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An iterative refining method using FullProf software (Rietveld refinement) as a
multi-input-output black-box with cyclic feedback is proposed in order to
accurately measure the lattice misfit in two-phase coherent alloys. The method

uses two X-ray diffraction spectra taken on the same powder sample. In addi-
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tion, it requires the volumetric fraction of the phases and the size of the crys-
tallite in the precipitated phase as derived from the measurements made by the

transmission electron microscopy—energy dispersive spectroscopy technique.
The measurement of the lattice misfit in a Fe,AlV-strengthened ferritic Feys.
Al;,V5; alloy is shown as an application of the method.

Introduction

Most metallic alloys are strengthened by the intro-
duction of defects such as precipitates formed in a
phase separation process. The composition, size and
distribution of these precipitates are decisive for the
actual mechanical properties of the alloy. These
attributes of the desired phase-separated
microstructure is, in general, obtained by interrupt-
ing the phase transformations, i.e. by interrupting the
heat treatments, and hence it is almost always in a
metastable (non-equilibrium) state from the thermo-
dynamic point of view. Such an interesting and
unstable microstructure could potentially change to
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some other thermodynamically stable microstructure
by decreasing its energy state. At the same time, the
useful properties are gradually lost during such
structural change.

When the phase-separated structure containing
precipitates exhibits useful properties, the precipi-
tates are frequently coherent with respect to the
matrix. In such a case, there is an elastic strain energy
arising from the lattice misfit between the precipitate
and the matrix. This elastic strain energy is added to
the free energy of the alloy and greatly influences the
kinetics of nucleation, growth, and coarsening, as
well as the stability and dissolution of precipitates
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under various conditions of temperature and applied
load.

A typical example of systems with phase-separated
microstructure elastically constrained is the v/’
microstructure in some superalloys [1, 2], where
precipitates having ordered f.c.c. structure are finely
dispersed in the y matrix having disordered f.c.c.
structure. Among other several examples we want to
introduce in particular the cases of the A2/B2 and
A2/12; microstructures in the Fe-base alloys [3-5],
where B2 or L2; precipitates with ordered b.c.c.
structure are dispersed in the A2 matrix which has a
disordered b.c.c. structure. The behaviour of B2 or
L2; precipitates is essentially the same as that of
precipitates in superalloys regardless of the differ-
ence in crystal structure.

The superalloys are used in load-bearing structures
to the highest homologous temperature compared
with any common alloy system [1]. However, due to
the high material cost of superalloys, their main
application is in the hot sections of turbine engines.
Other demanding applications of a structural mate-
rial are those in the hot sections of boilers. Ferritic
steels strengthened by carbides are preferred com-
pared to superalloys and austenitic steels for use in
boiler components, especially for heavy sections,
because of their low coefficient of thermal expansion,
high thermal conductivity and relatively low cost [6].
However, the coarsening behavior of the incoherent
strengthening carbides limits the application of fer-
ritic steels to temperatures below 873 K. In order to
increase the steam temperatures and pressures, new
advanced ferritic steels with better creep resistance
are needed. The current approaches to achieving this
goal include a second phase (B2 or L2;) precipitate
strengthening [7-11].

Since superalloys and B2(or L2;)-strengthened fer-
ritic Fe-based alloys are designed for high tempera-
ture applications, the relationship between lattice
misfit and creep or microstructural stability are
commonly investigated [12-18].

