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Challenges for testing hydrogen-assisted 
cold cracking in weld seams 
of high-strength steel grades
M. Rhode1,2, T. Mente1, T. Kannengießer1,2, T. Schaupp3, A. Zavdoveev4

1Bundesanstalt für Materialforschung und -prüfung (BAM), Berlin, Germany 
2Otto-von-Guericke University, Magdeburg, Germany 
3SPC Werkstofflabor GmbH, Westhausen, Germany 
4E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
Hydrogen can cause weld cold cracking even days after fabrication. In this respect, higher strength steels present a challenge to 
established cold crack testing. In general, the tolerable hydrogen concentration for crack prevention decreases with increasing 
material strength. In addition, advanced welding processes require changes in weld geometry and heat input. This directly 
influences the formation of crack-critical microstructures, e.g. in hardened areas of the heat-affected zone. The limits of use 
and application of modern cold cracking tests are evaluated by (1) the externally loaded Implant-test and (2) the self-restraint 
Tekken-test. In particular, external mechanical stresses, which cause additional mechanical loads on the components during 
welding, must be considered due to the component-specific stiffness of high-strength steels. Accompanying test methods for 
determining hydrogen concentration and diffusion in welds are presented, such as carrier gas hot extraction for determining 
hydrogen concentration (ISO 3690) or temperature-dependent diffusion coefficients. These values are of great importance for 
a holistic approach to the evaluation of the cold cracking sensitivity of high strength steels.

KEYWORDS: hydrogen, cold crack, test, welding, high-strength steel

COLD CRACKING IN HIGH-STRENGTH 
STEEL WELDING JOINTS
High-strength structural steels have been used suc-
cessfully in mechanical and plant engineering for 
several decades, especially increasingly for offshore 
wind turbines and bridge construction. Manufacturers 
offer numerous base materials and adapted welding 
consumables for this purpose. However, the increas-
ing strengths place significantly higher demands on 
welding processing due to narrower process limits [1, 
2]. Improper weld processing can result in weld dam-
age. Hydrogen-assisted cracking (HAC) is a major 
risk because it can occur with a significant time delay. 
HAC microcracks are caused by the critical interac-
tion of local crack-critical microstructure (e.g., hard-

ened heat-affected zone  — HAZ), diffusible hydro-
gen concentration, and local strain/stress. The main 
sources of hydrogen are moisture (electrode coating 
and flux) or contamination of the welded parts by hy-
drocarbon oils, greases, etc. or humid ambient condi-
tions, e.g. during field welding.

During the last 20 years, the strength of high 
strength steels has been continuously improved by the 
addition of microalloying elements (V, Nb, Ti) [3]. 
The alloying concepts result in different weld micro-
structures and mechanical properties [4] and have a 
considerable influence (due to the precipitates formed) 
on the increased time delay of hydrogen diffusion [5]. 
Welded structures with yield strengths ≥ 960 MPa can 
be susceptible to HAC at hydrogen concentrations of 

Figure 1. Influence of welding process/arc type on necessary weld bead number for constant weld heat input: a — conv. A, 60°, eight 
runs; b — mod. SA, 30°, three runs (figure unchanged and taken from ref. [7], open access license CC-BY-4.0)
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HD ≥ 1 ml/100 g [6]. To determine the cold crack re-
sistance of base and filler materials, a test method is 
required that can reproduce realistic stresses at a prac-
ticable specimen level. The high strengths of mod-
ern materials and advanced welding processes, such 
as the arc form for focusing the welding heat input, 
e.g. by modified spray arc (“Mod. SA” in Figure 1, b) 
compared to the conventional arc (“Conv. A” in Fig-
ure 1, a), pose challenges for the cold crack testing 
[7, 8]. Figure 1, a and b are taken from ref. [7] (open 
access license CC-BY-4.0)

The old simplification/”general rule” that the risk 
of cracking increases almost exclusively with the hy-
drogen concentration does not apply to high-strength 
materials and especially to modern welding processes 
such as the modified spray arc (“mod. SA”). These 
influencing factors therefore require an adaptation of 
the existing cold crack tests.

CHALLENGES 
FOR COLD CRACKING TESTING

GENERAL REMARKS
More than 200 methods are available for the cold 
crack testing of a welded joints [9]. However, only a 
small number have found practical application. They 
are among the test methods for weldability, i.e. the 
ability of a component to be welded under given pro-
duction conditions and design requirements so that it 
can perform its function. The susceptibility of the base 
metal (BM) and deposited filler metal to cold cracking 
must therefore always be determined as a function of 
the welding process and parameters used. Particular 
attention must be paid to the stiffness of the welded 
structure, i.e. its resistance to deformation due to ex-
ternal stresses. This has a significant influence (and 
associated thermomechanical effects during welding 
and cooling) on the susceptibility to cold cracking. 
Depending on the test method, cold crack tests pro-
vide qualitative (crack/no crack) or quantitative (pa-

rameter limit curves for crack-free welds) results for 
the materials/filler materials or welding parameters 
tested. According to [9‒12], cold cracking tests are 
categorized by the test load:

SELF-RESTRAINT COLD CRACKING TESTS
impose a structural stress on the specimen resulting 
from its own design stiffness (resistance to shape and 
position change during welding). For example, these 
may be slit specimens with varying weld seam geom-
etry or lap welds as circumferential welds. A phase 
transformation can add additional residual stresses to 
the overall level.

IN EXTERNALLY LOADED COLD 
CRACKING TESTS
the specimen is subjected to specific mechanical 
stresses in a preferred direction. The applied load is 
always superimposed on existing welding-specific 
residual stresses. The external load can be applied in-
dependently of the welding parameters and must be 
selected to reflect the practical application as realisti-
cally as possible, i.e. stressing the material up to the 
yield point for a selected geometry.

The most common cold cracking tests are stan-
dardized and can be found in the three parts of ISO 
17642 [10‒12]. The tests reach their limits for modern 
high-strength materials or adapted welding processes 
and must be adapted. Two examples of a self-loaded 
and externally loaded cold cracking test are presented 
below. In addition, hydrogen determination according 
to ISO 3690 [13] is briefly discussed.

TEKKEN-TEST
For the cold cracking TEKKEN test, according to ref. 
[11], a flat slot specimen with an inclined Y-groove is 
prepared to create a test weld closed at both ends with 
a length of 80 mm (see Figure 2, a). A single-pass 
weld is made in the Y-groove using the welding pro-
cess parameters and filler materials to be tested. The 

Figure 2. TEKKEN-Test: a — weld sample; b — welded Y-groove with cold crack, taken with permission by Springer Nature from 
ref. [9]
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Y-groove serves as a mechanical notch, i.e. to in-
crease the notch stress and locally preferential crack 
initiation. The sample geometry results in a hindered 
shrinkage during cooling of the weld seam, i.e. a 
self-restraint cold cracking test. Due to the slow dif-
fusion of hydrogen, a waiting time of 48 hours after 
welding must be observed. The weld is then visually 
inspected. Any cracks found that are open to the sur-
face are determined using the crack length coefficient 
(in %) from the total length of the cracks and the weld 
seam length. In addition, a light microscopic crack in-
spection is carried out in the weld metal (WM) and in 
the HAZ on five metallographic cross sections (see 
Figure 2, b). Both Figures 2, a and b were taken from 
the work of Boellinghaus et al., see ref. [9], with per-
mission by Springer Nature.

Although the TEKKEN represents a cold cracking 
test, it can also be used as a hot cracking test due to 
the high mechanical restraint imposed by the spec-
imen geometry. On the one hand in design specific 
hot cracking investigations under the high restraint 
conditions of the Tekken test. This must be evaluat-
ed especially in case of (1) higher alloyed materials 
or (2) when the main crack propagation is parallel to 
the welding direction [9]. In that case, a fractograph-
ic evaluation should be performed to distinguish be-
tween hot cracks in terms of solidification cracks. Ac-
tually “hot cracking safe” low-alloyed steels can show 
unexpected hot instead of cold cracking at very high 
mechanical strength level [14]. In addition, the root-
cause of the cracking can be misinterpreted. It was re-
cently reported that micro hot cracking in low-alloyed 
steels can be a potential site for further propagating 
cold cracks [15, 16].

The TEKKEN sample should have a minimum 
thickness of 10 mm to safely exclude distortions during 
welding and cooling and to ensure a sufficient stiffness 
[17]. It is standardized in the EN ISO 17642-2 [11]. Un-
fortunately, the applicability of this test is limited, and 
some boundary conditions should be considered.

● In the past, welded specimens were usually made 
from two individual sheets using anchor welds. Espe-
cially for high-strength materials, the issue of the anchor 
weld can fail due to the simple unavailability of adequate 
welding consumables. An alternative is to machine the 
Y-groove directly from the steel plate by EDM.

● In the case of high filler material strengths, the 
base material must have a similar strength or a signif-
icant plate thickness, otherwise the residual stresses 
in the WM will be distorted compared to real compo-
nents. In addition, the specimen geometry is too “soft” 
and provides insufficient stiffness ratios. Therefore, 
the base and filler material combination should have 
similar values in terms of the yield strength (ReH) or 

proof stress (RP0.2) level. Alternatively, the specimen 
thickness, i.e. the sheet thickness, can be increased.

● For advanced welding processes such as mod. 
SA with a very short arc, it is necessary to adapt the 
weld geometry because the weld depth is smaller. 
This must be taken into account in the Y-joint in order 
to achieve the required root formation.

IMPLANT-TEST
The Implant-test (see ref. [12]) belongs to the group of 
externally loaded cold cracking tests. The load is ap-
plied via a welded-in cylindrical rod (implant pin with 
helical notch geometry), which is loaded in tension 
by a defined weight. The basic test setup is shown in 
Figure 3. Figure 3, a shows the so-called implant pin 
(left-hand side) and the machined annular or helical 
notch, of which the geometry is checked by a profile 
projector or stereomicroscope (see right-hand side of 
Figure 3, a). This notch ensures the concentration of 
the mechanical stresses, i.e. tightened local HAC con-
ditions. The implant pin itself consists of the material 
to be tested. Figure 3, c shows the general assembly 
of the test-setup. Figure 3, a to c were taken from ref. 
[18] (via open access license CC-BY-4.0).

The implant pin is inserted into the hole (6 mm 
diameter) in the support plate (see Figure 3, c). The 
support plate and implant pin are joined by bead-
on-plate welding using the appropriate filler materi-
al and welding parameters. After cooling to ambient 
temperature, the specimen is subjected to a static 
tensile load for ≥ 16 h. To determine the maximum 
test load, the load is successively increased with sev-
eral welded specimens. The time-to-failure (“TTF”) 
is recorded for each specimen. Occurring cracks are 
evaluated using metallographic methods. The implant 
specimen is then annealed at 250 to 300 °C for one 
hour. Free crack surfaces of the crack oxidize and can 
thus be distinguished from the unaffected residual 
fracture surface (after opening of the sample in the 
laboratory, if not fractured). The Implant-test permits 
a qualitative “crack or no crack” statement. Quantita-
tive values such as minimum preheating temperature 
or welding heat input can be determined, as well as 
the maximum allowable stress for crack-free welds. 
This so-called “critical implant stress” represents the 
highest test load/stresses at which neither fracture nor 
incipient cracking occurs [7, 9, 18] and exemplarily 
shown in Figure 4, c. The corresponding remaining 
“critical” hydrogen concentration can be determined 
either by the analysis of the broken implant pin as 
well as by ISO 3690 samples to identify the initial 
diffusible hydrogen concentration [9, 12, 13].

Figure 4 shows different weld penetration depth for 
different implant specimens made of a high-strength 
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Figure 3. Implant test: a — implant pin with circumferential notch; b — BM support plate; c — schematic of test-setup, (unchanged 
figure taken from ref. [18] with open access license CC-BY-4.0)

Figure 4. Implant-test: cross-sections of samples welded with: a — conv. A; b — mod. SA; c — calculated regression curves of 
implant samples; d — corresponding residuals, (figure parts unchanged and rearranged, taken from ref. [7] with open access license 
CC-BY-4.0)
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structural steel S960. Both samples were welded by 
metal active gas welding (GMAW) using conv. A (see 
Figure 4, a) or mod. SA (see Figure 4, b). It is evi-
dent that the penetration depth changes with the con-
ventional or modified arc, regardless of the material 
grade tested. Thus, the Implant-test results differed 
significantly in terms of the time to failure achieved. 
For this reason, Figure 4, c shows the corresponding 
regression curves for both implant test series, and Fig-
ure 4, d shows the calculated differences in the TTF. 
The detailed work and results can be found in ref. [7]. 
Figure 4, a to d were taken from [7] (via open access 
license CC-BY-4.0).

In general, the Implant-test is used to standardize 
the cold cracking testing of base materials for coat-
ed electrode manual metal arc welding (MMAW), 
shielded metal arc welding (SMAW) with solid and 
flux-cored wire, and submerged arc welding (SAW) 
[9, 12]. However, similar restrictions apply to the Im-
plant-test as to the Tekken test.

● Cold crack testing of filler materials is generally 
possible but requires extensive preparation of the Im-
plant pin. This means that for newly developed filler 
materials, the suitability of weld crack testing must 
always be assessed first. For example (and as men-
tioned in section 2.2), hot microcracks must be antici-
pated as they may propagate as cold cracks at ambient 
temperature [15, 16].

● Advanced welding processes (such as mod. SA) 
require an adjustment of the weld geometry as the pen-
etration depth is increased (see Figure 1, b). This affects 
the layer thickness, changes the hydrogen diffusion and 
in some cases significantly affects the crack resistance/
critical implant stress (see Figure 3, c and d).

● The influence of the material must be amplified 
by the specific welding processing. In other words, 

the weldability of materials (especially for newly de-
veloped materials) must be of special interest prior to 
the industrial applications.

● In this context, the available minimum sheet thick-
nesses of the investigated high-strength steel limits the 
manufacturability of the Implant pins [18]. From that 
point of view, a critical evaluation of the implant pin ge-
ometry could be perhaps beneficial in the future.

● Another factor is that existing testing concepts 
are usually designed for specific material strength. 
The use of high-strength materials (e.g. S960 vs. S355 
structural steel, i.e. 960 N/mm² vs. 355 N/mm² yield 
limit) requires correspondingly higher test loads to be 
applied. This requires stiffer test frames and advanced 
measurement technology (such as appropriate me-
chanical load frames).

DETERMINATION OF HYDROGEN 
CONCENTRATION IN ACCORDANCE 
WITH ISO 3690 USING CARRIER GAS 
HOT EXTRACTION
The measurement of hydrogen content, i.e. the extent to 
which a particular filler material introduces hydrogen 
into the weld pool, is essential in the welding process. 
An example of this is the HD classification. Accord-
ing to [13], an “HD5” specification guarantees that de-
posited weld metal contains ≤ 5 ml/100g Fe hydrogen. 
Considering the curves in Figure 2, c, this requirement 
becomes clear (degradation S960QL already at about 
1.0 to 1.5 ml/100 g Fe hydrogen content in the WM 
[7, 18]. The ISO 3690 standard specifies requirements 
for test piece preparation (see Figure 5, a) and determi-
nation of the diffusible hydrogen in the WM for steels 
and applies to arc welding processes. For this purpose, 
the test piece is welded with a bead on plate seam, the 
run-off and run-off pieces are removed, and the center 

Figure 5. ISO 3690-welding: a — test sample; b‒c — welding fixture, taken with permission from Springer Nature from ref. [19]: 
1 — welding torch; 2 — copper clamps; 3 — fixing plate; 4 — toggle clamps; 5 — attachment; 6 — cooling water; 7 — specimen; 
8 — welding consumable
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section is stored deep-frozen in liquid nitrogen before 
hydrogen analysis, see Figure 5, a.

A major challenge is to quickly dissipate the weld-
ing heat from the sample, otherwise hydrogen will 
immediately escape at higher temperatures and fal-
sify the measurement. For this purpose, the sample 
is welded in a water-cooled device that allows the 
sample to be removed within seconds after welding 
(Figure 5, b and c). The hydrogen is then quantified 
using carrier gas hot extraction (CGHE), as described 
in [19, 20]. Similarly, the fractured implant samples 
are analyzed for residual hydrogen content by CGHE. 
In addition, the CGHE measurements provide a start-
ing point for the calculation of pre- or post-heating 
temperatures to remove hydrogen after welding [21].

CONCLUSIONS AND OUTLOOK 
Hydrogen can cause delayed cracking in the weld 
of high-strength steel components. Modern weld-
ing processes such as mod. SA influence the heat 
input and thus the formation of crack critical micro-
structures (e.g. the HAZ) or the introduced hydro-
gen content. The cold crack tests have to be adapt-
ed accordingly. The following conclusions can be 
drawn from this study.

● For both self-restraint and externally loaded cold 
cracking tests, the occurring mechanical stress must 
be high enough to cause HAC-critical conditions. 
This can be achieved either by sufficient test loads 
and/or critical geometric conditions such as notches.

● For very high mechanical strength (especially high-
strength low-alloyed steels with yield strength >  800 
MPa), the available plate thickness can be a problem for 
sufficient cold cracking testing. On the one hand, for the 
self-restraint (e.g. TEKKEN) cold cracking tests, a min-
imum plate thickness is necessary to reproduce realistic 
restrain conditions. On the other hand, externally loaded 
cold cracking tests may require a minimum plate thick-
ness for further machining of samples like in the case of 
the implant pin geometry.

● Advanced weld processing (e.g. conventional 
vs. mod. SA) can result in completely different cold 
crack resistance for similar welding conditions (as 
shown in [7, 18] and Section 3.2). The reason for this 
is, among other things, the changed weld seam ge-
ometry and welding run sequence, which affects the 
diffusion path length for the hydrogen. This must be 
considered when evaluating the test results.

● The determination of the hydrogen concentra-
tion (e.g. for implant or ISO 3690 tests) by CGHE 
is strongly recommended, as this is the only way to 
quantify the hydrogen. Further determination of dif-
fusion coefficients is of great importance for welding 
practice, e.g. to derive holding times for hydrogen an-
nealing, e.g. according to [21].
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Mechanical properties 
of the reaction-diffusion bonding 
of the heat-resistant nickel-based alloy ChS70VI
V.E. Mazurak, M.O. Cherviakov, T.M. Kushnaryova, I.R. Volosatov

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The joint of the heat-resistant nickel-based alloy ChS70VI, obtained by the method of reaction-diffusion bonding during the 
formation of a weld by the melt of the heat-resistant nickel-based alloy with zirconium as a depressant is considered. The 
microstructures and concentration distribution of all chemical elements through the joint zone (with a gap width of ~20 μm 
and 50 μm) after the formation of the weld and subsequent heat treatment were analyzed. It is shown that the selected mode of 
heat treatment allows significantly reducing the amount of zirconium-rich eutectic phases (they are more easily melted, with a 
melting temperature of 960 °С), which increases the heat resistance of the joint. During heat treatment, the process of diffusion 
takes place, and the concentration of chemical elements in the weld is close to corresponding concentrations in the base alloy. 
Mechanical tests showed sufficiently high strength properties of the joint at temperatures up to 1100 °C. It was established that 
at the test temperature of 750°С, the strength of the joint is at the level of 95‒98 % of ultimate strength of the base alloy.

