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Abstract: Boron phenolic resin is widely used in the aero-
space field because of its excellent thermal properties.
In this article, nitrile rubber powder was added to phe-
nolic resin to modify fiber-reinforced phenolic resin com-
posites. The results showed that the tensile strength
continued to decrease; the elongation ratio increased
from 20.01% to 32.04%; and flexural strength and flex-
ural modulus reached the highest values of 188 and
9,401 MPa, respectively. Thermal analysis showed that
rubber had little effect on the heat resistance at low tem-
peratures, especially below 350°C. Furthermore, the coef-
ficient of thermal expansion of the composites increased
from 8.9 x 10® to 1.5 x 10 ° K™%, increasing by nearly 70%.
The electron microscopy images showed a tortuous frac-
ture path in modified composites, which indicated that
rubber powder-modified phenolic composites had a duc-
tile fracture.

Keywords: boron phenolic resin, composites, thermal
performance, nitrile rubber, microstructure

1 Introduction

With the development of aerospace technology, thermal
protection systems have been paid much attention by
researchers. Fiber-reinforced composites have been applied
in the aerospace field as ablation and heat protection
materials (1). Researchers focus much on ablation resis-
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tance and process performance of polymer composites
but paid less attention to the interfacial thermal-
matching properties of composites and metal materials.
The coefficient of thermal expansion (CTE) in a typical
aluminum alloy is 20-300 x 107°K™!, which is much
higher than 5-8 x 10 K™ of fiber-reinforced composites.
This article aims to improve the CTE of resin composites to
the level of the CTE of alloys. The temperature difference
between the inner and the outer layer of a heat protection
system, as well as metal components, causes linear expan-
sion and pyrolysis expansion. It is prone to thermal stress
and deteriorates the properties and structure of interface
material (2-4). When the interfacial layers of metal struc-
tures and composites are peeled off from the interior, the
external thermal protection material would lose its pro-
tective function.

The interface material is a transition component. It
faces lower temperatures and does not require excellent
thermal stability. Carbon fiber is not considerable because
of its low thermal expansion coefficient (even no expan-
sion). Boron phenolic resin (BPF) has high thermal proper-
ties and has a good development prospect in the aerospace
field (5,6). However, BPF is poor in toughness, and its
composites and metal components have significantly dif-
ferent thermal expansion characteristics when heated (7,8).
Composites bonded to the metal structure lose effective-
ness, and the overall structure is easy to fail under high-
speed airflow scouring, threatening flight security (9,10). It
is necessary to modify the phenolic resin (PF) and study its
thermal-matching characteristics (10-13).

Physical improvement is the main method for modi-
fying PF aiming for more polymer chains between the
cured phenolic molecules (14,15), accompanied by a small
number of chemical reactions. It has a wide range of appli-
cations because of its simplicity and low cost. Yan et al.
(16) added 60 wt% graphite and 10 wt% carbon fiber to
PF to improve the bending strength and modulus of the
composite material. Liu et al. (17) noticed that when
adding 2.5 wt% styrene-butadiene rubber nanoparticles,
the notched impact strength of nanocomposites reached
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the maximum value and was increased by 52%. Kazemi
et al. (18) found that the hybrid titanium composite
laminates with ultra-high-molecular-weight polyethy-
lene fabrics on their composite sides performed better
in low-velocity impact compared to composites with
carbon fibers. The chemical modification changes the
molecular structure to solve the defect of the resin.
They have relatively high requirements for experiments,
as well as a better guarantee of heat resistance and
mechanical properties. Song et al. (19) showed better
damping performance of composites at higher tempera-
tures by introducing hindered amines into nitrile-buta-
diene rubber (NBR)/PF. Sekhar and Varghese (20) studied
PF and modified graphite additives and obtained relaxa-
tion time information regarding regression parameters.
Wang et al. (21) synthesized polyhedral oligomeric silses-
quioxane-modified PF and proved that the modified PF
had higher anti-oxidation properties than pure resin.

