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ABSTRACT

Invar 36 alloy is a material of high interest in the composite tooling sector due to its low coefficient of thermal expansion.
Current production of Invar 36 tooling using traditional manufacturing such as casting and forging is associated with long
lead times due to a multitude of factors such as labor and component shortages, high material costs, foreign competition, and
supply chain issues. An attractive alternate process is the use of an integrated 5-axis CNC hybrid Laser Hot Wire Deposition
System (LHWD) for manufacturing invar molds. The hybrid process provides a combination of the additive and subtractive
technologies resulting in a synergistic platform for producing and repairing structures and molds. The main novelty and goal of
this work is to study the properties of Invar deposited by a LHWD and to provide guidelines for the manufacture of parts using
this process. In this study, the thermal expansion behavior of the manufactured specimens has been analyzed and related to its
printing parameters and direction. Multiple specimens were extracted for mechanical, dilatometry and metallographic testing.
A thermal IR recording of the printing process was also carried out to observe the thermal history of the produced parts to
establish thermal influence on performance-property-processing relationship. The results of these tests show the advantage of
LHWD technology for the manufacture of Invar alloy parts, as it presents similar thermal expansion behavior as those commer-
cially available with minimal presence of precipitates and no macrostructural failures such as pores, cracks and lacks of fusion.

KEYWORDS: hybrid directed energy deposition, Invar, hybrid manufacturing, additive manufacturing, subtractive manufac-
turing, wire and laser additive manufacturing (WLAM), directed energy deposition (DED), laser hot-wire deposition (LHWD)

INTRODUCTION

Invar alloys, since their discovery have been a widely
used material in precision measurement applications
and other applications such as pendulums for clocks and
thermostats because of their unusual physical behavior
of no thermal expansion with temperature change. This
phenomenon has been observed in Fe-Ni alloys with
Ni concentrations within a range of 3045 % [1]. Now-
adays, the applications of Invar alloys are very diverse
including satellite, metrology, LNG carrier, precision
instruments, dies, TV kinescopes, liquid natural gas and
cryogenic tanks, as well as orbiting satellites, and aero-
space tooling [2—6]. Invar stands out because of its low
Coefficient of Thermal Expansion (CTE), or its lack of
expansion or contraction with changes in temperature
[7, 8]. The material of choice in this study, Invar 36, is
within this range with a composition in weight of 64 %
Fe and 36 % Ni, and a CTE value below 2-10° K! at
room temperature [9].

With Fe having a BCC structure, Fe—Ni alloy com-
bined with a concentration higher than 30 % of Ni with
FCC structure, the alloy tends to be weldable with an aus-
tenitic FCC structure, where Ni is the 7y stabilizer of iron.

Copyright © The Author(s)

The Curie temperature (7)) of wrought Invar 36 is 279 °C
and so it shows a very low CTE and ferromagnetic prop-
erties below this temperature [10]. Above 7, the materi-
al is paramagnetic with the thermal expansion behavior
similar to other metals such as Fe. T, peaks at a Ni con-
centration of approximately 66 % and decreases when the
Ni concentration drops lower than 40 % due to a reduc-
tion in permeability [11]. On the other hand, Invar with
its austenitic structure is also hard to machine because of
its high ductility, work hardening and low conductivity
[12, 13]. Nevertheless, they are adequate for welding [14,
15]. Therefore, hybrid manufacturing, a combination of
additive and subtractive processes within the same ma-
chine is a good alternative to traditional techniques for the
manufacturing of Invar parts, because these technologies
are able to manufacture near net shape geometry without
large amounts of machining needed.

In the previous works, mostly Laser Powder Bed Fu-
sion (LPBF) technique was employed to exhaustively
analyze the evaluation of the CTE value and Curie tem-
perature in materials processed by additive techniques
[16-20]. Asgari et al [21] in their study manufactured
Invar samples with Fe—Ni (36 %) with SLM technolo-
gy utilizing different process parameters with signifi-
cance to laser power. After performing X-ray computed
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tomography (CT) to look at the microstructure, density,
structural integrity (determining pore size, morphology
and inter-alignment of pores), chemical composition
and thermal expansion behavior of the manufactured
samples, it was concluded that sample densities were
higher than 99.8 % in all cases, and the porosity level
decreased at higher laser powers.

Yakout et al. [22] reported that the CTE value is
related to the volumetric energy density of SLM tech-
nology. In the SLM process, the volumetric energy
density (J/mm?®) is calculated as the ratio between laser
power (W) and the multiplication between the average
scanning speed (mm/s), hatch spacing (mm) and lay-
er thickness (mm). It was found that there is a criti-
cal laser energy density (identified as 86.8 J/mm?), for
which the SLM process is optimal in terms of material
properties. This critical energy density achieves stable
melting with a homogeneous composition and micro-
structure, magnetic properties and similar CTE to those
obtained in the commercially available material.

Below the critical energy, the manufactured sam-
ples exhibited no significant changes in composition,
although voids (gas pores or lack of fusion) formed, and
the CTE decreased. In contrast, above this critical ener-
gy, the number of voids decreased, but the composition
of the samples changed: nickel and manganese levels
decreased, while iron, molybdenum, and silicon levels
increased. This rise in silicon and molybdenum resulted
in a further reduction in CTE and an increase in the mag-
netic moment of the part [23]. Wegener et al [9] manufac-
tured samples using the SLM process with CTE values
of 1.8-10° K™ between 0 and 100 °C that were similar to
the values of conventionally processed materials. More-
over, adjusting the processing parameters of the LMD
process, which employs a 4 kW CO, laser and a four-
tip coaxial nozzle, resulted in CTE values comparable
to those obtained with conventional processing methods
[24]. Huang et al [16] fabricated test specimens in multi-
ple orientations and observed that there is significant an-
isotropy in the microstructure of Invar 36 and hence the
mechanical properties. In the same study, they observed
that the CTE of Invar 36 alloy in 0°, 45°, and 90° orien-
tation at 30 ~ 200 °C are 1.78-10°¢ °C™, 1.62-10°° °C™!
and 1.77-107° °C"!, respectively, meeting ASTM F1686
standards. Huang et al [25] in another study on additive
manufacturing of Invar alloy have identified that even
though acceptable mechanical properties and CTE were
achieved using the LPBF technology, further optimiza-
tion is required to understand and resolve the anisotropy
based on build orientation. Finally, as was mentioned
above, in the previous literature, even though many stud-
ies were conducted on additive manufacturing Invar36
alloy using LPBF, few studies have been carried out ana-
lyzing the microstructures and the mechanical properties
of Invar parts manufactured using WAAM technology
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and, therefore there is a lack of study on its resulting me-
chanical and thermal properties.

In this paper, mechanical and thermal expansion
properties displayed by Invar specimens manufac-
tured using the LHWD system were analyzed and
compared with commercially available Invar 36. This
study was implemented with the aim of validating the
LHWD technology as a reliable method for manufac-
turing Invar 36 parts for tooling applications in the
aerospace and automotive sectors.

EXPERIMENTAL METHODS
AND METHODOLOGY

Fabrication of the test specimen was performed using
a Mazak VC500A/5X AM hot wire deposition (HWD)
system. A bead analysis was conducted in order to es-
tablish a baseline process parameter set for printing the
parts. Two different bulk geometries, cube and cuboid
were printed using the laser hot wire deposition system
in the Bidirectional 0° (Bi0), Bidirectional rotation posi-
tive 45° (BRP45) and Bidirectional rotation positive 90°
(BRP90) orientation as shown in Figure 1. Following the
printing process, the bulk geometries were machined to a
net shape in X and Y dimensions of the tensile, CTE, and
hardness samples as shown in Figure 2.

These were then detached from the base and cut to
the required XYZ dimensions using a wire Electrical Dis-
charge Machining (EDM). Samples were taken from the
top, middle and bottom zones of the multilayered print
also shown in Figure 1, a 1.14 mm (0.045") diameter In-
var 36 wire from Arcos Industries, LLC, was used to fab-
ricate the component. Argon was used as a local shield-
ing gas with a volumetric flow rate of 30 L per minute.
The produced dog-bone tensile samples conform to the
ASTM E8/E8M-16a standard for tension testing of me-
tallic materials. The cylindrical hardness samples con-
form to ASTM E18-15 standard for performing rockwell
hardness testing. CTE samples conform to ASTM E831-
19. A control was also tested with the aforementioned
tests on the stock materials ordered from Mcmaster Carr.

This study employed two machining sequences.
The first sequence involved a subtractive process that
utilized the hybrid manufacturing capabilities of the
unit to machine the rough edges created by excess
deposition during the printing stage. Here, the subtract-
ing process was performed on the samples once they
have reached room temperature. The second sequence
consisted of using an EDM to cut the parts off the build
platform and to the final dimensions in line with the
ASTM’s corresponding to the respective test methods.
Because of the smaller sizes of the final parts compared
to what can be achieved with the mounted tools on the
Hybrid system, the EDM method was employed to
have better control on the subtractive process. Hyper-
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M

Tensile”

10mm _ Hardness

Figure 1. Bulk specimens as printed: a — tensile; b — hardness; ¢ — CTE, and d — schematic of the BO, BRP45 and BRP90 print
orientations of the manufactured bulk specimens. Positive rotation indicates a clockwise direction

Mill, a computer aided manufacturing (CAM) software
from Open mind technologies was used to program the
toolpath trajectory for the deposition and first machin-
ing sequence. This program accepts the nominal CAD
geometry and creates g-code for the developed toolpath
trajectories. Builds with three different orientations
namely unidirectional, bidirectional, and 90° angle
were fabricated and tested in this study.

MECHANICAL AND DILATOMETRY TESTING

To identify the mechanical performance of the parts
printed using the VC500A/5X, tensile and hardness
tests were conducted. The tensile tests were performed
on an Instron in compliance with ASTM ES8 subsize
specimen. A 150 kN load cell was used to gather the
load information and an extensometer was used to gath-
er reliable strain information. Ultimate tensile strength,
young’s modulus and strain at failure were calculated
from the load-extension and strain data obtained from
the testing. The Rockwell hardness tests were conduct-
ed using a type B spherical indenter in compliance
with ASTM E18. The CTE tests were conducted on TA
Instruments (Delaware) TMA-Q400 based on ASTM
E831-19. In this test, the linear deflection of the sample

was measured, and the CTE (10 um/m-°C™") was cal-
culated following Eq. (1):

CTE=a=AL/(LAT), )

where AL is the linear deflection; L is the initial length
of the samples and AT the temperature difference for
which AL is measured.

MICROSTRUCTURE ANALYSIS

As-printed samples have been prepared for micro-
structural, chemical, and crystallographic investiga-
tions using metallographic techniques. The crystal-
lographic investigations were performed by X-ray
diffraction (XRD) using a Rigaku Miniflex II XRD
equipped with a Cu X-ray source. The microstructural
investigations were performed using light and elec-
tron microscopy techniques. The Optical microscopy
investigation was carried out using a Keyence VHX-
7000 Digital Microscope. The electron microscopy
investigations were performed using a JEOL JSM-
7600F scanning electron microscope (SEM) equipped
with an EDAX Apollo XV X-ray energy dispersive
spectrometer (EDS) for chemical analysis.

Figure 2. Machined part geometries for: « — hardness; b — tensile, and ¢ — CTE tests
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Figure 3. Beads deposited with the process parameter sets EO—E8 (a) and overstep analysis (b)

THERMAL ANALYSIS

Thermal imaging was employed to monitor the pro-
cess dynamics of the Laser Hot Wire Deposition of
the Invar 36 samples. A FLIR A655sc LWIR camera
with /1.0 and a field of view of 15°x11° (19° diago-
nal) capable of detecting and converting the emitted
InfraRed radiation to temperatures range of —15 to
2000 °C was used. Images were acquired at a resolu-
tion of 640x480 pixels at 6 fps. The raw 32-bit data
was converted to 16-bit arrays for computational ef-
ficiency. Custom Python scripts were developed uti-
lizing the FLIR SDK library for image analysis and
video processing. This enabled specialized cropping
and data extraction. To extract temperature data, a
10x10-pixel averaging approach was applied to cal-
culate mean temperatures at different heights (lower,
middle, upper) of the build. This method was selected
since it provides representative data from the desired
layer within the printed part.

Table 1. Build process parameter development

Feed rate Wire feed
Parameter| during Laser | Shielding Hot wire
.\ . speed,
set deposition,| power, W |gas, L/min . | power, W
. mm/min
mm/min
£ 792 3510 10 4191 480
(control)
El 500 3510 10 4191 480
E2 1200 3510 10 4191 480
E3 792 4000 10 4191 480
E4 792 3200 10 4191 480
E5 792 3510 10 5207 480
E6 792 3510 10 3175 480
E7 792 3510 10 4191 600
E8 792 3510 10 4191 360
Final 59 3510 30 4191 600
printing

RESULTS AND DISCUSSION

PRINTING PARAMETER DEVELOPMENT

A comprehensive bead analysis was initially carried out
in the 0° orientation before fabricating the parts to un-
derstand the influence of process parameters and print-
ing direction on the quality. It was observed that five
process parameters dictate the printability. These being
the traverse feed rate during deposition, laser power,
shielding gas, wire feed speed and hot wire power. In
addition to these parameters, there were two toolpath
parameters namely Step over and Layer height, spec-
ified in Hypermill software, that define the quality of
the build when combined with the other five aforemen-
tioned process parameters. With a target bead height of
around 2.1 mm, and a bead width of 6.5 mm, a total of
eight different process parameter sets were investigated
in the bead analysis to define the printability based on
the initial feedback from the manufacturer of the ma-
chine. These parameters are as shown in Table 1.

The beads deposited using the printing parameter sets
mentioned in Table 1 are as shown in Figure 3, a. It was
observed that all parameter sets resulted in a weld bead
with consistent thickness, width and height except for
E2. Signs of starvation were observed in the weld bead
deposited with the parameter set E2. This is because the
feed rate of deposition, which is the rate at which the
printing head moves, is increased to 1200 from 500 mm/
min without making any changes in the wire feed speed.

Upon closer observation of the other beads, it was
observed that the parameter set EO produced a good
quality bead with the required height but not the width.
E1 resulted in a bead that is too tall because of slowing
down the Feed rate of deposition from 792 to 500 mm/
min while the wire is being feeded to the system at
4191 mm/min. E3, E5, E6 and ES8 resulted in flatter
and wider beads due to the higher laser power which
results in the larger heat affected zone of the substrate,
higher wire feed speed which results in expansion of
the weld pool region and insufficient preheating of the
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wire which would result in a condition similar to star-
vation if a proper wire feed rate is not maintained. The
dimensions of the individual beads are as specified in
Table 2. E4 and E7 resulted in the beads closest to the
requirement. A quick overlap analysis was also con-
ducted as shown in Figure 3, b in order to obtain the
ideal stepover during deposition which will preserve
the required build conditions. Upon dimension analy-
sis, a stepover of 2.5 mm was decided to be ideal as
it produces a layer height of 2.1 mm during print with
the final printing parameter set mentioned in Table 1.
All the other overlap conditions resulted in taller beads
which would result in taller layer height.

THERMAL ANALYSIS

The heat input and the temperature gradients during the
deposition and the waiting time of a single bead manu-
factured using LHWD observed using a IR camera can
be observed in Figure 4. Top, middle, and bottom zones
were selected for the IR analysis in order to obtain a
complete understanding of the thermal history involved
in the manufacturing of the part. The heat input is a criti-
cal condition that affects the CTE of the material.

By capturing and graphing the temperature profiles of
the three layers, a general trend in thermal histories relat-
ed to the build height was identified. The bottom section,
connected to a large thermally conductive build plate,
released heat rapidly, resulting in minimal heat accumu-
lation. Figure 4 displays the cooling process on the initial
layers, where the temperature drop can be observed. This
process can lead to relatively small crystal grains, result-
ing in enhanced mechanical performance. As additional
layers are added, heat is conducted downward through
the structure to the build plate. Consequently, the bottom
layer (layer 2) is subjected to prolonged exposure to high
temperatures, although these temperatures are lower
than those experienced by the upper layers (layers 7 and
12). In contrast, the top section of the part (layer12) is
subjected to high melting temperatures (above 1000 °C
in average as seen in Figure 4) as heat accumulates with

Table 2. Bead analysis parameters and their corresponding bead
dimensions

Parameter set Bead width, mm Bead height, mm
EO 6.21+0.40 1.54+0.30
El 6.53 +0.40 2.24+0.20
E2 6.26 +0.80 1.04 +0.19
E3 6.75+1.10 1.27 +£0.01
E4 6.32 +0.60 1.49 +0.07
ES 6.66 £ 0.60 1.03+0.14
E6 6.56 +0.50 1.22+0.11
E7 6.66 + 1.00 1.45+0.14
E8 6.66 + 0.60 1.38 £0.08

a longer resistive path to the build plate trajectory. The
effects of these two distinct thermal history extremes —
(a) prolonged low temperature duration and high ther-
mal gradients from the cooling of the build plate, and
(b) brief high temperature duration with lower thermal
gradients — significantly influence both the microstruc-
ture and strength of the fabricated part.

