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Abstract Starting from a hierarchically substructured,
heavily dislocated, and highly alloyed martensitic structure,
an 18Ni maraging steel was deformed by four passes of
equal-channel angular pressing at ambient temperature.
X-ray diffraction peak profile analyses according to the
modified Williamson—Hall and Warren—Averbach methods
were used for determination of apparent grain size, dislo-
cation density, and character of the prevailing dislocations,
aided by supplemental transmission electron microscopy. A
mean grain size of about 60 nm was determined, corre-
sponding reasonably to the mean dislocation cell size
illustrated by means of transmission electron microscopy.
Furthermore, a dislocation density of 1.3 x 10'® m~? along
with an about 5:1 ratio of screw to edge type dislocations
were identified. A dislocation arrangement parameter larger
than unity was determined for the present deformed struc-
ture, representing a weak dipole character of the dislocation
structure and weak screening action of the strain fields of
multiple dislocations.

Introduction

Great efforts are made on the fabrication of ultra-
fine-grained metallic materials, possessing superior
combinations of strength and ductility required for high-

M. R. Movaghar Garabagh - S. Hossein Nedjad (D))
Faculty of Materials Engineering, Sahand University
of Technology, P.O. Box 51335-1996, Tabriz, Iran
e-mail: hossein@sut.ac.ir

M. Nili Ahmadabadi

School of Metallurgy and Materials Engineering,
University of Tehran, P.O. Box 14395-731, Tehran, Iran

@ Springer

performance structural applications. During the last dec-
ade, fabrication of ultrafine-grained metals has been well
established using severe plastic deformation techniques
such as equal-channel angular pressing, torsion straining
under high pressure, accumulative roll bonding, etc. [1].
The process of ultrafine grain formation during severe
plastic deformation, indeed, continues the evolution of
deformed structures by virtue of extended generation,
motion, and rearrangement of dislocations, principally
encompassing the formation and rotation of dislocation
cells with gradual transformation of incidental dislocation
boundaries into the high-angle grain boundaries consecu-
tively. Therefore, severely deformed metals often consist
of nanocrystalline dislocation cells colonized in the con-
figuration of larger, elongated, and equiaxed dislocation
cell blocks, in which fraction of high-angle boundaries
depends on the prevailing deformation conditions and
intrinsic characteristics of the studied alloys, e.g. stacking-
faults energy, phase composition, etc. [2]. According to the
hierarchical multiscale substructure, severely deformed
metals are usually included within the nanostructured
fashion in the literature [3].

An industrially overwhelming attempt for fabrication of
ultrafine-grained steels was introduced by Japanese
researchers several years ago, in which the evolution of the
deformed structure is accelerated by deformation of a
starting martensitic microstructure [4]. In plain-carbon and
low-alloyed steels up to about 0.3 wt.% carbon, and in
iron—nickel alloys up to about 28 wt.% nickel, the mar-
tensite phase exhibits a “lath” morphology which has been
well recognized to be heavily dislocated and hierarchically
substructured into packets, blocks, and laths [5, 6]. The
transformation-induced dislocation density of lath mar-
tensite has been found in the order of the heavily deformed
metals, with a lath thickness less than a few hundred
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nanometers [7]. Morito et al. [8] reported an accelerated
evolution of deformed lath martensite compared with the
coarse-grained ferritic counterpart in an interstitial-free
ultralow carbon steel. Furthermore, it has been reported
that warm annealing of cold-rolled lath martensite causes
ultrafine grain formation, as compared with severely
deformed metals [9-11]. Starting from a solution-annealed
lath martensite microstructure, Iranpour Mobarake et al.
[12] reported ultrafine grain formation in an equal-channel
angular pressed 18Ni (300) maraging steel, where further
studies still remain necessary for better understanding of
the severely deformed lath martensite. Recently, further
insights to the microstructural characterization of severely
deformed and nanostructured materials are made using
novel concepts of X-ray diffraction peak profile analysis,
enabling the determination of grain size, grain size distri-
bution, internal stresses, density, and arrangement of
dislocations, etc. [13]. Hossein Nedjad and Movaghar
Garabagh [14] used the concepts of X-ray diffraction peak
profile analysis for determination of grain size distribution
and dislocation structure in a solution-annealed 18Ni (300)
maraging steel, and this paper is aimed at a better under-
standing of a severely deformed 18Ni (300) steel by X-ray
diffraction peak profile analysis.

