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The Application of Cluster Analysis in the Assessment of the

Weldability of Unalloyed Steels

Abstract: Non-alloy steels constitute a large group of steels characterised by diversi-
fied chemical composition, structural morphology and a wide range of mechanical
properties (determining weldability). The paper presents results of multidimension-
al analyses (based on cluster analysis) of 110 selected unalloyed steel grades. Proper-
ties adopted as diagnostic features included the chemical composition, mechanical
properties (yield point) and values of selected indicators concerning susceptibility to
technological crack formation. The analyses (performed using Ward’s and k-means
methods) resulted in a division of the 110 steels into five steel groups (clusters). The
comparison of results obtained using two clustering methods and involving various
classification criteria revealed that multidimensional analyses constituted a prospec-
tive method making it possible to assess the weldability of steels. However, results
of such multidimensional analyses should be subjected to thorough and substan-

tive analyses.
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Introduction

Because of the vast range of available steel grades
varying not only in terms of their properties but
also weldability, the selection of appropriate steel
for a specific welded structure is a responsible and,
often, laborious task. The notion of weldability
is defined in many ways as there are numerous
factors affecting the course of the joining process,
technological and operational properties of joints
as well as the complexity of joining processes. Fac-
tors defining weldability and contained in the PN-
EN 1011-2 standard include the joint structure,
hydrogen-induced cracking, the hardness and
toughness of the heat affected zone (HAZ), solid-
ification cracking, lamellar cracking and corrosion.

Presently, there is no uniform system of weld-
ability assessment not only as regards groups of
engineering materials but even in relation to sig-
nificantly smaller groups including, e.g. iron al-
loys, aluminium alloys or copper alloys. When

selecting materials for welded structures, engi-
neers must rely on information concerning prop-
erties of base materials and their behaviour during
welding and operation [1].

Most factors affecting the weldability of steel
are taken into consideration during experimen-
tal weldability tests (e.g. Tekken, CTS, T-test, im-
plant test, Varestraint test, etc.) [1-3]. However,
the performance of such tests is often excessive-
ly time-consuming in terms of industrial applica-
tions and, as a result, is usually limited to special
cases, i.e. concerning new materials and research.
The simplest and fastest methods enabling the as-
sessment of steel weldability were developed on
the basis of experimental tests. Such methods are
based on the chemical composition analysis-based
forecasting of joint susceptibility to cracking. Var-
ious reference publications and related standards
contain tens of formulas enabling the calculation of
values indicating susceptibility to cold, hot, lamel-
lar and annealing crack formation. Some of the
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above-named correlations take into consideration
the impact of additional factors such as thickness-
es of elements subjected to welding, thermal condi-
tions (cooling time t8/5) or the content of diffusive
hydrogen in weld deposit. Presently, the aforesaid
factors are treated as additional tools used in the
initial assessment of the weldability of metals and
their alloys (particularly various groups of steels)
(2, 3].

The analysis of steel weldability is immensely im-
portant, particularly as regards high-strength steels,
used in the fabrication of elements of crucial struc-
tures, e.g. cranes, bridges, wind turbines as well as
hydro and ocean engineering structures [4-6]. The
use of the above-named steels makes it possible to
reduce the thickness of elements, which translates
into the obtainment of lighter structures, the possi-
bility of imposing greater loads on such structures
as well as the reduction of welding time and that
of welding consumables (resulting from smaller
volumes of welds) [4].

Problems concerning many objects described
simultaneously by many factors can be solved us-
ing data analysis methods, creating the so-called
multidimensional analyses [7] and including tra-
ditional methods and regression analysis (multiple
and logistic regression), data mining techniques
(i.e. cluster analysis) as well as dimensional reduc-
tion methods (factor analysis and correspondence
analysis). The area of cluster analysis applications
include numerous areas of humanities and eco-
nomics as well as social, natural, medical and tech-
nical sciences [8, 9]. The primary purpose of cluster
analysis consists in the division of elements into
homogenous clusters. The above-named methods
are divided into hierarchical and non-hierarchical
ones and can be treated as complementary. Partic-
ularly good results are obtained using Ward’s meth-
od (hierarchical) and, next, the k-means method
(non-hierarchical). Elements from various clusters
should be maximally different from one another,
whereas elements belonging to the same cluster
should be selected according to maximum simi-
larity [10, 11].

