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Type of paper
Abstract: Although construction materials are considered the most predictable components of a
construction project, design and material challenges represent a major cause of productivity loss. The
occurrence of non-conformities is a consequence of the very difficult quality assurance under
industrial conditions, especially in the context of material processing. In this paper, non-conformities
detected during the ultrasonic testing of the steel infrastructure were analysed. The investigation of
non-conformity area included the chemical composition analysis, the thermodynamic calculations of
the solidification sequence and metallographic analysis. The ultrasonic test results indicated the
crocodile effect associated with the thermomechanical processing of steel ingots containing casting
defects. This fact was supported by the results of the non-equilibrium solidification sequence.
Microstructural analysis of the non-conformity area indicated the presence of non-metallic inclusions
and cracks. The crack nucleation and propagation occurred during the thermo-mechanical processing.
The microstructure constituents also indicated improperly performed thermo-mechanical processing.
The rolling texture and acicular ferrite pointed to improperly performed normalization. The conducted
research indicates the need to impose additional requirements on the microstructure of the final
product, although it is not required by the EN 10025-2:2019 standard.

Keywords: S355JR structural steel; Thermo-mechanical processing; Ultrasonic testing; Microstructure;
Non-metallic inclusions

1. Introduction

Despite the steady increase in mega and giga projects worldwide, the civil engineering and
construction industry have been lagging behind other sectors such as aerospace, the automotive
industry and shipbuilding for more than four decades. Numerous factors contribute to productivity
losses in construction projects, with delays and disruptions being the most significant [1]. Although
disruptions are calculated in the biding stage, they represent events that interrupt construction
program. A delay is described as a scenario in which the completion of the project is postponed due
to the client, consultant, supplier or contractor related factors. Delays in construction projects are
usually measured by the time taken beyond the originally set date, which is a key factor in evaluating
project efficiency [2]. The causes of delays in the construction industry are illustrated on Ishikawa
diagram (Figure 1). Depending on whether the fault lies with the contractor or the client, delays can
be classified as non-excusable, excusable non-compensable, excusable compensable and concurrent
[3]. The environment, finances, labour, management, ownership, project planning and resources
represent seven main groups of factors that can lead to delays in construction projects (Figure 1).
Overall, the most important factor was found to be design and material challenges, followed by
financially based cash flow issues, contractor financial issues and late payments [4]. Although design
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and material challenges are categorized as management factors that can affect feasibility studies,
material sourcing, scheduling and coordination, they are often associated with inflation and a constant
increase in material prices. Therefore, the timely completion of a project is not only affected by budget
issues at the project level, but also by the global financial situation [5].

Construction materials constitute a major aspect of building and infrastructure delivery. A habitable
square meter of living space could require up to 2.3 tons of hundreds of different types of construction
materials [6]. The selection of construction materials is a decisive factor in the engineering and
architectural design process. Materials must meet certain requirements to ensure safety, durability
and functionality. These criteria include economic factors, mechanical properties, non-mechanical
properties, production/construction considerations and aesthetic properties. Even if the material is
well suited for a particular application, the availability of the material, the ability to fabricate the
material into the desired shape, and the ability to fabricate and erect the structure on site must be
considered [7]. The properties and requirements of construction materials are fundamental to the
integrity and performance of any building structure. Understanding of these properties and complying
with standards and regulations will ensure that materials are selected and used correctly, contributing
to the overall success and sustainability of construction projects [8]. The materials required in civil and
construction engineering can be classified based on source, composition, sustainability and use.
Metallic construction materials are an essential part of modern civil engineering and architecture due
to their good strength-to-weight ratio, durability, design versatility and recyclability [9]. Based on their
chemical composition, the metallic materials used in construction are divided into ferrous and non-
ferrous metals. While ferrous metals refer to iron-based alloys (Fe) with varying carbon content (C),
the four most commonly used non-ferrous metals are lead (Pb), zinc (Zn), aluminum (Al) and copper
(Cu) [10].
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Figure 1. Ishikawa diagram illustrating delays in construction industry [1]

The intensive use of steel in civil engineering began in the first quarter of the nineteenth century due
to the development of technical solutions to produce standardized steel components on a large scale.
The use of steel in architecture and construction allowed flexibility in the shape and size of structures
[11].

