Pre prints.org

Article Not peer-reviewed version

The Effect of Homogenization
Heat Treatment on 316 Stainless
Steel Cast Billet

Hung-Yang Chu, Ren-Kae Shiue ", Sheng-Yuan Cheng
Posted Date: 30 October 2023
doi: 10.20944/preprints202310.1829.v1

Keywords: homogenization; stainless steel; cast billet; forging; §-ferrite; microstructure

E E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of

EFF-'* Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/198916

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2023 doi:10.20944/preprints202310.1829.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
The Effect of Homogenization Heat Treatment on 316
Stainless Steel Cast Billet

Hung-Yang Chu !, Ren-Kae Shiue »* and Sheng-Yuan Cheng 2

I Department of Materials Science and Engineering, National Taiwan University, Taipei 10617, Taiwan;
asdf7492456@gmail.com (H.-Y.C)

2 Stainless Steel Business Group, Walsin Lihwa Corporation, Tainan City 73743, Taiwan, R.O.C.;
shengyuan_cheng@walsin.com (S.-Y.C.)

* Correspondence: rkshiue@ntu.edu.tw

Abstract: The investigation aims to analyze the effect of homogenization heat treatment on the quantity,
distribution, morphology, and chemical composition of d ferrite and sigma phase in the 316L austenitic
stainless steel cast billet. Microstructures of the cast billet at different locations, center, 0.5 R, R, and the
subsequent 2/6-hour homogenization heat treatment at 1240 °C were examined. The microstructure at the
radius R was much more uniform and expected a better performance in the following hot/cold forging
processes due to the highest cooling rate compared with those at 0.5R and center. The d ferrite often
accompanies the generation of the sigma phase, and the transformation of  ferrite into the sigma/(austenite)
and retained 0 ferrite is strongly related to the cooling rate after homogenization heat treatment. The sigma
phase is hard and detrimental to the subsequent hot/cold forgings. It must be removed from the
homogenization heat treatment before forging. Fast air cooling from 850 °C to room temperature after
homogenization heat treatment cannot prohibit the sigma phase formation. Rapid cooling between 850 and
1240 °C after homogenization treatment is required to avoid the sigma phase formation in the 316L stainless
steel cast billet.
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1. Introduction

Chromium-nickel austenitic stainless steels are among the world's most widely applied
engineering alloys due to their excellent formability, weldability, and corrosion resistance [1-3]. The
316L stainless steel is comprehensively used in various applications, e.g., medical supplies, fossil and
nuclear power plants, petroleum refining industries, and chemical appliances due to its high ductility
and strength, excellent corrosion resistance, and low cost [1,4-6]. The 316L stainless steel plate
production from the cast 316L stainless billet experiences a series of hot and cold forging [7,8]. The
formability of the cast billet becomes an important issue in the subsequent forging processes [9-12].

The 316L stainless steel cast billet contains Mo. It has been reported that a high content of Mo
enhances the formation of Mo-rich intermetallics, such as sigma and chi phases, degrading
mechanical properties and encouraging hot cracking [13,14]. Therefore, homogenization heat
treatment of the cast 316L billet is necessary before hot forging the cast billet [13,15-18]. The
distribution and morphology of d-ferrite and sigma phases in the austenite matrix of the 316L cast
billet are strongly related to following hot/cold forging of the cast billet. The homogenization heat
treatment is expected to provide a driving force to break up the interdendritic 6-ferrite and promote
the formation of spheroidal d-ferrite in the austenite matrix. Uniformly distributed spheroidal d-
ferrite in the 316L cast billet benefits the formability of hot/cold forging.

Thermo-Calc provides the first approximation in the construction of multicomponent phase
diagrams. With the advancement of the thermodynamic database, it has been used in industry [19].
Many researchers combine DSC (Differential Scanning Calorimetry) and Thermo-Calc calculation to
relate the phase transformation temperatures of alloy to optimize the heat treatment condition before
hot/cold working of the alloy [20-23]. Isothermal sections at selected temperature and phase fraction
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upon cooling cycle can be readily achieved with acceptable accuracy [24]. It is a powerful tool in
combination with experimental studies [25-28].

This investigation focuses on the effect of homogenization heat treatment of the 316L cast
stainless steel billet. The morphology and distribution of d ferrite and sigma phase formation in the
austenite matrix of the cast billet were studied. The formation of the sigma phase in the homogenized
cast billet was also clarified in the experiment.

