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error method, which is time-consuming and laborious. Recently, machine learning (ML) methods have
made great progress in the researches of materials science with the arrival of the big-data era, which gives
a deep revolution in human society and advance science greatly. However, there exist few systematic
generalization and summaries about the applications of ML methods in materials science. In this review,
we first provide a brief account of the progress of researches on materials science with ML employed, the
main ideas and basic procedures of this method are emphatically introduced. Then the algorithms of ML
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Machine learning the recent meaningful applications of ML in metal materials, battery materials, photovoltaic materials
Data-driven and metallic glass are reviewed.
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1. Introduction

The researches of materials science have past three paradigms,
including experimental science, mathematical theory and simula-
tion [1]. The first-paradigm study is totally relying on the intuitive
observation experience, but no scientific quantification basis. Up
till a few centuries ago, the physical models characterized by
mathematical equations started to form, which providing certain
theoretical foundations such as thermodynamics rules for mate-
rials research [2]. Then the third scientific paradigm is coming
as the invention of computers decades ago, allowing the simula-
tion of complex practical problems based on the theory gained
in the second paradigm. At this period, materials research by big
data computing emerged with two noteworthy methods of density
functional theory and molecular dynamics proposed [3-5]. Never-
theless, the study processes of traditional materials science, which
mostly rely on trial-and-error methods, always take 15-25 years
or even longer period of time from research to application and
numerous results which seemed incorrect have not been utilized
in effect [6]. Meanwhile, more and more material characterization
techniques are formulated due to the huge data and high dimen-
sions in materials research [7-11]. For material calculation and
simulation methods, such as first principles, molecular dynamics,
phase-field theory and finite element analysis, even though the
structures and performance of materials can be calculated and pre-
dicted at different scales, the models are usually specific to the given
material systems. It still cannot meet the requirements of multi-
farious description for varied properties, so further researches of
materials are greatly restricted. Nowadays, materials research has
come to the fourth scientific paradigm with the promotion and pop-
ularization of artificial intelligence, these problems are tended to
be cracked.

Nowadays, materials research is coming to the stage of big data-
driven science also known as the fourth paradigm of materials
science benefited from the mass data generated by experiments
and calculation methods such as the first principles and molecu-
lar dynamics theory [12-15]. Besides, the data are growing faster
than ever before with more application of high-throughput com-
puting in materials research [16]. Applying machine learning (ML)
in the prediction of material properties and explore new materi-
als have become the hot research spots in the intersection field of
materials science and computer science as the revolution of arti-
ficial intelligence [17-20]. The basic links of artificial intelligence,
computing science and big data science are shown in Fig. 1. Com-
bined with the empirical theory excited in materials science and
the intelligent computing methods of computer science, making
full use of the advantages of the two subjects to interpret material
data more efficient is one of the major topics in this area. In the
researches of materials science, the establishment of the classical
model relies much on the physical mechanism such as conser-
vation law and thermodynamics, then deriving the mathematical
formula of parameter regression from the data [21-23]. In com-
parison, applying ML to study the regularities and rules of material
data does not require any specific principles or physical insights,
but only training the models with the form of flexibility and usu-
ally nonlinear from the available data. With these superiorities, ML
has become a prominent means in predicting material properties,
selecting materials and optimizing design [24-26]. At the same
time, there are some challenges in the application of traditional
ML in materials science. Traditional ML relies heavily on sample
data, and the predictive model has poor interpretability due to the
lack of relevant domain knowledge or known physical insight [27].

The literature search, as depicted in Fig. 2 which statistics from
the ScienceDirect website, demonstrates that the researches of ML
and its utilization in materials science both increased significantly
in this decade. Considering the increasing status of big data and
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artificial intelligence in modern times, the purposes of this paper
are to reveal the main strategies and basic methods of ML in the
application of materials science, as well as other breakthroughs and
hot points, are discussed.

2. Principle analysis of machine learning in materials
science

2.1. The realization methods of machine learning

ML, as an important part of artificial intelligence, the methods
primarily include supervised learning, unsupervised learning and
reinforcement learning.

In supervised learning, each instance is composed of an input
object (usually a vector) and an output value also known as the
supervised signal. One of the main characteristics of supervised
learning is that the data are labeled, including data category, data
attribute and feature point location [28,29]. After train the algo-
rithms with the labeled data, the parameters of the algorithms are
modified based on the comparison results of the predicted data and
the expected ones, then repeats enough times by this way until the
algorithms converge to the optimal solution, and finally, a specific
model with the ability of intelligent decision-making is obtained.

Contrary to supervised learning, the data in unsupervised learn-
ing are unlabeled, and the goal is to seek and deduce the potential
connections of the samples [30]. The common methods of unsu-
pervised learning are clustering and dimensionality reduction, in
which, analyzing the distribution of data samples in the feature
space to gather similar data into one group and separate the
data with different types is essential for clustering method due
to the data categories are unknown in advance. Moreover, high-
dimensional data sets are not rare in ML, then some problems
such as sparse data samples and distance calculations are easily
arisen, which also called dimension disaster [31-33]. The main
theory of dimension reduction in ML is mapping the data points
from the original high-dimensional space to the low-dimensional
space, and the algorithms of dimension reduction mainly involve
singular value decomposition (SVD), principal component analy-
sis (PCA), factor analysis (FA) and independent component analysis
(ICA) [34-37].