We select powdered form of BPF and NBR for mate-
rial preparation. Compared to epoxy systems and other
resins (22), BPF achieves a stable property transition of
internal and external materials and eliminates excess
interface with thermal-protected phenolic materials. NBR
is a kind of effective physical agent. The compatibility of
NBR with PF is better than that with general rubber (23).
Furthermore, active functional groups of NBR may also
react with PF, making the modification effect more signif-
icant. In this case, physical improvement is more conve-
nient and easily implemented compared with chemical
modification (24). Compared with rubber/resin research,
we use powder NBR and avoid the “reaction-induced
phase separation” effect on results. CTE is used to char-
acterize the thermal-matching characteristics to discuss
the suitability of materials from thermal properties. Fiber
additions are more suitable for practical use.

Therefore, in this article, NBR-modified fiber-rein-
forced boron phenolic composites (NBR/BPF) were pre-
pared. The main aim was to improve the CTE of phenolic
composites while ensuring mechanical properties. We
also strive to protect the interface of resin composites
and metal structures under heating, aiming to maximize
the CTE of resin composites to the level of alloys. The
effects of NBR on curing, mechanical properties, thermal
stability, microstructure, and thermal matching of com-
posites were discussed. Analyses and results were con-
firmed by Fourier transform infrared (FTIR) spectrometry,
mechanical tests, thermal tests, dynamic mechanical ana-
lysis (DMA), and scanning electron microscopy (SEM).
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2 Experimental section

2.1 Materials and instruments

BPF produced by Shaanxi Taihang Impede Fire Polymer
Co. Ltd. (China) was used as the matrix material. Ortho-
gonal glass fiber produced by Shaanxi Huate New Material
Co. Ltd. (China) was used as the reinforcement material,
with 97% SiO, and 248.3 g-cm ™ areal density. Anhydrous
ethanol produced by Sinopharm Chemical Reagent Co.
Ltd. (China) was used as a solvent. NBR powder produced
by Guangzhou Qizhou Plasticization Company (China)
was selected as the modified materials, with a particle
size of 60-70 pm (distribution consistency of 80%). More
details are given in Table 1.

The equipment used in the experimental process are
a pulverizer (YK160, Jiangyin Shenwei Machinery Co.
Ltd., China), an electronic balance (JA3003N, Scientific
Instrument Co. Ltd., China), a flat vulcanizer (QLB-3 x
350 x 2-0.25 MN, Shanghai Rubber Machinery Factory,
China), a vacuum drying oven (DZ-2BCll, Tianjin Teller
Instrument Co. Ltd., China), and a stirrer (JB50-D, Shan-
ghai Specimen Model Factory, China).

2.2 Preparation of composites

For pretreatment, the glass fiber was dried at 60°C for 5h
in a vacuum drying oven. The block resin to be pulverized
was placed in a pulverizer. The powdered BPF was dis-
solved in anhydrous ethanol, leaving it still for 24 h. NBR
powder was added in the resin solution. The mixture was
placed on the stirrer and stirred for 30 min until the
powder dispersed well. Glass fiber was impregnated with
the homogeneous mixture. The formulations of NBR/BPF
composites based on different powder contents, as long as
numbering composite samples (from A-O to A-5), are given
in Table 2.

Table 1: Composites of NBR powder

Component Volatile Gel Acrylonitrile Dissolved

content matter
Mass fraction 0.5 91 31.7 0.6
(Wt%)
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Table 2: The formulation of NBR/BPF composites

Samples Mass ratio (wt%)
Glass fiber BPF NBR powder

A-0 50 50 0

A-1 50 45.4 4.6

A-2 50 41.7 8.3

A-3 50 38.5 11.5

A-4 50 35.7 14.3

A-5 50 33.3 16.7

Prepregs were all laid up in the direction of fiber
stretch (0°) when laminated. The prepregs were cropped
into 16 pieces (120 mm x 90 mm) for molding, and the
NBR/BPF composites were obtained after curing in a
flat vulcanizer. The process of composite preparation is
shown in Figure 1.

