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strain rate applications

with layerwise shock impedance
tuning
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Novel materials such as fiber-metal laminates (FMLs) have demonstrated significant potential

in a variety of applications. They must contend with problems such fatigue, creep, high-speed
projectile impact, and deformation at high strain rates while in use. When employed as structural
materials in aircraft, especially when exposed to shock wave impact and high velocity impact, fiber-
metal laminates’ high strain rate characteristics become crucial. Shock impedance matchingis a
revolutionary approach used for shock-tuning the separate layers. The novelty of the current work

is in developing custom shielding laminates, with in-depth analysis on the response of the shock
impedance tuning of individual layers on the laminate behaviour at high strain rates. In the current
study, five stackups of FMLs comprising metallic (AA 6061-T6) and fiber-reinforced polymer (FRP)
plies, were formulated, incorporating shock impedance matching. The fiber-polymer plies used in the
FMLs include ultra-high molecular weight polyethylene (UHMWPE), p-aramid for supplementing the
impact resistance. Transmission loss functions (TL) estimated from the impedance tube experiments
were used to indicate the shock tuning of the various laminates. The laminates underwent testing
using a Split Hopkinson Pressure Bar (SHPB) apparatus to determine their properties at high strain
rates (350 s~ to 460 s—1). The variation in the Shock Energy (SE) absorbed by the laminates at various
strain rates was analyzed as a function of the corresponding Transmission Loss employing regression.
The dynamic stress-strain curves showed an increase in shock energy absorption at higher strain
rates. The sequence SSP-1V and SSP-1l showed the highest values of energy absorption as well as
Transmission Loss.

List of symbols
SE.ps,1  Shock energy absorption at 350 s~
SEaps2  Shock energy absorption at 460 s~

1

X Arithmetic mean of the transmission loss values for the corresponding sequence (dB)
é Strain rate (1/s)

€E Engineering strain (mm/mm)

€1 Incident strain (mm/mm)

€R Reflected strain (mm/mm)

€r Transmitted strain (mm/mm)

Pm Mass density of the bar material (kg 3)

7. Transmission coefficient

Ap Cross-sectional area of the bar (m?)

Ag Cross-sectional area of the specimen (m?)
cB Elastic wave velocity through the bar (m/s)
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E. Young’s modulus of the elastic material of the bar (GPa)
F Force on left side of specimen (N)
F, Force on right side of specimen (N)

Line Incident energy (kJ)

Livan Transmitted energy (kJ)

L Specimen length (mm)

TL Transmission loss

Um Uncertainty of measurement in transmission loss

1%} Left face velocity (m/s)

Va Right face velocity (m/s)

X; Transmission loss (dB) for ith reading

N Number of values of transmission loss readings for the sequence

Fiber-metal laminates (FMLs) comprising alternately layered metallic with fiber-reinforced polymer laminae
are found in several applications like aerospace, automotive, buildings, and shielding structures. Commonly
utilized fiber-metal laminates include ARALL, CARALL and GLARE with superior impact resistance and fatigue
performance!~. During the regular operation, the structures may be subjected to spontaneous impact events
like crash or collison in the case of aircrafts and automobiles*S, while buildings may be subjected to seismic
activities like earthquakes’. Bird strikes pose a significant threat to aircraft, causing damage to the fuselage and
endangering passengers®. FMLs with shock impedance grading can provide better protection by dispersing
and absorbing the energy from bird impacts. Further research and development in this area can lead to the
creation of FMLs with optimized material compositions and microstructural designs to enhance their impact
resistance capabilities’. The aerospace industry is continuously looking for materials and structures that can
survive high-velocity impacts, such as those brought on by damage from debris or foreign objects'’. In order to
protect crucial components’ structural integrity, FMLs with high strain rate characterisation can be designed
to endure severe shock effects. FMLs offer the potential for increased resilience and safety in aircraft structures.
By incorporating advanced materials and innovative designs, FMLs can exhibit superior damage tolerance and
fracture toughness. This resilience can enable the aircraft to withstand and safely absorb impact loads, reducing
the risk of catastrophic failures and enhancing passenger safety'!. Shielding structures designed for protection
against ballistic, shockwave and blastwave impact suffer enormous material deformation in negligible time'*"3.
One of the shielding applications include whipple shields which protect the satellites and spacecrafts against
hyper-velocity impact'®. Thus, the mechanical response of such structures under dynamic loading conditions
and high strain rates is vital from the aspect of engineering design. The high strain rates for the ballistic and blast
impacts reach >(10 — —10* s~1)15-19,

Typical construction of fiber-metal laminates include metallic/ alloy skins stacked alongside fiber reinforced
polymer laminae®?*-%*. In many of the works, one fiber ply type and one metallic ply type**~° have been used, with
the order of the arrangement being arbitrary. When higher number of fiber ply types are included, the response
of the fiber-metal laminates is significantly affected by the order of the plies*”?. In one of our recent works?, in
order to identify the ordered arrangement with the maximum Transmission Loss, shock impedance matching of
fiber-metal laminates has been carefully examined using computational, analytical, and experimental methods.
In another of our recent works™, the sequences have been subjected to shockwave impact experiments using a
shocktube. Although this study provided useful information on the deformation profiles and ply failure modes,
the mechanical performance at high strain rates could provide further insight on the capability and quality of
the stacking sequences.

