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Abstract:
  

A
 

glass
 

fiber
 

( GF ) / polydicyclopentadiene
 

( PDCPD )
 

composite
 

impact
 

simulation
 

model
 

was
 

established
 

based
 

on
 

LS-DYNA
 

( the
 

finite
 

element
 

analysis
 

software
 

peroduced
 

by
 

Livermore
 

Software
 

Technology
 

Corporation)
 

simulation.
 

An
 

optimal
 

ply
 

thickness
 

of
  

the
 

composite
 

GF / PDCPD
 

was
 

determined
 

as
 

3. 0
 

mm,
 

and
 

thus
 

the
 

final
 

intrusion
 

depth
 

was
 

controlled
 

within
 

8. 8
 

mm,
 

meeting
 

the
 

performance
 

standards
 

for
 

battery
 

electric
 

vehicle
 

protection
 

materials.
 

A
 

comparative
 

analysis
 

of
 

failure
 

modes
 

during
 

impacts
 

was
 

conducted
 

for
 

composites
 

GF / PDCPD,
 

GF / polypropylene
 

(PP)
 

and
 

GF / polyamide
 

(PA) .
 

The
 

results
 

indicated
 

that
 

GF / PDCPD
 

exhibited
 

compressive
 

failure
 

modes
 

and
 

ductile
 

fractures,
 

resulting
 

in
 

smaller
 

damage
 

areas.
 

In
 

contrast,
 

GF / PP
 

and
 

GF / PA
 

showed
 

fiber
 

fracture
 

failures,
 

leading
 

to
 

larger
 

damage
 

areas.
 

The
 

molding
 

process
 

and
 

impact
 

resistance
 

of
 

GF / PDCPD
 

were
 

investigated.
 

By
 

comparing
 

the
 

impact
 

performance
 

of
 

GF / PDCPD
 

with
 

that
 

of
 

GF / PP
 

and
 

GF / PA,
 

it
 

was
 

concluded
 

that
 

GF / PDCPD
 

demonstrated
 

superior
 

performance
 

and
 

better
 

alignment
 

with
 

the
 

performance
 

standards
 

of
 

battery
 

electric
 

vehicle
 

protective
 

materials.
 

The
 

predictability
 

and
 

accuracy
 

of
 

LS-DYNA
 

simulation
 

was
 

verified,
 

providing
 

a
 

theoretical
 

foundation
 

for
 

further
 

in-depth
 

research.
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0　 Introduction
Currently,

 

composite
 

materials
 

have
 

emerged
 

as
 

a
 

key
 

focus
 

area
 

in
 

the
 

development
 

of
 

battery
 

protective
 

plate
 

materials
 

for
 

electric
 

vehicles.
 

The
 

necessity
 

to
 

create
 

a
 

battery
 

underbody
 

shield
 

that
 

can
 

effectively
 

safeguard
 

the
 

battery
 

from
 

impacts
 

is
 

paramount.
 

These
 

underbody
 

guards
 

need
 

to
 

provide
 

robust
 

protection
 

against
 

collisions
 

while
 

maintaining
 

minimal
 

deformation
 

and
 

lightweight
 

construction
 

to
 

enhance
 

the
 

fuel
 

efficiency
 

of
 

electric
 

vehicles[1-2] .
 

As
 

such,
 

the
 

utilization
 

of
 

lightweight
 

composites
 

is
 

essential
 

for
 

reducing
 

vehicle
 

weight[2-6] ,
 

and
 

cost-effective
 

materials
 

must
 

be
 

chosen
 

for
 

future
 

industrial
 

applications.
 

In
 

order
 

to
 

satisfy
 

these
 

requirements,
 

the
 

adoption
 

of
 

glass
 

fiber
 

reinforced
 

polymer
 

(GFRP)
 

composites
 

known
 

for
 

their
 

exceptional
 

toughness
 

and
 

impact
 

resistance,
 

represents
 

an
 

optimal
 

solution
 

for
 

underbody
 

protection.
However,

 

traditional
 

thermosetting
 

resin
 

composites
 

face
 

significant
 

limitations
 

in
 

the
 

industrial
 

sector
 

due
 

to
 

slow
 

manufacturing,
 

high
 

cost
 

and
 

low
 

recyclability.
 

Polydicyclopentadiene
 

(PDCPD),
 

a
 

novel
 

thermosetting
 

resin
 

produced
 

through
 

organometallic
 

catalyzed
 

ring-
opening

 

translocation
 

polymerization
 

of
 

monomeric
 

dicyclopentadiene
 

(DCPD),
 

offers
 

a
 

promising
 

solution
 

due
 

to
 

its
 

unique
 

combination
 

of
 

toughness
 

and
 

rigidity[6-8] .
 

Due
 

to
 

its
 

low
 

monomer
 

viscosity,
 

once
 

the
 

reaction
 

is
 

triggered
 

by
 

the
 

addition
 

of
 

a
 

catalyst,
 

the
 

polymerization
  

completes
 

in
 

a
 

very
 

short
 

time.
 

A
 

variety
 

of
 

parts
 

used
 

in
 

automotive
 

shells
 

and
 

other
 

large-scale
 

engineering
 

applications
 

have
 

been
 

prepared
 

by
 

reaction
 

injection
 

molding
 

(RIM),
 

and
 

its
 

industrial
 

development
 

has
 

become
 

increasingly
 

mature[9] .
 

PDCPD
 

has
 

low
 

monomer
 

viscosity,
 

enabling
 

rapid
 

polymerization
 

upon
 

the
 

addition
 

of
 

a
 

catalyst,
 

and
  

thus
 

is
 

suitable
 

for
 

use
 

in
 

RIM
 

for
 

large-scale
 

engineering
 

applications.
 

Furthermore,
 

thermoplastics
 

such
 

as
 

polyethylene
 

terephthalate
 

can
 

be
 

used
 

as
  

matrices
 

due
 

to
 

their
 

cost-

595



effectiveness,
 

formability
 

and
 

recyclability[10-11] .
 

In
 

comparison
 

to
 

epoxy
 

resins,
 

they
 

are
 

often
 

more
 

viscous
 

and
 

challenging
 

to
 

process[8,12] .
 

PDCPD
 

composites
 

have
 

demonstrated
 

excellent
 

impact
 

resistance
 

in
 

multiple
 

studies[13-14] .
 

Vallons
 

et
 

al. [13]
 

obtained
 

glass
 

fiber
 

(GF) / PDCPD
 

composites
 

by
 

vacuum-assisted
 

molding.
 

The
 

results
 

show
 

that
 

PDCPD
 

composites
 

exhibit
 

excellent
 

impact
 

resistance
 

compared
 

with
 

epoxy
 

composites.
 

Hu
 

et
 

al. [14]
 

studied
 

the
 

effect
 

of
 

damp
 

heat
 

aging
 

on
 

the
 

tensile
 

fatigue
 

behavior
 

of
 

unidirectional
 

GF / PDCPD
 

composites,
 

which
 

exhibited
 

less
 

water
 

absorption
 

and
 

better
 

fatigue
 

properties
 

than
 

similarly
 

aged
 

epoxy
 

composites.
 

This
 

is
 

attributed
 

to
 

the
 

inherent
 

hydrophobicity
 

of
 

PDCPD
 

resins.
 

The
 

combination
 

of
 

PDCPD
 

and
 

GF
 

presents
 

an
 

affordable
 

and
 

effective
 

solution
 

for
 

various
 

applications,
 

particularly
 

in
 

lightweight
 

and
 

high-strength
 

structures.
 

In
 

this
 

study,
 

linear
 

polymerization
 

of
 

DCPD
 

monomer
 

without
 

cross-linking
 

was
 

conducted
 

by
 

adjusting
 

the
 

catalyst
 

content
 

to
 

achieve
 

the
 

desired
 

viscosity
 

for
 

the
 

resin
 

obtained
 

by
 

vacuum
 

assisted
 

resin
 

infusion(VARI) .
 

