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Abstract
X-ray powder diffraction (XRPD) is an important
technique for qualitative, quantitative and textural
analyses, which exploits the scattering of X-rays
by matter. The output of the method consists in a
pattern, unique for each material, that can be an-
alyzed to extract precious information on the in-
vestigated sample. When polycrystalline materi-
als are analyzed, the phase recognition can be car-
ried out comparing the resulting pattern, collected
on a mixture, to those associated to pure compo-
nents. Even if this procedure, known as qualitative
analysis, may appear as a relatively simple proce-
dure, many experimental factors can heavily affect
the performances of phase recognition, such as the
peak superposition and the presence of preferred
orientations. Quantitative phase analysis is an even
more difficult task to be carried out, since the rela-
tions between signal and quantity in polycrystalline
mixtures can be heavily affected by many param-
eters, being caused by sample features (preferred
orientations, microabsorption, presence of low or-
dered and/or amorphous phases) or the use of dif-
ferent instruments or measurement setups (Debye-
Scherrer geometry, Bragg-Brentano geometry). In
the past century, many methods had been developed
to try to overcome these difficulties, such as single-
peak and whole profile fitting methods. Despite the
efforts, quantitative analysis is still almost impos-
sible to be carried out in many common situations
in the real world industrial environment. The pur-
pose of this project is to build an AI-based approach
for both qualitative and quantitative phase analysis
from XRPD data and to make it available for both
industrial and academic communities as a new tool
to be integrated among the already existing meth-
ods.

1 Introduction
X-ray powder diffraction (XRPD) is an important technique
spread in both the industrial and academic worlds. The main
advantage consists in the capability of analyzing materials us-
ing a sample-conservative approach giving qualitative, quan-

titative and textural information [Dinnebier e Billinge, 2008],
exploiting the scattering of X-rays caused by crystalline ma-
terials. The result of the analysis is described by a pattern in
which intensities are function of scattering angles, expressed
as 2θ [Giacovazzo, 2011]. Patterns are unique for each phase
and which can be used as a fingerprint [Winchell, 1927;
Hanawalt e Rinn, 1936] for materials, as reported in fig-
ure 1. In this context, different phases can be recognized
in a relatively easy approach by comparing the result of the
XRPD analysis to patterns contained in databases of known
substances. This approach is often used for distinguishing
polymorphs of the same chemical compound (e.g. anatase,
rutile and brookite for titanium oxide), but also components
in polycrystalline mixtures. An important contribution to the
qualitative analysis by XRPD was given by Hanawalt and col-
leagues [Hanawalt et al., 1938]. The Hanawalt method con-
sisted in calculating a set of parameters (e.g the d-spacings
calculated from Bragg’s law [Giacovazzo, 2011]) using the
positions of the most intense peaks. These parameters, col-
lected in dedicated books, are unique for each phase and can
be used for phase recognition. The method was used for long
time, but had some evident limitations, such as the impos-
sibility of reporting millions of materials and their parame-
ters, but also a problematic in obtaining correct d-spacings.
In fact, if the sample is not accurately positioned in the sam-
ple holder and its height is not at the perfect height, the
pattern present a shift in the peaks at higher or lower an-
gles that affect the calculation of the d-spacings. Quantita-
tive phase analysis is a more difficult task to carry out, since
the intensity of the signal of each substance is bound to its
quantity by very complex equations that vary with the sam-
ple composition, the instrumental setup and other kind of
effects. For this purpose, different methods had been de-
veloped, some based on the measurement of single peaks
and some based on the whole profile fitting approach [Din-
nebier e Billinge, 2008]. Advances have been made in the
past years, to which some of us have contributed with various
published works. In particular, thanks to the use of multivari-
ate methods it has been shown how it is possible to monitor
changes within the crystalline structures [Palin et al., 2015;
Conterosito et al., 2020] and how these methods are suit-
able for the study of mixtures, even complex ones, both in
a qualitative and quantitative way [Guccione et al., 2020;
Mangolini et al., 2021; Lopresti et al., 2022]. Even using



Figure 1: Example of XRPD patterns of three pure substances (bar-
ium sulfate, bismuth oxide and zinc acetate) compared to a ternary
mixture of equal weighted components.

these methods, the task can be particularly difficult if in the
presence of mixtures with very different densities and atomic
numbers of the constituting elements. In this context, the use
of artificial intelligence can play a crucial role in overcom-
ing traditional methods as, if properly trained, it is able to
overcome problems related to non-linear equations. Further-
more, the fact that the analyzes, both qualitative and quan-
titative, depend on many parameters, instrumental, structural
and environmental, means that a system capable of evaluating
enormous quantities of variables at the same time is the most
suitable for this type of analysis.