Different from supervised learning and unsupervised learning,
reinforcement learning gets the learning information and con-
stantly modifies the model parameters by receiving the feedback
from the environment but not require the data to be provided in
advance [38]. Generally speaking, a certain positive incentive is
gathered when the machine acts correctly, otherwise, it will give
a negative incentive. In this case, some dynamic planning ideas
are generated in the ML algorithms and the action mode which
can maximize the incentive is finally chosen. This illustrates that
the application of the reinforcement learning method needs less
information and is easier to design, which is conducive to deal
with more complicated decision problems. Besides, deep reinforce-
ment learning, which combines reinforcement learning with deep
learning, is developing rapidly as a research hotspot in the field of
artificial intelligence, such as in automatic driving, natural language
processing, robot and other realms [39-44].

2.2. Common processes of machine learning in materials science

A basic framework of materials discovery and design based on
ML methods is shown in Fig. 3, in which, three main steps are
mentioned: the construction of samples, the building of algorithm
models, models verification and materials prediction.
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Fig. 1. The basic links of artificial intelligence, computing science and big data science.
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Fig. 3. The basic framework of materials discovery and design based on ML methods.
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Table 1
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The database of material properties and related informations.
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Database names

Websites

Database category

NIST Standard Reference Data

Materials Project

AFLOWLIB

Harvard Clean Energy Project

Open Quantum Materials Database
Citrination

CRC Handbook

Springer Materials

Pauling File

Granta CES Selector

Matbase

NIST Materials Data Repository

Total Materia

MatNavi (NIMS)

MatWeb

Open KIM

Knovel

AIST Research Information Databases
Reaxys

Scifinder/ChemAbstracts

ChemSpider

TE Design Lab

CALPHAD

Powder Diffraction File (PDF)

Inorganic Crystal Structure Database
Cambridge Crystallographic Data Centre
CrystWorks

Crystallography Open Database

ASM Alloy Database

CINDAS Alloys Database

NanoHUB

Nanomaterials Registry

Mindat

American Mineralogist Crystal Structure Database
UCSB-MRL Thermoelectric Database
International Glass Database System
SUNCAT

Handbook of Optical Constants of Solids
Metallurgical Thermochemistry
Pearson’s Handbook: Crystallographic Data

http://www.nist.gov/srd/dblistpcdatabases.cfm
http://www.materialsproject.org
http://www.aflowlib.org
http://cepdb.molecularspace.org
http://www.oqmd.org

http://www.citrination.com
http://www.hbcpnetbase.com
http://materials.springer.com
http://www.paulingfile.com
http://www.grantadesign.com/products/ces
http://www.matbase.com
https://materialsdata.nist.gov
http://www.totalmateria.com
http://mits.nims.go.jp/index_en.html
http://www.matweb.com

http://www.openkim.org
http://app.knovel.com/web/browse.v
http://www.aist.go.jp/aist_e/list/database/riodb
http://www.elsevier.com/solutions/reaxys
http://scifinder.cas.org
http://www.chemspider.com
http://www.tedesignlab.org
http://www.opencalphad.com/index.html
http://www.icdd.com/products/index.htm
http://cds.dl.ac.uk/cds/datasets/crys/icsd/llicsd.html
http://www.ccdc.cam.ac.uk

https://cds.dl.ac.uk

http://www.crystallography.net
https://www.asminternational.org/materials-resources/onlinedatabases
http://www.cindasdata.com/products/hpad
http://www.nanohub.org
http://www.nanomaterialregistry.org
http://www.mindat.org
http://rruff.geo.arizona.edu/AMS/amcsd.phP
http://www.mrl.ucsb.edu:8080/datamine/thermoelectric.jsp
http://www.newglass.jp/interglad_n/gaiyo/info_e.html
http://suncat.stanford.edu/theory/it-facilities

/

/

/

Standard data
Calculation
Calculation
Calculation
Calculation

Material data
Material data
Material data
Material data
Material data
Material data
Material data
Material data
Material data
Material data
Material simulation
Material engineering
Material characterization
Chemical data
Chemical data
Chemical structure
Thermodynamics
Thermodynamics
Crystallography
Crystallography
Crystallography
Crystal data

Crystal data

Alloy material

Alloy material
Nanometer material
Nanometer material
Mineral

Mineral
Thermoelectric materials
Glass

Catalyzer

Reference book
Reference book
Reference book

2.2.1. Sample construction

The database information corresponding to specific materials or
material properties is summarized in Table 1. In the construction
of samples, the ideal scenario is that fewer data have been selected
but the model worked best. According to the prospective objectives
such as prediction performance or discovery of new materials, the
characteristic values, in materials science, are determined firstly,
and then the data with high correlations are identified and selected
as the input samples of ML models [45].