GFs
 

were
 

treated
 

and
 

combined
 

with
 

PDCPD
 

to
 

create
 

GF / PDCPD
 

laminates.
 

Among
 

the
 

thermoplastic
 

polymers
 

of
 

GFRP
 

composites,
 

polypropylene
 

( PP)
 

and
 

polyamide
 

( PA)
 

are
 

widely
 

used
 

in
 

the
 

industrial
 

field
 

and
 

have
 

the
 

advantage
 

of
 

particularly
 

excellent
 

shock
 

absorption[11,15] .
 

So
 

GF / PP
 

and
 

GF / PA
 

laminates
 

were
 

prepared
 

for
 

comparison.
 

Mechanical
 

tests
 

were
 

performed
 

on
 

these
 

laminates
 

to
 

evaluate
 

their
 

tensile,
 

compression
 

and
 

shear
 

properties,
 

laying
 

the
 

groundwork
 

for
 

material
 

card
 

parameters
 

in
 

simulation
 

models.
 

The
 

study
 

of
 

low-speed
 

impact
 

is
 

valuable
 

in
 

analyzing
 

various
 

impact
 

events,
 

and
 

understanding
 

the
 

behavior
 

of
 

composite
 

structures
 

under
 

low-speed
 

impact
 

is
 

crucial
 

for
 

enhancing
 

the
 

impact
 

resistance
 

of
 

composite
 

materials.
 

Experimental
 

test
 

methods
 

can
 

be
 

employed
 

to
 

investigate
 

the
 

low-speed
 

impact
 

behavior
 

of
 

composite
 

materials.
 

Numerical
 

simulation
 

methods
 

offer
 

the
 

advantage
 

of
 

damage
 

prediction
 

and
 

can
 

provide
 

a
 

better
 

understanding
 

and
 

prediction
 

of
 

this
 

behavior.
 

Therefore,
 

a
 

combination
 

of
 

experimental
 

tests
 

and
 

simulations
 

is
 

often
 

preferred
 

for
 

studying
 

the
 

low-speed
 

impact
 

behavior
 

of
 

composite
 

materials.
 

GF
 

reinforced
 

composites
 

exhibit
 

relatively
 

good
 

performance
 

under
 

low-speed
 

impact,
 

whereas
 

carbon
 

fiber
 

reinforced
 

composites
 

display
 

relatively
 

poor
 

performance
 

under
 

the
 

same
 

conditions[16] .
 

Moreover,
 

specific
 

studies
 

have
 

been
 

conducted
 

on
 

the
 

mechanical
 

response
 

of
 

GF / PP
 

composites
 

under
 

low-speed
 

impact,
 

demonstrating
 

that
 

the
 

composite
 

performance
 

can
 

be
 

enhanced
 

by
 

adjusting
 

the
 

GF
 

content
 

and
 

the
 

number
 

of
 

layers[17] .
 

As
 

a
 

result
 

of
 

these
 

adjustments,
 

the
 

composites
 

exhibit
 

improved
 

low-speed
 

impact
 

performance.
 

This
 

research
 

underscores
 

the
 

potential
 

for
 

optimizing
 

composite
 

materials
 

through
 

careful
 

adjustments
 

to
 

their
 

composition
 

and
 

structure,
 

thereby
 

enhancing
 

their
 

suitability
 

for
 

various
 

applications.
 

Kumar
 

et
 

al. [18]
 

explored
 

the
 

potential
 

to
 

minimize
 

damage
 

from
 

low-velocity
 

impacts
 

in
 

composite
 

foam
 

core
 

sandwich
 

structures
 

by
 

enhancing
 

their
 

perforation
 

resistance.
 

This
 

was
 

achieved
 

by
 

integrating
 

a
 

reinforced
 

impregnated
 

paper
 

honeycomb
 

(RIPH)
 

structure
 

into
 

the
 

composite
 

foam
 

during
 

the
 

manufacturing
 

process.
 

The
 

results
 

indicate
 

that
 

the
 

peak
 

impact
 

load-bearing
 

capacity
 

and
 

damage
 

tolerance
 

of
 

the
 

sandwich
 

composites
 

are
 

entirely
 

dependent
 

on
 

the
 

level
 

of
 

impact
 

energy.
 

The
 

pore
 

size
 

of
 

the
 

foam
 

core
 

with
 

the
 

RIPH
 

structure
 

significantly
 

affects
 

the
 

extent
 

of
 

impact
 

damage
 

and
 

the
 

energy
 

absorption
 

mechanisms
 

in
 

the
 

sandwich
 

composites.
 

The
 

improvement
 

in
 

the
 

energy
 

absorption
 

characteristics
 

and
 

damage
 

tolerance
 

of
 

the
 

hardened
 

composite
 

foam
 

core
 

sandwich
 

structures
 

is
 

attributed
 

to
 

the
 

unit
 

size
 

of
 

the
 

RIPH
 

structure.
 

Um
 

et
 

al. [10]
 

used
 

ABAQUS
 

( the
 

finite
 

element
 

analysis
 

software
 

usually
 

used
 

for
 

simulating
 

physical
 

processes
 

in
 

engineering)
 

to
 

simulate
 

the
 

crash
 

of
 

the
 

underbody
 

skid
 

plate.
 

By
 

analyzing
 

the
 

simulated
 

failure
 

process
 

of
 

the
 

underbody
 

skid
 

plate
 

of
 

different
 

thicknesses,
 

it
 

was
 

determined
 

that
 

the
 

shield
 

with
 

the
 

best
 

impact
 

resistance
 

was
 

2. 4
 

mm
 

thick,
 

weighed
 

3. 88
 

kg
  

and
 

was
 

52%
 

lighter
 

than
 

the
 

steel
 

material.
Among

 

existing
 

software,
 

LS-DYNA
 

is
 

widely
 

used
 

in
 

the
 

literature
 

to
 

simulate
 

low-speed
 

impact
 

events.
 

It
 

provides
 

an
 

extensive
 

library
 

of
 

composite
 

material
 

models
 

and
 

contact
 

algorithms,
 

including
 

cohesive
 

material
 

models.
 

In
 

particular,
 

Material
 

Type
 

54
 

( MAT54 )
 

provides
 

favorable
 

parameters.
 

Heimbs
 

et
 

al. [19]
 

used
 

MAT54
 

to
 

simulate
 

low-speed
 

impact
 

events
 

of
 

preloaded
 

CFRPs.
 

They
 

obtained
 

very
 

precise
 

results
 

in
 

terms
 

of
 

force-time
 

and
 

energy-time
 

curves.
 

Ge
 

et
 

al. [20]
 

tested
 

several
 

material
 

models
 

using
 

the
 

user-
defined

 

material
 

subprogram
 

(VUMAT)
 

in
 

ABAQUS
 

for
 

the
 

specifics
 

of
 

low-speed
 

impact
 

unidirectional
 

CFRPs.
 

The
 

main
 

conclusion
 

they
 

reached
 

was
 

that
 

the
 

Puck
 

criterion[21]
 

was
 

the
 

most
 

adequate.
 

This
 

criterion
 

considers
 

an
 

inclined
 

fracture
 

surface
 

for
 

matrix
 

compression.
 

However,
 

such
 

material
 

models
 

require
 

very
 

specific
 

experimental
 

parameters
 

and
 

are
 

difficult
 

to
 

obtain.
 

Therefore,
 

experimental
 

tests
 

are
 

needed
 

to
 

obtain
 

experimental
 

data
 

to
 

establish
 

material
 

cards
 

to
 

help
 

build
 

simulation
 

models[22-26] .
 

In
 

our
 

previous
 

work,
 

the
 

best
 

prepolymer
 

formulation
 

of
 

PDCPD
 

suitable
 

for
 

the
 

low-cost
 

composite
 

moulding
 

process
 

( e. g.
 

VARI)
 

was
 

selected
 

experimentally[28] .
 

