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A B S T R A C T   

The formability of steel–polymer sandwich composites was investigated using a new forming 
limit diagram (FLD) while considering delamination and fracture. The acoustic emission (AE) 
technique was used to observe delamination during the forming process. Several tests, including 
tensile and lap shear tests, were performed to identify the AE features of delamination. In 
addition, finite element simulations were carried out using the cohesive zone model to predict the 
delamination of steel–polymer sandwich composites. An FLD of the sandwich composite was also 
constructed using the finite element model. Finally, the effect of interfacial adhesion on the 
formability of sandwich composites was investigated, from which the optimal condition for 
interfacial adhesion (in terms of ensuring the formability of the sandwich composite) was 
obtained.   

1. Introduction 

Steel–polymer sandwich composites have advantages such as improved specific weight and enhanced energy absorption charac
teristics while having comparable bending stiffness with the monolithic steel sheet [1]. In addition, due to the core polymer, steel
–polymer sandwich composites exhibit multifunctional properties, such as acoustic damping and heat insulation [2]. Due to their 
favorable properties, laminated steel–polymer sandwich sheets have been widely used to replace monolithic steel sheets in automotive, 
aerospace and construction industries [3]. 

Various forming methods have been used to produce metal–polymer sandwich composites such as deep drawing [4], injection 
forming [5] and roll bonding [6]. Furthermore, incremental forming was recently developed to extend forming potential of the 
sandwich laminates [7]. Despite these manufacturing techniques, various failure mechanisms such as delamination, skin sheet 
cracking, and core polymer failure are major obstacles that make it difficult to accurately determine the formability of sandwich 
composite parts. Delamination, in particular, occurs during forming process due to the different lengths of the metal skin layers, 
resulting in high shear forces in the interfaces [8]. Therefore, it is essential to characterize the formability of sandwich composites 
considering delamination to evaluate forming methods effectively. 

Extensive researches have been conducted on characterizing forming limit of metal–polymer sandwich composites. One of the most 
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widely used to characterize formability of sheet material is forming limit diagram (FLD) [9]. Several studies have investigated the 
effect of change in constituent of sandwich composites. Typically, the FLD is built by analyzing the failure of bottom metal sheet [10, 
11]. Furthermore, studies have shown that increasing the core thickness improves the formability [12,13], and that the mechanical 
properties of the core polymer can also improve the formability of metal–polymer sandwich composites [14,15]. 

There have been some researches to investigate the delamination of metal-polymer sandwich composites. Kazemi et al. performed 
forming test of steel–polyethylene sandwich composites and observed noticeable delamination based on the SEM investigation [16]. 
However, since the SEM image was observed after all fractures had occurred, the forming limit at the moment of delamination could 
not be observed. While they provided information on whether delamination occurred or not, they did not indicate the moment exactly 
the delamination occurred. Son et al. constructed an FLD for a multilayer sheet material (steel–polyvinyl chloride–polyethylene 
terephthalate) based on delamination [17]. They used a CCD camera during the forming process to optically observe the moment of 
delamination between the steel and polymer–coated layers, but only the delamination to the surface was observed. To construct a FLD 
of sandwich composites based on delamination, a technique to not only detect delamination on the surface but also capture the 
moment of delamination in areas that are not optically observable is required. 

This study proposes a new process for constructing the FLD of a steel–polymer sandwich composites based on delamination. Our 
new process provides information on the moment of delamination in areas that are not optically observable, providing comprehensive 
delamination information across the entire component. For our purpose, the acoustic emission (AE) technique was used during the 
formability testing. Several tests were carried out to identify the characteristic AE features associated with the failure modes of the 
sandwich composites. Then, a punch test was performed with AE monitoring. Using the AE signals of delamination, a new FLD of the 

Fig. 1. (a) Punch test set-up, (b) specimen geometry for the Nakazima punch test, and (c) circular grids printed on the specimen with a stamp (left) 
and grids of the deformed specimen (right). 
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steel–polymer sandwich composites was constructed. Additionally, the formability tests were simulated using the cohesive zone model 
to consider interfacial properties, and the effect of interfacial adhesion on the formability of the sandwich composite was investigated. 