In this step, dimension reduction processing is the crucial part
to reduce the quantity of the data, as well as improve the operat-
ing speed and the prediction accuracy of the models. Besides, more
redundant information and noise are tended to be produced, such
as repeated values, missing values, out-of-range outliers and label-
ing errors, if dimension reduction processing is not applied [46-48].
To reduce the sample capacity, Balcazar [49] proposed a fast sam-
pling reduction method, in which, the training set was randomly
sampled and the sampling results were replaced by the original
training set. Different from random sampling method, Lyhyaoui
[50] put forward a sample selection method based on the clus-
tering technology that the whole training set was clustered firstly
with the corresponding algorithms, and then the vectors which
closed to the other clusters were selected with the comparison of
gaps between the cluster center and other clusters. Feature selec-
tion and feature transformation are essentially two ways of feature
reduction. Selecting appropriate descriptors or features is one of the
central problems in exploring the structure activity relationship of
materials using ML models. Shi et al. [51], proposed a data-driven

multi-layer feature selection method. Users can input training data
without manually adjusting the super parameters. The domain
expert knowledge was quantified by weighted score and integrated
into the selection process to eliminate the risk of crucial features
being deleted.

2.2.2. Models building

The essential step for the application of ML in materials sci-
ence is to build a proper model, which is demanded to characterize
the relationships between the injection features (such as atomic
size and electronegativity) and the properties of the materials pre-
cisely. In this process, the mapping models for objects and targets
are built based on a set of known material data. All kinds of ML
methods, regardless of simple linear and nonlinear regression or
highly complex kernel ridge regression and neural network, can
be employed to establish this mapping. And its difference from the
traditional material computation methods is that the mapping rela-
tionship is essentially a black box, where the injection features and
the output data are linked with the specific nonlinear or linear func-
tions [52,53]. In the typical researches of materials science, there
is always a complex connection between the condition factors and
the target attributes, which is difficult to expound with traditional
methods. In comparison, almost all ML algorithms can be translated
to the optimum solutions of specific problems, where the objective
function is constructed to get the model parameters of ML algo-
rithms. Then how to construct a reasonable objective function is
the critical factor to establish a suitable ML algorithm. Once the
objective function is determined, the next step is to solve the opti-
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Fig. 4. The results of ML researches which mainly include (a) underfitting, (b) overfitting and (c) correct fitting.

mization problems, which generally has a ready-made scheme in
mathematics [54-57]. That is, the relationship between condition
factors and decision attributes are modeled with the ML algorithms
based on the given samples, and allowing the solution of uncharted
complex problems is the core superiority to design and discover
materials with ML.

2.2.3. Models evaluation

The main task of ML is to get generalized models. As shown
in Fig. 4, the results of ML researches mainly include underfitting,
overfitting and correct fitting. Underfitting means that the models
cannot fit the training samples very well, and the prediction of data
is not accurate enough. Overfitting denotes that the training sam-
ples are fitted relatively well with the ML models, but the prediction
accuracy of the new data is rather poor. The appearance of overfit-
ting in algorithms illustrates that the optimization models are too
complex, where the fitting results of the training data are pretty
good, but the generalization ability of the models is insufficient
[58-60].

Models evaluation can be understood as measuring the general-
ization ability of the models. The commonly used methods include
simple hold-out verification, k-fold verification and repeated k-fold
verification with disordered data [61-63]. Hold-out verification
method is to set aside a certain proportion of data as a test set. The
model is trained on the remaining data, and then evaluated based
on the test set. As with hold-out verification, k-fold verification also
requires independent validation set for model calibration [64]. In
K-fold validation, the data is divided into k partitions with the same
size. For each partition i, the model is trained on the remaining k-
1 partitions, and then the model is evaluated on the partition i.
The final score is equal to the average of K scores. Iterated k-fold
validation with shuffling can be selected when the available data
is relatively small. In this method, k-fold verification is used many
times and the datais scrambled before dividing the data into k parti-
tions. The final score is the average value obtained after k-fold cross
validation, but the calculation cost of this method is relatively high.
Besides, there is a special cross validation method named boot-
strapping [65]. One sample is randomly selected each time from
the data set which containing m samples, then put back to the data
set. In this way, samples are taken m times to form a new data set as
the training set. This method is easy to operate, but the application
of bootstrapping needs to be based on many statistical hypotheses.

3. Commonly used machine learning algorithms in
materials science

Algorithms are the concrete calculation method of learning
models in ML. ML s in fact to solve the optimization problems, and

the main purpose of ML algorithms is to find the global optimal
solution and ensure the efficiency of the solution processes [66].
The tasks of ML include four main tasks based on the most common
application: classification, regression, clustering and probability
estimation, as shown in Fig. 5. The characteristics and main appli-
cable situations of the algorithms are summarized in Table 2.
However, it should be emphasized that many algorithms can solve
classification problems as well as deal with regression problems,
such as random forest.

