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Dynamic failure characteristics of a metallic sandwich plate with repeated metallic cores considerably affect the dynamic property

and the functionality of the plate. The objective of this paper is to examine dynamic failure characteristics of a metallic sandwich plate

with repeated metallic truss cores subjected to plane strain drop impact conditions via a three-dimensional finite element analysis.

Dynamic failure modes of the metallic sandwich plate have been estimated using the residual deformed shape of the plate. Non-

dimensional impact parameters have been adopted to generalize the dynamic failure map (DFM). Limit curves for different dynamic

failure modes have been estimated via a regression analysis using the limit impact conditions in dynamic failure plots (DFPs). DFMs

of the metallic sandwich plate have been created using the limit curves and the DFPs. The effects of the non-dimensional impact

parameters on dynamic failure characteristics of the metallic sandwich plate have been discussed. The relationship between non-

dimensional impact energy and non-dimensional absorbed energy has been estimated to investigate the energy absorption

characteristics of the plate. Finally, it has been revealed that the initiation of the instability mode is prevented to obtain the desired

performance of the metallic sandwich plate with repeated metallic truss cores.
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1. Introduction

One of the recent major issues in the transport vehicle industries is the

improvement of energy efficiency through weight reduction and

enhancement of structural safety.1-3 As an alternative of the conflict

demands, a metallic sandwich plate with periodically repeated metallic

(PCM) cores has been proposed.4-7 Various types of metallic sandwich

NOMENCLATURE

ϖ = mass of impact head

µ = velocity of impact head

D = diameter of impact head

b = width of metallic sandwich plate

ξ = length of specimen

ρ = density of face sheet

Φ = non-dimensional impact mass

H = thickness of metallic sandwich plate 

σy = reference dynamic yield strength of the face sheet

ζ = strain rate

Π = non-dimensional impact velocity

Γ = non-dimensional impact diameter

S = distance between supports

αi = coefficients of the formula of the limit curves

Ψ = non-dimensional impact energy

Ω = impact energy

X = non-dimensional absorbed energy

Emax = maximum absorbed energy

Ωmax = maximum impact energy

Ψmax = maximum non-dimensional impact energy

βj = coefficients of the formula of the N-N curves
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plate with PCM cores have been developed to improve specific stiffness,

strength, energy absorption characteristics, and the crash resistance of

structural materials and components.8-11 In addition, the metallic

sandwich plate with PCM cores has potential for multifunctional

applications.8-11 Dynamic failure characteristics of a metallic sandwich

plate with PCM cores considerably affect the dynamic property, the

impact resistance and the functionality of the metallic sandwich plate.12-

14 Hence, the investigation of dynamic failure characteristics is needed to

improve the functionality and performance of the metallic sandwich plate

with PCM cores under dynamic loading conditions. 

Several researchers have investigated the dynamic failure

characteristics of metallic sandwich plates with PCM cores to improve the

impact resistance and functionality of the metallic sandwich plate.12,13,15-17

Lee et al. have investigated the variation of the dynamic failure pattern of

a metallic sandwich plate with metallic truss cores according to the strain

rate using a Kolsky impact bar and gas gun impact experiments.13 Varizi

et al. have examined the performance and failure characteristics of

metallic sandwich plates with both square honeycomb cores and folded

plate cores subjected to intense uniform impulsive pressure loads.15 They

have estimated the dynamic failure patterns and a dynamic failure map for

the metallic sandwich plates.15 Yungwirth et al. have created the

generalized dynamic failure mechanism map for a metallic sandwich plate

with metallic pyramidal truss cores subjected to ballistic impact and

clamped conditions.16 They have considered tearing and shear-off

failures.16 Ahn and Jeong have estimated the failure mode and the failure

map of a thin metallic sandwich plate with metallic sheared dimple cores

under low-velocity impact loading using a finite element analysis.17 

The objective of this research work is to examine the dynamic failure

characteristics of metallic sandwich plate with repeated metallic truss cores

subjected to plane strain drop impact conditions via a three-dimensional

finite element analysis (FEA). Dynamic failure patterns of the metallic

sandwich plate with repeated metallic truss cores for different impact

conditions are estimated. Dynamic failure maps (DFMs) of the metallic

sandwich plate for different impact conditions are created. In addition, the

effects of non-dimensional impact parameters on the dynamic failure mode

are investigated using the DFMs. Finally, the relationship between non-

dimensional impact energy and non-dimensional absorbed energy is

estimated to examine the energy absorption characteristics of the metallic

sandwich plate with repeated metallic truss cores.