KEYWORDS: heat-resistant nickel-based alloys, microstructure, mechanical properties, reaction-diffusion bonding, ChS70VI 
alloy, contact-reactive fusion, transient liquid phase bonding

INTRODUCTION
At present heat-resistant nickel-based alloys are an 
integral part in the field of construction of gas-turbine 
engines and power gas-turbine units. The good pros-
pects and scope of application of these alloys directly 
depend on the possibilities of manufacturing concrete 
parts and structures of a complex shape that, in its 
turn, is due to the ability to join the respective alloys 
by permanent joints. A feature of heat-resistant nick-
el-based alloys is their extremely limited joinability 
by the traditional fusion welding methods. Such neg-
ative factors as higher sensitivity of the welded joints 
to hot cracking and local fracture in the overheating 
zone, lead to a considerable lowering of the welded 
joint properties [1]. Fusion welding, diffusion bond-
ing and brazing are known as the main methods of 
repair and/or joining of the heat-resistant nickel-based 
alloys [2]. Each of these methods has certain limita-
tions, so that the studies performed in this area both 
by local scientists and abroad remain to be relevant.

The method of reaction-diffusion bonding (RDB) 
in vacuum allows producing joints without autono-
mous melting of the base metal, eliminating the risk 
of macro- and microcrack formation, preserving the 
initial structure and avoiding the negative influence of 
the thermal cycle on physico-mechanical characteris-
tics of the material being joined [3].

RDB method is based on formation of a liquid 
phase saturated with depressant (for Ni‒Cr‒Co sys-
tem) and its penetration into a fixed gap between the 

planes being joined with its further crystallization 
and diffusion dissolution during heat treatment. The 
phenomenon of contact-reactive fusion of dissimilar 
metals is used to produce the liquid phase [4]. The liq-
uid phase forms beyond the limits or directly near the 
gap between the parts being joined, as a result of con-
tact-reactive fusion of the heat-resistant nickel-based 
alloy and depressant, and at certain bonding tempera-
ture it feels the gap under the action of the capillary 
forces. Zirconium in the form of foil was used as the 
depressant. In this capacity zirconium was studied 
and used in filler materials for brazing heat-resistant 
nickel alloys [5, 6].

THE OBJECTIVE OF THE WORK
is testing the method of reaction-diffusion bonding 
of heat-resistant nickel-based alloy ChS70-VI with a 
considerable area of weld edges, metallographic stud-
ies and assessment of mechanical characteristics of 
the produced joints.

INVESTIGATION MATERIALS 
AND METHODS
Investigations were conducted on joints of ChS70-
VI alloy, which is the representative of the class of 
heat-resistant nickel-based cast alloys, and has been 
used for a long time already for manufacturing the 
hot section parts in power gas-turbine units. Blanks of 
55×30×12 mm dimensions, cut out of one blank from 
ChS70-VI alloy were used to make the joints (Fig-
ure  1). Chemical composition of Chs70-VI alloy is 
given in Table 1. The gap of overall area of 660 mm2 
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was filled with the liquid phase (based on Ni‒Cr‒Co 
system), saturated with zirconium. Before conducting 
RDB, the blanks were annealed at the temperature of 
1050 °C for 2 h in vacuum. The abutted surfaces of 
the specimen were ground, and then butt joints were 
made. The uniformity of the fixed gap along the entire 
length of the specimen was provided by cramps from 
nichrome alloy, which were welded on the specimen 
surface by resistance spot welding. The cubes with zir-
conium foil were placed on top above the weld. They 
were also attached by resistance spot welding. The 
process of RDB of the assembled specimen (Figure 2, 
a) was conducted in a vacuum furnace in the follow-
ing mode: heating up to the temperature of 1200 °C at 
the heating rate of 30–40 °C/min; soaking for 10 min, 
further cooling at the rate of 50–60 °C/min.

The appearance of the blank after RDB process 
showed complete wetting and filling of the gap along 
the entire length of the weld being made, with forma-
tion of grooves. Then, a piece of the joint was cut out 

of the blank to conduct metallographic studies (Fig-
ure 2, b), and the rest of the specimen was subjected 
to diffusion annealing by the following mode: 1100 
°C, soaking for 1 h; 1150 °C, soaking for 5 h. After 
that, part of the specimens were cut out for mechani-
cal testing, and the rest of the joint metal was subject-
ed to heat treatment by the following mode: 1050 °C, 
soaking for 3.5 h; aging at 860 °C, soaking for 17 h.

Microstructural investigations were conducted, 
using microhardness meter PMT-3 with 50 g load. 
Mechanical properties of the produced joints and base 
metal of ChS70-VI alloy were studied using MTS-
810 servohydraulic machine (Figure 3). It consists 
of the following components: MTS 661.20F-02 dy-
namometer with axial load of up to 50 kN with the 
resolution of up to 0.1 N; MTS 632.53F-11 exten-
someter for operation with higher and high tempera-
tures with 25 mm base and measurement resolution of 
0.00001 %; MTS 653 Furnace with maximal tempera-
ture of specimen heating at testing of up to 1100 °C 
and three-zone monitoring with up to 5 °C tempera-

Figure 1. Scheme of assembly of a butt joint of ChS70-VI alloy

Table 1. Chemical composition of ChS70-VI alloy (Tu 1-809-
1040‒96)

Weight fraction of elements, %

C Cr Co W Mo Al Ti Nb Ni

0.06 
0.12

15.0 
16.7

10.0 
11.5

4.5 
6.0

1.5 
2.5

2.4 
3.2

4.2 
5.0

0.1 
0.3 Base

Figure 2. Specimen of a butt joint of ChS70-VI alloy before (a) and after joint formation at the temperature of 1200 °C for 10 min (b)

Figure 3. General view of MTS-810 testing machine
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ture gradient. Testing for short-term strength of the 
base metal and butt welded joints was conducted on 
flat specimens (Figure 4). Geometrical dimensions 
of the working length relative to the cross-sectional 
area and the initial length correspond to DSTU [7, 8] 
for room and higher temperatures, respectively. The 
strain rate during testing was equal to 0.00067 s‒1, 
which corresponds to the standards.

To conduct metallographic examinations the spec-
imens were cut out normal to the weld. Polishing was 
performed using diamond paste and chromium oxide 
(III). Oxidation in air at the temperature of 350–400 °C 
was conducted to study the microsections in Neo-
phot-32 optical microscope. The distribution of chem-
ical elements was investigated by the method of local 
microX-ray spectral analysis, using energy-dispersive 
spectrometer Oxford Instruments X-max (80  mm2), 
under the guidance of INCA software. The locality of 

the measurements was not greater than 1 μm. Shooting 
of the microstructures was conducted using scanning 
electron microscope TescanMira 3 LMU in backscat-
tered electrons (BES), which allows examination of the 
microsections without chemical etching.

RESULTS AND DISCUSSION

METALLOGRAPHIC INVESTIGATIONS
Figure 5 shows the joint microstructures in the con-
dition after the gap filling with the liquid phase and 
after diffusion annealing. Microhardness distribution 
across the weld before and after diffusion annealing 
(Figure 6) shows that the hardness of weld metal af-
ter conducting the full heat treatment became close to 
base metal hardness of 423 HV 0.05. However, in some 
regions of the weld of 50 μm width phases with hard-
ness of both 480 HV 0.05 and 321 HV 0.05 remained 
after annealing. In the microstructures in Figure 5 one 

Figure 4. Specimen for short-time strength testing at room and high temperatures

Figure 5. Microstructure (×200) of a butt joint of ChS70-VI alloy with gap width of ~50 μm (a, b) and ~10 μm (c, d), filled with liquid 
phase saturated with zirconium in the condition after heating up to 1200 °C, soaking for 10 min (a, c) and heat treatment at the tem-
perature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b, d)
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Figure 6. Measurement of HV microhardness (P = 50 g) across the weld 50 μm (a, b) and 20 μm wide (c, d) of the joint of ChS70-BI 
alloy, filled with the liquid phase saturated with zirconium in the condition after heating up to 1200 °C, soaking for 10 min (a, c) and 
heat treatment at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b, d) (×500)

Figure 7. Chemical composition of the weld zone (50 μm wide) and near-weld zone of the joint of ChS70-VI alloy, produced with 
application of zirconium depressant in the condition after formation of the joint at the temperature of 1200 °C, soaking for 10 min (a) 
and after homogenizing annealing at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h (b)
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can clearly see that the applied heat treatment allows 
practically “resorbing” the weld 10–20 μm wide.

Figure 7 shows the structure and distribution of the 
concentration of all the elements through the zone of the 
joint ~ 50 μm wide in the condition after joint formation 
(1200 °C – 10 min) and after heat treatment (1100 °C ‒ 
1h + 1500 ‒ 5 h). Studies were performed on a specimen 
with weld width of ~ 50 μm. One can clearly see that 
during heat treatment at 1100 °C for 1 h + 5 h at 1150 °C 
(which is just homogenizing) the weld width is notice-
ably reduced, the chemical composition and structure of 
the weld zone become close to that of the base material. 
It was established that the overall concentration of zir-
conium in the weld changed from 1.79 to 1.24 wt.%, 
i.e. zirconium diffusion into the base metal took place. 
Complete diffusion of zirconium from the weld into the 
base metal at the considered weld width requires not 
less than 20 h of homogenizing heat treatment. The final 
structure of the joint and, consequently, the strength of 
the formed joint depend on completeness of running of 
the processes of equalizing diffusion.

Comparative analysis of chemical composition of 
phases in individual regions of the joint zone before 
(Figure 8) and after (Figure 9) heat treatment on the 
studied length of 100 μm shows that the quantity of 

zirconium-rich phases (~22–26 wt.%, white phase) 
is markedly reduced. This phase represents the re-
mains of the eutectic phase located between the com-
mon grains formed at RDB. Only small point islets 
of this phase remain after heat treatment. Here, the 
near-boundary zone of the weld has regions with zir-
conium content of 3–4 wt.% at 30–50 μm distance 
from the weld. (Ti + Zr) phase is observed in the weld 
and near-boundary zone both before and after heat 
treatment, with a high content of titanium (57.47 % 
Ti + 7.5 % Zr, 48.26 % Ti + 4.12 % Zr and 52.67 % 
Ti + 3.83 % Zr). Comparing the microstructures of the 
joint zone before and after vacuum annealing (Fig-
ures 8 and 9) one can come to the conclusion that a 
strengthening phase precipitated in the weld and its 
size is somewhat smaller than in the base metal. Judg-
ing from the nature of the results of X-ray spectral 
microanalysis (XSMA) phases enriched in W, Mo 
and Cr precipitate on the boundaries of crystallized 
grains. With the highest probability these are carbides 
of Me23C6 type [9, 10], precipitation of which is due to 
the alloy chemical composition during heat treatment.

Presence of Zr-rich phases in the weld (Fig-
ure  9) points to the completeness of running of 
Zr dissolution process in the alloy matrix, and the 

Figure 8. Chemical composition of individual phases of the weld and near-weld zone of the joint of ChS70-VI alloy, produced with 
application of zirconium in the condition after joint formation at the temperature of 1200 °C, soaking for 10 min
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Figure 9. Chemical composition of the weld and near-weld zone of the joint of ChS70-VI alloy produced using zirconium, in the con-
dition after homogenizing annealing in vacuum at the temperature of 1100 °C, soaking for 1 h and 1150 °C, soaking for 5 h

Table 2. Results of short-time strength testing of specimens of ChS70-VI alloy

Specimen Specimen number σt, MPa σ0.2, MPa δ, % Ttest, °C Fracture site

Base metal
1* 714.5 621.5 4.9 20 –
2* 727.2 565.9 2.7 750 –

Joint

3* 701.9 657.3 2.1 20 Base metal
4* 683.8 564.6 2.3 750

Weld
5** 696.7 633.2 1.3 20
6** 781.3 656.8 6.3 20

Base metal
7** 792.4 572.8 5.6 700
8** 729.6 575.2 2.7 800

Weld9** 526.1 383.3 12.7 900

10** 322.9 249.1 14.5 1000
11** 148.5 123.9 14 1100 Base metal

Base metal

32** 856.6 644.2 6.4 20 –
33** 780.8 543.9 4.5 700 –
34** 760.4 527.9 1.9 800 –
35** 541.2 531.1 1.5 900 –
36** 286.4 248.8 2.2 1000 –
37** 140.7 121.9 8.3 1100 –

*Heat treatment: 1100 °C – 1 h + 1150 °C – 5 h. 
**Heat treatment: 1100 °C – 1 h + 1150 °C – 5 h + 1050 °C – 3.5 h + 860 °C – 17 h.



16

V.E. Mazurak et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

need to correct the joint gap width and the time of 
heat treatment duration.

MECHANICAL TESTING
Butt joints produced by RDB, before mechanical test-
ing, were subjected to homogenizing annealing by the 
mode of 1100 °C for 1 h + 1150 °C for 5 h. Part of 
the specimens was additionally treated by two-stage 
aging at 1050 °C for 3.5 h + aging at 860 °C for 17 h. 
Testing was conducted in air at the following tem-
peratures: 20, 750, 900, 1000, 1100 °C. The results 
are shown in Table 2. Specimens which additional-
ly passed two-stage aging demonstrated a slight im-
provement of short-term strength and higher ductility 
at mechanical testing. For clarity, the data are also 
presented in the form of temperature dependencies of 
σt and σ0.2 (Figure 10) and load diagrams (Figure 11).

Results of mechanical testing for short-term 
strength demonstrated a rather high level of weld 
strength, which is comparable with base metal level 
at the same heat treatment. Ultimate strength of RDB 
joints was equal to 91–100 % of that of the base met-
al, and the yield limit of RDB joints was equal to 95–
100 % of that of the base metal. Figure 12 shows the 
broken specimens after testing. On part of the speci-
mens with the joint the fracture ran through the base 
metal and not through the weld. This data indicate that 
homogenizing annealing at 1100 °C for 1 h + 1150 °C 
for 5 h led to dissolution of brittle intermetallics of 
zirconium, as well as diffusion of zirconium proper 
into the base metal, which is confirmed by metallo-
graphic examinations. The high strength and ductility 
(Figure 10, Figure 11) of RDB joints at test tempera-

Figure 11. Load diagrams derived during short-time tensile test-
ing of butt specimens from ChS70-VI alloy produced by RDB 
method with the following heat treatment: 1100 °C – 1 h + 
1150 °C – 5 h + 1050 °C – 3.5 h + 860 °C – 17 h

Figure 10. Temperature dependencies of ultimate strength σt and 
yield limit σ0.2 of the base metal and butt specimens from ChS70-
VI alloy produced by RDB method. Heat treatment is the same 
for all the specimens: 1100 °C ‒ 1 h + 1150 °C ‒ 5 h + 1050 °C ‒ 
3.5 h + 860 °C ‒ 17 h

Figure 12. Appearance of specimens after destruction. Numbers on the left correspond to specimens shown in Table 2
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tures of 1000 and 1100 °C (specimens 10 and 11), are 
also indicative (together with X-ray spectral chemical 
microanalysis) of the intensity of running of equal-
izing diffusion processes in the joint zone (weld and 
near-weld zone) and lowering of zirconium concen-
tration in the weld during heat treatment. The low-
est melting eutectic phases of intermetallics of Ni‒Zr 
system have melting temperature of 960 °C (NiZr2) 
and 1010 °C (NiZr) [11]. In the joints with weld width 
greater than 50 μm, the remains of such phases within 
the grain boundaries in the weld center can markedly 
lower their high-temperature strength.

Conclusions
A study was conducted with production of a butt joint 
of heat-resistant nickel-based ChS70-VI alloy by filling 
the gap with butt surface area of 660 mm2 with the liquid 
phase formed during contact fusion of sintered powder 
of heat-resistant austenitic nickel-chromium alloy and 
metal of zirconium foil depressant. It is shown that at the 
temperature of 1200 °C the liquid phase has sufficient 
flowability and completely fills the joint gap.

Analysis of the structures and distribution of 
chemical elements in the base metal, weld and near-
weld zone of the joint before and after homogenizing 
annealing revealed that the process of dissolution of 
some zirconium-rich intermetallic phases takes place, 
as well as carbide phase precipitation on the grain 
boundary. Concentrations of chemical elements in the 
weld are close to those in the base metal.

It is established that the strength properties of the 
joints at test temperatures of 750 °C correspond to 
95–98 % of base alloy ultimate strength. Relatively 
high heat resistance of RDB joint has been achieved 
right up to the temperature of 1100 °C (maximal tem-
perature of testing machine furnace).
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Mathematical modelling of distortions 
at welding of large vessels of aluminium alloy
B.R. Tsaryk, O.V. Makhnenko

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The problem of calculation prediction of the overall distortions of a large vessel made of aluminium alloy during friction stir 
welding (FSW) is considered. A mathematical model was developed using numerical methods of thermoplasticity analysis for 
determining the stress-strain state during FSW, by means of which it is possible to obtain residual plastic strains (the inherent 
strain function parameters) for both types of welded vessel joints (longitudinal and circumferential). This makes it possible to 
predict the overall distortions of a large cylindrical vessel with a great number of welded joints by the approximated method 
of inherent strains within the limits of the theory of elasticity. The reliability of the mathematical model for determination of 
the residual stresses and strains at FSW of aluminium alloy is confirmed by the agreement of the calculated distribution of 
the residual longitudinal stresses with the data of experimental measurements. This can contribute to ensuring the necessary 
accuracy of predicting the overall distortions of large vessels. The developed mathematical models and calculation algorithms 
can be effectively used for in-process prediction of the stress-strain state during assembly welding of large cylindrical vessels 
made of aluminium alloys.

KEYWORDS: welded vessels, aluminium alloy, friction stir welding, plastic strains, residual stresses, mathematical modelling

INTRODUCTION
Welding technology is widely used to produce joints 
of large structures made of aluminium alloys, such as 
fuel tanks for aerospace engineering, bodies for trans-
port mechanical engineering, etc. [1, 2]. To predict 
the accuracy, strength and fatigue life of such welded 
structures, the relevant task is to determine residual 
stresses and strains by calculation. The calculation 
prediction of the overall distortions of large structures 
with a great number of welded joints [3] is particular-
ly difficult problem, and the use of aluminium alloys 
for such structures, as is known, significantly increas-
es welding strains [4]. The solution of such problems 
requires large computing resources and a long time 
for computation, which complicates the use of calcu-
lation methods in practice during technological prepa-
ration of assembling and assembly welding of new 

structures. Recently, when manufacturing cylindrical 
vessels of aluminium alloys, a new friction stir weld-
ing process (FSW) began to be used. It is believed 
that FSW provides high quality of welded joints with-
out such defects as pores and hot cracks, as well as 
a much lower level of residual stresses and strains 
compared to arc welding processes [1, 5]. Thus, the 
problem of developing effective calculation methods 
for in-process prediction of stress-strain state during 
assembly welding of large cylindrical vessels of alu-
minium alloys is quite relevant.