High rate of strain characterisation (10 — —10* s~!) commonly uses the Split Hopkinson Pressure Bar
(SHPB). Developed by Kolsky'®, the apparatus saw several enhancements to cater to a broader class of materi-
als—metals, concrete, adhesives, composites®'~*. Grote et al** have employed a SHPB made up of a set of 12.7
mm diameter steel bars with a yield strength of sim 1800 MPa (the striker bar, incident pressure bar, transmitter
bar, and momentum trap). The loading pulse is transferred to the pressure bar in the form of a compression
wave by the axial impact when the striker bar strikes the incident pressure bar with a high impact velocity. The
specimen is deformed by the compression wave with a pressure pulse whose constant amplitude and duration
are proportional to the striker bar’s length. The impact velocity may be regulated by varying the air gun’s pressure
since the amplitude of the incident pulse is inversely related to the impact velocity. SHPB and Direct impact tests
have been used in tandem for several classes of materials*>?¢. Richter et al’” deployed Digital Image Correlation
(DIC), a non-contact technique, to track the strains during the SHPB’s high-speed strain testing. Yang et al.?
explored the behaviour of aramid fibre-reinforced polymer (AFRP) confined concrete subjected to high strain-
rate compression at strain rates ranging from 80 to 170 s~ !. Kevlar CAS-415 AFRP was used to wrap cylindrical
concrete samples with epoxy resin as the binder. Single wrap, twin wrap and three-layer wrap samples along
with bare concrete samples were tested at different strain rates. Twin ply AFRP wrapped concrete performed
better than the other samples with better ability to redistribute the internal forces coupled with the viscoelastic
character of the hardened cement paste and time-dependent micro-cracks growth. Additionally, the twin AFRP
ply wrapped concrete showed similar ultimate strain values ~0.033) at the different strain rates. The uncovered
concrete showed disparities in its response to different strain rates. The dynamic increase factor (DIF) and the
logarithmic strain rate were discovered to have an operational relationship by the authors. Gardner et al.** deter-
mined the dynamic constitutive properties of sandwich constructions built of E-glass vinyl ester facesheets using
a SHPB device with a hollow transmission bar. The sandwich panels comprised Corecell™ A-series foam with
a polyurea interlayer. The core consisted of three layers of A-series foams with increasing density with a polyu-
rea interlayer. Two configurations with the polyurea layer placed before the lightest foam, and the other where
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polyurea was placed after the heaviest foam were developed. The overall thicknesses of the sandwich panels were
kept constant at 4.8 mm. The foams displayed an augmented response to higher strain rates able to absorb higher
energies. Sassi et al .** have studied how adhesively bonded glass fiber-polyester laminates behave in dynamic
compression utilising hopkinson bars and the impact of high strain rates. The bonded laminates displayed high
strain rate sensitivity, the authors discovered, with brittle fractures at the polyvinylester adhesive interfaces. Li
et al."! studied the influence of high strain rates (up to 2051 s~!) on 3-D braided composites employing split
hopkinson devices under dynamic compression on braids with various braiding angles. The dynamic character-
istics improved as the strain rate increased, while the strain to failure decreased. Shear fracture, fibre breaking,
interface debonding, and matrix cracking were the composites’ failure modes. The amount of dynamic damage
and fracture decreased when the braiding angle was raised. Sharma et al.*? analysed the glass fibre reinforced
epoxy-AA2024 laminates’ high strain rate response under tension using a split Hopkinson pressure bar rig. The
strain rate was calculated using a DIC method. The tensile strength significantly increased at high strain rates,
according to the authors. Studies on the dynamic characterisation of fibre metal laminates have frequently used
split Hopkinson Pressure bar tests**~*>. Khan and Sharma* assessed the high strain rate response (400-480/s) of
FMLs made of glass fiber plies and AA2024-T3 layers using Split Hopkinson bar. The rate sensitivity influences
the matrix cracking and delamination among the layers. In another study on glass-fiber/ AA2024-T3 FMLs,
Sharma et al.*® used a split hopkinson bar along with digital image correlation setup for strain measurements
for high strain rate response. The authors observed that highest strength was observed in the FML with all the
glass-fiber layers stacked together, possibly attributed to fiber bridging. Zarezadeh-mehrizi et al.¥” modified the
FMLs containing glass fiber epoxy/AA6061-T6 by inserting a natural rubber elastomeric layer. The recent works
on split Hopkinson pressure bar characterization have been summarized in Table 1.

The novel aspect of the current work is the creation of specialized shielding laminates, together with a thor-
ough analysis of the impact of shock impedance tuning for individual layers on laminate behavior at high strain
rates. The FMLs comprised high-performance, ballistic grade fiber-reinforced plies, made of aramid and UHM-
WPE fabrics, along with a low shock impedance, partially auxetic sheet of paperboard. AA6061-T6 skins have
been used to sandwich the fiber-reinforced plies in the FMLs. To incorporate the shock impedance matching,
the order and the number of the core layers comprising aramid bi-directional layer, UHMWPE layer, and the
paperboard layer was varied, with epoxy binder. Five configurations were considered for the study (refer Fig. 2)
and each configuration was assigned a roman numeral succeeding the nomenclature SSP (Stratified Sandwiched
Panels). The approach used in the study to determine how the plies’ shock impedance varied with the high strain
rate response is shown in Fig. 1.

Materials and methods

Materials

The AA6061-T6 sheets of metallic skins, which are 0.7 mm thick, were provided by Hi-Tech Sales Corporation
in Mangalore, India. The ballistic grade materials used in the laminates comprised the aramid BD 480 GSM,
woven fabric (plain weave, yarn count balanced in warp and weft directions), the UHMWPE UD 130 GSM fabric,
and epoxy resin (CT/E 556 epoxy resin and CT/AH 951 polyamine hardener) were all bought from Composites
Tomorrow Inc. based at Gujarat, India. The 650 GSM paperboard sheets were purchased from Vijay Papers in
Karnataka, India. Table 1 shows the shock impedance values and densities of the constituent materials. The
provided epoxy resin had a pot life of 30 minutes, a density of 1150 kg/m?, and a mix viscosity of 1500 mPas.
Table 2 shows shock impedance values and densities of the constituent materials.

Fabrication process

One of the common methods for producing fibre metal laminates, compression moulding, was used to construct
the various combinations®**. The fabrication setup is shown in Fig. 3. To increase the interfacial adhesion, the
aluminium alloy AA6061-T6 surfaces were sanded with grit papers®. The mold release agent was applied to the

Researchers Material Configuration Strain rates (s~') | Characterization Findings

Malinowski etal.* | Aluminium Monolithic 103 Compression Friction and inertial effects

Gardner et al.¥ E-glass vinyl ester/corecell foams Multi-layered 4800-5400 Compression Hollow tranmission bar

Imbalzano et al.* AA5083-H116 Multi-layered 103-10* Compression Response to impulsive loading

Yang et al.*® Concrete/aramid reinforced epoxy Multi-layered 80-170 Compression i};})crrlgtgonﬁguratlons better than plain

Miao et al.* Epoxy Polymer 330 Compression Vertical split Hopkinson bar

Sharma et al.*? gﬁsiflftz zr reinforced epoxy-AA2024 Multi-layered 250 Tensile Improvement in tensile properties

Sassi et al.*’ Fiberglass reinforced polyester Multi-layered 372-1030 Compression Quality of adhesive assessed

Lietal*! 3-D braided carbon reinforced epoxy Fiber reinforced composites | 2051 Compression Failure modes identified

Gao et al.”! A1070 Monolithic 10* Thermo-mechanical | SEnsitivity of thermocouple and infra-
red detectors

Zhang et al.” o-Ti alloy Monolithic 103-10° Thermo-mechanical "r[:trensperature rise during high strain

Table 1. Recent research on high strain rate characterization using split Hopkinson pressure bar.
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Figure 1. Methodology for studying the influence of shock impedance matching on high strain rate response of
laminates.
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Figure 2. Representation of the layered arrangements (SSPs) with dimensions.

Role of the ply Ply material Mass density (kg/m®) | Shock impedance x 10 (Ns/m?)
Facet skin plate AA6061-T6 2750 15+1.25
Aramid-epoxy ply 1380 0.3 £0.08
Core layers Paperboard-epoxy ply | 1210 1.07 +£0.21
UHMWPE-epoxy ply | 1190 4.51+0.72
Distal skin plate | AA6061-T6 2750 15+1.25

Table 2. Physical properties of the constituent materials®**.

bottom die plate and a peel ply was placed above it. The different plies were then pre-processed, weighed for each
stacking sequence, and progressively stacked on top of one another using the Hand Layup method. Between the
layers, the premixed resin/hardener mixture (in the ratio 10:1 by weight) was uniformly coated as per the sup-
plier reccommended fiber-to-matrix weight fractions. The upper die-plate (coated with mold release agent) was
then positioned above the peel ply, placed over the upward facing surface of the AA6061 layer (distal). Precisely
machined spacers were placed between the upper and lower die plates for ensuring uniform thickness of the
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Figure 3. (a) Fabrication setup schematic (ex: SSP-I sequence). (b) Compression moulding machine.

stackups. Each arrangement was transferred to the cold pressing machine, pressed, and held for a dwell period
of ~25 h, at room temperature to facilitate curing as per the supplier recommendations. After curing, laminates
were sent out for water jet machining to create test specimens. For the experimentation on the impedance tube
(circular specimens of 30 mm and 100 mm diameter) and SHPB (circular specimens of 10 mm diameter) were
cut by water jet machining. After the water jet cutting, the specimens of all sequences were inspected; no delami-
nation or debonding among the plies were noticed.

