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The research aimed to develop technological parameters of the TOPTIG method-based surfacing (using alloy Inconel
625) of boiler tubes (@ 45x5) made of steel 13CrMo4-5 ensuring the obtainment of the iron content on the overlay
weld surface below 5 %. The research resulted in the development of sets of parameters enabling the obtainment of
overlay welds characterised by very high quality and the minimum degree of the stirring of the overlay weld metal
with the base material. The above named sets of parameters were utilised when making a number of overlay welds on
tubes. The research involved macroscopic metallographic tests of overlay welds, the identification of the base material
content in the overlay weld, the determination of the chemical composition of the overlay weld surface as well as the
performance of microscopic metallographic tests and the microanalysis of the chemical composition. It was ascertained
that the TOPTIG technology enabled the making of overlay welds characterised by very high quality and the minimum
degree of the stirring of the overlay weld metal with the base material (only 3.28 %) and made it possible to obtain an
iron content of 2.75 % on the overlay weld surface using forced cooling performed inside the tube. Surfacing without
cooling led to a significantly higher base material content in the overlay weld (approximately 14 %), where the content
of iron on the overlay weld surface amounted to 8.47 %. 13 Ref., 3 Tables, 8 Figures.
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content on the overlay weld surface

Introduction. Power plants fed with fossil fuels and
waste incineration plants used for power generation
must satisfy strict requirements as regards power
boiler components including furnaces, collectors,
superheaters and pipings. The above-named
requirements result from extreme working conditions
of components exposed to abrasion and erosion.
The incineration of waste in boilers results in the
formation of flue gas containing aggressive chlorides
and fluorides, the detrimental effect of which requires
the use of appropriately effective protections from
erosion and corrosion of e.g. tubes of heat exchangers
and combustion chambers. Presently, the service life
of such elements is increased by the surfacing of layers
of nickel alloys, particularly having the composition
of alloy Inconel 625, providing appropriate creep
resistance at high temperature and corrosion resistance
in the aggressive environment of fluorides and
chlorides. Presently used surfacing methods include
gas-shielded metal arc surfacing (using pulsed current
and the low-energy CMT method), plasma—powder
surfacing, laser surfacing and non-consumable
electrode inert gas surfacing (TI1G) [1-13].

One of the primary criteria to be satisfied by a
surfaced coating is low iron content (maximum
5 % in the external zone), a thickness not exceeding
2.0+2.5 mm as well as the lack of the microsegrega-
tion of alloying elements in the overlay weld. Iron
content higher than that mentioned above reduces
corrosion resistance, whereas an excessive thickness
increases both the weight of structures and the costs
of surfacing processes. In turn, the microsegregations
of elements, particularly Nb and Mo, cause the forma-
tion of intermetallic phases decreasing the corrosion
resistance of overlay welds [2, 3, 7, 8].

Technical reference publications contain informa-
tion concerning the structure and properties of overlay
welds made using gas-shielded metal arc surfacing,
including the low-energy variant of CMT method [1-
3]. The presented results indicate that, when welding
using arc methods, the satisfaction of the above-pre-
sented requirements needs the making of a minimum
of 2 layers, which extends the operating time and
could lead to the formation of excessive stresses and
strains of surfaced elements (length of surfaced tubes
up to 12 m). The tests described in publication [1] re-
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Table 1. Selected parameters and their designation

No. Impulse current, A Basic current, A Filler metal Wire. feeding Number Oven;lay weld designa-
rate, m/min of surfaced layers tion on the tube
1 140 100 1.0 1 16/1
2 140 100 1.0 2 16/2
3 140 120 1.2 1 37/1
4 140 120 1.2 2 37/2
5 130 120 15 1 41/1
6 130 120 15 2 41/2
7 130 120 1.5 1 41/W/1
8 130 120 1.5 2 41/W/2

