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The structural and mechanical studies of the AISI 302 steel aim to design a correct heat treatment in order to optimize its mechanical
properties. In this study, we investigated the influence of temperature and time of aging on the structural and mechanical characteristics
of the AISI 302 steel. The steel was aged at temperatures of 1100°C and 1200°C and for times ranging from 0 to 6000 minutes. The
structural and mechanical characterization techniques used were the metallurgical microscope, nanoindentation technique, and macro-
hardness test. At the microstructural level, an increase in the time or temperature of the aging contributed to an increase in the austenite
grains size of AISI 302 steel. This microstructural change led to a decrease in the nanohardness and a drop in the macro-hardness
between the unaged and aged conditions of AISI 302 steel.
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1. INTRODUCTION

In terms of annual production, austenitic stainless steels are the largest group of stainless steels [1]. The AISI 300
steel series are Chromium-Nickel alloys [2], which are essentially developed from steel composed of 18 wt% (percentage
by weight) of Chromium and 8 wt% of Nickel [3]. They exhibit good mechanical properties, manufacturability, and
corrosion resistance [1]. They are typically used in high-temperatures and food contact applications [4].

Owing to their importance at the industrial level, steels have been extensively studied to understand their
metallurgical behavior [5-10]. In the literature, the phenomenon of austenite grain growth and its relationship with the
temperature and time of the aging treatment have gained great interest [11-13]. D. Dong et al. [11], Z. Li et al. [12] and
S. Benmaziane et al. [13] found that the austenite grain size of the steels increases considerably by increasing the treatment
temperature. For a fixed temperature, they also reported that the grain growth rate decreases with increasing treatment
time. The mechanism of grain growth has been elucidated in several studies [12, 14-16]. As shown in the work of
R.C. Chen et al. [15], the growth of austenite grain in 300 M steel results from the grain boundaries migrating by
incrementing temperature from 900°C to 1150°C and time from 5 to 120 minutes. For the GCr15 bearing steel cast billet
treated at a temperature range of 1000—-1250°C and a holding time interval of 30-180 minutes, Z. Li et al. [12] explained
that grain boundaries migrating process decrease the driving force for grain growth.

Studies have sought to determine the effect of the size of austenite grains on the nano- and macro-mechanical
properties of steels [17-20]. S. Li et al. [18], G. Liu et al. [19], and our previous work [20] reported the thermal aging
behavior of the micro-constituents of various stainless-steel grades. For the austenite, at temperatures below 800°C and
for prolonged holding times, the measurements showed that nanohardness after aging was slightly influenced [18-20].
The paper results of Y. Su et al. [17] have shown that the increase of the austenite grains size contributed to the decrease
in the strength and ductility of Novel 20LHS5 austenitic stainless steel.

Several metallurgical studies have been conducted on AISI 302 steel; however, only limited research has been
performed on the evolution of the nanohardness of austenite as a function of time at high-temperatures. The
structural and mechanical studies of the AISI 302 steel help to determine a heat treatment correctly to optimize its
mechanical performance. In this paper, the aging mechanism and microstructural variations of AISI 302 steel at
temperatures 1100°C and 1200°C up to 6000 minutes were investigated. Herein, the microstructure of AISI 302
steel under different heat treatment conditions was visualized using metallurgical microscope. Mechanical
characterization of the AISI 302 steel before and after aging was carried out using the nanoindentation technique
and macro-hardness tests.

2. MATERIALS AND METHODS
2.1. Chemical Composition
The chemical composition (in wt%) of the as-received AISI 302 steel is shown in Table 1 [21]. The AISI 302 steel
was obtained from a steel plant located in the city of Casablanca, Morocco. At the industrial level, the AISI 302
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commercial steel was produced in an electric arc furnace and hot-rolled to 10 mm thick plates. The AISI 302 steel samples
used in the present study were rectangular in shape and had dimension of 25%25x10 mm?.
Table 1. Chemical composition of AISI 302 steel

Element Fe Cr C Ni Si Mn P
Percentage by weight (wt%) 72.81 18 0.15 8 0.4 0.61 0.03

2.2. Aging Treatments
The AISI 302 steel samples were aged using a SELECTA air furnace at a heating rate of 20°C per minute and
temperature control with an accuracy of + 1°C. First, the steel was aged at two temperatures 1100°C and 1200°C and for
the following durations: 0 (unaged condition of the AISI 302 steel), 60, 600, 1000, and 6000 minutes. Then, the quenching
of the samples was carried out in water up to a temperature of ~ 25°C (room temperature).

