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Abstract. Commercial SUS304 food trays produced through forming 

are expected to maintain appropriate material and surface conditions 
for food-contact applications. However, physical and visual defects 

were observed in products from a commercial batch, including a 

problematic tray. Preliminary SEM-EDS indicated lower-than-
specified Ni content, raising an initial suspicion of material-grade 

deviation; owing to EDS limitations in quantitative alloy analysis, this 

finding was subsequently verified using OES. This study aimed to 

identify material-related and post-forming characteristics that may 
contribute to the observed condition through comparative 

characterization of problematic and reference food trays. OES 

confirmed that both samples complied with the specified SUS304 

composition, indicating that the low-Ni finding was not confirmed. 
Median Vickers hardness values were comparable (267 and 271 HV, 

respectively), although the problematic sample exhibited greater local 

hardness variability. Whole-region AFM analysis revealed distinct 

surface roughness classes: N4 (0.15–0.30 μm) for the problematic 

sample and the finer N2 class (0.04–0.08 μm) for the reference. 

Overall, the less favorable condition was more strongly characterized 

by local mechanical and surface heterogeneity than by overall 

hardness or material grade. These findings highlight the importance of 
evaluating local mechanical variation and post-forming surface 

characteristics when investigating defects in commercial deep-drawn 

stainless-steel products. 
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1. Introduction 
The Stamping is a process of forming sheet material or a blank into a cylindrical or box shaped object. 

The forming process is referred to as deep drawing when the depth exceeds 1.5 times the object's 
diameter [1-2]. Materials such as steel use stainless (SUS) are suitable for this process due to their 

ability to withstand high stress and their inherent ductility [3]. Food trays are also manufactured using 
a same process. The formation of the trays subjects the material to high tensile stress. 

In several commercial applications, defects such as wrinkling, tearing, corrosion, and dullness 
have been identified in commercial SUS304 food trays. These visual and structural failures do not 

comply with the quality specifications established by the Indonesian National Standard for stainless 
steel food trays (SNI 9369:2025). To investigate of the cause of these defects, a preliminary chemical 

composition analysis was performed on defective samples using scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (SEM-EDS) Therefore, an initial chemical composition analysis 

using SEM-EDS was conducted on one of the defective product samples. Although the primary 
metallic elements generally aligned with 304 stainless steel, preliminary internal material test results 

(Test Certificate No. 181) revealed a sub-standard nickel content ranging from 6.8% to 7.1%. 
Nickel is the primary alloying element in 304 stainless steel, serving to stabilize the austenite 

structure and thereby imparting good ductility, formability, toughness, and corrosion resistance to the 
material [4-5]. Theoretically, a reduction in nickel content below standard specifications has the 

potential to decrease austenite phase stability and increase the tendency for strain-induced martensitic 
transformation (SIMT) during plastic deformation  [5-8]. The transformation is reported to increase 
the work-hardening rate, which, under certain conditions, can affect the material's mechanical 

properties and formability [4]. Therefore, if a 304 stainless steel product is indicated to have a nickel 
content lower than specified, further material characterization is required to determine whether this 

condition is genuinely linked to changes in material characteristics that could explain the appearance 
of defects in the product. 

Observable differences in metallurgical characteristics directly impair mechanical performance 
during material forming. Less supportive material properties such as reduced ductility and elevated 

hardness diminish plastic deformability [9-10], which heavily dictates deep drawing success [4-5]. 
Consequently, the observed product defects likely originated from material incompatibility during the 

manufacturing stage. 
To investigate the alleged issue, material characterization is required to thoroughly evaluate the 

material's characteristics. Optical Emission Spectrometry (OES) based on ASTM E1086, as mandated 
by SNI 9369:2025, was conducted to verify alloy compliance. Chemical composition and 

microhardness values were benchmarked against ASTM A240 standards for SUS304 stainless steel, 
which specifies both elemental thresholds and mechanical property limits. Furthermore, 

microhardness testing was employed to assess localized strain hardening induced by forming [3-4],. 
Non-destructive surface characterization was also performed to evaluate roughness from plastic 

deformation and tool contact [11-12], as elevated roughness correlates with visual dullness and 
increased corrosion susceptibility due to micro-valley retention of corrosive media [12-14]. Integrating 

these three parameters provides a comprehensive baseline for evaluating the finished commercial 
product.  

