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Formation of (a+7%) Nano-duplex Structure by Severe Plastic Deformation in an SUS316L Stainless Steel

Hiroshi FUNWARA, Hisashi INOMOTO and Kei AMEYAMA

Synopsis :

Mechanical milling (MM) process is applied to SUS316L austenitic stainless steel powder and a nano-duplex structure formation behavior is
investigated. A nano grain structure with BCC phase forms in surface region of the powder milled for 720ks. Those nano grains have the
grain size of less than 20 nm. The (a+7) nano-duplex structure, whose grain size is approximately 100 nm, forms in the inner region of the
milling powder. The o grain in the surface region is an aggregated structure and consists of equiaxed grains, while those « grains in the inner
region disperse homogeneously and indicate more spherical and smooth shape compared with the y grains around them. TEM/EDS examina-
tion revealed that there occurs two kinds of BCC transformation. Those ¢ nano grains in the surface region are considered to form by in-
crease of grain boundary energy. On the other hand, the spherical o nano grains in the inner region form by increase of the grain boundary
energy as well as the chemical free energy. Such an increase of chemical free energy is assumed to be caused by the existence of a huge num-
ber of vacancies which are introduced by the MM treatment. Although the austenite phase in the SUS316L steel is meta-stable at the room
temperature, it hardly transforms to martensite phase even by a heavy cold rolling. Thus, these two kinds of ¢ transformation are extraordi-
nary phenomena and are considered quite different from these conventional strain induced martensitic transformation. A (y+ &) nano-duplex

structure material obtained by sintering (+7) nano-duplex powder has a good mechanical property.
Key words : nano-duplex structure; mechanical milling; severe plastic deformation; phase transformation; SUS316L stainless steel.
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£ BUE 7 BAMEH(SEM: Scanning Electron Microscope), 7%
5 NI E /B #7 B T-BEMMSR(TEM/EDS: Transmission Elec-
tron Microscope/Energy Dispersive X-ray Spectroscopy)% Fi
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Ray Diffraction), TEM IZ & % #lIFR#HEF B T # T {%(SADP:
Selected Area Diffraction Pattern)3 & UMM\ E IR E 743 (0]
18 (MMDP: Micro Micro Diffraction Pattern) % FV 7=,
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Table 1. Chemical composition of the SUS316L PREP
powder (mass %).

Cr Ni Si Mn Mo P S C Fe
16.26 12.09 0.25 1.69 2.01 0.035 0.011 0.013 bal.

Table 2. Mechanical milling condition.

BEEARZ EE0VIZE22h 56 THEKEFIZHI 20 um 72
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Fig. 312, MM %#JE L =K RNEBD TEM{% & Z D TEM
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ZAHRBEPIIZARI TR T &9 &, KiiZ100nmFLE O
HOK LD /NS PBEREhE, £72, VY 2R
DT & D (FCC+BCC)2 fHD K Fkrkifg & Bk L T

200um

Milling Ball SUS304 [R——
Mill Pot SUS304 . i )
Rotation speed 180rpm Fig. 2. (a) OM and (b) SEM images of cross section of the
— powder. (a): before and (b): after milling for 720
Milling time 360ks, 720ks ks.
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Fig. 1. XRD results of SUS316L PREP powder homogenized at 1373K for 36 ks. MM for (a) Oks and (b) 720 ks.
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DORONEBIZIE, BROERZ T TEL, MNeERF %
ENBEAXIN, BROFEER IV T A PBBEIND,
F 7=, Fig. 4@ TH - 7287 # Ik L 7=BE R E%
AHBNCRT, 2hrbobhrb &0, 2O yRORHEI
JERICMY AL <, MAREEAELSHEAL TS, —
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KNIZHE T OdEN, 50 IdHERAEEFA TS, Fig

Fig. 3. TEM micrograph and the SADP of an inner region
of the powder milled for 720ks. Arrows indicate
spherical fine grains.
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Aotz 729K, B3R TERTAERT S &0
S e BB As AT 5, ZhiZxL T, Fig. 3, 418l
Rk BCCHIZ, MM X 1172 SUS316L PREP I RIZFFH O
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Table 3. EDS results of the FCC and BCC grains shown in
Fig. 4 (a) and (b) (mass%o).

Cr Ni Si Mn Mo Fe
FCC 17.5 12.1 0.2 1.7 2.2 bal.
BCC 17.8 11.6 0.3 1.5 2.4 bal.

Fig. 4. TEM micrographs and the SADP images obtained from an inner region of the powder milled for 720ks. (a) An irregular
shaped grain with a heavy strain contrast and (b) A spherical shaped grain.
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Table 4. Change in Vickers hardness of the SUS316L
PREP powders (homogenized at 1373K for
36ks).

After MM for
720ks

479

MM for 720ks + annealing
at 357K for 3.6ks
404

Before MM

Vickers Hardness, Hv 150
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M L7-HRITHEEELZLND, 2D XS ICMMALE
ERHLUZZMTEOBIC KD BEFEDOA—ZF7F 4 PR T
YU ABTIEER L B (y+o)F / 2l#E B D
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Fig. 5. (a) TEM micrograph of the MM powder annealed
at 1073K for 1.8 ks, (b) SADP from grain A shown
in (a) and (c) schematic diagram of (b).

Table 5. EDS results of the MM powder annealed at
1073K for 1.8 ks (mass%).

Cr Ni Si Mn Mo Fe
Grain A 71.8 2.0 0.1 1.2 43 bal.
Matrix (y) 17.9 10.9 0.4 1.0 0.6 bal.
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Fig. 6. (a) TEM micrograph of the MM powder milled for 360ks, (b) enlargement of region A and (c) SADP images from region
A and B. A: equiaxed nano grain region and B: nano layered grain region.
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Fig. 7. TEM and the SADP from the nano layered grains

in the MM powder.
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Fig. 8. Relationship between grain size and the total grain
boundary energy.
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