Shock impedance matching

Shock impedance grading affects the intensity of shock waves transmitted, demonstrating the efficacy of the
shock shielding™. Transmission Loss measurements were made for each of the sequences in the frequency range
of 0 to 6300 Hz using the impedance tube experiments on the various sequences. The impedance tube appa-
ratus (make: BSWA SW) as shown in Fig. 4, comprises a high diameter setup- SW 30-L/SW 30-E (30 mm) for
low frequency range (0-1500 Hz) and a low diameter setup-SW 100-L/SW 100-E (30 mm) for high frequency
(1600-6300 Hz) for measuring the transmission losses. A four-microphone transfer function served as the basis
for the measurement of Transmission Loss. Between the source tube and the extension tube, the specimen (of a
particular sequence) was positioned within the holder. The loudspeaker was 4 in. in diameter, with power rating
of 20 W, and resistance 8 ~ w, frequency range 20 Hz to 8 kHz. The speaker was turned on, and after 10 min,
the microphone readings for the designated frequency range were recorded. The range of frequency distribu-
tion of sound transmission loss was obtained for all the stackups. The sound transmission loss distribution for

Impedance Tube Setup

\

W\

Frequency
A

MPA16-Microphones Extension Tube

Speaker Source Tube e e—
’,_,r——- -

High
Frequency

Specimen

Figure 4. Impedance tube setup for transmission loss measurement.
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the frequency range was acquired. For each sequence, two sets of specimens were subjected to the transmission
loss measurements.

The key focus metrics from the study i.e. the transmission loss, denotes the amount of energy that each speci-
men fails to transmit, as shown in Eq. (1).

Iinc

1
TL = 10log = 1010gr— (1)
c

tran

Dynamic testing using split Hopkinson pressure bar

In the current SHPB setup, the striker bar, incident bar, transmitter bar and the momentum bar were made of
maraging steel (elasticity modulus of 190 GPa and density ~ 8000 kg/m?). The experimental setup of the Split
Hopkinson pressure bar is shown in Fig. 5.

When the loading device strikes the incident bar (time, t = 0), a one-dimensional pressure wave travels in
the direction of the specimen. At the free end, the compression wave is reflected as a tension wave. At the bar/
specimen contact, this unloading wave is repeatedly reflected, with the remaining energy passing through the
transmission bar. Strain gages were used to measure the stresses in the bars, and the data was sent to a data
acquisition setup that includes a Wheatstone bridge for signal conditioning and a pre-amplifier to boost the
voltage before it is sent to the oscilloscope.

Ep,
B =4[— ()
Pm
Vi =cp(er — €r) (3)
Va =cp(er) 4)
. _Vi—Va cpler —er—€r)
é = L - I, (5)
t t
. :/ édt = C—B/ (e1 — ex — ep)dt ©6)
0 Ls Jo
Fy =ABEn (€1 + €Rr) 7)
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¥ cident Do miR B [Incident side

Figure 5. Experimental setup of the split Hopkinson pressure bar.
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When the incident bar is struck at an impact velocity of ’V), an incident elastic wave travels through the
bar with a velocity of ’cg’ which can be calculated from Eq. (2).’E,, is the Young’s modulus of the elastic mate-
rial of the bar and ’p,, is the mass density of the bar material. Figure 6 shows the test section of the bar setup.
The velocities at the left face and right faces are V; and *V5’ respectively, which are given by Eq. (3) and Eq. (4),
respectively. The average rate of axial strain in the specimen is shown in Eq. (5), where ’Lg’ is the length of the
specimen. Equation (6) gives the engineering strain ’eg’ in the specimen. With the availability of the displace-
ment and force data, the stresses on the input and output side of the specimen were determined. Equation (7)
shows the force at the input side (F;) and Eq. (8) shows the force at output side (F») of the specimen, where’Ap’
is the cross-sectional area of the bar. The average stress in the specimen is then given by Eq. (9), where "Ag’ is
the cross-sectional area of the specimen.

To minimize radial inertia, the ratio of the specimen diameter to its length was maintained ~ 3.5. The speci-
men (from each sequence) was mounted in the test section with facet plate facing the incident side and the
distal plate facing the transmission side as shown in Fig. 5. The free surfaces of the specimen were lubricated
with grease to reduce the interfacial friction. The diameters of the incident and transmission bars were equal to
12.5 mm. To investigate the effect of high strain rates on the stress-strain response of each sequence, compres-
sion pressures of 10 bar and 30 bar were chosen (loading section setting). The striking velocity ’V’ was noted
during each trial, along with the strain and time data. The experiments were repeated for three specimens from
each of the sequences. From the data, the strain-time plots and true stress-strain plots were obtained. The shock
energy absorption for the different sequences was determined. The cross-sections of the tested specimens were
inspected using optical microscopy (make: Olympus BX53M) and scanning electron microscopy (make: Zeiss
EVO). A regression analysis was carried out between the Transmission Loss displayed by the sequences in our
previous work®, and the shock energy absorption by the respective sequences at the two strain rates. To conduct
the regression analysis, the MINITAB' software was used.

Results and discussion

Response of the FMLs to the impedance tube experiments

The results of the impedance tube experiments are shown in Fig. 7, with the variation of transmission loss with
frequency for the different sequences. The sequences SSP-II and SRSP-IV demonstrated the largest values of

Specimen
Incident Bar I Transmission Bar
s
& —
—> &7
SR R S

— —>
v, v,

Figure 6. Test section of the split Hopkinson pressure bar®°.
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Figure 7. Transmission loss versus frequency using numerical model for sequences, SSP-I to SSP-V.

Scientific Reports|  (2023)13:18474 | https://doi.org/10.1038/541598-023-45795-9 nature portfolio



www.nature.com/scientificreports/

transmission loss, exhibiting more peaks than the other sequences and a constant Transmission Loss value of
over 15 dB between 500 Hz and 6.3 6300 Hz. Our recent paper has more information on the shock impedance
matching of FMLs?. Table 3 shows the measured average transmission loss. The uncertainty for the transmission
loss was estimated at 95% confidence interval, as shown in Eq. (10). SSP-II showed the highest Transmission Loss,
followed by SSP-IV and SSP-III. The presence and location of the paperboard ply was critical in influencing the
Transmission Loss characteristics of the sequences.

N o\ 2
_y X X)
=N a0

Response of the FMLs to SHPB experiments

The strain-time data for the different sequences have been plotted as shown in Fig. 8. For each sequence, the
incident, reflected, and transmission strain values have been indicated. As the incident wave strikes the surface
of the specimen, a portion gets transmitted through the specimen into the transmission bar, hence the strain
amplitude is lower for the transmission side as measured by the strain gages; Another portion of the incident
wave gets reflected into the incident bar, the sign of the strain curves is inverted owing to the reversal in the
direction of shock travel and expectedly weaker with lower strain amplitude. As the striker velocity is increased
(by increasing pressure on the pressure cylinder), the overall amplitude of the strain pulses (in incident, reflected
and transmitted signals) is seen to increase, and this trend is seen throughout the sequences. The strain-time
histories were compared with the results of high strain rate testin§ of AA7449-T7651 carried out by Mylonas
et al”’, displayed in Fig. 8f. Evidently, the strain rate used is 1000 s~ ', leading to the spike in the amplitude of the
strains measured for the incident, transmitted and reflected compression waves.