Although numerous studies have investigated the relationships among chemical composition, 
mechanical properties, and formability of SUS304 sheet materials, investigations specifically 

addressing the material and surface characteristics of finished commercial food trays after forming 
remain limited. Previous studies have commonly examined SUS304 sheet materials before and after 

forming to characterize material behavior and the changes induced by the forming process. Such 
studies provide important insights into the relationship between the initial material condition and its 

response to forming. However, this approach does not necessarily address whether the characteristics 
observed in a finished commercial product exhibiting product issues are abnormal when compared 
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with those of a comparable finished product. Therefore, the final formed product itself needs to be 

investigated directly, particularly when the objective is to assess material and surface characteristics 
associated with an observed product issue. 

This study addresses this gap through a comparative post-forming product failure analysis of 
finished commercial SUS304 food trays. Rather than tracing material changes from the pre-forming 

sheet to the formed condition, the present approach focuses directly on the final commercial products 
and compares a food tray with observed product issues with a comparable food tray without such 

issues. Chemical composition, microhardness, and surface roughness are characterized to determine 
whether measurable differences exist between the finished products. This product-level comparison 

provides a direct assessment of the final formed condition and helps distinguish characteristics specific 
to the problem product from those also present in a comparable finished product. Accordingly, this 

study aims to comparatively characterize finished SUS304 food trays with and without observed 
product issues and to identify differences in their chemical composition, microhardness, and surface 

roughness relevant to the observed product condition 
 

2. Experimental Section 

2.1. Materials 
A novel comparative approach is applied in this research. While previous studies generally compared 

pre-formed sheets with the formed products, the comparative characterization in this study focuses 
directly on finished commercial products following the forming process [2]. The primary object of this 

study is an affected commercial SUS304 food tray measuring 280 × 220 × 55.6 mm, designated as 
Food tray A. For baseline comparison, a commercial food tray without observed issues, measuring 

280 × 220 × 44.5 mm, was acquired and designated as Food tray B. The systematic workflow for this 
post-forming product failure analysis is presented in Figure 1 below.. 

 

Figure 1. Schematic/Flowchart of research 

This research begins with a preliminary investigation of the defective Food tray A using SEM-EDS 
to assess its apparent material composition and investigate the initial suspicion of grade nonconformity 

associated with the defects observed in the finished product. The preliminary findings then guided a 
more comprehensive characterization of Food tray A in comparison with Food tray B as the control 

product, covering chemical composition, mechanical properties, and surface topography. The results 
obtained from both food trays were subsequently evaluated against relevant technical standards 
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(ASTM/JIS/ISO, etc) and previous research to establish a reference-based assessment of their 

material and surface characteristics. Finally, the findings from the comparative and reference-based 
evaluations were integrated to identify material- and post-forming-related characteristics that may 

contribute to the observed failure manifestations. Data analysis was performed using descriptive 
statistics in conjunction with the results of the material characterization techniques. 

2.2. Characterization Methods 
The sampling technique in the context of this research in the form of test samples (specimens) in this 
study is non-probability sampling. The selection of the area for material characterization was done 

using a mixed technique, namely convenience and purposive sampling. The sampled areas of the Food 
tray are shown in Figure 2. 

 
 

 
 

Figure 2. The Product Areas for Material Characterization 

The determination of the observation area for the material composition value is based on the 

principle of convenience, where the availability of the test specimen area must be flat and the testing 
cost efficiency is lower [15]. The observation area for mechanical performance in the form of material 

hardness is conducted purposively. As reported in previous studies [2-3], the base of the food tray 

undergoes the least deformation, making it an ideal region to evaluate the work hardening level of 

both product samples against the standard stainless steel blank (JIS Standard ≤200HV). The 

observation area for surface characteristics, such as roughness, is also conducted based on certain 
considerations (purposive), where the wall area has the maximum deformation level during its 

formation, as reported in previous studies, thereby significantly increasing the surface roughness 
values [3],[11-12]. Thus, the product wall area becomes an ideal candidate for surface roughness 