CTE

Invar 36 samples obtained by EDM of cuboids man-
ufactured using the LHWD were subjected to a CTE
test. A total of 7 groups of coupons, these being a
baseline (which was obtained from commercial-
ly available invar rod) and BO, BRP45, and BRP90
specimens in both the XY and Z orientations were
subjected to a dilatometry analytical test. From these
coupons, three samples were evaluated from both the
vertical and horizontal direction. Additionally, three
samples from the commercially stock material were
EDM and tested as the baseline.

Figure 5 shows the averaged CTE of the test spec-
imens. The figure displays that the printed samples
have a similar CTE (1.5 to 3 um/m-°C range), and
does not seem to depend on the printing orientation.
In this work, CTE shows minor changes regardless
of tool path orientations. Similar observations were
made in LPBF printing in which the CTE is isotropic
in 0, 45, and 90 build orientations [16]. The analysis
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Figure 4. Temperature-time plot to identify the thermal behavior during the deposition and cool down of cuboids printed in XY (a),

and Z orientations ()
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Figure S. Average CTE results (0-100 °C) of the baseline and
manufactured parts in XY and Z with BO, BRP45, and BRP90 ori-
entations

=

of nickel on the printed samples at different locations
is shown in Table 1. From the table, it is observed
that the printed samples have a similar nickel content
(about 35-36 %), a feature that governs their CTE.
Additionally, the Curie temperature (7)) values were
also calculated from the results of the dilatometry test.
It was here observed that the average T of the base-
line samples was 280 + 5 °C while the average T of
the printed samples in the XY and Z orientation result-
ed in 236.67 = 18.86 and 225 + 20.41 °C, respective-
ly. This indicates that the printed samples will exhibit
higher CTE values at elevated temperatures, since
they will reach out the curie temperature sooner. This
performance can be associated with Figure 5, where
the CTE of the baseline sample is lower compared to

Table 3. Summarized mechanical properties of baseline and 3D
printed Invar 36 specimens

Averaged values

sa:rl: N Location Yield Elongation,
e UTS, MPa strength, MPa| %
Baseline - 441.57 263.43 48.15
Top 374.49 209.19 30.92
XY-BO Middle 368.73 184.79 37.22
Bottom 397.45 206.84 36.03
Top 361.25 175.36 45.77
XY-BRP45| Middle 384.70 190.99 41.21
Bottom 408.23 204.93 42.20
Top 380.55 191.71 42.78
XY-BRP90| Middle 381.33 218.15 37.27
Bottom 387.77 205.65 40.30
Front 357.83 175.99 43.38
Z-B0 Middle 365.34 185.00 42.46
Back 367.16 196.46 40.78
Front 390.52 194.70 36.78
Z-BRP45 Middle 359.56 185.42 39.74
Back 378.00 196.37 37.25
Front 370.59 187.76 35.59
Z-BRP90 Middle 357.47 182.97 40.68
Back 382.25 191.78 38.49
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Figure 6. Tensile performance of the baseline and manufactured
test specimen printed in XY and Z direction based on the BO,
BRP45 and BRP90 orientations

the printed samples. Since the acceptable CTE range
for practical applications using wrought Invar 36 is
below 2:10°¢ °C [26], from Figure 5 we can conclude
that XY-B0, Z-BRP45, and Z-BRP90 are reasonable
choices in terms of CTE.

MECHANICAL PROPERTIES

Tensile tests were conducted on specimens obtained
from two orientations i.e. XY and Z, and from three
different locations; top, middle, and bottom (for the
XY printing) and front, middle, and back (for the Z
printing) as shown in Figure 6. These samples were
taken from multi-layered build structures manufac-
tured in BO, BRP45, and BRP90 directions for both
orientations. The average UTS, Y'S, and % elongation
of the Baseline and all printed samples are summa-
rized in Table 3.

From Table 3, it is observed that the specimens
built in the Z orientation have both lower UTS and
YS values than those built in the XY orientation (by
roughly 10 and 5 % respectively) but have similar
elongation between the two printing orientations.
Here, the averaged tensile strength of the Z and XY
builds yielded a value of about 370 and 383 MPa, re-
spectively. This difference could be associated with
the anisotropic property-performance typically ob-
served when printing on the Z-direction [27-31]. In
the XY orientation builds, it is observed that the bot-
tom samples showed a slightly superior strength than
the samples from the middle and top. A mechanism
associated with the smaller grain structure due to the
thermal sink provided by the building plate. In con-
trast, the samples from the Z-build does not seem to
show a clear trend. Table 3 shows that both printed
builds resulted in inferior mechanical properties than
the wrought Invar 36 material, similar to what other
researchers have observed [32]. Fracture analysis was
conducted on the surfaces of the tested tensile spec-
imens using SEM, EDS, and digital microscopy. All
the specimens in both orientations and all directional
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500um 0000

Figure 7. Fracture surface of the tested tensile specimen: a — Z-BRP45; b —

builds displayed a ductile fracture. The typical failure
mechanism is evident in Figure 7 where the fracture
surface(s) show necking back to the unaffected sur-
faces due to the elongation of the sample. The hard-
ness tests were conducted on tensile samples and the
results are summarized in Figure 8.

The figure shows that the specimens from the
Z build yielded an average hardness HRB of 60.6,
which is about 10 % lower than the average hardness
(HRB 66.9) recorded on the XY specimens. These re-
sults appear to follow the trend observed on the ten-
sile strength results. The figure also shows that spec-
imens from both printed builds resulted in a hardness
considerably lower than the recorded on the baseline.
This difference as well as that observed on the tensile
strength is associated to the thermal load-history in-
duced on the parts during the printing process.

MICROSTRUCTURE ANALYSIS

XRD INVESTIGATION

The XRD investigations combined with the chemical
analysis information, revealed that the main phase
of the hybrid manufactured samples was based on
an iron nickel phase (Fe0.66 Ni0.34). SEM/EDS in-
vestigations, reported below, indicate the presence
of secondary phases. However, it was not possible
to confirm the existence of a secondary phase using
the Rigaku Miniflex XRD. Here, all the printed Invar
samples showed similar diffraction peaks like the plot
shown in Figure 9. This plot displays the top, middle,
and bottom sections of the BRP90 sample in the XY
orientation. Three diffraction peaks corresponding to
the Fe0.66 Ni0.34 phase (cubic unit cell, a = 3.604 A)
can be observed at 20 = 43.47, 50.58, and 74.55, cor-
responding to (111), (200), and (220) crystallograph-
ic planes, respectively. It must be noted, the other set
of three diffraction peaks at 20 = 41.61, 48.32, and
70.92, are due to the contamination of the X-ray tube
in the Rigaku Miniflex, with a sputtered tungsten-base
phase from the tungsten target (formed in an over-

18 50 SEM_SEI b

500pm 0000 18 50 SEM_SEI

XY-BRP90 displaying a ductile fracture profile

used X-ray tube). The difference in peak height ob-
served in top, middle, and bottom samples might be
related to the samples’ texture and grain preferential
orientation, related to the printing and localized cool-
ing conditions. The differences in texture among the
top, middle, and bottom samples were confirmed by
further light microscopy studies. Figure 10 shows the
XRD spectra obtained from three samples prepared
from the commercial Invar 36 bar. Here, the primary
crystallographic phase is iron nickel, as well; howev-
er, the Fe0.65Ni0.35 (PDF 04-006-6665) index indi-
cates a slight difference in the chemical composition
compared to the printed Invar 36.

OPTICAL MICROSCOPY

The optical microscopy study was only performed
on the XY samples to investigate the morphological
aspects of the printed system across the height. The
study indicates microstructural differences among the
bottom, middle, and top locations, irrespective of the
sample set. Typical grain features are shown in Fig-
ure 11 under a low magnification dark field. Here, the
average grain size seems to increase from the bottom
sample to the top sample. Elongated grains are ob-
served in the bottom and middle sample, while the top
sample shows equiaxed grain. The preferential orien-
tation of the elongated grains might be related to the
localized cooling conditions in the bottom and middle
volumes of the printed Invar 36. The increase in grain

XY~ 1Top 2 Middle 3 Bottom
Z~1 Front 2 Middle 3 Back

XY-BO  XY- IiRJ‘-H XY- BRE‘O{I Z-BO Z-BRP45  Z-BRP90

Hardness (HRB)
f -]

bd e d= Lh
>

=
T

=
T

(= —
T

Baseline

Figure 8. Rockwell hardness (HRB) performance of the baseline
and manufactured test specimen printed in XY and Z with BO,
BRP45, and BRP90 orientations
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Figure 9. XRD spectra from top, middle, and bottom sections of
XY-BRP90
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Figure 10. XRD spectra from commercially available Invar 36
baseline bar
size from the bottom to the top samples is highlighted
on Figure 12 under a high magnification microscope.
The smaller grain size of the bottom sample,
compared to the top one, might be explained by the
fast-cooling conditions of the printed volume in con-
tact with the build plate and the extended thermal his-
tory as shown by the infrared data. Figure 12 shows
part of the laser track. The elongated grains of the
bottom part grow perpendicular to the semicircular
melt-pool boundary and toward the centerline of the
melt pool, which is the hottest point of the molten
pool. Due to the high thermal gradient in the direction
orthogonal to the semicircular melt-pool boundary,
epitaxial grain growth in this direction is the typical
solidification mechanism that occurs in volumes of

Figure 11. Dark field LM micrographs of the cross-sectioned top
(a), middle (b), and (c¢) bottom of Bi0 sample printed in XY ori-
entation

bottom and middle parts. It is interesting to note the
presence of micro-porosity on the printed samples, a
feature that was observed near the edges of the speci-
mens. Previous studies on powder and wire DED have
shown that mechanisms associated with gas and bub-
bles trapped in the pool contribute to the formation
of pores [33, 34]. This clearly suggests that a further
optimization on the printing parameters is required to
minimize such defects.

SEM/EDS INVESTIGATION

Figure 13 shows the typical secondary electron
micrographs collected from the printed samples.
The SEM investigation confirms the grain size in-
crease from bottom to the top of the printed Invar
36 samples. Also, the micron-scale porosity seems
to increase from the bottom to the top of the sam-
ple. Grain size [18] and porosity variation [25],
combined with the variation in the chemical com-
position (see below) could explain the variation in
the coefficient of thermal expansion (CTE) in the
as-printed Invar 36.

Figure 12. Typical bright field LM micrographs of the cross-sectioned top (a), middle (b) and bottom (c) volumes of Bi0 sample printed
in XY orientation. Laser track in (c) indicated by dotted line
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‘-E

Figure 14. Representative SEM of the cross-sectioned samples: @ — backscattered electron (BSE) micrograph of the XY-BRP90 spec-

imen; b — secondary electron micrograph of the XY-BRP45 coupon

Figure 14 shows the representative backscat-
tered electron (BSE) micrographs of the printed
samples. For instance, the BSE contrast on the top
sample collected from XY printed orientation (Fig-
ure 14, a), indicates the presence of at least two
phases having different chemical (and very proba-
bly, crystallographic) content. Figure 14, b shows
an electron micrograph of the bottom section of
the XY sample, where elongated voids can be ob-
served. The microscale voids dotting the crack path
seem to be stress raisers for the applied stress.

70

Based on the EDS investigation, the chemical
composition of all as-printed samples varies from
the bottom to the top. A feature that could affect the
mechanical and thermal properties of the printed cou-
pons. This variation might be related to the change in
printing conditions (printing parameters and printing
environment), and to the presence of microvoids in the
manufactured coupons. Figure 15, a shows the mean
chemical composition of top, middle, and bottom vol-
umes of a XY sample. The Fe content increases about
1.7 wt.% in between middle and top volumes, while
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Figure 15. Chemical composition of top, middle, and bottom volumes of XY-BRP90, as determined by EDS investigation (a); chemi-
cal composition of commercially available Invar 36 rod, as measured in the present research ()
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Ni content decreases about 1.6 wt.%. This reduction
in Ni content resulted in the higher CTE of printed
parts. The Fe content in the hybrid manufactured
Invar 36 sample is about 61.993 wt.%, while in the
commercially available Invar 36 rod, the Fe content is
about 64.388 wt.% (see Figure 15, b).

CONCLUSIONS

Test specimens manufactured using the Mazak
LHWD hybrid system were studied in this work. The
manufactured specimens were subjected to a series
of mechanical and thermal tests to investigate their
fundamental properties. The results showed that the
printed parts exhibited a lower tensile and hardness
performance than the commercially available materi-
al. Here, the samples obtained from the top section
of the printed parts yielded higher mechanical prop-
erties than those extracted from the bottom; a feature
associated to the heat sink performance provided by
the building plate as well as to the larger thermal his-
tory to which the bottom sections were subjected to
as recorded by an infrared camera. Indeed, an optical
microscopy and SEM analysis revealed smaller crys-
tal grains at the bottom of the printed samples than at
the top. On the other hand, no clear distinction was
observed on the coefficient of thermal expansion in
terms of the printing location and manufacturing ori-
entation. Here, although the printed samples resulted
in a higher CTE than the commercially available Invar
36 stock material, their CTE values varied between
1.5 and 3 pm/m-°C. An ESD analysis showed that
the printed samples yielded in average about 34 %
Nickel, a percentage that could support their higher
CTE. This work provides a preliminary study of DED
printed Invar 36 as a feasible material for manufac-
turing low CTE composite tooling molds. Indeed, the
incorporation of the hybrid technology will provide
light-weight complex molds with tight dimensional
requirements and surface finishes associated with typ-
ical subtracting CNC processes.
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ABSTRACT

The increasing drive to use light materials, which will also meet the demands of industry, causes growing interest in zinc mixed
coatings. Especially compositions of zinc, aluminum and magnesium are of considerable interest due to their sacrificial pro-
tection of coated steel sheet metal in neutral and saline environments. The question that materials experts face is the amount
of coating used for anticorrosive protection, as it can significantly lower the cost of large-scale installations. In the presented
research, corrosion parameters of commercially available coating with three varying coating masses are assessed. The tests
were performed using Linear Polarization Resistance Method, which allows for determination of electrochemical parameters
and corrosion wear. The obtained results show that a coating with the most mass does not always provide the most optimal
protection in all environments. It is suggested that lower coating masses may lead to more uniform deposition of protective
products of electrochemical reactions. Additionally it was found out that thickness of substrate leads to different corrosion

protection parameters in same thickness coatings.

KEYWORDS: zinc-magnesium aluminum coatings, electrochemical corrosion, corrosion wear

INTRODUCTION

Corrosive material degradation costs the world econo-
my trillions of dollars. The increase in demand for new
materials and their cost is leading to a reassessment of
materials testing in this field [1]. Norms for assessment
of corrosive resistance of materials often employ test-
ing in neutral environments. However, the increasing
acidification of the environment caused by industrial
processes and climate change should lead to more con-
siderable testing in higher hydrogen ion concentrations
[2]. Increased greenhouse gas emissions will inevitably
lead to reductions in the pH of oceanic and intraconti-
nental water environments. It is estimated that within the
next two decades, the pH value of seawater will change
from 8 to 7 [3, 4]. In addition, polluted industrial envi-
ronments contain acidic ions, such as SO,*, CO,*" and
CI; these ions originate from industrial effluents and can
cause structural failure [5]. It is widely understood that
fluid acidity, particularly highly aggressive acidic ions, is
critical in the corrosion and degradation of metal alloys
[5, 6]. A variety of mechanisms can cause corrosion. Its
early stages can benefit further protection by forming
dense protective layers on the surface, which can sig-
nificantly reduce the corrosion rate [7, 8]. Examination
of the time-dependent damage processes revealed that
a surface corrosion layer can mitigate the influence of
tensile stress on the the Ni-Cr—Mo—V [9]. Zinc and other
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amphoteric coating materials applied to metallic surfac-
es are of considerable interest for this reason alone. Var-
ious order elements, such as aluminum and magnesium,
are also added to improve the anodic properties of zinc
[10, 11]. Zinc coating has excellent corrosion resistance
and protection against steel corrosion. It has great appli-
cation prospects in the corrosion protection of iron and
steel materials. Its chemical and electrochemical prop-
erties lead to the formation of a metal oxide or carbon-
ate layer in the atmosphere, which covers the surface of
the alloy and prevents further oxidation. This is due to
the fact that the standard potential of zinc is more an-
odic than the standard potential of iron. Therefore, the
galvanized layer with more negative potential will cor-
rode preferentially even when a local breakage occurs.
Furthermore, it still has electrochemical protection for
steel, sacrificing itself to protect iron-containing sub-
strates. However, environmental changes and the needs
of application scenarios impose stringent requirements
on the corrosion resistance of Zn coatings. Corrosion
experiments on Zn—Al-Mg alloy coating have been
widely conducted. Tests at marine test sites revealed that
increasing the eutectic content of the coating improved
the corrosion resistance. This finding is related to the
formation of stable layered double hydroxides. Similar
studies under varying atmospheric conditions for up to
6 years showed that mixed zinc—aluminum-magnesium
coatings exhibited excellent corrosion resistance with an
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average mass loss ratio of around 3 suggesting that their
high corrosion resistance is related to the formation of
protective corrosion products [12].