The true stress and strains were calculated using Egs. (9 and 6) respectively®®, the true stress-strain vari-
ation for the different sequences have been plotted in Fig. 9. It is evident that the stress-strain curves cannot
be used to compute the elasticity modulus in the SHPB tests owing to the high strain rates, which disrupt the
equilibrium conditions required for the test volume®” "2 In all the sequences, the strain hardening effect was
observed on increasing the strain rates. Strain hardening was observed in the sequences between 1.8 and 2.4
mm/mm. As AA6061-T6 is strain-hardenable, the facet and distal layers are where strain hardening occurs most
frequently. The variation in the dislocation-dislocation interactions of the other constituent layers—aramid,
UHMWPE and paperboard plies in the individual laminates may be responsible for the variation in the strain
hardening for the various sequences. Thus, it can be surmised that arrangement of the constituent plies influ-
ences the response of the different sequences, and the acoustic impedance matching plays an important role in
the transmittance of the compressive stresses from ply-to-ply®-%°. The shock energy absorbed per unit volume
was computed for all the sequences, the details have been shown in Table 4. At the higher strain rate of 460s~1,
the highest shock energy absorption was shown by SSP-1V, followed by SSP-II, and SSP-III. When the strain rate
was increased from 350 to 460 s™!, the highest increase in the strain energy absorption was shown by SSP-IV
(76.2%), followed by SSP-II (68.7%), SSP-III (68.4%), SSP-V (68.1%) and SSP-I (65.9%). Shock energy absorption
depends on the shock attenuation capability of the individual plies in the respective laminates. Coupled with the
fact that the extent of strain hardening varies across the sequences due to the ply arrangement, the sequences
with least shock transmission response, contribute to maximum shock energy absorption. Hence, among all the
sequences, SSP-IV, SSP-II and SSP-III showed the best stress-strain response, strain hardening and shock energy
absorption at high strain rates. The presence of the low acoustic impedance material, paperboard/epoxy ply as
an intermediate layer in these sequences has positively contributed to the improved performance. The absence
of AA6061-T6 faceplate in SRSP-V has led to a pronounced reduction in the shock energy absorption, although
it was the lightest arrangement among all the sequence.

Optical and SEM analysis of the specimens subjected to SHPB experiments

The optical micrographs of the samples put through SHPB tests are shown in Fig. 10. The sequences SSP-I,
SSP-1I, and SSP-1V displayed microcracks in the penultimate layers at the lower strain rate, whereas SSP-III and
SSP-V displayed delamination between the paperboard and UHMWPE layers. At the higher strain rate of 460
s~ !, the plies were subjected to aggravated failures. SSP-I showed many microcracks in the penultimate layer,
and delamination between the 2nd and 3rd plies of aramid. SSP-II showed development of microcracks in the

Transmission loss (dB)
Stacking sequence | X um | X+1.96um | Laminate thickness (mm)
SSP-1 14.33 | 1.34 | 14.33+2.63 | 343
SSP-1I 20.17 |1.03 |20.17 £2.02 |3.74
SRSP-IIT 18.68 | 1.37 | 18.68 £2.69 | 3.50
SSP-IV 19.29 | 1.39 | 19.29+2.72 |3.52
SSP-V 16.31 | 1.34 | 16.31+2.63 |2.84

Table 3. Transmission loss functions for the different stacking sequences.

Scientific Reports |

(2023) 13:18474 | https://doi.org/10.1038/s41598-023-45795-9 nature portfolio



www.nature.com/scientificreports/

0.003 0.003
@ (b)
0.002 4 Reflected 0.002 Reflected
0.0014 0.0014 I
04 &= wresnafen R R T / \l\ T 0 Hpeeoremew [ —— _,.:.‘\-:-.-.-:’:"JZ R\ -
g ﬂ‘ }Ff \j § \'\‘ JJ ¥
B _0.001 P _0.001{ 1+ !
Transmitted y 3 :
-0.0024 -0.0021 Transmitted
. Incidentbar : 360s * Incidentbar : 361s *
-0.0034 Incident Transmission bar : 360s * -0.0034 ’ ———— Transmission bar : 361s *
——— Incidentbar: 45251 Incident Incidentbar : 4565
Transmission bar : 452s ' Transmission bar : 4565 *
-0.004 T T T T 7 -0.004 : T r 7 7
0 0.1 0.2 03 04 0.5 0.6 0 0.1 0.2 0.3 04 05 0.6
Time (ms) Time (ms)
0.003 0.003
© (D
0.002 Reflected 0.002 Reflected
0.001+ 0.0014 NNW»\
4 2, --J Ass 2 il e oy ..q--J ‘\ 2
I 0 3 o c 0 R o B o ac = =
E : : o ! i V
B _0.001- M B _0.001 N’
Transmitted : i
-0.0024 -0.002 Transmitted
In d t Incidentbar: 3525 * Incidentbar : 360s *
-0.003 ciden! = Transmission bar : 3525 * E & i ——— Transmission bar : 360s *
Incidentbar : 451 G003 Incident Incidentbar : 4183
Transmission bar : 4515 * Transmission bar : 4485
-0.004 T T T T T -0.004 T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0 0.1 0.2 0.3 04 05 0.6
Time (ms) Time (ms)
0.003 0.003
© ®
0.002 1 0.002 Reflected
0.0014 0.0014
% 04 Y p— ‘Afv—’—’:"—w~‘ — < o AI fL/\{VV\NJ\
£ [ l ® _
@ -0.001 || } B 0001 Incident |/
‘ .
-0.002] Transmitted 0,002 Transmitted
z Incidentbar: 359s *
-0.003 4 Incident ——— Transmission bar : 3505 * -0.003
—— Incidentbar: 4575 * Incident bar : 1000s™"
Transmission bar : 4575 * Transmissionbar : 1000s™"
-0.004 T T T T T -0.004 T T T 7 7 7
0 0.1 0.2 03 04 0.5 0.6 -0.1 0 0.1 0.2 0.3 04 05 0.6
Time (ms) Time (ms)

Figure 8. Strain-time plots for the different sequences comparing the incident, reflected and transmitted waves
(@) SSP-L, (b) SSP-1I, (c) SSP-IIL, (d) SSP-IV, (e) SSP-V, (f) AA 7449-T7651%.

paperboard layer. SSP-IIT showed an aggravated delamination and separation between the paperboard and
UHMWPE layers. SSP-IV showed a debonding between the paperboard and AA6061 layers. In SSP-V, the mild
delamination at lower strain rate transformed to moderate delamination at the higher strain rate, attributed to
the absence of a high shock impedance layer (AA6061) faceplate. The scanning electron micrographs of the SHPB
tested specimens (at 450 s~!) are shown in Fig. 11. All of the sequences displayed microcracks in the intermedi-
ate plies. SRSP-II and SRSP-III displayed severe delamination between the paperboard and UHMWPE layers.
SRSP-1V showed a mild delamination between the UHMWPE and paperboard. In SRSP-V, the mild to moderate
delaminations were observed in the intermediate plies in addition to the microcracks.