vealed that it was not possible to entirely eliminate
the microsegregation of alloy components reducing
the service life of the layers. It was ascertained that
as a result of microsegregation occurring during the
solidification of overlay welds, the cores of dendrites
were richer in Ni, Fe and Cr, whereas the interden-
dritic areas were richer in Mo and Nb. During the so-
lidification, the strongest segregation was that of nio-
bium, less intense was that of molybdenum, whereas
the segregation of chromium was the least intense.
Individual research revealed that similar results were
obtained using plasma-powder surfacing [10-13]. It
appears that surfacing utilising the CMT and plas-
ma—powder methods could be alternatively replaced
by TIG surfacing: plasma surfacing with wire feeding
and the surfacing utilising an innovative TIG meth-
od, i.e. TOPTIG (feeding the wire at an angle of ap-
proximately 20° in relation to the electrode), where
the wire is fed either in a continuous or in a pulsed
manner. This article presents the course and selected
results of tests aimed at the determination of the ef-
fect of TOPTIG surfacing on the structure of overlay
welds made of nickel alloy Inconel 625 applied on the
base made of steel 13CrMo4-5.

Materials, test rig and testing methodology. The
base material used in the tests had the form of seam-
less tubes (g 45x5.0 mm) made of steel 13CrMo4-5
according to PN-EN 10216-2:2014-02 (15XM ac-
cording to GOST4543-71). The technological tests in-
volved the use of an OK Autrod NiCrMo-3 solid wire
(Inconel 625) having a diameter of 1.0 mm (ESAB).

The technological tests of the surfacing process
were performed using a station equipped with a RO-
MAT 310 robot (Cloos) and a TOPTIG 220DC ma-
chine (Air Liquide Welding).

The technological tests were initiated by the perfor-
mance of a number of surfacing tests (simple overlay
welds made on sheets) using various process param-
eters and aimed to identify the effect of basic current,
impulse current and of a filler metal wire feeding rate
on the quality, geometry and uniformity of overlay
welds as well as on penetration depth. More than 60
various sets of parameters were tested. The further
stage of research-related tests concerned with surfac-
ing performed on tubes made of steel 13CrMo4-5 in-
volved the use of parameters ensuring the obtainment
of the highest quality and the lowest degree of the
stirring of the overlay weld with the base. The most
favourable parameters are presented in Table 1. The
overlay welds were made on the tubes without cool-
ing performed inside the tubes (items 1-6, Table 1).
For comparative purposes, overlay welds were also
made with the forced cooling performed inside the
tube, where the cooling medium was water (items 7
and 8, Table 1).

After the overlay welds were made on the tubes,
the latter were subjected to macroscopic metallo-
graphic tests and measurements enabling the calcula-
tion of the base material content in the overlay welds.
The macroscopic metallographic photographs were
used to determine the cross-sectional areas of excess
overlay weld metal and of the partially melted base
material as well as to identify the overlay weld height

Table 2. Overlay weld height (W), fusion area (F,), overlay weld area (F ) and the calculated content of the base material in the overlay

weld (Up)
O‘;Zr(:amye‘t"r's'd Spec.16/L | Spec.16/2 | Spec.37/1 | Spec.37/2 | Spec.4l/1 | Spec.41/2 | Spec.4LW/L | Spec. 4LWi2
U, % 13.78 11.04 13.11 8.40 14.24 752 5.67 3.28
F,, mm? 160.6 182.9 1206 154.3 1655 150.1 1433 1327
F,, mm? 1004.7 14746 799.6 1681.7 995.1 18446 17355 1662.6
H, mm 252 3.64 211 3.84 2.81 421 2.12 2.66
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(W), penetration depth (G) and the base material con-
tent in the overlay weld. The above-named parameter
was determined as the proportion of the area of pene-
tration in the material to the area of the entire overlay
weld. The overlay weld geometry measurements were
performed using the Autodesk Inventor Professional
2016 software programme. The measurement results
are presented in Table 2.

The subsequent stage of research involved the
analysis of chemical composition of the overlay weld
surface aimed to determine the content of iron as well
as to measure hardness in the surfaced layer and in the
HAZ. The analysis of the chemical composition was
performed using spark source optical emission spec-
trometry and Q4 TASMAN spectrometer (Bruker).
The hardness measurements (Vickers hardness test)
were performed on the cross-sections of the overlay
welds using a KB50BYZ-FA hardness tester (KB
Pritechnik GmbH) and a load of HV 10.

