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Change in Microstructure and Mechanical Properties of Steel Components Surface Layer
by Severe Plastic Deformation

Minoru UMEMOTO, Yoshikazu TODAKA and Jinguo LI

Synopsis

: The change in microstructure and mechanical properties of machined steel surface was reviewed. Nanocrystalline ferrite structure layer can

be produced by high energy shot peening. Nanocrystalline layer consists of equiaxed grains of about 20 nm and distinguished from the adja-
cent heavily deformed region with a clear boundary. Nanocrsrystallne ferrite structure showed extremely high hardness and substantially slow
grain growth. White etching layer can be produced by drilling, hard-turning and sliding wear. The white etching layer thus produced was re-
austenitized region due to the deformation heat. White etching layer has clear boundary (transfrmation boundary) between the matrix. White
etching layer consist of submicron grained martensite which is much finer than conventional martensite. The white etching layer produced by
drilling and sliding contains nanocrystalline layer at the top surface. The thickness of nanocrystalline layer is about 20% of whole white etch-
ing layer. The thickness of white etching layer and also nanocrystalline layer increases with the increase in drilling or cutting speed and feed
rate. The formation mechanism of white etching layer and nanocrystalline layer were discussed. The thermal and mechanical influence for
such layer formation was presented. The influence of white etching layer on the mechanical properties of machined components was intro-
duced.
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Fig. 1. SEM micrograph of shot peened (<50 um in shot
diameter, 190 m/s in shot speed, shot period of 60,
6000% in coverage) Fe—3.3Si steel.

Fig. 2. TEM micrograph of shot peened (<50 um in shot
diameter, 190 m/s in shot speed, shot period of 60,
6000% in coverage) Fe—3.3Si steel.

Fig. 3. Cross sectional TEM micrograph of shot peened
(<50 um in shot diameter, 190 m/s in shot speed,
shot period of 20s, 2000% in coverage) Fe—0.03C
steel.
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Fig. 4. SEM micrographs of Fe—0.05C—1.29Mn high ten-
sile strength steel after shot peened (800 ym in shot
diameter, 100m/s in shot speed, shot period of
105).
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Fig. 5. SEM micrographs of the nanocrystalline regions
formed in prestrained (82 cold rolling) Fe—0.80C
specimen with spheroidite structure by shot peened
for 10s. (a) As shot peened and (b) annealed at
873K for 3.6 ks after shot peening.
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Fig. 6. The thickness of nanocrystalline layers formed in
various specimens after air blast shot peening as a
function of initial hardness of specimen.
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Fig. 7. Optical micrograph of drilled hole (longitudinal
section) surface in Fe—0.56C steel with martensite
structure (cutting speed: 80m/min, feed rate:
0.05 mm/rev, drill diameter: 5 mm).
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Fig. 8. SEM micrographs near the hole surface after
drilling at different feed rates (cutting speed: 80 m/
min, drill diameter: 5.0 mm). (a) 0.01 mm/rev, (b)
0.05 mm/rev and (c) 100 mm/rev.
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Fig. 9. Microstructure and hardness of a drill hole in hard-
ened Fe—-0.56C steel. Drill diameter 5.0 mm, cut-
ting speed: 80m/min and feeding rate: 0.05
mm/rev. (a) SEM micrograph of a section parallel
to hole axis. (b) corresponding hardness distribu-
tion along depth.
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Fig. 10. SEM micrographs of a drill hole (section parallel to hole axis) in hardened Fe—0.56C steel. Drill diameter 5.0 mm, cutting
speed 80 m/min and feeding rate 0.05 mm/rev. (a) Low magnification, (b) high magnification of the featureless layer, (c)

island structure layer and (d) equiaxed ferrite layer.
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Fig. 11. TEM micrographs of a drill hole in hardened Fe—
0.56C steel. Drill diameter 5.0 mm, cutting speed
80m/min and feeding rate 0.05mm/rev. (a) Top
surface nanocrystalline structure layer and (b)
submicron size ferrite and twined martensite
(marked by circles) region.
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Fig. 12. X-ray diffraction patterns taken from a drill hole