Experimental procedure
Materials and experiments

Rectangular bars with dimensions of 10 x 10 x 60 (mm?)
were cut from a solution-annealed 18Ni (300) maraging
steel with a chemical composition of Fe—17.95Ni-8.78
Co-5.01Mo—0.65Ti (wt.%). Equal-channel angular press-
ing was performed for four passes at ambient temperature
using a die with an inner angle of 90° and an outer angle of
0° following the route B, in which the sample is rotated
counterclockwise around its longitudinal axis by 90° after
each pass consecutively. Transmission electron microscopy
observations of electropolished thin foils were carried out
using a PHILIPS CM200-FEG operating at 200 kV. X-ray
diffraction peak profiles were measured on the electropo-
lished bars in a Bruker AXS DS8-ADVANCE diffractometer
using Cu-K, radiation of 40 kV and 50 mA with a step
scanning rate of 0.001° sec™'. Both of the transmission
electron microscopy and X-ray diffraction were made on
the transverse sections of the equal-channel angular pressed
bars. Instrumental broadening was recognized using a
coarse-grained, commercially pure iron sample, then sub-
tracted from the experimental diffraction peak profiles of
the studied alloy according to the Stokes method [15].
Analyses of the refined X-ray diffraction peak profiles were
performed using the modified Williamson—-Hall and

Warren—Averbach methods in order to determine the grain
size and dislocation structure, driving the diffraction peak
broadening of the deformed steel.

The modified Williamson—Hall approach

The integral breadths (f5) and full widths at half maximum
(FWHM) of experimental diffraction peak profiles are
determined as the widths of Gaussian and Cauchy functions
fitted to the experimental diffraction data. Derivation of the
structural peak breadths are performed according to the
Stokes method as given by f* = ﬁgxp — ﬂiz for Gaussian
function, and f§ = ., — f3; for Cauchy function, where f,
Pexp» and f; are the structural, experimental, and instru-
mental integral breadths, respectively. Instrumental
broadening is removed from the values of FWHM simi-
larly. After the removal of the instrumental broadening
from the measured breadths, the structural integral breadths
or the full widths at half maximum of diffraction peak
profiles are plotted versus K2C as given by [16]:

2
ﬁ=$+WT'b)p1/2(KZE)+0(KZE)2 (1)
/ 2
FWHM = %9 + M p!2(K*C)+ 0(K*C)  (2)

wherein d and D are the apparent size parameters. The
second and third terms are related to lattice distortions
raised by dislocations in which, M and M’ are constants
depending on the outer cut-off radius of dislocations, and O
stands for higher order terms of K>C. K is the diffraction
vector (K = 2sinfl//, 0 is the Bragg angle, and A is the
X-ray wavelength); p is the dislocation density, C is the
average contrast factor of dislocations, and b is the length
of the Burgers vector of dislocations. Accordingly,
extrapolations of f and FWHM at K>C =0 give the
apparent grain size d and D, respectively.

