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Abstract
The properties of basaltfiber reinforced polypropylene composites (BF/PP)were improved by
ultrasonic treatment of resin building pressure to assistmelt impregnation. Combinedwith the study
of ultrasonic pressure building theory, themechanical properties of themodified composites were
analyzed using the characterization of tensile,flexural and impact strengths in response to porosity
and fracture rate. The effects of ultrasonic power, frequency and distance of action on resin building
pressure and composite properties were investigated. The results showed that the best effect was
achievedwhen the ultrasonic frequencywas 25 kHz, the ultrasonic powerwas 300W, and the action
distancewas 4mm, at which time the porosity of the prepregwas reduced to 2.99%, the fracture rate
was 3.36%, and the tensile,flexural, and impact strengthswere 108.73MPa, 116.81MPa, and 51.59
KJ.m−2.

1. Introduction

Fiber-reinforced resin composites are popular due to their high strength, lightweight properties, corrosion
resistance, and other advantages.While thermosetting composites have their place, thermoplastic composites
have promising future in aerospace, automotive, and other industries because of their ability to store prepregs
for extended periods, efficient and continuous preparation, high impact toughness, and recyclability. Recently,
researchers have focused onfiber-reinforced resin composites for their energy-saving, environmentally-
friendly, and lightweight qualities [1–3]. Basaltfibers have unique properties, such as excellentmechanical
strength, being sourced from green and pollution-freematerials, corrosion resistance, sound insulation and
high economy [4]. In addition, BFRP composites possess stronger creep properties, with creep fracture stresses
that are 54%of their tensile strength, which allows BFRP composites to be usedmore fully for prestressing and
cable applications thanGFRP [5]. These characteristics havemade basalt fiber, an inorganicmaterial, the
reinforcing fiber of choice for resinmatrix composites in recent years [6].

The preparation of thermoplastic resinmatrix composites bymelt impregnation not only allows for precise
control of thefiber content in the composite, but also has a shortmolding cycle, is widely used for the
preparation of thermoplastic prepregs, and ismore suitable for continuous fiber prepreg strips or tapes. The
essence of the process is the penetration of the thermoplastic resinmelt into the interior of thefiber bundles and
the replacement of the air between thefiber bundles. The general process flow is shown infigure 1. Thefiber
tows are pulled by the tractionmachine and pass through a high-temperature dispersing roller from the release
frame to achieve a pre-dispersing effect before entering the impregnationmold and combiningwith the resin to
achieve a cooling effect through the coolingwater. The combinedmaterial is then cut into prepregs offixed
length by a pelletizer.
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In themelt impregnation process, the impregnation process is complicated due to the high viscosity of the
resin and the small gap between the fibermonofilaments. The impregnationmold is the essential equipment for
themelt impregnation process. By optimizing the structural parameters of the die or increasing themelt
impregnation pressure in the die, the degree of impregnation of the prepreg can be improved. Ultrasound is
defined as soundwaves with a frequency of 2× 104 to 2× 109Hz that interact with themediumduring
propagation, producingmechanical, cavitation, thermal, and chemical effects [7].When ultrasonic vibration is
applied to the polymermelt, it causes changes in the chemical and physical properties of the polymer and
polymer blends due to the physical and chemical effects produced by ultrasonic treatment [8]. In the production
process of thermoplasticmatrix composites, Lionetto et al [9] introduced ultrasonication to the filament
windingmachine to provide heat and pressure to complete impregnation and consolidation. Through finite
element (FE) analysis and simulation, the heat transfer phenomenon occurring during the continuous
impregnation and consolidation process was solved. The compositematerial after ultrasonic treatment has low
porosity, and the shearmodulus is comparable to themodulusmeasured bymicromechanics. Sinan Liu studied
thematerial removalmechanism in ultrasonic-assistedmilling and explored the low-damagemachining
methodwith higher precision for CFRTP [10]. By using ultrasonic treatment, Zhong and Isayev [11] prepared
PP/CNTcomposites and found that ultrasonic treatment significantly improved the dispersion of CNTs. All PP
is degraded by ultrasonic treatment, especially the PPwith highmolecular weight. To prepareMWCNT-GFF
reinforced composites (MGCs), Zeng et al [12]used ultrasonic-assisted impregnation to deposit carboxylmulti-
walled carbon nanotubes (MWCNT) onto E glassfiber fabric (GFF). The tensile strength, flexural strength, and
interlaminar shear strength ofMGChave been significantly improved due to the improved dispersion of
MWCNTs and their penetration into the fiber’s inner space by ultrasonic treatment.Using ultrasonic
consolidation assisted hot pressing sintering technology, Jiao et al [13]successfully prepared continuous carbon
fiber reinforced Ti/Al3Timetal-intermetallic laminate composites. Ultrasonic treatment effectively separated
the carbon fiber bundle into singlefibers, whichwere then evenly embedded in the surface of the Al foils layer
without any interfacemacroscopic defect. After ultrasonic treatment, the viscosity of the polymer is reduced,
fluidity is improved, compatibility between the two phases of the polymer is significantly improved, and the size
of the dispersed phase is reduced, leading tomore even distribution of the polymermixture [14–17]. Köhler [18]
et al prepared carbon fiber unidirectional polyether ether ketone laminates using ultrasonicwelding technology
to study the effect offiber orientation in the layup near the laminate weld on the ultrasonic welding process,
thereby optimizing the properties of composite laminates. Oh [19] et al investigated the changes of ultrasonic
treatment on themicrostructure of graphite under different ultrasonic power and treatment time. The graphite-
containing silicone composites prepared under the optimal conditions had the best thermal conductivity, and
the thermal conductivity of the composites increasedwith the increase of graphite particle size.