2. Experimental 

2.1. Sandwich composites preparation 

An electrogalvanized (EG) steel sheet with a thickness of 0.6 mm (POSCO, Korea) was used as the skin material for the sandwich 
composite. A polyamide-6 (PA) sheet with a thickness of 1 mm (Goodfellow, UK) was used as the core material. The total thickness of 
the EG steel–PA–EG steel (EG–PA–EG) sandwich composite was 2.2 mm. A cyanoacrylate adhesive, Loctite 401, was used to bond the 
skin and core sheets together. After adhesive applied, sandwich sheet was heated at 120 ◦C with 0.0015 MPa pressure for 3 h. 

2.2. Punch test 

Nakazima test [18] using hemispherical punch was selected as the forming process of steel–polymer composites in this study. Fig. 1 
(a) shows the punch test set-up based on a 100-kN universal testing machine (Instron 5582; Instron, Norwood, MA, USA). The diameter 
of the hemispherical punch was 50 mm and that of the die cavity was 56.5 mm. 

A specimen was placed on the die and then clamped by the blank holder using nuts and bolts. The beads on the blank holder ensured 
that the specimen did not slip. The punch descended at a crosshead speed of 10 mm/min. Sandwich composite specimens prepared for 

Fig. 2. (a) Acoustic emission (AE) test set-up, (b) steel and composite tensile specimens (T-EG, T–SC–W, T–SC–WO), (c) polymer tensile test 
specimen (T-PA), (d) lap shear test specimen (T-LS), and (e) punch shear test specimen (P-LS) used to observe AE features. 
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the Nakajima forming test are shown in Fig. 1(b) [19]. Circular specimens 100 mm in diameter, and hourglass-shaped specimens with 
neck widths of 10, 20, 30, 40, and 50 mm, were used. Due to their geometrical shape, each specimen was designed to have different 
strain paths from uniaxial to biaxial tension. 

Circular (3-mm-diameter) grids were printed on specimens using a stamp (Fig. 1(c) left). The grid on deformed (“failed”) specimens 
was transferred to a flat surface using tape. The major and minor strains were identified by measuring the deformed grids on the tape. 
Safe and neck/fracture regions were determined [20]. The nearest unnecked grids were considered as safe regions, while necked and 
fractured grids were classified as neck/fracture regions (see Fig. 1(c) right). Then, the forming limit curve was plotted above the strains 
of the safe region and below the strains of the neck/fracture region. 

2.3. Observing delamination using acoustic emission 

2.3.1. Equipment 
An AE system was used to establish the moment of delamination during the punch test (Fig. 2(a)). First, a broadband-type 

transducer (M204A; Fuji Ceramics Corporation, Japan) collected wave signals. The transducer had a diameter of 5.5 mm and oper
ated at 10–600 kHz. Then, a Fuji Ceramics Corporation amplifier amplified the AE signal. A single-channel data acquisition board 
(Mistras 1283 USB AE Node; Physical Acoustic Corporation, USA) was used to record the AE data. Acoustic emission software (WIN; 
Mistras, USA) was used to analyze the wave signals. To ensure good acoustic coupling, silicone grease was applied to the surface of the 
transducer, which was fixed to a magnetic support. The intensity of wave acquisition was calibrated using a pencil-break test. 

2.3.2. Test procedures 
We conducted two types of tests to obtain acoustic emission (AE) signal features. The first type of test involved performing tensile 

tests on monolithic layers of steel (T-EG) and polymer (T-PA) according to ASTM E8 [21] and D638 [22] standards, respectively. The 
geometry of the steel and polymer specimens used in these tests are shown in Fig. 2(b) and (c), respectively. Punching tests of 
monolithic EG steel (P-EG) were also conducted to confirm that the AE signal features are generated in the punching test environment. 
The sensor was attached to the blank holder as shown in Fig. 1(a). 

