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Abstract. In situ neutron diffraction during tensile deformation of an as-quenched lath
martensitic 22SiMn2TiB steel, was performed using a high resolution and high intensity timeof-flight neutron diffractometer. The characterizations of dislocations were analyzed using the
classical Williamson-Hall (cWH) and modified Williamson-Hall (mWH) plots on the breadth
method, and the convolutional multiple whole profile (CMWP) fitting method. As results, the
dislocation density as high as 1015 m-2 in the as-quenched martensitic steel was determined. The
dislocation density was found to decrease qualitatively with plastic deformation by the cWH
and mWH plots, but hardly to change by the CMWP method. The scanning transmission
electron microscopy observation supported the results of the latter method. In the CMWP
method, the parameter M that represents the arrangement of dislocations was found to decrease
rapidly where a very high work hardening was observed.

1. Introduction
The as-quenched lath martensitic steel is one important structural material because it consists fine
structures and high dislocation densities showing high strengths. The lath martensitic steel exhibits
extremely low elastic limit [1], indicating that the work hardening after the yielding at the beginning
of plastic deformation is very high. To understand the deformation behavior, the changes in
dislocation density in lath martensitic Fe-18Ni alloys with cold rolling and tensile deformation have
been measured using the X-ray [1] and neutron diffractions [2] by employing the classical
Williamson-Hall (cWH) plot [3]. The dislocation density was determined to decrease with plastic
deformation, though a very high work hardening was observed at the beginning of tensile deformation.
Dislocation density has been evaluated mainly using two primary methods, transmission electron
microscopy (TEM) [4] and X-ray diffraction (XRD) peak broadening defined by the breadth method
[5,6]. These techniques have been considered to be mutually complementary. The XRD line
broadening analysis yields average statistic data and supports the TEM results [7]. Takebayashi et al.
[7] have claimed that the dislocation density determined by the cWH plot is not appropriate estimating
larger dislocation density values, because the dislocation contrast factor is not considered. Hence, the
modified Williamson-Hall plot (mWH) [5,8] coupled with the modified Warren-Averbach method
[5,8] taking the contrast factor into account has recently been used to characterize the dislocation
density, character and arrangement [7,9]. However, we believe that these analyses are not satisfactory
1
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because the results obtained from thin films (TEM) or surface layers (XRD) are frequently suspected
to be smaller than the average values of a bulky whole specimen. Recently, in situ neutron diffraction
has been demonstrated to be a powerful tool in various engineering applications [2,10-12], including
thermo-mechanically controlled processing [12].
Hence, in the present study, the deformation behavior of a lath martensitic 22SiMn2TiB steel, was
investigated using in situ neutron diffraction during tensile test. The characterizations of dislocation
were performed using the WH plots and a convolutional multi whole profile fitting (CMWP) method
developed by Ungár and his coworkers [13,14], and the obtained results were compared from each
other.