In this paper, we try to introduce ultrasonic devices into themelt impregnation equipment and use the
pressurization effect of ultrasonic waves to increase themelt pressure in the impregnationmold to improve the
comprehensive performance of BF/PPprepregs. A theoreticalmodel of ultrasonic pressurization is established,
and the changes of three parameters, namely, ultrasonic power, frequency, and action distance, with the pressure
are experimentally determined. On this basis, orthogonal experiments were designed to prepare online BF/PP
ultrasonic-assistedmelt-impregnated prepregs. The porosity, fracture rate, andmechanical properties were
used as the characterizationmeans tofind out the influence laws of the three ultrasonic parameters on the
improvement of the impregnation effect of prepregs and the optimal ultrasonic process parameters for the
preparation of BF/PP composites were thus determined. It provides theoretical and practical reference and
guidance for applying ultrasonic pressurization in the actual continuous production of themelt impregnation.
Meanwhile, it also provides new ideas for improving the production quality and efficiency ofmelt impregnation
process.

Figure 1.Melt impregnation processflow chart.

2

Mater. Res. Express 11 (2024) 045303 Y Liu et al



2.Materials andmethods

2.1. Rawmaterials for experiments
The rawmaterials used in the experiment and their related parameters are shown in table 1.

2.2. Equipment and instruments
Melt impregnation process equipment, Laboratory self-construction, as shown infigures 1 and 2; Equipments
used in the experiment and their related information are shown in table 2.

2.3. Theoreticalmodeling study
Ultrasound, in the process of propagation, will cause alternate compression and elongation of themediummass,
so that the pressure in themedium changes, when themediumby the ultrasound effect, the space at various
points generated by the excess pressure, which is the sound pressure.When applying ultrasonic action to the
impregnation process, the actual response is so complex that some basic assumptions aremade about themodel
in order to simplify it for ease of calculation:

Figure 2.Ultrasonic assistedmelt impregnation process device.

Table 1.Experimentalmaterials and related parameters.

Name Model Manufacturer Parameters

BF BF813–1600B SichuanQian yi Calibre: 15μm

PP Bx3920 Korea SK Density: 0.91 g cm−3

Melt index: 110 g/10 min

Silicone oil PMX200 / Viscosity: 1000 cSt

Density: 0.98 kgm−3

Compatibilizer C# Sinopec /

Antioxidants 1010 NanjingHua liming /

Antioxidants 168 Beijing Ji yi /

Table 2.Experimental equipments.