In
 

this
 

study,
 

GF
 

is
 

utilized
 

as
 

the
 

reinforcement,
 

while
 

PDCPD,
 

PP
 

and
 

PA
 

are
 

used
 

as
 

the
 

matrix
 

resins
 

to
 

create
 

composites
 

with
 

high
 

impact
 

resistance.
 

The
 

basic
 

parameters
 

of
 

the
 

MAT54
 

material
 

card
 

through
 

the
 

experiments
 

are
 

obtained.
 

Specifically,
 

we
 

conducted
 

quasistatic
 

uniaxial
 

tensile,
 

compression
 

and
 

in-plane
 

shear
 

tests
 

on
 

GF / PDCPD,
 

GF / PP
 

and
 

GF /
PA

 

to
 

obtain
 

their
 

fundamental
 

strength
 

parameters,
 

such
 

as
 

tensile
 

strength
 

( XT / YT ),
 

tensile
 

modulus
 

( EA /

695 MEI
  

Zhonghao,
 

PEI
  

Zhilei,
 

CHENG
  

Lele,
 

et
 

al.
 



EB),
 

compressive
 

strength
 

( XC / YC),
 

in-plane
 

shear
 

strength
 

(SC)
 

and
 

in-plane
 

shear
 

modulus
 

(GAB) .
 

The
 

results
 

provide
 

important
 

data
 

for
 

understanding
 

the
 

behavior
 

of
 

the
 

composite
 

materials
 

and
 

optimizing
 

their
 

compositions
 

and
 

structures
 

to
 

enhance
 

their
 

performance
 

in
 

various
 

applications[28] ,
 

and
 

a
 

complete
 

material
 

card
 

is
 

established.
 

LS-DYNA
 

is
 

used
 

to
 

construct
 

a
 

laminate
 

impact
 

simulation
 

model[29-31] .
 

The
 

impact
 

behavior
 

and
 

failure
 

modes
 

of
 

the
 

laminate
 

under
 

impact
 

loading
 

are
 

thoroughly
 

investigated,
 

leading
 

to
 

the
 

development
 

of
 

an
 

impact-resistant
 

laminate
 

with
 

optimized
 

ply
 

thickness.
 

A
 

comparative
 

analysis
 

of
 

the
 

impact
 

failure
 

modes
 

for
 

GF / PDCPD,
 

GF / PA
 

and
 

GF / PP
 

composites
 

is
 

conducted,
 

focusing
 

on
 

impact
 

strength
 

and
 

failure
 

characteristics.
 

The
 

error
 

analysis
 

is
 

also
 

performed
 

using
 

simulation
 

models
 

to
 

validate
 

the
 

consistency
 

between
 

the
 

actual
 

failure
 

modes,
 

mechanical
 

responses
 

and
 

the
 

trends
 

predicted
 

by
 

the
 

simulations.
 

By
 

integrating
 

experimental
 

data
 

and
 

simulation
 

results,
 

a
 

practical
 

and
 

predictive
 

“ new
 

material ”
 

composite
 

laminate
 

impact
 

performance
 

simulation
 

system
 

is
 

established.
 

This
 

system
 

enables
 

researchers
 

and
 

engineers
 

to
 

assess
 

the
 

impact
 

resistance
 

of
 

composite
 

materials
 

accurately,
 

predict
 

failure
 

modes,
 

and
 

optimize
 

design
 

parameters
 

for
 

enhanced
 

performance
 

and
 

durability
 

in
 

real-world
 

impact
 

scenarios.
In

 

this
 

paper,
 

the
 

impact
 

behavior
 

and
 

failure
 

modes
 

of
 

composite
 

materials
 

are
 

examined
 

with
 

a
 

particular
 

focus
 

on
 

GF / PDCPD
 

thermosetting
 

composites
 

used
 

in
 

automobile
 

underbody
 

protection
 

plates.
 

The
 

optimal
 

ply
 

thickness
 

of
 

these
 

composites
 

is
 

explored,
 

and
 

their
 

impact
 

resistance
 

and
 

failure
 

characteristics
 

are
 

compared
 

with
 

those
 

of
  

traditional
 

thermoplastic
 

composites
 

GF / PP
 

and
 

GF / PA.
 

By
 

integrating
 

experimental
 

testing
 

with
 

numerical
 

simulations,
 

the
 

research
 

aims
 

to
 

improve
 

the
 

impact
 

resistance
 

and
 

damage
 

tolerance
 

of
 

automotive
 

protective
 

materials,
 

advancing
 

the
 

development
 

of
 

lightweight
 

and
 

high-performance
 

vehicle
 

components.

1　 Materials
 

and
 

Methods
 

1. 1　 Materials
 

and
 

sample
 

preparation
DCPD

 

was
 

obtained
 

from
 

Shanghai
 

Petrochemical
 

Co.,
 

Ltd.,
 

China.
 

Grubbs
 

second-generation
 

catalyst
 

(GC2),
 

tributyl
 

phosphite
 

( TBP),
 

cyclohexylbenzene
 

(CHB)
 

and
 

ethyl
 

norbornene
 

(ENB)
 

were
 

obtained
  

from
 

Shanghai
 

Aladdin
 

Biochemical
 

Technology
 

Co.,
 

Ltd.,
 

China.
 

GF,
 

PP
 

and
 

PA
 

were
 

obtained
  

from
 

Shanghai
 

HAMM
 

Construction
 

Technology
 

Co.,
 

Ltd.,
 

China.
 

Polystyrene
 

( PS)
 

was
 

obtained
  

from
 

Shanghai
 

SECCO
 

Petrochemical
 

Co.,
 

Ltd.,
 

China.
 

Polystyrene-
polybutadiene-polystyrene

 

copolymer
 

( SBS )
 

was
 

obtained
  

from
 

Baling
 

Petrochemical
 

Co.,
 

Ltd.,
 

China.
 

The
 

PA6
 

thermoplastic
 

resin
 

and
 

the
 

PP
 

thermoplastic
 

resin
 

were
 

obtained
  

from
 

Hummer
 

Construction
 

Technology
 

Co.,
 

Ltd.,
 

China.
The

 

viscosity
 

of
 

the
 

resin
 

used
 

for
 

VARI
 

is
 

usually
 

limited
 

to
 

100-500
 

mPa·s
 

with
 

good
 

stability,
 

where
 

the
 

liquid
 

monomer
 

needs
 

to
 

last
 

at
 

least
 

5
 

h.
 

Through
 

experimental
 

comparison
 

and
 

verification,
 

the
 

PDCPD
 

resin
 

suitable
 

for
 

the
 

VARI
 

molding
 

process
 

was
 

obtained.
 

The
 

mass
 

ratio
 

of
 

DCPD
 

monomer
 

to
 

GC2
 

is
 

1 ∶ 3×10-5,
 

and
 

its
 

viscosity
 

can
 

reach
 

300-400
 

mPa·s
 

at
 

25
 

℃
 

to
 

meet
 

the
 

experimental
 

requirements.
 

The
 

PDCPD
 

resin
 

curing
 

process
 

parameters
 

are
 

shown
 

in
 

Table
 

1.

Table
 

1　 Curing
 

process
 

parameters
 

for
 

PDCPD
 

resin
Stage Temperature / ℃ Hold

 

time / h
Stage

 

Ⅰ 45 0. 5
Stage

 

Ⅱ 60 0. 5
Stage

 

Ⅲ 120 1. 0

Preparation
 

of
 

GF / PDCPD
 

composites
 

by
 

the
 

VARI
 

molding
 

process
 

is
 

shown
 

in
 

Fig. 1.
 

Tempered
 

glass
 

( a
 

thickness
 

of
 

10
 

mm)
 

was
 

used
 

as
 

the
 

mold,
 

cleaned
 

with
 

acetone
 

and
 

coated
 

with
 

a
 

mold
 

release
 

agent.
 

The
 

mold
 

release
 

cloth
 

and
 

guide
 

net
 

are
 

put
 

in
 

the
 

middle
 

of
 

the
 

mold
 

when
 

the
 

fabric
 

is
 

placed.
 