characterization in response to initial findings of a dull appearance as an indication that the material 
has a higher roughness level. However, both types of techniques (convenience & purpose) are 

susceptible to researcher bias and cannot be generalized [15].  
Therefore, various characterization methods are combined to provide objective supporting 

evidence, enabling the reconstruction of product issue mechanisms without relying on population 
generalization. Instead of pursuing broad statistical generalization, this investigation directly 
compares the localized defective tray against an unblemished reference sample from a distinct 

production batch (identified by labeling and slight geometric variations). Integrating this external 
benchmark with established literature on failure mechanisms yields a direct, mechanistic explanation 

for the physical degradation, thereby validating the initial problem identification. 
 

2.2.1 Characterization preparation 
The test samples were cut using fine shearing with minimal deformation.  The dimensions of the test 
specimens for each type of Food tray are shown in the Figure 3. 
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Figure 3. Dimension of specimens. A) Chemical composition test (30x30mm), B.) 
Surface  roughness  test (25x25mm), C.) Hardness test  (5x5mm).  

 

Based on Figure 3 above, both food trays were cut using aviation snips according to the area of each 
type of test conducted. The thickness of the test specimen depends on the area of the test sample. The 

measurement of the food tray's thickness was conducted 10 times using a micrometre with an accuracy 
of 0.001 mm, randomly distributed across the base, walls, and lid of the food tray. Table 1 below 

shows the thickness values for each area on both food trays. 

Table 1. Specimen thickness based on the Testing Area 

Area Thickness (mm) 

Food tray A Food tray B 

Bottom 0.28 0.28 
Wall 0.32 0.35 

Lid 0.34 0.37 

Specifically for sample preparation in material hardness testing, the cold mounting technique is 
performed first. This is followed by polishing until a mirror-like finish is achieved. As for other test 

samples, the test specimens are soaked in distilled water in an ultrasonic cleaner for 20 minutes. 
Subsequently, dry them at room temperature. 

The chemical composition of the material was tested according to ASTM E1086 using a Bruker 
QM4 Polo Spark Optical Emission Spectroscopy (OES) equipped with a multivision optical system 

(wavelength range 130–785 nm). OES testing was limited to two specimens, with each receiving three 
closely spaced spark points. For mechanical properties, microhardness was characterized per ASTM 

E384-17 using an FM-800 Microvicker Hardness Tester under a 100 gf load and a 12-second dwell 
time. Three specimens were tested for each Food tray type (A and B), with three indentations per 

specimen, yielding nine replicated data points on the product base for each tray type. Meanwhile, 
surface topography was scanned using Atomic Force Microscopy (AFM) in contact mode at a scan 

speed of 0.5 Hz over a 40 × 40 µm² area in accordance with ISO 25178. Notably, AFM topographical 
characterization was limited to a single AFM map. 

2.2.2 Data Analysis 
To ensure the validity of the measurement results, all material characterization tests were conducted 
using calibrated instruments and in accordance with relevant international standards, namely ASTM 
E1086 for chemical composition analysis, ASTM E384-17 for hardness testing, and ISO 25178 for 

surface roughness measurement. The quantitative data obtained from the material characterization 
were analyzed descriptively to characterize and interpret the defects identified in the product, which 

constitute the background and motivation for this study. 
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The chemical composition was analyzed by comparing the elemental concentrations obtained 

from OES measurements of Food Trays A and B with the ASTM A240 specifications for Type 304 
stainless steel. The material characteristics were interpreted by relating the elemental composition to 

the measured hardness (HV) of each product. If the initial indication of a nickel content below the 
specified alloy range in Food Tray A was confirmed, this finding would support the initial premise of 

the study. Conversely, if both products exhibited comparable concentrations of the principal alloying 
elements, Cr and Ni, consistent with the nominal 18Cr–8Ni composition specified by ASTM A240, 

this would indicate that material composition was not the factor responsible for the observed forming 
failure. 