Name Model Manufacturer

Universal TestingMachine XWW Chengde Jin JianMonitoring Instrument Factory

Muffle furnace SX2–4–10 WuhanYaHua

InjectionMoldingMachine MA1200 NingboHaitian

Density Tester PMMD-A BeijingGuanMei Precision Electric Instrument

Electronic Balance MS105DU METTLERTOLEDO

Ultrasonic controller Ymnl-1000F Nanjing Emmanuel Instruments

Precision pressure gauge YB80A SuzhouXuan sheng Instrument

Digitalmicrometer 32QFF12 Deqing Shengtaixin Electronics
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(1) The melt in the mold is in the region of ultrasonic action, and the acoustic pressure radiation force is the
only volumetric force, and is not subject to other external forces such as gravity field and inertia force;

(2) The calculation of the ultrasonic amplitude rod as a series of point vibration sources does not take into
account the influence of each other;

(3) The ultrasonic heating effect is neglected;

(4) The mold is always filled with melt, the ultrasonic amplitude rod is always in contact with the melt, and the
melt is incompressible;

(5) The distance between the sidewalls of themold ismuch larger than the ultrasonic amplitude rod.

Li [20] derived the calculation formula for parameters including sound pressure, sound intensity, and
characteristic impedance of themedium in the ultrasonicfield and proposed an ultrasonic-assisted
impregnation pressure relationshipmodel with the expression of ultrasonic pressure P :*

/h
r= + - +P

R
k W Xf Yf e

2
1

z a m
a u

Xf Yf x
1

2 4 2 2 4
* ( ) ( )( )

where: Rz is the totalmechanical resistance of the ultrasonic instrument; Wa(W) is the ultimatemechanical
power, /ha m is themachine acoustic efficiency, k1 (m) is the overflow coefficient; x is the ultrasonic action
distance; ru ( /kg m3) is ultrasonic treatmentmediumdensity; f (Hz) is ultrasound frequency.

The relationship between the totalmechanical resistance,machine sound efficiency and ultrasonic
mechanical power of the ultrasonic instrument [21]:

/h
w=

R
W A

1 1

2
2

z a m
a

2 2 ( )

where:ω(Hz) is angular frequency of vibration; A(μm) is ultrasonic amplitude.
The phenomenon that the intensity of soundwaves decreases with the increase in distance in themedium is

called sound attenuation. And the attenuation coefficientα can be calculated:

a = +Xf Yf 32 4 ( )

where: Xf 2 represents themedium absorption attenuation coefficient, Yf4 represents the scattering attenuation
coefficient. However, the specific values of parameters X andY aremore difficult to determine, so this chapter
will use the followingmethod to determine the attenuation coefficientα.

The variation of ultrasonic pressure with propagation distance [21] x can be expressed:

a= a-p E e2 4x
0

2 ( )

where: E0 is the initial energy of ultrasound.
Taking the natural logarithmof the sound pressure equation yields:

⎜ ⎟
⎛

⎝

⎞

⎠
a =

-x x

p

p

1

2
ln 5

2 1

1

2( )
( )

where: p , p1 2 is the sound pressure at x , x1 2 from the sound source.
By experimentallymeasuring the sound pressure at different locations in themelt, the attenuation

coefficient can be calculated by substituting the sound pressure and distance data into equation (5). By replacing
the attenuation coefficient in equation (1)with equation (5), the optimized ultrasonic pressure expression can be
obtained as follows:

/h
r a= a-P

R
k W e

2
6

z a m
a u

x
1

2* ( )

After obtaining the ultrasonic pressure expression, the theoretical equation for the degree of impregnation
and the equation for thefiber breakage rate can be further deduced. The impregnation depth Zu based on
Darcy’s Law calculated by ultrasonic action [20] :

h
=Z

KP L

U

2
7u

0

* ( )

Where: K is the penetration rate; L (m) is the distance from the amplitude rod to the first wedge; η (pa s∙ ) is the
melt viscosity(the effect of ultrasound is negligible); U0 ( /m s) is the traction speed.