Based on the general classification, the steels currently available for construction and civil engineering
can be divided into four main categories. Most structural steels contain between 0.10 and 0.28 %
carbon (C). Steels that contain C as the main alloying element are referred to as structural carbon
steels [12]. To improve the strength properties, moderate amounts of one or more alloying elements
are added to the carbon structural steels, introducing the subcategories of low-alloy carbon steels [13]
and columbium-vanadium-bearing steels. These steels contain less than 2 % of a single alloying
element [12]. In older categories of structural carbon steels and high-strength low-alloy steels,
mechanical properties were controlled by the hot rolling process. The high-strength properties of
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modern carbon steels and alloy steels are obtained by heat treatment. There are two types of heat-
treated steels used for construction applications. Similar to carbon structural steels, the strength of
heat-treated carbon steel is based on the C content. These types of steels are austenitized, water
guenched and tempered between 500 and 700 °C. In addition to C, heat-treated alloy structural steels
contain moderate amounts of manganese (Mn), silicon (Si), chromium (Cr) and molybdenum (Mo).
Heat treatment of alloy steels involves quenching in oil or water from a minimum of 900 °C and
tempering at around 600 °C [14]. The last general category of structural steels includes high nickel (Ni)
alloy steels with a low C content. The maraging steels (martensitic age hardened steel [15]) are
characterized by high strength, high fracture toughness, good weldability and dimensional stability
during aging. The low C content reduces the risk of cracking during quenching while the high Ni content
and the absence of carbides ensure good corrosion resistance [16].

Despite the difference in chemical composition and heat treatment, the microstructural constituents
can be correlated with the general classification of structural steels. Considering the excess C content
and the low-temperature hot rolling processing, the microstructure of structural carbon steels is
ferrite-pearlite with a uniform grain size. A martensitic microstructure is achieved by quenching in
water, resulting in a heat-treated carbon steel with high strength and brittleness. An improvement in
toughness and ductility with minimal loss of yield strength is achieved by the precipitation of uniformly
distributed carbide particles in the ferrite matrix during tempering [17]. The higher strength of low-
alloy steels is the result of alloying with elements (Ni, Mn, Cu) that delay the austenitic transformation
and lead to solid solution strengthening of ferrite matrix [18]. The microstructure of heat-treated alloy
structural steels is characterized by martensitic transformation and dispersion hardening with Cr,
vanadium (V) or Mo containing carbide particles [14]. The precipitation of fine Ni-based particles at
dislocation sites improves the properties of maraging steel. These precipitates exhibit different
behaviour under mechanical loading compared to the Cr, Mo or V carbides [19].

Since it is possible to correlate the chemical composition, thermomechanical processing and product
geometry in the various processing stages with the microstructure and functional properties of the
final product, it can be assumed that the materials are the most predictable components in the
realization of construction investments [20]. However, it is difficult to ensure the repeatability of
quality under industrial conditions, especially in the context of material processing. One of the
measures is to examine quality using material, product or production process analysis methods. The
stabilization of quality and compliance with requirements is supported by testing. The use of quality
instruments, such as quality tools and techniques, enables the continuous identification of non-
conformities [21]. Non-conformities are defined as deviations from the desired quality or from specific
customer requirements. Non-conformities can relate to procedures or processes, product quality, the
occurrence of defects and complaints. The early detection of non-conformities and the development
and implementation of corrective actions contribute to the continuous improvement of performance,
efficiency, quality and competitiveness [22]. Otherwise, non-conformities are associated with rework
or repairs that increase the time and cost of the project [23]. In addition to the negative effects such
as loss of profit, loss of market share, damage to reputation and increased turnover in management
and staff, rework can also end in litigation [24].

This paper analyses the non-conformities found during the non-destructive testing of the main
supporting columns of the steel infrastructure of the compressor station building. Compressor stations
are critical facilities within the natural gas infrastructure and active elements of gas transportation
networks. Their task is to pressurize natural gas to overcome pressure losses caused by friction,
positive slopes and demand nodes. Their partial or complete failure can jeopardize gas transport.