2. Materials and Experimental Procedures

Walsin Lihwa Corporation prepared the 316SS cast billet with a diameter of 250 mm. The
chemical composition in wt% of the 316L cast billet was 0.020 C, 0.131 Co, 18.149 Cr, 0.115 Cu, 1.849
Mn, 2.622 Mo, 0.046 N, 11.376 Ni, 0.025 P, 0.013 S, 0.942 Si, 0.101 V and Fe balance. The cast billet was
wire-cut and machined to obtain test pieces with a cross-section of approximately 10 mm x 10 mm
and 5 mm thick. For comparison, three samples, i.e., near surface, 1/2 radius, and center, were
machined from the cast billet.

To evaluate the effect of homogenization heat treatment on 316SS cast billet, three types, namely,
no heat treatment, 2 hours heat treatment, and 6 hours heat treatment for comparison. The test piece
was placed into a tubular high-temperature vacuum furnace to avoid oxidation during the heat
treatment. The homogenization heat treatment was performed at 1240 °C at a vacuum of 5x10-* mbar.
The heating rate of the high-temperature vacuum furnace was 20 °C/min, and the holding period was
2 and 6 hours, respectively. Different cooling rates were performed after the test pieces were
homogenized at 1240 °C. Figure 1 shows two different cooling rates used in the experiment: air
cooling (AC) and furnace cooling (FC). Table 1 shows all 316L specimen designations used in the

study.
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Figure 1. AC and FC cooling rates after homogenization at 1240 °C for 2 and 6 hours.

Table 1. 316L specimen designation used in the study.

Symbol Heat Treatment Location
C as cast Center
0.5R as cast 05R
R as cast R
C-2h-AC 1240°C for 2h, air cooling Center
0.5R-2h-AC 1240°C for 2h, air cooling 0.5R
R-2h-AC 1240°C for 2h, air cooling R
C-2h-FC 1240°C for 2h, furnace cooling Center

0.5R-2h-FC 1240°C for 2h, furnace cooling 05R
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3
R-2h-FC 1240°C for 2h, furnace cooling R
0.5R-2h-850C-AC 1240°C for 2h, furnace cooled to 850°C, and fast air cooling 05R
0.5R-6h-FC 1240°C for 6h, furnace cooling 0.5R

All test pieces were mounted and experienced a standard metallographic procedure before
inspection. A field emission scanning electron microscope (FESEM) with an electron backscatter
diffraction (EBSD) was applied to perform phase identification and crystallographic analyses. A field
emission electron probe microanalyzer (FE-EPMA) combined with a wavelength dispersive
spectrometer (WDS) was used to perform quantitative chemical analyses of selected positions and
mappings of the test pieces. Finally, a Vickers microhardness tester with a load of 10 g and 15 s
duration time was used to measure the difference in hardness for various phases.

3. Results and Discussion

Figure 2 shows EBSD phase maps of the as-cast 316L stainless steel billet at different locations.
The as-cast billet has three phases, including d ferrite, sigma, and austenite. The microstructure of the
three locations is quite different due to different cooling rates in casting. In Figure 2a, fragmented
ferrite (red) is observed in the austenite (blue) matrix in the center of the cast billet. In Figure 2b, the
flaky © ferrite and sigma phase distribution is still quite uneven at 0.5 R. The distribution of flaky d
ferrite and sigma phases is improved at the location of R, as displayed in Figure 2c. In Figure 2c, the
amount of sigma phase is significantly decreased, and the flaky 0 ferrite becomes blunt at location R.
Different microstructures of the cast billet at different locations are expected to result in different
responses in the subsequent hot/cold rolling. It is required to perform a homogenization treatment of
the cast billet before rolling.

Figure 2. EBSD phase maps of the as-cast 316L stainless steel billet at different locations: (a) center,
(b) 0.5R, (c) R.