Mechanical performance was evaluated based on hardness data obtained from nine measurement 
points and visualized using box-and-whisker plots. The hardness data (HV) were interpreted based on 

the median values and the distribution patterns shown in the boxplots, with Food Tray B (control 
sample) serving as the reference for evaluating manufacturing consistency and the material response 

to the forming process. The observed trend in mechanical performance, represented by the median 
HV values of Food Trays A and B, was also compared with findings from previous studies 

investigating the deformation behavior of SUS304 products produced through deep drawing. 
Subsequently, the AFM topography data were processed using Park Systems XEI software 

through a whole-region analysis of the surface topography over a measurement area of 40 × 40 µm². 
The topography data, with a resolution of 256 × 256 pixels, were analyzed over the entire 

measurement area to characterize the distribution of surface heights, represented by the skewness 
(Rsk) and kurtosis (Rku) parameters. The Rsk value was used to describe the tendency of the 
topographic distribution toward the predominance of peaks or valleys, whereas Rku characterized the 

sharpness or flatness of the surface-height distribution. In addition, the arithmetic mean roughness 
(Ra) was used to represent the overall surface roughness and was subsequently classified into 

roughness grades N1 to N12 according to ISO 1302. This whole-region analysis was employed to 
provide a quantitative representation of the surface topographic characteristics across the entire 

measurement area, thereby enabling an objective evaluation of the differences in topographic 
characteristics and roughness grade between the two samples. 

3. Results and Discussion 
Material composition testing aims to confirm the suitability of the Stainless Steel 304 grade used. The 
results of the composition testing can be seen in Table 2 below. 

 

Table 2. The Elemental Composition of  Sample 

Elements 
Elemental Weight Total Percentage (wt%) 

ASTM 

A240 
Food tray lid 

(A) 

Food tray lid 

(B) 

Food tray 

A 

Food tray 

B 

Carbon 0.042 0.042 0.037 0.044 0.07 
Silicon 0.233 0.407 0.328 0.357 0.75 

Phosphorus 0.017 0.019 0.013 0.016 0.045 
Sulphur 0.014 0.023 0.014 0.015 0.030 

Chromium 19.07 18.28 18.92 19.33 17.5-19.5 
Manganese 0.869 1.266 0.888 1.111 2.00 

Iron 71.21 71.22 71.02 70.42 balance 
Nickel 8.049 8.227 8.268 8.166 8.0-10.5 

 

According to the chemical composition testing in Table 2, both food trays meet the specifications of 
SUS304 stainless steel. The primary elemental concentrations show no significant differences between 

the two samples, confirming that both trays maintain an optimal nickel content of approximately 8% 
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for the deep drawing process [4]. Consequently, the hypothesis that variations in nickel content 

influence mechanical performance is not supported. Furthermore, the initial nickel concentration 
obtained via semi-quantitative EDS analysis was refuted by standard Optical Emission Spectrometry 

(OES). This discrepancy arises from the inherent physical limitations of EDS in dense Fe-Cr matrices, 
where excitation volume interaction, matrix absorption effects, and local surface topography distort 

measurement accuracy [16]. Additionally, spectral peak overlaps among adjacent transition elements 
(Cr, and Ni) introduce high relative measurement errors in EDS [17-18], whereas bulk volumetric 

techniques such as OES provide significantly higher quantitative accuracy and precision for major 
alloying elements [16],[19]. 

The following section focuses on the material hardness test results. Hardness testing was 
conducted to evaluate the local mechanical characteristics of the two products, particularly because 

Food Tray A exhibited indications of defects in the formed product. In this study, a higher hardness 
value was considered one of the indicators of a material condition that may be more susceptible to 

forming-related failure, as increased hardness can be associated with greater work hardening and 
reduced capacity for plastic deformation. The material hardness results are presented in Figure 4.. 