2. Materials and methods

The steel infrastructure of the compressor station building was constructed from non-alloyed
structural steel grade S355JR. The plates were manufactured from semi-killed steel and delivered in
normalized rolled condition. The inspection certificate was issued in accordance with standard EN
10025-2:2019 Hot-rolled products of structural steels - Part 2: Technical delivery conditions for non-

CSMT — CROATIAN SOCIETY FOR MECHANICAL TECHNOLOGIES
HDST — HRVATSKO DRUSTVO ZA STROJARSKE TEHNOLOGIJE 3



MTSM2024 International conference “Mechanical Technologies and Structural Materials” Split, 19-20.09.2024.

alloy structural steels, which specifies the chemical composition, the dimensions and tolerances of the
finished products and the mechanical properties. As the steel infrastructure was joined by welding,
additional requirements were placed on the carbon equivalent value (CEV) and ultrasonic testing [25].
The formula of the International Institute of Welding was used to determine the carbon equivalent
value (equation 1) [25, 26], while the ultrasonic test was performed according to the procedure for
flat products with nominal thickness of more than 6.0 mm [25, 27].

Mn Cr+Mo+V Ni+Cu
CEV=C+?+ z + 15 (1)

The results listed in the manufacturer’s inspection certificate show that the final product complies
with the standard and has no non-conformities or defects.

However, as the contractor was obliged to perform an ultrasonic inspection of the weld after
completion of the construction work, the results indicated the presence of non-conformities in the
base material. To determine the nature of the nonconformance, additional characterization of the
chemical composition and microstructure of the plated was performed. Sampling for additional tests
is shown in Figure 2.

The sample for metallographic
analysis

The sample for chemical The analysed
composition analysis surface

The ultrasonic test
indications

Figure 2. The sampling for additional tests: a) the ultrasonic test indications, b) chemical composition and
metallographic analysis, c) the indicated surface for microstructural analysis

The sampling for the chemical composition and the metallographic analysis was based on the results
of the ultrasonic testing. To determine the nature and cause of the non-conformities, samples for
metallographic analysis were taken from the previously marked locations (Figure 2 a). To avoid the
possible influence of flame cutting on the microstructure development, the samples were taken
further away from the edge of the plate (Figure 2 b). The metallographic analysis was performed on
the surface perpendicular to the rolling direction (Figure 2 c).

The chemical composition of the samples was analysed using a LECO GDS 900 Glow Discharge Atomic
Emission Spectrometer equipped with the Cornerstone software package. Prior to analysis, the
instrument was conditioned with a standard sample. During conditioning, the chemical composition
of the standard sample was measured five times and compared with the database. After a suitable
match was achieved, the test method was selected. A sample of S355JR steel was tested using the
low-alloy steel method. The chemical composition was measured on the surface perpendicular to the
rolling direction. The measurement was repeated three times.

The results of the chemical composition analysis were used as input parameter for the calculation of
the equilibrium and non-equilibrium solidification sequence using Thermo-Calc 2022 a software
support. The calculations were performed using the TCFE12: Steel/Fe-Alloys v12.0 database for iron
and steel. The equilibrium solidification sequence was calculated for 1.0 g of melt at a pressure of 1 x
10° MPa and the amounts of Fe, C, Mn, Si, sulphur (S) and phosphorus (P). The calculation was
performed in a temperature range from 1600 to 25 °C. For the calculation of the Scheil non-
equilibrium solidification sequence a cooling rate of 0.71 m/s was specified additionally.
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The samples for the metallographic analysis were prepared using standard grinding and polishing
techniques. The macrostructure and microstructure of the samples were analysed in polished and
etched condition. The samples were etched in the 2 % NITAL solution (2 % solution of nitric acid in
alcohol). The light microscopy at lower magnifications was performed using Olympus SZ11 stereo
microscope, while higher magnification observations were obtained using Olympus GX51 inverted
metallographic microscope equipped with Stream Motion software support.