PROCEDURE FOR CALCULATED 
DETERMINATION OF WELDING STRAINS
To solve the problem of predicting strains in large 
cylindrical vessels of aluminium alloy with a great 
number of welds (Figure 1), a procedure of model-
ling welding stresses and strains is used based on the 
combined use of the general thermoplasticity meth-
od [6] and approximated inherent strain method [7]. 
By means of the thermoplasticity method, temporary 
and residual stresses and strains for individual welded 
joints are modelled. It is known that residual welding 
stresses and plastic strains are formed in a limited area 
in the welded joint zone. Therefore, the distribution of 
residual stresses and inherent strain function parame-
ters can be obtained on simplified models of a welded 
joint of a limited size, which requires much smaller 
computer resources and time for calculation.

Regarding large cylindrical vessels with longi-
tudinal and circumferential butt joints, it is advis-

Figure 1. Scheme of distortions of a cylindrical vessel with a 
great number of longitudinal and circumferential welded joints
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able to consider two types of simplified models. To 
determine the local residual strains (inherent strain 
function parameters) in the zones of longitudinal 
joints, the model of a butt joint of plane elements 
of a limited size can be used (Figure 2, a). In the 
zone of circumferential joints, to determine the re-
sidual stresses and strains (inherent strain function 
parameters), a simplified model in a two-dimen-
sional formulation of a butt circumferential joint of 
a real size can be used, but with the assumption 
of a fast-moving welding heating source and “plain 
strain” hypothesis (Figure 2, b).

Then, by means of a three-dimensional model of a 
cylindrical vessel of a real size using the approximat-
ed method of inherent strain function in the frame-
work of elastic formulation of the problem, the over-
all distortions of large welded structure from all welds 
are modelled.

GENERALIZED PRESENTATION 
OF INHERENT STRAIN FUNCTION 
AS A TENSOR FUNCTION
Let us present the inherent strain function as a tensor 
of plastic strains:

	

0 0 0 0
0 0 0 0 ,

0 0 ( )0 0 ( )

p p p
xx xy xzxx xy xz
p p p

ij yx yy yz yx yy yz
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ε Π
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(1)

0ε = ε = ε = ε = ε = ε =p p p p p p
xy yx xz zx zy yz , since the axes X 

and Y are the main axes for the longitudinal and trans-
verse direction of welded joints; ( )p p p

zz xx yyε = − ε + ε
from the condition of volume preservation. If an in-
herent strain function along the welded joint is perma-
nent, then ( )p

xx xx y,zΠ = ε , ( )p
yy yy y,zΠ = ε . 

FORMULATION OF THE PROBLEM 
OF DETERMINING STRAINS 
OF THE CYLINDRICAL SHELL BASED 
ON THE TENSOR 
INHERENT STRAIN FUNCTION
In the cylindrical coordinate system, the tensor of full 
strains εij in the welded shell will be determined by the 
sum of the tensor of elastic strains ε p

ij  and the tensor 
of inherent strain function Πij:

	
, ( , , , ).e

ij ij ij i j r zε = ε +Π = β
	

(2)

The components of the tensor εij are expressed at 
each point (r, β, z) of the shell by three components of 
the displacement vector Ui (Cauchy distribution) [10]:
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as well as with each other by the strains compatibili-
ty equations. On the boundary surfaces, the displace-
ment values Ui are determined by the boundary con-
ditions of the first kind, i.e. the values ΔUr., ΔUβ, ΔUz.

Strains compatibility equations [10]:
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(4)

Figure 2. Determination of inherent strain function parameters: a — 3D model of a butt welded joint of limited size plates; b — 2D 
model of a circumferential welded joint
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Components of the full strain tensor εij as part of 
the elastic formulation of the problem are related to 
the stress tensor σij by the Hooke’s law [8]:
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Components of the stress tensor are related to each 
other by the equilibrium equations [10]:
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where ρ is the material density; Fr, Fβ, Fz are the com-
ponents of mass force, in the considered problem of 
determining welding stresses and strains in the cylin-
drical shell Fr= Fβ= Fz=0.

The linear problem of elasticity theory can be 
solved by displacements. From the generalized 
Hooke’s law equations (5), stresses through strains 
look as follows [8]:
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where Е is the normal elasticity modulus (Young’s 
modulus); K is the bulk pressure modulus; G is the 
shear modulus; ψ is the material state function, that 
takes into account the plastic flow for the elastic be-
haviour of the material ψ = 0.5G; additions Yi,j take 
into account the load of the cylindrical shell by ad-
ditional strains from welding shrinkage (in general 
appearance):
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To model welding strains in a cylindrical shell 
from circumferential and longitudinal welded joints, 
the following basic parameters of the inherent strain 
function can be specified: plastic shrinkage strains in 
the axial Πzz and circumferential Πββ directions. Plas-
tic shrinkage strains in the radial direction Πrr (across 
the thickness of the shell wall) cause local strains and 
do not significantly affect the overall distortions of the 
welded cylindrical shell. The tangent components of 
plastic shrinkage strains Πrz, Πrβ, Πzβ can be neglected, 
since the directions of welds in the cylindrical shell 
coincide with the longitudinal and circumferential di-
rection of the cylindrical coordinate system.
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With the use of the Cauchy distributions (3) bind-
ing the components of the full strain tensor εij with the 
components of the displacement vector Ui, the stress-
es (7) can be presented through the displacements:
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Figure 3. Scheme of working tool and joint plates at FSW
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Let us substitute the obtained expressions for the 
components of the stress tensor into the equilibrium 
equation (6):
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(11)

The obtained system of equations relative to the 
three components of the displacement vector Ux, Uβ, 
Uz of an arbitrary point (x, β, z) of the cylindrical shell 
during loading by additional strains from the welding 
shrinkage (components Yrr, Yββ, Yzz in the right part of 
the equations) and boundary conditions on the shell 
surface determine the general formulation of the 
boundary problem.

DETERMINATION OF INHERENT STRAIN 
FUNCTION FOR WELDED JOINTS
To determine the inherent strain function, the meth-
ods of mathematical modelling of temperature distri-
butions and stress-strain state of a butt joint of plates 
at welding heating were used.

The peculiarity of the developed model of the 
heating source at FSW is the heat dissipation due to 
the friction of the tool relative to the joint material 
[6]. The tool (Figure 3) rotates around a vertical axis 
at a certain angular speed ω, rev/s and is pressed to 
the plate with an axial distributed force Pn, Pa, which 
causes the heat flux into the joint material on the con-
tact surface of the tool:

	

2, w/m ;

,

∂
λ = µ ω
∂

= µ ω∫∫

n

n
s

T P r
n
Q P rdS

	

(12)

where μ is the friction coefficient, whose value can be 
accepted as permanent at a level of 0.3‒0.4 or variable 
depending on the temperature [11]; Q is the power of 

heat dissipation, W; S is the area of the correspond-
ing contact surfaces, 3 3
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3

3 12 3 nQ P R= π µ ω  on the lower end surface of the pin 
(z = δ – h, 0 > r > R1); δ is the thickness of welded 
plates, m; h is the length of the pin, m. The power of 
bulk heat dissipation W(x, y, z, t), W/m3 consists of 
heat dissipation in the volume V1 on the upper surface 
of the joint plates under the tool shoulder and in the 
volume of the pin V2 (dz is the size of the finite ele-
ment):
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The model of thermoplastic deformation of the 
welded joint material provides that overall distortion 
tensor is the sum of elastic and plastic strains [8]:

	
,e p

ij ij ijε = ε + ε
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ε = + δ σ + ϕ =ij ij
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(14)

where δij is the Cronecker symbol; σ is the ball tensor; 
φ = α(T – T0), where α is the ratio of relative tem-
perature elongation of the material. Plastic strains are 
associated with the stresses by the equation of the the-
ory of plastic non-isothermal flow (von Mises condi-
tion) [8].

RESULTS OF RESIDUAL STRESSES 
AND PLASTIC STRAINS CALCULATION
The calculated model for determination of residual 
stresses and strains at FSW of plates made of alu-
minium alloy (Al‒6.5 % Cu) was validated by com-
paring the results of calculation by residual stresses 
with experimental measurement data. The calculated 
residual longitudinal stresses at FSW of a butt joint of 
an aluminium alloy with 10 mm thickness were deter-
mined as a result of the solution of the thermoplasti-
city problem for 3D model of a butt joint of plates of 
the limited size of 300×300 mm (Figure 2, a). Ther-
mophysical and mechanical properties of aluminium 
alloy, depending on the temperature are shown in Fig-
ure 4 [9]. FSW parameters are R2 = 10 mm, RІ = 5 mm, 
ω = 700 rpm, Рn = 70 MPa, linear welding speed is 
160 mm/min. The maximum calculated temperature 
at the set FSW parameters does not exceed 470 °C 
(Figure 5).

Experimental measurements of residual stress dis-
tribution were carried out on the samples of butt joints 
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made by FSW by the method of full cutting into tem-
plates and measurement of elastic strains by means of 
mechanical strain gauge.

The nature of the distribution of calculated residu-
al stresses is close to the experimental (Figure 6). The 
maximum level of calculated tensile stresses (up to 
200 MPa) is slightly higher than experimental values 
up to 180 MPa). In the welded joint center, a zone 
of significant reduction in the tensile longitudinal 
stresses is located, which is associated with the effect 
of aluminium alloy softening. Also for experimental 
and calculated data, a significant difference between 
stresses on the upper and lower surfaces of welded 

Figure 4. Thermophysical (a) and mechanical (b) properties of aluminium alloy (Al‒6.5 % Cu)

Figure 5. Maximum calculated temperature at FSW of a butt joint

Figure 6. Distribution of residual longitudinal stresses

Figure 7. Results of calculating the distribution of longitudinal (a) and transverse (b) plastic strains for butt welded joints in the model 
of FSW of plates (300×300 mm, δ = 10 mm)
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joint is typical — on the lower surface, residual ten-
sile stresses are higher.

The estimate of the error of calculation data shows 
that in the zone of tensile stresses (3 central points, 
from ‒16 to +16 mm from the joint axis), the mean-
square deviation from the experimental values on the 
lower surface of the sample is 21 %, and on the upper 
surface it is up to 31 %. Such an error can be accepted 
as satisfactory, considering the complex nature of re-
sidual stress distribution.

The results of residual distributions of longitudinal 
( , )p

xx xx y zΠ = ε  and transverse ( , )p
yy yy y zΠ = ε  plastic 

strains at FSW were obtained (Figure 7). It should be 
noted that transverse and longitudinal plastic strains 
on the upper surface of the welded plate are approx-
imately by 25 % higher in absolute value than those 
on the lower surface. This is predetermined by the 

nonuniform distribution of the maximum temperature 
over the welded joint thickness. It should also be not-
ed that transverse plastic strains in terms of absolute 
value are approximately five times higher than lon-
gitudinal, but the zone of longitudinal plastic strain 
formation is 1.5‒2 times wider.

RESULTS OF WELDING 
STRAIN MODELLING
The obtained distributions of residual longitudinal 

( , )p
xx xx y zΠ = ε  and transverse ( , )p

yy yy y zΠ = ε  plas-
tic strains were used in the prediction of the overall 
distortions of the long cylindrical shell by the in-
herent strain function method (2) (Figure 8, a, 2R = 
= 3200 mm, L = 6000 mm, δ = 10 mm), which con-
tains six longitudinal and five circumferential weld-
ed joints (location coordinates of the circumferential 
welded joints z = 1, 2, 3, 4, 5 m, longitudinal welded 

Figure 8. Welding distortions of the cylindrical shell: a — scheme of welds location; b — displacements Uβ along the shell circle; 
c — displacement Uz along the shell axis; d — displacements Uz in different sections along the length of the shell; e — radial bending 
Ur along the shell axis; f — radial bending Ur along the circle in different sections along the length of the shell
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butts β = 0, ±755 mm). The solution of the problem by 
displacements of the surface points of the cylindrical 
shell was obtained by the finite element method on a 
full-size model for each welded joint separately and 
then overall displacements were added by the princi-
ple of superposition.

The presence of a great number of circumferential 
joints leads to the accumulation of axial (longitudi-
nal) displacements Uz along the shell (Figure 8, c, e). 
The rest of the strain components like circumferential 
displacements Uβ (Figure 8, b) and radial bending Ur 
(Figure 8, e, f) have a complex local nature of distri-
bution. This example demonstrates the efficiency of 
the developed calculation algorithm when predicting 
welding strains of large cylindrical shells with a great 
number of welded joints based on the approximated 
inherent strain function method.

The developed mathematical model and calcula-
tion algorithm based on the inherent strain function 
method can be effectively used in the technological 
preparation of manufacturing large cylindrical ves-
sels of aluminium alloys for in-process prediction of 
stress-strain state. As an example, Figure 9 presents 
the results of predicting the distribution of radial dis-
placements at different stages of assembly and as-
sembly welding of a large cylindrical vessel. Radial 
displacements have a complex nature of distribution, 
deflections of up to ≈ ‒3 mm in the zones of circum-
ferential and longitudinal welded joints are changed 
with the shell bends of up to ≈ 1.5 mm in the gaps 
between the welded joints. Given the large sizes of 
the considered welded vessel (3200 mm diameter), 
the maximum obtained displacement values are not 
high, due to the low level of residual strains at FSW.

Conclusions
1. A mathematical model and calculation algorithm 
have been developed based on the inherent strain 
function method for numerical determination of weld-
ing strains of large cylindrical shells with a great num-
ber of circumferential and longitudinal welded joints.

2. The inherent strain function parameters of weld-
ed joints are plastic strains in the axial Πzz and cir-
cumferential Πββ directions that can be determined by 
numerical methods of thermoplasticity on simplified 
models of longitudinal and circumferential welded 
joints. These models also allow determining local 
distributions of maximum welding temperatures and 
residual stresses in the joint zone.

3. The reliability of the mathematical model of de-
termining residual stresses and plastic strains at FSW 
of aluminium alloy is confirmed by the agreement of 
the calculated data relative to the distribution of resid-
ual longitudinal stresses with the data of experimental 
measurements.

4. The developed mathematical models and calcu-
lation algorithms can be effectively used for in-process 
prediction of a stress-strain state in assembly welding 
of large cylindrical vessels of aluminium alloys.
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ABSTRACT
The paper presents summary data based on the results of laboratory studies and comprehensive industrial trials of a funda-
mentally new type of product in electrometallurgy — cores of graphitized electrodes developed at PWI of the NAS of Ukraine 
for DC and AC arc steel-melting furnaces of up to 50 t capacity. It is shown that during the last decades, the world production 
of steel has increased continuously, getting very close to 2 bln t per year. Approximately 30 % of this volume is produced in 
arc furnaces, and by the end of this decade it will reach 40 %. It is shown that the cored electrode arc has much lower specific 
current and power values in all the sections (cathode, column, anode) than the monolithic electrode arc. It was found that volt-
age drop in the core cathode spot is 2.3‒3.3 times smaller than in the monolithic electrode. Cored electrodes improve all the 
technical-economic characteristics of operation of DC and AC steel-melting furnaces.

KEYWORDS: arc furnaces, graphitized electrodes, geometrical and power parameters of the arc, electrode work function, 
specific power, specific electrical resistance

INTRODUCTION
Academician B.E. Paton in his program article “Duma 
of Metal” made a clear prediction that metal materials 
in general and, above all, materials based on iron (steels, 
alloys, cast irons) have been and will be the basic struc-
tural materials in the near future for our civilization for 
the various needs of modern engineering.

This forecast is clearly confirmed by the rapid de-
velopment of production and consumption of steel in 
recent decades. It is sufficient to point out that steel 
production has increased from 700 mln t in 1974 to 
1.950 bln t in 2021, that is, by 2.8 times, despite con-
stantly growing requirements for environmental pro-
tection and cruel competition at the market of produc-
tion and consumption of metal materials [1–4].

Modern metallurgy is actively developing also in 
terms of its quality. Much attention is now paid to the 
transition to “green” metallurgy, the development of 
production of metallic raw materials, etc. New pro-
cesses combining steel smelting and casting, rolling 
and heat treatment of steel semi-finished products are 
emerging everywhere.

Smelting in the arc AC (EAF) and DC (EAF) fur-
naces occupies more than a third part in the world 
production of steel. These are first and foremost al-
loy steels and alloys with high standard and special 
properties for critical products. It is expected that the 
world’s share of electric steel will grow to 40 % in the 
next decade. The production of electric steel in China 

will grow to 25 % compared to 10 % in 2020. Natu-
rally, the production of electrodes will grow. In this 
case, the focus will be on the production of high-qual-
ity electrodes of the EGSP grade (UHP) with a diam-
eter of 700 mm or more [5]. Ukraine is a well-known 
metallurgical state in the world and before the war of 
2022 it had firmly occupied a position in the first ten 
world steel makers. The great contribution to the the-
ory and development of electrical steel-making was 
made by such Ukrainian scientists and manufactur-
ers as B.E. Paton, B.I. Medovar, M.M. Dobrokho-
tov, V.A.  Efimov, V.I. Lakomsky, A.F. Tregubenko, 
V.V. Leporsky et al.

Large-scale works on the improvement of technol-
ogy and equipment for smelting and redistribution of 
steel are carried out under conditions of rigid competi-
tion at the market of metal products. These works are 
aimed at improvement of such important technical and 
economic characteristics as consumption of electric 
power and graphitized electrodes, alloying elements 
and ferroalloys, output of furnaces, etc. under condi-
tions of providing high quality of metal, satisfying rigid 
requirements for environmental protection and improv-
ing the working conditions of service personnel.

RESEARCH AND DISCUSSION OF RESULTS
It is known that technical and economic characteris-
tics of arc furnace operation are largely determined 
by the operational reliability of graphitized elec-
trodes. In the cost of electric steel, electrodes occu-
py a considerable share — up to 8‒15 and sometimes 
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up to 30 %. Therefore, it is difficult to overestimate 
the importance of the works conducted by electrode 
manufacturers to provide the required specific elec-
trical resistance (SER), increase the density of elec-
tric current, ensure high mechanical characteristics 
of electrodes, etc. One of the modern world trends in 
improving the operation of arc furnaces is to increase 
the electric current to 80–100 kA. This requires a re-
duction in SER to 4‒5 μOhm∙m and an increase in the 
diameter and length of graphitized electrodes. Such 
famous companies as SGL, Grafftech, Ukrgrafit, etc. 
have already mastered the production of electrodes 
with a diameter of 700, 750 and 800 mm. The length 
of the electrodes reached 3500 mm [5, 6]. The tech-
nical and economic assessment shows that a decrease 
in SER by 0.2 μOhm∙m provides a reduction in power 
consumption by 6‒8 % per a ton of metal.