Figures 3a and 3b show EBSD phase maps of the as-cast 316L stainless steel billet at 0.5R at
higher magnifications. The sigma phase (yellow) is mixed with the d ferrite (red) in the austenite
matrix (blue). The EBSD phase map in Figure 3b corresponds to the EPMA BEI displayed in Figure
3c. The EPMA WDS quantitative chemical analysis spots at different locations are shown in Figure
3cand Table 2. According to Table 2, concentrations of Cr, Mo, and Ni are pretty different in the three
phases of the cast billet. The austenite is alloyed with high Ni (> 10 at%), low Mo (< 3 at%) and Cr (<
20 at%) concentrations, as marked by C, D, E, and G in Figure 3c. In contrast, the d ferrite and sigma
phases are alloyed with a low concentration of Ni (<5 at%) and a high concentration of Cr (> 25 at%)
as marked by B, F, H ~ L in Figure 3c. The Cr concentrations of the d ferrite and sigma phases are
similar, approximately between 25 and 29 at%. However, Mo concentration in the sigma phase is
higher than in the d ferrite, as displayed in Table 3. It has been reported that the presence of Mo is
attributed to the formation of the sigma phase in the stainless [29]. It is consistent with the
experimental result.
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Figure 3. The as-cast 316L stainless steel billet at 0.5R: (a, b) EBSD phase maps in selected areas in Fig.
2b, (c¢) EPMA BEI and quantitative chemical analyses of different locations, (d~i) EPMA WDS
quantitative element mappings of Cr, Fe, Mn, Mo, Nji, and Si.

Table 2. EPMA WDS quantitative chemical analyses in at% of A~-L in Figure 3c.

Element /wt% C Cr Fe Mn Mo Ni (o] P Si Si Phase
0.9 21.1  56.7 1.9 104 73 0.0 0.3 0.1 1.3 -—-

08 282 561 15 75 46 00 0.1 0.0 1.2 sigma
0.2 17.7 654 1.9 22 11.8 0.0 0.0 0.0 0.8 austenite
1.2 181 64.2 20 24 11.2 0.0 0.0 0.0 0.9 austenite
1.1 187 642 20 26 105 00 00 0.0 09 austenite
0.9 258 60.6 1.6 51 48 0.0 0.1 0.0 1.1 d ferrite
0.8 19.1 644 1.9 27 102 0.0 0.0 0.0 0.9 austenite
1.1 277 577 17 62 43 00 0.1 0.0 1.2 sigma
0.8 262 61.2 1.6 45 46 0.0 0.1 0.0 1.0 d ferrite
21 282 549 16 71 46 00 0.1 0.2 1.2 sigma
2.1 26.7 569 1.6 64 49 0.0 0.1 0.1 1.2 sigma
2.1 279 547 1.6 75 45 0.0 0.2 0.2 1.3 sigma

CARATTIIQTE@HON S >

Figure 4 and Table 3 show Vickers hardness measurement results of the as-cast 316L stainless
steel billet at 0.5 R. The EBSD phase map in Figure 4a corresponds to the optical microscope image
with Vickers hardness dents in Figure 4b. The austenite has the lowest hardness below 200 Hv, as
illustrated by Al ~ A3. The hardness of d ferrite, above 200 Hv, is greater than that of austenite, as
shown by Bl ~ B4. The sigma phase has the highest hardness among all phases. However, a
considerable variation is observed in the hardness measurement of the sigma phase, as shown in C1
~ C3. The hardness values of the sigma phase are between 314 and 487. Because the size of the sigma
phase is less than that of Vickers hardness dent under the applied load of 10 g, both sigma and o
ferrite are covered by the hardness dent, as shown in Figure 4e. In Figure 4e, the hardness dent at
location C1 covers the most significant fraction of the white sigma phase, and it has the highest
Vickers hardness of 487. It is confirmed that the sigma phase has the highest hardness in the cast
billet.
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Figure 4. The Vickers hardness measurements of the as-cast 316L stainless steel billet at 0.5 R: (a) EBSD
phase map in the selected area in Figure 3a, (b) the corresponding optical microscope image with
Vickers hardness dents of Figure 4a, Vickers hardness dents of EPMA (c ~ e) BEIs, (f ~ h) SEIs.

Table 3. Vickers hardness measurements displayed in Figure 4.

Loca A A A B B B B C C C
tion 1 2 3 1 2 3 4 1 2 3
Hv 1 1 1 2 2 2 2 4 3 3
(10 9 7 8 0 1 5 6 8 1 2
g) 6 1 4 0 4 1 0 7 4 8

Figure 5 shows EBSD phase maps of the 316L stainless steel cast billet after homogenization at
1240°C for 2 hours and air cooling at three locations: center, 0.5 R, and R. The sigma phase has almost
disappeared from the entire cast billet. The blunting of the flaky o ferrite is widely observed at three
locations of the cast billet. However, the distribution of d ferrite at the center and 0.5 R is still less
uniform than that at R. The homogenization heat treatment effectively improves the flaky o ferrite
into a blunt one at all locations. The homogenization heat treatment shows the best effect of
spheroidizing d ferrite at the location R of the cast billet. It is worth mentioning that the fast air cooling
of the cast billet after 1240 °C for 2h homogenization heat treatment is beneficial to avoid the
formation of the sigma phase in the entire 316L cast billet.