2. Metallic Sandwich Plate with Repeated Metallic Truss

Cores

Metallic sandwich plate with repeated metallic truss cores are

manufactured from multi-points resistance welding of face sheets and

metallic truss cores, as shown in Fig 1.18,20 Metallic truss cores are

fabricated via crimpling of rhombic meshes.18,20 Materials of the truss cores

and the face sheets are mild steel (CQ grade) and SUS304, respectively.18,20

The thicknesses of the metallic sandwich plate and the face sheet are

approximately 2.7 mm and 0.3 mm, respectively.18,20 Crimping angle of

metallic truss cores is nearly 90o. The relative density of the metallic

sandwich plate with repeated metallic truss cores is nearly 0.25.21

3. Finite Element Analysis

A three-dimensional non-linear FEA is carried out to examine the

dynamic failure characteristics of a metallic sandwich plate with repeated

metallic truss cores subjected to a plane strain drop impact conditions

using ABAQUS V6.11 Explicit. Fig. 2 shows the model of the FE

analysis. In order to consider the effects of the initial imperfection of the

metallic truss cores on the impact response of the metallic sandwich

plate, a symmetric imperfection mode is applied to the metallic truss

cores.20 FE meshes are generated for half of the single line of the metallic

sandwich plate using the symmetric and the repetition characteristics of

the truss cores.17 The metallic sandwich plate is represented by 37,200

hexahedron solid element and 52,620 nodes. In order to appropriately

simulate the bending behavior of the face sheets and truss cores, the

number of layers for the hexahedron elements is chosen to be four. The

impact head and fixture are assumed to be rigid bodies. Neo-Hookean

strain energy potential is adopted to consider viscoelastic behaviors of the

rubber plate at the bottom region of the fixture.17,20 True stress-plastic

strain relationships with strain rate effects are applied to the FE analysis.

Table 1 shows the conditions of FE analysis.

4. Non-Dimensional Parameters

Non-dimensional impact parameters are adopted to generalize the

DFMs.15-17 Eqs. (1), (2) and (3) are the definition of non-dimensional

impact mass, non-dimensional impact velocity and non-dimensional

impact diameter, respectively.15-17 The relationship between the

Fig. 1 Manufacturing procedure of the metallic sandwich plate with

repeated metallic truss cores

Fig. 2 FE model to simulate the impact response of the metallic

sandwich plate subjected to a plane stain drop impact condition

Table 1 Conditions of FE analysis

ϖ (kg) µ (m/s) D(×10-3 m) b (m) ξ (m) ρ (kg/m3)

0.25-8.33 1.14-2.29 15, 30, 45 0.06 0.2 7,850
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dynamic yield strength and the strain rate is estimated from high speed

tensile tests of the face sheet. Eq. (4) shows the relationship between

the dynamic yield strength of the face sheet and the strain rate. The

reference dynamic yield strength of the face sheet is calculated from

the average of the dynamic yield strength between 10/second and 200/

second of strain rates.17

(1)

(2)

(3)

  (4)

In order to investigate energy absorption characteristics of the

metallic sandwich plate, non-dimensional energy parameters, including

non-dimensional impact energy and non-dimensional absorbed energy,

are adopted.16 The non-dimensional impact energy and non-

dimensional absorbed energy are estimated by Eqs. (5) and (6),

respectively. The maximum absorbed energy of the metallic sandwich

plate is estimated by direct integration of the contact force versus

deflection curve.14

(5)

