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Abstract

A comparison study was conducted to investigate the chemical, physical, and mechanical properties of N350 and stainless steel 310 (SS 310).
According to the findings, N350 has an average hardness that is twice as high as SS310. The microstructure and phase identification were
examined using optical microscopy (OM) and scanning electron microscopy (SEM), while the chemical composition was examined by energy
dispersive x-ray analysis (EDX) and x-ray diffraction (XRD). The value of Young’s modulus of N350 is higher than that of SS310. The
oxidation kinetics of the SS310 and N350 were demonstrated at 850, 950, and 1050 °C in dry air for 50 h. The oxidation kinetics for both
$S310 and N350 follow the parabolic law. The parabolic constants of SS310 are 3.00x10” g%/(cm*-h), 2.00x10°® g%/(cm*-h), 2.00x10° g*/(cm*h)
for 850 °C, 950 °C, and 1050 °C, respectively. While the parabolic constants of N350 are 7.00x10” g%(cm*h), 9.00x10° g%(cm*-h), and
2.00x107 g%/(cm*-h) for 850 °C, 950 °C, and 1050 °C, respectively. The activation energy of N350 (217.6 KJ/mol) is higher than that of SS310
(172.05 KJ/mol). The surface structure, elemental composition, and phase characterization of the samples under various oxidation conditions
were analyzed using SEM, EDX, and XRD techniques after 50 h. The findings indicate that N350 steel is more suitable for use in the glass
mold industry than SS310 steel.
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1. Introduction

The glass molding process (GMP) is gaining popularity as an alternative to traditional glass material production methods,
offering advantages such as precise forming, a short production cycle, cost-effectiveness, and environmental friendliness [1,
2]. Stainless steel (SS) finds primary use in industry, automobiles, trucks, and freight cars, with alloys containing Ni, Cr, and
Mg for corrosion resistance and cost efficiency [3, 4]. Advances in ultra-supercritical thermal power and nuclear power
technologies drive the employment of the austenitic stainless steels (ASSs) not only in low temperature environments but also
increasingly in high temperature settings. Specifically, ASS is gaining prominence as a critical component in high temperature
conditions. Consequently, investigating the oxidation resistance of ASSs becomes crucial for practical engineering
applications [5]. To attain oxidation resistance at elevated temperatures, ASSs form a stable, dense, and solid oxide protection
scale. In high-temperature operations, common scales for ASSs containing elements like Mn and Cr include Cr,0;, Mn,O;,
and others [6].