Figure 5. EBSD phase maps of the 316L stainless steel cast billet after homogenization at 1240 °C for 2
hours with air cooling at different locations: (a) C-2h-AC, (b) 0.5 R-2h-AC, (c) R-C-2h-AC.
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Figure 6a displays EBSD phase maps of the 316L stainless steel cast billet after homogenization
at 1240 °C for 2 hours and air cooling at 0.5 R at higher magnifications. The sigma phase disappeared
from the figure due to the fast air cooling after homogenization. The area I of the EBSD phase map in
Figure 6a corresponds to the EPMA BEI displayed in Figure 6b. The EPMA WDS quantitative
chemical analysis spots at different locations are shown in Figure 6b and Table 3. Similar to the results
above, the austenite is alloyed with high Ni (> 10 at%), low Mo (< 3 at%) and Cr (< 20 at%)
concentrations, as marked by M, P, and R in Figure 6b. On the other hand, the d ferrite is alloyed with
a low concentration of Ni (< 7.4 at%) and a high concentration of Cr (> 21.9 at%) as marked by N, O,
and Q in Figure 6b. The Mo concentration in the d ferrite is slightly higher than in the austenite, as
shown in Table 3. Figures 6¢ ~ 6h are EPMA WDS quantitative element mappings of Cr, Fe, Mn, Mo,
Ni, and Si, consistent with Table 3. It is noted that the Cr and Mo are enriched in the d ferrite close to
the interface between the 0 ferrite and austenite. The O ferrite alloyed with high Cr and Mo
concentrations favors the sigma phase formation and will be discussed later.

Figure 6. The cast 316L stainless steel billet at 0.5 R after homogenization at 1240 °C for 2 hours with
air cooling: (a) EBSD phase map in selected area of Fig. 5b, (b) EPMA BEI and quantitative chemical
analyses of different locations in area I of Figure 6a, (c~h) EPMA WDS quantitative element mappings
of Cr, Fe, Mn, Mo, Ni, and Si in the area II of Figure 6a.

Table 4. EPMA WDS quantitative chemical analyses in at% of M~ R in Figure 6b.

Element /at% C Cr Fe Mn Mo Ni (0] P Si Si Phase

01 188 654 15 24 109 00 0.0 0.1 0.8  austenite
02 237 626 12 41 71 0.0 0.1 0.1 0.9 0 ferrite
02 236 626 14 41 69 0.0 0.1 0.1 1.0 O ferrite

0.1 183 65.8 14 24 111 0.0 0.0 0.1 0.8 austenite
02 219 64.1 1.3 39 74 0.0 0.1 0.1 1.0 0 ferrite
02 181 656 15 25 11.1 00 0.0 0.1 0.9  austenite

A0 P00 zZEZ

Figure 7 and Table 5 display the Vickers hardness measurements of the as-cast 316L stainless
steel billet at 0.5 R after homogenization at 1240 °C for 2 hours and air cooling. The EBSD phase map
in Figure 7a corresponds to the EPMA SEI with Vickers hardness dents in Figure 7b. The hardness of
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austenite is below 200 Hv. The hardness of d ferrite is higher than 200 Hyv, i.e., between 200 and B7.
The homogenization heat treatment does not significantly change the hardness of austenite and
ferrite compared to Table 3 and Table 5.

Figure 7. The Vickers hardness measurements of the as-cast 316L stainless steel billet at 0.5 R after
homogenization at 1240 °C for 2 hours with air cooling: (a) EBSD phase map in the selected area in
Figure 6a, (b) the corresponding EPMA SEI with Vickers hardness dents of Figure 7a, Vickers
hardness dents of EPMA (c ~ e) BEIs, (f ~ h) SEIs.

Table 5. Vickers hardness measurements displayed in Figure 7.

