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Fig. 1 Measured Vicker's hardness of nanometer (less than
100 nm) grained various pure metals and theoretically
estimated hardness of indicated grain sizes.
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Fig. 3 SEM micrographs of ball milled Fe-0.10%C steel with

martensite as starting microstructure. (a) overal view of

milled powder and (b) enlargement of (a) showing the

boundary between nanocrystalline region (left hand side) and
work-hardened region (right hand side) near powder surface.
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Fig. 4 SEM micrograph and hardness distribution across the
boundary between nanocrystalline region (left hand side) and
work-hardened region (right hand side) in Fe-0.03%C ball
milled for 360 ks.
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nanocrystalline region (left hand side) and work-hardened
region (right hand side) observed in Fe-0.03%C ball milled for
360 ks.

Fig. 6 High resolution TEM micrographs of Fe-0.80%C
spheroidite after ball milled for 1800 ks. (a) bright field, (b)
dark field and (c) diffraction pattern.
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Fig. 7 Schematic drawing of the microstructural evolution
during nanocrystallization by ball milling.
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Fig. 8 Hardness of nanocrystalline region produced by ball
milling as a function of carbon content. The hardness of the
work-hardened region in ball milled powder and martensite®”
are shown for comparison.

Fig. 9 SEM micrograph of Fe-0.10%C steel with martensite
structure after ball milled for 360 ks and annealed at 873 K

for 3.6 ks.

Fig. 8

4 GPa

16)

21)

14

Fum milled -

- LF: A W peaaling
- #: cplieroldis
T B: Gariteperlile
) w & marbensie
= y
=] ]

g, R .

b
Vs
.

=I‘

-

mead al ATAK for 3.6ks

?.1-|1nunr|nt'|:-nhdx=al.=-1:(Ref.21L
-

- 'l".'.

Fig. 10 Hardness of
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873 K for 3.6 ks as afunction of carbon content. The hardness
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for comparison.
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Fig. 11 Schematic drawing of aball drop experiment.

Table1
10°/s
0.5mm Fig. 12 Nanocrystalline region (dark contrast layer about 10
um thickness) formed at the surface of specimen (Fe-0.89%C
with pearlite structure) by aball drop deformation (1 m height,
Fig. 11 4 kg weight, 8 times drops).
) kg 10 pum Fig. 13
10* Is 23)
(Tablel) Fig.12 4.3 GPa
11.7 GPa
24)
TEM 100 nm
Table 1 Deformation conditionsin the four different nanocrystallization processes.
Ball mill Ball drop Particleimpact | Shot peening
Ball (or particle) ¢ [mm] 9.6 6.0 4.0 0.05
Ball (or particle) weight [g] 36 5.0x 10° 0.26 5.1x 107
Ball (or particle) speed [m/s] 14 4.4 120 190
Energy per hit [J] 3.5x 10° 49 1.9 9.2x 10°
Deformation depth 10 um 1 mm 0.5 mm 5um
Contact area [mm?] 0.30 19 6.3 7.9x 10*
Deformation period [s] 7.1x 10° 2.3x 10™ 4.2x 10° 2.6x 10®
Strain rate [s] 1.4x 10° 4.4x 10° 2.4%x 10° 3.8x 10’
Power / Contact area
(ks mm?] 16 11 72 450
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Fig. 13 SEM micrograph showing the hardness of 73

nanocrystalline and work-hardened regions in a specimen
(Fe-0.89%C with pearlite structure) after ball drop
deformation (1 m height, 4 kg weight, 8 times drops).
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30 um
. e . Fig. 16 %)

Fig. 14 Nanocrystaline shear band formed in Fe-0.80%C

pearlitic steel pre-strained by 80 % cold rolling and one time

ball dropped (1 m height, 5 kg weight). 4 mm He 120 m/s

10° /s
(Table 1)

El [b] “W50Gral

Fig. 15 Temperature effect on the thickness of nanocrystalline
surface layer formed by a ball drop test. 80 % cold rolled
Fe-0.80%C pearlitic steel was ball dropped (1 m height, 4 kg
weight, 8 times). (a) at room temperature and (b) at liquid
nitrogen temperature.
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Fig. 16 Schematic drawing of a particle impact experiment.

23)
Fig. 17 Nanocrystalline region formed by particle impact (¢ 4
mm steel ball was projected 8 times with 120 m/s) at liquid
nitrogen temperature in Fe-0.80%C pearlitic sample. @) low
magnification and b) high magnification of ).
6/9



10 um

Fig. 17 (a)
Fig. 17 (b)
9.5 GPa
43 GPa 2
TEM 100 nm
5
Fe-1%C, <50 um HV800
190 m/s 1s
100 %
Fig. 18 Fe-0.03%C
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Fig. 18 SEM micrograph showing the nanocrystalline region
formed in pure iron (Fe-0.03%C) by shot peening (<50 pm in
shot diameter, 190 m/s in shot speed, 10 s of peening time and
1000 % in coverage).

Fig. 19 TEM micrograph (dark field) taken from the surface
of Fe-3.3%Si specimen shot peened (<50 um in shot diameter,
190 m/s in shot speed, 60 s of peening time and 6000 % in
coverage).

Fig. 20 SEM micrograph showing the nanocrystalline region
formed in high tensile steel (Fe-0.05%C-1.29%Mn) by shot
peening (<50 pm in shot diameter, 190 m/s in shot speed, 10 s
of peening time and 1000 % in coverage).
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Fig. 21 SEM micrographs showing the nanocrystalline region
formed in pearlitic steel (Fe-0.80%C, 84 % cold rolled before
shot peening) by shot peening(<50 um in shot diameter, 190
m/s in shot speed, 10 s in peening time and 1000 % in
coverage). (a) as shot peened and (b) anneadled at 873 K for 3.6
ks after shot peening.
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