The curing temperature system is 120°C for 0.5 h + 150°C
for 0.5 h + 180°C for 3 h. The curing pressure system is 0 MPa
for 0.5h + 10 MPa for 3.5h. More details about the curing
process are shown in Figure 2.

3 Material testing and performance
characterization

3.1 Infrared analysis (FTIR)

Molecular structures of resin and NBR powder were ana-
lyzed using an intelligent FTIR spectrometer (Thermo

Prepregs
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Figure 2: Cure profile for the fabrication of composites.
Nicolet Nexus, USA). The samples were ground into

powder for examination.

3.2 Mechanical test

The tensile strength and elongation ratio were deter-
mined using a mechanical testing machine at a loading
rate of 2mm-min~! (CTM001, Instron, England) according
to the GB/T 16421-1996 standard. Samples were processed
into a dumbbell shape, 75 mm long and 5 mm at the nar-
rowest part of the neck. The sample was tested until it
broke, and the result was obtained. Five samples per for-
mulation were arranged to measure and calculate the
average tensile strength, elongation ratio, and their errors.

Glass fiber

Composites

Figure 1: Process of composite preparation.
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The tensile strength was calculated according to the
following equation:

P

Ul:E 1)

where a is the tensile strength (MPa), P is the breaking
load (N), and b and h are width and thickness, respec-
tively (mm).

The elongation ratio was calculated according to the
following equation:

e= ATI x 100% 2

where e is the elongation ratio (%), Al is the elongation
(mm), and [ is the original span (25 mm).

The flexural strength and flexural modulus of samples
were determined by a mechanical testing machine with a
loading rate of 2mm-min™ (CTMOO1; Instron, England)
according to the GB/T 1449-2005 standard. The effective
size of the samples was 80 mm x 15 mm x 4 mm. The sample
was tested by the “three-point bending test” until it broke
and the result was obtained. Five samples per formulation
were arranged to measure and calculate the average flex-
ural strength, flexural modulus, and their errors.

The flexural strength was calculated according to the
following equation:

3Pl

%= w 2

where o is the flexural strength (MPa), P is the breaking
load (N), 1 is the span of the sample (64 mm), and b and h
are the width and the thickness of the sample, respec-
tively (mm).
The flexural modulus was calculated according to the
following equation:
N
E= o “
where E is the flexural modulus (MPa), S = F/d, d is the
displacement corresponding to F in the load-displace-
ment curve, [ is the span of the sample (64 mm), and b
and h are the width and the thickness, respectively (mm).

3.3 Thermal test

Thermal stability was observed with a high-temperature
TG-DSC thermal analyzer (STA-449F3, NETZSCH, Germany).
The heating rate was 10°C-min", and the test was per-
formed in the air atmosphere. CTE was determined with
a thermal expansion instrument (DIL402SE, NETZSCH,
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Germany). The heating rate was 5°C.min~}, and the tem-
perature range was 20—-300°C in the nitrogen atmosphere.

3.4 DMA

DMA was carried out in nitrogen using a dynamic thermo-
mechanical analyzer (DMA/SDTA 861e, METTLER TOLEDO,
Switzerland), at a heating rate of 5°C-min™" from —70°C to
400°C and a frequency of 1 Hz. The size of the samples was
60 mm x 10 mm X 4 mm.

3.5 Performance characterizations

The cross sections and interfaces of the original sample
and NBR/BPF composites were observed by a field-emis-
sion scanning electron microscope (Ultra Plus, Zeiss,
Germany). The sample was gold-plated before observation.