Locatio A A5 A6 B5 B6 B7
n 4

Hv (10 19 171 184 200 214 251
8) 6

Figure 8 shows the EBSD phase map of the 316L stainless steel cast billet after homogenization
at 1240 °C for 2 hours and furnace cooling at location 0.5 R. The blunting of the flaky d ferrite shown
in Figure 8 is not apparent in the slow furnace cooling condition compared to the fast air cooling one,
as shown in Figure 5b. A slow furnace cooling rate also forms a vast amount of sigma phase in the
cast billet. According to Figure 8, many 0 ferrite islands are partially transformed into the sigma phase,
and only a few blocky d ferrites are left in the austenite matrix. Figure 9a is the EBSD phase map of
the selected area in Figure 8, and Figure 9b is the EBSD phase map at a higher magnification than
Figure 9a. Figure 9b shows a mixture of blue austenite, red d ferrite, and yellow sigma phases in the
original d ferrite island. The original 6 ferrite has partially decomposed into an austenite and sigma
phases. Figure 9c and Table 6 display EPMA BEI and quantitative chemical analyses of different
locations. The austenite is alloyed with high Ni (> 10 at%), low Mo (< 3 at%) and Cr (< 19 at%)
concentrations, as marked by S and X in Figure 9c. Both 0 ferrite and sigma phases have low Ni (< 5
at%) and high Cr (> 20 at%) concentrations, as observed by T, U, V, and W in Figure 9c. However, the
sigma phase is alloyed with the highest Cr (> 26 at%) and Mo (> 7 at%) concentrations, as displayed
in Table 6. Figures 9d ~ 9i display EPMA WDS quantitative element mappings of Cr, Fe, Mn, Mo, Ni,
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and Si at the identical location of Figure 9c. The white sigma phase shown in Figure 9c coincides with
the Cr and Mo mappings in Figures 9d and 9g. The combination of high Cr/Mo concentrations and

slow furnace cooling favors the sigma phase formation.

Figure 8. The EBSD phase map of the 316L stainless steel cast billet after homogenization at 1240 °C
for 2 hours with furnace cooling at location 0.5 R.

|

Figure 9. The cast 316L stainless steel billet at 0.5 R after homogenization at 1240 °C for 2 hours with
furnace cooling: (a, b) EBSD phase maps in selected areas in Fig. 8, (c) EPMA BEI and quantitative
chemical analyses of different locations, (d~i) EPMA WDS quantitative element mappings of Cr, Fe,
Mn, Mo, Ni, and Si.

Table 6. EPMA WDS quantitative chemical analyses in at% of S~X in Figure 9c.

Element /at% C Cr Fe Mn Mo Ni (0] P Si Si Phase
0.1 186 65.2 1.3 26 112 0.0 0.0 0.1 0.9 austenite
01 282 567 12 76 47 00 0.1 0.2 1.2 sigma
0.1 211 737 0.8 1.0 26 0.0 0.0 0.0 0.7 0O ferrite
02 209 741 08 08 25 0.0 0.0 0.0 0.7 0 ferrite
01 262 588 12 7.7 45 00 01 0.2 1.2 sigma
0.1 17.3 67 1.3 26 107 0.0 0.0 0.1 0.9 austenite

xXs<a=aw

Figure 10 and Table 7 show the Vickers hardness measurements of the as-cast 316L stainless steel
billet at 0.5 R after homogenization at 1240 °C for 2 hours and slow furnace cooling. The
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corresponding EPMA SEls/BEIs with Vickers hardness dents of Figure 10a are also included to
validate the locations of different phases in the hardness test. The hardness of austenite is quite soft,
below 200 Hv, similar to the result above. In contrast, the hardness of o ferrite is significantly
increased up to 402 Hv, as compared with that in Tables 3 and 5. Because the d ferrite hardness is
seldom above 300 Hv, the preliminary transformation could occur in the d ferrite grains. The sigma
phase has the highest Vickers hardness of 741. The high hardness of the sigma phase is detrimental
to the subsequent hot/cold forging of the 316L cast billet. It has better be removed before the following
forging process.

Figure 10. The Vickers hardness measurements of the as-cast 316L stainless steel billet at 0.5 R after
homogenization at 1240 °C for 2 hours with furnace cooling: (a) EBSD phase map in Figure 8, (b, c)
the corresponding optical metallographs with Vickers hardness dents of Figure 10a, Vickers hardness
dents of EPMA (d ~ f) BEISs, (g ~ i) SElIs.

Table 7. Vickers hardness measurements displayed in Figure 10.