Regression analysis between shock impedance matching and shock energy absorption
SEaps1 = 6.12 +0.512 x TL (11)
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V.
Shock energy (M] / m3)
absorbed at
Configuration | ~350s~! [~460s~! | Increase (%)
SSP-1 14.1 234 65.96
SSP-II 16.3 27.5 68.71
SSP-III 15.2 25.6 68.42
SSP-IV 16.8 29.6 76.19
SSP-V 13.8 232 68.12

Table 4. Details of shock energy absorbed at different strain rates.

Figure 9. True stress—strain curves for the configurations (a) SSP-I, (b) SSP-I1, (c) SSP-IIL, (d) SSP-IV, (e) SSP-

The regression equation between the transmission loss and the shock energy absorption (SE s 1) is shown
in Eq. (11). The regression analysis tables for the shock energy absorption at 350 s~! are shown in Tables 5 and

6, respectively.

The comparison of the Transmission Loss and the shock energy absorption data is shown in Fig. 12. The
shock impedance mismatch introduced by the varied arrangement of the core layers plays an important role in
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Figure 10. Optical micrographs of specimens subjected to SHPB tests at different strain rates (a) SSP-I, (b)
SSP-I, (c) SSP-IIL, (d) SSP-IV, (e) SSP-V.

shock attenuation in the sequences. SSP-II displaying a high Transmission Loss was found to display the second
highest shock energy absorption at both the tested high strain rates, while SSP-IV showed the second highest
Transmission Loss with the highest shock energy absorption among the sequences. SSP-III showed the third
highest Transmission Loss and shock energy absorption among the sequences. The remaining two sequences,
SSP-I and SSP-II although displayed lower Transmission Losses and lower shock energy absorption as compared
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Figure 11. Scanning electron micrographs of some specimens subjected to SHPB tests at 450 s~! (a) SSP-I, (b)
SSP-II, (c) SSP-IIL, (d) SSP-IV, (e) SSP-V.
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Term Coeflicient SE coefficient T-value P-value
Constant 6.121 2.860 2.14 0.122
Transmission loss 0.5116 0.1594 321 0.049

Table 5. Regression analysis table for shock energy absorption at 350 s~' and transmission loss: coefficients.

S R-Sq (%) R-Sq(adj) (%)
0.721946 77.4 69.9

Table 6. Regression analysis table for shock energy absorption at 350 s~! and transmission loss: model
summary.
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Figure 12. Comparison of transmission loss of the sequences with the shock energy absorption®.

to the other sequences, there was a close agreement between the Transmission Loss values and the shock absorp-
tion at the two strain rates too.

The ANOVA is shown in Table 7. A significance level of o ~ 0.05 was taken during the analysis. The degree
of freedom (DoF), adjusted sum of squares (Adj. SS), adjusted mean squares (Adj. MS), the F-Value and P-Value
indicate the level of significance of the parameters. It was seen from Table 7 that "P-Value’ < «, which indicated
the high level of significance for the study. The corresponding residual plots are shown in Fig. 13. The regression
equation between the Transmission Loss and the shock energy absorption (SE ;) is shown in Eq. (12). The
Regression analysis tables for the shock energy absorption at 460 s~! are shown in Tables 8 and 9 respectively.
The ANOVA is shown in Table 10. It was observed from Table 10 that ’P-value’ < «, which indicated the high
level of significance for the shock energy absorption and Transmission Loss. The corresponding residual plots
are shown in Fig. 14.

SEgpsp = 7.74441.02 x TL (12)

Conclusion

Five configurations of fiber-metal laminates comprising AA6061-T6 skins, aramid, UHMWPE, and paperboard
layers as core layers were experimentally characterized for Transmission Loss response on an impedance tube
and high strain rate response on split hopkinson pressure bar. Based on the behaviour of the different sequences,
the following conclusions were made:

Source DoF Adj. SS Adj. MS F-value P-value
Regression 1 5.3684 5.3684 10.30 0.049
Error 3 1.5636 0.5212

Total 4 6.9320

Table 7. Analysis of variance table for shock energy absorption at 350 s~! and transmission loss: coefficients.
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Figure 13. Residual plots for shock energy absorption at 350 s~! and transmission loss.
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Figure 14. Residual plots for shock energy absorption at 460 s~! and transmission loss.

Term Coeflicient SE coefficient T-value P-value
Constant 7.744 6.739 1.15 0.334
Transmission loss 1.0164 0.3756 2.71 0.049

Table 8. Regression analysis table for shock energy absorption at 460 s~! and transmission loss : coefficients.
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S

R-8q (%) R-Sq(adj) (%)

1.70124 70.9 61.2

Table 9. Regression analysis table for shock energy absorption at 460 s~! and transmission loss: model

summary.
Source DoF | Adj.SS | Adj.MS | F-value | P-value
Regression 1 21.189 | 21.189 7.32 0.049
Error 3 8.683 2.894
Total 4 29.872

Table 10. Analysis of variance table for shock energy absorption at 460 s~ ! and transmission loss.

The shock impedance tuning influences the Transmission Loss functions of the sequences. Among the five
sequences, SSP-II (20.17 + 2.63 dB), SSP-IV (19.29 + 2.72 dB), and SSP-III (18.68 + 2.69 dB) showed the
highest values of the average Transmission Loss. Thus, the location of the low impedance paperboard ply in
the stackup, minimized the transmitted energy (acoustic) in the sequences.

The dynamic stress-strain curves display a marked rise at higher strain rates. The failure strains were found
to reduce with increase in the strain rate. The SSPs offered enhanced capability to absorb shock energies.
The sequence SSP-IV followed by SSP-II and SSP-III displayed the highest energy absorption at the high
strain rates 350 s™' to 460 s~'. The addition of a low shock impedance ply as an intermediate ply assists in
improving the strain rate sensitivity of fiber-metal laminates. Absence of metallic ply as facing layer severely
affected the response of SSP-V, which backs the role of metals and alloys as prime facing materials in hybrid
laminates.

The primary failure modes in the laminates comprised micro-cracks, debonding and delamination among
plies. The delamination was predominant at the paperboard ply interface, as seen in the sequences SSP-II,
SSP-III, SSP-IV and SSP-V.

The regression analysis between the shock energy absorption at the two high strain rates and the transmission
loss displayed a high level of significance (< @=0.05). The regression coefficients were obtained as R?=0.77 at
350 s~'and R2=0.71 at 460 s~!. The Shock energy absorption was shown as a function of transmission loss
for the respective strain rates.

Future advancements in manufacturing methods, like automated layup methods and additive manufacturing,
may significantly improve the production of FMLs. These developments may reduce costs, increase manufactur-
ing effectiveness, and make it possible to create intricate FML structures with specific features. The reliability and
safety of aircraft structures can be greatly increased through multifunctional integration like the ones covered
in this research.
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Data will be made available on reasonable request by the corresponding author.

Received: 17 August 2023; Accepted: 24 October 2023
Published online: 27 October 2023

References

1.

2.

3.

10.

Sadighi, M., Alderliesten, R. C. & Benedictus, R. Impact resistance of fiber-metal laminates: A review. Int. J. Impact Eng. 49, 77-90.
https://doi.org/10.1016/j.ijimpeng.2012.05.006 (2012).

Pai, A., Kini, C.R., & Shenoy, S. Development of materials and structures for shielding applications against blast and ballistic impact
: A detailed review. Thin-Walled Struct. 179, 109664. https://doi.org/10.1016/j.tws.2022.109664 (2022).