3.1. Support vector machine

In ML algorithms, support vector machine (SVM) possesses
many special advantages in solving the problems of small sample,
nonlinear and high-dimensional pattern recognition, and it can be
extended to other ML problems such as function fitting [67,68].
As an important application in SVM, support vector classification
(SVC), which belongs to binary classification algorithms, is proba-
bly the most powerful classifier. In SVC, the data points are divided
into two groups with (n-1) dimensional hyperplane for the sam-
ple sets in n-dimensional coordinates, where hyperplane is the line
to divide input variable space [69-71]. For instance, all the input
points can be completely separated by hyperplane (- x + b=0) in
two dimensions as shown in Fig. 6(a), and undeniably that the
hyperplane for the linearly separable data is infinite, but the sep-
arated hyperplane with the largest geometric spacing is unique.
In practical problems, nevertheless, the factors affected material
properties are not single, and the data are usually not linearly sep-
arable in the multi-dimensional space [72-75]. That is to say, only
one hyperplane is not enough to complete the required classifi-
cation task. Then use kernel technique to map the data from the
input space to the higher dimensional space through a specific
function and search for the hyperplane in higher dimension space
is a feasible solution for it, but high computational cost is easily
to be brought about with this method [76]. Therefore, a kernel
function is introduced, on the premise that the calculation of SVC
only involves the inner-product calculation, to transform the inner-
product calculation that in the high-dimensional feature space into
the non-linear transformation of the inner-product operation of the
data (x, y) in the low-dimensional input space [77-79]. Then the
most decisive work is to search the appropriate kernel function for
SVC.

The algorithm of SVM is extremely effective not only in dealing
with binary classification tasks but also in linear regression, that
is support vector regression (SVR), which is especially appropri-
ate for the samples with relatively small amount of data [80-83].
As shown in Fig. 6(b), a 2 € wide interval is built with f{x) as the
centerline, then the training sample which falls into the interval is
considered to be predicted correctly. The difference between SVR
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Support Vector Regression

Artificial Neural Network

Linear Regression

Logistic Regression

Kernel Ridge Regression

Naive Bayes

Probability estimation

Expectation Maximization

Table 2
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——— |~ K-Nearest Neighbors
— Decision Tree

— Random Forest

Clustering — Hidden Markov Model
s Hierarchical Cluster Analysis

= K-Means Clustering

Fig. 5. The ML algorithms commonly employed in materials science.

Applications and features of the main ML algorithms.

Method Category Applicable situations and features

Support Vector Regression SVR is a nonlinear algorithm which can dealing with the small-volume data and has

Regression the feature of resistance to over-fitting.

Artificial Neural Regression Large data are needed, the self-study and fault-tolerance abilities are relatively strong

Network for ANN although the interpretability is weak.

Linear Regression Regression Needs strict assumptions and the data should be linearly conformable, the features of
fast modeling and good interpretability are significant.

Logistic Regression Regression This model can easily be utilized in classification problems, but it cannot deal with the
data contained multiple features or variables.

Kernel Ridge Regression KRR can deal with the nonlinear data, but the prediction speed is lower than SVR when

Regression the volume of data is large.

Support Vector Classification SVC also known as maximum margin classifier is an important classification model,

Classification
K-Nearest Neighbors

Decision Tree
Random Forest
K-Means Clustering
Hierarchical Cluster

Analysis
Hidden Markov Model

Classification
Classification
Classification
Clustering
Clustering

Clustering

especially for two-class data.

KNN is suitable for multi-classification model, but its calculating quantity is large and
the requirement of sample balance is high.

DT can deal with the data with missing attributes and the interpretability is good, but
it does not support online learning and is easier to be over-fitting.

RF not only has the advantages that DT possessed, but also can prevent the over-fitting
when there are small noises.

K-Means is a classical clustering algorithm which has the features of simple and fast,
but this algorithm is quite sensitive to initial data.

HCA can complete the whole clustering process at one time by building the hierarchy
of clusters, but the computational capacity is quite large.

HMM is an important stochastic model of signal and it has a wide range of applications
in pattern recognition.

fx)=wlx+b

and SVC is mainly that the sample points of SVR are ultimately
to one class, and the optimal hyperplane is not to make the two
or more classes of sample points separated precisely like SVC, but
the total deviation of all sample points from the hyperplane is the

smallest.

(@

w-x+b=0

(b)

Fig. 6. The working principle of SVM: (a) the algorithm of SVC, (b) the algorithm of SVR.

3.2. Decision tree
Decision tree (DT) is a commonly used algorithm in classifica-
tion and regression, which belongs to the supervised learning. In the

application of ML, the feature selections of quantitative evaluation
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Fig. 7. The working principle of the algorithm of DT.
methods are different, resulting in extensive DT has been derived, _eemTTTTTS S
such as ID3 (feature selection by information gain), C4.5 (feature /" k=10 A
selection by information gain ratio) and CART (feature selection by 7 s u
Gini index). In which, ID3 and C4.5 belong to model algorithms that A // LemmTmms -~ \\ &
using the tree structures to classify samples, while the CART algo- i e . [ N\
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rithm is applicable for both classification and regression [84-87]. As - i K k=5 % i \‘ u
showninFig.7, selecting certain features to distinguish the data and H i A o Y v
then divided into different sub-nodes according to the results of the i h ? \ m
discriminationis the working principle of DT. In this algorithm, each :l ] o ’: A
sub-node represents a value of the features, after constantly classi- Lt ‘\\ A u ;|
fying with features selection until reached the leaf node, all the data . ' A 7 i
are divided into corresponding categories. Put simply, DT repre- % . Lo /I
sents the conditional probability distribution of different categories N, e e -7 K
under the specific characteristics, where different DT corresponds . A ot
to the classification models with different complexity [88-90]. Fur- A% s

thermore, there are multiple models that do not contradict each
other for the same training data sets in the application processes of
DT, therefore, it is critical to select the model with the character-
istics of good fitting results and strong generalization ability based
on the actual situations.