It
 

is
 

crucial
 

to
 

align
 

the
 

fabric
 

both
 

vertically
 

and
 

horizontally.
 

Ensuring
 

the
 

flatness
 

of
 

all
 

materials
 

is
 

important
 

to
 

prevent
 

wrinkles
 

during
 

the
 

vacuum
 

process,
 

as
 

the
 

wrinkles
 

can
 

cause
 

defects
 

in
 

the
 

laminate
 

and
 

weaken
 

its
 

mechanical
 

properties.
 

The
 

sealing
 

tape
 

was
 

applied
 

around
 

the
 

area
 

without
 

the
 

release
 

agent.
 

Two
 

draft
 

tubes
 

were
 

inserted
 

in
 

the
 

corresponding
 

positions:
 

one
 

to
 

connect
 

the
 

vacuum
 

pump
 

and
 

the
 

other
 

to
 

fill
 

the
 

resin.
 

To
 

ensure
 

that
 

the
 

vacuum
 

bag
 

fitted
 

well
 

on
 

the
 

fabric
 

and
 

the
 

draft
 

tubes
 

without
 

other
 

forces,
 

the
 

vacuum
 

was
 

then
 

engaged,
 

and
 

then
 

the
 

curing
 

and
 

demolding
 

work
 

was
 

carried
 

out.
 

First,
 

the
 

prepared
 

specimens
 

were
 

cut
 

by
 

the
 

composite
 

computer
 

numerical
 

control
 

cutting
 

machine
(Shanghai

 

Huazi
 

New
 

Materials
 

Technology
 

Co.,
 

Ltd.,
 

China) .
 

The
 

size
 

of
 

the
 

specimen
 

was
 

in
 

accordance
 

with
 

the
 

relevant
 

ASTM
 

standards
 

( ASTM
 

D3039
 

for
 

the
  

tensile
 

test,
 

ASTM
 

D6641
 

for
 

the
 

compression
 

test,
 

and
 

ASTM
 

D7078
 

for
 

the
 

in-plane
 

shear
 

test ) .
 

Then
 

the
 

specimens
 

were
 

soaked
 

in
 

acetone
 

at
 

room
 

temperature
 

for
 

48
 

h,
 

in
 

ethanol
 

for
 

1
 

h,
 

and
 

dried
 

in
 

an
 

oven
 

at
 

80
 

℃.
 

Finally,
 

the
 

specimens
 

were
 

sanded
 

around
 

the
 

edges
 

and
 

then
 

labeled.
The

 

composite
 

process
 

flow
 

diagram
 

for
 

GF / PP
 

and
 

GF / PA
 

is
 

shown
 

in
 

Fig. 2.
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Fig. 1　 VARI
 

molding
 

process
 

flow
 

diagram
 

for
 

GF / PDCPD

Fig. 2　 Composite
 

process
 

flow
 

diagram
 

for
 

GF / PP
 

and
 

GF / PA

The
 

process
 

of
 

preparing
 

GF / PP
 

and
 

GF / PA
 

is
 

as
 

follows.
1)

 

The
 

upper
 

and
 

lower
 

layers
 

of
 

the
 

prepreg
 

are
 

put
 

into
 

the
 

double-layer
 

board
 

laminator.
2)

 

The
 

material
 

enters
 

the
 

hot
 

mold
 

and
 

the
 

cold
 

mold
 

in
 

turn.
3)

 

The
 

material
 

is
 

impregnated
 

in
 

the
 

hot
 

mold
 

and
 

becomes
 

a
 

whole.
4)

 

The
 

whole
 

material
 

is
 

cooled
 

and
 

shaped
 

in
 

the
 

cold
 

mold.
5)

 

The
 

continuous
 

sheets
 

with
 

different
 

fiber
 

angles
 

are
 

obtained.
1. 2　 Test

 

characterization
1. 2. 1 　 Establishment

 

of
 

the
 

material
 

card
 

and
 

simulation
 

impact
 

model
Through

 

the
 

test
 

of
 

tensile,
 

bending
 

and
 

shear
 

properties
 

of
 

GF / PDCPD,
 

GF / PP
 

and
 

GF / PA
 

composites,
 

the
 

basic
 

test
 

data
 

and
 

the
 

basic
 

material
 

properties
 

of
 

the
 

three
 

composite
 

laminates
 

were
 

obtained.
 

The
 

material
 

card
 

of
 

the
 

finite
 

element
 

simulation
 

was
 

established,
 

and
 

the
 

three-dimentional
 

(3D)
 

effect
 

diagram
 

of
 

the
 

hammer
 

impact
 

laminate
 

was
 

drawn
 

by
 

the
 

drawing
 

software
 

CATIA.
 

The
 

material
 

card
 

was
 

then
 

imported
 

into
 

the
 

software
 

HyperMesh
 

for
 

meshing,
 

modling,
 

etc.
 

The
 

SHELL163
 

shell
 

elements
 

were
 

used
 

to
 

simulate
 

the
 

ply
 

structure
 

of
 

composite
 

laminates,
 

mainly
 

for
 

the
 

thickness
 

of
 

the
 

ply.
 

Additionally,
 

the
 

SOLID164
 

solid
 

elements
 

were
 

employed
 

to
 

simulate
 

hammerheads[26-27] .
The

 

impact
 

simulation
 

model
 

is
 

shown
 

in
 

Fig. 3.
 

The
 

laminates
 

were
 

divided
 

using
 

a
 

quadrilateral
 

grid
 

with
 

a
 

length
 

of
 

340
 

mm,
 

a
 

width
 

of
 

240
 

mm,
 

an
 

element
 

size
 

of
 

2. 0
 

mm
 

×
 

2. 0
 

mm
 

and
 

a
 

quantity
 

of
 

20
 

400
 

units.
 

A
 

hammer
 

body
 

was
 

divided
 

using
 

high-quality
 

hexahedral
 

solid
 

elements.
 

To
 

give
 

the
 

relevant
 

materials
 

and
 

properties
 

to
 

the
 

structural
 

parts,
 

the
 

hammer
 

body
 

was
 

modelled
 

with
 

a
 

MAT-20
 

material
 

card.
 

The
 

specific
 

parameters
 

are
 

shown
 

in
 

Table
 

2.
 

The
 

impact
 

process
 

of
 

the
 

composite
 

laminate
 

was
 

simulated
 

using
 

the
 

material
 

model
 

MAT54
 

MAT _
ENHANCED_ COMPOSITE _ DAMAGE

 

of
 

ANSYS /
LS-DYNA.

 

First,
 

the
 

parameters
 

for
 

elastic
 

material
 

properties
 

were
 

input,
 

including
 

density,
 

modulus
 

of
 

elasticity,
 

Poisson’ s
 

ratio
 

and
 

shear
 

modulus.
 

Next,
 

the
 

boundary
 

conditions,
 

load
 

settings
 

and
 

contact
 

settings
 

of
 

the
 

model
 

were
 

established,
 

where
 

the
 

contact
 

settings
 

were
 

defined
 

by
 

the
 

contact
 

relationships,
 

the
 

response
 

time
 

and
 

the
 

punch
 

speed.
 

The
 

output
 

K
 

file
 

was
 

simulated
 

by
 

LS-
DYNA.

 

Finally,
 

the
 

obtained
 

d3plot
 

file
 

was
 

imported
 

into
 

the
 

postprocessing
 

software
 

LS-PrePost
 

for
 

analysis
 

of
 

simulation
 

results.
As

 

shown
 

in
 

Fig. 4,
 

the
 

mechanical
 

property
 

testing
 

results
 

of
 

GF / PDCPD,
 

GF / PP
 

and
 

GF / PA
 

composites
 

were
 

obtained.
 

Acetone
 

depulping
 

was
 

carried
 

out
 

on
 

the
 

GF
 

surface
 

before
 

the
 

test
 

and
 

then
 

compounded
 

with
 

PDCPD.
 