Various industries, including automobiles, energy, and home appliances, widely employ ferritic SSs due to their outstanding
high-temperature oxidation resistance, corrosion resistance, cost-effectiveness, minimal thermal expansion coefficient, and
high thermal conductivity. This makes it a preferred choice as an energy-efficient and environmentally friendly SS material
[7, 8]. The resistance to high-temperature oxidation is a crucial parameter for assessing SS performance in elevated-
temperature applications [9, 10]. Different chemical compositions in ferritic SSs produce distinct oxidation products and oxide
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film structures, resulting in a variety of high-temperature failure origins. Recent research efforts by material scientists have
delved into the oxidation behavior of SSs.
Vicente et. al. [11] guided an investigation on the oxidation kinetics of EN1.4509 ferritic SS at elevated temperatures for
varying durations. Comparison of surface morphologies after oxidation for 8 minutes and 24 h revealed octahedral-shaped
oxidation products, with particle size increasing over time. The investigation also assessed the growth kinetics and
composition of the oxide film developed following short-term oxidation at various temperatures. Results indicated that the
oxide film primarily comprised Cr at 850 °C for 2 h, transitioning to Fe above 900 °C. The oxidation rate exhibited a positive
correlation with temperature and the Ni, Fe, and Cr content in the alloy [12, 13]. Notably, the formation of Cr,0O3 and Fe-Cr
spinel compounds at high temperatures by alloys containing Cr greatly improved their resistance to oxidation. These
compounds elevated the activation energy required for metal ion diffusion, thereby retarding the diffusion rate at the interface.
Consequently, this slowed down oxide scale growth and bolstered the steel's resistance to oxidation [14, 15]. While current
research on Cr-containing steels predominantly concentrates on conventional structural and SSs characterized by low Cr
content, there remains a scarcity of exploration into high-temperature oxidation in Cr-containing steel categories beyond these
conventional types [16].
Stainless Steel 310 (SS310) stands out as an ASS alloy recognized for its remarkable resistance to high-temperature oxidation.
Notably, the 310S SS variant possesses elevated Cr and Ni contents in comparison to the frequently cited SS304L/SS316L.
The higher Cr content plays a critical role in fostering the development of a protective surface oxide film, while the increased
Ni content contributes to enhancing the oxide film's stability [17, 18]. The N350 is a ferritic SS with high temperature
oxidation resistance. Industrial applications often use both SS310 and the N350, both high-temperature alloys, for their
resistance to oxidation at elevated temperatures. When exposed to elevated temperatures in dry air, SS310 forms a protective
Cr,05 layer on the surface [19]. This layer enhances the material's resistance to further oxidation. SS310 can withstand
temperatures well up to 1000°C, which is beneficial for applications in various industrial processes, including glass
manufacturing. Glass manufacturing processes often involve high temperatures. Both SS310 and N350 should be selected
based on their ability to maintain mechanical properties and resist oxidation at the operating temperatures of the glass
manufacturing process. The formation of a protective oxide layer is critical for preventing the material's degradation. Regular
maintenance and appropriate heat treatment processes can help maintain the protective oxide layer. The paramount quality for
SS to be utilized in the glass molding process is its high-temperature oxidation resistance. The development of separate oxide
layers on SS surfaces depends on various factors, including alloy composition and specific oxidizing conditions such as
temperature, atmosphere, and duration of oxidation [20].
The objective of this study was to examine the mechanical, physical, and chemical properties of both N350 and SS310. The
microstructure and phase identification of the two types of steels were examined using optical microscopy (OM), scanning
electron microscopy (SEM), composition by energy dispersive x-ray analysis (EDX), and x-ray diffraction (XRD). Hardness
and Young’s modulus were investigated for the SS310 and N350. The oxidation behavior of the SS310 and N350 was
examined at 850, 950, and 1050 °C in dry air for 50 h. The surface morphology, elemental analysis, and phase identification
of the investigated samples after oxidation in all conditions after 50 h were examined using SEM, EDX, and XRD,
respectively.
1. Experimental work

2.1 Stainless steel characteristics
Table 1 lists the chemical analyses performed on SS310 and N350. The investigated alloys were prepared for microstructure
examination by grinding with emery papers till 1000 grit then polishing with alumina paste 0.3 pm. The polished samples
were etched with 10% HNO;, and 10% HCI and the rest was distilled water. The microstructure is done by using the optical
microscopy (OM) model Zeiss Axiotech 30 and scanning electron microscopy (SEM) model (FEI inspect S-Netherlands)
where the elemental analysis using the energy dispersive X-ray analysis (EDX) attached SEM model (Bruker AXS-flash
detector Germany). The phase identification is done by the x-ray diffraction (XRD) analysis utilizing the X’Pert PRO PAN
analytical diffractometer, with a Cu Ko radiation source of A = 0.15406 nm, operating at 45 kV and 40 mA.

Table 1. Chemical analysis of both SS310 and N350.

Element, wt. %
Alloys
C Si Mn Cr Ni Mo Cu \% Fe
SS310 0.04 0.42 1.64 25.06 20.28 0.15 0.29 0.06 Bal.
N350 0.22 0.29 0.45 15.95 1.63 0.11 0.06 0.05 Bal.
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The Vickers hardness values use the device model Zwick/Roell (ZHU250). The hardness test was measured using a load of
10 kg with 5 reads for each alloy to calculate the average values. The Young's modulus device employs a physical method to
measure the Ultrasonic Flaw Detector (USM3) model. It uses a sensitivity balance (Mettler H 72 model) with a capacity of
160 g and a readability of 0.1 mg. The following equations are used in the calculations of different parameters exerted from
the test [21]:

L = pv{ ey
G=pvé )
K=L-(*/3G ©)
E=2(l+0) G 4
0= (L-2G)/2(L-G) (5)

Where L donates longitudinal modulus, G represents shear modulus, K indicates bulk modulus, E is Young’s modulus, and ¢
is Poisson’s ratio.