DT learning is a method of top-down recursive, the basic idea is
to construct a tree with the most rapid decline in entropy when tak-
ing information entropy as the measure, and the entropy is 0 at the
leaf node [91,92]. It possesses the advantages of fast classification
speed and readability. However, repeated training is required in
this algorithm to determine the tree structures and various param-
eters, which is easy to cause the overfitting problems and effecting
the generalization ability [93]. At this point, the methods of pruning
operation or build random forest are good choices.

3.3. Random forest

Random forest (RF) algorithm, which takes DT as the unit, is
built based on the idea of integrated learning with multiple trees
consisted in [94-96]. Same as the algorithm of DT, RF is applicable
for both regression and classification problems. In this algorithm, k
features are randomly selected from the data sets [97]. Firstly, DT
is established and repeated n times according to these k features.
Then the prediction results of each DT with the input of random
variables are stored, and the number of votes for each prediction
target is calculated, finally, the prediction target with the highest
votes is regarded as the final forecast result. For the problems of
regression, after the prediction of the output values calculated with
DT, final forecast results are determined by calculating the average
value of all the DT in RF [98]. On the other side, the characteristics

Fig. 8. The working principle of the algorithm of KNN.

of the latest data are predicted with every DT, and the one which
selected most is considered to be the final recognition outcome of
the latest data.

Aside from the abilities to solve the problems of classification
and regression, the RF algorithm can deal with the classification
and numerical characteristics at the same time. Besides, only at the
situation that more than half of the base classifiers make an error,
can get the forecasters wrong, which denotes that the stability of
RF is perfect [99]. Nevertheless, RF is obviously more complex than
the DT algorithm, more time and cost of calculation to train than
other similar algorithms is required.

3.4. k-Nearest Neighbor

k-Nearest Neighbor (KNN), as shown in Fig. 8, is one of the sim-
plest supervised classification algorithms in ML. The premise of this
algorithm is to build a training data set which labeled with cate-
gories, and the distance between the test object and the data in the
training set is indicated by Euclidean distance or cosine distance,
in which, simple Euclidean distance is the most frequently used
method [100-103]. Afterwards, find out the nearest K objects as
neighbors of the test data, and the category of the object with the
highest frequency among the K objects is regarded as the category
of the test data. The approximation error is decreased when k is
too small, but it can significantly increase the error of estimation.
On the contrary, the approximation error will increase if K is set
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to a large value, which might result in the generation of noise and
the reduction of the classification effect. Accordingly, the cross-test
(based on k = 1) method is usually applied to set the value of K in
KNN, and the experience shows that K is generally lower than the
square root of the number of training samples [104].

KNN algorithm, which possesses the advantages of simple
design theory, is easy to understand and realized with no estimate
parameters, and this algorithm is well suitable for the classifica-
tion problems of unusual data. Nevertheless, the deficiencies of
this algorithm are also extremely obvious, KNN belongs to lazy
algorithms, which demand a greater time to scan all the training
samples to calculate the distance, so a lot of calculation and mem-
ory isrequired. Clearly, the choice of the data is important for all ML
algorithms, KNN especially require the correctness of the data due
to the fault tolerance of this algorithm to the training data is terri-
bly poor [105-108]. Besides, the interpretability of KNN is relatively
weak when compared with the algorithms of DT and RF.

3.5. Artificial neural network

Artificial neural network (ANN) is a computational model
derived from simulating the biological neural network of human
brain processing information [109,110]. In this algorithm, the neu-
ron is abstracted as a node, then the methods of function fitting
and estimation are applied to convert the input samples into the
desired output data with the help of a large number of nodes [111].
The structure of ANN is shown in Fig. 9, in which, the input node
receives the input data information, the processing results of the
information are saved by the output node, and the intermediate
procedures between the input node and the output node are called
hidden nodes. All kinds of the nodes in ANN are distributed in the
layers which can be connected with lines, this method of nonlinear
mapping is corresponding to the synapses in the neural structures
[112]. And there is an evaluation to adjust the weight of each map-
ping, then the storage contents of the hidden nodes are regulated.
Actually, the learning processes of ANN are to optimize the whole
network model by correcting the weights of the nodes in each
layer with training data. The methods mainly include adjusting the
weight of each synapse, modifying the neural network structures,
selecting and changing the nonlinear mapping function [113-116].

The algorithm of ANN, which possesses the function of self-
study and associative storage due to the similar working principle
with brain, has been widely used in the researches of ML, includ-
ing the applications of material research, speech recognition, signal
processing, automatic control and so on [117-121]. Bassir et al.
[122] proposed a new identification hybrid strategy based on
genetic algorithm with parallel selection (GAPS) and ANN. ANN
is designed in a way to relate the mechanical parameters of the
studied material to the cost function representing the difference
between the true and simulated mechanical responses. The design
method of ANN is to connect the mechanical parameters of the
studied materials with the cost function, which represents the dif-
ference between thereal and simulated mechanical response. In the
study of Koksal [123], an ANN model was established to investigate
the relationship between processing parameters including chem-
ical composition, temperature and mechanical properties such as
bending strength, Young’s modulus in magnesia based refractory
materials. There were insignificant differences between experi-
mental values and ANN results, which meaning that mechanical
properties of refractory materials can be predicted using ANN
method. Series of experiments were carried out for a varying per-
centage of composite fiber to characteristic loading in the work of
Kazi et al. [124]. Based on those experimental data, the ANN mod-
els were trained and tested by implementing the back-propagation
method. Then the models were developed to predict the load-
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displacement curves for better understanding the behavior of
cotton fiber/polyvinyl chloride (PVC) composites.