The
 

tensile,
 

compression
 

and
 

in-plane
 

shear
 

properties
 

of
 

GF / PDCPD,
 

GF / PP
 

and
 

GF / PA
 

were
 

tested,
 

and
 

the
 

simulated
 

material
 

card
 

parameters
 

were
 

obtained.
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Fig. 3　 Impact
 

simulation
 

model

Table
 

2　 Punch
 

material
 

parameters
Material

 

card Density / (kg / mm3 ) Poisson’s
 

ratio Elastic
 

modulus / GPa
MAT-20 2. 94×10-4 0. 3 210

Fig. 4　 Mechanical
 

property
 

testing
 

results:
 

(a)
 

tensile
 

test;
 

(b)
 

compression
 

test;
 

(c)
 

shear
 

test
 

(0°
 

and
 

90°
 

represent
 

the
 

alignment
 

of
 

GFs
 

along
 

the
 

length
 

and
 

width
 

directions
 

of
 

the
 

composite
 

laminate,
 

respectively)
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The
 

simulation
 

analysis
 

mainly
 

includes
 

the
 

optimal
 

ply
 

thickness
 

of
 

the
 

composite
 

plates,
 

the
 

mechanical
 

response,
 

the
 

final
 

intrusion
 

amount
 

and
 

the
 

failure
 

mode
 

of
 

the
 

laminate
 

during
 

the
 

impact
 

process.
 

Table
 

3
 

shows
 

the
 

Chang-Chang
 

failure
 

criterion
 

parameters[32] .
 

Among
 

them,
 

DFAILT,
 

DFAILC
 

and
 

DFAILM
 

control
 

the
 

failure
 

strains
 

in
 

different
 

directions;
 

SOFT
 

manages
 

the
 

strength
 

reduction
 

at
 

the
 

impact
 

front
 

to
 

ensure
 

model
 

stability;
 

FBRT
 

and
 

YCFAC
 

adjust
 

the
 

residual
 

fiber
 

strength
 

after
 

matrix
 

failure.

Table
 

3　 Chang-Chang
 

failure
 

criterion
 

parameters
Parameter DFAILT DFAILC DFAILM SOFT FBRT YCFAC
Value 0. 2 -2. 0 0. 23 0. 5 0. 5 1. 2

1. 2. 2 　 Comparison
 

of
 

impact
 

performance
 

of
 

GF /
PDCPD,

 

GF / PP
 

and
 

GF / PA
 

composite
 

laminates
The

 

impact
 

test
 

of
 

composite
 

laminates
 

was
 

conducted
 

using
 

the
 

INSTRON
 

CEAST
 

9350
 

impact
 

testing
 

device
 

( Instron,
 

USA),
 

which
 

featured
 

a
 

data
 

acquisition
 

rate
 

of
 

2
 

MHz
 

and
 

a
 

sampling
 

frequency
 

of
 

65
 

536
 

points
 

per
 

channel.
 

The
 

device
 

utilizes
 

a
 

piezoelectric
 

force
 

sensor
 

and
 

boasts
 

a
 

14-bit
 

resolution
 

for
 

precise
 

data
 

collection.
 

For
 

the
 

impact
 

test,
 

the
 

device’ s
 

software
 

program
 

was
 

configured
 

to
 

set
 

the
 

impact
 

velocity
 

at
 

5
 

m / s
 

and
 

the
 

impact
 

energy
 

at
 

120
 

J,
 

as
 

specified
 

by
 

the
 

user.
 

The
 

test
 

parameters
 

including
 

force,
 

displacement
 

and
 

energy
 

were
 

selected
 

for
 

export
 

as
 

result
 

parameters.
 

To
 

analyze
 

defects
 

in
 

the
 

composite
 

laminates,
 

the
 

ultrasonic
 

C-scanner
 

( Tianjin
 

Sina
 

Intelligent
 

Technology
 

Co.,
 

Ltd.,
 

China)
 

was
 

employed.
 

This
 

method
 

facilitated
 

a
 

comparison
 

of
 

simulated
 

failure
 

modes
 

and
 

enabled
 

error
 

analysis.
 

By
 

comparing
 

the
 

simulated
 

and
 

actual
 

impact
 

performance,
 

the
 

predictability
 

of
 

the
 

simulation
 

on
 

the
 

impact
 

performance
 

of
 

composite
 

laminates
 

was
 

validated.
 

Furthermore,
 

the
 

impact
 

performance
 

of
 

the
 

thermosetting
 

composite
 

laminate
 

GF / PDCPD
  

was
 

compared
 

and
 

analyzed
 

against
 

thermoplastic
 

composite
 

laminates
 

GF / PP
 

and
 

GF / PA.
 

2　 Results
 

and
 

Discussion

2. 1　 Optimal
 

ply
 

and
 

thickness
 

design
In

 

order
 

to
 

ascertain
 

the
 

optimal
 

thickness
 

for
 

the
 

protective
 

plate,
 

impact
 

simulations
 

were
 

conducted
 

on
 

varying
 

thicknesses
 

of
 

GF / PDCPD
 

composite
 

laminate
 

and
 

thermoplastic
 

composite
 

laminates.
 

Figure
 

5
 

illustrates
 

the
 

displacement
 

within
 

the
 

shield
 

plate
 

at
 

2
 

mm
 

intervals
 

following
 

a
 

collision.
 

It
 

was
 

observed
 

that
 

as
 

the
 

thickness
 

of
 

the
 

laminate
 

increased,
 

the
 

displacement
 

decreased
 

significantly.
 

Notably,
 

with
 

increasing
 

thickness,
 

the
 

primary
 

post-crash
 

deformation
 

tended
 

to
 

occur
 

in
 

close
 

proximity
 

to
 

the
 

impact
 

point
 

and
 

was
 

less
 

likely
 

to
 

propagate
 

throughout
 

the
 

rest
 

of
 

the
 

protective
 

plate.
 

This
 

localized
 

deformation
 

pattern
 

is
 

advantageous
 

for
 

battery
 

protection,
 

as
 

it
 

indicates
 

that
 

the
 

impact
 

energy
 

is
 

absorbed
 

and
 

dissipated
 

more
 

efficiently
 

in
 

the
 

immediate
 

vicinity
 

of
 

the
 

impact,
 

thereby
 

minimizing
 

the
 

transmission
 

of
 

destructive
 

forces
 

to
 

other
 

areas
 

of
 

the
 

protective
 

plate.
In

 

order
 

to
 

gain
 

a
 

more
 

detailed
 

understanding
 

of
 

the
 

deformation
 

behavior,
 

displacement
 

along
 

the
 

centerline
 

was
 

analyzed.
 

Figure
 

5 ( a )
 

shows
 

the
 

displacement
 

relative
 

to
 

the
 

thickness
 

of
 

the
 

GF / PDCPD
 

composite
 

laminate.
 

It
 

was
 

observed
 

that
 

at
 

a
 

thickness
 

of
 

2. 7
 

mm,
 

the
 

displacement
 

due
 

to
 

the
 

collision
 

was
 

approximately
 

9. 7
 

mm
 

or
 

higher.
 

This
 

indicates
 

that
 

the
 

battery
 

was
 

not
 

adequately
 

protected,
 

as
 

the
 

gap
 

between
 

the
 

protective
 

plate
 

and
 

the
 

battery
 

was
  

designed
 

to
 

be
 

8. 8
 

mm.
 

Conversely,
 

at
 

a
 

thickness
 

of
 

3. 0
 

mm,
 

the
 

deformation
 

was
 

found
 

to
 

be
 

6. 8
 

mm
 

or
 

less,
 

which
 

was
 

lower
  

than
 

the
 

gap
 

between
 

the
 

battery
 

and
 

the
 

protective
 

plate.
 

