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Abstract. The convergence behavior of the parameters related to microstructural characteristics 
a–e was studied during optimizations in a common line profile analysis software program based 
on the convolutional multiple whole profile (CMWP) method. The weighted sums of squared 
residual (WSSR) was a criterion of the optimization. The parameters b and d, which are related 
to the dislocation density and to the crystallite size, respectively, strongly affect the line profile 
shape. Therefore, the distributions of WSSRs on the space parameters b and d were first 
observed. The variation trajectory of parameters b and d during iterative calculations with several 
values of parameter e was then observed, along with the variations when all of the parameters 
were variable. In the case where only three parameters were variable, we found that a smaller 
initial value of e should be chosen to ensure stability of the calculations. In the case where all 
parameters were variable, although all of the results converged to similar values, they did not 
precisely agree. To attain accurate optimum values, a two-step procedure is recommended. 

Introduction 
The mechanical properties of materials depend on microstructural features such as dislocations. 
Therefore, the characterization of such features is important in materials and mechanical 
engineering. Microstructural features can be observed by several methods. One approach is X-
ray/neutron diffraction line profile analysis (LPA). In this method, microstructural features are 
characterized through inverse analysis of diffraction line profiles. LPA is a nondestructive 
measurement, which enables its use in in situ measurements during, for example, tensile tests. 
Pulsed neutron sources in large proton accelerator facilities are suitable for in situ measurements 
because of the high flux of the neutron beam and the time-of-flight (TOF)-type diffractometer 
used in these facilities. In addition, whole diffraction profiles can be obtained within a short 
measurement time.  

Several line profile methods have been developed and reviewed in a book [1]. The modified 
Williamson–Hall/Warren–Averbach method [2] is one of the common methods in the 2000s. 
However, in this method, each diffraction peak is fitted individually even though whole profiles 
can be obtained via the measurements with a TOF diffractometer. For the efficient analysis of 
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measured profiles, whole-profile analysis methods [3–6] are better than that individual-peak 
methods, especially for TOF measurements. 

The convolutional multiple whole profile (CMWP) fitting method and its software [6] is a 
common method. The software is convenient approach to whole-profile analysis, and users can 
obtain parameters related to a sample’s microstructure. However, because many parameters are 
optimized during the CMWP fitting process, users must consider how well to optimize these 
parameters. Therefore, we studied the convergence behavior in LPA using CMWP software to 
understand the phenomenon and propose a suitable procedure. 

Theorem 
In the CMWP method, each measured diffraction pattern is fitted by a theoretical diffraction 
pattern calculated with five fitting parameters (anisotropy parameter q, variance of the lognormal 
crystallite size distribution σLN, effective outer cutoff radius of dislocation Re

*, dislocation 
density ρ, and crystallite size L0) through iterative calculations. These five parameters correspond 
to the parameters a, b, c, d, and e in the CMWP software as follows: 

𝑞 = 𝑎 (1) 
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  (2) 
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4
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Experimental 
The measured diffraction line profile for 780-
MPa-grade steel [7] was used in this study. The 
profiles covering the scattering vector region 
from 3.75 to 12.5 nm−1, which includes six 
peaks (Fig. 1), were used. The diffraction 
indices of the six peaks of αFe in this region 
are 110, 200, 211, 220, 310, and 222. The other 
common analysis conditions are shown in 
Table 1. The background of the line profile was 
fixed throughout this study. 

Initially, weighted sums of squared residuals 
(WSSRs) at several values of parameters b and 
d were obtained. The other parameters—a, c, and e—were fixed as arbitrary values. 

We next performed optimizations with i) three parameters (b, d, and e) and ii) all parameters 
varied with four arbitrary initial values; the trajectories of b and d were drawn on the contour 
maps of WSSRs in b–d space.  

Results 
Figure 2 shows the WSSRs contour map at each b and d value. The contour colors were 
interpolations of calculated values shown as plots in the figure. Regions where the WSSR is 
smaller than in other regions (hereafter referred to as valleys) exist, similar to an inverse 

 
Fig. 1 Measured diffraction profile. 

 
Table 1 Analysis conditions 
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proportion in d–b space. The parameters b and d are inverse proportional to line profile 
broadening. Because the parameter b is proportional to crystallite size and profile broadening is 
inverse proportional to the crystallite size. And the parameter d is inverse proportional to 
dislocation density and line profile broadening is proportional to the dislocation density. The 
tendencies of the WSSRs contour map among three graphs are similar; however, the depths and 
positions of valleys differ among the three plots. The value of WSSR was smallest at b ≈ 4 and d 
≈ 100 with e = 0.001 in the three maps. Thus, the optimum values are reasonably expected to 
coincide with these values.  

In the case of parameters b, d, and e as variables 
Fig. 3 shows the trajectories of the values of b and d in the WSSR contour maps (the contour 

map in Fig. 2b was used as the background) when b, d, and e were variable and four initial 
values for b and d were arbitrarily chosen. Plots and lines on the maps show the trajectories of 
the b and d values during iterative calculations. When parameter e was larger for a calculation 
with initial values b = 6 and d = 200, the iterative calculations stopped after 36 times and the 
values of the parameters did not change. On the contrary, when the initial value of e was smaller 
(e = 0.001), parameters b and d changed with every the initial values. This tendency was also 
observed for the other values of e. These results suggest that the value of e should be set smaller 
(e ≤ 0.001) although the value Re

* = 389 nm obtained from eq. (4) is too large in reality. 

   
Fig. 2 WSSR contour maps at each value of b and d; parameter e was fixed at a) 0.001, b) 

0.01, and c) 0.015. The plots indicate the calculated conditions for b and d. Colors are 
interpolated from the plots. 