The characterization of the lattice misfit between
two phases can be obtained by several experimental
techniques such as X-ray diffraction (XRD), neutron
diffraction, convergent-beam electron diffraction
(CBED) and evaluation of interfacial dislocation net-
works. All these experimental techniques, with the
exception of the latter, are today widely used (e.g.
[15, 19-22]).
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In the more classical X-ray or neutron diffraction
characterization, the lattice parameters of the phases
are obtained from the quantification of powder
diffraction data and then the lattice misfit is calcu-
lated. In that XRD pattern, the contribution from the
precipitate phase consists of both superlattice and
fundamental reflections, whereas the contribution
from the matrix phase contains fundamental reflec-
tions only. In most two-phase coherent alloys the
similarity between the crystal structures and lattice
parameters of the both phases results in overlapping
fundamental reflections. Coupled with large intrinsic
line widths, this can make unambiguous determina-
tion of the contributions of the precipitate and matrix
within the fundamental reflections difficult. In addi-
tion, the intensities of the superlattice reflections are
in most cases weak and that weakness worsens when
the volumetric fraction of the precipitated phase is
low. However, the so-called single-peak quantifica-
tion method is often employed (e.g. [15, 23-25]). This
method is based on the separation of the convolution
peak in the contribution of each phase and then cal-
culates its lattice parameters. The deconvolution
method assumes that the intensity of the separated
peaks is representative of the amount of the indi-
vidual phases, but this is not necessarily the case due
phase-dependant factors which affect the relative
intensities [26]. To improve the accuracy of the
quantification some researchers used a whole pattern
methods which rely on the fitting of a wide range
diffraction data with a model pattern formed from
the summation of individual phase components that
have been calculated from crystal structure informa-
tion [20]. The oldest whole pattern method was pro-
posed 50 years ago by Rietveld [27, 28], while this
technique was initially developed for the refinement
of crystal structures, other parameters that must be
refined to ensure best fit between the observed and
calculated patterns contain useful, non-structural
information that can be of interest to the analyst.
These include peak width and shape, which can be
related to crystallite size and strain, and the Rietveld
scale factor, which, in a multiphase mixture, relates to
the amount of the phase present. The Rietveld
refinement method is nowadays implemented in
several software as FullProf [29], DBWS [30], and
GSAS [31].

Even when the Rietveld method has proven
extracting the maximum available information from a
powder diagram with groups of overlapping peaks,
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its application to refine the superalloy XRD spectrum
has two additional drawbacks such as the mixing of
phases with similar crystal structures and lattice
parameters together with separate peaks of very low
intensity. With this ratio of intensities between the
separated peaks and the overlapping peaks, the least
squares refinement procedure inherent to the Riet-
veld method tends to ignore the volume fraction of
the precipitated phase. Therefore, a different adjust-
ment procedure should be adopted.

This work proposes an iterative refining method
using FullProf software as a multi-input-output
black-box with cyclic feedback working on two XRD
scans taken on the same sample. Details are given of
data-collection strategy, the implementation of the
iterative refining process and an application to mea-
sure the lattice misfit in a Fe,AlV-strengthened fer-
ritic Fe;6Al;,V1, alloy which microstructure consists
of a ferritic matrix A2 with a dispersion of precipi-
tates L2, (Fe,AlV).

The iterative refining method

The method requires two XRD scans on the same
powder sample. It is very important for the precision
of the method that the geometry of the diffractometer
does not change between the two scans, i.e. that the
powder sample does not move in the sample holder
and no accessories are changed. The first XRD scan
(named here as spectrum or pattern A) is a classical
20 wide range measurement containing the weak
superlattice peaks and several strong diffraction
peaks corresponding to fundamental overlapping
reflections from the precipitate and matrix. The sec-
ond XRD scan (named here as spectrum or pattern B)
should be performed in a narrow 20 range, inside to
the 20 range of the spectrum A, that include several
high intensity superlattice reflections but no funda-
mental reflections. The weakness of superlattice
reflections needs a large counting time in this second
scan to achieve a high signal-to-noise ratio allowing a
reliable peaks fitting.

To refine the crystal cell parameters of the precip-
itate and matrix, the method performs an iterative
process of profile refining over each pattern collected
in the aforementioned scans. The iterative process
involves the use of refined parameters output from
one pattern as input parameters of the other. This
refinement with cyclic feedback ends when the
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refined parameters of both patterns reach convergent
values.

As in any refinement process, the greater the
number of known data in the system, the smaller the
number of variables to refine and more reliable
should be their refined values. In the characterization
of superalloy systems, there is data usually accessed
accurately by TEM and in situ (EDS) technique: the
average precipitate size and the chemical composi-
tion of matrix, precipitate and bulk alloy. Therefore,
assuming that the crystallite size of the precipitated
phase resembles its mean size and that the volume
fractions of phases can be calculated from the com-
position data, these two values can be used to reduce
the number of variables to be refined. In addition, it is
suggested also to fix the set of parameters describing
the peak broadening dependence with scattering
angle [32]. These parameters values can be obtained
refining the diffraction pattern acquired from a
powder standard [33].