Pai, A., Divakaran, R., Anand, S. & Shenoy, S. B. Advances in the whipple shield design and development: A brief review. J. Dyn.
Behav. Mater.https://doi.org/10.1007/s40870-021-00314-7 (2021).

. Reyes, A. & Borvik, T. Low velocity impact on crash components with steel skins and polymer foam cores. Int. J. Impact Eng.

132(7491), 103297. https://doi.org/10.1016/}.ijimpeng.2019.05.011 (2019).

. Pai, A, Kini, C. R. & Shenoy, S. Experimental and numerical studies of fiber metal laminates comprising ballistic fabrics subjected

to shock impact. Compos. Struct. 297, 115917. https://doi.org/10.1016/j.compstruct.2022.115917 (2022).

. Pai, A, Kini, A. K., Kini, C. R. & Shenoy, S. Effect of natural fibre-epoxy plies on the mechanical and shock wave impact response

of fibre metal laminates. Eng. Sci. 17, 292-300 (2022).

. Cao, L. et al. Performance-based design procedure of a novel friction-based cladding connection for blast mitigation. Int. J. Impact

Eng. 117, 48-62. https://doi.org/10.1016/j.ijimpeng.2018.03.003 (2018).

. Chai, G. B. & Manikandan, P. Low velocity impact response of fibre-metal laminates—A review. Compos. Struct. 107, 363-381.

https://doi.org/10.1016/j.compstruct.2013.08.003 (2014).

. Stamoulis, K., Georgantzinos, S. K. & Giannopoulos, G. I. Damage characteristics in laminated composite structures subjected to

low-velocity impact. Int. J. Struct. Integr. 11(5), 670-685. https://doi.org/10.1108/IJSI-10-2018-0063 (2020).
Jia, S., Wang, E, Yu, L., Wei, Z. & Xu, B. Numerical study on the impact response of aircraft fuselage structures subjected to large-
size tire fragment. Sci. Prog.https://doi.org/10.1177/0036850419877744 (2020).

Scientific Reports |

(2023) 13:18474 | https://doi.org/10.1038/s41598-023-45795-9 nature portfolio


https://doi.org/10.1016/j.ijimpeng.2012.05.006
https://doi.org/10.1016/j.tws.2022.109664
https://doi.org/10.1007/s40870-021-00314-7
https://doi.org/10.1016/j.ijimpeng.2019.05.011
https://doi.org/10.1016/j.compstruct.2022.115917
https://doi.org/10.1016/j.ijimpeng.2018.03.003
https://doi.org/10.1016/j.compstruct.2013.08.003
https://doi.org/10.1108/IJSI-10-2018-0063
https://doi.org/10.1177/0036850419877744

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Dadej, K., Bienia$, J. & Valvo, P. S. Experimental testing and analytical modeling of asymmetric end-notched flexure tests on
glass-fiber metal laminates. Metals (Basel).https://doi.org/10.3390/met10010056 (2020).

Miranda-Vicario, A., Bravo, P. M. & Coghe, E. Experimental study of the deformation of a ballistic helmet impacted with pistol
ammunition. Compos. Struct. 203(April), 233-241. https://doi.org/10.1016/j.compstruct.2018.07.012 (2018).

Abadi, M. T. An analytical model to predict the impact response of one-dimensional structures. Math. Mech. Solids 22(12),
2253-2268. https://doi.org/10.1177/1081286516664968 (2017).

Pai, A, Divakaran, R., Anand, S. & Shenoy, S. B. Advances in the whipple shield design and development. J. Dyn. Behav. Mater.
8(1), 20-38. https://doi.org/10.1007/s40870-021-00314-7 (2022).

Field, J. E., Walley, S. M., Proud, W. G., Goldrein, H. T. & Siviour, C. R. Review of experimental techniques for high rate deforma-
tion and shock studies. Int. J. Impact Eng. 30, 725-775. https://doi.org/10.1016/j.ijimpeng.2004.03.005 (2004).

Romanova, T. P. Modeling the dynamic bending of rigid-plastic fiber-reinforced laminated curvilinear doubly connected thin
plates with free outer contour. Math. Mech. Solids 26(4), 570-590. https://doi.org/10.1177/1081286520962543 (2021).

Cui, H., Yasaee, M. & Melro, A. R. Dynamic inter-fibre failure of unidirectional composite laminates with through-thickness
reinforcement. Compos. Sci. Technol. 176(March), 64-71. https://doi.org/10.1016/j.compscitech.2019.04.004 (2019).

Pankow, M., Salvi, A., Waas, A. M., Yen, C. E. & Ghiorse, S. Split Hopkinson pressure bar testing of 3D woven composites. Compos.
Sci. Technol. 71(9), 1196-1208. https://doi.org/10.1016/j.compscitech.2011.03.017 (2011).

Chen, Y., Chen, L., Huang, Q. & Zhang, Z. Effect of metal type on the energy absorption of fiber metal laminates under low-velocity
impact. Mech. Adv. Mater. Struct. 29(25), 4582-4598. https://doi.org/10.1080/15376494.2021.1933659 (2022).

Hu, Y, Zhang, Y., Fu, X,, Hao, G. & Jiang, W. Mechanical properties of Ti/CF/PMR polyimide fiber metal laminates with various
layup configurations. Compos. Struct. 229(July), 111408. https://doi.org/10.1016/j.compstruct.2019.111408 (2019).

Sharma, A. P, Velmurugan, R., Shankar, K. & Ha, S. K. High-velocity impact response of titanium-based fiber metal laminates.
Part I: Experimental investigations. Int. J. Impact Eng.https://doi.org/10.1016/j.ijimpeng.2021.103845 (2021).

Hoo Fatt, M. S., Lin, C., Revilock, D. M. & Hopkins, D. A. Ballistic impact of GLARE fiber-metal laminates. Compos. Struct. 61(1-2),
73-88. https://doi.org/10.1016/50263-8223(03)00036-9 (2003).

Pai, A, Kini, C. R., Hegde, S. & Satish Shenoy, B. Thin fiber metal laminates comprising functionally graded ballistic-grade fabrics
subjected to mechanical and damping characterization. Thin- Walled Struct. 185, 110628. https://doi.org/10.1016/j.tws.2023.110628
(2023).

Mehr, M. E. et al. Effects of applying a combination of surface treatments on the mechanical behavior of basalt fiber metal laminates.
Int. J. Adhes. Adhes. 92(April), 133-141. https://doi.org/10.1016/j.jjadhadh.2019.04.015 (2019).

Li, H. et al. Development of an integrated model for prediction of impact and vibration response of hybrid fiber metal laminates
with a viscoelastic layer. Int. J. Mech. Sci.https://doi.org/10.1016/j.ijjmecsci.2021.106298 (2021).

Chen, Y. et al. Effect of peer ply and cooling rate on the tensile properties of Al/Gf/PP laminate prepared by hot pressing. J. Sandw.
Struct. Mater. 22(8), 2567-2581. https://doi.org/10.1177/1099636218802473 (2020).

Li, X. et al. Influence of fiber type on the impact response of titanium-based fiber-metal laminates. Int. J. Impact Eng. 114, 32-42
(2018).

Sinmazgelik, T., Avcu, E., Bora, M. O. & Coban, O. A review: Fibre metal laminates, background, bonding types and applied test
methods. Mater. Des. 32(7), 3671-3685 (2011).