The issue of weldability has been thoroughly
addressed in certain aspects, yet relatively rarely
analysed in relation to the possible solution of mul-
tidimensional problems using statistical methods.
The study discussed in the article aimed to veri-
ty the possibility of the objective assessment the
weldability of unalloyed steels using multidimen-
sional methods (cluster analysis).
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Individual study

The scope of research work included the gather-
ing of data subjected to analyses, the selection of
diagnostic features, the preparation of data used
in tests (verification of variability, analysis of cor-
relations and normalisation), the performance of
analyses and the substantive analyses of results.

Diagnostic features adopted in analyses included
chemical compositions of unalloyed steels (alloy-
ing elements) and values of weldability indicators
(hot cracking susceptibility, cold cracking suscep-
tibility (Pcm) and lamellar cracking susceptibil-
ity (Pl)) as well as steel yield point (Re). Data of
110 steel grades were obtained from commonly
available sources, i.e. standards, scientific articles
and suppliers’ catalogues [12-18]. In cases of steel
grades provided with ranges of chemical element
contents it was necessary to adopt their average
values (Table 1).

The analyses were performed using the Statistica
package. The method used as first was hierarchi-
cal (Ward’s method with the Euclidean distance),
whereas the subsequently applied method was
non-hierarchical (the k-means method). The mode
applied during the analysis could be summarised
as “sort distances and observe at constant inter-
val”. The lack of initial information in reference
publications was responsible for the fact that the
authors planned three analysis, where diagnos-
tic features only included contents of alloying el-
ements (analysis I), contents of alloying elements
and indicators of cracking susceptibility (analysis
IT) as well as contents of alloying elements, values
of yield points and indicators of cracking suscepti-
bility (analysis III). The analysis of data variability
was performed in accordance with the following
dependence:

=21 (1)

where

o - coeflicient of variation,

s; — standard deviation,

x; — arithmetic mean of a feature value.

Table 2 contains diagnostic features subjected to
analysis along with coeflicients of variation. In all
cases the above-named value amounted to a min-
imum of 0.15, which led to the conclusion that the
selected features were characterised by appropri-
ate discriminant ability.
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Table 1. Fragment of the set with raw input data used in statistical analyses

2 sz | 5|2 |5 8|8 |8|¢% ¢
& | 2 | §| 2|8 | 2| g| 8|z | &8]|¢
N & 3 S a2 2 ° 5 & = 7
7] 75} 77 75} %)
max C % 0.2 0.2 0.16 0.22 0.16 0.16 0.25 0.16 0.2 0.18 0.12
max Si % 0.4 0.55 0.5 0.6 0.6 0.6 0.8 0.6 0.6 0.5 0.21
Mn % 0.95 1.6 1.7 14 1.7 2 1.7 2.1 2.2 1.3 0.9
max P % 0.03 0.025 0.03 0.03 0.025 0.02 0.025 0.02 0.02 0 0
max S % 0.025 0.025 0.025 0.025 0.02 0.012 0.015 0.015 0.01 0 0
max Nb % 0.05 0 0.5 0.05 0.5 0.09 0.06 0.09 0.09 0.09 0.02
max V % 0.08 0 0.12 0.2 0.12 0.2 0.16 0.2 0.2 0.2 0.02
min. Al % 0.02 0 0.02 0.02 0.02 0.015 0 0.015 0.015 0.015 0.038
max Ti % 0.03 0 0.05 0.03 0.05 0.22 0.05 0.22 0.25 0.01 0.01
max Cr % 0.3 0 0.03 0.3 0.03 0.3 1.5 0.3 1.6 1.5 0.48
max Ni % 0.3 0 0.8 0.8 0.8 0.8 2 0.8 0.8 2.5 1.23
max Mo % 0.1 0 0.2 0.1 0.2 0.5 0.7 0.5 1 0.8 0.4
max Cu % 0.35 0.55 0.55 0.7 0.55 0.55 0.5 0.55 0.55 0 0.01
max N % 0.015 0 0.025 0.025 0.025 0.025 0.02 0.025 0.025 0 0.06
max B % 0 0 0 0 0 0 0.005 0 0 0 0
max W % 0 0 0 0 0 0 1.5 0 0 0 0
max Zr % 0 0 0 0 0 0 0.15 0 0 0 0
HCS 3.31 2.08 1.62 2.53 1.33 0.74 1.36 0.77 0.64 0.01 0.003
Pcm 0.31 0.33 0.33 0.40 0.33 0.39 0.58 0.39 0.54 0.45 0.25
Pl 0.55 0.56 0.56 0.63 0.54 0.54 0.76 0.57 0.68 0.54 0.33
Re 275 355 420 460 500 650 690 700 960 1100 1300