To shorten the time of corrosion experiments, Zn
alloy coatings are often studied under simulated en-
vironmental conditions in the laboratory rather than
in conventional atmospheric environments, in which
corrosion is slow. Accelerated studies revealed two
types of corrosion areas: grey and white coloured.
Both contained hydroxyl zinc, but most of the grey
regions comprised hydroxyl zinc chloride, while most
of the white areas were sparsely packed substances
such as zinc carbonate. The inner corrosion products
were dense layered double hydroxides which serve
a protective role [13]. Other research in accelerat-
ed environments investigated the types of corrosion
products and percentages of stabilized products in the
coating. Those studies proposed that Mg is preferen-
tially corroded in the coating and that the corrosion
products buffer the pH and inhibit oxygen reduction
[13]. Experimental evidence has been found that
zinc-magnesium-aluminium alloy underwent local-
ized corrosion (similar to pitting corrosion) under high
pH conditions, indicating that this alloy might not be
suitable in such conditions [14]. The research aims to
assess coating mass’s influence on its electrochemical
properties in a mildly acidified saline environment.

MATERIALS AND METHODS

The research material consisted of Zn3.5A13Mg type
coatings produced by ArcelorMittal by the hot-dip gal-
vanizing method [15] on S350GD and S320GD steel
substrates of various thicknesses. The investigation
focused on three coating types with varying substance
weights (310, 430 and 620 g/m?) and different coating
thicknesses. The coatings were coated on both sides
and were designated ZM-310, ZM-430, and ZM-620.
The ZM-310 coating was applied to a steel material
measuring 1.5 mm in thickness, while the ZM-430
coating was applied to steel materials measuring 2.5
and 3 mm thick. In contrast, the ZM-620 coating was
the sole product manufactured on S320GD steel with
a thickness of 3 mm. According to the manufacturer of
the tested coatings, the main component is zinc with 3
wt.% magnesium and 3.5 wt.% aluminium. The struc-
ture properties and chemical composition of the coat-
ing’s surface were analyzed with a Quanta FEG 250
scanning microscope integrated with an EDAX x-ray
microanalysis detector. Sodium chloride solutions
of 0.25, 0.5 and 1M were used for corrosive testing.
Such environments are comparable to environments
presented in ISO—12944. The first solution is similar
to C4-type environments: chemical plants, swimming
pools, ship and boat repair yards, industrial areas, and

coastal areas with medium salinity. The second most
concentrated solution has corrosion similar to C5 en-
vironments: buildings or areas with almost continuous
condensation and high pollution, industrial areas with
high humidity and aggressive atmosphere. The most
concentrated solution gives results similar to C5-M,
structures or areas with almost continuous condensa-
tion and high pollution, coastal and offshore areas in-
land with high salinity [16]. Crystalline sodium chlo-
ride (99 % weight ratio, Chempur Poland) and buffer
solution with a pH value of 6.5 achieved through
the use of (Chempur, Poland) were used to prepare
a slightly acidic environment. The study consisted of
measurements using the Linear Polarization Resis-
tance (LPR) method. To perform the measurement, a
degreased sample (ethanol 96 % by volume) should
be placed in an electrochemical vessel and connected
to a potentiostat-galvanostat (Atlas 1131). The LPR
method involves stabilizing the electrochemical sys-
tem to a fixed potential, lowering its potential by AE,
and raising it above the stationary potential by the
same amount. During the measurement, the results of
the sample potential (V) and the density of the flow-
ing current are read (A/m?). The density of the flowing
current is related to the amount of corrosion processes
occurring on the metal surface. The resulting polar-
ization curve consists of two parts: the anodizing and
cathodizing curve. Tafel curves are then drawn to the
anodizing and cathodizing curves. The intersection
point of the Tafel curves allows the current density
and corrosion potential to be read (Figure 1).
Corrosion wear was determined from the corro-
sion current values based on Faraday’s law (1) [2].

Mt
m=——-

1
zF’ W

m — mass of corroded material, g; M — molar mass
of metal undergoing reaction, g/mol; z — amount of
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Figure 1. Example of a polarization curve with Tafel tangents

15




W. Rejmer et al.

electrons given up in a single oxidation process; F —
Faraday’s constant 96500, °C/mol; / — corrosion cur-
rent density, A cm™?; ¢t — time, s.

In order to calculate corrosion wear, the mass
percentage composition of the coating was con-
verted to atomic percentage. Subsequently, the
molar mass of the alloy was determined to be 59
g/mol. Given that 96.5 % of the coating composi-
tion comprises zinc and magnesium, which donate
two electrons during the oxidation process, it was
assumed that the number of electrons donated per
unit process would be 2. To determine the life of the
coating, the corrosion potentials of the individual
coating components and the amount of coating per
square meter of material were used.

RESULTS

SEM ANALYSIS

The SEM/EDS examinations (Figure 2 and Table 1)
revealed that two thinner coatings (Figures 2, a, b)
were characterized by a more homogeneous layered
structure with numerous material defects in the form
of grooves and microcracks with visible grains de-
lamination on the coating surface (Figure 2, ). The

' . B85 V: 16

coatings structure is formed of elongated grains con-
sisting of the solid solution areas of Al in Zn (&) on a
formed eutectic background (o+).

It is generally accepted that immersion time and
bath temperature influence the cracking and delami-
nation of the primary diffusion layer at the interface
with the steel substrate material. However, forming
brittle intermetallic phases from the Fe—Al system due
to the diffusion of iron from the steel substrate plays
a significant role in the delamination of the structure
of thin coatings in this zone [17]. A SEM/EDS study
of the chemical composition in micro-areas allowed
to establish that the most probable phase forming the
diffusion layer in the interface with the steel substrate
is the FeAl,(Zn), which in the final stage of structure
formation transforms, creating micro-areas with the
participation of even more brittle Fe Al (Zn) phase.
This causing microcracks and delamination of layers,
as visible in the structure of the ZM-430 coating (Fig-
ure 2, b). The structure of the same ZM-430 coating on
3 mm thick S350GD steel shows the influence of the
steel substrate on the formation of a layer with a high
degree of surface development (Figure 2, c¢). Most
likely, this effect is due to the high residual stress-
es that arise from the differing linear coefficients of

R 2.6 mm 1070
y

16 kV

Figure 2. Example SEM/ SE images for: ZM-310 — on 1.5 mm steel (a); ZM-430 — on 2.5 mm () and 3 mm steel (c), respectively;

and ZM 620 — on 3 mm steel (d)
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thermal expansion between the steel substrate and the
complex, heterogeneous structure of the Zn—Al-Mg
coating, which contains high-aluminium intermetallic
phases from the Fe—Al system. Studies of Zn—-Mg—
Al alloy coatings have shown that one of the causes
of crack formation is the tensile stresses within the
structure, primarily generated by an increased cooling
rate [18]. Depending on the thickness of the substrate
material and the obtained coating, this phenomenon
can influence the proportion of micro-cracks and the
microstructural characteristics of the tested coatings.
This effect can be observed for ZM-430 coatings of
the same weight applied to S350GD steel substrate
with different thicknesses of 2.5 and 3 mm. Analysis
of the obtained results shows a favourable effect of
grain growth kinetics on the structure formation of the
ZM-620 coating, produced in a hot dip bath on 3 mm
thick S320GD steel. By increasing the thickness of
the coating, the rate of the Fe—Al reaction and the for-
mation of brittle intermetallic phases are eliminated,
resulting in a more structurally uniform coating in the
surface area with no visible material defects (Figure 2,
d). Microanalysis of the chemical composition on the
surface of the ZM-620 coating shows similar amounts
of magnesium as indicated by the manufacturer. It has
also been found that as the mass (thickness) of the
coating increases, the percentage of alloying elements
decreases and the carbon and oxygen content increas-
es (Table 1). The formation of carbonate layers, also

Table 1. Semiquantitative EDS analysis of coatings surfaces

I ZM-310_1.5 mm

092 - 2 ZM-430 2.5 mm
i 3 ZM-430_3.0 mm
=096 F 4 ZM-620_3.0 mm

L
o

0.25M NaCl

0.5M NaCl IM NaCl

Figure 3. Average values of corrosion potentials

found in [19], is most likely responsible for this. Car-
bonates form an oxidised protective layer but, unfor-
tunately, are also thought to be permeable to acidic
environments.

LPR ANALYSIS

Corrosion potential results are presented in Figure 3
and Table 2. Except for the ZM-310 coating, every
other coating has exhibited the highest corrosion po-
tential values in 0.25 M NaCl. The ZM-310 coating
showed the lowest corrosion potential in this solution,
—1.05+£0.01 V. In the least saline solution, the 3 mm
thick samples coated with ZM-430 coatings showed
the highest average potentials (—0.97+0.009 V), but
in most saline solutions, gave the lowest potentials
(-=1.034£0.01 V). The differences between potentials
are minor and can be assumed to be the same. In
higher salinity solutions, the highest potential was
measured for the ZM-430 coating on 2.5 mm steel
substrate (0.98+0.01 V in both solutions). It is worth
noting that this coating exhibits the least variation in

ZM-310 1.5 mm ZM-430 2.5 mm potential when salinity conditions are changed. This
Element
wt.% at.% wt.% at.% Table 2. Results of corrosion potentials
Zine 82.22+0.56 | 55.52+0.92 | 80.44=4.24 | 52.79+7.07
Corrosion potential, V
Oxygen | 5.62+0.06 | 15.52+0.33 | 6.60+2.33 | 17.33+5.13 Couti
t
Carbon | 4.24+0.38 [15.58+1.25 | 4.8+0.77 |16.95+1.55 0%HnE MM | Measure- | Measure- | Measure- | Measure-
- ment 1 ment 2 ment 3 ment 4
Aluminum | 4.47£0.1 | 7.31£0.24 | 4.30+0.44 | 6.79+0.52
- 0.25 M NaCl
Magnesium | 3.28+0.06 [ 5.90+0.05 [ 2.96+0.09 | 5.21+0.31
Chromium | 024035 | 0.1740.29 | 0.5£0.53 | 0.39+034 | [ ZM310_15 | -1.05 —1.06 -L.05 —1.04
Phosphorus 0 0 0.440.36 | 0.53£0.47 ZM430. 2.5 | 099 —0.97 —0.97 —0.97
ZM430 3 -0.97 -0.96 -0.97 -0.96
Table 1. Cont. ZM620 3 —-1.00 -0.98 -0.97 -0.98
0.5 M NaCl
ZM-430 3 mm ZM-620 3 mm
Element ZM310_1.5 ~1.03 ~1.04 ~1.03 ~1.02
wt.% at.% wt.% at.% ZM430 2.5 -0.98 -0.97 -0.98 -0.98
Zinc 80.88+2.68 | 52.86:4.09 | 77.15+3.42 | 46.83+4.93 ZM430 3 -0.99 -0.99 -1.00 -1.01
Oxygen 5.50+1.64 | 14.56+3.58 | 8.56+2.10 | 20.99+4.13 ZM620 3 -1.01 -0.98 -0.99 -0.99
Carbon 5.4540.43 | 19.33+0.87 | 6.32+0.66 | 20.78+1.20 1 M NaCl
Aluminum | 4.6+0.19 | 7.28+0.57 | 3.91£0.21 | 5.74+0.41 ZM310_1.5 -1.01 -1.02 -1.01 -1.00
Magnesium | 3.17+0.1 | 5.56+0.09 | 2.66£0.32 | 4.34+0.61 ZM430 2.5 -0.98 -0.97 -0.99 -0.99
Chromium | 0.22+0.39 | 0.17£0.3 | 0.85£0.27 | 0.64+0.18 ZM430 3 -1.02 -1.04 -1.03 -1.04
Phosphorus | 0.18+0.31 | 0.23+0.4 | 0.53+0.46 | 0.68+0.59 ZM620 3 ~1.00 -1.01 -1.01 -1.00
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0.25M NaCl
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Figure 4. Coating corrosion wear

may be attributed to the high oxygen content in the
coating, possibly resulting from protective oxide lay-
ers [20]. The ZM 310 coating is predominantly zinc
and aluminium rich in the surface layer, which, due to
the lowest anodic potential of these metals, may cause
a potential increase with increasing salinity [21].

In all of the investigated environments, the low-
est average corrosion wear in 0.25 M and 0.5 M
NaCl is exhibited by the ZM-430 coating on steel
with a thickness of 2.5 mm, which amounts to
115.6£9.34 g'm*year', 153.3142.31 grm?year’,
respectively. In most saline solution, the most mi-
nor corrosion wear is exhibited by ZM-620 coating
(225.26+4.62 g'm*year'). In 0.25 M NaCl envi-
ronment, the ZM-620 coating showed the highest
corrosion wear (148.814+4.39 g'-m*-year'). In higher
salinity corrosive environments, the highest corro-
sion wear for coating ZM-310 was calculated to be
331.31+8.90 g-m2*year! for 0.5 M environment
and 687.12+7.93 g-m2-year!' for I M NaCl (Ta-
ble 3). During corrosion tests in 1M NaCl solution
sample ZM-310 exhibited orange coloring of solu-
tion. This observation is probably caused by coat-
ing penetration and resulting presence of iron salts
in the solution. Additionally the corrosion products
of other samples exhibited a white-gray color while
ZM-310 sample exhibited black corrosion products,
which may be composed of non soluble Fe?" and Fe**
salts. Both of these observations can be related to
coating penetration.

The average corrosion wear values are shown in
Figure 4, while results from singular measurements
are shown in Table 3. Corrosion wear seems to be
dependent on coating mass, but not directly. In low-
er salinity solutions, the most densely coated sample
(with ZM-620 coating) shows higher corrosion wear
values, which increase less with increasing salinity.
It can be assumed that ZM-620 coating is more ef-
fective in creating other protective layers due to the

18

Table 3. Corrosion wear of coatings

Corrosion wear, gm>-year!
Coating Measure- | Measure- | Measure- | Measure-
ment 1 ment 2 ment 3 ment 4
0.25 M NaCl
ZM-310, 1.5 mm | 131.20 121.07 126.86 126.86
ZM-430,2.5mm | 123.97 108.05 123.48 107.08
ZM-430, 3 mm 124.93 123.97 119.62 126.38
ZM-620, 3 mm 150.98 143.26 147.60 153.39
0.5 M NaCl
ZM-310, 1.5 mm | 320.29 337.36 328.00 339.58
ZM-430,2.5mm | 150.50 15291 155.32 155.32
ZM-430, 3 mm 258.54 236.35 260.47 249.86
ZM-620, 3 mm 171.72 164.97 174.61 176.54
1 M NaCl
ZM-310, 1.5 mm | 686.88 685.91 678.19 697.49
ZM-430,2.5 mm | 228.64 225.74 237.32 223.81
ZM-430, 3 mm 288.45 299.06 289.41 310.64
ZM-620, 3 mm 224.78 218.99 227.67 229.60

high carbon content associated with carbonate salts,
and hydroxides layered [21].

CONCLUSIONS

Amount of coating used on steel sheet determines
to some extent its corrosion properties. However the
highest amount of coating does not always lead to
higher potentials and lower corrosion wear. It may be
suggested that deposition of substances to top of the
coating can be more beneficial in materials with lower
coating content. Coating ZM-430 dipped onto 2.5 mm
steel sheet exhibits smaller corrosion wear and higher
corrosion potentials in some environments than ZM-
610 and ZM-430 on thicker steel sheets which can be
attributed to different cooling rates.
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ABSTRACT

Metal properties of heat pipeline areas thinned under operating conditions is necessary component for determining its real state,
and therefore their research is an actual task. The work investigates the corrosion-mechanical state of a heating pipeline made
of BSt3sp steel after more than 40 years of operation. Based on the conducted research, it was established that corrosion of the
feeding pipeline is more severe than that of the return pipeline, while the external corrosion of the pipelines is more intense
than the internal one. The cracking of the oxide layer accelerates with increasing stresses in the range of the design pressure
and leads to the activation of corrosion processes and formation of through defects that prevents destruction by the mechanism
of low-cycle fatigue. It is shown that tensile and yield strength of steel correspond to the minimum normalized values. The
reduction in plasticity of the feeding pipeline metal does not exceed 10 %, while that for return pipeline is below the minimum
normalized value which is probably due to strain aging. The least damaged layer adjacent to the inner surface of pipes has
increased strength and plasticity characteristics due to the pipe manufacturing technology. While hydraulic test may not lead to

the expected destruction at the location of through defects, its probability raises with increase of the test pressure.