Based
 

on
 

this
 

analysis,
 

the
 

thickness
 

of
 

the
 

GF / PDCPD
 

composite
 

laminates
 

was
 

selected
 

as
 

3. 0
 

mm
 

for
 

optimal
 

impact
 

resistance
 

and
 

damage
 

mitigation.
 

This
 

result
 

highlights
 

the
 

importance
 

of
 

carefully
 

selecting
 

the
 

appropriate
 

thickness
 

for
 

protective
 

plates
 

in
 

applications
 

such
 

as
 

battery
 

protection,
 

where
 

structural
 

integrity
 

is
 

critical
 

for
 

safe
 

and
 

reliable
 

operation.
 

By
 

leveraging
 

advanced
 

simulation
 

and
 

analysis
 

techniques,
 

engineers
 

and
 

designers
 

can
 

develop
 

the
 

optimal
 

solutions
 

to
 

enhance
 

the
  

impact
 

resistance
 

and
 

mitigate
 

the
 

damage,
 

thereby
 

improving
 

the
 

overall
 

safety
 

and
 

reliability
 

of
 

critical
 

components
 

and
 

systems.
 

For
 

comparison
 

and
 

analysis,
 

thermoplastic
 

composites
 

with
 

the
 

same
 

thickness
 

need
 

to
 

be
 

prepared,
 

and
 

then
 

the
 

protective
 

materials
 

with
 

good
 

impact
 

resistance
 

are
 

selected
 

for
 

comparative
 

analysis.
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Fig. 5　 Displacement
 

relative
 

to
 

PDCPD
 

composite
 

laminate
 

thickness:
 

(a)
 

2. 7
 

mm;
 

(b)
 

3. 0
 

mm

2. 2　 Comparative
 

analysis
 

of
 

the
 

shock
 

response
 

process
Figure

 

6( a)
 

presents
 

a
 

comparative
 

analysis
 

of
 

the
 

mechanical
 

response
 

of
 

the
 

composites
 

GF / PP,
 

GF / PA
 

and
 

GF / PDCPD
 

during
 

the
 

impact
 

process.
 

The
 

displacement-load
 

diagram
 

illustrates
 

the
 

behavior
 

of
 

the
 

composites
 

under
 

the
 

same
 

size
 

and
 

impact
 

conditions.
 

In
 

the
 

elastic
 

stage,
 

the
 

peak
 

load
 

exhibited
 

by
 

GF / PDCPD
 

(18. 9
 

kN)
 

surpasses
 

that
 

of
 

thermoplastic
 

composites
 

(16. 6
 

kN
 

for
 

GF / PP
 

and
 

15. 5
 

kN
 

for
 

GF / PA) .
 

This
 

indicates
 

that
 

GF / PDCPD
 

possesses
 

higher
 

strength
 

and
 

can
 

withstand
 

larger
 

load
 

compared
 

to
 

GF / PP
 

and
 

GF /
PA.

 

As
 

the
 

composite
 

materials
 

approach
 

their
 

respective
 

peak
 

loads,
 

they
 

begin
 

to
 

experience
 

failure,
 

leading
 

to
 

a
 

state
 

of
 

significant
 

load
 

oscillation.
 

In
 

the
 

case
 

of
 

GF / PP
 

and
 

GF / PA,
 

the
 

elastic
 

potential
 

energy
 

stored
 

in
 

the
 

flexural
 

deformation
 

is
 

converted
 

into
 

kinetic
 

energy
 

as
 

the
 

drop
 

weight
 

descends.
 

Consequently,
 

the
 

drop
 

weight
 

rebounds.
 

Conversely,
 

GF / PDCPD,
 

characterized
 

by
 

high
 

ductility
 

and
 

plasticity,
 

does
 

not
 

exhibit
 

the
 

rebound
 

behavior.
 

Instead,
 

they
 

absorb
 

impact
 

energy
 

through
 

plastic
 

deformation
 

during
 

the
 

impact
 

process.
 

This
 

comparison
 

highlights
 

the
 

distinct
 

mechanical
 

responses
 

of
 

thermoplastic
 

composites
 

(GF / PP
 

and
 

GF /
PA)

 

and
 

GF / PDCPD,
 

with
 

GF / PDCPD
 

demonstrating
 

superior
 

energy
 

absorption
 

capabilities
 

due
 

to
 

its
 

plastic
 

deformation
 

characteristics.
The

 

main
 

load
 

drop
 

is
 

expected
 

to
 

be
 

attributed
 

to
 

the
 

onset
 

of
 

delamination,
 

and
 

the
 

sudden
 

occurrence
 

of
 

delamination
 

leads
 

to
 

a
 

sudden
 

decrease
 

in
 

stiffness.
 

Due
 

to
 

the
 

high
 

toughness
 

of
 

the
 

PDCPD
 

matrix,
 

GF/ PDCPD
 

shows
 

higher
 

peak
 

loads
 

( 18
 

kN )
 

than
 

thermoplastic
 

composites
 

(16. 6
 

kN
 

for
 

GF/ PP
 

and
 

15. 5
 

kN
 

for
 

GF/ PA),
 

followed
 

by
 

smaller
 

stiffness
 

losses,
 

resulting
 

in
 

increased
 

contact
 

forces
 

and
 

reduced
 

displacements.
 

As
 

a
 

result,
 

GF / PDCPD
 

absorb
 

more
 

energy
 

than
 

thermoplastic
 

composites
 

(12. 5%
 

more
 

than
 

GF / PP
 

and
 

18. 0%
 

more
 

than
 

GF / PA),
 

indicating
 

lower
 

levels
 

of
 

damage
 

and
 

integrity
 

loss.
Figures

 

6 ( c ) - 6 ( e )
 

show
 

the
 

damage
 

patterns
 

occurring
 

on
 

the
 

top
 

surface ( impact
 

side )
 

of
 

the
 

laminates.
 

As
 

shown
 

in
  

GF / PA
 

( Fig. 6
 

( e )),
 

the
 

damage
 

is
 

the
 

most
 

severe
 

and
 

obvious,
 

mainly
 

concentrated
 

in
 

the
 

area
 

where
 

the
 

punch
 

is
 

in
 

contact
 

with
 

the
 

laminate.
 

From
 

the
 

positive
 

impact
 

front,
 

all
 

three
 

produce
 

visually
 

barely
 

visible
 

impact
 

damage
 

(BVID),
 

the
 

damage
 

area
 

shows
 

the
 

shape
 

of
 

the
 

impact
 

head,
 

and
 

obvious
 

hemispherical
 

pits
 

can
 

be
 

seen
 

on
 

the
 

surface
 

of
 

the
 

thermoplastic
 

composite,
 

as
 

shown
 

in
 

Figs. 6
 

(g)-6(h) .
 

On
 

the
 

back
 

of
 

the
 

laminate
 

impact,
 

the
 

overall
 

shape
 

of
 

the
 

damage
 

area
 

in
  

GF / PDCPD
 

( Fig. 6
 

( g ))
 

and
 

GF / PA
 

( Fig. 6 ( h))
 

is
 

roughly
 

circular
 

for
 

lower
 

damage,
 

and
 

the
 

damage
  

of
 

GF/ PP
 

(Fig. 6(f))
 

extends
 

only
 

in
 

the
 

width
 

direction.
 

GF/ PA
 

has
 

a
 

higher
 

damage
 

area
 

than
 

GF/ PDCPD.
 

The
 

backside
 

fibers
 

of
 

GF/ PP
 

and
 

GF/ PA
 

are
 

severely
 

damaged,
 

while
 

those
 

of
 

GF/ PDCPD
 

are
 

not
 

significantly
 

damaged,
 

which
 

is
 

similar
 

to
 

the
 

ultrasonic
 

C-scan
 

results
 

(Fig. 9).
 

This
 

is
 

due
 

to
 

two
 

points:
 

the
 

high
 

toughness
 

of
 

PDCPD
 

and
 

the
 

good
 

interface
 

compatibility
 

between
 

PDCPD
 

and
 

the
 

depulped
 

GF.
 