4 Results and discussion

4.1 FTIR spectrum analysis

Figure 3 shows the FTIR spectra of the composites with
different powder contents. The FTIR peaks marked at
3,427 and 3,226 cm™ are the characteristic absorption
peaks of the O-H bond on BPF. The peak marked at
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Figure 3: FTIR spectra of the composites.
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1,453 cm™! is the characteristic peak of the B-O bond on
resin The peak marked at 1,096 cm™ is the C-0-C sym-
metric stretching vibration absorption peak on the ben-
zene ring. It can be clearly seen from Figure 3 that there
are two more obvious absorption peaks in the spectrum
of the composites with NBR: 2,258 cm™ corresponds to
the C=N characteristic absorption peak of NBR and
2,925cm™! corresponds to the CH, characteristic absorp-
tion peak of asymmetric stretching vibration in NBR. The
curves of A-1, A-2, and A-3 do not prove chemical reac-
tion occurrence, because only the shift and intensity
changes of the peaks are favorable evidence for the reac-
tion. The FTIR result shows that there is no obvious peak
shift and intensity change. The FTIR spectrum could not
prove that a chemical reaction occurred but preserves the
possibility of a grafting reaction between NBR and PF.
The three possible reactions that occur between PF and
NBR are shown in Figure 4.

4.2 Mechanical properties

Mechanical tests are carried out in the direction of fiber
stretch (0°). Figure 5 shows the effect of NBR on the ten-
sile property and elongation ratio of composites. Figure 6
shows the effect of NBR on the flexural properties. As
shown in Figure 5, powder leads to a decrease in the
tensile strength of the composites and an increase in
the elongation ratio. The tensile strength of the A-O
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Figure 4: Reaction mechanism of BPF and NBR.
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Figure 5: Tensile strength and elongation ratio of composites.
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Figure 6: Flexural strength and flexural modulus of composites.

sample reaches 81.4 MPa. The tensile strength of the
A-5 sample is 55% less than that of A-0. The elongation
ratio increases from 20.01% for A-O to 32.04% for A-5. It is
suggested that the NBR powder can act as stress concen-
trators around the composites and cause yielding. It is
capable of inducing an energy dissipation mechanism in
the composites during the tensile deformation. Accord-
ingly, the polymer absorbs a high amount of energy and
avoids a highly localized strain process. When compos-
ites are stressed, they interact with rigid molecules such
as PF, increasing the elongation ratio.

As can be seen from Figure 6, the NBR powder con-
tent has an effect on the flexural property. It is interesting
to observe that the strength of A-1 is the highest. The flex-
ural strength of the composites without powder reaches
169 MPa, but that of A-1 reaches 188 MPa. Its strength is
greater than 149 MPa of other fiber-reinforced phenolic
composites (25,26). On the one hand, rubber destroys the
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interfacial bond between fibers and resin. The rubber is
not only hard to bond with the fiber, but it also occupies
space for the resin, preventing the benign bond between
the resin and the fiber. Although powder contains reac-
tive groups, NBR itself has been vulcanized, leading to a
poor toughening effect. On the other hand, NBR powder
can fill the holes caused by the release of small molecules
during resin curing, and filled composites can support
higher forces. The reinforcing effect of rubber particles
is temporarily more obvious, resulting in the flexural
strength of A-1 to be the largest. The trends of the
strength and modulus are the same. The modulus of
composites reaches a maximum of about 9,401 MPa in
A-1, and the modulus decreases to only 4,186 MPa in
A-5. When the powder content increases, its dispersibility
becomes worse and agglomeration occurs. The resin—fiber
interface is occupied by rubber, and it becomes worse,
resulting in a decrease in the strength and modulus of
the composites.

4.3 Thermal test

Figure 7 shows the thermogravimetry (TG) and derivative
thermogravimetry (DTG) curves of composites. The TG
chart can be divided into two stages. The first stage is
from 50°C to 300°C. In this stage, the curve is in the
volatilization period with smooth change. The decompo-
sition rate near 100°C was attributed mainly to the
evaporation of water and other molecules in samples.
However, the A-1 to A-5 samples show a slight increase
in mass after a slight weight loss. We speculate that the
pyrolysis of rubber components activates the oxygen-

Weight (%)

35 L1 1 L L I 1 L L I I
100 200 300 400 500 600 700 800 900 1000 1100

Temperature (°C)