Figure 1. Experimental arrangement of in situ neutron diffraction
during tensile deformation on TAKUMI at the MLF of J-PARC.
2. Experimental procedures
The as-quenched lath martensitic steel, 22SiMn2TiB steel [15], was used in this study. The averaged
packet and block sizes were 19.6 µm and 3.9 µm, respectively. The rod shape specimen with diameter
of 5.0 mm and active length of 30 mm was prepared after the austenitic solution treatment for the in
situ neutron diffraction experiment during tensile test. The specimen was mounted horizontally in the
loading machine sitting on the sample stage of TAKUMI [16], a high resolution and high intensity
time-of-flight (TOF) neutron diffractometer for engineering sciences at Materials and Life Science
Facility (MLF) of Japan Proton Accelerator Research Complex (J-PARC). The schematic drawing of
experimental setup is shown in figure 1. The neutron diffraction patterns in the axial and transversal
directions were measured simultaneously using two detector banks that have the scattering angles of ±
3
90°. The gauge volume was restricted to be 5.0 × 5.0 × 5.0 mm using the incident beam slit and radial
collimators. The TAKUMI instrumental resolution used in this study was tuned to have the
instrumental peak resolution of about 0.3 %.
The tensile deformation for in situ neutron diffraction was performed in a stepwise manner. The
deformations in the plastic region were increased step by step to arbitrary strains followed by
unloading. The neutron diffraction data collection was conducted continuously using an eventrecording mode [17] during the tensile deformation. Diffraction patterns related to the unloaded states
after plastic deformations were then sliced according to the stress and strain data. The
characterizations of dislocation were performed using the WH plots and the CMWP fitting. Diffraction
peak profiles of LaB6 powder measured at the same condition with the in situ neutron diffraction
measurement were used to determine the instrumental peak profiles for the dislocation analyses.
The Rietveld refinements on the diffraction patterns were performed using the Z-Rietveld software
[18] prior to the dislocation characterization. The specimen contained the retained austenite, and its
fraction was determined to be about 3.7 %. The existence of retained austenite was difficult to confirm
on the SEM or TEM image, probably due to the tiny size. The lattice constants of martensite and
austenite were determined to be 0.28646(0) nm and 0.35912(3) nm, respectively. The austenite peaks
still existed after 4.7 % deformation. The inverse pole figures were also determined from the ratios of
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integrated intensities of (hkl) peaks. The specimen had random orientation before deformation, and a
very weak -fiber texture was developed after 4.7 % deformation.
3. Results and discussion
3.1. Stress-strain curve
Figure 2 shows the stress-strain curve obtained during the tensile deformation for the in situ neutron
diffraction. The specimen shows a very high tensile strength of about 1.65 GPa. This steel showed a
uniform strain of about 6.1 % and fractured at the strain value of about 14 %, when it was tensioned
continuously. The tensile deformation shown in figure 2 includes plastic deformation though the
highest strain is 4.7 %. The elastic limit measured from the continuous tension test was about 500
MPa, and therefore the rate of work hardening is extremely high.

Figure 2. Stress-strain curve of the lath martensitic 22SiMn2TiB
steel obtained from the tensile test.

Figure 3. Typical cWH plots obtained for the axial direction before deformation
and after 3.6% deformation (K = 1/d, where d is the lattice spacing).
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3.2. Williamson-Hall plots
The dislocation density is often evaluated from diffraction profiles simply using the cWH plot [3].
Figure 3 shows typical cWH plots for the axial direction. The full width at half maximum (FWHM)
data of the specimen is the convolution of the instrumental and physical effects, which are difficult to
be separated in physical theories. The scatters of FWHM data of the specimen are large in the cWH
plots as shown in figure 3, though the instrumental FWHM data measured using LaB6 powder was in a
good linearity. The dislocation density is estimated from the slope in the cWH plot, and the scatter
therefore will decrease the accuracy. The slope of cWH plot for the specimen after 3.6 % deformation
is smaller than that before deformation.
Figure 4 shows typical mWH plots for the axial direction at different conditions of deformation.
The scatters of FWHM data of the specimen are much improved by introducing the contrast factor (C).
However, the trends are still similar with those in figure 3. The slope before deformation is the largest,
and it becomes smaller with the increase of strain. These trends speculate qualitatively that the high
dislocation density induced during martensitic transformation decrease with the increase of strain. The
same tendencies have also been reported in the previous studies for Fe-18Ni alloys [1,2] that employed
the cWH plot. According to the Taylor equation [19], shown in equation (1), the work hardening can
be described by the increase of dislocation density.
(1)
   b M T G 
Here, , , b, MT, G, and  are the amount of hardening, coefficient , Burger’s vector (constant),
Taylor factor (constant), modulus of rigidity (constant), and dislocation density, respectively. Thus,
the trends in figures 3 and 4 are difficult to understand the origin of the high rate of work hardening
shown in figure 2. Note, that the profile does have the FWHM value and the tail. The tails are ignored
in the FWHM values. This is one of the reasons why in any breadth method it fails for providing
dislocation densities.