1.1 Methods and common issues for qualitative
phase analysis

At the present day, the qualitative analysis is carried out us-
ing dedicated softwares that processes the diffraction pattern
(i.e. QualX [Altomare et al., 2015]), identifying the peaks
and their positions in 2θ. These values, uniquely linked to the
structure of the phase, are compared with those contained in
a database in a procedure that also provides for small devi-
ations at greater or lesser angles for a greater probability of
identification of the corresponding substance. As aforemen-
tioned, for small deviations (zero errors), softwares are gen-
erally able to compensate, but when these are added to differ-
ent substances, distinguishing different substances becomes
particularly difficult. Moreover, if the samples are prone to
show preferred orientations (PO), the relative intensities of
the peaks may be offset. In the worst case a subset of peaks
does not appear on the diffraction pattern, while relative in-
tensities of other ones can be heavily influenced [Giacovazzo,
2011]. For the said reasons, even if the approach is conceptu-
ally simple, the task of phase recognition can be difficult even
for common industrial situations.

1.2 Methods and common issues for quantitative
phase analysis

Methods for quantitative phase analysis from XRPD data can
be divided in three groups: single peak methods, whole pro-
file fitting methods and multivariate methods. The first group,
as suggests the name, involves the use of single peaks be-
longing to different substances in a polycrystalline mixture
pattern. The quantification is then made by comparing the in-
tensities of such peaks to the ones belonging to pure phases
to extract the relative ratio of each substance contained in
the polycrystalline mixture. This method can be performed
also by adding a known quantitative of a known phase to the
mixture, in order to quantifying the others by comparing the
intensities to the pure ones. This method is efficient in mix-
tures of polymorphs of the same chemical substance, which
have very similar mass absorption coefficients (µ∗

m) and con-
sequently scatter X-rays affecting the outcoming intensities
in the same way. The second method involves building com-
plex nonlinear regression model having a priori information
about the crystal structure of the phases contained in the ana-
lyzed sample. The most famous and exploited one is known
as Rietveld refinement [Dinnebier et al., 2018]. This method
is one among of the most used, but can be heavily affected
by PO and MA, as reported in a recent article of some of us
[Mangolini et al., 2021]. Moreover, Rietveld refinement has
its greatest issue in requiring a known crystal structure for
simulating the powder diffraction pattern and the knowledge
on the instrument on which the sample has been measured,
to estimate the effects of the instrumental parameters on the
quality of the measurement. Multivariate analysis (MA) is a
relatively new approach to the study of XRPD data for quanti-
tative purposes and its result are very promising. The greatest
advantage in using multivariate analysis consists in not re-
quiring known crystal knowledge for the analysis, therefore
avoiding biases due to the forecast peak intensities for each
specie that can be obtained by calculating a XRPD pattern
starting from the crystallographic information. In a our re-
cent article, submitted to the Journal of Applied Crystallog-
raphy, we exploit the potentialities of the multivariate meth-
ods and give different approaches that can be used to ana-
lyze difficult system and comparing them to the traditional
Rietveld refinement method and to PONKCS (Partial or no-
known crystal structure) method [Scarlett e Madsen, 2006;
Scarlett e Madsen, 2018], which is an hybrid Rietveld-MA
approach to the quantitative phase analysis.

2 Purposes and challenges
The purpose of the project is to create a brand-new AI-based
methodology for qualitative and quantitative analysis from
XRPD data. Such an approach is completely new in the
crystallographic field and has huge growth perspectives for
the next decades. Both industrial and research communities
of many different areas can benefit from the development of
such a new tool. Challenges of this project can be summa-
rized in the following list of partial objectives:

• Evaluation of the a priori information required by an
AI system to perform qualitative analysis (i.e. availabil-
ity of structure knowledge or usage of patterns only).



Data about phases can be collected from open reposito-
ries such as the Crystallography Open Database.

• Training of an AI for the qualitative phase analysis on
XRPD data starting from methods reported in scientific
literature on smaller datasets[Lee et al., 2020].

• Evaluation of the performances of the qualitative analy-
sis and, if the expectations are met, analysis of the up-
grade for performing quantitative phase analysis.

• Training of an AI for the quantitative phase analysis on
XRPD data.
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