Pai, A, Shenoy, B.S., Kini, R.C., & Hegde, S. The scope of acoustic impedance matching of hybrid fiber metal laminates for shielding
applications. J. King Saud Univ.-Eng. Sci. (2021).

Pai, A, Kini, C. R. & Shenoy, S. Experimental and numerical studies of fiber metal laminates comprising ballistic fabrics subjected
to shock impact. Compos. Struct. 297, 115917 (2022).

Mohsin, M. A. A,, Jannucci, L. & Greenhalgh, E. S. On the dynamic tensile behaviour of thermoplastic composite carbon/polyamide
6.6 using split Hopkinson pressure bar. Materials (Basel).https://doi.org/10.3390/ma14071653 (2021).

Rodriguez-Sereno, J., Pernas-Sanchez, J., Artero-Guerrero, J., Lopez-Puente, J. & Luki¢, B. Experimental study of off-axis compres-
sion behaviour in dynamic loading: The open hole eftect. Compos. Part A Appl. Sci. Manuf. 173(April), 107653. https://doi.org/10.
1016/j.compositesa.2023.107653 (2023).

Medina, S. A. et al. Rate-dependency analysis of mode I delamination by means of different data reduction strategies for the GDCB
test method. Eng. Fract. Mech. 288(April), 109352. https://doi.org/10.1016/j.engfracmech.2023.109352 (2023).

Grote, D, Park, S. & Zhou, M. Dynamic behavior of concrete at high strain rates and pressures. I: Experimental characterization.
Int. J. Impact Eng. 25, 869-886. https://doi.org/10.1016/S0734-743X(01)00021-5 (2001).

Deshpande, V. S. & Fleck, N. A. High strain rate compressive behaviour of aluminum alloy foams. Int. J. Impact Eng. 24(3), 277-298.
https://doi.org/10.1016/S0734-743X(99)00153-0 (2000).

Fleck, N. A. & Deshpande, V. S. The resistance of clamped sandwich beams to shock loading. J. Appl. Mech. Trans. ASME 71(3),
386-401. https://doi.org/10.1115/1.1629109 (2004).

Richter, E, Képpe, E. & Daum, W. Tracking deformation history in split Hopkinson pressure bar testing. Mater. Today Proc. 3(4),
1139-1143 (2016).

Yang, H., Song, H. & Zhang, S. Experimental investigation of the behavior of aramid fiber reinforced polymer confined concrete
subjected to high strain-rate compression. Constr. Build. Mater. 95, 143-151. https://doi.org/10.1016/j.conbuildmat.2015.07.084
(2015).

Gardner, N., Wang, E. & Shukla, A. Performance of functionally graded sandwich composite beams under shock wave loading.
Compos. Struct. 94(5), 1755-1770. https://doi.org/10.1016/j.compstruct.2011.12.006 (2012).

Sassi, S., Tarfaoui, M. & Benyahia, H. Experimental study of the out-of-plane dynamic behaviour of adhesively bonded composite
joints using split Hopkinson pressure bars. J. Compos. Mater. 52(21), 2875-2885. https://doi.org/10.1177/0021998318758368
(2018).

Sen Li, D., Fen Han, W. & Jiang, L. High strain rate impact effect and failure behavior of 3D six-directional braided composites.
Extrem. Mech. Lett. 45, 101291. https://doi.org/10.1016/j.em].2021.101291 (2021).

Sharma, A. & Parameswaran, V. High strain rate tensile behavior of fiber metal laminates. In Mechanics of Composite and Multi-
Functional Materials. Vol. 7. 457-461 (Springer, 2016).

Zhou, J., Guan, Z. W. & Cantwell, W. J. The influence of strain-rate on the perforation resistance of fiber metal laminates. Compos.
Struct. 125(2015), 247-255. https://doi.org/10.1016/j.compstruct.2015.02.034 (2015).

Sasso, M., Mancini, E., Dhaliwal, G. S., Newaz, G. M. & Amodio, D. Investigation of the mechanical behavior of CARALL FML at
high strain rate. Compos. Struct. 222(March), 110922. https://doi.org/10.1016/j.compstruct.2019.110922 (2019).

Khan, S. H. & Sharma, A. P. Failure assessment of fiber metal laminates based on metal layer dispersion under dynamic loading
scenario. Eng. Fail. Anal. 106(June), 104182. https://doi.org/10.1016/j.engfailanal.2019.104182 (2019).

Sharma, A. P,, Khan, S. H. & Parameswaran, V. Response and failure of fiber metal laminates subjected to high strain rate tensile
loading. J. Compos. Mater. 53(11), 1489-1506. https://doi.org/10.1177/0021998318804620 (2019).

Zarezadeh-mehrizi Mohammad Amin, L. Gholamhossein, A.H., Taherzadeh-Fard, A. & Amin, K. Numerical and experimental
investigation of fiber metal laminates with elastomeric layers under low-velocity impact. Polym. Compos. 43, 1936-1947 (2021).

Malinowski, J. Z. & Klepaczko, J. R. A unified analytic and numerical approach to specimen behaviour in the split Hopkinson
pressure bar. Int. J. Mech. Sci. 28(6), 381-391 (1986).

Scientific Reports |

(2023) 13:18474 | https://doi.org/10.1038/s41598-023-45795-9 nature portfolio


https://doi.org/10.3390/met10010056
https://doi.org/10.1016/j.compstruct.2018.07.012
https://doi.org/10.1177/1081286516664968
https://doi.org/10.1007/s40870-021-00314-7
https://doi.org/10.1016/j.ijimpeng.2004.03.005
https://doi.org/10.1177/1081286520962543
https://doi.org/10.1016/j.compscitech.2019.04.004
https://doi.org/10.1016/j.compscitech.2011.03.017
https://doi.org/10.1080/15376494.2021.1933659
https://doi.org/10.1016/j.compstruct.2019.111408
https://doi.org/10.1016/j.ijimpeng.2021.103845
https://doi.org/10.1016/S0263-8223(03)00036-9
https://doi.org/10.1016/j.tws.2023.110628
https://doi.org/10.1016/j.ijadhadh.2019.04.015
https://doi.org/10.1016/j.ijmecsci.2021.106298
https://doi.org/10.1177/1099636218802473
https://doi.org/10.3390/ma14071653
https://doi.org/10.1016/j.compositesa.2023.107653
https://doi.org/10.1016/j.compositesa.2023.107653
https://doi.org/10.1016/j.engfracmech.2023.109352
https://doi.org/10.1016/S0734-743X(01)00021-5
https://doi.org/10.1016/S0734-743X(99)00153-0
https://doi.org/10.1115/1.1629109
https://doi.org/10.1016/j.conbuildmat.2015.07.084
https://doi.org/10.1016/j.compstruct.2011.12.006
https://doi.org/10.1177/0021998318758368
https://doi.org/10.1016/j.eml.2021.101291
https://doi.org/10.1016/j.compstruct.2015.02.034
https://doi.org/10.1016/j.compstruct.2019.110922
https://doi.org/10.1016/j.engfailanal.2019.104182
https://doi.org/10.1177/0021998318804620

www.nature.com/scientificreports/

49. Imbalzano, G., Tran, P, Ngo, T. D. & Lee, P. V. S. A numerical study of auxetic composite panels under blast loadings. Compos.
Struct. 135, 339-352. https://doi.org/10.1016/j.compstruct.2015.09.038 (2016).