At the PWI of NASU, a fundamentally new type 
of products for electrometallurgy — graphitized com-
posite (cored) electrodes for arc steel-melting DC and 
AC furnaces was developed, which is studied and 
tested jointly with scientific centers and industrial en-
terprises.

PROCEDURE OF STUDIES
At the initial stage of works, the basic physical, chem-
ical and power properties of the core and cored elec-
trodes (Volt-ampere characteristics (VACh), current in 
the cathode-anode system, emission properties, power 
distribution over the arc sections, etc.) were investi-
gated in the conditions of the PWI. For this purpose, 
specialized laboratory equipment was created, which 
used graphitized electrodes with a diameter of 50 mm. 
Industrial trials of cored electrodes were performed 
in 12-ton EAF DC-12 and three-phase DS-6N-1 and 
DSV-50 AC furnaces.

Cored electrodes are produced by drilling of one 
or more longitudinal holes in the serial monolithic 
electrode, which is stuffed with a mixture containing 
materials (components) to ensure the thermal stabili-

ty of the core, regulation of its electrical conductivity 
and components with elements of the I and II groups 
of the Mendeleev table with low electron work func-
tion*. Due to these components with minimal power 
consumption, favorable thermodynamic conditions 
for the ionization of gases in the column of high-cur-
rent electric arc in EAF and EAF DС are provided. 
The first comparative trials of cored and monolithic 
electrodes in laboratory equipment and in industrial 
furnaces showed that the cored electrode arc is fun-
damentally different by geometric and power parame-
ters and very high stability compared to the monolith-
ic electrode arc (Figure 1).

It was established that the diameter of the cathode 
spot on the cored electrode is approximately 4 times 
exceeds the analogue on the monolithic one. Diame-
ters of anodes on the cored and monolithic electrodes 
differ in 2‒3 times. The cored electrode arc is always 
maintained on the core and occupies almost the en-
tire cross-sectional area of the electrode as a result of 
mutual diffusion of components in the core-electrode 
system. It does not migrate along the end of the elec-
trode and does not come to its side surface, providing 
stable, soft heating of the melt and vertical position 
[7, 8]. At the same time, as a result of migration of the 
monolithic electrode arc, the plume of its plasma can 
amount to 7–8 lengths of the arc and reach the furnace 
lining, causing overheating and destruction of the lin-
ing. These and other features of the cored electrode 
arc are realized in improvement of almost all tech-
nical and economic indices of arc furnace operation.

The mentioned differences in geometric and elec-
trical indices cause that all the cored electrode arc sec-
tions have significantly lower specific values of current 
density and power than the corresponding monolithic 
electrode arc sections. The calculations were performed 
according to the data of melts in a 12-ton DC furnace 
at equal voltages of arcs (220 V) and equal currents 
(11000 A) for monolithic and cored electrodes. Fifteen 
values were compared. It is enough to note that the spe-

Figure 1. General appearance of the arc of graphitized monolithic (a — Ua = 62 V; Ia = 720 A; dc = 2.5; da = 9.5 mm) and cored (b — 
Ua = 32 V; Ia = 720 A; dc = 9.5 mm; da = 17 mm) electrodes at equal lengths of arcs (La = 15 mm)

           
*In the article, compositions of cores are not given. The cores are indicated by the letter C with indices 1, 2, 3 etc.
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cific current, attributed to a unit of surface or a volume 
of the arc and specific power at the cored electrode 
cathode is 16.0 and 37.5 times lower, respectively, than 
at the monolithic electrode cathode [9].

RESEARCH RESULTS

SOME PROPERTIES AND FEATURES 
OF THE CORED ELECTRODE ARC
Studies of comparative voltage distribution over arc 
sections were performed in the laboratory equipment 
with the use of laboratory monolithic and cored elec-
trodes with a diameter of 50 mm and a core of the 
composition C4. The voltage drop on the arc sections 
and current under the conditions of the same volt-
age on the arcs (50 V), given in Table. 1, from which 
is follows that: the arc length La of the cored elec-
trode was 23 mm, La of the monolithic electrode was 
15 mm, i.e. more by 1.53 times; voltages on the anode 
spots of the arc Uan for these electrodes are close in 
values and equal to 15 and 13 V, respectively (average 
data by three dimensions); the emitter current Iem was 
100 A, that is, the total current increased from 350 to 
450 A, which was 28.5 %; the voltage drop on the arc 
column Ucol of the core is 1.74 times higher than on 
the arc column of the monolithic electrode; the volt-
age gradients in the arc of cored and monolithic elec-
trodes are close (1.0 and 1.1 V/mm); it is of particular 
interest that the cathode voltage Uc of the monolithic 
electrode (22.5 V) is 2.32 times higher than Uc of the 
cored electrode (9.7 V).

The voltage drops in the sections of the arcs at 
their equal lengths (15 mm) for compositions of the 
cores C1‒C5 are presented in Table 2, from which it 
follows: the voltages Uan of the cored and monolithic 

electrodes are almost equal (10‒13 V); the voltages 
on the arcs Ua of the monolithic and cored electrodes 
were 55 and 37.2 V (average values of 5 experiments), 
that is, the ratio is equal to 1.48 times. This index is 
close to the difference in arc lengths in case of equal 
voltages (1.53) (Table 1).

It is confirmed that equal currents can be ensured 
at the voltages of approximately 1.5 times lower in the 
case of the cored electrode compared to the monolith-
ic one; the voltage drop on the arc column Ucol of the 
monolithic and cored electrodes have close values — 
25.5 and 20.8 V (average values from 5 experiments); 
as in the case of experiments with equal voltages 
(Table 2), the drop of voltages on the cathode spot of 
monolithic and cored electrodes: 18.0 and 5.5 V (av-
erage for 5 compositions), 18.0:5.5 = 3.3 times.

It is also important that the noted parameters have 
fairly clear stability at very large differences in the 
compositions of cores.

There were also experiments conducted to deter-
mine: the critical length of the arc at which its break 
occurs (Lbr); the values of emitter currents (Iem); geo-
metric parameters of the arc.

The obtained characteristics of the monolithic and 
cored electrodes are given in Table 3.

The VACh was investigated on the monolithic and 
cored electrodes of five core compositions (C1‒C5). 
The results are presented in Figure 2.

As is seen from Figure 2, the current of the or-
der of 400 A on the cored electrodes is provided at a 
voltage of 5‒2.5 times lower than on the monolithic 
electrode, or at equal voltages on the arcs, the current 
on the cored electrodes is 1.5‒2.0 times higher than 
the current of the monolithic electrode.

Table 1. Arc values in the sections of monolithic and cored electrodes at equal voltages of the arcs

Arc parameters
Electrode

Ratio of values
Monolithic Cored

Ua, V 50.0 50.0 –

Uc, V 22.5 9.7 c. cored

c. monol.

22.5 2.329.7

U

U = =

Uan, V 13.0 15.0 –

Ucol, V 50–(22.5 + 13) = 14.5 50–(9.7 + 15) = 25.3
25.3 1.7414.5

col. cored

col.monol.

U

U = =

I, А 350 450 –

La, mm 15 23
23 1.5315

arc cored

arc monol.

U

U = =

b, V/mm
14.5
15

V
mm  

≈ 1 V/mm
25.3
23

V
mm  

≈ 1.1 –
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It is known that one of the most important charac-
teristics of graphitized electrodes for arc steelmaking 
furnaces is SER. This index is of some importance for 
each of the four grades of electrodes (EG, EGP, EGS, 
EGSP) used in all arc furnaces. Here, the higher the 
quality of the electrode (from EG to EGSP), the low-
er SER they have and, consequently, the higher the 
admissible current loads. For example, for electrodes 
with a diameter of 508 mm of EG grade used in 50-t 
furnaces, this index is 15‒18 A/cm2, and for EGSP 
grade it is 22‒28 A/cm2.

The core and the electrode create a single сore-elec-
trode system and are not isolated from each other. 
Therefore, SER of the cored electrode will be differ-
ent from SER of the monolithic electrode-analogue.

The peculiarity of the production and operation of 
cored electrodes is that after stuffing of the cored mass 
into the electrode, it is not subjected to any heat treat-
ment and is mounted on the furnace in the raw form. 
Therefore, all processes like removal of binding ele-
ments, physicochemical processes, formation of struc-
ture and properties of the core and electrode occur when 
the electrode is heated from a temperature of 20‒30 °C 
(mounting in a set) on the furnace to the order of 4000 °C 
at the working end of the electrode in the near-arc part. 

At the same time, all the mentioned processes take place 
in the closed space of the furnace under conditions of 
lack of oxygen and excess of carbon.

In the mentioned conditions, there are no doubts 
regarding two factors: the first, in the core-electrode 
system there active processes of mutual diffusion of 
components occur; the second, given the constantly 

Table 2. Values of voltage drop in the sections of the arcs at equal lengths of arcs and core compositions C1‒C5

Arc 
parameters

Monolithic 
electrode C1 C2 C3 C4 C5

Ua, V
52–55 
54.0

35–48 
39.0

36–53 
42.0

36–39 
37.5

38–47 
41.0

38–39 
39.5

Uc, V
18–18 
18.0

5–6 
5.5

5–8 
7.0

5–7 
6.0

6–9 
7.5

5–9 
7.0

Ucol, V
20–25.5 

23.0
17–27 
20.0

21–30 
22.0

20–23 
21.0

20–24 
21.0

19–23 
20.5

Uan, V
11.5–14 

13.0
13–15 
13.5

10–15 
13.0

10–11 
10.5

12–14 
13.0

10–12 
11.0

Current, A 300–307 
304

300–360 
354

300–350 
350

313.5–420 
367

320–387 
350

310–320 
313

b, V/mm 1.53 1.33 1.46 1.4 1.37 1.37

Table 3. Characteristics of monolithic and cored electrodes

Number Mode parameters
Electrode

Note
monolithic cored

1 Ua, V 64 64 –

2 Ia, A 400 500 Iem = 500 – 400 = 100 А; ∆ = 25 %

3 Pa, W 25600 32000 32000:25600 = 1.25 due to Iem

4 La initial, mm 10 10 –

5 La break, mm 21 33 33 1.5221 =

6 Cathode diameter, mm ~5 ~16 –

7 Arc column diameter, mm ~8 ~20 –

8 Anode diameter, mm ~15 ~35 –

Figure 2. VACh of arcs of monolithic and cored electrodes: Þ — 
monolithic electrode; ♦ — C1; ■ — C2; А — C3; ● — C4; ● — C6



30

O.G. Bogachenko et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

increasing temperature along the length of the elec-
trode, all the above physicochemical processes in the 
core-electrode system are in a quasi-stationary state. 
Therefore, any analysis of the mentioned processes 
should be carried out in certain temperature zones 
along the length of the electrode.

The carried out studies and experiments indi-
cate that SER of the cored graphitized electrode 
(core-electrode system) depends on many techno-
logical and power factors and processes being in a 
quasi-stationary state in an operating furnace. SER of 
the cored electrode is also in the same state, that is, it 
changes in time depending both on length as well as 
cross-section. As an example, Figures 3 and 4 show 
the results of studying the temperature dependence of 
SER on the composition of cores. In Figure 3, the re-
sults of trials of 5 core compositions (C11‒C15) are giv-
en. As a criterion for evaluation of each composition, 
the temperature is accepted, at which curves of SER 

of cores intersect with SER of two initial monolithic 
electrodes (curves I and II). It is seen that SER of the 
core is equal to SER of the electrode and may further 
decrease in the temperature range of 1600‒2500 °C, 
depending on the composition of the core and SER 
of initial monolithic electrodes. Even more clearly, 
the temperature dependence of SER of the core re-
vealed itself when non-stoichiometric titanium nitride 
(TiN0.8) was introduced into its composition. In this 
case, equalization of SER of the cores and electrodes 
has a clearly pronounced nature and occurs in the 
same temperature range (1400‒2000 °C) relative to 
the initial monolithic electrode (I). With regard to the 
monolithic electrode with a low SER (II), the tem-
perature interval of the SER lines intersection shifts to 
the right to approximately 1800‒2500 °C.

Thus, the equality area of SER of the cores and elec-
trodes is in the temperature range of 1200‒2500 °C 
and is determined by the composition of the core and 

Figure 3. Dependence of specific electrical resistance of cores on temperature: 11‒15 — core compositions, conditionally; I and II are 
monolithic electrodes

Figure 4. Dependence of specific electrical resistance on temperature of raw cores based on TiN (explanations are given in the text 
and in Table 2)
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SER of the electrode. In turn, these indices are de-
termined by the degree of completeness of diffusion 
processes in the core-electrode system and the actual 
state of creation (decomposition) of chemical com-
pounds with semiconductor properties, that ultimately 
reduce SER of the core-electrode system.

The first studies of diffusion and determination 
of SER in the core-electrode system were conduct-
ed on full-scale samples from an industrial electrode 
with an initial diameter of 350 mm from the furnace 
EAF DC-12, which was heated from a temperature of 
20‒30 °C to the order of 3900‒4000 °C (in the near-
arc part) and exposure for 95 thou h.

In these melts, cores of the composition C0
* were 

used. After 1.0‒1.5 h from switching on the furnace, 
at the end of the electrode, a concave hemisphere was 
formed, predetermined by the presence of core in the 
center of the electrode. The shape of the hemisphere is 
determined by the electrical mode, the electrical resis-
tance of the electrode body and core, the composition 
of metal and slag and other factors. The overall appear-
ance of the working end of the electrode with the core, 
which was heated to 3900‒4000 °C and natural cooling 
to room temperature, is presented in Figure 5. From the 
end of the electrode with the core, four samples were 
selected according to the scheme presented in Figure 6. 
The temperature dependence of SER of these samples 
was determined by specialized equipment. The test re-
sults are presented in Figure 7, from which it is seen that: 
SER of horizontal samples (1H and 2H) and extreme 
vertical (1V) are almost the same, which indices a high 
degree of isotropicity according to this indicator in the 
cored graphitized electrode; the vertical sample 2V has 
a significantly lower specific electrical resistance (in av-
erage by 12 %) and almost constant than the rest. This 
is explained by the fact that the elements with low elec-

tron work function, which transferred from the diffusion 
from the core into the electrode body, maintained in the 
central zone of the electrode in greater quantity than in 
the extreme sample 1V. Depletion of the sample 1V with 
the mentioned elements also occurred as a result of diffu-
sion when the template was cooled to room temperature.

RESULTS OF USING CORED ELECTRODES 
IN INDUSTRIAL DC FURNACES
The above calculated, experimental and practical data 
convincingly testify the clear power and technologi-
cal benefits of the cored arc.

The first industrial studies of cored electrodes were 
conducted in a 12-t EAF DC-12 furnace. 70FеSiMn 
wastes were used as a charge, i.e., a relatively simple 
and homogeneous charge. The tasks of these tests in-
cluded: determination of technical and economic in-

Figure 5. Macrostructure of working end of the graphitized 
electrode with an initial diameter of 350 mm (from EAF DC-12 
furnace): 1 — nipple nest; 2 — core; 3 — electrode; 4 — hemi-
sphere; 5 — liquid slag

Figure 6. Scheme of cutting out samples: 1 — core; 2 — electrode
Figure 7. Temperature dependence of specific electrical resis-
tance of samples of electrode material

           
*The composition of core and component distribution in electrode body is not given in the article.
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dicators during melts with monolithic and cored elec-
trodes in regular modes, on short and long arcs, on 
reduced and increased voltages of arcs, determination 
of arc length before break, etc. As an example, Fig-
ure 8 shows generalized data on specific consumption 
of active electric power for monolithic (M1 and M2) 
electrodes, nipples (N), hollow electrode (H), cored 
electrodes (C1, C2 and C6) in serial modes.

From Figure 8, it follows that regardless of the 
cores composition (C1, C2 and C6), cored electrodes 
provide lower electric power consumption than 
monolithic, hollow electrodes and nipple.

The summary data on the use of cored electrodes 
compared to monolithic electrodes during remelting 
and refining of 70FеSiMn in a 12-t EAF DC are pre-
sented in [10, 11] and are the following: a stable arc 
in a wide range of changes in electrical modes and 
arc length; savings of active electric power to 10 %; 

reduction of reactive power to 23 %; increase in the 
furnace output to 12 %.

These results served as a convincing ground to use 
cored electrodes to remelt more complex, multifrac-
tional, heavy charge in the EAF DC-12 furnace. Such 
a charge was a catalyst — a product of oil refining. 
Its base is A12O3. The catalyst also contains a large 
number of nickel, molybdenum (10‒12 % of each el-
ement), vanadium. The peculiarity is the high content 
of sulfur (up to 4‒6 %) and a high residual content of 
oil products. The main purpose of remelting of this 
material was to obtain the maximum content of mo-
lybdenum and nickel (ingots), as well as to produce a 
slag with a high content of V2O5 (more than 12 %) for 
the production of 50 % FeV. The preliminary prepa-
ration of the catalyst was not carried out before melt-
ing, which caused extremely unstable electrical and 
technological modes and, as a consequence, technical 
and economic indices of melting. Against this back-
ground, the testing of cored electrodes efficiency was 
of great interest. The work included three stages.

Stage 1. Remelting of the catalyst with the pro-
duction of vanadium-containing slag and metal phase 
(ingots) containing Ni and Mo.

Stage 2. Refining of the ingots and obtaining a prod-
uct with the highest possible content of Ni and Mo.

Stage 3. Obtaining of ferrovanadium.
As an example, Figure 9 shows the comparative 

results of the catalyst remelting on the monolithic and 
cored electrodes of the compositions C2 and C11.

From Figure 9 it follows that the furnace output 
when using cored electrodes grows by 25.6 %, a de-
crease in the burning loss of Ni, Mo and Fe is up to 
9 %, savings of electric power are up to 30 % depend-
ing on the composition of cores.

Figure 8. Specific consumption of active electric power during 
the melts on the serial mode using monolithic (M) electrodes, hol-
low (H) electrodes, nipple (N) and cored electrodes (C1, C2, C6)

Figure 9. Furnace output (a), output of the metal phase (reduction in the burning loss of Fe, Ni, Mo), % (b) and electric power con-
sumption (c) during remelting of the catalyst with the use of monolithic (M) and cored (C2 and C11) electrodes
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Stage 2. During remelting of the metal phase, the 
use of the cored electrodes provided an increase in 
the furnace output by 9.6 %, a decrease in the burning 
loss of nickel and molybdenum by 10.3 % and saving 
of electric power by 2.8 %.