Thefinal theoretical equation (8) for the degree of impregnation Dimp after ultrasound action can be
obtained as follows:
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⎛
⎝

⎞
⎠

= - -D c
Z

H
1 1 8imp

u
0 ( )

Where: c0(%)is the initial porosity offibers; H (m)is thefiber bundle thickness.
Thefibers impregnated under ultrasonic action are subjected to the pressure Fp of themelt and the viscous

drag force ¢tF ,which can be calculated:

=F
P Bl

N
9p

f

* ( )

ò p t p t= »tF d ds d L 10
c

,
0 0 ( )

Where: B (m)is thefiber bundle spreadingwidth; l (m) is the amplitude rod action distance; Nf is the number of
roots offibers in contact with themelt after ultrasound-assisted impregnation; τ (Pa) is viscous drag stress.

Themagnitude of the stress sT on thefiber under the action of ultrasound is given:

⎜ ⎟
⎛
⎝

⎞
⎠

s
p

q
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=
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11T
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where: Ns is the total number offibers.
Then the ultrasound-induced fracture rate [20] Brult is calculated:

= -
s
s-Br

N

N
e1 12ult

f

s

T
m

0( )( ) ( )

From equations (8) and (11), it can be seen that the ultrasonic action increases the impregnation pressure of
themelt, which is beneficiarootl to reduce the porosity of the prepreg. But the increase in pressure also increases
the fracture rate, and the theoretical values of the porosity and fracture rate of the prepreg can be derived from
equations (8) and (11) after the ultrasonic action.

The power(P) range of the ultrasonic controller used in the experiment is 0∼ 999W.Considering the
stability of the device’s power regulation, control the power rang during the experiment 200∼ 600W.The
frequency(f) of the transducer consists of three gears, 20 kHz, 25 kHz, and 28 kHz. In different ultrasonic
frequency and power, there is a corresponding ultrasonic amplitude(A), these three parameters are ultrasonic
controller’s own performance parameters.The relevant physical parameters of the ultrasonic device can be
obtained as shown in tables 3 and 4.

2.4. Experimental procedure
Variation of internal pressure in silicone oil with different ultrasonic parameters was obtained by installing a
precision pressure gauge in the lower part of the vessel containing the silicone oil, and the experimental setup is
shown infigure 3.

Themeit impregnation process of BF/PP composites is shown infigure 2. The BF/PPprepreg is produced
by ultrasonic-assistedmelt impregnation process. PP resin contains a double carbon chain, in the impregnation
mold by thermal oxygen,mechanical shear, and other effects that are easy to age, resulting in product
discoloration andmechanical properties decline [22]. 1010 for the hindered phenolic antioxidants, the
processing process to play a stabilizing effect, to prevent the oxidative degradation of polypropylene, often
synergistic with the phosphite oxidant 168. Compounding can enhance the effect of antioxidants. Therefore, the
formulation of rawmaterials used for prepreg preparation is: The ratio of PPmatrix and compatibilizer to

Table 3.Amplitudes at different ultrasonic powers and frequencies.

f/kHz P/W A/μm f/kHz P/W A/μm f/kHz P/W A/μm

20 200 96 25 200 62 28 200 56

300 107 300 74 300 60

400 118 400 80 400 65

500 124 500 87 500 69

600 130 600 90 600 74

Table 4.Attenuation coefficients of different ultrasonic frequencies.

Ultrasound frequency(f) 20 kHz 25 kHz 28 kHz

Attenuation coefficient(α) 50 75 123
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antioxidant (antioxidant 168 and antioxidant 1010 are compounded in the ratio of 1:1) is 1000:30:3, which is
mixedwell by adding in a high-speedmixer. The process parameters of the impregnation equipment are set as
follows: extruder screw speed is 120 rmin−1, impregnation die temperature is 200 °C,fiber dispersion roller
temperature is 200 °C, die gap is 2 mm, traction speed is 6 mmin−1. Thefibermass fraction in the BF/PP
composite produced in this experiment is about 40%, and the prepreg strips are cut into pellets offixed length
10 mmby the pelletizer.

