidyl methacrylate (GMA) were added; and
this was stirred well and then heated to 100 °C and stirred for
4 h until the reaction was complete. In the above steps, the
brown liquid was stirred and poured into distilled water. After
filtration and vacuum drying for 8 h, the light yellow polyimide
oligomer powder was obtained (the resulting monomer is
shown in Figure 13). The specific experimental process is
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shown in the summary chart. In addition, Figure 1 shows the
reaction equation of the whole reaction process.

4.3. Preparation of Polyimide Resin. The oligomer
polyimide powder was uniformly mixed with trimethylolpro-
pane triacrylate (TMPTA), N-vinylpyrrolidone (NVP), and
poly(ethylene glycol) 400 (PEGDA400) in a certain
proportion. Then the photoinitiator with a 3% mass fraction
was added and placed at 40 °C for constant temperature
magnetic stirring for 4 h. Finally, the bubbles are removed in
the centrifuge to obtain a polyimide resin which can be used as
a photocurable additive.

4.4. Digital Light Processing Printing Polyimide
Resin. The obtained polyimide resin was photocured and
printed using a digital photoprocessing printer from Salomon.
The polyimide resin was exposed and printed by an ultraviolet
integrated lamp bead with a wavelength of 405 nm. The single-
layer exposure time was 10—15 s, and the 3D object with a
single-layer thickness of 10—50 ym could be generated.

4.5. Postprocessing. The DLP printed samples were
placed in a constant-temperature blast drying oven for several
hours to observe and test the shrinkage in all directions and the
variation of mechanical properties with the oven temperature
and time.
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