2.3. Metallurgical Observations

Prior to the metallurgical observations, the samples of AISI 302 steel were mechanically polished using abrasive
papers with grain sizes of 320, 600, 1200, and 4000. The polishing was completed using diamond pastes with particle
sizes of 1, 3, and 6 um and suspended in distilled water. This mechanical preparation made it possible to remove the oxide
layers formed during heat treatments and to obtain a mirror-polished surface.

The structure of AISI 302 stainless steel was visualized by chemical etching with dilute aqua regia solution (mixture
of 5 mL HNOs3, 15 mL HCI, and 100 mL H>0) and the rinsing was performed with bi-distilled water [22]. The structure
of the AISI 302 steel was examined using an OPTIKA brand metallurgical microscope coupled with a high-resolution
AIPTEK camera. The average grain size was measured by using the linear intercept method.

2.4. Nanoindentation Technique
Nanoindentation tests were performed using a Nanoindenter XP (CSM Instruments) tester with a Berkovich indenter
of B-O 45 series (pyramidal diamond tip with a nominal angle of 65.3° between the vertical axis and each face) [23].
Nanoindentations were performed under a maximum load of 50000 uN and a dwell time of 5 seconds.
Analysis of the loading-unloading curves of the samples was performed using the method of Oliver and
Pharr [24, 25]. Figure 1 shows a typical loading—unloading curve with an indication of the parameters used in this method.
The h, is the contact depth and can be calculated as follows:

he = hypa — € X (PmT) (1)

Where Puax is the peak load, hpay is the indenter maximum penetration on the sample flat surface, € is a constant
(equal to 0.75 for Berkovich indenter), and S is the unloading curve tangent slope.
A, is the contact projection area and can be expressed as follows:

A, =245 x h + Y7, C x h 2. )

Where Ci, C,, ..., C; are constants. The first term of equation (2) describes the perfect shape of the Berkovich
indenter, and the second term describes deviations from Berkovich geometry due to the blunting tip.
Hir is the nanohardness and expressed as follows:

Hit = Prax/Ac 3

Another parameter used in the evaluation of loading-unloading curves is h; which refers to the indenter residual
penetration. The value of the h; parameter is the intersection of the unloading curve with the horizontal axis (see Figure 1).
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Figure 1. The typical loading-unloading curve of nanoindentation test
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2.5. Macro-Hardness Test
Macro-hardness measurements were effectuated using a TESTWELL Durometer. The macro-hardness of the
AISI 302 steel samples was evaluated using the ROCKWELL C method (diamond indenter with a total load of
150 Kgf) [26]. To assure repeatability, each macro-hardness value corresponded to the average of 10 indentations well
distributed on the flat surface of each sample.

3. RESULTS AND DISCUSSIONS
3.1. Metallurgical Study
Figure 2 shows the phase fraction versus temperature diagram computed using the JMatPRO (version 7.0) software
for the steel composition shown in Table 1 and for a temperature range of 1000 — 1500°C. As illustrated in Figure 2, the
microstructure of AISI 302 steel was composed of 100 wt% of austenite for the two temperatures studied 1100°C and
1200°C.
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Figure 2. Phase diagram of the AISI 302 steel calculated using JMatPro (Version 7) software