For the second type of test, delamination of sandwich composites was induced using the lap shear test (T-LS) according to the ASTM 
D3164 [23] standard, and the geometry of the lap shear specimen is shown in Fig. 2(d). Tensile testing of the steel–polymer sandwich 
composites with (T–SC–W) and without (T–SC–WO) adhesion was also conducted with the specimen geometry shown in Fig. 2(b). 
Next, the punch shear test specimen (P-LS) was designed such that delamination was the primary failure mode (Fig. 2(e)). When the 
hemispherical punch pushed the middle region of the specimen, shear force was generated between the steel and polymer layers, and 
delamination finally occurred. The sensor was attached to the blank holder as shown in Fig. 1(a). 

3. Numerical simulation 

Numerical FLD of steel–polymer composite was constructed to compare with experimental results and confirm the theoretical 
validity of experimental FLD. Additionally, we used the numerical FLD to investigate the influence of interfacial properties on the 
formability of the sandwich composites. In Section 3.1, built-in models used to simulate the punch test are introduced, followed by the 
material parameter identification for these models in Section 3.2. 

3.1. Numerical model 

To simulate the punch test, finite element analysis software (ABAQUS/Standard; Simulia Inc., USA) was used. Following the actual 
experiments, three-dimensional solid models were generated; the geometries of the model and specimen are provided in Fig. 3(a). An 
example of punch test simulation result and strain measurement region is shown in Fig. 3(b). Delamination between the steel skin and 
core polymer was considered in the cohesive element layer. The thickness of this layer was set to be 0.01 mm. Tie constraints were used 
to connect the cohesive elements to the steel and polymer elements. 

Isotropic elastic, J2 plastic, ductile fracture criterion, and damage evolution built-in models were used to simulate steel and 

Fig. 3. Simulation models for the (a) punch test and steel–polymer sandwich composite. (b) An example of punch test simulation result. (color 
should be used). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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polymer behaviors. J2 plasticity model is adequate for simulating the properties of the core polymer in the punch test since the effect of 
temperature and strain rate are negligible. The ductile failure criterion, a phenomenological model, was used to predict the onset of 
material damage as suggested by Ref. [24]. Equivalent plastic strain (εpl

D ) was determined as a function of stress triaxiality (η) using 
Equation (1) [24]. Stress triaxiality is η = σm/σeq, where σm is mean stress and σeq is Von Mises equivalent stress. When Equation (1) 
was satisfied, softening of the yield stress and degradation of elasticity occurred [25]. 

Table 1 
Material parameters of EG steel used for the simulations.  

Elastic-plastic behavior (EG steel) 

Elastic modulus Poisson’s ratio Yield strength Tensile strength 

190.4 GPa 0.3 131.2 MPa 250.3 MPa 

Ductile damage (EG steel) 

Failure strain Stress triaxiality Strain rate 

0.29 0.33 0.0083 s-1 

Damage evolution (EG steel) 

Fracture toughness 10 N/mm 

Elastic-plastic behavior (PA) 

Elastic modulus Poisson’s ratio Yield strength Tensile strength 

2905 MPa 0.33 32.2 MPa 53.0 MPa  

Fig. 4. Comparison of experimental and re-simulation results for the tensile behavior of (a) steel and (b) polymer, and the results of (c) butt joint 
and (d) lap shear tests. 
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∫
dεpl

εpl
D(η)

= 1 (1) 

Previous researches have simulated the delamination in metal–polymer sandwich composites using cohesive zone model [26,27]. 
This model involves the use of cohesive elements that determine delamination according to the traction–separation law [28]. Among 
various types of traction–separation laws, a bilinear law was selected due to its efficiency with respect to CPU time. The bilinear law 
consists of two stages. In the pre-delamination stage, the cohesive element follows elastic traction-separation relations given by 
Equation (2). 