PDCPD
 

and
 

GF
 

can
 

form
 

a
 

good
 

whole
 

during
 

the
 

impact
 

process
 

and
 

thus
 

jointly
 

resist
 

the
 

bending
 

and
 

tensile
 

stresses
 

generated
 

during
 

the
 

impact
 

process.
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Fig. 6　 Impact
 

performance
 

of
 

composites:
 

(a)
 

force-displacement
 

curves;
 

(b)
 

time-energy
 

absorption
 

curves;
 

(c)-(e)
 

top
 

surface
 

topographies
 

of
 

composite
 

laminates
 

after
 

impact;
 

(f)-(h)
 

bottom
 

surface
 

topographies
 

of
 

composite
 

laminates
 

after
 

impact

2. 3　 Comparative
 

analysis
 

of
 

invasion
 

volume
The

 

intrusion
 

of
 

the
 

punch
 

during
 

the
 

impact
 

process
 

is
 

one
 

of
 

the
 

important
 

indicators
 

to
 

evaluate
 

the
 

impact
 

resistance
 

of
 

the
 

lower
 

bottom
 

shield
 

of
 

the
 

car
 

because
 

the
 

distance
 

between
 

the
 

battery
 

and
 

the
 

lower
 

bottom
 

plate
 

is
 

only
 

approximately
 

8. 8
 

mm,
 

and
 

it
 

is
 

necessary
 

to
 

ensure
 

that
 

the
 

battery
 

structure
 

cannot
 

be
 

damaged
 

when
 

encountering
 

the
 

collision
 

of
 

unknown
 

objects.
Under

 

the
 

same
 

impact
 

conditions,
 

the
 

invasion
 

of
 

GF / PDCPD
 

is
 

the
 

smallest
 

(6. 9
 

mm),
 

which
 

is
 

reduced
 

by
 

13. 8%
  

and
 

21. 6%
 

compared
 

with
 

that
 

of
 

GF / PP
 

and
 

GF / PA,
 

respectively.
 

A
 

decrease
 

in
 

displacement
 

for
 

thermoplastic
 

composites
  

is
 

observed
 

in
 

the
 

A
 

and
 

B
 

regions
 

in
 

Figs.
 

7(a)-7(b),
 

which
 

is
 

due
 

to
 

the
 

better
 

elasticity
 

of
 

the
 

composites
 

that
 

allows
 

them
 

to
 

convert
 

kinetic
 

energy
 

into
 

elastic
 

potential
 

energy
 

during
 

the
 

impact
 

process.
 

This
 

conversion
 

temporarily
 

reduces
 

the
 

displacement
 

as
 

the
 

material
 

resists
 

the
 

punch,
 

and
 

then
 

the
 

displacement
 

increases
 

again
 

as
 

the
 

punch
 

continues
 

to
 

penetrate.
 

It
 

can
 

be
 

seen
 

that
 

the
 

displacement
 

of
 

GF /
PDCPD

 

changes
 

more
 

slowly
 

with
 

time
 

because
 

the
 

high
 

toughness
 

of
 

GF / PDCPD
 

during
 

impact
 

shows
 

less
 

deformation
 

than
 

thermoplastic
 

composites.
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Fig. 7　 Displacement-time
 

curves
 

of
 

composite
 

laminates:
 

( a)
 

GF / PDCPD
 

and
 

GF / PP;
 

( b)
 

GF / PDCPD
 

and
 

GF / PA;
 

( c)
 

displacement
 

change
 

comparison

2. 4　 Comparative
 

analysis
 

of
 

failure
 

modes
During

 

the
 

impact
 

of
 

composite
 

materials,
 

the
 

following
 

four
 

failure
 

modes
 

can
 

occur:
 

both
 

lower
 

tension
 

and
 

fiber
 

shear
 

lead
 

to
 

fiber
 

breakage;
 

fiber
 

compression
 

causes
 

fiber
 

compression
 

to
 

deform
 

or
 

break;
 

interfacial
 

failure
 

leads
 

to
 

separation
 

or
 

peeling
 

between
 

the
 

matrix
 

and
 

the
 

fiber;
 

matrix
 

failure
 

leads
 

to
 

plastic
 

deformation
 

or
 

rupture
 

of
 

the
 

substrate.
Figure

 

8
 

shows
 

the
 

stress
 

distribution
 

cloud
 

of
 

the
 

GF / PDCPD
 

composite
 

laminate
 

during
 

the
 

impact
 

process,
 

and
 

it
 

can
 

be
 

seen
 

from
 

the
 

simulation
 

results
 

that
 

the
 

material
 

experiences
 

compression
 

failure,
 

which
 

leads
 

to
 

the
 

compression
 

deformation
 

of
 

the
 

fiber
 

in
 

the
 

process
 

of
 

punching.
 

During
 

the
 

entire
 

impact
 

process
 

of
 

GF / PDCPD
 

composite
 

laminate,
 

the
 

stress
 

in
 

the
 

length
 

and
 

width
 

directions
 

increased,
 

and
 

at
 

5. 0
 

ms,
 

the
 

stress
 

in
 

the
 

length
 

and
 

width
 

directions
 

was
 

0. 649 8
 

MPa
 

and
 

0. 649 2
 

MPa,
 

respectively.
 

Due
 

to
 

the
 

long
 

path
 

in
 

the
 

length
 

direction,
 

more
 

stresses
 

can
 

be
 

distributed
 

in
 

the
 

continuous
 

expansion
 

of
 

the
 

stress
 

along
 

the
 

fiber
 

direction.
 

Thus,
 

the
 

damage
 

is
 

not
 

obvious,
 

the
 

stress
 

in
 

the
 

width
 

direction
 

gradually
 

increases
 

to
 

greater
 

than
 

the
 

stress
 

in
 

the
 

length
 

direction,
 

and
 

the
 

damage
 

is
 

more
 

obvious.

Fig. 8　 Nephogram
 

of
 

stress
 

distribution
 

during
 

impact
 

of
 

GF / PDCPD
 

composite
 

laminates
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The
 

ultrasonic
 

C-scanner
 

was
 

employed
 

to
 

detect
 

defects
 

and
 

cracks
 

within
 

the
 

materials,
 

and
 

its
 

findings
 

were
 

compared
 

with
 

the
 

simulation
 

results
 

to
 

validate
 

the
 

accuracy
 

of
 

the
 

failure
 

mode
 

prediction
 

in
 

the
 

laminate
 

simulation
 

model.
 

This
 

comparison
 

can
 

be
 

seen
 

in
 

Fig. 9.
 

The
 

ultrasound
 

C-scan
 

results
 

revealed
 

that
 

the
 

rear
 

side
 

of
 

the
 

specimen
 

experienced
 

damage
 

and
 

failure
 

after
 

impact.
 

Under
 

the
 

influence
 

of
 

the
 

impact
 

force,
 

the
 

laminate
 

continuously
 

bent
 

and
 

fractured.
 

As
 

the
 

punch
 

continued
 

to
 

exert
 

pressure,
 

peeling
 

occurred
 

initially
 

on
 

the
 

top
 

surface
 

of
 

the
 

impact,
 

resulting
 

in
 

peeling
 

stresses
 

and
 

evident
 

pits.
 

Notably,
 

significant
 

damage
 

areas
 

were
 

detected
 

on
 

the
 

outer
 

regions
 

of
 

these
 

pits,
 

with
 

delamination
 

damage
 

extending
 

towards
 

the
 

impact
 

area.
 

The
 

impact
 

process
 

of
 

composite
 

laminates
 

involved
 

a
 

transverse
 

shear
 

failure
 

mode.
 

During
 

the
 

initiation
 

stage,
 

numerous
 

short
 

interlaminar
 

were
 

cracked
 

and
 

the
 

cracks
 

propagated
 

within
 

the
 

longitudinal
 

layer.
 

Once
 

the
 

tensile
 

strength
 

of
 

the
 

material
 

was
 

surpassed,
 

interlaminar
 

fracture
 

occurred.
 