2.2 Oxidation

The specimens from both alloys were cut into dimensions of 1 cm x 1 c¢m for the oxidation test. The oxidation behavior of
SS310 and N350 was observed at temperatures of 850, 950, and 1050 °C over a time range spanning 10 to 50 h in dry air at a
flow rate of 2 liters per minute. A vertical tube furnace, specifically the EVA 12/300B model by CARBOLITE GERO, was
employed for this experimentation. The "version programmer 3216 P5" computer program controlled the oxidation process.
During the oxidation period, mass changes were monitored using a high-precision electrical balance (METTLER-TOLEDO
Model MS 204 S/01) at 10 h intervals. X-ray Diffraction (XRD) was employed to investigate the phases of the oxide layer.
Subsequently, the oxidized samples were subjected to Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
analysis (EDX) to elucidate surface morphology and elemental composition after 50 h for the respective temperatures.

2. Results and discussion

3.1 Stainless steel properties

Fig. 1 illustrates the optical microstructures of SS310 and N350. Additionally, Fig. 2 presents the SEM images of the two
investigated alloys. The spot EDX analysis for SS310 exists in Fig. 3, whereas the spot EDX analysis for N350 is presented in
Fig. 4.

SR T N @ e

Fig. 1. The optical microstructure of (a) SS310, and (b) N350.
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Fig. 4. The SEM micrograph and EDX result of N350.

Before oxidation, the XRD pattern of SS310 has iron phase (COD 9008469) and austenite phase (PDF 00-052-0512), while
the XRD pattern of N350 has iron phase (COD 9008469) as seen in Fig. 5.
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Fig. 5. The XRD patterns of SS310 and N350.

Hardness
The average Vickers hardness values are given in Fig. 6. The hardness of the N350 (418 HV) is about twice the hardness of
the SS310 (200 HV), as shown in Fig. 6.

450

Hardness, HV

N350 SS310

Fig. 6. The hardness values of SS310 and N350.

Youngs modulus
Fig. 7 presents the Young's modulus values. The Youngs modulus of the N350 (219 Gpa) is higher than the Youngs modulus
for the SS310 (194 Gpa). This result is consistent with the hardness results above.
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Fig. 7. The Young's modulus values of SS310 and N350

3.2. Oxidation kinetics

Figs. 8 and 9 depict the weight gain per unit area versus oxidation times for SS310 and N350, respectively, at temperatures of
850, 950, and 1050 °C. The weight gain curves presented in these figures highlight distinct oxidation behaviors exhibited by
the alloys at different temperatures and durations. In Fig. 8, it is evident that at 850 °C, there is a marginal increase in weight
gain with prolonged oxidation times, while at 950 °C, the weight gain shows a gradual rise. However, at 1050 °C, weight gain
increases significantly over time. Fig. 9 shows a similar trend, with a slight increase in weight gain at 850 °C and a substantial
increase at both 950 °C and 1050 °C as time increases. In summary, Eq. (6) represents the high-temperature oxidation kinetics
[22, 23, 24].

(AW / AA)" = Kkpt (6)

Where AW represents the weight gain per unit area, Kp denotes the parabolic rate constant, t stands for the oxidation time, and
n signifies the rate exponent.

The value of n is approximately 2, indicating that the oxidation kinetics of SS310 and N350 follow a parabolic pattern. The
oxidation rate constant, Kp, can be derived by plotting (AW/A)? against t, as illustrated in Figs 10 and 11. Their findings
reveal that the rate constant, Kp, for both SS310 and N350, escalates with rising temperatures. Consequently, the oxidation
kinetics adhere to the parabolic law for SS310 and N350. The parabolic rate constant values of SS310 are 3.00x107
g*/(em*h), 2.00x10® g%/(cm*h), 2.00x10°® g*(cm*h) for 850 °C, 950 °C, and 1050 °C, respectively. While the parabolic
constants of N350 are 7.00x10™ g*/(cm*h), 9.00x10°° g%/(cm*-h), and 2.00x10 g*(cm*-h) for 850 °C, 950 °C, and 1050 °C,
respectively. The oxidation rate values increase with increased oxidation temperature for both the SS310 and N350. This may
be due to the increase of Cr content in SS310, which contains a protective layer of Cr,0Oj till 1000 °C, then it begins to volatile
as CrO reduces the oxidation resistance.