3. Results and discussion

The results of the ultrasonic tests performed after welding with the corresponding parameter tables
can be found in Figure 3.
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Figure 3. The results of ultrasonic tests

At a depth of 20 mm, the signs of the crocodile effect appear on the entire surface of the base material
(Figure 3). The intensity of the crocodile effect signal is usually 50 % of the allowable limit, although
the limit is occasionally exceeded. Other layered signals appear at different depths from 10 to 30 mm.
The deviations in the signal were not detected in the welds. The appearance of the crocodile effect in
steels is usually the result of thermomechanical processing of ingots, in which segregation of alloying
elements and casting defects have occurred.

The chemical composition of the steel S355JR is within the limits specified in the standard EN 10025-
2:2019 for the final product analysis (Table 1). The Mn content (1.48 wt.%) and a CEV within the limits
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ensure good weldability of the base metal. The appearance of hot cracks in weld and heat affected
zone is not expected. However, a CEV of 0.42 indicates the need to preheat the base material before
welding.

Table 1. The chemical composition of the plate

Composition, wt.% Carbon equivalent value,
Sample C Si Mn P S Cu CEV
S335JR plate 0.165 | 0.21 | 1.48 | 0.015 | 0.004 | 0.01 0.42
EN 10025-2:2019 < < < < < < .
[25] 0.21 | 0.60 | 1.70 | 0.045 | 0.045 | 0.60 0.47+0.01

*Based on the Si content (Si < 0.25 wt.%) the increase in CEV by 0.01 is permissible

The equilibrium and non-equilibrium phase diagrams are illustrated in Figure 4 a and b with
corresponding reactions given in Tables 2 and 3.
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Figure 4. The results of Thermo-Calc calculations: a) equilibrium, b) non-equilibrium

The microstructural evolution under equilibrium conditions starts with the solidification of delta iron
(6-Fe) (Table 2, reaction no. 1), followed by the solidification of austenite (y-Fe) (Table 2, reaction no.
2) and non-metallic high-temperature inclusions of the MnS type (Table 2, reaction no. 3). The
development of the ferritic microstructure continues in the temperature range between 810.9 and
684 °C (Table 2, reaction no. 4), when the parallel solidification of cementite (FesC) begins and leads
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to the formation of pearlite (a-Fe + FesC) (Table 2, reaction no. 5). The equilibrium solidification ends
with the precipitation of carbide particles of the type Mn;C; (Table 2, reaction no. 6).

In contrast to equilibrium solidification, the non-equilibrium solidification sequence takes place in the
narrower temperature interval between 1514 °C and 1376.6 °C. The non-equilibrium solidification
sequence recognizes the solidification of delta iron (6-Fe), austenite (y-Fe) and non-metallic MnS
inclusions (Table 3). More importantly, the Scheil diagram shows a wide range between equilibrium
and non-equilibrium solidification, indicating the possibility of segregation and the occurrence of
casting defects during solidification.

Table 2. The equilibrium solidification sequence according to the Thermo-Calc calculations

Reaction . Temperature,
Reaction °
No. C
1. Liquid (L) > BCC_A2 (delta iron (6-Fe)) 1510
2. Liquid (L) + BCC_A2 (delta iron (6-Fe))—> FCC_A1 (Austenite (y-Fe)) 1488.1
3. Liquid (L) > FCC_A1 (Austenite (y-Fe)) + MS_B1 (MnS) 1450
4, FCC_A1 (Austenite (y-Fe)) > BCC_A2 (Ferrite (a-Fe)) 810.9
5 FCC_A1 (Austenite (y-Fe)) + BCC_A2 (Ferrite (a-Fe)) - BCC_A2 684
) (Ferrite (a-Fe)) + CEMENTITE_DO11 (Cementite (FesC))
6 BCC_A2 (Ferrite (a-Fe)) + CEMENTITE_DO11 (Cementite (FesC)) > 294
) BCC_A2 (Ferrite (a-Fe)) + M7C3_D101 (Mn,Cs)
Table 3. The non-equilibrium solidification sequence according to the Thermo-Calc calculations
Reaction No. Reaction Temperature, °C
1. Liquid (L) + BCC_A2 (delta Fe (6-Fe)) 1514
2. Liquid (L) + FCC_A1 (Austenite (y-Fe)) 1487
3. Liquid (L) + FCC_A1 (Austenite (y-Fe)) + MS_B1 (MnS) 1376.6

The macrostructure of the samples in etched condition at the magnification of 17.5 X is shown in
Figure 5.