 
Figure 4. Boxplot of Microvicker hardness values for Food tray A and Food tray B 

The local mechanical response can be evaluated based on the distribution of Vickers hardness values 

presented in the boxplot (Figure 4). Food Tray B, serving as the control sample, exhibited a narrower 
distribution of HV values, whereas Food Tray A showed a wider distribution. Although the median 

hardness of Food Tray B was slightly higher than that of Food Tray A (271 HV < 267 HV), Food Tray 
A exhibited a higher mean hardness (279.80 HV > 266.4 HV). The difference between the median and 

mean hardness values for Food Tray A indicates a distribution influenced by relatively high hardness 
measurements, including several values exceeding 300 HV. Therefore, the results do not indicate that 

Food Tray A had a higher overall hardness level than Food Tray B. Rather, the more prominent 
characteristic of Food Tray A was its greater local hardness variation, indicating a more heterogeneous 

mechanical response compared with the control sample. 
The locations corresponding to higher hardness measurements may represent regions that 

experienced more intensive deformation and work hardening [20-23]. Such conditions can reduce the 
local capacity for plastic deformation and potentially increase susceptibility to cracking if these regions 
undergo further deformation or sufficiently high loading. Accordingly, the findings shift the 

interpretation of Food Tray A’s susceptibility to failure from its overall hardness level toward the local 
variation in hardness and the degree of local work hardening developed during the forming process. 

In deep-drawn products, the degree of work hardening may vary across different regions of the 
formed geometry. Regions such as the product walls that undergo greater plastic deformation may 

exhibit increased dislocation density, grain elongation, and more pronounced strain-induced 
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martensitic transformation, resulting in higher hardness [20],[24]. In contrast, regions subjected to 

relatively lower levels of plastic deformation, such as the product bottom, may exhibit a different 
degree of strain hardening. Therefore, hardness measurements in this study were focused on the 

bottom region to ensure that Food Trays A and B were compared at approximately equivalent 
geometric locations. The hardness trends observed in the bottom regions of deep-drawn SUS304 

products, together with reported reference values, are presented in Table 3. 

Table 3. Mechanical Performance of SUS304 Products 

Product HV Reference 

Blank SUS304 ≤200 JIS Standard 

SUS304 deep drawing product 1 258 [3] 
SUS304 deep drawing product 2 268 [2] 

Food tray A 271 This study 
Food tray B 267 This study 

As shown in Table 3, the median hardness values of Food Trays A and B (267 and 271 HV, 

respectively) were comparable to or higher than the hardness values reported in previous studies of 
SUS304 deep-drawn products, which ranged from 258 to 268 HV. Although the products differed in 

geometry and configuration, the comparable hardness levels suggest that the six-compartment food 
tray, with its relatively complex geometry, warrants particular attention in optimizing the forming 

process. 
These mechanical characteristics should be considered together with the visual defects observed 

on the material surface, which may be associated with increased surface roughness resulting from 
localized deformation during forming. Figure 3 presents the three-dimensional (3D) surface 

topography of the two samples. 
 

A 
 

B 

Figure 3. Surface topography 3D characterization result. A) Food tray A specimen testing, B) Food 
tray B specimen testing 

The surface topographies of Food Trays A and B shown in Figure 3 reflect a combination of the initial 
surface characteristics of the metal sheets (e.g., 2B or BA surface finishes) and topographical changes 

occurring during forming, including plastic deformation during the deep-drawing process [25-26]. 
Because the initial surface finishes of the two products were unknown and were not specifically 

characterized in this study, their contributions to the final topography cannot be quantitatively 
separated from those associated with the forming process. Therefore, the discussion focuses on the 
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observed topographical characteristics and their potential relationship with plastic deformation during 

deep drawing. To further quantitatively characterize the observed differences in surface topography, 
the minimum and maximum surface heights, together with the Ra, Rsk, and Rku parameters, were 

obtained through whole-region analysis of the AFM surface maps and are summarized in Table 4. 

Table 4. Roughness parameters 

Surface Region Min 

(µm) 

Max 

(µm) 

Ra 

(µm) 

Rsk Rku 

Food tray A Whole (40 × 40 µm²) -0.89 1.4 0.08 0.504 3.5 

Food tray B Whole (40 × 40 µm²) -0.23 0.29 0.21 0.294 2.5 

Both Food Tray A and Food Tray B exhibit surface profiles dominated by peaks (Rsk > 0) with 
asymmetric characteristics. However, the degree of surface asymmetry is greater in Food Tray A than 

in Food Tray B (0.504 > 0.294). Food Tray A exhibits a leptokurtic surface distribution, characterized 
by highly pronounced peaks and deep valleys (Rku > 3). In contrast, Food Tray B exhibits a platykurtic 