Figure 7: TG and DTG curves of composites.
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absorbing behavior of BPR. The second stage is from
300°C to 600°C. In this stage, the curves decrease sharply,
and the weight loss is obvious due to resin cracking and
rubber decomposition. For the A-O sample, cracking PF
produces CO and CO,. When the temperature increases,
the main chain of BPF cracks, the structure rearranges,
and then BO, B,0;, and other products are released.
For A-1 to A-5 samples, rubber decomposes into small
molecules and escapes. Table 3 shows their thermal
decomposition parameters. We find that NBR powder
reduces the heat resistance of composites significantly.
With an increase in powder content, the initial decom-
position temperature of the composites decreases from
427.6°C to 343.5°C. We analyze T5 and T3 in Table 3 and
find that Theat resistance index (27—29) of the composites
shows a continuous downward trend. With an increase
in the rubber component, Tyeat-resistance index Of the rubber-
containing component decreased from 232.6°C to 210.4°C.
The residuals of composites at 600°C continue to
decrease (30).

As can be seen from Figure 7, TG curves of rubber-
containing composites decrease sharply after 500°C, but
the heat resistance is seldom affected at low tempera-
tures. The thermal weight loss at 400°C is ideal, and
the residual weight at 300°C is, on average, 1.1% higher
than those reported in other papers (31). NBR powder
reduces heat resistance, but it has little effect on heat
resistance at low temperatures (below 350°C). Because
the materials are used between the metal and the outer
protective structure, it does not face high-temperature
erosion. Rubber has little effect on the heat resistance
of the actual demand of the material.

CTE is carried out in the direction of fiber stretch (0°).
Figure 8 shows the CTE curves of composites, and Table 4
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Table 3: Thermal decomposition parameters of NBR/BPF composites
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Samples TS (OC) T30 (nc) Theat—resistance index (oc) Tmaxl (oc) Tmaxz (OC) Residue (6000(, %)
A-0 427.6 — - 115.6 117.4 90.1
A-1 392.5 529.5 232.6 99 507 63.1
A-2 366.2 510.7 221.9 100.2 508.7 56.0
A-3 362.5 498 217.5 98.5 510.5 50.9
A-4 366.5 491 216.2 110 509.5 47.3
A-5 343.5 486.5 210.4 95.5 510.5 45.7

Ts and T3, are the corresponding decomposition temperatures of 5% and 30% weight loss, respectively.
The heat-resistance index was calculated according to the following equation: Tyeat-resistance index = 0-49 X [T5 + 0.6 X (T3¢ — Ts5)], where Thax
and Tp,ax2 are the corresponding decomposition temperatures corresponding to the maximum thermal decomposition rate for the first and

second occurrences.
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Figure 8: CTE curve of composites.

Table 4: Average CTE of composites

Samples A-0 A-1 A-2 A-3 A-4

CTE (107K™) 8.9 10.8 15.0 13.1

shows the average CTE. NBR powder increases the CTE
of composites. For the A-O sample, the CTE is about
8 x 10°K™ - 9 x 10°K™". The CTE of the A-2 sample
reaches the maximum value of 1.5 x 107> K", As the NBR
powder further increases, the CTE of composites does not
continue to increase but slightly decreases. Rubber is
elastic at room temperature. Because of the low glass-
transition temperature, it tends to produce large defor-
mations when heated or stressed. The volume expands
and the CTE increases significantly without destruction
when heated. For A-1 and A-2, the powder disperses
evenly and combines well with the resin (32). When the

rubber is more than 20 phr, the NBR powder is prone to
agglomeration. Agglomerated powders can lead to poor
rubber-resin and resin-fiber interfaces. The deteriorated
interface leads to a smaller expansion contribution of the
powder to composite, resulting in a decrease in CTE.

We find that the CTE of the rubber-modified materials
decreases after 110°C. The growth rate of rubber diameter
is not synchronized with the volume growth rate, leading
to CTE decreases. In addition, the evaporation of mole-
cules results in porosity increase, making rubber expan-
sion unable to effectively transfer to the resin matrix.
These two main factors lead to the lower CTE of rubber-
modified materials above 110°C.