KEYWORDS: heat pipelines, corrosion, mechanical properties, hardness, through defects

INTRODUCTION

Reliable operation of heat pipelines is vital for public
safety, environmental protection and economic sta-
bility. The processes of general and local corrosion
are among main factors of reducing the operational
stability of pipelines of heat networks, strain aging, as
well as deterioration of mechanical characteristics and
resistance of metal to destruction. Corrosion leads to
decrease in thickness of the pipe wall, origin of stress
concentrators, decline in resistance to crack initiation
and propagation, which can cause pipeline destruction
at operation and test pressure [1, 2].

The real mechanical properties of the metal of the
pipelines after long-term operation are necessary to
assess their actual strength, residual life and investi-
gation into the causes of failure. Experimental deter-
mination of the mechanical properties of pipe steels
19G and 17G1C after long operation in gas and oil
pipelines revealed their minor changes [3]. At the
same time, the question of the influence of long-term
operation on the mechanical properties of structural
materials of heat pipelines subjected to specific loads
and impact of external and internal environment re-
mains studied insufficiently. A characteristic feature
of the pipelines of the heat network after long opera-
tion is the presence of local corrosion thinning, which
is quite large in area and can eventually devolve into
the category of critically thinned areas — where plas-
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tic deformations are observed at the hydraulic test
pressure and below. Publications [4, 5] show the re-
sults of laboratory modeling of the heat pipeline op-
eration. The obtained data on corrosion-mechanical
properties made it possible to substantiate the low-cy-
cle destruction of critically thinned areas and to pro-
vide recommendations on the pressure of periodic
hydraulic tests of heat pipelines. Metal properties of
areas thinned under operating conditions are one of
the necessary components for determining their real
state, and therefore their research is an actual task.

OBJECT OF RESEARCH

For conducting research were used two significantly
corroded fragments, each ~2 m length, cut from feed-
ing and return pipelines of the D325 main heating line
laid in non-passable channel (Figure 1). Both frag-
ments according to the results of periodic hydraulic
test were recognized by the operating organization —
KP Kyivteploenergo as unfit for further operation and
transferred to PWI.

According to the technical documentation, the
main heating line with design parameters of tem-
perature 7, = 150 °C and internal pressure P, =
= 1.6 MPa was installed in 1976 using electrically
welded heat-treated pipes 325%8 (external diame-
ter x wall thickness, mm) manufactured from steel
BSt3sp [6] (Tables 1-3) and covered with bitu-
men-pearlite insulation.
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Figure 1. Feeding and return pipelines in a non-passable channel (a); through corrosion defects in the feeding pipeline (b)

Table 1. Chemical composition of the pipe metal

Mass fraction of elements, %
Source
C Mn Si S P Cr Ni Cu As Mo
[5] 0.14-0.22""| 0.40-0.65 | 0.12-0.30 | <0.055 <0.045 <0.30 <0.30 <0.30 <0.08 -
Feeding pipe” 0.11 0.46 0.22 0.015 0.011 0.09 0.08 0.086 - 0.009
Return pipe” 0.11 0.47 0.22 0.018 0.012 0.09 0.08 0.090 - 0.009

"Results of spectral analysis of metal.

“"Deviation from the lower limit of carbon content according to [6] is not a rejection sign.

For further investigation of the metal properties
were selected the blanks from the thinnest parts of the
feeding pipe (Table 3).

RESEARCH METHODS

CORROSION STATE

Visual control of the pipeline fragments was carried
out according to [8], their corrosion condition was as-
sessed according to [9].

Energy dispersive spectroscopy (EDS) microanal-
ysis of oxide layer was conducted using scanning
electron microscope Philips XL.30 with EDAX Sap-
phire detector unit.

Experimental setup for investigation of influence
of inner pressure on external corrosion included (Fig-
ure 2):

® blank No. 4 (Table 3);

e clectrochemical cell made of acrylic glass tube
glued to specimen surface (corresponding to pipe ex-
ternal surface) with acidfree silicone rubber glue in

Table 2. Mechanical properties of pipes according to the certif-
icate”

Source o', MPa 6, MPa G,,» MPa 3, %
Certificate 438-465 441-456 - 32-38
[6] - 372480 245 26
[7] >372 >372 >225 >22

*

o™ — tensile strength of the of the welded joint metal; 6 /6, —
yield strength/conditional yield strength of the base metal; § — rel-

ative elongation.

area with low number of visible defects in the oxide
layer (as checked out under a microscope);

e clectrolyte — NaHCO, solution prepared from
deionized water with 500 mg/L HCO,", chosen due
to its relatively inert behavior in the corrosion of steel
(not aggressive, not strongly inhibiting) and pH buft-
ering effect, thus minimizing fluctuations in open cir-
cuit potential;

e silver-silver chloride electrode (SSE) reference
electrode for continuous open circuit potential (OCP)
measurement.

Continuous OCP measurement was used to
detect the formation of cracks in the oxide layer
during elongation test in steps of 200 N with a tra-
verse speed of 0.1 mm/min and 2 min holding time.
Stepwise elongation was performed to give OCP
time of equilibration.

Table 3. Thickness of blanks

Minimum thickness (mm)
of the left/right side edge
of the blank

0.9/1.3
0.8/0.9
0.5/1.3
1.1/1.7
1.5/1.7

Nos

[ e N S R N S

0.9/1.3
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Figure 2. Corrosion experimental setup: a — / — blank No. 4; 2 — electrochemical cell filled with solution and SSE reference elec-

trode; 3 — tensile machine traverse; b — 4 — enlarged

MECHANICAL PROPERTIES
OF THE METAL OF THE ZONE
WITH MINOR CORROSION DAMAGE

To study the mechanical properties of the metal (c,;
0,,» 05, W — relative narrowing of the cross-section)

flat proportional samples /, = 5.65\/F0 with a thick-

ness of 3 mm and width of the working part of 8 mm
were made with mechanical processing of both sur-
faces in the thickness direction (Figure 3). The sam-
ples were cut out from the pipes in the circumferential
and longitudinal directions. The places for the grips of
circumferential samples before milling were straight-
ened in the press in such way as not to deform the
working part.

Mechanical tests were performed on the test ma-
chine MTS-318.25 with deformation rate 2 mm/min
at temperature of ~22 °C, extensometer gauge length
25 mm, survey interval 0.1 s.

MECHANICAL PROPERTIES OF THE METAL
OF THE MOST THINNED ZONE
OF THE FEEDING PIPELINE

Tensile test of sample No. 3 (Figure 4, a) made from
blank No. 3 (see Table 3) was performed on Zwick
7050 testing machine according to [10] with a defor-
mation rate of 1.25 mm/min at temperature ~23 °C,
extensometer gauge length 40 mm, the survey inter-

48
Q |‘—'
SV 3 / :
f
I PSP T HUR - °°I' ................. S
/7 =250 NN v
=276 | Fy=24
C 150

Figure 3. Sample for tensile tests: /, — extensometer gauge

length; /| — original gauge length; F|) — original cross-sectional
area

val 0.02 s. Mechanical properties metal (o, 6,,, 0., V)
were determined on the base of test results.

Tensile testing of samples (Figure 4, ») made from
blank No. 1 (see Table 3) was carried out at a constant
room temperature using a dilatometer. For definition
of tensile strength o, and yield strength o, of the ma-
terial were used shorter samples, which made it possi-
ble to optimize the volume of mechanical processing.

LOW FORCE HV HARDNESS

Vickers hardness measurements HV1, HV0.3 were
carried out according to [11] using hardness tester
EMCO Test M1C 010 and CARL ZEISS Axio Imag-
er.M2m microscope.

GRAIN SIZE

The grain size of ferrite and pearlite in the hardness
measurement area was defined using CARL ZEISS
Axio Imager.M2m microscope at magnification 500:1
according to [12].

RESULTS OF EXPERIMENTS
AND THEIR ANALYSIS

The results of visual inspection proved that both
pipes: feeding and return are single-seam, welded

70 l.=4
N > > ay=0.54
> : ,
I I N J-imi-- ) g U QR -
x T v
i
’ 200 -
a 0.54
10 ap= 0.
T ey
(- By sl @1
bl 59 .

Figure 4. A sample for tensile testing of the metal of the thinnest
zone: a — on a tensile machine; b — on the dilatometer; /, — ex-
tensometer gauge length
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with high-frequency currents. At the time of inspec-
tion protective cover is practically absent. The outer
surface of both pipes is covered with a layer of brown
corrosion products, there are remnants of a protective
coating, probably bituminous. Local corrosion damage
detected on the surface of the pipes identified accord-
ing to [9] as corrosion spots and pits of various sizes.
The inner surface is covered with a layer of brown
corrosion products that are easily separated from the
pipe wall and fall apart. Corrosion of the inner surface
is continuous and uniform. The corrosion state of the
pipe fragments is unsatisfactory, while the corrosion
damage of the feeding pipe is more significant. The
thickness of the wall of the feeding pipe is unevenly
reduced, probably due to corrosion, in the range from
7-8 to 1-2 mm,; the thickness of the remains of the
protective cover is 280—470 pum. Visually, the pits on
the outer surface have a greater depth than on the in-
ner surface — it should be assumed that the outer cor-
rosion is more intense than the inner one. Corrosion
pits on the outer surface vary in size: from 3x3 mm to
25x50 mm; in the region of the smallest wall thick-
ness three through corrosion defects with dimensions
of ~7x5, 6x5 and 13%7 mm were found (see Figure 1,
b). Corrosion destruction probably started from side
of the outer surface. Wall thickness of the return pipe
varies from 7-8 mm to 3—4 mm, the thickness of the
remains of protective cover is 0.25—6.7 mm.

Figure 5 shows the results of EDS microanalysis
of the oxide layer of the feeding pipeline. As can be
seen, the main component of the layer is iron, presum-
ably in the form of FeO and Fe, O, oxides, which were
formed as a result of the electrochemical reaction be-
tween iron and water.

The potential of the open circuit turned out to be
quite sensitive to the cracking of the protective layer.
During the entire tensile time of the sample, a poten-
tial shift from —0.527 to —0.565 V, which indicated
the loss of the protective properties of the oxide layer,
presumably due to cracking and peeling. Under elastic
deformation by tensile force in range 0 <.S < 1200 N
(taking into account the thickness of the cross-section
of the blank at the location of the electrochemical
cell ~2 mm this corresponds to the pressure 0 < P <
< 0.5 MPa in the pipeline D325) the potential almost
did not change and reached —0.523 V. Further increase
of tensile force up to 3000 N caused decease of OCP
by about 5-7 mV, but with an increase in the force
from 3000 to 4000 N, a sharp shift of the potential
from —0.530 to —0.555 V was noted, which is due to
the formation of areas of freshly exposed metal.

A synopsis of force and OCP over time (Figure 6)
shows that there is a critical elastic load S ~ 3000 N
(corresponding to an internal pressure P =~ 1.3 MPa),

FeKa

FeKb

1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 90 keV

Figure 5. EDS spectrum of the oxide layer on the surface of feed-
ing pipe

where the OCP rapidly decreases with each subse-
quent increase in tension. This indicates the beginning
of the formation of deep cracks in the oxide layer,
which significantly activate local corrosion processes.

The synopsis of force and OCP over time (Fig-
ure 6) reveals that there is a critical elastic load
S'~3000 N (which corresponds to the internal pressure
P = 1.3 MPa in the D325 pipeline with a thickness of
a =2 mm in the thinning zone), where OCP decreases
rapidly and instantaneously with each further step in
force. This indicates the onset of formation of deep
cracks in the oxide layer, activating corrosion pro-
cesses to a significant degree.

However, OCP provides no quantitative infor-
mation on the corrosion processes induced by such
cracking. On the other hand, the true quantitative
effect in practice is hardly accessible by laboratory
experiments as it depends on a large number of pa-
rameters occurring in the real environment (presence
of humidity or liquid water, chemical composition of
the water, possible galvanic effects in the system, wet-
dry-cycles, etc.).

The results of visual inspection and OCP mea-
surements satisfactory agree with the data of corro-
sion-mechanical tests of 17G1S steel from D630 pipe
[5], according to which:

Force, N Potential, V
4000 +4-0.520
3000
2000 +4-0.540
1000

__-0.560
0 20 40 Time, min

Figure 6. Change in the potential of the open circuit (/) of the
sample under applied tensile force (2)
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Figure 7. Tensile (o) and yielding (c,,) strength of metal of feed-
ing and return pipes; upper indexes: a — axial direction; ¢ — cir-
cumferential direction. / — certificate data; 2 — range of values;
3, 4 — minimal values of 6, 6, according to [7], correspondingly

e at temperature of 80 °C (average operating tem-
perature of feeding heat pipeline) the corrosion rate is
twice higher than at a temperature of 40 °C (average
operating temperature of a return pipeline);

e the corrosion process is accelerated as the work-
ing pressure increases (the internal pressure in feeding
pipeline is ~2 times higher than in a return pipeline)
and becomes more substantial when the stresses peri-
odically attain the level corresponding to the pressure
of hydraulic tests (P =2 MPa).

Comparing of the results of tensile tests with the
data of the certificate (Figures 7, 8) shows that after
long-term operation (more than 40 years), the value
of tensile strength in the axial direction 6 of material
of feeding pipeline decreased by =10 % and return
pipeline by =18 %. Strength characteristics ¢, and 6,
of metal of feeding and return pipelines in circumfer-
ential and axial directions are practically the same and
meet the minimum requirements of regulatory docu-
mentation, that generally agrees with the results [4]
obtained in the absence of residual deformation. Re-
duction in plasticity of material of feeding pipeline in
circular and axial direction does not exceed 10% and
meets requirements [7]. Decrease in plasticity of ma-
terial of return pipeline is more significant, especially
in longitudinal direction, where it is lower than the

Figure 8. Elongation after fracture 8, of metal of feeding and re-
turn pipes; upper indexes: @ — axial direction; ¢ — circumferen-
tial direction. / — certificate data; 2 — range of values; 3 — min-
imal value of 3, according to [7]

minimum regulatory value by =50 % which is prob-
ably a consequence of strain aging in the conditions
of local bending of the pipeline and increases the sus-
ceptibility to brittle failure, including under explosive
loading.

Results of tensile tests on material of feeding pipe-
line are given in Table 4 and Figure 9.

The increased strength and plasticity characteristics
of the material of the significantly thinned zone of the
pipe are explained by selection of samples No. 3, D1-
1, D1-2 for tensile tests from the least damaged layer
adjacent to the inner surface of the pipe, the properties
of which are specific due to the pipe manufacturing tech-
nology, as well as the influence of scale factor (the thick-
ness of the samples differs by ~6 times).

The trends of hardness change across thickness of
blanks Nos 4 and 6 (Figure 10, ¢) agree with the results
(Table 4.) The increase in hardness near the inner sur-
face of the pipe indicates technological strengthening
of the metal during the pipe manufacturing process,
as well as the insignificance of internal corrosion. The
hardened near-surface layer on the outside, apparently
due to more intense corrosion, was not preserved.

Stated above can be confirmed also by the results of
grain size measurements (Figure 11). The average grain
size near the inner surface of the pipe is =2 (blank No. 6)

Table 4. Mechanical properties of material of feeding pipeline in axial direction

Specimen No. 1 DI1-1 | DI1-2
Test machine MTS Zwick Dilatometer
Location Minor corrosion Significant corrosion thinning
¢, MPa 408.0 442.1 449.7 4437
c,, MPa 320.0 333.1 3383 3332
S, % 30.8 (/,=25 mm) 23.70 (I,= 40 mm)/37.8" - -
v, % 56.4 73.8 - -
“Value of relative elongation 3, = 37.8 % of the non-proportional sample 3 was calculated according to [13] for comparison with the relative
elongation of the proportional sample 1.
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Figure 9. Tensile stress diagrams of samples Nos 1 and 3 within
the limits of uniform thinning; / — specimen No. 1, regular di-
agram (e = Al /I, (I, — initial calculated length according to the
strain gauge, A/, — elongation of initial calculated length accord-
ing to the strain gauge), ¢ = S/F,, (S — tensile force; F, — area of
specimen cross-section); 2 — specimen No. 3, regular diagram;
3 — true stress-strain diagram of specimen No. 3 (e, = In(1 +e);
o, =0(l +e)); 4 — approximated bilinear hardening diagram of

true

specimen No. 3

and 10 % (blank No. 4) smaller than in the middle part
of the cross-section across the thickness.