Plotting log Kp against 1/T can determine the activation energy of N350 and SS310 alloys, as shown in Figs. 12 and 13.
Following the Arrhenius equation, the linear relationship conforms to the formula in Eq. (7) [25, 26, 27].

Kp =A exp (-QRT) ™

In the equation, A represents the model constant, Q signifies the activation energy of the alloy (J/mol), T denotes the oxidation
temperature (K), and R stands for the gas constant (8.314 J/(mol-K)).

Hence, the activation energy for the oxidation process of N350 and SS310 within the temperature range of 850-1050°C for 50
h in dry air amounts to 217.6 kJ/mol and 172 kJ/mol, respectively. Consequently, it can be inferred that the oxidation
resistance of N350 surpasses that of SS310 under the analyzed conditions. This may be due to the decrease in the Cr content
of N350 than that of SS310, which decreases the phenomenon of Cr depletion and volatilization at high temperatures [28].
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Fig. 8. The change in (AW/A) of SS310 against oxidation durations at temperatures of 850°C, 950°C, and 1050°C in a dry air

atmosphere.
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Fig. 9. The change in (AW/A) of N350 against oxidation durations at temperatures of 850°C, 950°C, and 1050°C in a dry air
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Fig. 10. The change in (AW/A)? of SS310 against oxidation durations at temperatures of 850°C, 950°C, and 1050°C in a dry
air atmosphere.
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Fig. 11. The change in (AW/A)* of N350 against oxidation durations at temperatures of 850°C, 950°C, and 1050°C in a dry air
atmosphere.

Egypt. J. Chem. 68, No. 4 (2025)



A COMPARATIVE STUDY STAINLESS STEEL 310 --- 45

1/T

0.00074 0.00076 0.00078 0.0008 0.00082 0.00084 0.00086 0.00088 0.0009
2 L L 1 L L L L
-3 T T T T T T T

-10

Fig. 12. The Arrhenius plot of the parabolic rate constant for the oxidation of SS310 within the temperature range of 850—
1050°C, covering oxidation durations up to 50 h in a dry air environment.
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Fig. 13. The Arrhenius plot of the parabolic rate constant for the oxidation of N350 within the temperature range of 850—
1050°C, covering oxidation durations up to 50 h in a dry air environment.

The XRD pattern of SS310 after oxidation at temperatures of 850 and 950 °C for 50 h in dry air has iron phase (COD
9008469), Fe,0; phase (PDF 00-013-0534), Fe;O, phase (PDF 01-075-0449), Cr,0; (PDF 38-1479) and a small amount of
FeCr,0, (JCPDS 24-0512), while austenite phase (PDF 00-052-0512) appears at 950 °C. Finally, the XRD pattern of SS310 at
1050 °C for 50 h has iron phase (COD 9008469), Fe,O; phase (PDF 00-013-0534), and Fe;04 phase (PDF 01-075-0449) as
shown in Fig. 14. However, the XRD pattern for N350 after oxidation at oxidation temperatures 850 and 950°C for 50 h has

Egypt. J. Chem. 68, No. 4 (2025)