⎛

⎝
σn
σt
σl

⎞

⎠=

⎛

⎝
Kn 0 0
0 Kt 0
0 0 Kl

⎞

⎠

⎛

⎝
δn
δt
δl

⎞

⎠ (2)  

where σ and δ represent traction and separation, respectively, and n, t and l denote the normal, tangential and longitudinal directions. 
K denotes the interfacial stiffness. When the traction in cohesive element reaches the maximum traction, delamination is initiated, and 
the post-delamination stage begins. Delamination propagates until the energy release rate reaches the critical fracture energy. The 
energy release rates (Gi) and critical fracture energy (Gi,c) are expressed as Equations (3) and (4), respectively. 

Gi =

∫

σidδi, i = n, t, l (3)  

Table 2 
Material parameters required by the cohesive zone model.   

Mode I Mode II Mode III 

Failure strength (MPa) 1.85 5.36 
Fracture toughness (N/mm) 0.36 0.8 
Stiffness (N/mm3) 106 

Mesh size (mm) 0.01  

Fig. 5. (a) AE waveform recorded, (b) fast Fourier transform result of the waveform, (c) peak frequency distribution plot, and (d) peak frequency 
band plot of T-EG. 
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Gi,c =

∫

σi,cdδi,c, i = n, t, l (4)  

where σi,c is failure strength, and δi,c is critical separation length of cohesive zone model. The quadratic criterion (Equation (5)) 
suggested by Ye [29] was used to evaluate the failure initiation value that induces delamination. The power law criterion (Equation 
(6)) suggested by Long [30] was used to evaluate failure propagation criterion for continued delamination. 

∑
(

σi

σi,c

)2

= 1, i= n, t, l (5)  

∑
(

Gi

Gi,c

)

= 1, i= n, t, l (6)  

Fig. 6. Peak frequency band plots of (a) polymer tensile test (T-PA), (b) steel punch test (P-EG), (c) lap shear (T-LS) and (d) punch shear tests (P-LS). 
Peak frequency band plots of a steel–polymer composite tensile test. Specimens (e) with adhesive (T–CS–W) and (f) without adhesive (T–CS–WO). 
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3.2. Material parameter identification 

Uniaxial tensile tests were conducted on monolithic steel and PA sheets, and the resulting material parameters are presented in 
Table 1. Fracture toughness was set to be 10 N/mm. Using these material parameters and the models described earlier, tensile tests 
were re-simulated, and the results have a good agreement with the measurements, as shown in Fig. 4(a) and (b). 

To determine four interfacial properties (δn,c, δt,c = δl,c, Gn,c, Gt,c = Gl,c) required for the bilinear law, four different experiments 
were carried out including butt joint, lap shear, double cantilever beam, and end-notched flexure tests [31]. The interfacial stiffness for 
the cohesive element was set to be 106 N/mm3 following the previous studies [32–34]. All material constant values for the cohesive 
zone model are provided in Table 2. The butt joint and lap shear tests were then re-simulated, and results were in good agreement with 
the measurements, as shown in Fig. 4(c) and (d). 

Fig. 7. (a) Observed delamination area after tensile testing of the steel–polymer sandwich composite (T–SC–W) and (b) results of numerical 
simulation. (color should be used). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 8. Peak frequency bands of each failure mode for the steel–polymer sandwich composite. (color should be used). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Deformed specimens after the punch test. (color should be used). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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4. Result and discussion 

4.1. AE signal features 

Previous studies have utilized five AE parameters (amplitude, duration, energy, rise time, and peak frequency) to classify the failure 
modes of composite materials. Among these parameters, peak frequency has been identified as the most significant by researchers 
[35–37]. Therefore, in this study, we transformed AE signals to frequency domain using fast Fourier transform (FFT) to extract peak 
frequency information. The method for identifying delamination AE signal features using peak frequency will be described below. 