 

 
Fig. 3 Trajectories of values b and d as parameters b, d, and e are varied. Initial values of e 

were 0.0001 and 0.01, b and d were started from cicled points. The contour maps of the 
backgrounds are from Fig. 2b. 
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Murasawa et al. indicated that small values of b and 
d should be chosen [7]. In that study, e was set to 
0.1 (Re

* = 38.9 nm) because the value is reasonable 
as effective radius for a dislocation. Therefore, 
small values of the parameters b and d were 
appropriate in that study. 

In the case of all parameters as variables 
Fig. 4 shows the trajectories of the b and d values in 
optimizations with four initial values for b and d 
when all parameters were variable. When the initial 
values of b and d were large (marked as ☆ in Fig. 
4), parameter b varied toward smaller values, 
whereas d did not vary. When b reached 
approximately 2, parameters b and d simultaneously 
varied toward their optimum values. When initial 
values of b = 3.5 and d = 200 (marked as ○) were 
used, the path was almost the same as the case b = 
3.5 and d = 200. When both parameters b and d 

were small (marked as □), parameter b initially varied toward smaller values and then increased, 
whereas parameter d varied little. Parameter d then varied toward larger values as parameter b 
varied. When b = 6 and d = 60 (marked as △), parameter b varied toward smaller values and 
stopped at 4.5 ≤ b ≤ 5, which corresponds to a position on the trace where b and d were small. 
Then, only parameter d varied toward larger values. The optimized values of b and d differed 
substantially from the other initial conditions.  

When all parameters were variable, the converged values reached from a given initial 
condition differed when the initial condition was changed. However, in all cases, the parameters 
almost reached their assumed optimum values. In a case where only three parameters were 
variable, calculations stopped in the early steps of iteration without variation of the parameter 
values; this termination was likely due to a low degree of freedom. The termination of iterations 
is controlled by the difference in WSSRs before and after each calculation (ΔWSSRs). Even if 
the slope of contour of the WSSRs due to the values of b and d is small, the other parameters 
must change to avoid exceeding the limit of ΔWSSRs; in this case, the parameter e is the only 
variable parameter other than b and d. 

Discussion 
The converged values are summarized in Table 2. All of the WSSRs were similar to 0.111 

and sufficiently small. In the case of initial conditions b = 6 and d = 80 (△), the parameters 
converged to different values than those reached under other initial conditions, as shown Fig. 4. 
Not only parameters b and d but also the other parameters, a, c, and e, were different.  

Figure 5 shows typical microstructural characteristics calculated from the CMWP parameters 
using Eqs. (1)–(4). Although the differences are not fatal, the values of all of the parameters 
differed substantially, especially in the case of the aforementioned initial conditions. However, 
avoiding such initial conditions is better from the viewpoint of obtaining precise optimum 
values. When three parameters were variable, the parameters converged and agreed, independent 
of the initial values of b and d except in the case of a large initial value e. Therefore, before 
carrying out optimizations with all parameters variable, a pre-calculation should be performed 
with small values of e and arbitrary values of b and d. Then, a full calculation should be 
performed with all parameters variable using the three converged values obtained via the pre-

 
Fig. 4 Trajectories of the values b and d 
when all parameters were variable. Plots 

are shown every 5 iterations. Green 
circles indicate converged positions. The 

contour maps of the backgrounds are from 
Fig. 2b. 
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calculation. In actuality, a full calculation was conducted with all parameters variable using the 
averaged converged values obtained from the calculation in which only three parameters were 
variable (Table 2). We thus obtained the following optimum values: a = 1.57, b = 4.10, c = 
0.688, d = 124, and e = 5.43 × 10−3; the WSSR was 0.111. These values agree with the other 
results in Table 2 with the exception of the unsuitable initial condition. In the procedure, roughly 
optimum values are obtained by pre-calculation and then precise solutions are obtained by full 
calculation. 

Fig. 6 shows the number of iterations in each calculation. The total iteration numbers of the 
pre- and full-calculations are approximately half the number of iterations of the calculations with 
all parameters simultaneously variable. An exception occurred when the initial values were b = 6 
and d = 80, which were unsuitable initial values; in this case, both iteration numbers were the 

Table 2 Optimized results obtained with several initial values of b and d in the analyses with 
all parameters or only three parameters variable. 

 
 

   

   
Fig. 5 Values of microstructural characteristics calculated from obtained CMWP parameters 

a–e in Table 2. 
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same. The two-step procedure is therefore effective in 
terms of both reliability of the converged values and 
time efficiency. 

Summary 
The convergence behavior in LPA using CMWP 
software was studied. Five parameters related to 
microstructural characteristics, a–e, were optimized 
using CMWP software. We observed the distributions 
of WSSRs on the space parameters b and d and 
obtained WSSR contour maps in b–d space. We then 
showed the variation trajectory of parameters b and d 
under several initial sets of conditions where only the 
three parameters b, d, and e were variable and where 
all parameters were variable. In the case where only 

three parameters were variable, the selection of a smaller value of e tended to improve the 
stability of the calculations. In the case where all parameters were variable, although all of the 
results converged to similar values, they did not precisely agree. To obtain accurate optimum 
values, a two-step procedure is recommended. The procedure can lead to optimum solutions, 
with the additional advantage of time efficiency. 

The neutron diffraction experiment was performed as a proposed program (2015A0294) at 
MLF, J-PARC. We thank Dr. Harjo, Dr. Kawasaki, Ms. Saori Iwata, and Mr. Hayato Komine for 
their experimental assistance.  
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