The similar results were obtained during smelting 
of 50 % FeV: the output increased by 4.2 %, the re-
moval of vanadium form the slag increased by 17.4 % 
and saving of electric power were 7.1 %.

First of all, these data indicate that the electrode 
with a core at all stages of remelting the catalyst and 
its products have significant advantages compared to 
monolithic electrodes.

A significant advantage of cored electrodes is also 
the fact that when using time scattering, the melting 
decreases by 2.0‒2.5 times, i.e., high stability of elec-

trical modes and thermal conditions of the furnace 
output is provided.

As was noted, an important difference of cored elec-
trodes is that during melting, the working end of such 
an electrode always has the shape of a concave hemi-
sphere regardless of the core composition and electrical 
modes. This hemisphere causes the presence of close 
and open parts of the arc, the length of which can be 
adjusted. This causes two main technological factors. 
First, it can concentrate up to 50 % of the arc power. 
This in combination with the high stability of long arcs 
on the cored electrodes provides effective melting of 
a large-sized charge, a smaller number of arc breaks 
during penetration of wells, etc. Secondly, we assume 
that the consumption of refractories should be reduced 

Table 4. Basic technical and economic parameters of operation of industrial EAF and EAF DC furnaces with cored electrodes*

Melting parameters
12-ton EAF DC, 

electrode 
diameter of 350 mm

6-ton EAF, 
electrode diameter 

of 3×300 mm

50-ton EAF, electrode 
diameter 

of 3×508 mm

Power Arc stability High High High
Reactive power Up to 23 % – –
Increase in cosφ From 0.88 to 0.94 From 0.81–0.86 

to 0.91–0.94
–

Reduction in time from the first short-circuit to a 
steady arc burning 

By 2.4–4.8 times By 2.75–5.4 times –

Reduction in time of arc stabilization on the wells and 
during charge melting

By 1.8–2.6 times By 2.3–3.8 times By 2.0–2.5 times

Reduction in frequency and strength of surges into the 
primary mains

Significant Significant Significant

Reduction in coefficients of current harmonics when 
penetrating wells and in liquid metal

– From 0.65–0.59 
to 0.28–0.09

From 0.9; 3.4; 1.1 
to 0.3; 0.2; 0.3 

respectively
Reduction of the range of currents scattering by 

phases in the period of wells penetration and charge 
melting

– By 25–40 % By 30–50 %

Distortion of sinusoidal curves of current and voltage 
in the basic periods of melting

– Much lower Much lower

Reduction in the voltage and current fluctuations 
range

Voltage by 15 %, 
current by 31 %

– –

TechnOLOGY Reduction in specific active electric power consump-
tion (average), kW∙h/t (%)

16.6–30.0 % In average by 10 % 7–14 %

Reduction in time of melt scattering 
(increase in stability)

2.0–2.5 1.5–2.0 2.0–2.5

Increase in the furnace output, kg/h Up to 25 % By 23 % By 18–22 %
Reduction in burning loss of alloying elements 

(Mo, Ni, etc.)
Up to 10.3 % – –

Reduction in overall burning loss of charge Up to 3 % Up to 2–3 % Up to 3.5 %
Reduction in specific consumption of cored electrodes 

of EG grade (in average), kg/t
– By 18 % By 16 %

MetallurgY Reduction of nitrogen content in steel (in average) – By 15 % By 19 %
EcologY Reduction in the noise level of furnace By 7–10 % By 8–10 % By 7–10 %

Reduction in the amount of dust and gas emissions By 8–12 % By 7–12 % By 10–15 %

*Comparison is made with monolithic electrodes.
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by 20‒30 %, a number of furnace repairs should de-
crease and its overall output should grow.

It was also confirmed that the cored arc causes a 
reduction in the noise level during operation of EAF 
DC-12 by 10‒12 %. More detailed results of using 
cores in DC furnaces are presented in [7, 8, 10, 11] 
and in the summary Table 4.

RESULTS OF USING CORED ELECTRODES 
IN INDUSTRIAL AC FURNACES
Currently, about 1200 electric arc furnaces are being 
operated in the world: 200 DC and 1000 AC furnaces, 
including the most common industrial furnaces with a 
capacity from 6 to 50 t (old furnaces) and 100‒180 t fur-
naces of ultra-high capacity, which have been installed 
recently in different countries of Europe, Asia and Amer-
ica. Therefore, the possibility of using cored electrodes 
in AC furnaces is of great interest. The first melts of the 
kind were carried out in an industrial three-phase 6-ton 
EAF DS-6N1 furnace.

The wastes from abrasive cleaning of high-cut steels 
and heat-resistant alloys with large scraps of carbon and 
ball-bearing ShKh15 steels were exposed to remelting. 
In the process of works, the electrodes with cores of five 
compositions (C16, C18, C19, C20 and C21) were tested. The 
melts were carried out with different combinations of 
cored and monolithic electrodes operating in the furnace 
simultaneously: three cored; two cored and one mono-
lithic; one cored and two monolithic.

For adequate comparison of the results, the melts 
were carried out on regular electrical modes with reg-
istration of current, arc voltage values and other pa-
rameters.

As in the case of DC furnaces, the high stability of 
all electrical mode parameters in the DS-6N1 furnace 
was immediately noted. It was found that: the time of 
arc stabilization from the first interfacial short-circuit to 
continuous burning in the cored electrodes is 1.75‒5.40 
times shorter than in the monolithic electrodes; the time 
of frequent arc breaks in the cored electrodes is 3‒10 
times shorter than in the monolithic electrodes.

These factors determine quick stabilization of the 
electrical melting mode, rapid formation of wells and 
efficient melting of the charge. This also results in 
a decrease in the frequency and strength of current 
surges into the primary mains, which improves the 
quality of electric power, providing more stable op-
eration of such powerful electric power consumers as 
neighbooring furnaces, units for out-of-furnace treat-
ment, mill rolls, etc.

In more detail, the results of experimental melts 
in the DS-6N1 furnace are outlined in [12, 13] and a 
summary Table 4.

Further, the experimental works were carried out in 
a 50-ton three-phase AC furnace of DSV-50 type, which 
uses graphitized electrodes with a diameter of 508 mm.

The works program included an assessment of the 
impact of a large-scale factor on the technical and 
economic indices of 6- and 50-t EAF, the operation of 
the furnace in continuous mode (melting by melting) 
for 8 days, the features of the furnace operation on 
long arcs, control of parameters of electric and tech-
nological modes of melting, etc. For this purpose, 24 
electrodes of 508 mm diameter with cored inserts of 
four compositions (C18, C22, C23 and C27) were made. 
For the correct comparison of the results, the melts 
were carried out on regular electrical modes. Also cur-
rent and voltage oscillograms were recorded, some of 
which were made on long arcs and reduced currents. 
In total, with the use of cored electrodes, 1968  t of 
carbon, low-alloy high-strength structural and alloyed 
tool steels were smelted.

The obtained results convincingly indicate the 
high efficiency of using cored electrodes when smelt-
ing the entire assortment of structural and tool steels 
on both regular and experimental modes. These re-
sults are outlined in [9] and a summary Table 4.

Conclusions
1. It is stated that in recent decades, the world produc-
tion of steel has increased continuously and is getting 
very close to 2 bln t in 2021. This is 2.86 times more 
than in 1970 (0.7 bln t). About 30 % of steel is pro-
duced in EAF AC and EAF DC arc furnaces. By the 
end of the decade, this index will grow to 40 %. More-
over, much attention is paid to green technologies and 
use of hydrogen instead of carbon.

2. It was established that equal lengths of the arcs 
of the cored and monolithic electrodes are ensured at 
a voltage on the arc of the cored electrodes approx-
imately twice shorter than the arc of the monolithic 
electrodes at equal currents.

3. The arc of the cored electrode is always stable, 
disoriented, it does not migrate along the end of the 
electrode and has much larger sizes than the arc of 
the monolithic electrode. Therefore, all specific pa-
rameters (electric current density, power) of the cored 
electrode arc are much lower than in the monolithic 
electrode arc.

4. It has been shown for the first time that the volt-
age drop on the cathode spot of the cored electrode 
arc is 2‒3 times lower than on the cathode spot of the 
monolithic electrode arc.

5. It was found that at equal voltages on the arcs 
(of the cored and monolithic electrodes), the length of 
the cored electrode arc is in average 1.5 times larger 
than of the monolithic electrode.

6. It was found that the voltage drop on the anode 
spots of the cored and monolithic electrodes is ap-
proximately the same.

7. The current of emitters contained in the core can 
amount to 25‒43 % of the working melting current.
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8. The specific electrical resistance of cores before 
a temperature of 1200‒2500 °C is always higher than 
that of the electrode. After the range of 1200‒2500 °C, 
SER of cores becomes equal or lower than that of the 
electrode body. This temperature range is purely in-
dicative because SER depends on the core composi-
tion, the completion of mutual diffusion processes in 
the core-electrode system, the actual state of physico-
chemical processes in this system, etc.

9. It is shown that the mutual diffusion of compo-
nents in the core-electrode system increases the iso-
tropicity of SER of this system.

10. The cored graphitized electrodes provide high 
stability of the arc and improve all the main power, 
technological and metallurgical parameters of opera-
tion of steel-making arc furnaces.

11. The cored electrodes provide a reduction in the 
noise level by 7‒10 % and emissions of dust and gases 
into the atmosphere by 7–15 %.

12. The efficiency of cored electrodes does not 
depend on the design of the arc furnace, the type of 
current (direct or alternating), as well as the capacity 
of the furnace.

13. The production of cored electrodes does not 
require significant capital costs and can be organized 
either at a steel-making enterprise or at an enterprise 
manufacturing graphitized electrodes.
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Methods for recognizing surface defects 
on thin-sheet materials 
for visual testing automation (Review)
A.S. Novodranov

E.O. Paton Electric Welding Institute of the NASU 
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ABSTRACT
The use of methods for recognizing surface defects in order to automate the process of visual non-destructive testing in produc-
tion of rolled thin-sheet materials is becoming an increasingly urgent task. The use of automated systems for recognizing sur-
face defects leads to early detection of damage and determination of their class and level of danger. After classifying a defect, 
the system makes a decision on further actions without the operator participation. The presence of such systems prevents the 
equipment downtime and reduces the impact of the human factor on production. The classifier performance rates were deter-
mined and analysis of the current techniques for determining surface defects was performed. The advantages and disadvantages 
of the methods are determined. The feasibility of using a method was analyzed depending on the type of surface and geometric 
characteristics of a defect. The expediency of using several methods to ensure more accurate recognition of surface defects is 
determined. Significant prospects for the application of machine learning methods based on neural networks are noted. The 
prospect of using neural networks in the systems for automated recognition of surface defects is predetermined by the possibil-
ity of automatic selection of features from the image, as well as processing of complex structures.

KEYWORDS: surface defects, defect detection methods, sheet materials, automated monitoring, defect recognition, image 
processing

INTRODUCTION
The intensive development of industry specifies the 
task of improving the quality of products. Due to this 
reason, automated monitoring of surface defects of 
thin-sheet materials is important in many industries 
[1‒4]. The quality of thin-sheet products is determined 
by a number of mechanical characteristics and the 
presence of defects depending on the material from 
which it is made. The presence of defects leads to the 
downtime of production equipment due to the need in 
the shutdown of the forming machine, elimination of 
break or defect, which is negatively reflected in the 
efficiency of production. At the same time, modern 
computer technologies and methods of artificial intel-
ligence make it possible to achieve a significant effect 
at improvement of control systems. Detection of mi-
nor defects in the early stages of production can pre-
vent the appearance of rejection and ensure the com-
pliance of products with the quality standards. The use 
of industrial cameras of GigE standard allows trans-
mitting RAW images without compression to a server 
at a speed of up to 5 Gbps for further processing and 
analysis [5]. With the use of the methods for detection 
and recognition of surface defects based on statistic 
data, namely size, frequency of detection and type of 
defects, spectrum of brightness or color, as well as 
machine learning, it is possible to detect and classify 
defects by their degree of danger with high accuracy. 

The term “accuracy of detection” should imply the 
correct assessment of a defect, namely the ability of 
the method to detect whether a defect is present on 
the obtained image. In this case, the accuracy of the 
classification reflects how true the method determines 
the class of a detected defect. According to the classi-
fication results, the automated system takes a decision 
on further steps.

AIM OF THE WORK
is analyzing and systematizing the methods of auto-
mated recognition of surface defects on thin-sheet 
materials to determine their advantages, disadvantag-
es and potential areas of application.

STATEMENT OF PROBLEM 
FOR RECOGNITION 
AND CLASSIFICATION OF DEFECTS
Two-dimensional color image of the thin-sheet mate-
rial surface serves as the primary information in the 
problem of recognition and classification of defects. 
The images are obtained by scanning the surface with 
the use of the system of digital CCD cameras. The 
size and shape of defects typical for respective pro-
duction can be significantly different. In the general 
case, automated systems for monitoring of the thin-
sheet material surface are capable of detecting defects 
from 1‒2 mm2. To check the recognition quality of 
the methods, a magnified image of a through defect 
in a rolled paper web with a size of 5.8×30.9 mm was 
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used. To detect defects in the sheet materials from 
their digital images, widespread methods were select-
ed based on statistic data analysis, as well as meth-
ods based on spectral analysis were determined, that 
are less widespread in the solution of machine vision 
problems. Unlike the traditional recognition methods, 
the methods based on machine learning were chosen.

CLASSIFIER PERFORMANCE RATES
Assessment of the results of applying methods for de-
tection of surface defects occurs on the basis of the 
following statistical categories (Figure 1):

● TP is a true positive, that indicates that a real 
defect is determined as a defect;

● TN is a true negative, that indicates that a real 
defect is determined as a background;

● FP is a false positive, that indicates that a back-
ground is mistakenly determined as a defect;

● FN is a false negative, that indicates that a real 
background is correctly determined as a background.

TP, FN, TN and FP categories are generally ac-
cepted and widely used in many fields of science, 
including machine learning and computer vision [7]. 
Therefore, for a high percentage of detecting surface 
defects, it is necessary that TP and FN categories pre-
vail. If TN and FP prevail among the detection cat-
egories, the appropriate detection algorithms and/or 
methods should be improved. Based on the above-
mentioned categories, the classifier performance rates 
can be calculated:

● True positive rate:

	

tPtPr= ;
TP+FN 	

(1)

● True negative rate:

	

tntnr= ;
TN+FP 	

(2)

● False positive rate:

	

fPfPr= ;
FP+TN 	

(3)

● False negative rate:

	

fnfnr= ;
FN+TP 	

(4)

● Precision rate:

	

tPPrecision= ;
FP+TP 	

(5)

● Recall rate:

	

tPrecall= ;
TN+TP 	

(6)

● Accuracy rate:

	

TP+TNaccuracy = ;
TN+TP+FP+FN 	

(7)

● G-mean:

	 meang = tPr tnr ;⋅ 	 (8)

● F-measure:

	
measure

2Precision recallf = .
Precision recall

⋅
⋅ 	

(9)

Among these rates, G-mean and F-measure should 
be especially noted. G-mean is a value that estimates 
accuracy based on true positive and true negative rate. 
F-measure determines the overall efficiency of the 
process of detecting surface defects based on recall 
and precision parameters. The highest rate of F-mea-
sure is 1, which indicates the perfect precision and 
recall.

METHODS FOR RECOGNIZING 
SURFACE DEFECTS
The general classification of methods for recognizing 
surface defects is shown in Figure 2. In order to en-
sure the most effective level of recognizing defects, it 
is expedient to combine these methods and approach-
es depending on the task and production conditions.

1. Statistical approaches
The use of statistical approaches is justified in those 
cases, when the nature of defects is related to the sur-
face texture. Therefore, the detection, description or 
classification of features on the base of textured sur-
face characteristics, such as entropy, contrast, correla-

Figure 1. Confusion matrix [6]
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tion, etc., is an important element of the problem of 
recognizing surface defects [8].

1.1. METHOD OF EDGE DETECTION
An important step in recognizing defects on RAW im-
ages is the method of edge detection. There are sever-
al operators (Figure 3) to detect the edges of surface 
defects in the images.

Sobel operator is one of the most popular. To de-
tect horizontal and vertical edges, it uses kernel con-
volution. Among the advantages of this operator, its 
simplicity of implementation, as well as a short time 
of performance should be attributed [9, 10]. Howev-
er, the roughness of detection edges compared to the 
next operator should be noted, namely Canny opera-
tor [11]. At the first stage during its application, the 

Figure 2. Classification of methods for recognizing surface defects

Figure 3. Result of using operators for edge detection
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image is smoothed. Then, a gradient of brightness is 
calculated for each image pixel. At the next stage, not 
maximum suppression and threshold value are used 
to obtain more smooth edges compared to Sobel op-
erator. Among the disadvantages, the complexity of 
performance, as well as longer time for performance 
should be attributed. Sobel operator is similar to 
Prewitt operator. The use of a convolution to detect 
changes in brightness in the images is the same for 
these methods. Among differences, different charac-
teristics of the kernel, less sensitivity to changes in 
intensity, as well as the smaller value of the Prewitt 
operator gradient can be attributed [12]. Sometimes, 
Roberts operator is also used, which is one of the sim-
plest methods of detecting edges, Kirsch operator, as 
well as Laplace operator.

Quantitative characteristics of recognition quality 
using the method of highlighting edges is shown in 
the Table 1.

1.2. Local binary pattern
The use of the local binary pattern (LBP) method 
has the most effective result of recognizing surface 
defects when they affect the textured characteristics 
of the surface. The essence of the method (Figure 4) 
is to determine a local surrounding context for each 
pixel of the image. In the next step, the brightness 
parameter of the central pixel is compared with the 
brightness of the pixels of the selected context. Next, 
a binary pattern is created for each pixel by setting 
the value “1” in the case when the brightness of the 

central pixel is less or equal to the brightness of the 
current value, as well as by setting “0” in other case. 
Next, for each image area, a histogram of LBP codes 
is created. This histogram reflects a number of each 
LBP code in the corresponding area [13‒15]. The sig-
nificant advantage of the LBP method is the ability to 
determine texture changes in the image. A high rate of 
calculations should also be noted.

Quantitative characteristics of recognition quality 
using the local binary pattern method are shown in 
the Table 1.