An example of AE signals obtained from T-EG is shown in Fig. 5(a), and its FFT result is shown in Fig. 5(b). First, the time at which 
the AE signals was generated was plotted on the x-axis, and the peak frequency of the AE signals was plotted on the y-axis to create a 
peak frequency plot. Next, the peak frequency plot was overlaid with the load-time plot to generate a peak frequency distribution plot. 
Fig. 5(c) shows the peak frequency distribution plot of the T-EG as an example. The peak frequency distribution plot of each test is 
analyzed, and the “frequency bands” are defined by clustering the peak frequency that appears repeatedly, to be used for classification 
of failure mechanisms. For each test, frequency bands are visually defined: frequency between 10 and 50 kHz (blue band); frequency 
between 70 and 200 kHz (green band); and frequency between 300 and 500 kHz (red band). For an example frequency bands of T-EG 
are shown in Fig. 5(d). 

The peak frequency band plot for the tests conducted in Section 2.3.2 are presented in Figs. 5(d) and Fig. 6. The blue and green 
frequency bands are visible in all the tests. In the case of T-EG, T-PA, P-EG, T–SC–W, and T–SC–WO, these bands begin at the onset of 
both steel and polymer fractures, as shown in Figs. 5(d), Fig. 6(a), (b), (e) and (f). Thus, these frequency bands can be considered as 
characteristic features of steel and polymer fractures. 

The red frequency band was observed in the T-LS (Fig. 6(c)) and P-LS (Fig. 6(d)) tests, and it was continuously generated 
throughout these tests. Therefore, the red frequency band is considered an indicator of delamination. 

When comparing T–SC–W and T–SC–WO, it was found that the steel–polymer composite specimens containing adhesive between 
layers displayed an additional red frequency band at the same time as steel fracture, which was not observed in the specimens without 
adhesive. In T–SC–W, it was observed from the specimen broken that delamination had occurred, as shown in Fig. 7(a). Furthermore, 
numerical simulation of T–SC–W showed that delamination was observed slightly before the steel skin was broken, as shown in Fig. 7 
(b). The time at which delamination occurred coincided with the time at which the AE signals appeared in Fig. 6(e). 

The peak frequency bands of each failure mode in the steel–polymer sandwich composites are listed in Fig. 8; these were then used 
to detect delamination during formability testing and construction of an FLD considering delamination. 

4.2. Forming limit diagram based on fracture of bottom steel layer 

After the punching test, deformed EG–PA–EG sandwich composite specimens exhibited both steel fracture and delamination, as 
shown in Fig. 9. In this section, the formability of steel–polymer sandwich composites considering the fracture of the bottom steel is 
investigated. The experimental FLDs of the EG monolayer and EG–PA–EG sandwich composite are shown in Fig. 10(a) and Fig. 10(b), 
respectively. It is shown that the formability of the composite was improved compared to that of the monolayer skin, as observed in 
other studies of metal–polymer sandwich composites [38,39]. This can be explained by an initial defect parameter, which is one of the 

Fig. 10. Experimental forming limit diagram (FLD). (a) Electrogalvanized (EG) monolayer steel sheet and (b) EG steel–polyamide-6–EG steel 
(EG–PA–EG) sandwich composite. 
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major parameters affecting the formability of a sheet material [40]. As thickness of sandwich composites is larger than that of 
monolithic steel, initial defect becomes smaller and therefore, FLC of the sandwich composite shifted upward. 