For materials-design applications various ANNs mainly perform
two tasks: classification and interpolation of data. Hundreds of dif-
ferent models related to ANN have been produced since the first
neuron model built by McCulloch in 1943. Different ANN architec-
tures are appropriate to particular problems. The prediction results
of ANN are extremely accurate with the ability of strong robustness
and high tolerance for lack of accuracy (the data may be rough or
fuzzy). In the application of ANNSs to a particular task, a main obsta-
cle seems to be the lack of reliable databases. If the ANN system is
combined with abounding data from reliable sources, the method
should effectively help to identify the characteristics of materials
[125].

4. The application of machine learning in materials science

The application of ML in the materials research is increasingly
popular and has made a series of achievements in high entropy
alloys, steel materials, superconducting materials, topological insu-
lators, photovoltaic materials, magnetic materials, ferroelectric
materials, amorphous materials, thermoelectric materials, catalytic
materials, etc. The successful application of ML has been regarded
as an innovative mode of materials development. According to the
statistics of published papers, the recent meaningful applications
of ML in metal materials, battery materials, photovoltaic materials
and metallic glass were reviewed in this section.

4.1. The application of machine learning in metal materials

Creep rupture life is a key material parameter for service life
and mechanical properties of Ni-based single crystal superalloy
materials. Shi et al. [126] developed a divide-and-conquer self-
adaptive (DCSA) learning method to accelerate the prediction of
creep rupture life of Ni-based single crystal superalloys. The DCSA
automatically classifies alloy samples with various creep mecha-
nisms into several clusters based on comprehensive factors through
K-Means clustering. Then the DCSA self-adaptively chooses the
optimal ML model from the models of RF, SVR, Gaussian Process
Regression (GPR), Lasso Regression (LR) and Ridge Regression (RR)
based on the designed fitness function to reveal the differences in
creep mechanisms of alloy samples in different clusters. The works
demonstrated the effectiveness of the strategy of divide and con-
quer in predicting creep rupture life. High entropy alloys (HEAs),
which typically consist of at least five major elements with the
atomic percentage between 5% and 35 %, has been widely perceived
as the new research hot in the designing field of metal materials due
to their remarkable mechanical properties, outstanding wear resis-
tance and excellent plasticity. HEAs are usually composed of simple
solid solution phases like FCC and BCC, which is considered to be the
most prominent feature [127-129]. Previous studies about phases
prediction of HEAs mainly focused on trial-and-error experiments
or thermodynamic criteria. Thus, it is an extremely significant work
to predict the stable structures or the ability of phases formation
of HEAs efficiently [130]. Zhang et al. [131] proposed a new sys-
tem framework, where the best ML models and material descriptor
were selected by genetic algorithm (GA), and the effectiveness in
the prediction of phase formation in HEAs was demonstrated. Then
with the application of optimized classification models, the accu-
racy for identifying solid-solution phases and non-solid-solution
phases HEAs was as high as 88.7 %, and the formation ability of BCC,
FCC and dual-phase HEAs were further identified with the accuracy
of 91.3 %. And the active learning method was used to improve
the accuracy of the classifier iteratively. This method serves as a
general algorithm for various material problems including clas-
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Fig. 9. The working principle of the algorithm of ANN.

sification and optimization of targeted properties to select the
materials descriptor and the ML models. And one of the key factors
to influence the performance of ML models in materials science
researches is the set of material descriptors. In the study of Dai
et al. [132], a new method based on the feature engineering and
the least-squares to predict the formation of HEA phases was pro-
posed. It selected the low dimension descriptor subset from the
high dimension descriptor space which composed of several basic
functions. The results showed that the performance of the nonlin-
ear descriptor constructed by the linear algorithm was better than
that of the original descriptor. But it should be noted that there is
still much work to do in this study, a larger dataset may be helpful
to further improve the prediction accuracy.

In addition to the application in the researches of new mate-
rials, the studies of ML have also made some progress in the
field of traditional metal materials, such as steel materials. Wang
et al. [133] constructed a new ML tool, which can realize 2D/3D
microstructure analysis, the direct analysis of property predic-
tions and the properties-to-microstructure inverse analysis were
conducted, that is, Materials Genome Integration System Phase
(MIPHA). Then focuses on the analysis of data obtained from MIPHA,
the rMIPHA ML program based on R script was proposed. The pur-
pose of this study was to provide a new approach of data-driven
materials design for material researchers, so as to speed up the
processes of material discovery. As is known, the diagram of time-
temperature transition (TTT) plays an important tool in the study
of stainless-steel microstructure. This means that it is of great prac-
tical significance to predict TTT diagram precisely and quickly. In
the work of Huang et al. [134], a combination of ML algorithms,
including BP artificial neural network, Random Committee, RF and
Bagging, was employed for the prediction of TTT diagram with rel-
evant descriptors containing the alloying elements, austenitizing

temperature and holding time. The results proved that the com-
bination of ML methods has high predictive accuracy on the TTT
diagrams of stainless steel with a high correlation coefficient and a
low error value. In the study of Wang et al. [135], ML was applied
to build the universal models to predict the yield strength and
total elongation of RAFM steels. After the database with a wide
range of compositions and treatment processes was established,
the highly correlated features were selected with the feature engi-
neering methods. Then RF algorithm was trained with the selected
features. The results showed that RF regressors with feature engi-
neering guided possess the advantages of universality and accuracy
for the prediction of yield strength and total elongation.