Figure 3 shows micrographs of the microstructure of the AISI 302 steel aged at 1100 °C for 0, 60, 600, 1000, and
6000 minutes. According to the images obtained, the equiaxed grains size of the AISI 302 steel increased by increasing
the aging time from 0 to 6000 minutes. The grains growth contributes to a reduction in the number of grains per unit
volume, and therefore a decrease in the total area of grain boundaries [27]. At high-temperatures, these microstructural
changes are caused by the grain boundaries migrating process [15-16].
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Figure 4 shows the austenite grain size as a function of the temperature and time of aging. As can be observed, for
a fixed temperature, the austenite grain growth behavior can be divided into two stages: rapid growth stage for times
below 1000 minutes, and relatively slow growth stage for times up to 6000 minutes. In other words, the majority of grain
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growth occurred within 1000 minutes, and as the aging time increased, the grain growth rate slowed down. We can
conclude that grain growth kinetics are reduced by increasing the aging time, which is linked to a decrease in the driving
force for grain growth [28].

Several scientific papers have discussed the effect of the temperature and time of treatment on the austenite grain
growth rate. The grain growth rate (dD/dt) can be quantitatively described as follows [12, 28-31]:

=M, exp(— 2)2L )

Where My is the pre-exponential coefficient, Qp is the grain boundary activation energy, R is the gas constant
(8.314 J/mol/K), T is the temperature, A is a constant, y is the grain boundary energy, and D is the austenite grain size.
According to equation 4, the austenite growth rate increases with the increase of temperature and decreases with the
increase of austenite grain size. These conclusions are in good agreement with the grain size measurements of AISI 302
steel under different conditions (see Figure 4).
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Figure 4. The austenite grain size of austenite aged at 1100°C and 1200°C for 0 (unaged), 60, 600, 1000, and 6000 minutes

3.2. Nanoindentation Technique

Figure 5 shows the nanoindentation curves of the austenite aged at 1100 °C and 1200°C for 0, 60, 600, 1000, and
6000 minutes. The nanoindentation measurements were categorized according to the aging temperature; Figure 5(a) for
1100°C and Figure 5(b) for 1200°C. The applied load (P) was plotted as a function of the penetration depth of the indenter
(h) on the flat surfaces of the samples. For the different aging treatments, the mechanical behavior of the austenite was
nearly identical. Nanoindentation curves did not exhibit discontinuities during the complete loading-unloading
cycle [32, 33]. For all nanoindentation curves obtained, the unloading part was linear with a low slope. The plotted
nanoindentation curves correspond to ductile materials [34].

We plotted the nanoindentation curve of the austenite aged for 0 minutes in Figure 5(a) and Figure 5(b) in order to
visualize the effect of thermal aging time. At a given temperature, the nanoindentation curves shifted to the right by
incrementing the aging time. According to Figure 5, the difference in displacement between the austenite curves was
small for times greater than 60 minutes at two temperatures 1100°C and 1200°C.
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Figure 5. The loading-unloading curves of the AISI 302 steel
aged at (a) 1100°C and (b) 1200°C for 0 (unaged), 60, 600, 1000, and 6000 minutes

The nano-mechanical behavior of the austenite can also be evaluated from the parameters extracted from the
P-h curves and which are hma and h,. Table 2 shows the values of the parameters hmax and h; as a function of the
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temperature and time of the aging. Compared to the austenite aged for 0 minutes, the values of hyax and h; increased by
increasing one of the aging treatment parameters (time or temperature).

Table 2. Parameters extracted from the loading-unloading curves of austenite aged at 1100°C and 1200°C for 0 (unaged), 60, 600,
1000, and 6000 minutes

Maximum indenter penetration depth Residual indenter penetration depth
(hmax (nm)) (hr (nm))
Aging time (minutes) 1100°C | 1200°C 1100°C | 1200°C
0 (unaged) 803.99 707.79

60 921.71 936.15 825.51 839.95

600 942.81 949.62 846.61 853.42

1000 961.93 978.54 865.73 882.34

6000 982.36 994.10 886.16 897.90

Table 3 shows the variation in the elastic deformation work (W.), plastic deformation work (W,), and total work
(Wy) performed by the Berkovich indenter in the austenite phase as a function of the temperature and time of the aging.
The W, corresponds to the area surrounded between the unloading curve and the horizontal axis. The W), corresponds to
the area between the loading and unloading curves and the horizontal axis. The Wi is the sum of the W, and W;. As can
be seen from this table, the W, decreased while the Wi and W} increased by incrementing the temperature or time of the
aging. These results indicated an increase in the plastic deformation of the austenite aged at temperatures 1100°C and
1200°C for the longest holding time of 6000 minutes.