In Figure 12 are shown the results of hardness
measurements in the zone of significant thinning of
No. 4 blank, performed on the side face (in the direc-
tion of maximum tensile stresses caused by internal
pressure). Despite the fact that the minimum thinning
thickness a . = 0.68 mm is significantly lower than
the threshold value of the thickness a:ﬂr: =0.97 mm,
which is calculated by substituting the mechanical
properties of sample No. 1 (Table 4) in (1) and de-
termines the beginning of the plastic deformation of

the pipeline wall at the pressure of hydraulic tests
P =2 MPa:

PD
aCTA — 0

max P
2(602 + 2)

the obtained values are practically the same in the
middle of the thickness and in the near-surface layers
of the metal. This indicates the absence, as a result
of intensive corrosion of the original technologically
strengthened layers of the outer and inner surfaces,
as well as the absence of accumulated residual defor-
mations, which is confirmed by FEA calculations and
measurements of the hardness on the side surface of
the sample after tensile test.

The dimensions of a fragment of the longitudinal
section of the supply pipeline D325 were used to con-
struct the geometric model of the pipeline (Figure 12,
a). Modeling of defects on the surface of the pipe
was carried out by rotating the corresponding com-
plementary segments around the axes located coax-
ially with the pipe (Figure 13). The thickness of the
pipe @ = 2 mm approximately corresponds, accord-
ing to visual inspection, to the average value of the
wall thickness of adjacent sections in the area where
the specified fragment of the longitudinal section is
located. The true tensile diagram of sample No. 3
(Figure 9), approximated by the bilinear method

(M

HIN o, MPa
2
s J4s0
i - 400
1 1 1 1 1
030 065 10 135 17 20

Distance from inner surface, mm

Figure 10. Measurement of hardness along the wall thickness of a pipe with significant corrosion thinning: « — measurement template,
the numbers indicate the blank numbers (see Table 3); b — specimen from blank No. 4 after indentation; ¢ — hardness A1 and tensile
strength o, across the thickness of the specimens No. 4 (1) and No. 6 (2); calculation of o, values according to [11]

Figure 11. Measurement of grain size of sample No. 4 at the: « — middle of wall thickness; b — near the inner surface
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Reference line

e 0.5 1.0 1.5
Distance from reference line, mm

Figure 12. Measurement of hardness along the thickness of a significantly thinned wall: @ — template after /7’1 measurements; b —
zone A after HV'1 and HV0.3 measurements; * — distance from the reference line to the measurement point; ¢ — hardness along wall
thickness: / — middle of the thickness, 2 — outer surface; 3 — inner surface

Figure 13. Model defect: ¢ — application scheme: / — axis of rotation; 2 — complementary segment, R — radius of rotation; b —
defect on outer surface (b — half width of defect); 3 — distribution of plastic strains

(0, = 334 MPa, 6, = 516 MPa, tangential modulus
G,= 1200 MPa), was used in the calculation. Table 5
presents the maximum plastic deformations of three
defects with different geometric parameters under
the hydraulic test pressure P =2 MPa. Relatively low
values of the maximum deformations on the outer
surface in the zone of greatest thinning are a conse-
quence of unloading bending caused by the action of
internal pressure.

The results of Vickers hardness measurement un-
der a load of 0.3 kg (H)0.3) on the side surface of

Table 5. Maximal plastic strain e in defect

Variant No. Radius R, mm | Width b, mm e1072, %
1 3 2.5 0.07
2 50 8.2 4
3 100 11.4 10
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sample D1-1 after its tensile test are shown in Fig-
ure 14.

The approximate value of residual plastic defor-
mation e_ at the i-th point of hardness measurement

was determined as
a
. 0
e, =In| —|,
ai

where a, — initial thickness of the cross-section of
the sample; a, — thickness of the cross-section of the
sample at the i-th point after testing.

The given data (Figure 14, ¢) confirm that
the values of the maximum plastic deformations
e <0.1 % of the template with the minimum thick-
ness a_. = 0.68 mm do not significantly affect the
hardness.
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Figure 14. Hardness along the length of the side surface of sample D1-1 after tensile testing: « — side surface of the sample; x — the
distance of the measurement point from the fracture surface; b — results of hardness measurement (/) as a function of the distance

from the fracture surface and residual plastic deformation e_(2); ¢
residual deformation e, (2)

Further decrease in the thickness of the pipe and
wall can lead to an increase in the rate of corrosion
due to an increment in the operating stresses and re-
sidual plastic deformation. At the same time, under
the influence of variable operating loads, accumulated
low-cycle damage occurs in the surface layer of the
most thinned areas and corrosion pits [4]. The pres-
ence of through corrosion defects indicates that, due
to the fast development of wall corrosion, accumulat-
ed fatigue damage in the constantly renewed surface
layer does not have time to reach a critical value.

Evaluation of the strength in the presence of
through-hole defects, can be done using hypothesis
according to which the bearing capacity of the pipe-
line will decrease if:

Direction of
pipe axis

Defect
boundary

— linear approximation of hardness values HV (1) depending on

where 4, — the longitude cross-sectional area of
the weakening caused by defect; 4, — longitudinal
cross-sectional area of the maximum round hole,
which does not reduce bearing capacity of the pipe-
line.

According to [14] for pipe 325x8:

A, =da=100.8 mm’,

where d;) — max diameter of the round hole at burst
pressure P, of the pipe:

d)» =0.25D,a,

where D, — average diameter of the pipe; a — nom-
inal pipe thickness.

For assessment of strength of the considered frag-
ment of feeding pipeline let’s schematize through de-

aur P>2MPa
——ain P=2MPa

Awe

ot

i\\

Ap(schematized
hole )

Adwe
/
Pipe inner

|~ surface

Hmin

Figure 15. Schematization of through hole defects: a — top view: d, d, — diameters of defects circumscribing holes; » — calculation

scheme: a,, — minimal allowable thickness under pressure P; /|, —

length of adjacent weakened zone; @ . — minimal remain thick-

‘min

ness; Ay, — calculated area of adjacent weakened zone; 4 ,——area of schematized hole; Ay, — increase of weakened area
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fects by circumscribing holes with diameter ¢, and d,
(Figure 15, a). As far as (Figurel5, b):

[,<2\D,aand a <15°

we will consider these holes as lying in the same
cross-section and belonging to the same defect of
complex shape. Since no destruction occurred during
the hydraulic test (P =2 MPa), it can be stated in rela-
tion to the specified defect that:

Ad :zAh +ZAWC < Ao’
where 4, — area of schematized hole:
A, =da,,
where d — diameter of circumscribing hole; a,,, —
minimal allowable thickness during hydraulic test ac-
cording to (1); 4, — calculated area of longitudinal

cross-section of adjacent to hole zone with remaining
thickness less then a,:

(P
AWC - (aHT i )lwa

where @ . — minimal remain thickness of defect ex-
cluding through holes; /,, — length of longitudinal
cross-section of adjacent to hole zone with remaining
thickness less than a .

Thus, hydraulic test does not guarantee planned
destruction of the pipeline in the presence of relative-
ly small through defects. Accordingly, the insignifi-
cant leakage of water caused by them, makes it diffi-
cult their detection, especially when pipeline lays in
an impassable channel.

It should be noted that at the time of conducting
hydraulic test information on the presence of through
defects and their characteristic geometric parameters,
as a rule, is not available, therefore preliminary deter-
mination of the destructive pressure of the damaged
pipeline is impossible. At the same time with an in-
crease of the test pressure the probability of failure of
pipeline with through defects become large due the
raising of weakened area A4 (Figurels, b).

CONCLUSIONS

Based on the conducted research, it was established
that after long-term operation of the heat pipeline:

e Corrosion state of the heat pipelines is unsat-
isfactory. The protective coating does not meet the
requirements of regulatory documents in terms of
physical and mechanical indicators. The damage of
the feeding pipeline, which was subjected to more
significant operational loads, is more severe than that
of the return pipeline, while the external corrosion of
the pipelines is more intense than the internal one.

e Cracking of oxide layer, which begins in most
thinned areas and in corrosion pits of feeding pipe-
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line, accelerates with increasing stresses in the range
of the design pressure, which leads to the activation
of corrosion processes and formation of through de-
fects that prevents destruction by the mechanism of
low-cycle fatigue.

e Value of the tensile strength of the structural ma-
terial (BSt3sp) of the feeding pipeline decreased by
=10 %, return pipeline by =18 %. Tensile and yield
strength of the pipeline material in the circumferential
and axial direction are practically the same and corre-
spond to the minimum normalized values. Reduction
in plasticity of the material of feeding pipeline does
not exceed 10 %, while that for return pipeline is more
significant, especially in the axial direction, where it
is below the minimum normalized value which is
probably due to strain aging and increases the tenden-
cy to brittle failure.

e Increased strength and plasticity characteris-
tics of the material of significantly thinned areas are
caused by the selection of tensile samples from least
damaged layer adjacent to original inner surface, the
properties of which are specific due to the pipe man-
ufacturing technology, as well as influence on results
of the scale factor of used for comparison specimens.

e Hydraulic test may not lead to expected destruc-
tion at the location of through defects, depending on
the geometric parameters of damage, which, given
relatively small size of defects and accordingly insig-
nificant leakage of water, makes it difficult to detect
them when pipeline lays in an impassable channel.
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ABSTRACT

The effectiveness of application of matrix converter method at eddy current testing (ECT) is studied in the work. Advantages of
eddy current matrix application are analyzed, which include improvement of sensitivity to small defects, shortening of the total
control time and improvement of the probability of detection of various types of defects. To evaluate their effectiveness, a dimen-
sionless coefficient is proposed, which takes into account the inspection time, the reliability of defect detection, and the sensitivity
to defects of a certain size. Experimental studies on specimens with artificially induced defects of different dimensions, types
and orientation confirmed the rationality of application of this coefficient for testing parameter optimization, in order to improve
defect detection in structural elements. The influence of various factors, such as condition of the surface, sensor configuration in
the matrix and verification parameters on the productivity of ECT hardware and software with matrix converters was additionally
analyzed. Obtained results will promote better understanding of the possibilities and limitations of matrix application in ECT of the
components of transport, aviation and defense equipment. It will allow optimizing the strategies of checking the tested products,
improving the reliability of defect detection and general maintenance practices in many industries.

KEYWORDS: automated eddy current testing, converter matrix, effectiveness, mathematical modelling, flaw detection, signal

processing, numerical methods

INTRODUCTION

The requirement of safety and reliability of opera-
tion in modern critical sectors of economy, such as
aircraft, defense, automotive, oil and gas, and power
generation prioritize effective checking and assess-
ment of the current state of components. The need to
detect defects in critical elements and components of
structures for various purposes is the decisive factor
to prevent irreversible failures and to ensure optimal
operation of the system. New engineering solutions in
the mentioned sectors and application of new mate-
rials increase the demand for advanced methods and
procedures of nondestructive testing (NDT) and adap-
tation of the known methods to new NDT tasks [1-3].

Among the advanced directions of NDT devel-
opment, the method of matrix eddy current testing
(MEDT) is known by its numerous advantages, and
it belongs to attractive solutions for detection of de-
fects and evaluation of their characteristics in struc-
tural elements in different branches of the economy
[4, 5]. MEDT application envisages using several
closely located electric coils, combined into convert-
er arrays, which promotes improvement of the cov-
erage area of the tested object (TO) and increased

Copyright © The Author(s)
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sensitivity to small defects. Such an approach allows
revealing anomalies, which may be undetected by
single converters, and improves the overall effective-
ness of TO diagnostics. At the same time, scanning
by several channels and acquisition of a significant
volume of data in one pass of the eddy current matrix
(ECM) significantly shorten the testing time, which
is extremely important at examination of large-sized
TO, as it also shortens the equipment downtime
during maintenance [6, 7].

MEDT capabilities include defect detection both
on the surface and inside TO. This makes it more
effective for detection of cracks, corrosion damage,
delamination and other hidden defects, which can vi-
olate the structural integrity of structural elements. It
is of special importance in the context of transport and
defense industry, where reliability and safety are crit-
ical factors for life protection and preservation [5, 8].

Despite the fact that MEDT demonstrates consid-
erable potential for application in different sectors,
certain problems related to its introduction and optimi-
zation remain unsolved. ECM application allows ob-
taining information on the size, shape and orientation
of the detected defects, based on the amplitude value of
coil signals. However, complex interaction of factors,
including the size of the converter array, its geometry,
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material properties and testing parameters, requires a
comprehensive evaluation of their influence [9].

Aggregate analysis of informative parameters of
ECM signals, namely amplitude and phase of the
harmonic signals, will allow more precise character-
ization of the defect nature and improvement of the
reliability of decision taking in automated systems of
eddy current flaw detection. More over, it is rational
to process and analyze the considerable volumes of
measurement information obtained using ECM in the
form of digital data, using advanced information tech-
nologies, including artificial intelligence, that may
improve data analysis and interpretation, increasing
the testing effectiveness and reliability [10, 11]. It
will also allow quantitative evaluation of the defect
characteristics and will facilitate taking substantiated
decisions as to the strategies for the acceptability of
further operation or restoration repair of critically im-
portant structural elements [12].

THE OBJECTIVE

of the work is to study the effectiveness of ECM technol-
ogy in flaw detection, using the proposed dimensionless
efficiency factor, which takes into account the checking
time, reliability and sensitivity, as well as experimental
testing of MEDT technology on material with artificial
defects with the known characteristics.

THEORETICAL SUBSTANTIATION
OF ECM EFFICIENCY FACTOR

Analysis of the advantages of ECM application
showed that, compared to the traditional converters
this methodology ensures a higher sensitivity to small
defect detection, reduction of the overall control time
and increased probability of detection of various de-
fect types [13, 14]. In view of that, it was proposed to
assess the effectiveness of ECM application in flaw
detection by a dimensionless coefficient, which is
found from the following formula:

k= kkk

e 1)
where k, k,, k are the relative coefficients characterizing
reduction of testing time, increase of testing reliability
and improvement of the testing device sensitivity, re-
spectively. If evaluation of a specific defect parameter
(for instance, its length, depth or crack depth) is per-
formed alongside defect detection, coefficient (1) can be
completed by a multiplier, characterizing the increase of
the reliability of this parameter assessment.

The coefficient, which characterizes the reduction in in-
spection time, is determined by relative shortening of the
time of TO examination by the following formula:

kt — TECC

) 2
Teem

Figure 1. Trajectories of ECC and ECM scanning over TO sur-
face: / — ECC; 2 — scanning area; 3 — ECM

where T, .., T,,, is the total testing time, when using
the traditional single eddy current converter (ECC)
and ECM, respectively.

To assess the testing time, it is necessary to take into
account the duration of movement by a single ECC and
by ECM along the trajectory of TO surface scanning
[8]. Let us assume that: 1) transverse size (along the
y coordinate) of the tested area coincides with ECM
transverse size, along which the sensors are located
(Figure 1); 2) ECM moves only along x coordinate,
while for covering such a TO surface area, it is neces-
sary to move ECC both along x coordinate and along
y coordinate. In this case, values of time intervals 7,
T, are determined by the following expressions:

cC?

TECC = mn(tr + tm), (3)
TECA =mt_+ nmt_, 4)

where ¢ and ¢_ are the time required, respectively, for
repositioning the ECC or ECA probe to the next mea-
surement point and for performing a measurement
at an one point; m, n is the number of measurement
points on TO surface along x and y axes, respectively.
As in the accepted assumptions the number of ECC
scanning lines is equal to the number of elements in the
array (n), and £ >>¢ _, then coefficient (2) can be approx-
imately represented by the following expression:

k = n. (5)

The coefficient, which characterizes the improve-
ment in inspection reliability, can be determined as the
ratio of the probabilities of detection of defects of a
certain type and size during application of ECC (P

and ECM (P__,,) by the following formula:

ECM

ECC)

kp = Becce

: ©)
A ECA

It is rational to determine this coefficient experi-
mentally, using test specimens with artificial or nat-
ural defects under the condition that the parameters
of excitation of eddy current electromagnetic field
and the gain factors of measurement channels are the
same for ECC and ECM.
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Figure 2. Specimen from AD31T5 alloy: 1-12 — defects of different types and dimensions

Coefficient &, can be defined as the ratio of abso-
lute sensitivities S, (/) and S, (/) at detection of a
certain type of defect in the range of the change of its
parameter size Al by the following formula:

ks — SECM (Al) , 7
Sgce (A1)
where parameter / is the specific parameter of the de-
fect (length, depth of location, crack depth, etc.).

The latter coefficient should also be determined
under the condition of similar for both the converters
parameters of excitation of eddy current electromag-
netic field and measurement channel gain factors. As
an example, if the amplitude method of defect detec-
tion is used, and the test specimen has two defects of
dimensions L, e ALL <1,, and these defects gen-
erate in the converters the signals of amplitudes U,
(1), Upey (1), and U, (1), Uy,..(l,), the converter
sensitivities will be defined as follows:

UECM (12 ) B UECM (11) .