1.3. Hough TRANSFORM
This statistical approach is used to detect straight 
lines, round or ellipsoidal shapes in the image. The 
straight line detection algorithm is composed of the 
following steps. In the first step, each point of the im-
age is transferred to the parametric space. In such a 
space, a straight line is represented by two values: an 
angle of inclination and a distance to the beginning 
of coordinates. In the second step, for each point of 
the image, a diagram is built in the parametric space. 
This diagram will display a hypothetical line cross-
ing the current point. In the case when several points 
of the image lie on one straight line, their diagrams 
in the parametric space are intersected at one point. 
Programming of such an algorithm for highlighting 
of straight lines is based on the analysis of the above-
mentioned intersections in the parametric space [16, 
17]. To detect round shape objects in the image, a 
three-dimensional space for the mentioned algorithm 

Table 1. Values of metrics for quality assessment of recognizing the considered methods

Number Method F-measure Accuracy, % Precision, % Recall, % Running time, 
ms

1

Edge detection
Canny operator 0.96 93.00 96.79 95.44 8.57
Prewitt operator 0.92 92.34 92.34 90.83 4.12
Sobel operator 0.86 81.00 85.41 86.67 5.36

2 Local binary pattern 0.83 82.00 84.51 81.70 21.41
3 Hough transform 0.78 72.00 75.57 80.18 27.49
4 Co-occurrence matrix 0.74 73.00 73.46 74.71 24.85
5 Gray level statistics 0.69 66.00 69.26 69.26 11.51
6 Fourier transform 0.65 63.00 65.77 64.72 36.21
7 Wavelet transform 0.85 82.00 88.85 80.69 67.32
8 Gabor filter 0.85 81.00 84.14 85.44 81.92
9 Supervised learning 0.94 93.00 95.00 93.58 12.38*

*Runnin time without taking into account the time for neural network learning.

Figure 4. Principle of using LBP method
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is used, in which objects to be detected will be repre-
sented by the coordinates of the center and the radius. 
Regarding the detection of ellipsoidal objects, in this 
case an object to be detected will be represented by 
the coordinates of the center, ellipse axis and angle of 
inclination.

Quantitative characteristics of recognition quality 
using the Hough transform method are shown in the 
Table 1.

1.4. Co-occurrence matrix
The co-occurrence matrix is a data structure used to 
assess the degree of similarity or coincidence between 
the areas or patterns of an image in the process of de-
tecting surface defects. When applying this method, 
at first, textured characteristics, color information, 
shape, size and other attributes from images are dis-
tinguished, that may indicate surface defects. The se-
lected features are compared with the features of ref-
erence patterns, which are created in advance on the 
basis of information about the types of defects. At the 
next step, a matrix for each image area is created, each 
cell of which contains comparison values. Next, the 
obtained matrix is analysed to detect coincidence with 
reference patterns [18]. Based on the analysis of the 
co-occurrence matrix, the system can make decisions 
on the presence of a defect and plan further actions.

Quantitative characteristics of recognition quality us-
ing the co-occurrence matrix are given in the Table 1.

1.5. Gray level statistics
The use of gray level statistics is justified in the case 
when the brightness and contrast of the defect zone 
is different from the surrounded area. Depending 
on the problem, this method can be used both inde-
pendently as well as in combination with other meth-
ods for better results of detecting surface defects. One 
of the most popular methods is determination of the 
brightness threshold. By determining a threshold val-
ue of the gray level and highlighting all the pixels, 
the brightness of which exceeds this value, probable 
surface defects can be highlighted, the brightness of 
whose pixels is different from the surrounding pixels. 
At the next step, the obtained histograms for determi-
nation of texture features of the image are analyzed. 
Based on the results of the analysis, it is possible to 
determine textured features that may be superficial 
defects. To increase the probability of a defect based 
on the textured surface features, it is expedient to ap-
ply one of the methods of neural networks [19, 20]. 
Sometimes, the method of changing contrast is also 
used. The essence of this method consists in compar-
ing the contrast of pixels of a probable defect and the 
surrounding area. A high level of contrast may indi-

cate a surface defect. Quantitative characteristics of 
recognition quality using the gray statistics method 
are shown in the Table 1.

Among the disadvantages of statistical methods, 
unreliability in the case of light changes, as well as 
interference of pseudo-effects can be attributed.

2. Methods based 
on spectrum analysis
These methods are used to determine and analyze the 
frequency characteristics of textured features of sur-
face defects of thin-sheet materials.

2.1. Fourier transform
Fourier transform method is often used to analyze the 
frequency characteristics of textures and details on the 
images of surface defects. The essence of the method 
is the transition from the spatial representation of the 
image to the frequential representation. This transfor-
mation allows analyzing an image in the frequency 
range, as well as selecting the basic frequencies in the 
image that will be useful in highlighting edges and 
textures. As a result of this transformation, an image 
spectrum in the form of two-dimensional matrix is ob-
tained, which contains information about the frequen-
cy components and their phase-frequency character-
istics. The next step is highlighting and recognition 
of defects on the image by analyzing the frequency 
characteristics of the spectrum. Due to the fact that 
defects can change the frequential composition of the 
input image, i.e., contain high-frequency components 
or noise, it provides the visibility of probable defects 
in the spectrum. The use of this transformation makes 
it possible to detect defects or changes in the structure 
by suppressing undesired components or enhancing 
the required frequencies. After analyzing the frequen-
cy characteristics, it is possible to return to the spatial 
image representation by means of the inverse Fouri-
er transform. The next step is the use of the thresh-
old filtration method for detection and classification 
methods to determine the type of a defect [21, 22]. As 
a disadvantage of the Fourier transform method, the 
inability to describe the spatial model of information 
signal should be mentioned. That is the reason for ig-
norance of the most information of a local description.

Quantitative characteristics of the recognition 
quality using the Fourier transformation method are 
given in the Table 1.

2.2. Wavelet transform
This method of image analysis is quite powerful, and 
therefore is often used for the recognition of surface 
defects of thin-sheet materials. The essence of the 
method consists in decomposition of the input image 
by scales and orientations with the use of the wavelet 
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transformation. The result of the transformation are 
wavelet coefficients, presented in the form of scales 
and orientations of details of the input image. The 
filtration of the corresponding coefficients should be 
applied to highlight the required defects on the image. 
In the next step, the inverse wavelet transformation is 
performed to transform the image into a pixel system 
of coordinates. The result of the inverse transforma-
tion is an image with highlighted surface defects. In 
the case of insufficient intensity of highlighted de-
fects, it is expedient to apply the method of threshold 
filtration. The final step is to apply the classification 
algorithms to determine the type and level of danger 
of a detected defect. This method makes it possible to 
recognize defects of different sizes by analyzing tex-
ture features, as well as localizing defects of different 
spatial frequency. The disadvantages of the method 
include sensitivity when choosing wavelets and de-
composition parameters [23, 24]. The quantitative 
characteristics of recognition quality using wavelet 
transformation are shown in the Table 1.

2.3 Gabor filter
This method describes the spatial model of the in-
formation signal more effectively, compared to the 
method of Fourier transformation, by modulating 
the function of the Gaussian kernel with a sinusoidal 
wave of a certain frequency. In other words, Gabor 
filter is a mathematical filter that is used to analyze 
structural and textured surface defects. The essence 
of the method consists in determination of the filter 
parameters, such as frequency, orientation and size. 
On the basis of these parameters, the filter kernel 
is created, which is a two-dimensional function in 
the form of a sinusoidal wave limited by the Gauss-
ian function. By means of the convolution operator, 
the obtained kernel of the function is applied to the 
image. This application helps to determine the tex-
ture and structural features by enhancing the tex-
tured details in the image corresponding to the filter 
frequency parameters. The use of the Gabor filter 
results in creation of a reaction map that reflects 
the degree of compliance of the textured features 
of each pixel of an image. Large values on this map 
can mean the presence of a surface defect. The re-
action map is further processed using a threshold 
filtration method to highlight defect areas [25, 26]. 
Among the disadvantages of the method, its unor-
trogonality, resulting in excess components of fea-
tures, which leads to a decrease in the efficiency of 
the textured image analysis, should be attributed. 
Quantitative characteristics of recognition quality 
using the Gabor filter are given in the Table 1.

3. Approaches based 
on machine learning
Machine learning is a set of algorithms and methods 
of artificial intelligence (AI), by means of which a 
computer runs a self-learning process without direct 
instructions. To the main methods of machine learn-
ing, the following should be attributed:

● supervised learning or learning with a teacher;
● unsupervised learning;
● reinforcement learning.
The most used algorithm of machine learning is 

an artificial neural network. The use of a neural net-
work requires a large amount of datasets for learning. 
Images with the required type of defects and without 
them serve as learning data. The required set of im-
ages with defects is selected depending on the mate-
rial surface, on which recognition will be carried out. 
Typical defects for paper-cardboard production are 
web break, crumpling and defects of web edges, wan-
dering crack, etc. In contrast to paper and cardboard 
production, typical defects for metal-rolled industries 
are scratches, corrosion and rust, exfoliation, traces of 
treatment, etc.

The neural network in the general case (Figure  5) 
consists of the input layer responsible for the normal-
ization of data, a certain number of hidden layers that 
perform computing functions, as well as the output layer.

The methods of the neural network learning are 
divided into methods of direct and back error propa-
gation. At the direct error propagation, the answer is 
directly predicted. At the back error propagation, the 
error between the answer and the prediction is mini-
mized.

3.1. Supervised learning
The essence of the method consists in learning of a 
model with a teacher based on marked data, namely 

Figure 5. General structure of neural network [27]



42

A.S. Novodranov

                                                                                                                                                                                       

                                                                                                                                                                                                    

samples having a known mark or class. Supervised 
machine learning is used to teach a model of surface 
defect classifier. At the first step, a database with im-
ages of product areas with typical defects indicating 
their type and coordinates (x, y) of the defect zone is 
created. At the second step, the selection of character-
istic features from the images is carried out, that can 
be used to classify defects. The characteristic features 
include geometric or textured features, etc. Next, the 
appropriate model of machine learning is selected, 
namely CNN, SVM, RF, etc. After that, the process 
of model learning begins on the marked data using 
the extracted characteristic features of defects. During 
learning, a model of the neural network is adjusted to 
the characteristics of images that correspond to vari-
ous classes of defects. Upon completion of the learn-
ing process, assessment of the accuracy of recognition 
is checked by means of a test dataset. In case of insuf-
ficient accuracy, repeated learning on another dataset 
is carried out until the required accuracy is achieved. 
The need in a large volume of quality data for learning 
can be attributed to the disadvantages of the method. 
Among the benefits, high accuracy at proper adjust-
ment and learning should be mentioned [28, 29].

It should be noted that for the solution of computer 
vision problems, convolution neural networks (CNN) 
are best suited due to specialized architecture (Fig-
ure 6), scalability, as well as invariance to displace-

ments and distortions. By means of the convolution 
layers, automatical selection of the features for detec-
tion of defects occurs. The next step is using subdis-
cretization layers to reduce data dimensions. To solve 
the problem of classification, pooling layers are used.

Having selected a model of YOLOv4 neural net-
work and having trained on a test sampling of images, 
containing typical defects of the paper web, the next 
result was achieved (Figure 7). The learning sampling 
of the marked data had 80 images. Test and validation 
samplings contained 10 images each. The availability 
of test and validation sampling is caused by the need 
in checking the adequacy of the learning process.

Quantitative characteristics of recognition quality 
using the supervised learning method are given in the 
Table 1.

3.2. UNSUPERVISED LEARNING
This method of machine learning accepts not marked 
data as input data. During learning, the model itself 
should find regularities or patterns without informa-
tion about the classes of possible defects. The princi-
ple of clustering consists in seeking the model to in-
dependently group images by similar features without 
certain classes. The principle of reducing dimensions 
consists in preserving as much information as possi-
ble while reducing the dimensions of data. The use 
of the unsupervised method allows detecting hidden 
patterns or characteristics for further analysis or clus-
tering of data, finding anomalies or associations. But 
there is a difficulty in determining the accuracy of de-
tection due to the absence of “correct” answers [30].

3.3. Reinforcement learning
This method of machine learning consists in the inter-
action of the agent with the environment. The agent is 
a neural network that makes a decision based on input 
data. The agent receives a positive or negative assess-
ment for made decisions. The main task of the agent 
is to maximize the positive assessments during learn-
ing and choose the optimal interaction strategy. The 
process of reinforcement learning of a neural network 
is based on the iterative interaction of the agent with 
the contacted environment. Thus, the agent learns at 

Figure 6. Typical architecture of CNN network [27]

Figure 7. Result of detecting and classifying a defect with the use 
of the supervised learning method
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his actions and also on the gained experience of inter-
action with the environment. This method is the most 
suitable for learning robots and autonomous systems 
for control of unmanned vehicles [31, 32].

It should be noted that unsatisfactory quality as-
sessment metrics were obtained with the help of 
machine learning methods, namely, unsupervised 
learning and reinforcement learning, because of the 
complexity of architecture and, as a consequence, 
complex adjustment. In turn, it should be noted that 
the supervised learning method showed a high result 
of the recognition quality. However, the “confidence” 
parameter (Figure 7) was at a level of 87 %, which can 
be explained by not sufficiently large set of learning 
data. Each of the above-mentioned machine learning 
methods can be used together for a more effective 
learning process on a limited input dataset.

Quantitative characteristics of defect quality rec-
ognition on digital images using the considered meth-
ods are shown in the Table 1.

Conclusions
Based on the results of the analysis of methods for rec-
ognizing surface defects, it can be concluded that ma-
chine learning methods, namely, convolution neural 
networks are the best suited for the use in the automat-
ed systems for testing the quality of thin-sheet mate-
rial production. The use of machine learning methods 
is perspecitve due to the automatic separation of fea-
tures from the image, as well as the ability to process 
complex data structures. Among the disadvantages of 
these methods, the need for a large amount of data for 
learning should be attributed. However, the correctly 
adjusted neural network on the ascending array of data 
for learning will only increase the accuracy of recog-
nition. The considered statistical approach methods, 
as well as methods based on the spectrum analysis, 
are expedient for the use in combination with other 
methods to achieve greater accuracy of recognition. 
In some cases, the use of the methods for detection of 
edges, gray level statistics, local binary pattern, etc. is 
rationally to use as a preliminary processing for the 
formation of a learning database for machine learning 
methods. The cases and circumstances were also de-
termined, in which the use of one or other method is 
more appropriate for a number of reasons. For exam-
ple, it was determined that the Hough transform meth-
od shows the highest efficiency in the recognition of 
geometric shapes on images such as lines, circles and 
ellipses.
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ABSTRACT
This article positions Additive Manufacturing (AM) within the broader context of historical technological revolutions, recog-
nizing its transformative impact while acknowledging that future generations may perceive it as an early-stage technology. AM 
has evolved through several industrial revolutions, particularly benefiting from advancements in Artificial Intelligence (AI) and 
the Internet of Things (IoT). The convergence of traditional manufacturing techniques with these contemporary innovations has 
created a favorable environment for the widespread adoption of AM technologies. The article emphasizes the need for AM to 
fully embrace this integration to achieve its potential. The discussion highlights that the core objective of Focused Beam Addi-
tive Manufacturing (FBAM) is to control the solidification process, ensuring the production of sound and reliable components 
on the first attempt. Despite being a multidisciplinary technology, all relevant disciplines converge on achieving a flawless 
melting and solidification process. This involves precise modulation of energy sources, effective powder management, motion 
control systems, and temperature/environment regulation, all aimed at producing microstructurally and geometrically flawless 
components. The article concludes that the success of FBAM depends on the careful orchestration of these multidisciplinary ac-
tivities, centered around a well-controlled solidification process, to deliver high-quality components that meet business needs. 

KEYWORDS: technology revolutions, additive manufacturing, artificial intelligence, Internet of things

INTRODUCTION
It is common to hear people talk of technology rev-
olutions when referring to computers, artificial in-
telligence (AI), additive manufacturing (AM), and 
many more. The word “revolution” refers to an abrupt 
change in the status quo of a social structure or tech-
nology. An example for the social structure change is 
the socialist revolution that started with the beginning 
of the 20th century and expanded to different parts of 
the world in that century. Another example is the rev-
olution brought about by the Black Death, the plaque 
in the late 1340s. It wiped out half of the population 
from China to Europe situated around the Silk Rod 
[1]. Reactions from peoples and leaders of the time 
were similar to what was heard during the COVID19. 
Some tried to protect themselves, and others preached 
it was a punishment from God so there was nothing 
humans could do. Whatever the messaging was, the 
plaque had a huge social effect; an economically ex-
tractive system of serfdom diminished starting from 
western Europe, mainly in England.

Both of these social events can rightfully be de-
scribed as a revolution with a major difference between 
the two. The socialist revolution was imposed by a lead-
ership team everywhere it was implemented, whereas 
the disappearance of serfdom was driven by the serf 
peasants themselves but was aided by an unpredictable 
event that changed the social force balance. When half of 
the population was exterminated, the survivors were at a 
better position to bargain for their labor. In fact, the peas-
ant revolution had far reaching impacts on future social 

struggles, including the socialist revolution whose style 
of implementation was experimentally proven unsuc-
cessful. False, under calculated, or over promised ideals 
were not sustainable.

Technology revolutions actually do not happen 
abruptly. They are rather a result of a series of evolutions 
in multiple technological fronts taking place in an un-
seen backstage. For example, what dazzles people as AI 
today has essentially evolved on algorithmic statistics, 
data science, and computers over decades [2].

Social and technology revolutions can have mu-
tual influences. COVID19, for example, has initiated 
everlasting social changes to technology use. Similar-
ly, technology (e.g., AI) will impact the future social 
structures in a very substantial way. In this interactive 
world, new technologies will survive as they deliv-
er their promises. Additive Manufacturing (AM), as 
a significant revolution in manufacturing, has very 
strong promises. Luckily, it acquired the will of world 
leaders and peoples. Therefore, AM is at a very favor-
able historical spot to deliver its true promises without 
exaggeration for its sustainable future.

This article intends to place AM in a historical per-
spective. Technical arguments are qualitative. From that 
broad perspective, it is the aim to illustrate that although 
it is revolutionary, AM is part of a manufacturing sphere 
with centuries of experience and should interact with it 
constantly to increase its chance of rapid success.

TECHNOLOGY REVOLUTIONS
Throughout history, human endeavor has developed 
various ways to make tools and devices to help sus-
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tain human life. The pace of these developments 
was unnoticeable until the end of the last ice age in 
10000 BCE, which then took a sharp stride as seen 
in Figure 1. After their first documented evidence of 
existence about 7 million years ago, early human mi-
gration from Africa to occupy the entire world dates 
back to 1.6 million years ago, and signs of tool mak-
ing goes back to 2.5 million years ago [3]. Follow-
ing a long period of hunting and gathering, humans 
settled and started agriculture in around 10000 BCE 
in the Fertile Crescent, which envelopes the Levant, 
southern Turkiye, and northern Iraq. This was the 
Neolithic revolution. Tools were made from naturally 
available materials such as bone, stone, wood, straw, 
mud, etc. The next revolution came 6500 years lat-
er in 3500 BCE. At this time, humans learned to use 
bronze and formed city states. It was also around this 
time the first examples of writing appeared in Mes-
opotamia by Sumerians. Another 5250 years were 
needed to reach the first industrial revolution in about 
the 1750s, started in England. Mechanization was the 
motivation of this revolution. At that point, it became 
clear that human intellect dominated the manual labor 
of old times. That surged brainpower brought the sec-
ond industrial revolution, electrification, in the 1870s, 
only about 120 years after the first one. The third in-
dustrial revolution, automation, ensued even faster in 
1969, less than 100 years following the second. Digi-
tization, the fourth industrial revolution, in the 2000s 
is the latest advancement in the human endeavor to 
control their destiny through the use of new manu-
facturing technologies, Internet of Things (IoT), and 
Artificial Intelligence (AI). This evolution took place 
only 31 years after its predecessor. The fifth industri-
al revolution has already been underway since 2020 
[4]. Obviously, time lapse between the revolutions has 
shrunk rapidly.