Table 3. The elastic deformation work, plastic deformation work and total deformation work carried out by the Berkovich indenter at
aging temperatures 1100°C and 1200°C for 0 (unaged), 60, 600, 1000, and 6000 minutes.

Elastic work deformation carried out | Plastic work deformation carried out | Total work deformation carried out
by the indenter (We (PJ)) by the indenter (W, (PJ)) by the indenter (Wt (PJ))
Aging time 1100°C 1200°C 1100°C 1200°C 1100°C 1200°C
(minutes)
0 (unaged) 1869.49 12454.95 14324.44
60 1723.60 1709.22 15401.94 16202.61 16725.54 17911.83
600 1704.09 1699.53 16465.45 16671.93 18169.54 18371.46
1000 1698.71 1678.84 16984.51 17256.79 18683.22 18935.63
6000 1661.42 1654.74 17322.82 17952.25 18984.24 19606.99

The nanohardness values of the austenite as a function of the temperature and time of the aging are summarized in
Table 4. For a given aging time, the nanohardness at 1200°C was lower than that at 1100°C. For the two temperatures
explored, the nanohardness of the austenite decreased for aging times between 0 and 60 minutes. By contrast, the
nanohardness of the austenite remained nearly constant over an aging time interval ranging from 60 to 6000 minutes.
Several scientific studies have also shown that the nano-hardness of the aged austenite is almost constant at temperatures
between 350°C and 800°C, and for prolonged holding times up to 20000 h [35-37].

Table 4. Nano-hardness of the austenite aged at 1100°C and 1200°C for 0 (unaged), 60, 600, 1000, and 6000 minutes.

Nanohardness (Hir (GPa))
Aging time (min) 1100°C | 1200°C
0 (unaged) 3.69 +£0.30
60 2.75+0.25 2.66 +0.30
600 2.62+0.25 2.58 +£0.25
1000 2.51+0.15 2.42 +£0.20
6000 2.40+0.10 234 £0.15

3.3. Macro-Hardness Test

Figure 6 shows the macro-hardness evolution of the AISI 302 steel aged at 1100°C and 1200°C for 0, 60, 600, 1000,
and 6000 minutes. Regardless of the aging temperature, this mechanical property reduced significantly by incrementing
the treatment time.

As shown in Figure 6, the thermal aging behavior of AISI 302 steel was almost identical for the two temperatures
studied. The aging behavior of the AISI 302 steel exhibited a decreasing trend with two-softening stages and it can be
described as follows: the macro-hardness decreased sharply in the first stage (0—1000 minutes) and it continued to
decrease but slightly in the second stage (1000-6000 minutes). The error bars represent the standard deviation of the
macro-hardness measurements. In the second stage, the variation of the macro-hardness standard deviation fluctuated
very little compared with the first stage.

The significant loss of the steel macro-hardness can be explained mainly by the austenite grains growth and reduction
in the area of grain boundaries per unit volume [14,27,38]. The Hall-Petch equation [39—41] also confirms the relationship
between the variation in the macro-hardness (H) and the change in the microstructure. It can be written as follows:
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H=f><<H0+ k/dl)+(1—f)><HGB. (5)

In which f is the volume fraction of the grains and (1-f) is the volume fraction of the grain boundaries, Hy and k are
material-specific constants, d is the average grain diameter, and Hgg is the hardness of the grain boundaries.