46 Esraa Kamal et.al.

iron phase (COD 9008469), Fe,O; phase (PDF 00-013-0534), and a small amount of Cr,O3 (PDF 38-1479), while Fe;0, phase
(PDF 01-075-0449) appears at 950°C. Finally, the XRD pattern for N350 at 1050 °C for 50 h has Fe,O; phase (PDF 00-013-
0534), and Fe;0,4 phase (PDF 01-075-0449) as existed in Fig. 15. Other spinels could exist, but they are not detected by the
XRD because they are small amounts, such as MnFe, 0,4, MnCr,0,, and/or (Fe, Ni, Cr),O.
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Fig. 14. The XRD results of oxidized SS310 at temperatures of 850°C, 950°C, and 1050°C for a duration of 50 h in a dry air
environment.
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Fig. 15. The XRD results of oxidized N350 at temperatures of 850°C, 950°C, and 1050°C for a duration of 50 h in a dry air
environment.
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3.3 Surface morphology
Fig. 16 displays surface morphology images of oxidized SS310 after undergoing 50 h of oxidation in dry air at temperatures
of 850°C, 950°C, and 1050°C. The SEM images in Figures 16(a and c) show the formation of multilayers of the oxide layers,
while Fig. 16(b) shows rhombohedral grains and little messy grains. Fig. 17 showcases the EDX results of oxidized SS310 at
various oxidation temperatures for 50 h in dry air. The chromium oxides appear in the EDX results at 850 °C and 950 °C due
to the increase in the chromium content which decreases at 1050 °C and the decrease in the oxygen content. It's crucial to
highlight that the lack of Cr-oxides at temperatures surpassing 1000°C shouldn't be solely attributed to the volatilization of
Cr,0; beyond approximately 1000°C. This is because chromium and manganese tend to form mixed oxides at elevated
temperatures, and the presumed volatile CrO; isn't stable under such low oxygen partial pressures in the context of this study
[29, 30]. The presence of chromium oxide in the external layer is intricately linked to Cr segregation. Increasing the
temperature led to a discontinuous layer of chromium oxide. The formation of Cr,0O3 and spinel FeCr,0y, is according to the
following equations [17]:
2Cr+ 1.50, — Cr,04 8)
Cr,05;+ Fe +0.50, — FeCr,0y4 )

Surface morphology images after oxidation 50 h in dry air of oxidized N350 at 850 °C, 950 °C, and 1050 °C are given in Fig.
18. The SEM images in Fig. 18(a) contain a multi-layer of oxide layers, while Fig. 18(b) shows a cotton shape, and Fig. 18(c)
is like a dimple shape. While the EDX analyses of the oxidized N350 at different oxidation temperatures for 50 h in dry air are
represented in Fig. 19. Chromium oxides are present at all oxidation temperatures, acting as a protective layer over SS310.
This is due to the lower chromium content in N350 than SS310, which the volatilization more clearly in SS310 than N350.

Fig. 16. The SEM micrographs of the oxidized surface of SS310 for 50 h in dry air (a) 850 °C, (b) 950 °C, and (c) 1050 °C.
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Fig. 17. The SEM micrographs and EDX analyses of the oxidized surface of SS310 for 50 h in dry air (a) 850 °C, (b) 950 °C,
and (c) 1050 °C
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Fig. 18. The SEM micrographs of the oxidized surface of N350 for 50 h in dry air (a) 850 °C, (b) 950 °C, and (c) 1050 °C
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Fig. 19. The SEM micrographs and EDX analyses of the oxidized surface of N350 for 50 h in dry air (a) 850 °C, (b) 950 °C,
and (c) 1050 °C

Conclusions
The characterizations of the SS310 and N350 were examined. The oxidation behavior of SS310 and N350 was conducted at
temperatures of 850°C, 950°C, and 1050°C for 50 h in dry air. The following conclusions were drawn:
o The microstructure of N350 shows bainite and retained austenite structure, whereas SS310 shows the austenitic
structure with a small amount of ferrite.
e The N350's phase identification has two phases: ferrite and austenite, whereas the SS310 has only one phase
(austenite).

e The hardness value of N350 (419 HV) is nearly twice that of SS310 (202 HV), while the Young's modulus value of
N350 (220 Gpa) is greater than that of SS 310 (194 Gpa).
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e  The oxidation follows a parabolic law for SS310 and N350 in the temperature range 850 ~ 1050 °C for 50 h in dry
air. The parabolic rate constant values of $S310 are 3.00x10 g%/(cm*-h), 2.00x10°* g*/(cm*-h), 2.00x10°° g%/(cm**h)
for 850 °C, 950 °C, and 1050 °C, respectively. While the parabolic constants of N350 are 7.00x10” g*(cm*h),
9.00x10® g*/(cm*-h), and 2.00x10” g*(cm®*-h) for 850 °C, 950 °C, and 1050 °C, respectively. The oxidation rate
values increase with increased oxidation temperature for both SS310 and N350. This could potentially be attributed
to the increasing Cr content in SS310, which maintains a protective layer of Cr,O; up to 1000 °C before becoming
volatile and reducing its oxidation resistance. This phenomenon was more evident in SS310 compared to N350,
likely due to the higher Cr content in SS310.

e  The activation energy of N350 (217.6 KJ/mol) is higher than that of SS310 (172.05 KJ/mol). Thus, the oxidation
resistance of N350 is higher than SS310.
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