Seen (A1) = - :
2 1
Usce (b)~Usee (1) ®
SECC (Al) = l —l s
2 1

Figure 3. Eddy current matrix used in the experiments
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and coefficient (7):

. = Uron (1) =Useu (1)
UECC (12 ) o UECC (11 )

Thus, a dimensionless coefficient was proposed
for comprehensive assessment of the reduction of
testing time, increase of testing validity and its sensi-
tivity, which is quite suitable for determination of the
effectiveness ECM application.

In case it is impossible to experimentally deter-
mine the coefficient components &, and & they can be
taken equal to a unity, and the approximate value of k
can be assessed as k= k.

EXPERIMENTAL STUDIES

,1,12 e Al 9)

MATERIALS AND INSTRUMENTS USED

In order to conduct investigations, a specimen from
aluminium alloy 31T5 (AD31T5), widely used in air-
craft industry, was prepared. This specimen has arti-
ficially introduced defects of different configuration
and size (Figure 2, a, b) and is of the following dimen-
sions: 360 mm long, 120 mm wide and 5 mm thick.
In the test specimen the longitudinal defects have the
width of 1 mm and depth of 1-4 mm. In addition, the
specimen surface has defects which are clusters of a
different number of holes (Figure 2, a) and cracks of
different depth (Figure 2, b). The holes have the depth
of 4 mm and diameter of 0.5 mm each, and they are
arranged in different numbers and in close proximity
of each other. However, some dimensions of the thus
formed defects can be too small for adequate testing
with ECM used in the study.

In this investigation we used eddy current flaw de-
tector Olympus Omniscan MX with ECM (Figure 3),
which belongs to the category of flexible sensors and is
made from film by the printed circuit board technology
[15]. For adjustment to the examined surface, the sensor
can be mounted on a base with the required curvature.
ECM consists of 32 coils, each of 3 mm diameter.

The flaw detector implements multiplexing of
individual matrix elements to prevent the mutual in-
fluence of adjacent elements, and its specialized soft-
ware allows generating signal C-scans with simul-
taneous representation of the signals in the form of
hodographs.
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EXPERIMENTAL PROCEDURE
AND RESULT DISCUSSION

Scanning results in the form of C-scans of the studied
specimen surface are shown in Figure 4 (for conve-
nience, the scanning results are divided into three zones
and defect numbering in keeping with Figure 2 is used).
The following settings were used in the conducted ex-
periment: working frequencies of 80, 160, 320 Hz, sig-
nal amplitude in the excitation coils of 1 V, signal ampli-
fication of 78 dB in the measurement channel.

The sensitivity level of 78 dB was selected for
adequate interpretation and comparison of testing re-
sults, which satisfied (by the amplitude scale) all the
TO scanning modes and provided clear visualization
(visibility) of the defects. Higher sensitivity increases
the risk of faulty operation because of a higher noise
level and it may lead to the situation, when defects
will be overlooked, while defectfree TO areas will be
considered defective [16].

Quantitative assessment of defect parameters can
be obtained by the signal amplitudes after ECM pass-
ing through a defective area. Obtained values of de-
fect signal amplitudes are summarized in Table 1.

Figure 4, a, b shows the results of scanning TO ar-
eas with a different number of holes. Analysis of their
scanning results shows that the highest sensitivity is
achieved at the frequency of 320 Hz. However, if we
take into account the relative position of the holes in
one cluster (for instance, defects 2 and 8§ have the same
number of holes, but differ by their relative location),
then the frequency of 80 Hz yields a difference in ampli-
tude greater than 600 mV, but with frequency increase
the influence of the geometry becomes less noticeable
by amplitude. So, defect 2 is characterized by the same
amplitude value at frequencies of 160 and 320 Hz.

The given data lead to the following conclusions.
First, the signals from defects 9-12 differing by the
artificial defect depths, practically do not differ by am-
plitudes at each of the frequencies. Such a result meets

Table 1. Data of TO experimental study

Amplitude of signal
Defect Defect Size, from defect, V
number | parameter mm
80kHz | 160 kHz | 320 kHz
1 2.9 4.6 10.6 10.6
2 1.7 2.7 7.9 7.9
3 2.9 5.7 10.7 10.8
4 4.1 7.5 10.9 10.9
5 Length 05T 02 Il 1.6
6 1.1 1.0 2.7 4.3
7 1.7 2.0 6.2 10.3
8 2.3 3.4 8.3 10.5
9 1.0 7.7 11.3 11.6
10 Depth 2.0 7.8 11.8 11.9
11 3.0 7.9 12.0 12.3
12 4.0 8.0 12.3 12.4

the theoretical expectations, as the depth of eddy current
penetration into aluminium at the frequency of 80 kHz
is ~ 0.3 mm at the specific electrical conductivity of alu-
minium of ~ 36 MS/m, and the minimal depth of defects
9-12 is 1 mm. Secondly, for defects 1-8 (Figure 2) a
certain dependence of defect signal amplitude on their
dimensions and total area (shape) is observed.

For a more detailed analysis of this dependence,
let us single out a subgroup of defects of one type in
the form of an extended set of holes. Defects 1, 6, 7,
8 belong to this group. Values of signal amplitudes of
these defects, arranged in the ascending order of de-
fect size (or number of holes ») for different working
frequencies are given in Table 2 and in Figure 5.

Analysis of the derived graphs leads to the follow-
ing conclusions.

1. At less than 80 KHz working frequencies, the
converter is capable of detecting defects smaller than

Figure 4. Graphic representation of TO scanning results on the
screen of Olympus Omniscan MX flaw detector
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Figure 5. Graphs of dependence of amplitudes of signals from
defects 1, 6, 7, 8 on their size and working frequency

the dimensions of ECM coils (coil diameter is 3 mm).
For instance, a signal of not less than 1 V amplitude
was received from defect 6 of ~ 1.1 mm length, which
is indicative of the high sensitivity of the converter to
small-sized defects.

2. Presented dependencies at frequencies of 80 and
160 kHz are close to the linear ones, giving grounds
for their use for quantitative assessment of defect di-
mensions. However, a decision should be first taken
on the defects belonging to a certain class, as different
functional dependencies will be in place for different
classes and frequencies.

3. Converter sensitivity is increased with increase
of working frequency, but the range is reduced at the
same time. For instance, at the frequency of 320 kHz
this range is limited by the value of ~ 1.1 mm. How-
ever, there is a greater possibility of expanding it into
the range of smaller defect dimensions.

Thus, for defects 1-8 there exists a certain depen-
dence of signal amplitudes on their size and areas
(shape of the hole set) (Figure 2, a). It is obvious that
for a more detailed analysis of this dependence, it is
necessary to single out a subgroup of defects, which
are of the same type by the hole cluster shape. Defects
1, 6, 7 and 8 with the length 0f 2.9; 1.1; 1.7 and 2.3 mm
along the vertical, respectively, should be included into
this subgroup. Comparing the signal values for these
defects, it is obvious that for defect 6 of ~ 1.1 mm
length a signal with not less than 1 V amplitude was
received, which is indicative of the high sensitivity of
ECM to fine defects at the assigned scanning settings.

One can also see from Figure 4, b that the colour
representation of defects 5 and 6 is the least noticeable
at the above-mentioned scanning settings. Detection of
defect 5, represented by one hole of 0.5 mm diameter is
complex, without preliminary ECM setting up and cal-

Table 2. Experimental data on studying TO defects, arranged by
defect size

Number of Amplitude of signal from defect
Defect |holes ninthe| at different working frequencies, V
number | defect/defect
length, mm 80 kHz 160 kHz 320 kHz
6 3/1.1 1.0 2.7 43
7 5/1.7 2.0 6.2 10.3
8 7/12.3 3.4 8.3 10.5
1 9/2.9 4.6 10.6 10.6

ibration, which points to the need for a more thorough
selection of the scanning mode for defects of this size.

Figure 4, ¢ shows the results of scanning of a TO area
with cracks of different depth. In keeping with the results
(Table 1), the highest sensitivity was achieved at the fre-
quency of 160 kHz. Proceeding from the experimental
data, it can be assumed that increase of the crack depth
by 0.1 mm will lead to a change in voltage by approx-
imately 30-33 mV, which is suitable for measurement,
taking into account the flaw detector capabilities.

The coefficient of effectiveness of ECM applica-
tion provided k, = k; = 1 is determined by a gain in
reducing the time of obtaining measurement informa-
tion: k ~k =n=32.

On the whole, the conducted experiment results con-
firmed the high productivity and effectiveness of eddy
current flaw detection (ECFD) technology based on
application of ECM and at the same time they allowed
revealing the limitations and weak points of this technol-
ogy that requires further investigation, in order to deter-
mine the optimal operating modes of such converters in
different ECFD tasks and to conduct process automation.

CONCLUSIONS

This study emphasizes the key role of ECM technology
to control products from electrically conducting materi-
als in many industries. During investigations the atten-
tion was focused on testing reliability and sensitivity, as
well as evaluation of ECM productivity at defect detec-
tion. A dimensionless coefficient was proposed, which
allows assessment of the improvement of testing reli-
ability and sensitivity, as well as relative reduction of the
time of object testing that is acceptable for determination
of the effectiveness of ECM application.

Experimental data derived on TO with defects of
different types, dimensions and orientations, revealed
significant ECM advantages for eddy current flaw de-
tection. Use of several closely located coils improved
the coverage and sensitivity to small-sized defects
during their detection, which could be missed in the
case of application of flaw detectors with the traditional
single-element ECC. TO scanning and data acquisition
in one ECC passage from a considerable area of its sur-
face enabled reducing the control time and simplifying
the mechanical part of the means of automated eddy
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current testing that is essential in the case of examina-
tion of objects of considerable dimensions.

Improvement of the technology of ECT with ECM
application enables expansion of functional capabili-
ties of this kind of control and improvement of techni-
cal characteristics of control means that will promote
increase of safety and reliability of operation of crit-
ically important structures and mechanisms for vari-
ous purposes.
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ABSTRACT

The paper gives an overview of development and application of biocompatible alloys based on zirconium, titanium and niobi-
um, featuring a low modulus of elasticity. The technology of producing a biocompatible 60Zr—20Ti—20Nb alloy and semi-fin-
ished products from it in the form of rods and powders for additive manufacturing was developed, and their structure and
mechanical properties were studied. The potential for application of the developed biocompatible 60Zr-20Ti—20Nb alloy for

manufacturing medical implants is shown.

KEYWORDS: zirconium, titanium, niobium, biocompatible alloys, electron beam melting, technological modes, chemical
composition, structure, modulus of elasticity, mechanical properties

INTRODUCTION

Over the recent decades considerable attention was
given to development and investigation of new mate-
rials for the medical industry, particularly in the field
of implant creation. Modern implants require applica-
tion of materials which are characterized not only by
high biochemical compatibility and strength, but also
special functional properties, such as shape memory,
low modulus of elasticity, etc. [1-3]. One of the dom-
inating criteria of application of metals for medical
purposes is the criterion of survival of implants made
from these materials in the human body.

At first a lot of attention was given to commercial
titanium alloys of Ti—6Al-4V, Ti-6Al-7Nb type [4,
5], but the negative aspects appeared rather quickly.
Titanium-based alloys have higher rigidity (Young’s
modulus, 110-120 GPa), which is three times high-
er than the value of bone rigidity (2030 GPa) [6].
This difference leads to so-called voltage screening
effect, causing bone resorption around the implant
and leading to disintegration processes, i.e. creating
a high degree of biomechanical incompatibility. More
over, these alloys release toxic ions of vanadium and
aluminium into the human body, leading to long-term
processes of restoration of vital functions of the body.

Copyright © The Author(s)
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In a separate set of polyfunctional biomedical ma-
terials a particularly important place is taken up by
low-modulus titanium alloys, differing by a complex
of extremely important characteristics: high ductility
and strength, corrosion resistance and biocompatibili-
ty, owing to its biomechanical properties [7].

At present the achievements in the field of develop-
ment of metallic biomaterials are focused on new vari-
ants of titanium-zirconium alloy, which are free of tox-
ic elements, and have much lower modulus of normal
elasticity (40-80 GPa). The low-modulus alloys based
on zirconium-titanium compositions, while correspond-
ing to biocompatibility criterion, also provide the tech-
nological capabilities at their manufacture by currently
available methods, and ensure good prospects in the
area of application of both the traditional technologies
of manufacturing serial implants, and advanced additive
technologies for individual implants [8].

Investigations of the equilibrium constitutional dia-
gram of Ti—Zr system point to the rationality of devel-
opment of alloys for medical purposes with zirconium
content of 35-50 at.%. Minimal temperatures of melting
and polymorphous transformation correspond to this
range. It should be noted that martensite transformation
is characteristic for Ti—Zr alloys at cooling, so that addi-
tional alloying, for instance by niobium, is used. Such
alloying not only ensures a lowering of polymorphous
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Table 1. Composition of zirconium master alloy (main alloying elements), wt.% (not more than)

Grade N O C Fe S Ni Cl Al Ca Mn Ti Cr
lodide
. . 0.005 0.05 0.008 0.03 0.008 0.02 - 0.005 0.02 0.001 0.005 0.02
zirconium
KTTs-110 0.006 0.14 0.020 0.030 0.010 0.01 0.003 0.005 0.01 0.001 0.007 0.005
Table. 2. Composition of titanium sponge, wt.% (not more than)
Grade N o C Fe Si Ni Cl
TG-90 0.02 0.04 0.02 0.05 0.01 0.04 0.08
TG-120 0.02 0.06 0.03 0.11 0.02 0.04 0.08

transformation temperature, but it also allows fixing by
hardening the state with minimal values of the modulus
of elasticity. Here, a high ductility is preserved.

Wide-spread application of low-modulus Ti—Zr alloys
is limited by the complexity and multistage nature of the
technological process of producing wrought semi-fin-
ished products in the technological schemes of manufac-
turing the implants — 6 mm diameter rods and 50-60
mm diameter electrodes for spraying the powders used
in additive processes. A separate problem is producing
ingots of Ti—Zr alloys with homogeneous chemical and
phase composition of the metal in the product volume
to provide a uniform distribution of deformation efforts
inside the next semi-finished products and end products.
Titanium, zirconium and niobium are chemically active
elements, requiring methods of melting in vacuum. An
essential difference between the metals in the density and
melting temperatures, as well as technological difficulties
in charge preparation, limits the possibilities for applica-
tion of a number of vacuum melting methods. In keeping
with analysis of works [9—11], the most rational technique
is the method of electron beam melting (EBM). However,
there is a range of unsolved issues as to the technological
modes of melting, number of remelting cycles and deter-
mination of element transition coefficients.

OBJECTIVE

of this investigation was to produce a low-modulus
zirconium B-alloy and to manufacture and study the
characteristics of billets for implants from this alloy,
which ensures the required level of mechanical and
special properties determined by the medical purpose.

The alloy forms with application of chemically
active elements, which requires special production
conditions. In particular, it is necessary to conduct the
melting process under vacuum and apply special tech-
niques for averaging the chemical composition, stabi-
lization of temperature and concentration parameters
of alloy ingot formation. The above conditions of for-
mation of the alloy and ingots from it are provided by
cold-hearth electron beam melting.

Thus, this study is a complex analysis of the proper-
ties and application of 60Zr—20Ti—20Nb alloy, empha-
sizing its significance and good prospects for medical
industry, particularly in the context of improvement of
the quality and safety of medical implants.

INVESTIGATION MATERIALS
AND METHODS

In order to develop 60Zr-20Ti—20Nb alloy with pre-
dicted properties, two different charges of the follow-
ing composition were used: charge 1 — zirconium io-
dide, niobium and titanium sponge (TG-120); charge
2 — zirconium KTTs-110, niobium and titanium
sponge (TG-90).

In order to lower the cost of charge materials, zir-
conium of KTTs-110 grade was used instead of zir-
conium iodide in charge composition 2 to produce
experimental Zr-Ti—Nb alloy. Despite the fact that
KTTs-110 zirconium has a higher concentration of
oxygen, titanium sponge TG-90 was used in charge 2
for equalizing the amount of oxygen in the final alloy.
Element composition of the raw material is given in
Tables 1-3, and the material used — in Figure 1.

Alloying element content in the ingots was deter-
mined by the method of inductively-coupled plasma.
Methods of optical emission spectrometry (ICP-OES)
were applied using ICP-spectrometer ICAP 6500 DUO.

