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bstract

In the present study, the formation of nanocrystalline structure by high speed drilling was investigated. Several micrometers thick nanocrystalline
ayer was observed at the top surface of drilled hole. Nanocrystalline layers showed high hardness and good thermal stability. The estimation of

ecessary dislocation density to produce nanocrystalline structure and the comparison between the estimated and measured strain gradient near the
rilled hole surface was conducted. It is proposed that deformation with a large strain gradient is an important condition to produce nanocrystalline
tructure.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Nanocrystalline materials, as a new class of materials with
otentially new and superior properties, have attracted consid-
rable scientific interest in the last few decades. To produce
he nanocrystalline structure, various severe plastic deformation

ethods have been proposed. However, among these processes,
anocrystalline structure is obtained only by those with large
train gradient such as ball milling [1,2], high-pressure torsion
HPT) [3,4], particle impact deformation [5] and shot peen-
ng [6,7]. It has been gradually recognized that nanocrystalline
tructure cannot be produced by ECAP or ARB in which homo-
eneous deformation occurs. This suggests that deformation
ith large strain gradient is a critical condition for the forma-

ion of nanocrystalline structure. In the present study, high speed
rilling was employed to produce the nanocrystalline struc-
ure near the drilled hole surface. The dislocation density for
anocrystalline structure formation and strain gradient near the

rilled hole surface is estimated.
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. Experimental procedures

The material used in the present study was an Fe–0.56% C steel. Before
rilling, the specimen was austenized at 1273 K for 3.6 ks and quenching into ice
ater to obtain martensite structure (7.8 GPa in Vickers hardness). The drilling

xperiments were performed using a sintered carbide drill with diameter in
.0 mm. The cutting speed was 80 m/min and feed rate was 0.05 mm/rev. Oil mist
as used as coolant. The thermal stability of surface structure was studied by

nnealing the drilled specimen at 673 K for 3.6 ks. Specimens were characterized
y SEM, TEM, XRD and Vickers microhardness tester.

. Results

The cross-sectional microstructure near the drilled hole sur-
ace is shown in Fig. 1. Featureless layer is seen near the hole
urface. The hardness of the featureless layer (10.6 GPa) is
uch higher than that of matrix (7.8 GPa) as shown in Fig. 1a.
ig. 1b–d show the high magnification SEM morphology at
ifferent depth from drilled hole surface (marked in Fig. 1a
s b–d). Fig. 1b shows the top surface layer with featureless
tructure. Beneath the featureless layer, the structure contain-
ng deeply etched islands elongated along the cutting direction
ppears (Fig. 1c). The hardness of this layer (9.2 GPa) is lower
han that of the top surface layer. From the XRD analysis, the

mount of retained austenite at the drill hole surface was found
o be increased substantially by drilling. This indicates that re-
ustenization at the hole surface occurred during drilling. The
sland structure is considered as retained ferrite and surrounding
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ig. 1. SEM micrographs of drilled Fe–0.56% steel hole surface. (a) Low magnifi
n (a with b) featureless structure layer at the top surface, (c) islands layer unde
rain boundaries in recrystallized structure layer.

s re-austenized region. Fig. 1d shows the structure underneath
he island layer which has lower hardness (4.9 GPa). Elongated
ubmicron size ferrite grains with rod shaped cementite parti-
les are at the grain boundaries. These structure features suggest
hat this area was heavily deformed and the temperature of this

rea was raised close to A1 resulting in dynamically recrystal-
ized ferrite structure. Fig. 2 shows TEM micrographs and a
elected area diffraction (SAD) pattern (aperture of Ø 1.2 �m)
f the featureless layer. Equiaxed grains with the size of about

l
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a

Fig. 2. (a) Bright field TEM image of the top surface of drilled hole in Fe–0
n with the hardness indentation, (b–d) show high magnification of areas marked
h the feartureless layer, (d) rod like cementite particles at the elongated ferrite

0 nm are seen. The nearly continuous rings of SAD indicate
hat the grains are in random orientation. Fig. 3 shows SEM

icrographs after annealed at 673 K. The re-austenitzed region
n the as-drilled state is clearly divided into nanocrystalline and
ubmicron layers. The nanocrystalline layer remaines feature-

ess. In submicron grain layer, cementite particles with size of
everal 10 nm precipitated at the grain boundaries. In the recrys-
allized structure layer, there is almost no detectable change after
nnealing.