4.2. The application of machine learning in battery materials

The performance of the lithium-ion batteries is highly sensitive
to the selection and design of the battery materials, and the rela-
tionship between the materials and the battery performance is not
easy to determine due to the wide range and complexity of design
variables [136]. In which, Lithium-sulfur (Li-S) battery, as one of
the most important applications in the field of lithium-ion chem-
istry benefited from the low cost and the high theoretical specific
energy of 2567 Wh kg1, faces various challenges including the
rapid capacity degradation and the limited cycle life [137-139]. In
the recent work of Kilic et al. [ 140], a comprehensive analysis about
the effects of key factors including the peak discharge capacity and
the cycle life on the battery performance was conducted with ML.
The results concluded that the application of structured carbon
such as porous carbon or carbon nanotubes in the encapsulated
cathode has brought superior battery performance, the types and
quantities of encapsulation materials were critical for high capaci-
ties and enhanced cycle life. They pointed out that the development

186



Y.Juanetal.

of encapsulation cathodes without other adhesives or conductive
materials, and the design of new electrolytes which can be suc-
cessfully realized at a low E/S ratio perhaps the most promising
way.

In other studies, Shandiz et al. [141] proved that the crystal
structure system has a significant impact on the physical and chem-
ical properties of lithium-ion silicate cathodes, denoted that the
prediction of crystal system must be a meaningful work to esti-
mate the properties of cathodes in batteries. Based on the feature
evaluation in the statistical model, which is built with ANN, SVM,
RF and other ML algorithms to predict the three main crystal sys-
tems including monoclinic, rhombic and triclinic of silica-based
cathodes, the close links between the crystal system and other
physical properties of the cathode were confirmed. In which, RF
and extremely randomized trees gave the highest overall average
accuracy among the algorithms. According to the evaluation of the
feature’s importance in the extremely randomized trees, the vol-
ume and the sites number of the crystal showed the highest effect
in determining the types of crystal data set.

4.3. The application of machine learning in photovoltaic materials

In the third-generation photovoltaic technology, perovskite
materials, which initially applied to photovoltaic power genera-
tionin 2009, has aroused much research enthusiasm benefited from
outstanding optical and electrical properties, as well as the favors
of easily synthesis, low cost and rich raw materials [142-146].
Nevertheless, the heterojunction structures of perovskite battery
are not stable, and the performance of the battery can be signifi-
cantly reduced once the heterojunction structures are destroyed.
Moreover, a lot of toxicity is produced in the fabrication process
of perovskite solar cells, which also greatly restricts the spreads
of the notable materials. Based on this, Wu et al. [147] proposed
a target-driven method which combined ML algorithms with den-
sity functional theory (DFT) calculations to speed up the discovery
of hidden hybrid organic-inorganic perovskites (HOIPs) for photo-
voltaic applications from 230,808 HOIPs candidates. In which, three
ML models including SVR gradient lifting regression (GBR) and ker-
nel ridge regression (KRR) were used to predict the band gap of
HOIPs candidates, then 132 stable and nontoxic HOIP were verified
by DFT calculation with proper band gap of solar cells. In this study,
not only a series of stable and non-toxic HOIPs were discovered, but
a new HOIPs database also has been constructed, which was con-
ducive to the experimental synthesis and the design of functional
materials.

In the other work, a dataset containing long-term stability data
for 404 organ-lead halide perovskite cells was constructed from 181
published papers and analyzed with the ML tools including DT and
association rule mining [148]. Then the effects of deposition meth-
ods, cell manufacturing materials and storage conditions on cell
stability were investigated. The results demonstrated that mixed
cation perovskites, multi-spin coating as one-step deposition, DMF
+ DMSO as precursor solution and chlorobenzene as anti-solvent
were contributed to the stability of regular cells. Furthermore, the
cells stored under low humidity were found to be more stable as
expected, where the degradation was slightly faster for inverted
cells. Till now, there is no standard test or report protocol for the
stability study of perovskite solar cells, which greatly limits the
application of ML models in perovskite battery.