Ultimately,
 

energy
 

was
 

absorbed
 

through
 

the
 

fracture
 

of
 

the
 

laminate
 

stack
 

and
 

the
 

propagation
 

of
 

cracks
 

within
 

the
 

layers.
 

The
 

sudden
 

occurrence
 

of
 

delamination
 

can
 

lead
 

to
 

a
 

reduction
 

in
 

material
 

stiffness.
 

However,
 

due
 

to
 

the
 

high
 

toughness
 

of
 

the
 

PDCPD
 

matrix,
 

GF / PDCPD
 

exhibited
 

a
 

smaller
 

damage
 

area
 

compared
 

to
 

other
 

materials.

Fig. 9　 Comparison
 

of
 

simulated
 

failure
 

nephogram
 

( left)
 

and
 

ultrasonic
 

C-scan
 

( right)
 

results
 

of
 

laminates
 

after
 

impact:
 

(a)
 

GF / PDCPD;
 

(b)
 

GF / PP;
 

(c)
 

GF / PA

Moreover,
 

from
 

the
 

simulation
 

results,
 

it
 

can
 

be
 

seen
 

that
 

the
 

surfaces
 

of
 

GF / PDCPD
 

and
 

the
 

thermoplastic
 

composites
 

( GF / PP
 

and
 

GF / PA )
 

have
 

obvious
 

cross-shaped
 

failure
 

along
 

the
 

direction
 

of
 

fiber
 

weaving.
 

The
 

difference
 

is
 

that
 

the
 

crack
 

growth
 

path
 

of
 

PDCPD
 

is
 

shorter
 

than
 

that
 

of
 

thermoplastic
 

resin,
 

which
 

indicates
 

that
 

the
 

high
 

toughness
 

of
 

PDCPD
 

can
 

effectively
 

inhibit
 

the
 

continuous
 

expansion
 

of
 

cracks.
From

 

the
 

experimental
 

and
 

simulation
 

results,
 

it
 

can
 

be
 

seen
 

that
 

the
 

failure
 

mode
 

of
 

the
 

numerical
 

simulation
 

of
 

composite
 

laminates
 

is
 

similar
 

to
 

that
 

of
 

the
 

experiment,
 

the
 

trend
 

is
 

the
 

same,
 

and
 

the
 

failure
 

form
 

is
 

also
 

the
 

same.
 

This
 

shows
 

that
 

it
 

is
 

feasible
 

to
 

simulate
 

the
 

failure
 

behavior
 

of
 

composite
 

laminates
 

during
 

impact
 

using
 

the
 

MAT54
 

material
 

card
 

in
 

LS-DYNA.
 

Combined
 

with
 

the
 

simulation
 

and
 

experimental
 

results,
 

the
 

impact
 

resistance
 

of
 

the
  

GF / PDCPD
 

thermosetting
 

composite
 

laminates
 

is
 

better
 

than
 

that
 

of
 

the
 

GF / PP
 

and
 

GF / PA
 

thermoplastic
 

composite
 

laminates.
 

3　 Conclusions

This
 

paper
 

presents
 

a
 

comprehensive
 

study
 

on
 

GF / PDCPD,
 

GF / PP
 

and
 

GF / PA
 

composite
 

laminates,
 

utilizing
 

tensile,
 

compression
 

and
 

in-plane
 

shear
 

test
 

data
 

as
 

material
 

card
 

parameters.
 

An
 

impact
 

model
 

for
 

composite
 

laminates
 

was
 

developed
 

based
 

on
 

this
 

data,
 

and
 

simulations
 

were
 

conducted
 

to
 

determine
 

the
 

optimal
 

ply
 

thickness
 

of
 

the
 

composites.
 

The
 

study
 

compared
 

and
 

analyzed
 

the
 

failure
 

modes,
 

mechanical
 

responses,
 

and
 

final
 

intrusion
 

amounts
 

of
 

GF / PDCPD
 

and
 

thermoplastic
 

composites
 

( GF / PP
 

and
 

GF / PA) .
 

The
 

results
 

showed
 

that
 

when
 

the
 

thickness
 

of
 

GF / PDCPD
 

was
 

2. 7
 

mm,
 

the
 

displacement
 

change
 

of
 

the
 

laminate
 

exceeded
 

the
 

maximum
 

allowable
 

value
 

of
 

8. 8
 

mm.
 

However,
 

with
 

a
 

thickness
 

of
 

3. 0
 

mm,
 

the
 

displacement
 

change
 

was
 

within
 

the
 

target
 

value.
 

The
 

comparison
 

of
 

failure
 

modes
 

indicated
 

that
 

thermoplastic
 

composites
 

experienced
 

fiber
 

fracture
 

failure,
 

while
 

GF / PDCPD
 

mainly
 

exhibited
 

matrix
 

bending
 

in-plane
 

on
 

failure
 

with
 

a
 

smaller
 

damage
 

area.
 

Additionally,
 

GF / PDCPD
 

demonstrated
 

ductile
 

fracture
 

behavior
 

with
 

continued
 

load-carrying
 

capacity
 

post-peak
 

load,
 

showing
 

resistance
 

to
 

bottom
 

fiber
 

cracking
 

and
 

internal
 

delamination
 

due
 

to
 

their
 

high
 

toughness.
 

Comparative
 

analysis
 

revealed
 

that
 

GF /
PDCPD

 

exhibited
 

the
 

smallest
 

displacement
 

changes
 

and
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the
 

best
 

impact
 

resistance
 

among
 

the
 

materials
 

studied.
 

The
 

consistency
 

between
 

experimental
 

and
 

simulation
 

results
  

validated
 

the
 

accuracy
 

of
 

the
 

simulation
 

model
 

in
 

predicting
 

failure
 

modes
 

and
 

mechanical
 

responses.
 

This
 

study
 

contributes
 

insights
 

into
 

optimizing
 

composite
 

design
 

for
 

enhanced
 

impact
 

performance
 

and
 

durability.
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GF / PDCPD 热固性复合材料汽车底护板的冲击行为及
失效模式研究

梅忠浩1,
 

裴志磊1,
 

程乐乐1,
 

闵　 伟1,
 

高睿泽1,
 

程　 超1,
 

2,
 

周　 飞3,
 

余木火1,
 

孙泽玉1∗

1. 东华大学
 

材料科学与工程学院, 上海轻质结构复合材料重点实验室, 上海高性能纤维与复合材料协同创新

中心, 上海
 

201620
2.

 

上海碳纤维复合材料创新研究院有限公司, 上海
 

201512
3.

 

中石化上海石化有限公司, 上海
 

200540

摘　 要: 基于 LS-DYNA (由 Livermore 软件技术公司开发的有限元分析软件) 建立了玻璃纤维 ( glass
 

fiber,
 

GF) /聚双环戊二烯 (polydicyclopentadiene, PDCPD) 复合材料的冲击模拟模型, 确定了其最佳厚

度为
 

3. 0
 

mm。 最终的侵入深度可控制在 8. 8
 

mm 以内, 符合电池电动汽车保护材料的性能标准。 对 GF /
PDCPD、 GF /聚丙烯 (polypropylene,

 

PP)、 GF /聚酰胺 (polyamide,
 

PA) 复合材料在冲击过程中失败模式

的比较分析表明, GF / PDCPD 表现出压缩失效模式和韧性断裂, 导致损伤区域较小。 相比之下, GF / PP 和

GF / PA 则表现出纤维断裂失效, 导致更大的损伤区域。 研究探讨了 GF / PDCPD 的成型过程和抗冲击性能。
GF / PDCPD 抗冲击性能优于 GF / PP 和 GF / PA, 更符合电池电动汽车保护材料的性能标准。 LS-DYNA 模拟

的可预测性和准确性得到了验证, 为进一步深入研究提供了理论基础。
关键词:

  

热固性复合材料; PDCPD; GF / PP; GF / PA; LS-DYNA 仿真; 冲击性能; MAT54
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