The next stage involved microscopic metallographic
tests, the microanalysis of the cross-sectional chemical
composition and the determination of the surface distri-
bution of chemical elements. The metallographic spec-
imens were prepared by grinding utilising SiC papers
having a granularity of 280-1200 followed by polishing
involving the use of diamond pastes (3 and 1um) and
etching (3g FeCl,, 10ml HCI, 90 ml C2H50H). The de-
termination of the overlay weld quality required the use

Table 3. Chemical composition of the overlay weld surface

Figure 1. Arrangement of hardness measurement points in the
overlay weld and HAZ

of an Olympus SZX9 stereoscopic microscope (SM) in
the dark field at magnification of up to 500x. The micro-
structure was observed using a Hitachi S-3400N scan-
ning electron microscope (SEM) and the SE (Second-
aryElectrons) as well as the BSE observation techniques
at magnification of up to 2000x.

The microanalysis of the chemical composition
of the surfaced layers was performed using a Hitachi
S-3400Nv scanning microscope provided with an ener-
gy dispersive spectrometer (EDS). The chemical com-
position tests were conducted using an accelerating
voltage of 15keV. The analysis of the chemical compo-
sition of the overlay welds was supplemented with the
analysis of changes in the chemical composition on the
line perpendicular to the overlay weld and the surface
distribution of chemical elements in the fusion area.

Test results. The calculated content of the base
material in the overlay welds and the height of the
overlay welds are presented in Table 2.

Chemical Specimen designation

composition, % 16/1 16/2 37/1 37/2 41/1 41/2 41/W/1 41/W/2
C 0.035 0.026 0.041 0.024 0.030 0.020 0.019 0.019
Mn 0.167 0.073 0.236 0.056 0.143 0.033 0.088 0.08
Cr 19.74 20.92 18.74 20.62 20.13 20.51 21.70 21.09
Mo 8.020 8.401 7.399 8.181 7.975 7.988 6.871 8.248
Fe 10.20 4.542 14.77 3.98 8.470 4.290 3.467 2.755
Mg 0.0019 0.0017 0.0022 0.0020 0.0022 0.0023 0.0016 0.015
Nb 3.434 3.577 3.228 3.722 3.383 3.620 0.045 3.438
Ni 58.05 62.08 55.23 62.49 59.50 62.92 63.56 63.64
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Figure 2. Graphic representation of selected hardness measurement points on the cross-section of overlay welds
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Figure 3. Microstructure of the overlay weld (item 7 of Table 1) made of alloy Inconel 625 on the tube made of steel 13CrMo4-5; x200

The macroscopic metallographic tests revealed The hardness tests were performed on the
that the content of the base material in the overlay cross-section of the overlay welds in accordance with
weld could be reduced by using two-layer surfacing the scheme presented in Figure 1. Selected results are
or by performing forced cooling inside the tube. presented in the graphic form in Figure 2.

Figure 4. Structure of the overlay weld made of alloy Inconel 625 on the tube made of steel 13CrMo4-5, specimen of item 7 of Table 1:
a— overlay weld macrostructure (SM); b — overlay weld structure, SEM, SE; x1000; ¢ — fusion line, SEM, SE; x1000; d — fusion
line with the visible zone enriched in chromium SEM, SE; x2000
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Figure 5. Results of the chemical composition microanalysis (EDS) in the individual zones of the overlay weld; specimen of item 7

of Table 1

The chemical composition tests were performed
on the overlay weld surface using spark source optical
emission spectrometry. The tests aimed to determine
the effect of surfacing conditions and parameters on
the iron content of the overlay weld surface. The con-
tents of selected chemical elements are presented in
Table 3.

When analysing the chemical composition of the
overlay weld metal it was ascertained that in terms
of the two-layer overlay welds the content of iron on
the overlay weld surface did not exceed 5 % in each
case. However, it should be noted that the necessity
of making another, i.e. the second, overlay weld sig-
nificantly extends the production process. In cases of
the one-layer overlay welds, made without the forced
cooling of the tube, in each case the content of iron on
the overlay weld surface exceeded 5 %, often reach-
ing 10 %. In cases of the one and two-layer overlay
welds made on the tubes cooled inside using flowing
water, the content of iron on the overlay weld surface
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amounted to 3.46 % and 2.75 %, where the content
of the base material in the overlay weld amounted to
5.67 % and 3.24 %, respectively.