 (6)

5. Results and Discussion

5.1 Dynamic failure patterns

The dominant dynamic failure mode of the metallic sandwich plate

with repeated metallic truss cores is investigated using the results of the

repeated FE analysis for the conditions given in Table 1. The dynamic

failure modes of the metallic sandwich plate for different impact

conditions are assumed as residual deformed shapes of the metallic

sandwich plate after elastic recovery. Through the observation of

residual deformed shapes for the metallic sandwich plate, the dominant

dynamic failure mode of the metallic sandwich plate with repeated

metallic truss cores can be classified into three types, including

symmetric buckling mode (1st dynamic failure mode), crushing and

anti-symmetric buckling mode (2nd dynamic failure mode), and

instability mode (3rd dynamic failure mode), as shown in Fig. 3.

The residual deformed shape of the metallic sandwich plate is

similar to its initial shape when the applied impact energy is very small,

as shown in Fig. 3(b). The residual deformed shape of the metallic

sandwich plate transits from the 1st dynamic failure mode to the 3rd

dynamic failure mode when the non-dimensional impact mass and

velocity augment, as shown in Figs. 3(c), 3(d) and 3(e). In the 1st

dynamic failure mode, symmetric buckling of struts of the metallic

truss cores occurs, as shown in Fig. 3(c). In addition, wrinkling and

depression of the top face sheet are initiated, as shown in Fig. 3(c).

Through the investigation of the deformation behavior of the metallic

sandwich during impact loading and recovery, it is found that rotation

of the welded region, which is induced by the difference in buckling

deflection between adjacent struts of the metallic truss core, causes

wrinkling and depression of the top face sheet, as shown in Fig. 3(c).

Fig. 3(d) shows a residual deformed shape of a metallic sandwich plate

with repeated metallic truss cores for the 2nd dynamic failure mode. In the

2nd dynamic failure mode, anti-symmetric buckling and excessive

symmetric buckling occur in struts of the 1st line and the 2nd line from the

center of the metallic sandwich plate, respectively, unlike the 1st dynamic

failure mode. In addition, crushing and wrinkling of the top face sheet

appear in the 2nd dynamic failure mode, as shown in Fig. 3(d). This results

from the fact that the augmented difference of the buckling deflection

between struts of the 1st line and those of the 2nd line increases the rotation

angle of the welded region. Contact with the top face sheet and cores is

initiated in the 2nd dynamic failure mode, as shown in Fig. 3(d). From the

examination of the deformation behavior of the metallic sandwich plate, it

is noted that the contact force between the top face sheet and struts of the

2nd line additionally augments the rotation angle of the welded region.

Fig. 3(e) shows the residual deformed shape of the metallic

sandwich plate for the 3rd dynamic failure mode. Significant crushing
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Fig. 3 Dominant dynamic failure mode of the metallic sandwich plate

with repeated metallic truss cores (G=0.250)
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and excessive wrinkling of the top face sheet as well as excessive

buckling and stretching of the struts of cores appear in the 3rd dynamic

failure mode, as shown in Fig. 3(e). In addition, wrinkling of the

bottom face sheet takes place. From the observation of the deformed

shape of the metallic sandwich plate during impact loading and

recovery, it is noted that excessive wrinkling of the top face sheet and

small wrinkles of the bottom face sheet are induced by significant

crushing of the struts of the 1st line and the excessive rotation of the

welded region, as shown in Fig. 3(e).

5.2 Dynamic failure maps (DFMs)

Dynamic failure plots (DFPs) for different non-dimensional impact

diameters are created via fitting of each dynamic failure mode for a

combination of the non-dimensional impact mass and the non-

dimensional impact velocity, as shown in Fig. 4. Limit impact conditions

for different dynamic failure modes are selected from the DFPs. The limit

curve of each dynamic failure mode and the empirical formula of the limit

curve are estimated through a regression analysis using the limit impact

conditions for different dynamic failure modes, as shown in Fig. 4 and Eq.