Before starting the iterative refining method pro-
posed herein, it may be useful to know approximate
values for all parameters required to refine the
spectra A and B with the exception of the parameters
mentioned above. This can be accomplished running
Fullprof software in a classical but uncoupled way on
both spectra A and B. Recommendations for the
refinement strategy can be seen in the recent work of
Zhan et al. [34].

In Fig. 1, the iterative refining process is repre-
sented as a black-box model with cyclic feedback. The
Fullprof software has been considered as a multi-in-
put-output black-box, it works first on the XRD
pattern A containing multiple peaks generated by
both phases and then on the XRD pattern B con-
taining the highest intensity superlattice peaks com-
ing from the precipitate phase. Throughout all
Rietveld refinements undertaken in this iterative
process, the feedback variables are: the crystal lattice
parameter of precipitate (app) and the instrumental
parameters: transparency (SyCos) and displacement
(SySin).

The instrumental parameters (SyCos) and (SySin)
affect the peak positions of the refined pattern on the
20 axis, i.e., to the lattice parameters of the matrix and
precipitate. As their names suggest, both parameters
shift the refined patterns with a 20 systematic sinu-
soidal dependence. Thus, precise refinement of them
requires several diffraction peaks in the measured 20
range. This is so in the case of the spectrum A but not
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Figure 1 Black-box model of the iterative refining process. Only
the input and output data that are more relevant for the proposed
refining method are indicated. Arrows marked with an asterisk
point out data input accessed from TEM and EDS characterization
of the alloy microstructure. The integer n indicates the cycle
number.

in the spectrum B. However, the experimental con-
ditions listed above assure that the instrumental
parameters are the same in the spectra A and B,
therefore, we can use the values (SyCos) and (SySin)
refined in spectrum A as fix input to refine spectrum
B within the same refining cycle.

The implementation of the iterative refining
method, as shown in Fig. 2, is formed by the fol-
lowing steps:

Step 1 Set the initial value for each iterative process
variable. These are: the number of black-box model
cycle run, "n”, the tolerance value defining conver-
gence in the lattice parameter of precipitate phase,
"tol”, and the number of cycles defining a lasting
decreasing trend of this convergence, “N.

Step 2 In an auxiliary file all the parameters to be
refined in the iterative process are stored as
dynamic variables. The parameters not involved
in the feedback loop are grouped and named
xfrB ) (The parameters include in both sets are:
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background parameters; peak shape and asymme-
try parameters; microstructural (strain effects)
parameters and temperature factors. The crystal
lattice parameter of the matrix belong only to the
set /(). The initial value of the dynamic vari-
ables, except for the x? variables, are the values
found in the previous and disjoint run of the
software Fullprof on the spectrum A. The x? values
are found running the software Fullprof on the
spectrum B holding fixed the values of the param-
eters, SyCos® = SyCos”?, SySin® = SySin? and
B _ A

pp — “pp

Step 3 Write the input control file of Fullprof
software (“pcr” file) to refine the spectrum A with
the respective values from the auxiliary file. Indi-
cate that the a,, parameter should not be refined.
Run Fullprof software to refine the spectrum A.
Rewrite the auxiliary file with the results of the
refinement.