On the other hand, in a polycrystalline cubic metal of
random orientation and random population of Burgers
vectors in active slip systems, the value of C is determined
by [17]:

Cii = Choo (1 — gH?) 3)

where Cyg is the average contrast factor of dislocations for

an (h00) reflection and ¢ is a dislocation parameter

recognizing relative fractions of screw and edge type

dislocations. For a given (hkl) reflection, H* is given by:
(R?k* + W*P + k1)

H? = 4
(2 + 12 + 12)? @

Theoretical values of Cpg and ¢ are determined
numerically for pure screw and pure edge dislocations
according to the elastic constants of the crystal.
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Furthermore, turning to a squaring form of Eq. 2 and
neglecting the terms of higher orders, it can be represented
that [18]:

0.9\ ~
(FWHM)*= (3) +u(K*C) (5)
where u =2 X % X ”(Mzi)zp%. By inserting Eq. 3 into
Eq. 5, it can be rewritten:
2 10.9)\2
(FWHM)*— (%)

2 =~ ,uEh()()(l — qHz) (6)

Plotting the left-hand side of Eq. 6 vs. Hz, a linear
regression is constructed using an appropriate value of
(%9)2. Consequently, an experimental value of ¢q is
obtained from the intercept of the fitted line with
horizontal axis to be compared with the aforementioned
theoretical values of ¢ in order to determine character of
the prevailing dislocations.

The modified Warren—Averbach approach

From the Gaussian and Cauchy functions fitted to the
experimental diffraction data, a Fourier transform and,
accordingly, a real part of the Fourier transform are derived
for experimental diffraction peak profiles. Instrumental
broadening is removed according to stokes method as
given by:

Aexp

AL = A (7)
where A, Acyp, and A; are, respectively, the real parts of
the Fourier transforms of the structural, experimental, and
instrumental diffraction peak profiles. Assuming that the
finite grain size and lattice distortions are the main sources
of X-ray diffraction peak broadening, A; is given by
classical Warren—Averbach equation [15]:

InAp = InA} — 2°L°K* (e ) (8)

where A} is the Fourier size coefficient, (¢%) is the mean
square strain, and L is the Fourier length which is defined
as L = nas, in which, n = 0, 1, 2,... and as is the unit of
length in the direction of K as given by:
A

%= 2 (sin0, — sin0) ®)
where 0, — 0; is the angular width of the measured
diffraction profile. There are various sources of lattice
strain in metallic materials, e.g. dislocations, vacancies,
residual elastic stresses, stacking faults, twins, grain
boundaries, etc. Assuming that dislocations are the main
source of lattice strain in deformed metals, Wilkens [19,
20] attributed (&%) to dislocation parameters by:

@ Springer

(10)

f(n) is the Wilkens function which, at small values of L, is
given by:

f(n) =In (Rf)

wherein R, is the effective outer cut-off radius of
dislocations. By inserting Eq. 10 into Eq. 8, the modified
Warren—Averbach equation is obtained [17]:

1 —
(ek) = o —pb*Cf (1)

(11)

S b 2. (Re 27 2712
InAp =InA} = p—-L*In| = (K*C) + O(K*C)

(12)
where O stands for higher order of K>C. Accordingly,
Fourier size coefficient at different values of L is
determined by extrapolating the modified Warren—
Averbach plot at K*C = 0. The intercept of the initial
slope at AE =0 gives the area-weighted mean column
length L. Furthermore, by defining M(L) as:

b? R.
ML) =pZ 12 (—)

> 7 (13)

and, then, dividing Eq. 13 by L2, a linear relationship

between ML(ZL ) vs. In(L) is obtained as:
M(L) nb?
15 = po-In(R) — In(L)] (14)

Consequently p and R, can be obtained by plotting the
left-hand side of Eq. 14 vs. In(L). Furthermore, a mean
dislocation spacing of p‘% and a dislocation arrangement
parameter of M = R.,/p are determined where M values
less and larger than unity indicate strong and weak dipole
character of dislocations, respectively.