While manufacturing has transitioned from serv-
ing individual needs to serving societal needs (a tribe, 
local ruler, city, or country), it progressively has gen-
erated knowledge of making things, named technolo-
gy. At some point, research based technology creation 

ensued. A systematically reasoned research then led to 
science, although it must have intuitively influenced 
the decisions of a stone-age tool maker, because he/
she most probably had had a thought process about 
how to shave a piece of stone into a tool. In fact, the 
words science and technology are used, most of the 
time, in a compound form almost to mean the same 
thing, though they are different. Technology goes 
back to the time when humans developed the skills 
to make tools. This activity, however, did not need 
a deep understanding of fundamental principles of 
making or using the tools, which is defined as science. 
In other words, early humans did not need science to 
create technology. A more recent example may be the 
steam engine which was developed by Newcomen 
in 1712 and substantially improved by Watt in 1769. 
A scientific foundation for the working principles of 
the steam engine was offered by Sadi Carnot in 1824 
when the first industrial revolution was already pav-
ing the way for the second [5]. Thus, the steam engine 
served human needs for more than a century without 
humans understanding its science, thermodynamics.

None of these revolutions were introduced or 
evolved without problems. A consequential anecdote 
from Queen Elisabeth 1st of England can be cited here 
[1]. William Lee develops the first stocking frame 
knitting machine in 1589. He seeks an interview with 
Queen Elisabeth 1st to show his invention and secure 
patent rights. The Queen refuses to grant a patent by 
asserting “Thou aimest high, Master Lee. Consider 
thou what the invention could do to my poor subjects. 
It would assuredly bring to them ruin by depriving 
them of employment, thus making them beggars.” 
This and similar events delayed the first industrial 
revolution almost by two centuries. It is insightful to 
keep in mind that all industrial revolutions brought 
tragedies, but, like the people of England, humans al-
ways have found ways to better their lives. In fact, 
leaders and peoples who embraced contingent cre-
ative destructions have succeeded eventually [1]. Fast 
forward to today, it is very fortunate that there has 
been a desire from world leaders and peoples to im-
plement new technologies to improve the competition 
in technology creation and subsequently human lives.

KNOWLEDGE CREATION
Scientific methodology for knowledge creation fol-
lows a series of steps such as observation, data collec-
tion and analysis, hypothesis development, hypothe-
sis testing, refinement, and generalization. This is a 
mixture of two historical approaches, a deductive one 
and an inductive one. The inductive approach, initia-
tor of the scientific methodology, sets out experiments 
to generate data to help understand a phenomenon, 

Figure 1. Technology revolutions [3]
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whereas the deductive approach devises a hypothesis 
to explain a phenomenon. Both of these approaches 
have pros and cons. It is good to have a hypothesis 
that can explain multiple phenomena via a systematic 
approach, and it is also good to generate data based 
on observations of the physical world rather than on 
hypotheses created just for the sake of creating hy-
potheses. The inductive approach can also be termed 
a trial-and-error approach. For example, the Edisoni-
an approach is this type. It is commonly attributed to 
Thomas Edison that success is meticulously exhaust-
ing thousands of unsuccessful ways to single out one 
successful way of developing a product or a process. 
This approach appeals to many as it infers persever-
ance, and Edison, indeed, created several great prod-
ucts/technologies. However, if a phenomenon can be 
explained by a simple, systematic calculation, why try 
to exhaust thousands of alternatives by experimenta-
tion [6]. In fact, modern economy does necessitate ef-
ficient use of resources. Thus, technology and science 
should rely on waste-free research approaches; an ap-
proach that is based on fundamental understanding of 
the interested phenomena coupled with lean project 
management.

ADDITIVE MANUFACTURING REVOLUTION
Additive manufacturing (AM) is one of the latest 
beads in the string of technology revolutions. Since its 
first patent granted in 1971 [7] at the dawn of the 3rd 
industrial revolution and its first wider appearance in 
rapid prototyping applications in the early 1980s, AM 
has evolved to become a functional part manufactur-
ing technology. Although its evolution has taken place 
during the 3rd industrial revolution, it is frequently cit-
ed as one of the keystones of the Industry 4.0, Factory 
4.0, or Manufacturing 4.0. It is a bottom-up, disrup-
tive manufacturing approach which offers flexibility 
in time and space and makes on-time and on-site cus-
tomized manufacturing possible. Thus, it has received 
tremendous attention from several industries ranging 
from toys to aerospace.

Interestingly though, AM has introduced itself as 
an immiscible entity within the global manufacturing 
industry which has a significant share (16 %) in the 
global economy [8]. In contrast, AM is only a blob of 
oil (0.057 %) in a large ocean of manufacturing [9]. 
The effort has been to emphesize how AM is superior 
to and different from traditional manufacturing (TM). 
While there is a truth to this and are significant dif-
ferences, there are also fundamental similarities and 
opportunities where they can complement each other. 
Perhaps, enthusiasm and overexcitement, as a reflec-
tion of human nature to new beginnings, have led to 
the immiscibility.

However, all past revolutions were transient (evo-
lutionary) socio-technological processes that lasted 
hundreds to thousands of years, except for the recent 
acceleration, paving the way to the next revolution. 
Each revolution was built over the knowledge gener-
ated during its predecessor. It is important to note that 
all human achievements should be revered, so AM is 
no different than the stone age technology revolution 
from a technology revolution perspective. Indeed, 
AM has stretched over several technology revolu-
tions, 3rd, 4th, and 5th. Hence, it should embrace the 
vast knowledge that can be inherited from the earlier 
and present-day manufacturing as well as other con-
temporary technologies like AI and IoT. Indeed, AM 
can accelerate its success by interacting with TM. It is 
only that way AM can see what TM components it can 
transition, what gaps exist that cannot be covered by 
TM, and how it can fill those gaps.

ADDITIVE MANUFACTURING METHOD
Following sections intend to provide a comparative 
insight between AM and TM of metals to provoke a 
hand shake between the two. After a general focus on 
process reliability and comparison, fusion-based AM 
(FBAM), which is a melting-solidification process, 
is used as an example to illustrate fundamental simi-
larities. Then, the article ends with sections on recent 
FBAM trends and effective utilization of skills. Al-
though FBAM is exemplified, there are implications 
in the article that are applicable across various AM 
technologies (modalities) and material types. In any 
case, FBAM modalities comprise >90 % of the metal 
AM industry [9], so concepts in this article would res-
onate with most of the AM industry.

AM is a multidisciplinary technology. It takes 
sufficient understanding of each discipline to com-
prehend what it really takes to manufacture a vali-
dated component additively at a reasonable cost and 
scale. FBAM is a sub family of the AM technologies 
(modalities), primarily categorized into two groups 
in ASTM 52900 [10], powder bed fusion (PBF) and 
directed energy deposition (DED). The former uses 
powder as feedstock, and its energy source is either 
laser (PBF-L/M) or electron beam (PBF-EB/M). The 
latter can use powder or wire feedstock, and its ener-
gy source is laser (DED-L/M), electron beam (DED-
EB/M), or electric arc (DED-Arc/M).

FBAM of metals involves transforming a feed-
stock into 3-dimensional (3D) components via first 
melting (fusion) and then solidifying it. The solidifi-
cation behavior of the molten metal is very important 
for the final part performance. After all, it is the solid-
ification behavior of the melt which leads to a distinct 
microstructure that essentially determines a variety of 
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properties and performances (e.g., mechanical, ther-
mal, environmental, etc.) of an AM fabricated com-
ponent. In addition, it is critical to understand the AM 
machine systems and their sub-systems such as the 
energy source, build chamber, feedstock management 
system, motion system, the atmosphere, and thermal 
management system. These functional systems enable 
AM to be an automated fabrication method. Further-
more, validation is a necessity for safe utilization and 
certification of a component. Hence, it should also be 
understood why a statistically significant validation is 
necessary for this complex process that is expected to 
yield a reliable product performance repeatedly. All 
these concepts are interrelated and can be successful-
ly orchestrated for a business success by effective and 
efficient skills/resource utilization.

AM AS A RELIABLE PROCESS
AM is an automated, push-button process as adver-
tised globally. Nevertheless, it takes a good amount 
of effort to make it really a reliable push-button pro-
cess. It has been a misconception, at least in some 
spheres, that sophisticated manufacturing systems, 
such as those used for AM, should create parts so per-
fect that they should not require a thorough validation 
that quantifies reliability via qualification. In fact, val-
idation is a piece within the total quality assurance 
in manufacturing. If the quality assurance is planned 
considering key performance indicators (KPIs) im-
posed by the application, there shouldn’t be any awe 
or surprise when an AM fabricated component func-
tions well in the aerospace, medical, high pressure/
temperature, or other challenging applications. Nev-
ertheless, the initial excitement on AM concealed the 
effort needed for Process Qualification (a.k.a. Opera-
tional Qualification, OQ) that confirms required ma-
terial properties and final-product qualification (a.k.a. 
Performance Qualification, PQ) that guaranties the 
expected performance. Of course, the AM system it-
self and the operators should be qualified, too. These 
qualifications ensure a repeatable process and prod-
uct performance for an AM system or reproducibility 
across several AM systems. They enable certification, 
too. It is a sour fact that validation is expensive and 
time consuming. Luckily though, multiphysics and 
multiscale simulations aided by AI can offer a tremen-
dous help in the design of AM suitable feedstock (al-
loys) [11], component geometry [12‒14], and process 
[13‒15]. They will, in turn, enable desired product 
performance at a reduced time and cost by enabling 
print/fabricate right the first time and validate the first 
time.

Additive Manufacturing Original Equipment 
Manufacturer, AM OEMs have an obligation to as-

sure safe and reliable operation of their sub-systems 
and integrated systems through statistically signifi-
cant repeatability and reproducibility analyses. It is 
good to see the OEMs continue to release improved 
new systems. It would be even more appealing if they 
also published their process capability indices or Sig-
ma levels for each one of their systems. The OEMs 
should be encouraged through regulations and cus-
tomer behavior. Nonetheless, it is the due responsi-
bility of the final component manufacturers and users 
to make sure a component is appropriately validated 
for a safe utilization. As such, it is essential to realize 
that validation is a cumbersome but a necessary step 
in manufacturing, and there is not a magical wand to 
make stuff happen. Standards such as ASTM 52920 
and 52930 [10] can provide guidance in qualifications 
of the systems, processes, and part performances. 
Actually, the AM community can borrow a lot from 
the experiences of the Technological Manufacturing 
(TM) community with regards to validation and stan-
dardization. After all, analysis methods (data genera-
tion and processing) used for a component’s testing 
and validation are agnostic to how the component is 
manufactured. Fortunately, AM service providers re-
cently started implementing AM according to princi-
ples of manufacturing [16].

AM PROMISES 
AS A MANUFACTURING TECHNOLOGY
Let’s step back and revisit a question, backed up with 
an almost 40 years of AM evolution. How advanta-
geous is AM compared to, for example, Computer 
Numerical Control, CNC machining which has about 
80 years of history as a TM method? When talking 
about AM, almost everybody starts by expressing that 
AM is a digital manufacturing; it is enabler of the In-
dustry 4.0. Yes, everybody is correct. However, CNC 
manufacturing is also fully digital. A CAD is used in 
Computer Aided Manufacturing, CAM operations to 
fabricate the final part directly. Feedstock manage-
ment during the machining is not as complex as it is 
in AM. Heat treatments or surface treatments are gen-
erally the only and well-understood post processes, 
unlike elaborate AM post processes. It is hard for AM 
actually to compete with fully digital CNC machin-
ing centers without its other advantages such as part 
consolidation, possibility of complex geometries es-
pecially with internal features or lattice structures that 
improve product functionality and/or performance, 
low buy-to-fly ratio, no-tooling requirements, rapid 
prototyping for design iterations, and low inventory 
requirements. Furthermore, since a single AM ma-
chine is able to build multiple geometries, shop floor 
complexities can be reduced. These are obviously 
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significant advantages. One other advantage AM has 
promised is distributed manufacturing. Design files 
can be sent to AM farms in multiple locations on earth 
(and space) to print the same geometry with the same 
qualities everywhere. Even so, considering increased 
footprints and investment costs of AM systems, one 
can make a similar claim for CNC machining centers, 
though this is still a realizable promise with small 
footprint AM systems. Yet another promise of AM is 
the democratization of manufacturing. Nevertheless, 
the democratization can also be tarnished by similar 
arguments made for distributed manufacturing. Of 
course, when possible, the distributed manufacturing 
can help with supply chain. In view of the foregoing, 
it seems an overall reevaluation of the AM promises 
is due. Beyond all, a real value assessment of AM is 
only possible through a total life cycle analysis which 
fortunately has gained traction in recent years [17].

Surely, AM has a disruptive potential that may 
make some TM methods obsolete in the long run, 
but it has a complementary, enabler characteristic 
for TM as well. For example, AM can fabricate tools 
and equipment for TM such as metal injection molds, 
forging dies, casting molds and cores, etc. Either dis-
ruptive or with great complementary potentials, AM is 
another manufacturing method. As such, it can learn a 
lot from the TM experience, especially with regards to 
statistically significant process and product validation 
procedures. Conversely, instead of behaving as an im-
miscible entity within the manufacturing community, 
AM should establish a bridge into traditional manu-
facturing and use its knowledgebase.

FUNDAMENTAL SIMILARITIES BETWEEN 
THE TM 
AND AM SOLIDIFICATION PROCESSES
As stated earlier, solidification behavior determines 
the microstructure of a component which in turn dic-
tates the performance. Hence, knowledge of solidifi-
cation is essential for a successful FBAM fabrication. 
This knowledge also can orchestrate the AM systems/
sub-systems to prevent formation of micro defects 
like pores and cracks and macro defects like geomet-
ric/dimensional nonconformity. Furthermore, under-
standing of the solidification process helps achieve 
desired AM fabricated component performance.

It is relavant to mention here, in passing, that pow-
der metallurgy routes for component manufacturing 
also exist and form the basis for sinter-based additive 
manufacturing (SBAM) technologies. There is a vast 
amount of knowledge in the powder metallurgy in-
dustry that SBAM can benefit.

Performance of a component depends on its ma-
terial properties which, in turn, are dependent of its 

microstructure that is dictated by its processing his-
tory. When the ingredients (chemical composition) of 
a component is fixed, the process history defines its 
performance. Until they are ready for service, most 
industrial components go through primary/secondary 
melting operations that form the raw feedstock as bil-
lets or rods to be used in primary/secondary manufac-
turing operations like casting, atomization, forming, 
joining, or machining. An AM fabricated component 
assumes its net-/near net-shape during the AM pro-
cess. It cannot, for example, go through a forming 
(forging or rolling) operation that can modify the 
grain structure and may alleviate internal porosity. 
Therefore, AM is a single step, final operation to cre-
ate a geometry, similar to casting.

All AM modalities that involve melting of a feed-
stock followed by its solidification can be analyzed by 
principles of the solidification science. Some of the 
processes that involve solidification are casting, di-
rectional solidification, single crystal growth, vacuum 
arc re-melting (VAR), electro slag re-melting (ESR), 
welding, and FBAM. These methods are illustrated by 
cartoons in Figure 2.

In FBAM, creation of a desired microstructure in 
a component for a given alloy and a geometry con-
forming to CAD is attainable by managing thermally 
driven phenomena like heat transfer, fluid dynamics, 
undercooling, stress, etc. One should realize that equa-
tion systems that describe these phenomena are same 
for the FBAM and other solidification processes with 
varying boundary conditions. For example, FBAM 
is very similar to traditional melting based welding 
which is similar to traditional continuous directional 
solidification. They are all dynamic solidification pro-
cesses with a moving heat source, but the fundamen-
tals are similar to stationary casting, too.

During solidification, a molten substance starts 
transforming into a solid when its temperature drops 
below the melting point. This transformation forms a 
solid-liquid (s-l) boundary (interface) separating the 
two phases. Fate of this interface is driven by the heat 
flux and the composition profile ahead of it, which in 
turn, controls the morphology and size of the forming 
solid.

Heat flux during solidification can be from the melt 
to the solid or vice versa. In the former case, the inter-
face moves in the opposite direction to a constrained 
heat flux in a positive temperature gradient. However, 
when solid grains form in the melt due to random tem-
perature fluctuations or inoculation, the interface ad-
vances in the direction of an unconstrained heat flux 
in a negative temperature gradient. The temperature 
gradient is defined from the melt to the solid. In other 
words, in directional solidification, the heat is extract-
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ed thorough the solid (melt is hottest), but in the equi-
axed solidification, the heat is extracted through the 
melt (solid is hottest, the middle grains in Figure 2, f 
and Figure 3, b). Although an interface stability anal-
ysis is beyond the scope of this article, it is important 
to review the basic conditions leading to the stability/
instability as they determine the morphology of the 
grain microstructure. When the interface advances in 
a planar fashion, it is said that the interface is stable. 
On the other hand, when random perturbations form at 
the interface and grow in time, the interface becomes 
unstable. The perturbations follow a direction defined 
by the heat flux and the crystallographic orientation 

of the solid perturbation. The directional solidification 
may take place with a stable interface to yield a sin-
gle grain (single crystalline) microstructure, while the 
equiaxed solidification has an unstable interface with 
random nucleation sites that leads always to a poly 
grain (polycrystalline) microstructure.

Composition profile ahead of the interface also 
plays a decisive role in the stability/instability of the 
interface. In fact, a positive temperature gradient is 
adequate to suppress the instability during the solidi-
fication of pure substances, like pure metals or semi-
conductors, because thermal undercooling is the only 
driving force for the instability, Figure 3. This is use-
ful to keep in mind when AM fabricating pure metals. 
However, during the solidification of alloys, another 
phenomenon, called constitutional (compositional) 
undercooling, develops due to a solute accumula-
tion or depletion (CL) ahead of the interface. Figure 4 
represents the case of the solute accumulation. Equi-
librium melting temperature (TL) in this undercooled 
region of the melt is greater than the actual local tem-
perature (TF). Hence, the s-l interface advances into 
this undercooled region between the TL and TF to form 
cellular or dendritic grains depending on the s-l inter-
face velocity (V) and temperature gradient (G) ahead 
of the interface.