Step 4 Write the input control file of Fullprof
software (“pcr’” file) to refine the spectrum B with
the respective values from the auxiliary file. Indi-
cate that the a,, parameter should be refined, but
not the SyCos and SySin parameters. Run Fullprof
software to refine the spectrum B. Rewrite the
auxiliary file with the results of the refinement.
Step 5 If the parameter a,, is convergent during N
cycles and it is not greater than N*, then, go back to
Step 3, otherwise, calculate the a,, final value as its
average in the last two n cycles and terminate the
operation.

a

Application and discussion

This paper chooses an aged Fe;sAl12Vi, (at.%) alloy
as the experimental data for an application of the
iterative refining method. This alloy has been char-
acterized in Ref. [35] and, as was mentioned in the
introduction of this paper, its microstructure consists
of a ferritic matrix A2 with a dispersion of precipi-
tates L2, (Fe,AlV). The size and distribution of these
precipitates can be carefully controlled during pro-
cessing and subsequent heat treatments to optimize
mechanical performance. There is interest in adding
others elements to its composition to improve the
properties at high temperature, but could strongly
affect the lattice misfit between matrix and
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Figure 2 Flowchart of the
iterative refining process. Data
input accessed from TEM and
EDS characterization of the
alloy microstructure is left
aside in the drawing.
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precipitates and hence change the interfacial coher-
ency with consequent instability in precipitate mor-
phology and size. Therefore, the characterization of
the variation in the lattice misfit with the addition of
others elements seems to be useful.

The alloy ingot was melted in an electric arc fur-
nace using a tungsten electrode and a water cooled
copper crucible under argon atmosphere. The ingot
was then heated in an electric furnace under argon

@ Springer
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atmosphere up to 1100 °C for 136 h and hot rolled in
several passes to form a plate with about 3 mm
thickness. In Ref. [35] a piece of this plate was sub-
jected to a 15 min solution heat treatment at 1100 °C
followed by an aging treatment at 700 °C for 22 min
to obtain a fine distribution of spherical precipitates.
The characterization of this microstructure using
TEM-EDS analysis gave the following results:
20.4 nm mean diameter of the precipitate (the
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standard deviation of the diameters distribution is
7.7 nm) and volume fraction of 0.218 % 0.013 (details
of the measurements procedure are given in [35]). In
the current work, another piece of the hot rolled plate
was filed with a diamond file and then the powder
was sieved to obtain a particle size of less than 90 pm.
The filing operation may contaminate the powder
with particles from the used tool; however there were
no indications of unexpected phases in our XRD
measurements. Previous to XRD characterization, the
powder was embedded in a Tantalum container
inside a quartz tube which was evacuated and sub-
jected to a thermal cycle that replicates the solu-
tion 4 aging heat treatment given to the whole piece
in Ref. [35]. This heat treatment, besides replicating
the microstructure, induces the relieving of residual
stresses generated by the filing operation in the
powder grains. The XRD patterns from powder were
taken on a Panalytical Empyrean X-ray diffractome-
ter (Cu Ko radiation) mounted in the Bragg—Brentano
configuration and equipped with PIXcel’” detector.
The data were collected in two scans. First, a type A
scan in angular range 20° < 20 < 120° with total
collect time of 7200 s and angular step of 0.026°
(1.87 s/step). In order to improve statistics in the
angular range where the most intense superlattice
reflection of L2; phase occur (29° < 20 < 33°), a type
B scan was performed with the same total collect time
and angular step than in scan A increasing the
counting time per step to 46.75s/step. Figure 3
shows the two different XRD scans. All observable
reflections in scan A show double peaks due to Kf
and K5 radiation, but in the observable reflection of
scan B the large width of the peaks causes them to
overlap and look like a single symmetrical peak. The
five observable peaks in the Fig. 3a have contribu-
tions of reflections coming from A2 and L2, phases
(see black and red marks at nearby Bragg positions in
Fig. 3a) but, hidden in the background, there are
several peaks corresponding to reflections of L2,
superlattice (isolated double red marks in Fig. 3a). As
expected, the largest of these is the reflection (200)
located approximately in 20 ~ 31° as can be seen
from the data collected in scan B (Fig. 3b).