Results

A bright-field transmission electron micrograph of the
equal-channel angular pressed 18Ni maraging steel is
shown in Fig. 1, exhibiting a severely deformed structure
consisting of equiaxed and elongated dislocation cell
blocks with a high density of dislocations. Inset shows
corresponding selected-area electron diffraction pattern,
representing a relatively random orientation of dislocation
cells. An X-ray diffraction spectrum obtained from the
equal-channel angular pressed steel is shown in Fig. 2a
which indicates body-centered cubic (bcc) iron diffraction
lines. Normalized diffraction data points are shown in
Fig. 2b, with superimposed Gaussian—Cauchy curves fit-
ting to the experimental intensities. Differences between
the measured data points and the fitted functions are plotted
in the lower part of the figure with the same scaling as in
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Fig. 1 Bright-field transmission electron micrograph of the equal-
channel angular pressed 18Ni maraging steel. Inset shows corre-
sponding selected-area electron diffraction pattern

the main part of the figure. Table 1 gives the experimental,
instrumental, and refined structural values of S and
FWHM, extracted from the functions fitted into the
experimental diffraction data. Figure 3 illustrates the
classical Williamson-Hall plot of FWHM versus K, in
which anisotropic broadening of (200) reflection in com-
parison to the neighboring (211) and (220) reflections is
identified. Assuming elastic constants of C;; = 185.3 GPa,
C1, = 109.1 GPa, and Cyy = 114.8 GPa [21], edge dislo-
cations of <I111> {110} and <111> {211} slip systems
and screw dislocations of <111> {110} slip system, the
average contrast factor of dislocations were calculated.
Table 2 gives the Cegge; Cscrew, and Caye in which the
average values were obtained assuming an equal propor-
tion of edge and screw type dislocations. Consequently,
theoretical values of g for pure edge and pure screw dis-
locations of the present steel were determined as 1.25 and

Fig. 2 a X-ray diffraction
spectrum of the equal-channel
angular pressed steel; b
normalized experimental
intensities with superimposed
Gaussian—Cauchy curves
fitting to the experimental
intensities. In the lower part of
the figure, differences between
the measured data points and
fitted functions are shown

(110)

Counts (a.u.)

(a)

0 11

—

(110) (200)

— Normalized Intensity

@ Springer



6844

J Mater Sci (2008) 43:6840-6847

Table 1 The instrumental, experimental, and structural values of diffraction peak breadths®

Diffraction line

Gaussian function

Instrumental
S (FWHM)

Experimental
f (FWHM)

Cauchy function

Instrumental
f (FWHM)

Experimental
f (FWHM)

Structural®

p (FWHM)

(110) 0.0477 (0.0449) 0.0239 (0.0225) 0.0561 (0.0357) 0.0235 (0.0150) 0.0370 (0.0297)
(200) 0.1138 (0.1069) 0.0439 (0.0412) 0.1341 (0.0854) 0.0506 (0.0322) 0.0942 (0.0759)
(211) 0.0811 (0.0762) 0.0219 (0.0206) 0.0955 (0.0608) 0.0333 (0.0212) 0.0701 (0.0565)
(220) 0.0872 (0.0819) 0.0237 (0.0223) 0.1046 (0.0666) 0.0336 (0.0214) 0.0775 (0.0620)
(310) 0.1409 (0.1324) 0.0379 (0.0356) 0.1681 (0.1070) 0.0594 (0.0378) 0.1222 (0.0984)
2 All peak breadths are given in nm™"
" Average of refined Gaussian and Cauchy breadths
0.125 20
0.1F <
8 w
e e
T2 0075} o =
e ] %
L < «llg
= e 7 =N
2= 0.05f - Q Jas]
[ S B
0.025 °
S
0 L 1 1 1 1
0 2 4 6 8 10 12 0.5
K (nm) e

Fig. 3 A plot of FWHM vs. K, representing anisotropic broadening
of (200) diffraction line

Table 2 Values of Ceqge, Csorew; and Caye obtained for diffraction
lines of the steel studied

Diffraction line Cedge Ccrew a,vg

(110) 0.17998 0.1053 0.14265
(200) 0.26212 0.3255 0.29382
(211) 0.17998 0.1053 0.14265
(220) 0.17998 0.1053 0.14265
(310) 0.23254 0.2462 0.23938