The microscopic metallographic tests were per-
formed in the base material area, HAZ, fusion line and
in the one-layer overlay weld made using parameters
of item 7 in Table 1. The tests involved the use of light
and scanning electron microscopy. Figure 3 presents
photographs made using the light microscope, where-
as Figure 4 presents the microstructural photographs
made using the scanning electron microscope. Fig-
ure 5 presents the results of the chemical composition
microanalysis (EDS) in the individual zones, Figure 6
presents the linear distribution of chemical elements,
whereas Figure 7 presents the surface distribution of
chemical elements in the overlay weld fusion zone.

Analysis of test results. The tests aimed to deter-
mine the effect of TOPTIG surfacing conditions and
parameters on the overlay weld geometry as well as
on the content of the base material in the overlay weld
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Figure 6. Linear distribution of chemical elements in the overlay weld fusion line in specimen 41/W/1 (item 7, Table 1)

and on the content of iron on the overlay weld surface.
The tests also aimed at the identification of parame-
ters, the use of which could ensure the obtainment of
an iron content on the overlay weld surface not ex-
ceeding 5 %. The initial technological tests performed
on sheets enabled the identification of parameters en-
suring the obtainment of overlay welds characterised
by very high quality and the base material content
in the overlay weld not exceeding 15 %. The above-
named parameters are presented in Table 1.

The macroscopic metallographic test results and
the calculations identifying the base material content
in the overlay weld revealed that in cases of one-layer
overlay welds designated 16/1, 37/1 and 41/1 (items
1,3 and 5 of Table 1), the content of the base materi-
al in the overlay weld amounted to 13.78, 13.11 and
14.42 % respectively, whereas the iron content on the
surface of the overlay welds amounted to 10.2, 14.47
and 8.47wt. %, respectively, and in each case exceed-

ed the allowed limit value of 5 %. In cases of the
two-layer overlay welds, the base material content in
the overlay weld in specimens designated 16/2, 17/2
and 41/2 (items 2, 4 and 6 of Table 1) amounted to
11.04, 8.4 and 7,52 %, respectively, whereas the iron
content on the surface of the overlay welds amount-
ed to 4.54, 3.98 and 4.29wt. %, respectively. As can
be seen above, in each case the condition limiting the
allowed iron content in the overlay weld to 5 % was
satisfied. However, it should be noted that the time re-
quired to make two-run overlay welds was unaccept-
able in terms of industrial applications. In addition,
the reduction of the base material content in the over-
lay weld was obtained by increasing the volume of the
filler metal, which, in turn, significantly increased the
cost of surfacing. The foregoing inspired an attempted
reduction of the degree of stirring of the overlay weld
metal with the base material by using the forced cool-
ing of the tube with water flowing during the process