.56% C steel, (b) the corresponding selected area diffraction pattern.
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Fig. 3. SEM micrograph of drilled Fe–0.5

. Discussions

The nanocrystalline structure formation mechanism by
evere plastic deformation has received strong attention [1,4,5].
ao et al. [6] studied the surface nanostructure in Fe produced
y surface mechanical attrition treatment and proposed that the
anostructure formation involves formation of dense dislocation
ell wall (DDW) and dislocation tangles (DT) in original grains
nd in the refined cells as well, and then evolution to highly
isoriented grain boundaries. Yin et al. [2] suggested that the

anocrystlline ferrite formed through a transition from dislo-
ation cell wall created by work hardening during ball milling
f pure Fe to grain boundary. From those and other previous
orks, it has been commonly realized that storing high density
f dislocation is a key to forming nanocrystalline structures by
evere plastic deformation. Plastic deformation of metals occurs
y the formation, movement and storage of dislocations. Theo-
etically, a correlation between deformation pattern and stored
islocations has been proposed by introducing the concept of
tatistically stored dislocation (SSD) and geometrically neces-
ary dislocations (GND) [8,9]. The SSDs generally develop in
omogenous deformation and accumulate by random mutual
rapping. The recovery is easy to occur for SSDs since the
ame number of dislocations of different sign distribute ran-
omly. However, the GNDs ensure compatibility of deformation
nd accommodate strain gradients in the case of nonhomoge-
eous deformation. The density of GNDs is directly proportional
o strain gradient. Thus, high strain gradient is beneficial for
btaining high dislocation density and grain refinement during
eformation. Therefore, the role of strain gradient seems quite
mportant for the formation of nanocrystalline structure.

The strain gradient necessary to obtain nanocrystalline struc-
ure was roughly estimated as follows. According to literature
11], the grain boundary energy (Egb) per unit volume of grains
s expressed by
gb = 4σ

π1/2d
(1)

here σ is the grain boundary energy per unit area and d is
he grain size. The dislocation energy (Edis) per unit volume of

w
T
F
w

steel after annealing at 673 K for 3.6 ks.

rains is given by

dis = ρ
μb2

2
(2)

here ρ is the dislocation density , μ the shear modulus and b
s the magnitude of a Burgers vector. It is assumed that all the
islocations introduced by the strain gradient are GNDs only and
ll the dislocation energy transfers into grain boundary energy,
.e., the ρ is equal to GND density (ρG) and Egb = Edis. The ρG
ith equivalent energy density to Egb is therefore expressed as

G = 8σ

π1/2μb2d
(3)

he strain gradient (χ) corresponds to this GND density [12] is

= ρGb = 8σb

π1/2μb2d
(4)

or pure Fe, taking σ = 0.6 J/m2, μ = 80 GPa, b = 0.25 nm, the
stimated strain gradient necessary to obtain nanocrystalline
tructure with grain size 100 nm is1.4 �m−1.

Since most of the dislocation structures transform to grain
oundary structures during drilling, GND density is not mea-
urable experimentally. In the present study, the comparison
etween the estimated and measured strain gradient of the drilled
ole surface was conducted as follows. Fig. 4a is a cross-section
EM micrograph near the drilled hole surface. The structure per-
endicular to the drilled surface was selected. The magnitude of
isplacement (marked by dash curve in Fig. 4a) generated by
rilling was measured. Following Heilmann et al. [10], an expo-
ential function was adopted to describe the displacement of
eformed structure. The selected coordinate axis is shown in
ig. 4a. Measured displacements (y) were fitted to the following
quation:

= y0 exp(−kx) (5)
here y0 is displacement at the top surface and k is a constant.
he fitted equation and a corresponding curve are shown in
ig. 4b. The shear strain γ was obtained by differentiating y
ith depth x and shown in Fig. 4c. The strain gradient χ was
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ig. 4. Plastic flow structure near the drill hole surface in Fe–0.56% C steel. (a)
b), (c) and (d) the amount of displacement, shear strain and shear strain gradie

btained by differentiating γ with x and shown in Fig. 4d. The
hear strain gradient at the top surface where 20 nm sized grains
s observed is 9.27 �m−1. This value corresponds well to the
stimated strain gradient 7 �m−1 for the grain size of 20 nm
ccording to the above energy criterion. From the above calcu-
ation it is concluded that deformation with large strain gradients
s an important condition to produce nanocrystalline structure.
t is believed that the present analysis of the role of strain gra-
ient on the formation of the nanocrystalline structures is also
pplicable to the other inhomogeneous deformation processes,
uch as shot peening and HPT.

. Summary

Nanocrystalline structure layer several microns thick was
btained on the drilled hole surface by high speed drilling of

e–0.56 C% steel in martensite structure. Nanocrystalline lay-
rs showed high hardness and good thermal stability. Estimated
nd measured strain gradients near the drilled hole surface show
ood correspondence. It is proposed that deformation with large

[
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micrograph showing with flowed structure and coordinate system for analysis,
function of depth, respectively.

train gradient is an important condition to produce nanocrys-
alline structure by severe plastic deformation.
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