In order to investigate the effect of three parameters, ultrasonic power, ultrasonic frequency and action
distance, on the overall performance of the prepregs after varying themelt pressure and the interaction between
the parameters on the results, porosity and fracture rate were taken as the response. TheDOE experimental
protocol is designed usingDesign Expert software. Since the three transducer frequencies are 20 kHz, 25 kHz
and 28 kHz, the ultrasonic frequency values have been fixed; the ultrasonic power should not be too large to
prevent the device fromburning out after longworking hours. Due to the existence of ultrasonic attenuation,
andwith the increase of propagation distance attenuation strengthened, as described in the above equation (3),
in order to reduce the experimental error caused by this attenuation, the action of the distance should not be too
far away, to avoid ultrasonic action in different locations to produce largefluctuation. After comprehensive
consideration, the experimental program is shown in table 5.

2.5. Testing and characterization
2.5.1. Porosity
Porosity is used to characterize the impregnation effect of prepreg. The lower the porosity, the better the
impregnation effect of prepreg. Porosity is tested accordingASTM2734–09 [23], standard as:

j
r r

r
=

-
´ 100 13T M

T

( )

/ /
r

r r
=

+
m

m m
14T

r r f f

( )

r =
m

V
15M ( )

where:j(%) is the porosity; rT ( /kg m3) is the theoretical density; m (kg) is the prepregmass; mr (kg) is the
resinmass; mf (kg) is the fibermass; rr ( /kg m3) is the resin density; rf ( /kg m3) is thefiber density; rM ( /kg m3) is
themeasured density; V (m3) is themeasured volume.

Figure 3.Ultrasonic viscosity testing device.

Table 5.DOE experimental protocol.

Level
Factors Response

Ultrasound frequency A /kHz Ultrasonic power B /W Distance of actionC /mm Porosity% Fracture rate%

−1 20 300 2 / /

0 25 400 4 / /

1 28 500 6 / /
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2.5.2. Fracture rate
The change in linear density offiber bundles was used to characterize the fracture rate of the fibers [24]. After
measuring the length of each group of specimens, theywere calcined in amuffle furnace set at 550 °C for 4 h. The
totalmass offibers remaining after cooling at the end of calcinationwasmeasured and substituted into
equations (16) and (17) to calculate the fracture rate.

=
-

´B
T T

T
100 16r

0 1

0

( )

=T
m

L
17

f
1 ( )

where: Br(%) is the fracture rate; T0 (tex) is the initial linear density; T1(tex) is the residual fiber linear density;
L (m) is the total length of the specimen.

2.5.3.Mechanical properties
The prepregwas injected into a standard strip using an injectionmoldingmachine, and themechanical
properties weremeasured after two days. Themechanical properties of the injectionmolded strips were
characterized by the following standards: tensile strengthwasmeasured based onGB/T 1447–2005; bending
strengthwasmeasured based onGB/T 1449–2005; impact strengthwasmeasured based onGB/T1451–2005.
The injectionmolded standard sample strip to be tested is shown in thefigure 4.

3. Results and discussion

3.1. Verification and analysis of ultrasound theory
Change the ultrasonic parameters, explore the change rule of ultrasonic pressure, and carry out the comparison
and analysis of theoretical and experimental values.

Figures 5 and 6 show the comparison between the theoretical and experimental values of pressure. It can be
seen from the figure that the error between the theoretical and experimental values is small, and the trends of
change is consistent. The pressure increases with the growth of ultrasonic power and decreases with the growth
of action distance. The greater the ultrasonic frequency, the smaller the pressure, and the degree of attenuation
also increases with the rise in frequency. Therefore, themelt pressure caused by ultrasonic action can be
calculatedmore accurately by the equation (6).

