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SYNOPSIS

The mechanism of nanocrystallization in steels by ball milling was studied. The importance of severe plastic
deformation at high strain rate rather than repeated cold-welding was recognized. This idea was confirmed by the
nanocrystallization in other deformation methods such as a ball drop, a particle impact and shot peening deformations
those can apply similar severe plastic deformation to specimens with that of ball milling. The nanocrystalline structure
produced by these methods has essentially the same characteristics; sharp boundary with work-hardened region,
dissolution of cementite, substantial high hardness (about 10 GPa) and without recrystallization and slow grain growth
by annealing. It was proposed that a large strain (larger than 7.3 in true strain) and high strain rate (above about 10* /s)
are necessary deformation conditions to produce nanocrystalline structure in steels. It was suggested that shot peening
is the most practical technique to produce nanocrystalline surface layer.
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Fig. 1 Schematic drawing of the two possible

nanocrystallization mechanisms by ball milling. (a) lamellar
structure by repeated cold-welding and (b) severe plastic
deformation.
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Fig. 2 The theoretically estimated hardness of various pure

metals with 100 nm grain size from the Hall-Petch
relationship.
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Fig. 3 SEM micrographs of ball milled Fe-0.10%C steel with
martensite as starting microstructure. (a) overall 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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Fig. 5 TEM micrograph showing the boundary between
nanocrystalline region (left hand side) and work-hardened
region (right hand side) observed in Fe-0.03%C ball milled for
360 ks.
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Fig. 6 High resolution TEM maographs 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.
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Fig. 10 Hardness of nanocrystalline region after annealed at
873 K for 3.6 ks as a function of carbon content. The hardness
before annealing and that of tempered martensite®" are shown
for comparison.
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Fig. 12 Nanocrystalhne region (dark contrast layer about 10
pm thickness) formed at the surface of specimen (Fe-0.89%C
with pearlite structure) by a ball drop deformation (1 m height,
4 kg weight, 8 times drops).
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Table 1 Deformation conditions in the four different nanocrystallization processes.
Ball mill Ball drop | Particle impact | Shot peening
Ball (or particle) ¢ [mm] 9.6 6.0 4.0 0.05
Ball (or particle) weight [g] 3.6 5.0x10° 0.26 5.1x107
Ball (or particle) speed [m/s] 1.4 4.4 120 190
Energy per hit [J] 3.5%x107 49 1.9 9.2%10°
Deformation depth 10 um 1 mm 0.5 mm 5 um
Contact area [mm’] 0.30 19 6.3 7.9x10*
Deformation period [s] 7.1X10° 2.3x10* 42X10° 2.6%x10"
Strain rate [s"] 1.4X%10° 4.4x10° 24%10° 3.8X10’
POWTL;é?Eﬁi;;mea 1.6 1 7 450
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Fig. 13 SEM micrograph showing the hardness of
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).

Fig. 14 Nanocrystalline 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).

Surface [N

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.
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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. a) low
magnification and b) high magnification of a).
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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).
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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 nanocrystalllne region
formed in high tensile steel (Fe-0.05%C-1.29%Mn) by shot
peening (<50 um in shot diameter, 190 m/s in shot speed, 10 s
of peening time and 1000 % in coverage).

Fig. 21 SEM micrographs showmg 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) annealed at 873 K for 3.6
ks after shot peening.
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