Figure 4. Typical mWH plots obtained for the axial direction at different
conditions of deformation (K = 1/d, where d is the lattice spacing).
3.3. • CMWP fitting
The CMWP method is an analysis method to characterize defects from the diffraction profiles based
on the modified Williamson-Hall plot combining with a convolutional profile fitting method [13,14].
Figure 5 shows the observed and CMWP-fitted neutron diffraction profiles before deformation. In
the CMWP fitting, the second phase of the retained austenite was also analyzed to exclude its
influence on the results of the main phase of martensite. All martensite peaks are indexed and some of
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the austenite peaks are also indexed. In the first part of the pattern, the 111 austenite peak can be seen
as a shoulder of 110 martensite peak.
The parameters obtained by the CMWP fitting for the axial direction are summarized in figure 5.
15
-2
The value of  before deformation is already very high of about 4.0 × 10 m . This value is believed
to be consistent with that reported in a lath martensitic steel with similar carbon content (0.18 mass %)
studied by Morito et al using TEM [4], by considering that the neutron diffraction observes as bulky
whole information while the TEM a limited area of thin film. The value of  gradually increases with
the large increase of strain though the increase of flow stress is observed. The dislocation densities
were also clarified using scanning transmission electron microscopy (STEM) observations on three
annular dark field images with the incident beam parallel to <111> and two images <001>. As results,
15
-2
the dislocation density before deformation was averagely determined to be 1.17 × 10 m , and that
15
-2
after 4.7 % deformation to be 1.18 × 10 m , showing no significant different between the two
conditions. These results confirm the CMWP fitting results that the increase of dislocation density
during deformation is small.

Figure 5. The observed (black-circle symbol) and CMWP-fitted (red line)
neutron diffraction profiles before deformation. Blue line is the residual
between the fitted and observed profiles.
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Figure 6. Parameters obtained from the CMWP fitting in the
22SiMn2TiB steel for the axial direction.
The value of contrast parameter q before deformation was determined to be about 1.7, and it was
found hardly to change during deformation. The parameter q displays the dislocation character, i.e.,
the edge or screw component. According to a theoretical computation for iron with slip system of
<111>{110}, the value of 1.3 stands for the edge and 2.6 for screw dislocations [20]. The value of q of
about 1.7 indicates that the dislocations are mixed with the edge and screw characters. The areaaveraged crystallite size was about 57 nm which may display the lath size.
Another parameter M [13], which is a product of the effective cut-off radius of dislocations Re and
0.5
the square root of  (M = Re  [13]), displays the dislocation arrangement. The value of M > 1 stands
for random dislocation arrangement, and M < 1 for highly correlated arrangement. As is shown in
figure 6, the value of parameter M is found to decrease rapidly at the beginning of plastic deformation,
then gradually varied with the progress of deformation finally becoming close to 1. This indicates that
randomly distributed dislocations in the as-quenched martensite are arranged toward correlated
arrangements. Since the increase of dislocation density in the specimen is small during deformation
applied in this study, the observed high work hardening is predicted as the result of the increase of
coefficient  in the Taylor equation. From comparison between the results in figure 6 and the stressstrain curve in figure 2, the change in parameter M seems to be in inverse proportion to the increase of
flow stress. It is speculated that the parameter M has strong relation with the coefficient  in the
Taylor equation. However, further discussion to describe the relation is under process.
4. Conclusions
The in situ neutron diffraction during tensile deformation of an as-quenched lath martensitic
22SiMn2TiB steel, was performed using a high resolution and high intensity TOF neutron
diffractometer TAKUMI at the MLF of J-PARC. The dislocation density, arrangement and character
were analyzed to make clear the work-hardening mechanism of the as-quenched martensitic steel.
15
-2
(i) The dislocation density in the as-quenched martensitic steel was originally high of 10 m order.
Although the cWH and mWH plots on the breadth method showed a qualitatively decrease in
dislocation density with plastic deformation, the CMWP method revealed little change. The
STEM observation supported the results of the latter method.
(ii) According to the results by the CMWP fitting, it is noted that the parameter M related to
dislocation arrangement decreases rapidly with plastic deformation keeping little change in
dislocation density. The change of parameter M is in the same trend with the change of workhardening rate.
(iii) The combination of TOF neutron diffraction and CMWP fitting is, therefore, a powerful method
to characterize the deformation structures quantitatively using bulky-averaged parameters.
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