Samples for metallographic studies were polished
using an abrasive disc (240—400-600 pum abrasive),
with finish polishing on a felt circle with diamond
emulsion (3 pm). Metallographic studies of macro-
and microstructure of unetched and etched samples
and analysis of fractograms of the cast and wrought
alloy were performed in optical microscope NEO-
PHOT-32 (Carl Zeiss Jena, Germany), as well as in
scanning electron microscope JSM-IT300LV (Jeol,

Table 3. Composition of niobium master alloy, wt.% (not more
than)

N (0] C Fe Si Ta Ti

0.05 0.04 0.06 0.08 0.03 0.3 0.07
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Figure 1. Charging materials: ¢ — iodide zirconium TU 95.46-82, rods; b — sponge titanium of TG-90 grade DSTU 307995, bri-

quettes; ¢ — niobium NBSh-1 GOST 16100-79, sheet

Japan) with the magnification of 500-5000. To per-
form analysis of macro- and microstructure, the sam-
ples were etched in a solution of hydrofluoric (20 %)
and nitric (20 %) acids with a glycerin base. Three
samples were used for each measurement method. In-
vestigations of the ingot material microstructure were
performed using optical microscope AxioObserver 5
at magnifications of 25-200. Etching of samples for
metallographic studies was performed in “Titan” re-
active of HF:-HNO,:H,O = 1:2:6 composition.

Characteristics of distribution of the main alloy-
ing elements in the produced powders were assessed
using scanning electron microscope Olympus DSX
1000 with DSX10-SXLOB1X lens and were analyzed
using LEXT Olympus Analysis program. SEM imag-
es were obtained in scanning electron microscope Hi-
tachi SU3900 under different conditions of vacuum
and accelerating voltage of 15 kV. Energy dispersive
spectroscopy (EDS) was conducted using Bruker de-
tector and Esprit software.

Mechanical parameters of the developed alloy and
end rod were studied using INSTRON 8801 system,
(Instron, Norwood, Massachussets, USA). In order to
determine the mechanical properties, the following
parameters were assessed: tensile strength (o, MPa),
yield limit (o, ,, MPa), modulus of elasticity (E, DPa),
relative elongation (8, %) and reduction in area (\, %).

Measurements of Young’s modulus of synthesized al-
loys were performed by nondestructive resonance meth-
od of pulsed excitation in RFDA Professional System 24
(Belgium). Mechanical vibrations in the studied samples
of a flat shape were excited by a blow from the striker.
Determination of Young’s modulus was conducted by
resonance frequency measurement, and the derived sig-
nal was calculated by fast Fourrier transform.

TECHNICAL REQUIREMENTS

TO LOW-MODULUS ALLOY OF Zr-Ti—Nb
ALLOYING SYSTEM AND PRODUCTS
FROM IT

Modern technology of producing commercial billets
for implants is a rather complicated technical assign-
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ment both as to achieving the required geometry, and
as to mechanical properties of the billets.

Technological scheme of producing the billets con-
sists of the following stages: charging, ingot melting,
ingot machining, forging, rolling, drawing, heat treat-
ment, centrifugal grinding. Producing billets from
experimental Zr—Ti—-Mn alloy requires development
and determination of a specific scheme and modes of
deformation and heat treatment:

e billet in the form of a 6 mm dia rod for the tech-
nological scheme of producing the implants;

e consumable products (50—60 mm diameter elec-
trodes) for the technological scheme of producing
powders by spraying method.

In keeping with the results of previous studies the
following requirements to the billets from Zr—Nb-Ti
alloy were formulated: chemical composition: Zr,
at.% 51 £2.0 (50 wt.%); Ti, at.% 31 +1.5 (19 wt.%);
Nb, at.% 18.0 £1.5 (21 wt.%); mechanical properties:
ultimate strength ¢, > 700 MPa; Young’s modulus
E < 57 GPa (considering that for the human bone £
is equal to 30 GPa); requirements to billet geometry:
diameter of 6 mm +2 mm; length of 1500-3000 mm;
surface roughness Ra 1.6-3.2; deviation from round-
ness should correspond to accuracy class h7; curva-
ture should not exceed 0.5 % of the length.

Comparison of the obtained characteristics of
experimental Zr—Nb-Ti alloy by the stretching dia-
gram shows that elasticity modulus £ is in the same
range for the produced alloy samples, and it is equal
to 27-29 GPa. Obtained values correspond to the
claimed requirements to the implant metal. The level
of mechanical properties, however, is lower than that
for titanium alloy, namely for rod billet from VT6 al-
loy. The conclusion of the technological regulations
for further treatment is that deformations, as well as
modes of deformation and heat treatment, should
provide simultaneous shaping of the implant billet
(6 mm diameter rod) with improvement of the me-
chanical properties at uniaxial stretching to the level
of VT6 alloy.
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DEVELOPMENT OF THE TECHNOLOGY
OF PRODUCING Zr-Ti-Nb ALLOY,
INVESTIGATION OF THE ALLOY

AND PRODUCTS FROM IT

Research work by the technology of producing
low-modulus Zr-Ti—Nb alloy was performed with the
purpose of optimization of the technological modes
of producing ingots of an alloy based on Zr—Nb-Ti
system by EBM method.

The technology of cold-hearth EBM is an effective
method of producing sound ingots with the possibility
of using a high proportion of wastes [12].

Cold-hearth application allows not only cleaning
from impurities and inclusions of different density,
but also producing an ingot of a homogeneous chem-
ical composition and sound structure. More over,
cold-hearth remelting allows alloying the liquid metal
during melting, as well as processing the metal melt
by different reagents.

At remelting, crystallization proceeds under the
conditions of continuous coming of metal into the lig-
uid pool, heating of the liquid pool surface, and ingot
cooling. These factors ensure a favourable configura-
tion of the liquid pool and high temperature gradient
at crystallization, lowering the probability of initia-
tion and development of macrostructure defects.

The essence of EBM process (Figure 2) consists
in a horizontal feed of consumable billet 4 with the
set rate into the melting zone, its melting by electron
beams of guns 2, 3 above cold hearth 5. As the cold
hearth is filled, the liquid metal is poured into mould
6, where ingot 7 of the required length is formed.

Ingot melting was conducted in electron beam unit
UE-208M into 110 mm diameter mould (Figure 3) [13].

Ingots were produced in the following sequence:
calculation of the quantity of charge, allowing for
metal evaporation; performing operations on initial
material preparation and forming the consumable
billet; preparation (cleaning of melting chamber and
gun plate, cleaning the cold hearth and mould, tray
cleaning, cleaning the electron gun beam guide from
condensate, dust and remains of metal from previ-
ous melts) and setting up equipment (replacement of
electron beam gun cathodes) and fixtures; performing
melting in the specified modes; selection of samples

Table 4. Composition of the charge for producing ingots of
60Zr—20Ti—20Nb alloy

Component wt. % kg
Zr 59 355
Nb 21 124

Ti 20 12.5
Total 100 60.4

[ e

i

Figure 2. Scheme of cold-hearth EBM: /-3 — electron beam guns;
4 — consumable billet; 5 — cold hearth; 6 — mould; 7 — ingot
for fast analysis of the produced ingot — chemical
and gas analysis; selection of samples for mechanical
testing of the produced ingot.

Calculated composition of the charge billet is giv-
en in Table 4.

During experimental melts the following techno-
logical parameters were monitored; melting rate and
beam currents, accelerating voltage values. Numerical
values of accelerating voltage and beam current were
measured and adjusted, using instruments designed
for it. Melting rate was adjusted by varying the speed
of consumable billet feeding into the melting zone.

In order to determine the technological modes
of conducting the EBM process to produce
60Zr—20Ti—20Nb alloy, a mathematical model was
constructed of turbulent hydrodynamic and thermal
processes in a cylindrical ingot of 110 mm diameter
under the conditions of quasi-stationary mode of elec-
tron beam melting, which determines the dependence
of the shape and depth of the metal pool in the mould
on melting rate and power of electron beam heating of
the melt surface.

Figure 3. Appearance of upgraded electron beam unit UE-208M
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Figure 4. Ingot of 110 mm diameter of 60Zr—20Ti—20Nb alloy

It is known [9] that the flat and shallow shape of the
metal pool at ingot production promotes formation of
a fine homogeneous structure of the ingot metal and
inhibition of the liquation processes at melt solidifi-
cation. Analysis of the results of calculations by the
plotted mathematical model allowed determination of
the technological parameters of the stationary mode
of electron beam melting which should ensure chem-
ical homogeneity of the ingot and homogeneity of its
structure, and they are the following:

Technological parameters of electron beam melting
of a 110 mm ingot of 60Zr-20Ti—20Nb alloy

Total power of EB heating, kW ....................... 110
Powerinthemould, KW .. ... ... ... .. ... .. ... ........ 20
Melting rate, kg/h ... ..o 20

After completion of melting, the produced ingots
were cooled under the conditions of vacuum in the
melting chamber. EMB ingot of 110 mm diameter
from experimental alloy 60Zr—20Ti—20Nb is shown
in Figure 4.

The quality of the ingot external surface is satis-
factory, foundry corrugations are not more than 2 mm,
and no cavities, cracks or pores are revealed.

Sample selection was performed from the ingot
side surface by drilling to 5 mm depth without cutting
fluid application during its machining (Figure 5).

The quality of the produced ingot metal was eval-
uated by the results of determination of its chemical
composition (Table 5). Analysis of the derived results
showed that deviations of zirconium content along
the ingot length from its average value do not exceed
1.7 %; titanium — 0.8 %; niobium — 0.8 % that prac-
tically completely corresponds to the requirements of
technical assignment.

Figure S. Selection of samples from 110 mm dia ingot of
60Zr-20Ti—20Nb alloy

Figure 6. Appearance of machined 110 mm dia ingot of
60Zr-20Ti—20Nb alloy

For further operations, the ingot was treated by
machining (Figure 6).

The quality of the metal internal volume was stud-
ied by the method of nondestructive ultrasonic testing
(UT) using UD4-76 flaw detector. No shrinkage cav-

Table 5. Chemical composition of 110 dia ingot of 60Zr—20Ti—20Nb alloy, wt.%

Sample Zr Ti Nb O Others
1 57.5 19.6 22.4 0.053
2 58.7 18.3 22.4 -
<0.6
3 60.7 18.2 20.9 -
4 58.9 19.7 20.8 -
Average value 59.0 18.9 21.7 0.053 <0.6
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Figure 7. Appearance of 59 mm dia forgings of 60Zr—20Ti—20Nb alloy

ities, pores and other inhomogeneities were found in
the ingot metal.

Work results suggest the possibility of produc-
ing by EBM sound ingots of low-modulus alloys of
60Zr-20Ti—20NDb type, designed for application as
bioinert alloys for medical purposes.

DEFORMATIONAL AND HEAT TREATMENT
AND SHAPING A BILLET WITH HIGHER
MECHANICAL PROPERTIES

Deformational processing was performed using ther-
mal preparation in an automatic forging complex

AKP-500 with 5 MN hydraulic press, manipulator
and two heating furnaces with precise temperature
control. Three-stage heating mode was performed:
700 °C for 2.5 h, then 900 °C for 1 h with subsequent
transfer to the force forging at the temperature of
1000 °C for 1 h.

Forging was performed by “circle-square” scheme
in the following modes: transition from 106 mm diam-
eter to 91 mm square; transition from 91 mm square
to 75 mm square; transition from 75 mm square to
60 mm square; transition from 60 mm square to

Figure 9. Microstructure of 110 mm dia ingots (@) and final 6 mm rod billets (b)
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Table 6. Comparative characteristic of 6 mm dia rod billet of 60Zr—20Ti—20Nb alloy and VT6 titanium alloy for dental implants

Mechanical properties
Alloy
G, MPa G,, MPa E, GPa 3, % v, %
. 28-30"

60Zr-20Ti—20Nb 850+900 670+700 50_66" 12 40-58

VT6 830+1254 - s 10 44

' 102-104™
Grade 5 ELI 860 795 - 10 25

"Values of the modulus of elasticity were determined by calculations from stretching diagram of samples for mechanical testing.
“Values of the modulus of elasticity were determined by the method of pulsed excitation in RFDA Professional System 24.

Figure 10. Electrodes of 50 mm dia from 60Zr—20Ti—20Nb alloy to produce spherical powders before spraying (a) and after spraying (b)

59 mm diameter; metal heating in the forging furnace
after each pass, and cooling of the forging in air.
Produced forgings are shown in Figure 7.
Rod forging was followed by rolling and drawing to
6 mm diameter. As a result, the rod billets have the fol-

Figure 11. UTsR-4 unit for centrifugal spraying

lowing geometrical characteristics: 6 mm diameter; up
to 3150 mm length; h7 class of accuracy; surface rough-
ness of Ra(.8. Macrostructure of 6 mm diameter rods of
60Zr—20Ti—20Nb alloy is shown in Figure 8.

Macrostructure analysis showed that B-primary
grains of the ingots of equiaxed type with a coarse
fringe of up to 5 um size (Figure 8, a) were refined to
fine-grained macrostructure in the rods (Figure 8, b).

Results of studying the microstructure revealed
that the microstructure was refined to 50-60 um size
(Figure 9).

Microstructural analysis showed that it changes
from cast coarse-grained structure of 150—-200 pm pri-
mary grains to deformed fine equiaxed structure with
platelike submicrostructure.

Mechanical properties of the produced rod of 6 mm
diameter of 60Zr—20Ti—20Nb alloy in comparison with
titanium alloy VT6/Grade 5 are given in Table 6.

One can see from the comparative data that the
rod billet from an alloy based on Zr-Ti—Nb sys-
tem has minimal value of the modulus of elasticity
(27.6 GPa), which is 3 times lower than that of VT6
alloy (115 GPa) and it is close to the value of modu-
lus of elasticity of the human bone (30 GPa). It gives
grounds to talk about improvement of biocompatibil-
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d

e

Figure 12. Electronic photo of 60Zr—20Ti—20Nb powder (a) and maps of distribution of zirconium (a), titanium (), niobium (c) and

oxygen (e) over analysis zone

Table 7. Fractional composition of produced metal powders from
Zr-Ti-Nb alloy

Fraction Bulk density, g/cm? Weight, g
+200 42 900
+180 4.19 128

—140+125 4.00 2654

-90+56 3.97 1589

-56+40 - 95

—40 tray 3.96 261

ity. At the same time, load resistance corresponds to
that of analogous VT6 alloy that confirms the level of
mechanical properties of the zirconium alloys.

PRODUCING POWDERS OF Zr-Ti-Nb ALLOY

Forgings of 59 mm diameter from 60Zr—20Ti—20Nb
alloy were used to produce by machining a test batch
of electrodes of 50 mm diameter for manufacturing
spherical powders by the method of centrifugal plas-
ma spraying [14] (Figure 10).

Appearance of UTsR-4 unit for centrifugal spray-
ing is shown in Figure 11.

Produced metal powders of 60Zr—20Ti—20Nb alloy
were sifted on vibration sieves into different fractions.

An example of fractional composition of the pro-
duced metal powders of Zr-Ti—Nb alloy is given in
Table 7.

The main criterion of powder quality is the chem-
ical composition of the powders, alongside the shape
and fractional composition. Analysis of investigation
results led to the conclusion that the microstructure
(Figure 12, a) is homogeneous, without inclusions,

pores or structure inhomogeneities. Results of analy-
sis of chemical composition of the main elements and
oxygen impurities showed that they are uniformly
distributed (Figure 12, h—e). No concentrational het-
erogeneities of the elements were found.

Thus, the scientific and engineering solutions on
melting ingots of 60Zr—20Ti—20Nb alloy allowed pro-
ducing rods and spherical powders, meeting all the
technological and service requirements of TU U24.4-
43658421-002:2021 “Powder from an alloy based on
zirconium—titanium—niobium system”.

CONCLUSIONS

1. Given results of research work indicate the possi-
bility of producing by EBM the ingots of low-mod-
ulus alloys based on zirconium of 60Zr—20Ti—20Nb
type designed for application as bioinert alloys for
medical purposes.

2. A technology was developed to produce Zr—Ti—
Nb alloy by electron beam melting, with satisfacto-
ry distribution of alloying components and homoge-
neous defectfree structure.

3. A scheme of deformational processing of the
billet is proposed which allowed producing the re-
quired geometry of a rod of 6 mm diameter, 3150 mm
length, with deviation from roundness in keeping with
h7 accuracy class and surface roughness of Ra 0.8. As
a result of conducting testing on samples from a rod
billet, evaluation of mechanical properties of experi-
mental 60Zr—20Ti—20Nb alloy was obtained: ultimate
strength of 850900 MPa, elongation of 12 %.

4. Obtained evaluations showed that the rod bil-
let from experimental B-Zr alloy of 60Zr-20Ti—20Nb
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composition has the modulus of elasticity £ = 28—
30 GPa (calculated from stretching diagrams of sam-
ples for mechanical testing) and modulus of elasticity
E =59-66 GPa (determined by the method of pulsed
excitation in RFDA Professional System 24) that is
much lower than in VT6 alloy (£ =102-115 GPa) and
is closer to the value of modulus of elasticity of the
human bone (£ = 30 GPa).