Prior to start the Rietveld refinement of the
diffraction data, we characterized the instrumental
broadening using the diffraction patterns acquired in
the same angular range with a silicon standard.
When fitting Fe;qAl15Vy, diffraction patterns, the
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calculated instrumental broadening was convoluted
with the Thompson-Cox-Hastings Pseudo-Voigt
[36, 37] peak profile provide in the FullProf program.
The space groups of A2 and L2; phases are Im3m
(229) and Fm3m (225) respectively [38, 39] and,
because both structure are cubic, the three edges of
the crystals structures are set equals and defined for a
single parameter in the refining process. In Fig. 3 the
diffraction pattern determined from the Rietveld
refinement (Ycalc) is superimposed onto the experi-
mentally acquired diffraction patterns (Yobs). In
addition, two insets in Fig. 3a show the contributing
constituents of the A2 and L2; phases to the summed
diffraction signal in the fundamental (110) reflection
and the quality of the refinement pondered by the R
and »? (Chi2) factors [27].

The Fig. 4 shows the evolution of the precipitate
lattice parameter (a,, =ai5,) and the instrumental
(SyCos) and (SySin) parameters through the cycles
of the iterative process. In the three graphs the dotted
line point out the values of these parameters as
obtained from the spectrum A after a classical
refinement with the FullProf software using the
restrictions over the crystallite size of the precipitated
phase and the volume fractions of phases. As can be
observed, in the third operation cycle (n = 3) the
three parameters reach the convergence and hold this
lasting decreasing trend during N =3 cycles
(N* = 2). The influence of the spectrum B data on the
refined value of the lattice parameter of the precipi-
tated phase is greater than 0.14%. The meaning of this
result may be more appreciated if it is analyzed in the
context of the lattice misfit (§) between the two pha-
ses. The equation for calculating the lattice misfit was
adapted from the one that is commonly used for 7/
strengthened superalloys [40]:

2(ﬂL21 — 2&,42)
aro, +2aa

Here, the lattice parameters of y and j’ phases were
substituted by those of the A2 and L2; phases.
Additionally, a factor of two was introduced to take
account for the difference in unit cell size. Figure 5
displays the evolution of the lattice misfit during the
iterative process, the positive value obtained with the
isolated refinement of the spectrum A becomes a
negative number during the iterative refinement
between the spectra A and B. And so, the interpre-
tation of mechanical properties would be strongly
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Figure 3 XRD powder diffraction spectra obtained from the
Fe;6Al1o Vs (at.%) alloy after 15 min solution heat treatment at
1100 °C followed by an aging treatment at 700 °C for 22 min.
a The fitted diffraction pattern obtained with the iterative
refinement process, along with the intensity contributions of the

A2 and L2, phases, is shown. The intensity contributions of each
phases in the fundamental (110) reflection is also highlighted in the
inset graph (dotted lines). b Measured range with increased total
counts containing the most intense (200) reflection of the L2,
phase superlattice and its fitted pattern.
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Figure 5 Lattice misfit evolution through the cycles of the
iterative process.

dependent on which of these results is used. To
increase the credibility of our results, the volume
fraction was given the status of a free variable in the
iterative refining procedure after the last stage of
convergence and it was noted that it remain in a
realistic value of 0.207 & 0.005. The difference
between ¢ values obtained with restricted and free
volume fraction defines the confidence interval for
the lattice misfit as illustrated in Fig. 5. As shown, the
scatter in ¢ is significantly lower than its variation
during the first stage of convergence.

Conclusions

An iterative refining method using FullProf software
as a multi-input-output black-box with cyclic feed-
back has been proposed in this paper. The scope of
the method is to accurately measure the lattice misfit
in superalloys using two XRD scans on the same
sample. It works first on a widespread XRD pattern
containing multiple peaks generated by both, pre-
cipitate and matrix, phases and then on a narrow
XRD pattern with better statistic containing the
highest intensity superlattice peak coming from the
precipitate phase. The feedback parameters are the
lattice parameter of the precipitate phase and the
Transparency and Displacement instrumental
parameters. Two refinement parameters are restric-
ted in their values to measurements made by TEM-
EDS; they are volume fraction of the phases and size
of crystallite in the precipitated phase. The
improvement of accuracy comes from the feedback of
the precipitate lattice parameter refined with data
where the signal-to-noise ratio is high and the
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superlattice diffraction peaks of precipitate phase are
isolated; this feedback is possible because the
instrumental parameters are the same in the two XRD
scans involved in the experimental arrangement of
the method.
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