and matrix of hardened Fe—0.56C steel. Drill di-
ameter 5.0 mm, cutting speed 80 m/min and feed-
ing rate 0.05 mm/rev.
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13. SEM micrographs of drill holes in hardened Fe—0.56C steel after annealed at various temperatures for 3.6 ks. Drill diame-

ter 5.0 mm, cutting speed 80 m/min and feeding rate 0.05 mm/rev. Annealed at (a) 673K, (b) 773K and (c) 873K.

Fig. 14. SEM micrograph of drilled hole surface of Fe—
0.56C steel after annealed at 873K for 3.6 ks.
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Fig. 15. TEM micrographs of the topmost surface of drill
hole after annealing at 873K for 3.6ks in Fe—
0.56C steel with as-quenched martensite matrix
drilled at cutting speed of 80 m/min. (a) Bright
field image, (b) dark field image.
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Fig. 16. Relationship of the thickness of WEL, nanocrys-
talline layer and matrix hardness of the specimen
in carbon steels (cutting speed: 80 m/min, feeding
rate: 0.05 mm/rev, drill diameter: 5.0 mm).
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Fig. 17. Longitudinal section SEM image near the dilled
hole surface in a commercial bearing steel SUJ2
(cutting speed: 80 m/min; feed rate: 0.05 mm/rev;
drill diameter: 5.0 mm).
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Fig. 18. Residual stress of drill hole surface (SNCM439,
cutting speed: 120 m/min; feed rate: 0.1 mm/rev)
as a function of annealing temperature.
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Fig. 19. Optical micrographs of hard turned surface in lon-
gitudinal section in Fe-0.56C steel with as-
quenched martensite matrix (cutting speed:
200 m/min, feed rate: 0.15 mm/rev, depth of cut:
0.4 mm). (a) Showing copy of tool edge and feed
mark modulation and (b) high magnification of
white etching layer.
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Fig. 20. SEM micrographs of hard turned surface in Fe—
0.56C steel with martensite matrix (cutting speed:
200 m/min, feed rate: 0.15 mm/rev, depth of cut:
0.4 mm).(a) longitudinal section, (b) and (c) high
magnification cross sectional typical images at
topmost surface as marked by b and c in (a),re-
spectively.

Fig. 21. SEM micrographs of hard turned surface in Fe—-0.56C steel with as-quenched martensite matrix after annealing at 673K
for 3.6 ks. (a) near the tail cutting edge, (b) near the lead cutting edge, (c) and (d) are high magnification of SEM images

on the topmost surface of (a) and (b), respectively.
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0

Fig. 22. TEM micrographs of the topmost hard turned sur-
face in an Fe—0.56C steel with martensite matrix
(cutting speed: 200 m/min, feed rate: 0.15 mm/rev,
depth of cut: 0.4 mm). (a) Bright field image and
corresponding SADP, (b) dark filed image.
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Fig. 23. Schematic illustrations of sliding wear experi-
ment.
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Fig. 24. Cross sectional optical micrographs near the slid-
ing surfaces under different sliding conditions
(with N, cooling) in Fe—0.56 steel with pearlite
structure. (a) 4 m/min for 3.6ks and (b) 400 m/s
for 5s.
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25. XRD spectra of sliding surfaces fabricated by dif-
ferent sliding condition in an Fe—0.56C steel.
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Fig. 26. Cross sectional SEM micrographs near the sliding
surface prepared at high sliding speed with N,
coolant in Fe—0.56C steel with pearlite structure.
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Fig. 27. TEM Micrographs taken from the top most surface fabricated at high sliding speed with N, cooling in Fe-0.56C steel
with pearlite structure. (a) Bright field image, (b) dark filed image, (c) corresponding SADP.
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Fig. 28. Cross section SEM micrographs near the sliding surface in Fe—0.56C steel with martensite matrix. (a) As-prepared sliding

surface, (b) after annealing at 873K for 3.6 ks.