4.4. The application of machine learning in metallic glass

Metallic glass, as a new amorphous material, has been widely
researched owing to its special mechanical, excellent physical and
chemical properties [149-152]. However, it is pretty tough for
traditional methods to clearly understand the structures and char-
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acters of this material especially for the short-range orders which
composed of central atoms and the nearest neighbors. In which,
glass-forming ability is one of the crucial matters that must be
put into consideration, and a single factor to explain the glass-
forming energy of amorphous materials is not enough. Facing these
issues, the method of Point-Pattern Matching (PPM) to solve the
rotation problems of the short-range order unit was proposed by
Banadaki et al. [153]. The principle of this method was to arrange
two groups of three-dimensional points into the same direction
and position as much as possible with an approximate rigid graph
matching technique so as to solve the problem of mild disorder.
After that, the short-range order units were divided into 30 cate-
gories using the ML clustering algorithm of density space clustering
(HDBSCAN) based on the similarity between the short-range order
units, that is, the metallic glass system was a disordered system
composed of these short-range order units 30 categories connected
with each other. This study laid a foundation for the building of a
clear structure-property relationship in metallic glass.

In the study of Xiong et al. [ 154], ML approaches were applied to
enable the construction of a predictive model to describe the glass-
forming ability and elastic moduli of bulk metallic glasses (BMGs)
based on a dataset contained 6471 alloys. In which, Glass-forming
ability, critical casting diameter, shear moduli, and bulk moduli
were predicted by the RF algorithm. The analysis results illustrated
that the shear and bulk moduli of BMGs were negatively correlated
with the average atomic volume of the constituent alloys, where the
mixing entropy can enhance the shear moduli and the average Paul-
ing electronegativity has an influence on the bulk moduli of BMGs.
The study found that BMGs should be composed of the elements
with a significant difference in work function and fusion heat, and
the boiling temperature of the alloys cannot be high. Besides, the
glass-forming ability was enhanced with the presence of sub group
elements. Three conditions that favor the formation of BMGs were
proposed: high mixing entropy, high average thermal conductivity
and appropriate negative mixing enthalpy for approximately —28
kJ/mol.

5. Conclusions and outlook

The fourth paradigm of science, data-driven science, has made
a lot of success with the arrival of big data and totally changed
the philosophy of materials research. Due to the flexibility, accu-
racy and good generalization ability of ML, a completely different
research perspective from the traditional experimental and com-
putational simulation methods has brought. Nevertheless, as a new
research method in the field of materials science, ML still faces some
problems and constraints.

The main factor limiting the application of ML method in mate-
rials science research and application is the lack of effective data
sets. The quality of the data obtained under different experimental
conditions is different, and it is extremely tough to unify the data
obtained under different experimental conditions or match the cal-
culated results with the experimental measured values. In addition,
whether the models established by ML method possess practical
physical and chemical significance must be further explored. Since
the process of ML is a black box for mathematical operations, the
hidden association and rules among the calculated data still need
to be verified by extensive facts. Therefore, ML technology can only
carry out certain exploratory work, which provides new ideas and
methods for material science research, but still cannot replace the
traditional experimental research.

In the next development process, the worthwhile research
directions of ML in materials science may focus on the following
aspects.
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(1) Creating standardized databases: ML is a data-driven method,
which depends on data strongly. Compared with image recogni-
tion and other fields which often have millions of data, material
science research often leads to over fitting of ML model in the
current situation of limited data. Therefore, it is necessary to
establish standardized databases and allow researchers to sup-
plement according to the unified standards.

One of the promising methods to increase the amount of mate-
rial data is to obtain theoretical data through high-throughput
computing. High throughput computing is more inclined to com-
puting, that is, to complete the specified work according to the
set rules. High-throughput computing lacks the ability of exten-
sion and generalization, which is different from ML. Combining
the advantages of high-throughput technical and ML is expected to
further improve the research of new materials. Moreover, we can
develop the method of intelligent reading literature, and obtain an
abundant of experimental and theoretical data from publications.
Cole et al. [155,156] developed a pipeline for fully integrating data
extracted from the scientific literature into ML tools for property
prediction and materials discovery. Natural language processing
(NLP) and machine-learning techniques were used to reconstruct
the phase diagrams of well-known magnetic and superconducting
compounds.

(2) Creating interpretable descriptors: it is badly required for
data-driven materials science to explore the descriptors with
physical interpretability and make the black box models of
statistical ML more readable and easier to understand. It can
not only help people design new materials, but also make
people understand the potential physical laws behind the
properties of materials, and provide theoretical basis for fur-
ther design of materials. Bartel et al. [157,158] presented an
one-dimensional tolerance factor, t, which is physically inter-
pretable and correctly predicts 92 % of compounds as perovskite
or nonperovskite for an experimental dataset of 576 ABX3
materials based on SISSO (sure independence screening and
sparsifying operator). It is believed that with the application of
ML in material research, more and more new descriptors with
physical interpretability will be proposed to provide guidance
for rational design of materials.

(3) Machine learning for small databases: machine learning meth-
ods usually need a lot of data to learn effectively. However, in
many fields of material science, experimental data are sparse
and difficult to prepare. Faced with this situation, some new
machine learning algorithms are needed to improve the learn-
ing efficiency and accuracy. In the case of limited data, data
augmentation techniques, such as style transfer and meta
learning [159,160], can be used to generate similar but differ-
ent training samples to increase the capacity of the data set.
The development of new technologies such as adjusting neu-
ral network and imitative learning makes this process possible
[161-164], which have great potential in polymer materials and
microstructure prediction of materials.

Perhaps shortly, ML can play a pivotal part in the explorations of
the underlying physical rules behind the material properties, and
even cause a subversive revolution in materials research, not only
to help people design new materials.
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