(7). The exponential function is selected as the basis function of the

empirical formula of the limit curves, as shown in Eq. (7).17 Table 2 shows

the estimated coefficients of the empirical equation for the limit curves.

Π(×10-3) = α1 Exp(α2Φ) (7)

Using the empirical equations of the limit curves for different dynamic

failure modes, the dynamic failure maps (DFMs) for different non-

dimensional impact diameters are created, as shown in Fig. 4. Fig. 4

shows that extents of no failure, the 1st dynamic failure mode and the 2nd

dynamic failure mode augment in the DFMs decrease while the extent of

the 3rd dynamic failure mode increases when the non-dimensional impact

diameter decreases. Through the investigation of the limit curves for

different dynamic failure modes and non-dimensional impact radius, it is

observed that the critical non-dimensional impact mass and the critical

non-dimensional impact velocity is decreased when the non-dimensional

impact diameter is reduced, as shown in Fig. 4. These may be ascribed

due to the fact that the increased density of the impact energy, which is

induced by the reduction of contact area between the nose of impact head

and the specimen, leads to the strain localization of specimen in the

vicinity of the impacted region and this, subsequently, causes locally

excessive deformation in the vicinity of the impacted region.

The extents of no failure, the 1st dynamic failure mode and the 2nd

dynamic failure mode rapidly become narrow when the non-dimensional

impact diameter decreases from 0.250 to 0.125, as shown in Figs. 4 (a)

and (b). From this result, it is noted that the strain localization in the

vicinity of the impacted region is rapidly accelerated when the non-

dimensional impact diameter is changed from 0.250 and 0.125. The limit

curve of each failure mode shows a steep slope in the experimental

region. This indicates that the effects of the non-dimensional impact

velocity on the transition of the dynamic failure mode is larger than the

effects of the non-dimensional impact mass on the transition of the

dynamic failure mode. Through the comparison of Figs. 4 (a) and (b), it

is seen that the influence of the non-dimensional impact velocity on the

transition of the dynamic failure mode is conspicuously augmented when

the strain localization of the impact region is accelerated.

Using the empirical formula of the limit curve, the maximum non-

dimensional impact energy is predicted. The maximum non-

dimensional impact energy is derived from Eq. (5), as shown in Eq. (8).

By substituting Eq. (7) for Eq. (8), the formula of the maximum non-

dimensional impact energy is estimated, as shown in Eq. (9).

  (8)

 (9)

5.3 Energy absorption characteristics

In order to investigate the energy absorption characteristics of the

metallic sandwich plate with repeated metallic truss cores, the relationship

between non-dimensional impact energy and non-dimensional absorbed

energy is estimated using the results of the FE analysis. Non-dimensional
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Fig. 4 Dynamic failure plots and dynamic failure maps for different non-dimensional impact diameter

Table 2 Coefficients of empirical formula of the limit curve

Γ Dynamic failure mode α1 α2 (×10-3)

0.125

No failure 8.348 -4.753

1st mode 9.686 -2.840

2nd mode 10.996 -1.271

0.250

No failure 10.224 -6.143

1st mode 9.561 -1.447

2nd mode 11.855 -1.037

0.375

No failure 10.224 -3.767

1st mode 9.692 -1.162

2nd mode 15.782 -1.215
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impact energy versus non-dimensional absorbed energy curves for

different non-dimensional impact diameters are predicted by an

exponential regression analysis. Eq. (10) is the formula of the non-

dimensional impact energy - non-dimensional absorbed energy curves.

The coefficients of Eq. (10) are calculated by a regression analysis, as

shown in Table 3. Using Eq. (10) and Table 3, non-dimensional impact

energy versus non-dimensional absorbed energy for the metallic sandwich

plate with repeated metallic truss cores is obtained, as shown in Fig. 5.