Table 2. Analysis results concerning the variability
of diagnostic features

Diagnostic feature Coefficient of variation @
C% 0.2
Si% 0.35

Mn % 0.23
P % 0.41
S % 0.40

Nb % 1.61
V % 0.82
Al % 0.95
Ti % 1.25

Cr % 1.09

Ni % 1.16

Mo % 1.38

Cu % 0.49
N % 1.17
Re 0.44
HCS 0.5
Pcm 0.27

Pl 0.15

The normalisation of features was performed as-
suming that all the features were stimulants in ac-
cordance with the following dependence:
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o X~ min {x}
7 max {x;} - min {x;} @)

The normalised diagnostic features were addi-

«_»

tionally designated with the letter “n”.
Analysis I

The Ward’s method-based cluster analysis results
are presented in the form of a dendrogram in Fig-
ure 1. By using the diagram of the distance of link-
age in relation to the stage of linkage (Figure 2) it
was possible to obtain five clusters. The clustering
results are presented in Table 3. The determination
of the number of clusters enabled the performance
of analyses using the k-means method (Figure 3).

Analysis I1

The Ward’s dendrogram in relation to analysis
including such diagnostic features as the chemical
composition and indicators of cracking suscepti-
bility is presented in Figure 4. Based on the dia-
gram presented in Figure 5, the authors proposed
the division of elements into five clusters. The clus-
tering results are presented in Table 4. The graphic
interpretation of analysis results obtained using the
k-means method is presented in Figure 6.
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Fig. 2. Diagram of the distance of linkage in relation to the stage of linkage
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Fig. 1. Dendrogram of the classification of unalloyed steels based on the following
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Ward’s method; Euclidean distance; the red line designates the level of division into
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Fig. 3. Line graph of the k-means in relation to clusters of unalloyed steels on the

basis of the following features: Cn, Sin, Mnn, Pn, Sn, Nbn, Vn, Aln, Tin, Crn, Nin,
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Results of the Ward’s method-based cluster anal-
ysis results including such diagnostic features as
the chemical composition, indicators of cracking
susceptibility and values of yield points are pre-
sented in Figure 7. Similar to the previous anal-
yses, the set under investigation was divided into
five clusters (Figure 8). The clustering results are
presented in Table 5. The results of analysis ob-
tained using the k-means method are presented
in Figure 9.

Summary

The article discusses the applicability of cluster
analysis methods (Ward’s and k-means) in the clas-
sification of unalloyed steels with respect to their
weldability. To this end, it was necessary to per-
form the cluster analysis-based grouping of 110
selected steel grades by various criteria including
the chemical composition (analysis I), the chemical
composition and cracking susceptibility indicators
(analysis II) as well as the chemical composition,
mechanical properties represented by yield points
and cracking susceptibility indicators (analysis III).
All the three analyses resulted in the division of the
above-named steel grades into 5 clusters. The com-
parison of results concerning steel classification
based on Ward’s and k-means methods revealed
that each analysis led to the obtainment of similar
clustering results. However, in none of the cases it
was possible to obtain the state without changes in
the assignment of steel grades to clusters. The di-
rect comparison of the results obtained using the
three analyses led to the conclusion that changes
of diagnostic features (as input parameters) did not
result in significant differences as regards cluster-
ing results. The most important changes were ob-
served in relation to the different assignment of
steel S650MC and steel S700MC after the addi-
tion of weldability indicators to diagnostic features
as well as the change of the classification of steel
S960MH and steel S960MLH in analysis III (in-
cluding values of yield points). The most surprising
results of the analyses was the non-intuitive assign-
ment of two steel grades, i.e. S1300Q and S1300QL,
which were not classified in the same cluster by the
clustering algorithms applied in the study.

The analyses discussed in the article were per-
formed assuming that weldability was a ma-
terial-related feature (which was a significant
simplification). It should also be emphasized that
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the applicability of cluster analysis in weldability
assessment based on criteria used in analyses II
and III was encumbered with an error resulting
from the relatively low correlation between val-
ues of weldability coeflicients and susceptibility
to the formation of individual types of cracks. For
this reason, the results of analyses and their practi-
cal applications should be preceded by a thorough
and substantive analysis. The above-presented re-
sults led to the conclusion that the cluster anal-
ysis could be an effective and helpful tool when
assessing the weldability of unalloyed steels, yet
it can only constitute the initial stage of the deci-
sion-making process.
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