Locat A7 A8 B8 B9 C4 C5
ion
Hv 173 179 363 402 691 741
(10
8)

Figure 11 displays EBSD phase maps of the 316L stainless steel cast billet after homogenization
at 1240 °C for 6 hours and furnace cooling at location 0.5 R. The microstructure with 6-hour
homogenization illustrated in Figure 11 is similar to that in Figure 8 with 2-hour homogenization.
The blunting of the flaky 0 ferrite with slow furnace cooling conditions shown in Figures 8 and 11 is
inferior to that in Figure 5b with the fast air cooling one. The extension of homogenization time at
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1240 °C from 2 to 6 hours has little effect on the microstructure of the 316L cast billet. Figures 12a and
12b show EBSD phase maps of selected areas in Fig. 11. The original flaky d ferrite islands could
transform into a mixture of austenite, sigma, and retained 0 ferrite, as illustrated in Figure 12b. Figure
12c is the corresponding EPMA BEI of Figure 12b, and quantitative chemical analyses of different
locations in Figure 12c are displayed in Table 8. The sigma phase has high Cr and Mo concentrations
marked by a, b, and c in Figure 12c. The austenite is alloyed with low Cr and high Ni concentrations,
as marked by Y and Z. It is important to note that the d ferrite is alloyed with deficient Mo
concentration below 1.0 at%, as denoted by d, e, and f in Figure 12c. The transformation of o ferrite
into the sigma phase results from the enrichment of the Mo in the sigma phase. Migration of Mo in
the original 0 ferrite plays an important role in forming the sigma phase. Figures 12d ~ 12i show
EPMA WDS quantitative element mappings of Cr, Fe, Mn, Mo, Ni, and Si. The sigma phase is rich in
Cr and Mo, as demonstrated in Figures 12d and 12g. The austenite is rich in Ni, as displayed in Figure
12h. They are all consistent with the EPMA analysis results.

Figure 11. The EBSD phase map of the 316L stainless steel cast billet after homogenization at 1240 °C
for 6 hours with furnace cooling at location 0.5 R.

Figure 12. The cast 316L stainless steel billet at 0.5 R after homogenization at 1240 °C for 6 hours with
furnace cooling: (a, b) EBSD phase maps in selected areas in Fig. 8, (c) EPMA BEI and quantitative
chemical analyses of different locations, (d~i) EPMA WDS quantitative element mappings of Cr, Fe,
Mn, Mo, Ni, and Si.
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Table 8. EPMA WDS quantitative chemical analyses in at% of Y~f in Figure 12c.

Element /at% C Ct Fe Mn Mo Ni o P Si Si Phase
05 183 645 19 24 113 00 0.0 0.1 1.0  austenite
05 186 644 19 25 11.0 00 0.0 0.1 1.0  austenite
05 290 556 16 74 45 0.0 0.1 0.2 1.1 sigma
05 286 552 17 76 49 0.0 0.1 0.2 1.2 sigma
06 286 559 17 68 50 00 01 0.1 1.2 sigma
05 209 717 12 08 42 0.0 0.0 0.0 0.7 0 ferrite
05 236 696 11 1.0 32 0.0 0.0 0.0 1.0 0 ferrite
06 212 735 10 05 26 00 00 00 06 0 ferrite

Figure 13 and Table 9 are Vickers microhardness test results of the cast 316L stainless steel billet
at 0.5 R after homogenization at 1240 °C for 6 hours with slow furnace cooling. Figure 13a shows the
EBSD phase map at the selected area in Figure 11a, and Figure 13b displays the corresponding optical
metallograph with Vickers hardness dents of Figure 13a. Vickers hardness dents of EPMA SEls
(Figures 13c ~ 13e) and BElIs (Figures 13f ~ 13h) SEIs are also included in the figure. The hardness of
austenite is the softest phase below 200 Hv. The hardness of 0 ferrite is higher than that of austenite.
The sigma phase has the highest hardness value of 860 Hv. The presence of high-hardness sigma
intermetallics is detrimental to the subsequent forging of the 316L cast billet.

~e a6 o N

Figure 13. The Vickers hardness measurements of the as-cast 316L stainless steel billet at 0.5 R after
homogenization at 1240 °C for 6 hours with furnace cooling: (a) EBSD phase map, (b) the
corresponding optical metallograph with Vickers hardness dents of Figure 13a, Vickers hardness
dents of EPMA (c ~ e) SEIs, (f ~ h) BEIs.

Table 9. Vickers hardness measurements displayed in Figure 10.