50. Miao, Y.-G., Li, Y.-L., Liu, H.-Y,, Deng, Q. & Shen, L. Determination of dynamic elastic modulus of polymeric materials using
vertical split Hopkinson pressure bar. Int. J. Mech. Sci. 108-109, 188-196. https://doi.org/10.1016/j.ijjmecsci.2016.02.005 (2016).

51. Gao, C. & Iwamoto, T. Measurement of transient temperature at super-high-speed deformation. Int. J. Mech. Sci. 206, 106626.
https://doi.org/10.1016/j.ijmecsci.2021.106626 (2021).

52. Zhang, L., Pellegrino, A., Townsend, D. & Petrinic, N. Thermomechanical constitutive behaviour of a near titanium alloy over
a wide range of strain rates : Experiments and modelling. Int. J. Mech. Sci. 189, 105970. https://doi.org/10.1016/j.ijjmecsci.2020.
105970 (2021).

53. Santos, A. L., Nakazato, R. Z., Schmeer, S. & Botelho, E. C. Influence of anodization of aluminum 2024 T3 for application in
aluminum/cf/epoxy laminate. Compos. Part B Eng. 184, 107718. https://doi.org/10.1016/j.compositesb.2019.107718 (2020).

54. Zhu, W., Xiao, H., Wang, J. & Fu, C. Characterization and properties of AA6061-based fiber metal laminates with different
aluminum-surface pretreatments. Compos. Struct. 227, 111321. https://doi.org/10.1016/j.compstruct.2019.111321 (2019).

55. Fernando, P. L. et al. Experimental, numerical and analytical study on the shock wave propagation through impedance-graded
multi-metallic systems. Int. J. Mech. Sci. 178, 105621. https://doi.org/10.1016/j.ijmecsci.2020.105621 (2020).

56. Chen, W,, Sommerfeld, M. & Hu, Q. Microwave-assisted Nile red method for in vivo quantification of neutral lipids in microalgae.
Bioresour. Technol. 102(1), 135-141. arXiv:1011.1669v3. https://doi.org/10.1016/j.biortech.2010.06.076 (2011).

57. Mylonas, G. I. & Labeas, G. N. Mechanical characterisation of aluminium alloy 7449-T7651 at high strain rates and elevated
temperatures using split hopkinson bar testing. Exp. Tech. 38(2), 26-34. https://doi.org/10.1111/j.1747-1567.2011.00796.x (2014).

58. Francis, D. K. et al. Split Hopkinson pressure bar graphical analysis tool. Exp. Mech. 57(1), 179-183 (2017).

59. Wang, Z. L. et al. Study on energy properties and failure behaviors of heat-treated granite under static and dynamic compression.
Mech. Adv. Mater. Struct. 27(6), 462-472. https://doi.org/10.1080/15376494.2018.1479808 (2020).

60. Xie, B, Chen, D., Ding, H., Wang, G. & Yan, Z. Numerical simulation of split-Hopkinson pressure bar tests for the combined
coal-rock by using the Holmquist-Johnson-Cook model and case analysis of outburst. Adv. Civ. Eng.https://doi.org/10.1155/2020/
8833233 (2020).

61. Mylonas, C., Abdallah, I. & Chatzi, E. N. Conference Proceedings of the Society for Experimental Mechanics Series . 189-196 (2019).

62. Zhang, M., Sun, B., Hu, H. & Gu, B. Dynamic behavior of 3D biaxial spacer weft-knitted composite T-beam under transverse
impact. Mech. Adv. Mater. Struct. 16(5), 356-370. https://doi.org/10.1080/15376490802710761 (2009).

63. Serubibi, A., Hazell, PJ., Escobedo J.P, Wang, H., Oromichie, E., Prusty, G.B., Phillips, A.W. & St John, N. A. Fibre-metal laminate
structures: High-velocity impact, penetration, and blast loading—A review. Compos. Part A Appl. Sci. Manuf. 107674. https://doi.
org/10.1016/j.compositesa.2023.107674 (2023).

64. Langdon, G. & Cantwell, W. The blast response of composite and fiber-metal laminate materials. In Polymer Composites in the
Aerospace Industry. 415-439. https://doi.org/10.1016/B978-0-08-102679-3.00014-9 (Elsevier, 2020).

65. Ram, K., Kartikeya, K., Mahajan, P. & Bhatnagar, N. Investigation of supersonic shock wave loading on thin metallic sheets. Defence
Technol.https://doi.org/10.1016/j.dt.2023.01.017 (2023).

Acknowledgements

The authors would like to thank the Department of Aeronautical and Automobile Engineering, MIT Manipal
for providing access to the fabrication in the Advanced Composites Lab and computational facility at the PG
CAD Lab. The authors thank Dr. S.M. Kulkarni, Professor and Head, Department of Mechanical Engineering,
National Institute of Technology Karnataka, Surathkal and Dr. Sharnappa J, Associate Professor, Department of
Mechanical Engineering, National Institute of Technology Karnataka, Surathkal for granting access to the Split
Hopkinson Pressure Bar setup at their Central Research Facility.

Author contributions

A.P.: Conceptualization, Methodology, Software/ Validation, Data curation, Writing- Original draft prepara-
tion, M.R.-M.: Software/ Validation, Writing- Original draft preparation, C.R K.: Writing-Review and Editing,
Visualization, R.M.: Resources, Writing-Review and Editing, Visualization, C.B.: Resources, Writing-Review
and Editing, Visualization, S.Y.N.: Resources, Project administration, Validation, S.S.B.: Supervision, Validation.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.B.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18474 | https://doi.org/10.1038/s41598-023-45795-9 nature portfolio


https://doi.org/10.1016/j.compstruct.2015.09.038
https://doi.org/10.1016/j.ijmecsci.2016.02.005
https://doi.org/10.1016/j.ijmecsci.2021.106626
https://doi.org/10.1016/j.ijmecsci.2020.105970
https://doi.org/10.1016/j.ijmecsci.2020.105970
https://doi.org/10.1016/j.compositesb.2019.107718
https://doi.org/10.1016/j.compstruct.2019.111321
https://doi.org/10.1016/j.ijmecsci.2020.105621
http://arxiv.org/abs/1011.1669v3
https://doi.org/10.1016/j.biortech.2010.06.076
https://doi.org/10.1111/j.1747-1567.2011.00796.x
https://doi.org/10.1080/15376494.2018.1479808
https://doi.org/10.1155/2020/8833233
https://doi.org/10.1155/2020/8833233
https://doi.org/10.1080/15376490802710761
https://doi.org/10.1016/j.compositesa.2023.107674
https://doi.org/10.1016/j.compositesa.2023.107674
https://doi.org/10.1016/B978-0-08-102679-3.00014-9
https://doi.org/10.1016/j.dt.2023.01.017
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fiber metal laminates for high strain rate applications with layerwise shock impedance tuning
	Materials and methods
	Materials
	Fabrication process
	Shock impedance matching
	Dynamic testing using split Hopkinson pressure bar

	Results and discussion
	Response of the FMLs to the impedance tube experiments
	Response of the FMLs to SHPB experiments
	Optical and SEM analysis of the specimens subjected to SHPB experiments
	Regression analysis between shock impedance matching and shock energy absorption

	Conclusion
	References
	Acknowledgements