LS TE U TR PRGN

Non-metallic inclusions

a) b)

- g, WAL 4 " Y o A G g o Tl v Vs =]
Figure 5. The macrostructure of the sample in etched condition at the magnification of 17.5 X: a) cracks and
non-metallic inclusions, b) heterogeneity in the matrix

After standard metallographic preparation and etching, deviations in the analysed surface were
observed at the depth of 14 and 20 mm (half of the cross-section of the plate). The results of the
macrostructural analysis of the observed surface indicate the presence of non-metallic inclusions,
cracks (Figure 5 a) and heterogeneities in the matrix structure (Figure 5 b). Figure 6 shows the
microstructure of the sample in the polished and etched condition at different magnifications.
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Figure 6. The microstructure of the sample in the polished and etched condition at different magnifications
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Non-metallic inclusions of the sulphide type (Figure 6 a), aluminate and globular oxide type (Figure 6
c) as well as cracks (Figure 6 e) can be observed in the microstructure of the non-conformity area in
the polished condition. Although it is not possible to clearly determine the location of crack initiation
due to the sampling method, the propagation (advancement) of the cracks includes the non-metallic
inclusions (Figure 6). Since sulphide inclusions have a lower hardness compared to the matrix, the
crack appears inside the inclusion (Figure 6 d). On the other hand, aluminate and globular oxide
inclusions have a higher hardness compared to the matrix, which is why crack propagation occurs
along the inclusion/matrix interface (Figure 6 g).

The microstructure of the matrix is ferrite-pearlite with a pronounced rolling texture (Figure 6). As the
steel was supplied in a normalized rolled condition, the presence of the rolling texture is not expected.
In the area of non-conformity there is a deviation in the rolling texture orientation (Figure 6 b and d)
and the appearance of mixed morphology ferrite (Figure 6 d and f). The ferrite has an acicular needle-
like morphology (Figure 6 d and f). The presence of acicular ferrite indicates that normalization was
performed at temperatures above the ACs line and an austenitic microstructure was achieved. The
acicular ferrite nucleates heterogeneously on non-metallic inclusions within the austenitic grains.
Higher magnification images indicate crack propagation along the sulphide and oxide inclusions during
thermo-mechanical processing (Figure 7).

s

Flgure 7. Involvement of non-metallic inclusions in crack propagation: a) pollshed b) etched cond/t/on

4. Conclusions

The study investigated the non-conformities in S355JR steel plates used for the construction of the
compressor station building infrastructure. Although the inspection certificate issued in accordance
with the EN 10025-2:2019 standard did not indicate any deviations in the chemical composition,
dimensions or mechanical properties of the finished product, the ultrasonic testing carried out after
completion of the construction work indicated the presence of non-conformities in the base material.
The evaluation of the recorded parameters and the intensity of the ultrasonic signal indicated the
appearance of the crocodile effect at depths of 10, 20 and 30 mm. The crocodile effect is a non-
conformity that usually occurs during the thermo-mechanical processing of ingots that contain casting
defects and segregations. The occurrence of casting defects, segregations and non-metallic inclusions
of the sulphide MnS type during the solidification of the ingots was also supported by the results of
the non-equilibrium solidification sequence. Microstructural analysis of the non-conformity area in
polished condition indicated the presence of non-metallic inclusions of sulphide, aluminate and
globular oxide type as well as cracking. Due to the difference in hardness between the non-metallic
inclusions and the matrix, the cracks propagated through the sulphide inclusions and the inclusion/
matrix interface. The matrix of the non-conformity area is ferritic-pearlitic with the appearance of
rolling texture and acicular ferrite. Since the material was delivered in normalized rolled condition, the
complete removal of the rolling texture was expected due to the mechanisms of recrystallization and
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grain growth. Instead, localized heterogeneous nucleation of acicular ferrite occurred. Crack
propagation occurred along the sulphide and oxide inclusions during thermo-mechanical processing.
Although not defined in the standard, it was finally recommended to establish additional requirements
for thermo-mechanical processing to control the microstructure of the final product, focussing on the
type and content of non-metallic inclusions and the final allotropic modification and morphology of
the solid solution of the iron matrix.
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