51

625 I



§% & 88  Tetsu-to-Hagané Vol. 94 (2008) No. 12

1 MRETH D, BIEEE TIREERAIZLD yLiE
Z ol & y b LUh - 72880 & O 2 IRR (HERE
BR) AEsand, STKIZMEAT S &yt - 72
DS bHERBERBUNTIIFH T = 74 PlfkE 5D, £
MIZHIEE T = 74 PREFNZLSOS5Sum)y L ->TE
D, RFUZBERRDE A > 24 PR LTS, BETR
265 um DO FH TIIMER F LI K AHIBZELIZED 6
vy, ZOMBORBIZ P ILMIOBEE EIEFHIZLL
T3, ZOTORBEDOBIZIEHBAER (5 / ahiE
F) BIFHEL TS,

EEBIZ K 5ABOAERICET 3 RITIETIZD L0,
Eyre & Bater®130.24% CH#IE V4 v 7 1 2 J BEETHREAR
FRTBZEEMELTB, o2k b EABIZT700~
12008V &IEFICEHEE TH D, MBITIEE ISR Tl
FULICKBMXDIEFIZwLT V44 FOBRL & KT

BLERNPTH >, WHIIABERT Iy LIREIZEL T,

2mhiieL T U FPERELAEEEZ TS,

7. EE
7-1 MIZEREZTORME

AR TIESBAEHZ 3517 2 RBOREM T, RRISHEM I
L CHAMER S D KB EEERIN T A e X 2235 A D KB OH
ik & FREDZEALIZ DWTHEAT L 7z, gkipRHZ 3 2L
TEBIIKRE RDIDOHHIHEINS, |)EUFRS
Mg 2254, ytick->TARBE L HHBE, 3) T/
WRBLEABETH D, 1) OMWHBIHGEE & 2B 0%
MILRE, MLEARELD L, REFERE A ML
TOBETHS, 2OEBRIMLE,NL L, MLHEEIS
WIHAILE oD, WRMEMDO 7 2 T4 b +/5—-F 4
FRILT VYA LMK > Ty HICER £ /-
BEIZERET S, MR THRERBOERBEZEIZLD
PHRICILEN T 50T, EBTREGVEID, LT U4
4 MIERETS, AL LTEEINIDIE, KEI| B
FCEE I N~k LT 44 Mg THD, 725
A+ x 24 FOBEBEIVBREEIAICS WL SLTH
5, ZOMBARZEI LTS E, RIER0.2umd #HlZx
W7 254 PREZORFIZCEX Y 24 PR L M
WAEET S, 3HFHAF /ASEETH S, o/ HBNED
EREREIEMTEGC LD 2B FET S, —D2iEv a vy
FE—= Vv 7 RAR =L ILDOBPED K 5 I2 RSO
FZREHICT R ENRBMEE > v - T RER A

FroTHERTS, 85— FYALREROEAD LS 2,

MIRBIZL D y L TERL ZOBORKHEIC T / Ko
PMETEHETH D, Y a v V-V TDORHRE, 7/
KidhiE & Z & D NE OB BRI O B A TLIS v L 7
YHA POBRL A ED XS M LRI K O M2
L8 ohnsnwl enrs, MLIZK3EE ERE

52

Atomic percent, carbon
°C 2 4 6

1600 F &
" —

N

AusteniteM

1400

4
3 1200 }
=
i
8— 1000 +
g <
I&) A3 Acm
800
A :
600 H~ L
Ferrite
(o) [
0 ) |Ba|l milling 1 |Shot peening]
[ 0.5 1

Weight percent, carbon

Fig. 29. Expected deformation temperature range of vari-
ous nanocrystalline structure producing process
for steels indicated on Fe—C phase diagram.
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