In casting (Figure 2, a, f), the melt loses its heat 
into its surroundings in all directions. This enables 
formation of solidification fronts initiating from pe-
riphery of the melt’s container, the mold. The result 
is a non-uniform grain morphology ranging from fine 
equiaxed at the periphery to coarse equiaxed ones in 
the middle. Elongated grains exist between the two re-
gions. It is noteworthy that grain morphology (shape) 
as well as the scale (fine vs coarse) change during the 

Figure 2. The top row sketches illustrate grain microstructures that can be created by solidification methods sketched in the bottom 
row. Grain structure after (a) casting, (b) directional solidification, (c) vertical Bridgman type single crystal growth, (d) electroslag 
re-melting (ESR) and vacuum arc re-melting (VAR), (e) FBAM. Arrows in (f–j) show direction of the solid-liquid interface during so-
lidification. A slag (SLG) layer exists in ESR, shown by a dashed line in (i). A melt pool is outlined in (j) with dotted line representing 
powder bed. S indicates the solid and M the melt

Figure 3. In directional solidification of pure substances, any per-
turbation (ε) in a positive temperature gradient melts back (left 
images). A solid nucleus in the melt assumes a dendritic morphol-
ogy at its interface and grows into an undercooled melt (hatched) 
in its vicinity (right images). Tf is the melting temperature, and Tq 
is the real temperature [18]
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solidification. Two main parameters are responsible 
for these, s-l interface velocity (V) and temperature 
gradient (G) ahead of the interface as seen in Fig-
ure 4. The GxV controls the scale of the microstruc-
ture where a high value leads to a fine microstructure 
(cast periphery, Figure 2 (F)) and a low value leads to 
a coarse one (cast middle). The ratio G/V controls the 
morphology. The middle of the cast has a low value 
of the G/V that gives rise to an equiaxed dendritic so-
lidification. In contrast, intermediate values of GxV 
and G/V between the periphery and middle of the cast 
yield a columnar dendritic grain morphology.

Directional solidification (Figure 2, b, g) restricts 
the heat transfer to the axial direction. Therefore, the 
solid grains form and grow bottom-up in this direc-
tion, and grains take an elongated morphology be-
cause their lateral growth is restricted. Although all 
of the grains are largely aligned in the axial direction, 
their crystallographic orientations are different. That 
is the reason for the existence of grain boundaries. A 
more precise solidification control is necessary to sup-
press the grain boundary formation during the solidifi-
cation. First, the lateral temperature and composition 
variations should be eliminated. Second, a high posi-
tive G/V is necessary in the axial (vertical) direction 
to suppress s-l interface instability, Figure  5. These 
conditions should yield a single grain (Figure 2, c, h) 
when the solidification is complete.

Grain microstructure of the Vacuum Induction 
Melting/Vacuum Arc Remelting, VIM/VAR continu-
ous solidification (Figure 2, d, i) follows similar ar-
guments where a vertical steady temperature gradient 
leads to elongated grains, and the lateral temperature 
variations generate a polycrystalline grain structure.

It is worth noting that the s-l interface in all of 
these solidification methods advances by addition of 
new atoms from the liquid to the solid. That is to say 
the interface advances continuously by additions of 
new atomic layers. This is additive manufacturing 
at atomic scale. The single crystal growth processes 
(Figure 2, h) is especially useful to visualize the addi-
tive nature of the solidification. It is also important to 
understand that the solidification takes place in the en-
tire interface at the same time in these traditional so-
lidifications. In contrast, in FBAM, an energy source 
melts a metallic feedstock (powder or wire) and then 
allows for its solidification following a lateral path in 
a plane. This is to say the solidification is compart-
mentalized. When the melting and the solidification of 
the geometry in the lateral plane is complete, several 
atomic layers are added to the previously created solid 
layer, and the additions repeat in a compartmentalized 
(lateral) and discontinuous (axial) manner until all of 
the planned number of lateral planes (layers/slices) 

are melted/solidified. A checkerboard scan strategy or 
the area melting, to be briefly introduced later, may 
be useful to visualize the compartmentalized solidi-
fication. Therefore, FBAM is new only in that the 
solidification is compartmentalized into a much finer 

Figure 4. Accumulated solute profile CL ahead of the interface 
(top) leads to temperature profile TL (middle-left). The hatched 
region is undercooled into which s-l interface advances (bottom). 
A sketch of the partial phase diagram is on the middle-right. GL 
is the equilibrium temperature gradient, and GF is the actual one

Figure 5. Solidification morphologies [18]
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resolution in the lateral directions. Otherwise, layered 
(additive) solidification is a very old method that can 
be seen in a variety of methods as explained so far and 
illustrated in Figure 2.

Whether it is PBF or DED, in essence, FBAM 
is a process akin to welding by melting. Neverthe-
less, there are differences between the welding and 
FBAM processes. In the welding, microstructure in 
and around the weld is discontinuous. The tempera-
ture and stress fields are also localized to the welded 
region as seen in Figure 6 [19]. In contrast, a repeat-
ed melting and solidification in FBAM alleviates the 
stress localization and the grain structure is not dis-
continuous, as seen in Figure 2, e. The energy source 
(laser, electron beam, or electric arc) creates a melt 
pool on the previously produced layer on interact-
ing with the feedstock (Figure 2, j). When the energy 
source moves, the melt pool then starts solidifying 
from the tail. The solidification is certainly similar 
to the welding and in a way similar to casting as de-

scribed above. Thus, the melt pool solidifies from the 
periphery towards the middle. The previously created 
layer serves as the mold. Boundary conditions of the 
melt pool (solid, packed powder, or gas) determines 
the grain microstructure according to G/V and GxV 
of the interface [20]. Usually, the elongated grains, 
similar to ones in Figure 2, a and commonly seen in 
the welds, extend from both sides and collide at the 
weld centerline because of the welded plates acting 
as heat sink and a much narrower mold width than the 
conventional cast mold. A side water cooling in con-
tinuous casting creates a grain structure more similar 
to welding (Figure 2, d). Of course, the grain structure 
that forms in a layer is re-melted during creation of 
a subsequent layer. Thus, the grains in the new lay-
er continues from the previous ones. This leads to a 
typical directional, long grain structure in the FBAM 
fabricated parts (Figure 2, e). Additionally, the bound-
aries of the individual melt pools are discernible in 
FBAM. That is because of the rapid solidification 
yielding fine grains at the base of the mold (previous 
layer) and trapping of accumulated solute ahead of the 
interface (Figure 4). Such marks are also commonly 
observed in single crystal growth when the interface 
velocity rapidly changes [21]. The degree to which 
melt pool boundaries show up depends on the solid-
ification rate and alloying elements that are rejected 
from the solid solution. However, observed dendrit-
ic or cellular grains in these regions indicate absence 
of an absolute solute trapping which manifests itself 
with a planar interface and partitionless solidification 
(uniform composition) at extreme high solidification 
rates. As seen in Figure 7, the dendritic/cellular tip ra-
dius and spacing decreases with solidification veloci-
ty where capillary forces lead to the absolute interface 
stability. On a similar note, dendritic grain structures 
seen in atomized powders indicate that solidification 
rate is not high enough to experience the absolute sta-
bility. These basic solidification principles have guid-
ed many research works in academia and industry to 
create engineered grains in FBAM fabricated compo-
nents. The attempts range from local grain engineer-
ing to single crystal solidification [20].

RECENT TRENDS IN FBAM
A few recent advances, briefly touched upon below, 
are increasing melted area per unit time, low angle 
printing, laser beam modulation, process monitoring, 
and new alloy design. Without a doubt, each topic is 
actually so important that deserves to be treated in a 
separate article.

One recent trend, mainly in PBF-L/M, has focused 
on approaches to melt a larger area in a given time. 
This can provide a competitive edge to PBF-L/M 

Figure 6. Evolution of temperature and stress during a sin-
gle-track melting [19]

Figure 7. Morphology, tip radius (R), and spacing (λ1) of cells and 
dendrites. Vc is the boundary of the constitutional stability, and Va 
is the boundary of the absolute stability [18]
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against the other high yield AM modalities. Building 
AM systems with multiple (>1) lasers is one approach, 
and using expanded laser beams that can melt an area 
(area melting) several orders of magnitude larger than 
a conventional single point laser is another. The multi 
laser and area melting PBF-L/M can compete in pro-
duction yield. Certainly, increasing number of lasers 
should increase the production yield, but at an in-
creased initial investment cost. Stitching in multi laser 
PBF-L/M still needs to be characterized thoroughly. 
Similarly, spatter interactions from concurrently ac-
tive lasers needs elucidation. Also, a careful control 
of thermal distribution in the build chamber with mul-
tiple active lasers is necessary as it can affect the melt 
pool dynamics as well as the thermal distortion of 
the solid. A variety of area melting approaches based 
on pulsed diode lasers can be found in the literature. 
Some create a line or rectangular shaped laser beam 
by combining several individually switchable Gauss-
ian laser beams [22]. Scanning of this beam over the 
build plane consolidates the powder into a solid. The 
ability to switch an individual laser on and off pro-
vides the spatial resolution. In another approach, sev-
eral diode laser beams are homogenized into an area 
and then shaped by an Optically Addressable Light 
Valve (OALV) [23]. In any area melting approach, the 
laser pulse frequency required to melt a given area as 
well as the penetration depth is critically important 
because they determine the volume melted per unit 
time. Also, due to a large lateral dimensions to very 
small thickness ratio of a melted/solidified volume, 
an appreciably high stress may prevail in this vol-
ume during the area melting process. Notably, in area 
melting, it can be possible to promote a single crystal 
solidification because of its melt pool shape. Firstly, 
the packed powder thermally insulates the melt pool 
laterally to minimize the heat loss in those directions. 
Secondly, the base of the melt pool is in direct contact 
with a higher thermal conductivity solid which is ex-
pected to create a large vertical temperature gradient 
(G), parallel to the build direction. Thirdly, the melt 
pool is expected to be more quiescent than that in the 
keyhole mode of the Gaussian laser beam. Finally, 
a melt pool with a large, flat base oriented perpen-
dicular to the high vertical temperature gradient is in 
a favorable orientation to solidify as a single grain. 
Thus, a very carefully balanced area melting process 
control may promote a single crystal growth as well 
as alleviate the stress in the solid. The forgoing also 
implies that a spatial modulation (shape) of a single 
laser beam may help with single crystal solidification 
through modification of the melt pool shape.

Low angle printing is still an ongoing, recent effort 
to eliminate supports in PBF-L/M. Currently, there are 

AM systems that can fabricate as low as 20° planes 
from the horizontal without supports, which is a huge 
advance from 40o that was common just a few years 
ago. A cautionary note is necessary about this trend. 
The low angle printing is realized by manipulating the 
process parameters in downskin regions which serve 
as a crust to transition to the bulk build parameters. It 
goes then without saying that a downskin region has 
a different microstructure and so material properties 
due to different G/V and GxV than the bulk. Defect 
density in the downskin may be different, too. It is im-
portant to realize that this region is an external surface 
that interacts with its surroundings and influences sur-
face related material properties and performance like 
corrosion and fatigue. At this point, it is trivial to see 
that a validation procedure must take this downskin 
into consideration. The downskin either should be ap-
propriately validated or removed during a post-pro-
cessing operation.

Laser beam wavelength and shape modulation, 
which have found a place both in the PBF and DED, 
is an advancement that can help control the solidifi-
cation (melt pool) dynamics. The modulations can 
also help manipulate thermal conditions to alleviate 
fabricated component distortion. A vast number of 
academic and industrial work, as well as commercial 
[15] multiphysics and multiscale simulation tools, is 
available on melt pool dynamics and thermal manage-
ment during the FBAM fabrication which can help to 
obtain desired part performance through engineered 
microstructures.

The FBAM process monitoring is still evolving. 
It is accomplished by either passive or active moni-
toring. In the passive monitoring, AM system param-
eters are monitored to predict process anomalies. In 
the active approach, different types of on-/off-axis 
sensors are utilized. The monitoring is useful in that 
it can tell where, when, and sometimes how/why a 
defect forms. Its technical feasibility and value per 
cost, however, prevent its full penetration into the 
AM fabrication. Data management is also a big is-
sue. Defect information from each of the thousands 
of layers can be obtained at the scale of a melt pool 
or of a layer by visible/infrared based sensors (see-
ing eyes) with various spatial and/or spectral res-
olutions. Alternative approaches based on hearing, 
like acoustic and ultrasound, have been suggested. 
More elaborate monitoring approaches have been 
implemented by fusing several seeing and hearing 
sensors. Considering the complexities of the moni-
toring, it is legitimate to ask if the process can safely 
proceed without being monitored at all? In fact, a 
geometry and material specific process parameter 
set and path definition, empowered by physics in-
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formed AI, can prevent processing defects. Then, 
the focus may be on identifying the probability of a 
defect occurrence to prevent the occurrence.

Metal AM has been practiced so far by using con-
ventional metallic materials (pure or alloy). Those 
materials are the ones usually available for welding. 
The reason is obviously the thermo-mechanical sim-
ilarity between the welding and FBAM processes 
as stated earlier. The welding community has devel-
oped in many years the proper metals that are dura-
ble against phenomena like melt undercooling, strain 
age cracking, liquation cracking, centerline cracking, 
etc. New metals are necessary to push the frontiers of 
FBAM forward. Multiphysics and multiscale simula-
tion tools based on thermodynamics and AI should be 
utilized for a faster material (alloy) design to keep up 
with fast pacing evolution of the AM technology [11].

SKILLS REQUIRED IN FBAM
Among the essential resources of a company, human 
resources is the one with outmost importance. It is a 
company’s personnel who simply make the business 
function. When a company secures required financ-
es, facilities, and equipment, the success forward de-
pends strongly on the human capital which includes 
leadership and individual contributors.

As mentioned at the start, AM is a multidisci-
plinary technology. Each discipline demands a spe-
cialized skill set. It is practical to group the skills as 
ones that relate to the AM processes and others that 
relate to building or operating the AM systems. Usu-
ally though, individuals carry out tasks in either group 
regardless where their strongest skills lie.

The process related skills in FBAM include spe-
cializations, for example, in heat transfer, fluid dy-
namics, solid mechanics, and solidification. The sys-
tem related skills require specializations in the energy 
source, motion systems, temperature control, envi-
ronment control, and feedstock management. Only a 
good match of a specialization and a required skill can 
lead to success. For example, an expert in mechatron-
ics may be very skillful in operating an AM system, 
but process development in that system begs for other 
skills. Similarly, a fluid dynamics expert can very sat-
isfactorily simulate and describe behavior of a melt 
pool in FBAM, but interpretation of why the solid 
does not follow a heat flux direction perhaps needs 
knowledge of preferred solidification directions dic-
tated by heat flux as well as crystallographic structure 
of the solidifying metal.

In new technology development, concepts can be 
demonstrated and verified through multiple experi-
mentations. However, when involved parameters are 
many, which is the case in FBAM, simulations can 

help. For an efficient resource utilization, both in the 
experimentations and simulations, it is important 
to know what parameters to investigate and how to 
investigate them. A purely inductive, trial-and-er-
ror approach will only generate waste in resource 
utilization, though success is possible. In contrast, 
a systematic approach based on fundamental under-
standing of the involved phenomena can help with an 
efficient AM technology development. Thus, suitable 
expertise and skills should be tasked to facilitate the 
correlations between the fundamental phenomena and 
the investigated concepts to correctly set a simulation 
or conduct only necessary experiments. That brings 
efficiency to an investigation and prevents waste in 
resource utilization.

A fast paced new technology development journey 
necessitates the highest level of expertise and skills 
that might be obtained either by formal education or 
by experience. This is presently relevant to AM as it 
still continues its technology developmental journey. 
The experts should recognize and dissect a problem 
effectively. They should be familiar with conducting 
systematic and efficient research which is essential to 
bringing a new technology to market fast and first in 
a cost effective manner. They also should know what 
information is needed to solve a problem, where to 
look for it, and how to access it. They should quickly 
absorb the information, analyze it, generate results, 
interpret them, and finally create procedures for im-
plementation. This skilled workforce, of course, needs 
support of a servant leadership to function properly.

CONCLUSIONS
Intention of this article is to place AM in a historical 
technology revolution perspective. AM is a revolu-
tionary manufacturing technology, but it will certainly 
be seen as a “stone-age” technology for those living 
in millennia ahead of our present time. All revolutions 
(social or technological) come with an excitement 
which is in the human nature, but it should not curb 
seeing the broader landscape. The AM technologies 
have evolved passing through several industrial revo-
lutionary epochs, the 3rd through the 5th. It is certainly 
very lucky that it can take advantage of many differ-
ent types of technological and social advancements. 
The leaders and peoples of the world embrace the 
AM technologies. Traditional manufacturing meth-
odologies that have been developed throughout the 
centuries together with contemporary AI and IoT are 
extending their hands to AM. It is time AM embraced 
this warm welcome.

The foregoing qualitative technical discussion has 
indicated that the core of FBAM is to have a controlled 
solidification process that yields sound products which 
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can be validated at first trial and then utilized safely. 
Although FBAM is a multidisciplinary technology, 
all of the relavant disciplines essentially support ac-
complishment of a flawless melting and solidification 
of a small melt pool that when it traverses an entire 
build plane and then repeats this for all of the sliced 
planes of a geometry, a successful solid component 
is created. For instance, any advance in modulation 
of the energy source targets a desired control of the 
solidification process to, let’s say, increase the melting 
efficiency, reduce the spatter, or manage the thermal 
field in and around the melt pool to promote desired 
grain structure and accomplish geometric conformity. 
Similarly, a powder management system that spreads 
(or blows) the powder perfectly and prevents powder 
contamination aims to have a flawless solidification 
process. Moreover, a motion control system either 
of the build platform or the energy source helps to 
melt and solidify the feedstock flawlessly. Tempera-
ture and environment control of the process area also 
establish necessary conditions to enable a flawless so-
lidification process. Finally, accommodations to keep 
the thermal stress under control are implemented to 
have a steady melt pool and its uninterrupted in-plane 
translation. Hence, all FBAM multidisciplinary activ-
ities can be orchestrated, by accurately assigned skill 
sets, around the need for a well-controlled solidifica-
tion process to fabricate a microstructurally and geo-
metrically flawless component for business success.
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DEVELOPED IN PWI

LASER WELDING OF SPEED TRAIN CAR-
RIAGES. Technology and equipment allow 
welding inner body elements with each oth-
er and with a thin-walled lining of carriages 
inside the carriage body in such a way that 
outer deformations and tarnishing colors are 
absent.
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