(10)

The critical non-dimensional impact energy, in which the instability

mode of the metallic sandwich plate initiates, increases when the non-

dimensional impact diameter augments, as shown in Fig. 5. The critical

non-dimensional impact energy suddenly decreases when the non-

dimensional impact diameter decreases from 0.250 to 0.125, as shown

in Fig. 5. This result indicates that the applicable impact energy is

rapidly reduced when the strain localization is accelerated. 

The non-dimensional absorbed energy of the metallic sandwich

plate with repeated metallic truss cores is almost identical irrespective

of the non-dimensional impact diameter when the non-dimensional

impact energy is less than the critical non-dimensional impact energy

for the non-dimensional impact diameter of 0.125, as shown in Fig. 5.

From this result, it is noted that the performance of the energy absorption

of the metallic sandwich plate is hardly influenced by the non-

dimensional impact energy before initiation of the instability mode. In

Fig. 5, it is observed that the non-dimensional absorbed energy of the

non-dimensional impact diameter of 0.370 is the same as that of the non-

dimensional impact diameter of 0.250. In addition, it is found that the

non-dimensional absorbed energy of the non-dimensional impact

diameter of 0.125 is smaller than that of the non-dimensional impact

diameter of 0.250 when the non-dimensional impact energy is greater

than the critical non-dimensional impact energy for the non-dimensional

impact diameter of 0.125. These results indicate that the performance of

the energy absorption of the metallic sandwich plate conspicuously

decreases after initiation of the instability mode of the specimen. From

this result, it is considered that the initiation of the instability mode with

excessive local deformation of the metallic sandwich plate should be

prevented to obtain the desired performance of the metallic sandwich

plate with repeated metallic truss cores.

6. Conclusions

This paper has investigated the dynamic failure characteristics of a

metallic sandwich plate with repeated metallic truss cores subjected to

plane strain drop impact conditions via a three-dimensional FE analysis.

Dynamic failure patterns of the metallic sandwich plate with

repeated metallic truss cores have been predicted via repeated FE

analyses for different impact conditions. Through the investigation of

residual deformed shapes of the metallic sandwich for different impact

conditions, it has been noted that the dynamic failure mode of the

metallic sandwich plate can be classified into symmetric buckling

mode (1st dynamic failure mode), anti-symmetric buckling mode (2nd

dynamic failure mode) and instability mode (3rd dynamic failure

mode). Non-dimensional impact parameters have been adopted to

generalize the DFMs of the metallic sandwich plate with repeated

metallic truss cores. The limit curve of each dynamic failure mode and

the empirical formula of the limit curve have been estimated via the

regression analysis using the limit impact conditions for different

dynamic failure modes in the DFPs. DFMs of the metallic sandwich

plate have been created using the limit curves of different dynamic

failure modes and the DFPs. Using the DFMs, the effects of non-

dimensional impact parameters on dynamic failure characteristics of

the metallic sandwich plate have been discussed. The empirical

formula of the maximum non-dimensional impact energy has been

predicted using the empirical formula of the limit curve.

In order to investigate the energy absorption characteristics of the

metallic sandwich plate with repeated metallic truss cores, the relationship

between non-dimensional impact energy and non-dimensional absorbed

energy has been estimated. Non-dimensional impact energy versus non-

dimensional absorbed energy curves for different non-dimensional impact

diameters have been predicted by the exponential regression analysis.

Through observation of non-dimensional impact energy versus non-

dimensional absorbed energy curves, it has been noted that the applicable

impact energy is rapidly reduced when the strain localization is

accelerated. In addition, it has been revealed that the initiation of the

instability mode with excessive local deformation is prevented to obtain

the desired performance of the metallic sandwich plate.

In the future, the results of this paper should be compared to those of

experiments for the improvement of the completeness of this research work.
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Fig. 5 Non-dimension impact energy versus non-dimensional absorbed

energy curves for different non-dimensional impact diameters

Table 3 Coefficients of formula for non-dimensional impact energy

versus non-dimensional absorbed energy curves

Γ β1 β2

0.125 1.119 1.062

0.250 1.535 1.131

0.375 1.470 1.118
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