5. Presented results are indicative of practical pos-
sibilities of producing consumable materials for im-
plants (6 mm diameter rods) and spherical powders
for additive technologies of manufacturing high-pre-
cision implants, where the microstructure is uniform
without inclusions, pores or structural inhomogene-
ities, corresponding to all technological and service
requirements. Results of the conducted studies were
used to prepare technical conditions TU U24.4-
43658421-002:2021 “Powders from an alloy of zirco-
nium-—titanium—niobium” system.
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FABTECH 2024 EXHIBITION o
ARC SPECIALTIES AND ASM INTERNATIONAL QpLibe

At the invitation of Dan Allford, President of Arc Specialties, Houston, USA, as part of long-term co-
operation with the E.O. Paton Electric Welding Institute (PWI), a business visit to the USA was held
in October 2024 of Dr. Volodymyr Kachynskyi, a senior scientist at the PWI. The program of the visit
included presentations of the latest results of the PWI work on scientific achievements in the devel-
opment of advanced technologies of welding and related processes such as flash butt welding, elec-
tron beam welding and additive technologies, narrow gap welding, manual laser welding, explosion
technologies, underwater welding and cutting, electron beam welding in space, high frequency live
tissue welding, microplasma spraying, plasma-inductive process of single crystals tungsten growing,
method for determination of residual stresses in welded joints, magnetically impelled arc butt welding
(MIAB) also their industrial application for the purpose of economic growth. During the visit, presen-
tations were held by Arc Specialties.

ADVANCED TECHNOLOGIES OF

WELDING & JOINING

MAGNETICALLY IMPELLED ARC BUTT WELDING \
05 0]

[
| occicree

Presentation at Arc Specialties with live demo MIAB welding

Gpecder
DR. VLADIMIR KACHINSKIY

T1 Friday | dth October | () ARC f
| 1100 AM - 1:00 PN N/ 1730 Srebbins Or. Meusten. TX 77043

Arc Specialties is the leading supplier of
choice for automated manufacturing sys-
tems with over 40 years of experience in
33 countries around the world: from dif-
ferent arc welding technologies, 3D clad-
ding, hardfacing and plasma cutting to
material handling, precision positioning
equipment and assembly hard automa-
tion. And the American Society Metals
(ASM International) with the support of
Jean-Marc Tetevuide, business develop-
ment specialist at Har-Bach Fusion Tech-
nology Company, for representatives of
scientific organizations and industrial
companies in the USA. ASM International
is an association for attracting specialists
in the field of materials science and their

o Presentation of PWI developments
organizations to the resources necessary for ASM International. Houston. USA

to solve scientific and technical problems
in order to achieve the required results. The total number of people present was approximately 120
individuals.

AMERICAN WELDING SOCIETY

On October 14, the PWI was presented at the American Welding Society (AWS) Annual Business
Meeting. During the AWS work, several meetings were held, including with the AWS President in

45




INFORMATION

Meeting with the
Mr. Ernest Levert Sr.,
President of the AWS in 2003

.....
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Meeting with Ms. Nancy C. Cole, Meeting with Richard Holdren, coming AWS President in 2025, Dan Allford,
President of the AWS in 2013 President of Arc Specialties and Dr. Volodymyr Kachynskyi, PWI

2003, Mr. Ernest Levert Sr., the AWS President in 2013, Ms. Nancy C. Cole, and the coming AWS
President in 2025, Mr. Richard Holdren.

FABTECH 2024

Additionally, from October 15 to 17, the AWS development, a MIAB welding machine, was pre-
sented at the FABTECH 2024 exhibition in Orlando with a demonstration of the welding process.
The PWI developed MIAB welding process was included in the 60 coolest technology demon-
strations in one video presented at FABTECH, according to the renowned expert Jake Hall, The
Manufacturing Millennial. FABTECH Expo is North America’s largest metal forming, fabrication,
welding, and finishing event.

At the 2024 FABTECH exhibition, over 1,500 companies showcased their products and services
to 35,000 exhibitors across 750,000 square feet of exhibit space. Despite the inclement weather
caused by Hurricane Irma that impacted Orlando, Florida the week prior, FABTECH was a resound-
ing success. The event attracted a substantial number of exhibitors and attendees, who expressed
their optimism about the future of manufacturing globally and in the United States. A notable highlight
of this year’s FABTECH was the demonstration of collaborative robots (cobots). While arc welding
is not traditionally associated with cobot, the collaborative nature of a cobot, coupled with its ability
to sense human contact and deactivate before causing harm, enhances the safety of welding oper-
ations. Repetitive, routine, and ergonomically challenging tasks can be tedious and hazardous for
workers in virtually any manufacturing environment. Cobots can significantly increase productivity
levels by automating virtually any manual task, including small batches or quick changeovers. Ad-
ditionally, cobots can reuse programs to perform
repetitive tasks. In the coming years, cobots are
expected to witness increased adoption, partic-
ularly in welding and cutting applications. This
trend is accompanied by a decline in the number
of manufacturers, as the current market is over-
crowded with new entrants, many of which may
not survive beyond a few years. Another area
of innovation introduced at FABTECH was 3D
printing, or additive manufacturing (AM). While
AM is often perceived as a novel technology,
welding is one of its pioneering additive technol-
FABTECH 2024 ogies. AM is rapidly transitioning from a novelty
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The MIAB welding machine was presented at the FABTECH 2024
with a demonstration of the live welding process by Dr. Volodymyr Kachynskyi
to a viable manufacturing method. Much of the work involves the use of gas metal arc welding using
small wires, a process known as wire-arc additive manufacturing.

While significant research continues in developing codes and specifications for this new technology,
as well as measuring material properties in printed parts, there is scope for innovation in the use of
other welding processes with higher deposition rates than traditional GMAW. High-performance AM
candidates include electroslag and submerged arc welding. There has been a significant emphasis on
automating not only the welding processes, but also the automation of part preparation, machining,
cleaning, post-weld inspection, and post-weld finishing. Future manufacturing cells will incorporate
more processes in a smaller footprint. There is also a noticeable trend away from traditional capital-in-
tensive procurement of large systems toward more accessible, low-cost models. The first model is
robots as a service, where the supplier retains ownership and simply provides the equipment for a fee
for a limited time. This allows manufacturers to take advantage of robotics without making significant
capital investments. This also justifies the use of robots for shorter production runs.

The second model is leased robots. In this model, the manufacturer retains ownership as well as
responsibility for monitoring, software updates, and maintenance. It also eliminates the risk of large
capital expenditures. It is likely that both of these models will become more common in the industry.
At the ARC Specialties booth, we proudly demonstrated several innovative technologies. The first
was the concept of deploying traditional robots in hazardous environments, such as drilling ships
in the Gulf of Mexico, to replace humans in physically demanding and dangerous tasks. By making
robots mobile, numerous opportunities are opened up for working on stationary or excessively large
parts that would be economically impractical to move manually. The second was a robot capable of
both welding and cutting in the field on a moving magnetic base. This application utilized a collab-
orative robot, which improved safety and reduced the size of the robot to allow for mobility in tight
spaces and single-handed operation.

Our third exhibit showcased MIAB a technology developed by the PWI. We were fortunate to have
Dr. Volodymyr Kachynskyi who contributed to its development, present and demonstrate this unique
technology. MIAB is relatively unknown in the United States, and visitors were amazed by its ability
to weld small diameter pipes in under four seconds, which would typically take hours using tradition-
al methods. Overall, the exhibit highlighted the rapid pace of technological advances. Computers,
sensors, and robots are becoming faster, more efficient, and more accessible, allowing us to solve
previously impossible problems. Automating quality control allows for greater measurement consis-
tency and maintaining high levels of product quality. The cobot arm’s repeatability of +/-~0.03 mm
(30 microns) is ideal for automating high-precision operations in quality control and testing. Howev-
er, it is equally important to maintain a clear understanding of welding processes, parameters, and
procedures to ensure success. Despite the challenges caused by the COVID-19 pandemic, trade
shows remain indispensable platforms for connecting technology providers with end users. As such,
we expect trade shows to continue to play a key role in the future of the industry.

Volodymyr Kachynskyi, PWI, Ukraine,
Dan Allford, President of Arc Specialties, USA
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SAZ s.r.o. — RELIABLE MACHINERY FOR THE RAILWAYS

SaZ s.r.o. is a Czech mechanical Engineering Company, which since 1954 has special-
ized in the design, production and repair of special road and railway machinery, road-rail
vehicles (double-track machines), in particular rail machines with telescopic lifting platforms,
insulated platforms for working with contact wires and rail layers, machines for flash-butt
welding of rails, railway track layers and other equipment designed for servicing the railway
and tram tracks.

SaZ s.r.o. production range includes railway platforms and transporters, railway boogies,
body superstructures, access ramps, etc.

SaZ s.r.o. main clients are large construction companies, municipal transport companies,
fire and road transport services, as well as small companies, involved in maintenance and
repair of railway and tram tracks.

Since 2011 SaZ s.r.o. has also concentrated on engineering, namely: highway construction,
road construction, railway construction, real estate construction and other construction work.

Over these years SaZ s.r.o. Company has grown and has become one of the main suppliers
not only in Czechia and Slovakia, but also in many other countries, for instance in Denmark,
Italy, Hungary, Poland, Germany, France, Spain, Austria, Bulgaria, Latvia, Lithuania, India,
Australia, Azerbaijan, Ukraine, Ghana, Israel, and oth.

Continuous investments into research and development allow SaZ s.r.o. Company propos-
ing innovative and high-quality products, which meet the highest technical standards and cli-
ents’ requirements. Our modern production facilities and a team of qualified experts ensure
that each product leaving our shops is a guarantee of reliability and productivity.

SaZ s.r.o. double-track machinery performs the tasks of renovation and construction of the tracks, cleaning the
railway track from sand, dirt, snow, maintenance and upgrading of power transmission lines. The Company product
line also includes special double-track fire trucks
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Double-track machine DUOLINER MIJ is designed primarily for conducting expert operations on bridge
structures, diagnostics and detailed inspection of both road and railway bridges

Double-track machine R DUOTRAM H is designed for Double-track machine IT DUOLINER is fitted with
movement and working on the motor roads, railway a working platform with scissors for railway main-
and tram tracks, predominantly for maintenance of tenance, hydraulic valve and measuring panto-
contact lines graph

Company Certification. In addition to certificates of quality control system ISO 9001:2015,
certificates of the environmental management system ISO 14001:2015 and certificate of
conformity of production management EN ISO 3834-2:2005, SaZ s.r.o. also has other cer-
tificates that demonstrate a high standard of quality.

UKRAINIAN-CZECH COOPERATION

Seventy-year experience of SaZ s.r.o. successful operation has found its implementation in
solving the ever-present problem — creation of efficient equipment for welding the railway
rails. In 2023 SaZ s.r.o. Company in close cooperation with the E.O. Paton Electric Weld-
ing Institute (PWI) of the NAS of Ukraine successfully set up production of double-track
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rail-welding complexes WELDERLINER, fitted with K922-1 mobile machines for flash-butt
welding (FBW).

SaZ s.r.o., which previously did not specialize in welding equipment, mastered production of
K922-1 machines for FBW in a very short time frame, ensuring an extremely high production
quality.

Mobile (suspended) K922-1 machine is an original development of the PWI and it imple-
ments the innovative technology of pulsed flash-butt welding. K922-1 machines are fitted
with @ modern computerized system of multifactor monitoring of welding parameters, high-
speed hydraulic drives, as well as a cutting device, which removes the hot flash without un-
clamping the welded rail section. The welded butt joint can be held during the time required
for cooling of the joint to the specified temperature. K922-1 machines have been success-
fully used, as part of mobile rail-welding complexes, for dozens of years in many countries
of the world on all the continents, both for construction and repair work on rails of any types
and dimensions.

Double-track WELDERLINER complexes, fitted with K922-1 machines, meet all the require-
ments of the international safety standards for the quality of welded butt joints of rails, and
the requirements on EU environmental indicators.

SaZ s.r.o. Company has successfully fulfilled
the contracts for supplying several rail-weld-
ing WELDERLINER complexes to custom-
ers in the EU countries. WELDERLINER
complexes have successfully passed com-
% 1 prehensive testing specified by the European

4 standard EN 14587-2:2009.

For Ukraine, as a country with an extremely
extensive network of railways, introduction
of WELDERLINER complexes, fitted with
modern mobile K922-1 machines, is high-
ly relevant. SaZ s.r.o. Company provides
maintenance of WELDERLINER complexes,
service, training of the operators and engineering personnel. All the testing and adjustment
operations in the rail-welding complexes of SaZ s.r.o. Company are conducted with the par-
ticipation of PWI specialists.
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WELDING WIRE FROM “DNIPROMETYZ TAS”
YEAR-END RESULTS AND INNOVATIONS FOR THE FUTURE

The year 2024 has been a period of significant achievements for “DNIPROMETYZ TAS” in welding material
production. By focusing on quality, innovation, and expanding its product range, the Company has strength-
ened its position in domestic and international markets. The factory’s products, including G3Si1 and G4Si1
grades, have gained customer trust in various economic sectors, from construction to mechanical engineering.

Since the launch of cutting-edge production lines for welding wire by the Swedish manufacturer Limnea Bruk
AB, the welding wire manufacturing and sales division has achieved a leading position among Ukrainian pro-
ducers, even amid wartime challenges, reaching over 1,500 tons per year.

PRODUCT RANGE EXPANSION

In response to the demands of modern industries, “DNIPROMETYZ TAS” offers a wide selection of welding
wire:

e Copper-coated wire G4Si1 and G3Si1, with diameters from 0.8 to 2.0 mm, available on spools weighing 15,
5, 2.5, and 1 kg. Precision winding ensures stable wire feeding during welding;

e Polished wire without coating, available in diameters of 0.8, 1.0, 1.2, and 1.6 mm on 15 and 18 kg spools;
e Wire for robotic systems in 250 kg drums, optimizing production processes at large enterprises.

EXPANDING INTERNATIONAL INFLUENCE

A key achievement this year was accreditation by Deutsche Bahn. As one of the largest transportation opera-
tors in Europe and globally, Deutsche Bahn plays a vital role in mobility and significantly influences the trans-
portation sector. This accreditation confirms the factory’s products meet the highest European Union quality
standards.

Additionally, the welding wire successfully passed testing at the E.O. Paton Electric Welding Institute, paving
the way for applications in steel bridge construction.

The factory also actively showcased its solutions at leading international exhibitions, such as Wire 2024 in
Dusseldorf, the XXII International Industrial Forum in Kyiv, WeldTech 2024 in Warsaw, and InnoTrans 2024 in
Berlin. These events demonstrated international interest in welding materials from Ukrainian producers, facil-
itating new partnerships, knowledge exchange with other manufacturers, and valuable feedback for product
improvement. “DNIPROMETYZ TAS” continues to strengthen its position in foreign markets, presenting its
products to clients worldwide and proudly upholding the “MADE IN UKRAINE” mark on the global stage.
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EMERGING INDUSTRY TRENDS

The global welding materials market shows steady growth, driven by industrialization, urbanization, and in-
creased automation. Welding process automation significantly boosts productivity, improves weld quality, and
reduces the risk of injuries.

“‘DNIPROMETYZ TAS” actively invests in developing robotic solutions, offering welding wire in convenient
packaging for automated production lines. In 2024, the Company also implemented new approaches to cus-
tomer training and support. Its welding production technologists provide consultations, technical assistance,
and support at every stage of product usage.

PROVEN QUALITY

Welding wire from “DNIPROMETYZ TAS” complies with international standards, including 1ISO 9001, TUV
NORD certification, and DB accreditation. These certifications guarantee excellent quality, high-strength
welds, corrosion resistance, and durability. The CE marking confirms compliance with safety requirements in
the European Union.

LOGISTICS AND CUSTOMER FOCUS

Efficient logistics are one of the factory’s strengths. With its fleet of vehicles, the Company ensures fast product
delivery across Ukraine and abroad, reducing lead times and increasing customer satisfaction.

LOOKING TO THE FUTURE

“‘DNIPROMETYZ TAS” continues to invest in advanced technologies and improve its products. The Company
is confident that its innovative solutions will help clients adapt to new challenges, ensuring quality and reliability
in any conditions.

MARKET PROSPECTS FOR WELDING MATERIAL

The global welding materials market is experiencing consistent growth and is expected to expand significantly
in the coming years. Analysts predict that by 2030, the market will grow due to its extensive use in construct-
ing metal structures in various sectors, such as construction, bridge building, pipeline installation, and other
engineering projects. The wide application of welding materials in the transportation industry, shipbuilding, and
energy sectors will also drive demand.

Innovative technologies, such as laser and robotic welding, are gradually transforming the industry. Automation
enhances welding quality and reduces costs. “DNIPROMETYZ TAS” actively adopts these trends, offering
products that meet modern standards.

A key growth factor for the market is the demand for environmentally friendly and highly efficient welding ma-
terials. This trend creates new opportunities for Ukrainian manufacturers like “DNIPROMETYZ TAS,” focusing
on sustainable technologies and compliance with international standards.
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