3.2. Effect of ultrasonic parameters on porosity
The porosity test results in table 6were analyzed usingDesign-Expert software, and the transfer function
equations obtained by applying themodel tofit the response results are as follows:

= + - + + +A B C AB ACPorosity 2.70 0.099 0.18 0.32 0.12 0.037

- + + +BC A B C0.037 0.058 0.11 0.23 182 2 2 ( )

The transfer functionmodel and table 7 can be used to analyze the effects of the three ultrasonic process
parameters on porosity and their effect patterns. In the experimental process where the precision of equipment
and testing errors cannot be excluded, although the influence of ultrasonic frequency on the porosity results is
slightly less significant than the other two, the comparison of the influence degree between the three factors and
their influence trend is clear. The influence of process parameters on the porosity is as follows:

Figure 4. Standard sample strips to be tested after experimental injectionmolding.
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distance> ultrasonic power> ultrasonic frequency. Porosity increasedwith increasing distance and ultrasonic
frequency (positive correlation) and decreasedwith increasing ultrasonic power (negative correlation).

As shown in table 7, the quadraticmodelfits the porosity responsewell.
From the results of the study in segment 2.3, it is clear that an increase in ultrasonic frequency increases the

degree of ultrasonic attenuation and decreases the amplitude, which reduces the ultrasonic action energy and
decreases the impregnation pressure [9, 25, 26]. This leads to an increase in the porosity of the prepreg. The
change of ultrasonic power directly changes the energy acting on the polymermelt. The higher the ultrasonic
power, the higher the local pressure which leading to the easier it is for the resin to infiltrate the fiber bundle. And
it increases the degree of impregnation and decreases the porosity. Themechanical effect of ultrasound is
severely attenuated in high-viscositymelts, and the greater the action distance, the stronger the attenuation
effect. Therefore, as the action distance increases, the ultrasonic energy transferred to thefiber bundle is smaller,
thus reducing the impregnation pressure of the resinmelt on the fiber bundle, and the impregnation degree of
the prepreg is smaller, and the porosity of the prepreg is also larger.

The effect of the interaction of ultrasonic power and distance on the prepreg porosity is shown in figure 7. It
can be seen from the figure that the interaction between the two factors is obvious.When the action distance is
close, the ultrasonic power has less influence on the porosity, andwhen the action distance is far, the ultrasonic
power has a greater influence on the porosity, and because the dissipation effect is stronger at a distance, the
ultrasonic power needs to be increased significantly to achieve a better impregnation effect. Ultrasonic power
and action distance can be considered togetherwhen adjusting ultrasonic process parameters to achieve the best
results.

3.3. Effect of ultrasonic parameters on fracture rate
The the fracture rate test results in table 4were analyzed usingDesign-Expert software, and the transfer function
equations obtained by applying themodel tofit the response results are as follows:

Figure 5.Ultrasonic power and pressure relationship curve.
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Figure 6.Ultrasonic pressure and distance of action relationship curve.

Table 6.DOE experimental results.

Serial number Ultrasound frequencyA kHz Ultrasonic power Bw Distance of actionCmm Porosity% Fracture rate%

1 25.00 400.00 4.00 2.75 3.86

2 25.00 500.00 2.00 2.73 5.58

3 20.00 400.00 2.00 2.51 4.72

4 25.00 300.00 6.00 3.48 3.13

5 25.00 300.00 2.00 2.81 3.66

6 25.00 400.00 4.00 2.67 3.96

7 20.00 500.00 4.00 2.49 4.72

8 20.00 400.00 6.00 3.12 3.11

9 25.00 400.00 4.00 2.79 3.92

10 28.00 300.00 4.00 3.04 3.53

11 28.00 400.00 6.00 3.55 2.94

12 28.00 500.00 4.00 2.75 4.49

13 25.00 400.00 4.00 2.64 3.69

14 20.00 300.00 4.00 3.19 3.54

15 28.00 400.00 2.00 2.76 4.65

16 25.00 500.00 6.00 3.25 3.63

17 25.00 400.00 4.00 2.78 3.77

9
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= - + - -A B C ABFracture rate 3.94 0.065 0.58 0.73 0.045

- -AC BC0.001212 0.35 19( )

The transfer functionmodel can be used to analyze the effects of three ultrasonic process parameters on the
fracture rate and their action patterns. In order to harvest the highlyfitted fracture rate responsemodel, the 2FI
model was used forfitting, and the results are shown in table 8. The effects of the three factors were as follows:
distance> ultrasonic power> ultrasonic frequency, whichwas consistent with the effects of porosity. The

Figure 7.The interactive effect of ultrasonic power and action distance on porosity.