4.4 DMA

DMA is carried out in the direction of fiber stretch (0°).
Loss factor versus temperature curves of composites and
pure BPF are presented in Figure 9. All four curves have
a typically broad peak at about 250°C corresponding to
T, of resin. Due to voids and bubbles in the cured resin,
the curve of pure BPF shows broad and heterogeneous
peaks on DMA. The curve of A-0 has a peak at 270°C, and
the peak of PF tends to move toward low temperatures
with powder addition. There are two peaks in the plots of
NBR/BPF (A-1 and A-2). T, of NBR in the literature is
—-12°C (33). The peaks at near 10°C, corresponding to
the T, of NBR in composites or the secondary transition
of PF segments, reveal that the T, of NBR in composites is
higher than that of pure NBR or that the addition of NBR
leads to a more obvious secondary transition of PF seg-
ments (17). Another set of peaks appeared at around
250°C. DMA reflects the phase situation of the blend
system from the side. Chemically modified PFs tend to
show only a single peak in the DMA test, while physically
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Figure 9: tan 0 of the composites with temperature.

blend-modified PFs show bimodal or multimodal peaks.
Physical modification does not change the molecular
structure of PFs. During curing, the rubber component
cannot enter the cross-linked network of PF, resulting in
phase separation in the cured product, and a peak appears
in the low-temperature area in modified composites.

4.5 Morphology analysis
The morphology of tensile fracture is shown by SEM ana-

lysis in Figure 10. Fiber, rubber, and holes are marked in
the figure. The tensile section of A-O can be seen clearly
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in Figure 10a. The fracture is flat and almost no fiber is
pulled out, which is a typical brittle fracture at the lower
magnification. Resin is evenly distributed between the
fibers, and the fracture of fibers is almost at the same
level at the higher magnification (34). From Figure 10b,
the fiber is wrapped with resin and the fracture is
uneven. Fibers have no neat ports in cross section
compared with those shown in Figure 10a. The SEM
image shows a tortuous fracture path. Compared with
Figure 10a, the fracture behavior is more complex and
hierarchical. These features further support that A-2 is
more consistent with ductile fracture (35). When sub-
jected to force, composites change from brittle fracture
to ductile fracture in the presence of macromolecules
with different moduli from the resin matrix. Several
holes can be seen in Figure 10b. When the material is
subjected to an external force, the dispersed NBR powder
produces a stress concentration effect, which causes the
surrounding matrix to generate three-dimensional ten-
sion. The NBR powder releases its elastic strain energy
through cavitation and interface debonding to achieve
the toughening effect further.

The morphology of the resin—fiber interface is shown
by the SEM analysis in Figure 11. The glass fibers in
Figure 11a are all covered with resin. In Figure 11b,
some fibers are exposed, and there is no trace of resin
on the surface of the exposed fibers. There are even
obvious holes in the interface. After the addition of the
rubber, the phenomenon of poor interfacial bonding
becomes obvious.

Figure 10: SEM images of fractured surfaces of composites: (a) A-0 and (b) A-2.
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Figure 11: SEM images of interface of composites: (a) A-0 and (b) A-2.

5 Conclusion

In this article, the CTE of phenolic composites was impro-
ved by preparing rubber-modified boron—phenolic compos-
ites. The tensile strength of the NBR/BPF composites
decreases from 82 to 38 MPa with the addition of powder,
the elongation rate increases from 20% to 32%, and the
flexural strength reaches the maximum (186 MPa) when
10 wt% NBR powder is added. Mechanical properties are
well preserved at low rubber addition. The addition of
NBR powder has little effect on heat resistance below
300°C, which agrees with the default usage environment.
NBR powder improves the CTE. The CTE of the composites
increases from 8.9 x 10 ® K™ to 1.5 x 107> K/, increasing by
nearly 70%. The SEM image shows that the tensile section
of the composites without NBR is characterized by brittle
fracture, and the fracture is flat and without fiber pullout.
The cross section of modified composites shows a tortuous
fracture path. Most properties of materials are as expected,
and materials can be used in aircraft parts with heavy
internal stress. The controllable high CTE and interfacial
issues must be addressed for stable service.
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