2.71, respectively. A linear regression between the left-
hand side of Eq. 6 and H” is shown in Fig. 4, denoting an
experimental value of ¢ = 2.47, as illustrated in the plot. In
comparison to the theoretical values of g, the fractions of
screw and edge dislocations are determined 83% and 17%,
respectively, denoting about 5:1 ratio of screw to edge type
dislocations. Figure 5 shows the modified Williamson—Hall
plots in which FWHM and f are plotted vs. K>C.
Extrapolating the regressions of # and FWHM at K>C = 0

@ Springer

Fig. 4 Plotted according to Eq. 6, showing the dislocation parameter
g obtained for the steel studied

gives the apparent size parameters of d = 72 nm and
D = 75 nm, respectively. It is noteworthy to point out the
difference between the apparent size parameters d and D
which could be attributed to the different approaches used
for derivation of peak breadths. The modified Warren—
Averbach plot of In A vs. K*C, according to Eq. 12, is
shown in Fig. 6a. By extrapolation of In A; at K>C = 0 for
L =5, 15, 25, and 50 nm, the Fourier size coefficient Ai
was determined. Figure 6b shows a plot of A} vs. L.
Considering the virtually decreasing slope of A} at
L <10 nm, the data points between L = 10 nm and
L = 30 nm were fitted into a line, the intercept of which
with horizontal axis gives an area-weighted column length
of Ly = 32 nm. Accordingly, a plot of M(LYL? vs. In (L)
was derived as shown in Fig. 7 from which, p and R, were
determined as 1.3 x 10'® m™2 and 40 nm, respectively.
Following that, the average dislocation spacing and the
dislocation arrangement parameter M were obtained about
8.6 and 4.63 nm, respectively.
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Fig. 5 Plots of a FWHM; b B vs. K>C, representing apparent size
parameters

Discussion

Transmission electron microscopy observation of the
severely deformed steel represented the formation of
equiaxed and elongated dislocation cell blocks. X-ray dif-
fraction peak profile analysis of the deformed structure
explored quantitative details which could be compared
with the solution-annealed martensitic state [14] as given in
Table 3. It is found that upon equal-channel angular
pressing of lath martensite; (i) the average of the three
apparent grain sizes decreases from about 156 to about
60 nm, (ii) dislocation density increases from
0.7 x 10" m™ up to 1.3 x 10'® m™2, (iii) the dislocation
parameter g increases from 2.01 to 2.47, representing that
the volume fraction of screw dislocations increases from
about 50% up to 83%, (iv) mean dislocation spacing
decreases from 11.8 to 8.6 nm and correspondingly the

lnAL
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25 30

08T

06

02

(b)

20 40
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Fig. 6 Plots of a InAy vs. K2C; b AS vs. L, giving the area-weighted

column length Ly
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Fig. 7 Plot of —;

according to Eq. 14

1 2
In (L)

vs. In(L), used for determination of p and R,
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Table 3 Microstructural parameters of the solution-annealed and deformed 18Ni steels determined by X-ray diffraction peak profile analysis

Steel d (nm) D (nm) Ly (nm) p (x10"°m=2)  p " (nm) R.(nm) M q
Solution-annealed 175 +24 150 £ 15 143+8 0.7 £0.03 11.84£002 6349 536 £08  2.01 + 0.02
Deformed 7+5 7547 3242  1.3+£003 8.6+ 001 40+5 463 +£06 247 +0.02

effective outer cut-off radius of dislocations decreases from
63 down to 40 nm, (v) the arrangement parameter of dis-
locations M decreases from 5.36 to 4.63, representing that
the dipole character and thus the screening action of strain
fields of multiple dislocations increases by equal-channel
angular pressing.