Location A9 Al B1 B1 Co Cc7 (@]
0 0 1
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Hv (10 g) 17 14 22 28 64 86 60
3 2 3 7 6 0 5

Figure 14 shows the isothermal sections of the 316L stainless steel at 1240 and 850 °C simulated
by Thermo-Calc, respectively. In Figure 14a, the chemical composition of the 316L cast billet is in the
two-phase region, 0 ferrite (BCC) and austenite (FCC), consistent with the experimental observation.
According to Figure 14b, the equilibrium phases at 850 °C in the 316L stainless steel are FCC austenite,
M2Cs carbide, and the sigma phase. The 316L cast billet is alloyed with a low carbon concentration
of 0.02 wt%, so it is reasonable that the M23Cs carbide is not observed in the experiment. However,
the 0 ferrite is not in an equilibrium phase at 850 °C in the isothermal section (Figure 14b). It is not
consistent with the experimental observation. The Thermo-Calc simulation deviates from the
practical result. Because the formation of the sigma phase is a kinetic issue, i.e., a rate-dependent
process, the simulation based on thermodynamics is not suitable. The Thermo-Calc simulation
application is unsuitable for all temperatures, especially for the case of solid-state transformation due
to slow diffusion to reach the final equilibrium state.

BCC_A2+FCC_A1

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

A
A\ Mass percent Cr (a)

L12_FCC+M23C6+SIGMA

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

& [k E s34 Cr
A o
Figure 14. The isothermal sections of the 316L stainless steel at (a) 1240 and (b) 850 °C simulated by
Thermo-Calc.

Figure 15 shows the EBSD phase map of the 316L stainless steel cast billet after homogenization
at 1240 oC for 2 hours with a slow furnace cooled to 850 °C and followed by a fast air cooling to room
temperature. The original d ferrite islands have partially transformed into the sigma phase, a few
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austenite particles, and retained d ferrite. The microstructure of Figure 15 is similar to those of Figures
8 and 11. Fast air cooling from 850 °C to room temperature after homogenization heat treatment
cannot prohibit the sigma phase formation. In contrast, the sigma phase has almost disappeared from
the entire cast billet for fast air cooling after the homogenization heat treatment at 1240 °C, as
demonstrated in Figure 5. It is deduced that rapid cooling is required between 850 and 1240 °C after
gma phase formation in the 316L cast billet.

homogenization treatment to avoid the si

=

Figure 15. The EBSD phase map of the 316L stainless steel cast billet after homogenization at 1240 °C
for 2 hours with a slow furnace cooled to 850 °C, followed by a fast air cooling to room temperature.

4. Conclusions

The effect of homogenization heat treatment on 316 stainless steel cast billets at 1240 °C for 2 and
6 hours has been investigated. Important conclusions are summarized below.

1. The as-cast billet consists of flaky d ferrite accompanied by a sigma phase in the austenite matrix.
The microstructure at the radius R was much more uniform than those at 0.5 R and the center
of the as-cast 316L billet due to the highest cooling rate at R after casting. A better performance
in the circumference of the cast billet is expected in the following forgings.

2. After homogenization treatment, the sigma phase has almost disappeared from the entire cast
billet for fast air cooling. The blunting of the flaky d ferrite is widely observed at three locations
of the cast billet. However, the distribution of 0 ferrite at the center and 0.5 R is still less uniform
than that at R. The homogenization heat treatment effectively improves the flaky o ferrites into
blunt ones at all locations.

3. For the slow furnace cooling after homogenization heat treatment, the O ferrite often
accompanies the generation of the sigma phase. The transformation of d ferrite into the
sigma/(austenite) and retained 0 ferrite is strongly related to the cooling rate after
homogenization heat treatment. The sigma phase is hard and detrimental to the subsequent
hot/cold forgings. It should be removed from the homogenization heat treatment before forging.

4. The microstructure with 6-hour homogenization is similar to that with 2-hour homogenization
for the slow furnace cooling specimens. The blunting of the flaky d ferrite with slow furnace
cooling conditions is inferior to fast air cooling. The extension of homogenization time at 1240
°C from 2 to 6 hours has little effect on the microstructure of the 316L cast billet.

5. Fast air cooling from 850 °C to room temperature after homogenization heat treatment cannot
prohibit the sigma phase formation. Rapid cooling between 850 and 1240 °C after
homogenization treatment is required to avoid the sigma phase formation in the 316L cast billet.
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