distribution, characterized by broader, flatter, or more rounded peaks and valleys (Rku < 3). 
A deformation mechanism that can increase surface roughness occurs when the material is 

subjected to stretching, during which relatively large grains may undergo random rotation and 
displacement [8],[27]. Such grain movements can generate microscale undulations on the surface, 

which manifest as an orange-peel effect in the context of sheet metal forming [28-30]. Surface 
roughening not only affects the aesthetic appearance of the product but may also act as a site for strain 

localization, potentially promoting material failure through localized necking and subsequent fracture. 
This anomalous surface condition is strongly suspected to be present in Food Tray A, which 

exhibits greater asymmetry and highly pronounced peaks accompanied by deep valleys (Rku > 3). 
High local strain may contribute to irregular grain orientation, resulting in a very deep valley (-0.89 

µm) adjacent to a pronounced surface peak (1.4 µm). Conversely, finer grains may improve 
mechanical performance during sheet metal forming [12],[31-32]. Food tray B exhibits broader, flatter, 

or more rounded peaks and valleys. This condition may reflect a more uniform surface deformation, 
thereby limiting the formation of extreme-amplitude valleys and peaks such as those observed in Food 
tray A. Overall, the average surface roughness (Ra) of the two sample types falls into different surface 

roughness grades. This difference in surface classification is presented in Table 5. 

Table 5. Comparison of Surface Characteristics of Samples 

Sample  Ra (μm) Surface Rougness 

Level 

Value Range 

(μm) 

Food tray A 0.21 N4 0.15-0.30 

Food tray B 0.08 N2 0.04-0.08 

The difference in surface roughness grade, alongside the mechanical deformation behavior, may 
provide a strong indication of susceptibility to corrosion initiation [14],[33]. Food Tray A falls within 

the N4 roughness grade, whereas Food Tray B exhibits a smoother surface classified as N2. Because 
severe mechanical deformation can induce microstructural defects and higher dislocation densities 

that accelerate localized attack, deformation history plays a crucial role in initiating corrosion [34]. 
Although, theoretically, a higher surface roughness (Ra) increases the effective surface area and the 

number of microscale cavities that act as potential initiation sites, this study did not perform 
electrochemical, potentiodynamic, or salt spray testing. Therefore, any implications regarding 

corrosion remain speculative and are based solely on the existing literature, particularly in relation to 
the corrosion observed in the background of this study.  
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Optimization of the forming of compartmented food trays is not limited to material 

characteristics alone; the process parameters employed during forming should also be considered. The 
identified defects may be associated with process parameters such as lubricant type, punch speed, and 

blank-holder pressure [35-36]. Previous research has reported that appropriate combinations of 
lubrication conditions, punch speed, and blank-holder pressure can significantly influence the forming 

performance of deep-drawn products, with specific parameter combinations providing more favorable 
forming conditions [4],[36-38]. In the context of the present study, the evaluation focuses on the 

material characteristics of the formed products, whereas the specific relationship between these 
characteristics and variations in forming-process parameters may be further investigated to 

complement the interpretation of the observed product characteristics. 

4. Conclusion 
Overall, the findings indicate that the less favorable condition of Food Tray A is more strongly 

characterized by local mechanical and surface heterogeneity than by its overall hardness or material 
grade. The greater hardness variability may indicate non-uniform local plastic deformation and 

associated work hardening during forming, while the pronounced orange-peel-like topography may 
reflect heterogeneous deformation among grains with different crystallographic orientations. Thus, 

the hardness variability and surface topography can be interpreted as two manifestations of non-
uniform plastic deformation at different length scales. These findings highlight the importance of 

evaluating local mechanical variation and post-forming surface characteristics, rather than relying 
solely on nominal material grade or overall hardness, when assessing the condition of commercial 
deep-drawn stainless-steel products. 

Further optimization of the deep-drawing process for food tray products may be developed 
through a finite element analysis (FEA) approach by considering the interactions among process 

parameters, strain distribution, and material characteristics at deformation locations. This approach 
may also be extended by considering the microstructural conditions in strain-localized regions and 

surface roughness characteristics as factors that may potentially influence the mechanisms of failure 
initiation. 
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