| - 2206 05535 Mol

o TR 6 ' K o |—

250 um

Figure 7. Surface distribution of chemical elements in the overlay weld fusion zone, specimen no. 41/W/1 (item 7, Table 1)
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of surfacing. The subsequent tests involved the mak-
ing of two overlay welds designated as 41/1 and 41/2
(items 7 and 8 of Table 1) subjected to macroscopic
metallographic tests, measurements determining the
base material content in the overlay weld and mea-
surements of the chemical composition of the over-
lay weld surface. The base material content in the
two overlay (one and two-layer) welds amounted to
5.67 and 3.28 %, respectively. It was possible to ob-
tain a very shallow penetration depth (below 0.3 mm),
which, in turn, enabled the obtainment of a very low
stirring degree. The analysis of the chemical composi-
tion of the overlay weld revealed that the iron content
amounted to 3.47 and 2.75wt. %, i.e. considerably be-
low the required criterion. The changes in the base
material content in the overlay weld and the corre-
sponding changes in the iron content on the overlay
weld surface in relation to surfacing process condi-
tions and parameters are presented below in Figure 8.
The hardness tests revealed that the hardness in
the overlay weld metal amounted to approximately
274-336 HV10, where the highest value was obtained
in the overlay welds made using the forced cooling of
the tube (310-336 HV10). Such a high value could be
attributed to the fast cooling of the overlay weld metal
as well as the related deformation of the tube result-
ing in its (strain) hardening. Depending on an overlay
weld subjected to a test, the HAZ hardness amounted
to approximately 329-394 HV10, where the highest
value was obtained in the overlay welds made using
the forced cooling of the tube and was restricted with-
in the range of 379-394 HV10, i.e. on the boundary of
the allowed hardness amounting to 380 HV10 accord-
ing to the requirements of EN ISO 15614-7 specify-
ing the conditions of welding procedure qualification.
The above-named increased hardness in the HAZ can
be ascribed to the accelerated cooling of the area.
The microscopic metallographic tests revealed
that the base material of the tube made of steel
13CrMo4 was the ferritic-pearlitic structure, typical
of the aforesaid steel grade. In turn, in the heat af-
fected zone adjacent to the fusion line, the intense
thermal cycle accompanying the process of surfacing
delayed the martensitic transformation. The structure
of the above-named area was composed of martensite
and bainite, responsible for the significant increase
in hardness. The overlay weld microstructure in the
fusion line contained a layer of entirely different co-
lour than that of the remaining overlay weld area. The
composition of the above-named area was identified
in further tests involving the use of electron microsco-

= Up, %

m Fe, % wag. |

Content, %
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41 1 162 373 412 41 W 141 W2
Overlay weld designation

Figure 8. Base material content in the overlay welds (Up) and the
iron content (Fe) on the overlay weld surface

py. In turn, the overlay weld consisted of the dendrit-
ic austenitic structure, typical of alloy Inconel 625,
building up orthogonally towards the surface of the
material subjected to surfacing.

The tests performed using electron microscopy
revealed that the differently coloured layer (i.e. dif-
fering from the colour of the overlay weld metal)
observed in the fusion line using the metallographic
tests contained 17 % Cr, 23 % Fe, 52 % Ni, 1.5 %
Nb and 5.5 % Mo. The analysis of the chemical com-
position of the overlay weld surface revealed the fol-
lowing contents of chemical elements: 63.64 % Ni,
21.09 % Cr, 8.25 % Mo, 3.44 % Nb and 2.75 % Fe. As
can be seen, the key criterion requiring that the iron
content on the overlay weld surface be below 5% was
satisfied again. The analysis of the chemical compo-
sition of the overlay weld at the half of its thickness
revealed that the contents of the primary chemical el-
ements amounted to 60.4 % Ni, 21.4 % Cr, 6.6 % Mo,
3.0 % Nb and 8.2 % Fe and changed towards the base
material to reach 39.9 % Ni, 13.2 % Cr, 4.1 % Mo, 1.6 %
Nb and approximately 40.9 % Fe in the fusion line.

Conclusions

1. The TOPTIG technology enables the making of over-
lay welds characterised by very high quality and the
minimum dilution of the overlay metal with the base
material (at least 3.28 %) as well as the obtainment of
the iron content on the overlay weld surface amounting
to 2.75 % (if the forced cooling of the base material is
used). Surfacing without cooling leads to a significant-
ly higher base material content in the overlay weld (ap-
proximately 14 %), where the metal content on the over-
lay weld surface amounts to 8.47 %.

2. Single-sided surfacing without forced cooling
does not enable the making of an overlay weld using

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 5-6, 2017 43




Robotization and Automation of Welding Processes

alloy Inconel 625, characterised by an iron content of
below 5 % on the overlay weld surface.

3. Single-sided surfacing with forced cooling fa-
vours the formation of the martensitic structure in
the HAZ area and the obtainment of high hardness
(>380HV) values because of the cooling (inside the
tube) involving the use of flowing water. However,
the above-named technological aspect is necessary to
satisfy the criterion of the maximum iron content on
the overlay weld surface amounting to 5 %.
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