Table 7.ANOVA analysis of porosity.

/ Sumof squares df Mean square FValue p-value Prob>F Significance

SourceModel 1.50 9 0.17 10.86 0.0024 significant

A-Ultrasound frequency 0.078 1 0.078 5.10 0.0584

B-Ultrasonic power 0.24 1 0.24 16.00 0.0052

C-Distance of action 0.79 1 0.79 51.70 0.0002

AB 0.059 1 0.059 3.88 0.0894

AC 5.731E-003 1 5.731E-003 0.37 0.5598

BC 5.625E-003 1 5.625E-003 0.37 0.5633

A2 0.012 1 0.012 0.78 0.4057

B2 0.053 1 0.053 3.45 0.1054

C2 0.22 1 0.22 14.50 0.0066

Residual 0.11 7 0.015

Lack of Fit 0.089 3 0.030 6.54 0.0506 not significant

Pure Error 0.018 4 4.530E-003

CorTotal 1.60 16

Table 8.ANOVA analysis of fracture rate.

/ Sumof squares df Mean square FValue p-value Significance

SourceModel 7.35 6 1.23 39.82 < 0.0001 significant

A-Ultrasound frequency 0.035 1 0.035 1.12 0.3142

B-Ultrasonic power 2.57 1 2.57 83.62 < 0.0001

C-Distance of action 4.08 1 4.08 132.71 < 0.0001

AB 8.297E-003 1 8.297E-003 0.27 0.6148

AC 6.061E-006 1 6.061E-006 1.970E-004 0.9891

BC 0.50 1 0.50 16.38 0.0023

Residual 0.31 10 0.031

Lack of Fit 0.26 6 0.043 3.55 0.1201 not significant

Pure Error 0.049 4 0.012

CorTotal 7.66 16
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model shows that the ultrasonic frequency is less significant than the other two factors, but the influence of the
three factors has the same trend. The fracture rate decreases (negative correlation)with the increase of acting
distance and ultrasonic frequency and increases (positive correlation)with the increase of ultrasonic power.

From the experimental results, it can be seen that the increase in ultrasound frequency increases the degree
of ultrasound attenuation and decreases the ultrasonic energy and impregnation pressure, which leads to the
decrease in the fracture rate of the fiber bundle [20]. The higher the ultrasonic power, the stronger the vibration
effect of ultrasonic action transferred to the resinmelt, the greater the local pressure between the resin andfiber
bundle. At the same time, the pressure of the resin acting on the fiber bundle will also increase, whichwill
promote the resinmelt impregnation. Every coin has two sides, it also increases the stress on the fiber, so it will
also lead to an increase in the fiber bundle fracture rate. According to themodel offiber bundle fracture
probability distribution, the smaller the stress on the fiber bundle, the lower thefiber bundle fracture rate.

The effect of the interaction between ultrasonic power and distance on the fracture rate of prepreg in the
experiment is shown infigure 8. The interaction between the two factors is obvious, and it can be seen that when
the action distance is closer, the ultrasonic power has a high degree of influence on the fracture rate offiber
bundles; when the action distance is farther, the ultrasonic power has a lower degree of influence on the fracture
rate. Therefore, it is necessary to consider ultrasonic power and action distancewhen adjusting ultrasonic
process parameters in order to achieve the best results.

Figure 8.The interactive effect of ultrasonic power and action distance on fracture rate.