4.3. Forming limit diagram based on acoustic emission delamination signals 

In this section, the formability of steel–polymer sandwich composites considering delamination is investigated. The load versus 
displacement plots obtained from the tests are overlaid with the peak frequency band plot of AE signals during the punching test. They 
are shown in Fig. 11(a)–(f). The red frequency band in the plot corresponds to the peak frequency band of delamination obtained from 
Section 4.1. The dashed line in the plot represents the average displacement of AE signals whose peak frequency falls within the range 
of the red band. Therefore, the dashed line indicates the moment of delamination during the punch test. In the W10 specimen, 
delamination occurred almost simultaneously with steel fracture, while in the W40 specimen, delamination occurred 4.5% earlier than 
steel fracture. No AE signals corresponding to delamination were observed in the W100 specimen. Based on these observations, it was 

Fig. 11. Load as a function of displacement of the steel–polymer sandwich composite showing acoustic emission signals (dots), the moment of 
delamination (dashed line), and the delamination peak frequency band (red band). Samples (a) W10, (b) W20, (c) W30, (d) W40, (e) W50, and (f) 
W100. (color should be used). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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concluded that delamination rarely occurred under biaxial and uniaxial tension conditions. However, delamination was likely to occur 
rapidly when the minor strain of the sandwich composite approached zero. 

To construct experimental FLD considering delamination, punch displacement corresponding to the dashed line in Fig. 11(a)–(f) 
was applied in the punch test. Then, major and minor strains of each specimen were measured. Finally, FLD based on delamination 
constructed as shown in Fig. 12. The FLD constructed by considering delamination (black dash line) was slightly lower than that based 
on skin steel fracture (black solid line). Therefore, it should be noted that if the AE features of failure mechanisms are identified 
through pre-tests, the Nakazima test with AE sensors can be used to characterize the formability of steel–polymer sandwich composites 
considering both steel fracture and delamination. 

4.4. Numerical FLD 

The validity of the analysis was confirmed by comparing the time-punch load curves obtained from experiment and simulation, 
which showed good agreement (Fig. 13(a) and (b)). The damage factors of steel and cohesive zones observed during the punch test 
simulation are shown in Fig. 13(c). When either damage factor reached 1, minor and major strains were extracted at that time step. 
Finally, a numerical FLD with interfacial properties was developed, as shown in Fig. 12. The FLD constructed by considering 
delamination was slightly lower than that based on specimen fracture, which was consistent with the experimental results. Although 
there was a slight difference between the uniaxial and biaxial tension conditions, the FLDs showed good agreement over a wide range 
of minor strain (from − 0.1168 to 0.1360). 

Fig. 12. Comparison between experimental and numerical FLD using the acoustic emission signal of delamination. (color should be used). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. Time as a function of punch load for (a) circular and (b) 10-mm wide sandwich composite specimens, and (c) changes in the damage factor 
of failed elements. (color should be used). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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4.5. Effect of adhesion 

Simulations were conducted to determine the effect of interfacial properties on the formability of the sandwich composite and 
predict the necessary interfacial properties for stable formability, by varying the mode I and II failure strengths while maintaining the 
same ratio. The results, shown in Fig. 14, indicate that the forming limit of the sandwich composite increased as the interfacial 
properties increased. The legend “Adhesion” represents the interfacial properties in the experiment, while the other legends indicate 
the multiples used to change the failure strength. In most cases, delamination at the interface occurred before specimen failure in the 
formability simulation, and weaker interfacial properties resulted in delamination at lower strain. Additionally, deterioration of 
formability due to a weak interface was greater when the minor strain approached zero. The optimal interfacial properties to ensure 
stable formability were indirectly identified through simulation, and the failure strengths at the interface during the formability test 
that prevent delamination should be at least four times higher than those of the interfacial properties confirmed experimentally. 

5. Conclusion 

In this study, we proposed a novel experimental approach for constructing forming limit diagram (FLD) to evaluate the formability 
of steel–polymer sandwich composites. Our approach relied on acoustic emission (AE) monitoring to detect delamination, which was 
identified by a peak frequency band in the range of 300–500 kHz. We also conducted numerical simulations using the cohesive zone 
model to investigate the effects of interfacial properties and damage on formability. Our results showed that stronger interfacial 
properties led to improved formability by reducing the risk of delamination. Overall, our approach provides a valuable tool for 
optimizing the design and processing of steel–polymer sandwich composites for various industrial applications. 
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