For the two temperatures investigated, the two stages of the macro-hardness variation as a function of time are due
to the decrease of the grain growth rate by incrementing the treatment time [11, 12].
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Figure 6. Macro-hardness variation of the AISI 302 steel
aged at 1100°C and 1200°C for 0 (unaged), 60, 600, 1000, and 6000 minutes

4. CONCLUSIONS
In this study, the influence of thermal aging on the microstructural changes, nanoindentation responses, and macro-
hardness evolution of the AISI 302 steel was investigated. The main conclusions drawn from this study were as follows:

1. According to metallurgical observations, the increase in the temperature or time of aging leads to an increase in the
grains size. The austenite grain size aged for 0 minutes was 49.23 + 25 pm and after 6000 minutes, it changed
significantly to 581.71 + 38.25 and 1268.10 £ 33.45 um for the temperatures 1100°C and 1200°C, respectively.

2. At a fixed aging temperature, the nanohardness of the austenite decreased by incrementing the aging time from 0 to
6000 minutes. The nanohardness of the austenite aged at 0 minutes was equal to 3.69 + 0.30 GPa, and after
6000 minutes of aging, it was equal to 2.40+0.10 and 2.3440.15 GPa for the temperatures 1100°C and 1200°C,
respectively.

3. For the temperatures explored, the macro-hardness property dropped significantly with incrementing the thermal aging
time. The macro-hardness of AISI 302 steel aged at 0 minutes was equal to 54.5 £ 0.75 HRC and after 6000 minutes
of aging, it was equal to 39 + 0.5 and 36.25 + 0.5 HRC for the temperatures 1100°C and 1200°C, respectively.
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XAPAKTEPUCTHKA MIKPOCTPYKTYPH, HAHO- TA MAKPOTHIEHTAIIIT CTAJII AIST 302
MICJIs1 BACOKOTEMIIEPATYPHOI'O CTAPIHHS
Omap Ben Jlenna®, Xamxap Eab Faniu®, Enn Magani Caan?
@ [lepwuii ynieepcumem Xacana ¢ Cemami, nabopamopis (izuxo-ximii npoyecie ma mamepianié paxkyivmemy HayK ma mexHonozitl,
Cemam, Mapoxko
b Hepuuui ynisepcumem Xacana 6 Cemmami, uuuti incmuntym MeOudHUX HaykK, 1a6opamopis HayK ma mexHoo2it 0XopoHu 300p06's,
BP 555, 26000, Cemam, Mapoxxo

MEXaHIYHHUX BIACTHBOCTEH. Y I[bOMY JOCIIKEHHI MU JJOCIIILKYBaJIU BILIMB TEMIIEPATYPH Ta 4acy CTapiHHS Ha CTPYKTYypHO-MEXaHI4HI
xapakrepuctuku crami AISI 302. Crans crapimun mpu temmeparypax 1100°C i 1200°C mporsirom uacy Big 0 mo 6000 xBuHH.
Meronamu CTPYKTypHOI Ta MEXaHIYHOI XapaKTepHCTHKH, SIKI BHKOPHCTOBYBAJMCS, OyJIH METadypriiHMH MIKPOCKOI, METO[
HaHOIH/AEHTYBaHHS Ta TECT HA MaKpOTBepAicTh. Ha MIKpOCTpyKTypHOMY PiBHI 301IbIIEHHS Yacy abo TeMIepaTypy CTapiHHS CIPHSIO
30inbILICHHIO PO3MIpY 3epeH aycreHiTy ctam AISI 302. I 3MiHa MiKpOCTpYKTYpH MpH3Belia A0 3HIKSHHs HAHOTBEPOCTI Ta MaJiHHs;
MaKpOTBEPIOCTi MiXK HecTapeHHM i cTapum craHom crani AIST 302.

Kurouosi cnoBa: cmanv AISI 302; cmapinus,; Mikpocmpykmypa, aycmenim,; 3pOCHaHHA 3epHA, HAHOMEepOiCmb, HAHOTHOCHIY 8AHHS;
Makpomeepoicmy