Figure 9.Relationship between action distance andmechanical properties.
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3.4. Effect of ultrasonic parameters onmechanical properties
Themechanical properties of the prepreg under different ultrasonic process parameters weremeasured, and the
results are shown infigures 9 to 11. It can be seen that the increase in the action distance can somewhat reduce
the porosity and increase thefiber fracture rate, in such a case, the bending strength and impact strength are
enhanced. Focusing on the tensile strength, the best tensile strength is achievedwhen the action distance is 4mm
under the interaction of porosity and fracture rate. Comparedwith the porosity, the increase in ultrasonic power
mostly increases the fracture rate offibers, resulting in a decrease inmechanical properties. The increase of
ultrasonic frequency causes the decrease of fracture rate and the increase of porosity, and the two tend to balance
when the frequency reaches 25kHZ.During the change, the tensile strength and bending strength increase and
then decrease, and the two reach the best value when the frequency reaches 25kHZ.However, the impact
strength decreases due to the increase of porosity.

Figure 10.The relationship between ultrasonic power andmechanical properties.

Figure 11.The relationship between ultrasonic frequency andmechanical properties.
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The production of prepregs using themelt impregnation process requires an optimal balance between
porosity and fracture rate. A lowporosity reduces defects and improves themechanical properties of the product
produced by the subsequentmolding process. A high fracture rate can lead to unstable fiber content of the
prepreg, while broken fibers can clog themold opening die, interrupting continuous production and reducing
productivity. The theoretical and experimental analyses in section 3 show that ultrasonic action causes changes
inmelt pressure, whichwill directly affect the porosity and fracture rate of the prepreg [11, 14, 15, 20, 27]. The
increase in ultrasonic power, the decrease in ultrasonic frequency, and the decrease in the action distancewill
increase themelt pressure, whichwill lead to a decrease in porosity and an increase in fracture rate. Therefore, it
is not possible to achieve the goal of reducing porosity whilemaintaining a low fracture rate, and a
comprehensive analysis of the prepreg porosity, fracture rate, and finalmechanical properties is required.

Combinedwith the analysis ofDesign Expert software [28, 29], the optimumvalues were achievedwithin the
experimentally set process parameters of 25 kHz ultrasonic frequency, 300Wultrasonic power, and 4mm
action distance. In this case the porosity was 2.99%, fracture ratewas 3.36%, tensile strengthwas 108.73MPa,
bending strengthwas 116.81MPa, and impact strengthwas The porosity was 5.68%, the fracture rate was 2.79%,
the tensile strengthwas 98.36 kJ·m−2, the bending strengthwas 106.52MPa, and the impact strengthwas 49.22
kJ·m−2 without ultrasonic impregnation. Tensile strength, flexural strength, and impact strengthwere
respectively increased by 10.5%, 9.7%, and 4.8%. Porosity decreased by 47.4% and fracture rate increased by
20.4%. The reduction of porosity of prepreg after ultrasonic treatment was greater than the increase in fracture
rate, so the ultrasonic-assisted impregnationwas beneficial to improving the impregnation quality and the
performance of the composites.

4. Conclusion

(1) Combined with the optimized ultrasonic building model, the experimental and theoretical joint results of
ultrasonic pressure building are derived: the higher the ultrasonic power, the lower the frequency, and the
closer the action distance, the higher the ultrasonic pressure.

(2) The DOE orthogonal test shows that increasing the ultrasonic power, decreasing the action distance and
ultrasonic frequency can reduce the porosity, and decreasing the ultrasonic power, increasing the action
distance and ultrasonic frequency can reduce the fracture rate. From thefitted transfer functionmodel, it
can also be seen that the action distance has the greatest influence on the porosity and fracture rate, the
ultrasonic frequency has the least influence on the porosity and fracture rate, and the interaction between
the ultrasonic power and the action distance has obvious influence on the porosity and fracture rate.

(3) The best ultrasonic process parameters were optimized by software: ultrasonic frequency was 25 kHz,
ultrasonic powerwas 300W, and the action distance was 4mm, at which the porosity was 2.99%, the
fracture rate was 3.36%, and the tensile strength, bending strength and impact strengthwere 108.73MPa,
116.81MPa and 51.59 kJ·m−2, respectively.

Data availability statement

The data cannot bemade publicly available upon publication because they are owned by a third party and the
terms of use prevent public distribution. The data that support the findings of this study are available upon
reasonable request from the authors.
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