It has been well recognized that the apparent size
parameter determined by X-ray diffraction analysis is
equivalent to the coherently scattering crystalline domains
size which are separated from each other by small mis-
orientations, at least for one or two degrees [22]. Studies on
the structure of deformed metals have clarified that there
are hierarchically multiscaled crystalline domains in the
deformed structures; (i) submicrometer-sized dislocation
cell blocks separated by geometrically necessary dis-
location boundaries with relatively high angles of
misorientation, (ii) nanocrystalline subgrains or dislocation
cells separated by incident dislocation boundaries with low
angles of misorientation, as the latter posses the highest
frequency in the microstructure [23, 24]. In a deformed
structure, it is reasonable to propose that the dislocation
cells contribute substantially to incoherent scattering of
X-ray, acting as the most predominant source of size-
induced peak broadening. Therefore, the apparent grain
size determined for the present steel is likely to represent
the dislocation cell size. A mean dislocation cell size of
about 50 nm was obtained from Fig. 1, via counting the
intercept number of transverse lines crossing the lamellar
boundaries. Consequently, a correlation between the X-ray
diffraction results and transmission electron microscopy
observation can be deduced in the present study. In
accordance with the experimental results, it is understood
that four passes of equal-channel angular pressing develops
a deformed structure consisting of equiaxed or elongated
dislocation cell blocks with a mean size of a few hundred
nanometers. The dislocation cell blocks include smaller
dislocation cells of less than 100 nm mean size in hierar-
chy. According to the aforementioned length scales,
present deformed structure could be included in the ultra-
fine-grained or nanostructured state.

Studies on the character of prevailing dislocations in the
severely deformed face-centered cubic (fcc) metals iden-
tified that the dislocation parameter ¢ and the dislocation
arrangement parameter M decrease with increasing strain
[25, 26]. Consequently, it has been suggested that the
fraction of edge dislocations increases at large strain and
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furthermore, the dislocation configuration turns to low-
energy dislocation structures, i.e. significant reduction
occurs in the total strain energy associated with disloca-
tions at large strain. It has also been identified that the
fraction of 1/6 <112> {111}-type partial dislocations
increases in a commercial-purity copper deformed by cold-
rolling up to 90% thickness reduction at liquid nitrogen
[27]. However, it is found that the dislocation parameter g
and hence, the relative fraction of screw dislocations
increase by increased straining of the present bcc metal, in
contrast to the fcc metals. The controversy may be attrib-
uted to the differences in slip systems in association with
intrinsic high stacking faults energy of the present steel,
favoring the cross-slipping of dislocations to be accom-
plished by activation and generation of screw dislocations.
The high values of dislocation arrangement parameter M
obtained for the solution-annealed and the deformed 18Ni
(300) maraging steels represent that the dislocations have
weak dipole character, suggesting a relatively rigid dislo-
cation configurations of weakly-screening strain fields.
However, decreasing of M value in the deformed steel
indicates that the dislocation arrangement goes toward the
formation of low-energy dislocation structures, acting as an
initial step in the formation of dislocation cells and ultra-
fine grains. Accordingly, it is found that further straining of
the present steel is necessary for the development of ran-
domly oriented ultrafine grains.

Conclusions

Effect of equal-channel angular pressing on the micro-
structure of an 18Ni maraging steel was studied by means
of X-ray diffraction peak profile analysis. The main con-
clusions are:

1. A mean grain size of about 60 nm was determined,
corresponding reasonably to the dislocation cell size
observed by means of transmission electron
microscopy.

2. A dislocation density of 1.3 x 10'® m~? along with
about 5:1 ratio of screw to edge type dislocations were
identified.

3. The dislocation arrangement parameter represented
weak dipole and thus weak screening action of the
strain fields of dislocations.
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4.

In comparison to the starting lath martensite, apparent
grain size decreases, dislocation density and fraction of
screw dislocations increase, and the dipole character of
dislocations decreases leading to a decrease in total
strain energy associated with dislocations.
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