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Investigations
Tomasz Pfeifer

Structure and Properties of Nickel Alloy Overlay Welds 
Plasma Cladded on Creep-Resistant Steel Tubes

Abstract: The article presents tests aimed to develop technological parameters of 
the plasma surfacing of Inconel 625 overlay welds onto boiler tubes (φ 45 × 5 mm) 
made of steel 13CrMo4-5, providing the content of iron on the overlay weld sur-
face below 5%. The research work involved macroscopic metallographic tests of 
overlay welds, the identification of the chemical composition of the overlay weld 
surface as well as microscopic metallographic tests and the microanalysis of the 
chemical composition across the overlay weld. It was ascertained that, under cer-
tain conditions, the use of plasma surfacing enables the obtainment of high-qual-
ity single-run overlay welds having a thickness of below 2 mm and characterised 
by the minimum stirring of the overlay weld metal with the substrate metal as well 
as the obtainment of an iron content of 2.5% on the overly weld surface.
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Introduction 
Power plants fed with fossil fuels and waste in-
cineration plants used for power generation must 
satisfy strict requirements as regards power boil-
er components including furnaces, collectors, 
superheaters and pipings. The above-named re-
quirements result from extreme working con-
ditions of components exposed to abrasion and 
erosion. The incineration of waste in boilers re-
sults in the formation of flue gas containing ag-
gressive 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 ele-
ments is increased by the surfacing of layers of 
nickel alloys, particularly having the composi-
tion of alloy Inconel 625, providing appropriate 
creep resistance at high temperature and corro-
sion resistance in the aggressive environment 
of fluorides and chlorides. Presently used sur-
facing methods include gas-shielded metal arc 
surfacing (using pulsed current and the low-en-
ergy CMT method), plasma– powder surfacing, 
laser surfacing and non-consumable electrode 
inert gas surfacing (TIG) [1-11]. 

Plasma-powder surfacing consists in using 
plasma arc to melt filler metal in the form of 
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nickel, cobalt, iron or copper-based alloy me-
tallic powder or ceramic powder of spherical 
grains (0.04-0.3 mm in size) and transferring 
molten filler metal onto a previously prepared 
element surface using plasma arc. In plasma 
surfacing, the heat source is concentrated elec-
tric arc burning between a non-consumable 
electrode placed in the plasma torch and the 
base material. The major advantages of plas-
ma-powder surfacing include high arc stability, 
high smoothness of a surfaced layer, thus small 
allowances for mechanical working, high met-
allurgical purity of overlay welds and the wide 
range of thicknesses of layers made in one run.

One of the primary criteria to be satisfied by 
a surfaced coating is low iron content (maxi-
mum 5% in the external zone), a thickness not 
exceeding 2.0÷2.5 mm as well as the lack of 
the microsegregation 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 surfac-
ing processes. In turn, the microsegregations 
of elements, particularly Nb and Mo, trigger 
the formation of intermetallic phases decreas-
ing the corrosion resistance of overlay welds 
[2,3,7,8,10]. 

This article presents the course and select-
ed results of structural tests concerning one 
and two-layer overlay welds made of nickel al-
loy Inconel 625, applied on the substrate made 
of steel 13CrMo4-5 in the plasma-powder sur-
facing process.

Materials, Test Rig and Testing 
Methodology 
The base material used in the tests had the form 
seamless tubes (φ 45 × 5.0 mm) made of struc-
tural steel 13CrMo4-5. The above-named steel 
is characterised by resistance to high tempera-
ture (up to 550°C) and, for this reason, is used in 
the making of boilers and equipment applied in 
the power generation industry. The filler metal 
used in the tests was powder EuTroloy 16625G-04 

having the composition of alloy Inconel 625, pro-
duced by Messer Eutectic Castolin. The tests were 
performed using a test rig provided with a Eu-
tronic GAP 3001 device (Castolin). The welding 
torch along with the powder feeder was installed 
on an automated MultiSurfacer D2 Weld station 
(WeldingAlloys) equipped with a microproces-
sor-based control system enabling the adjust-
ment of the direction and the rate of surfacing 
as well as the repeatable positioning of the torch.

The testing methodology involved technolog-
ical plasma-powder surfacing tests performed 
under various process conditions and using vari-
ous process parameters. The initial tests revealed 
the quality and the geometry of the overlay welds 
as well as the content of iron on the overlay weld 
surface were primarily affected by surfacing cur-
rent, powder mass feeding rate, surfacing rate of 
rotation and the travel rate of the plasma torch 
along the tube axis. The surfacing tests were per-
formed on 1000 mm long tubes, where a tube 
segment subjected to surfacing performed us-
ing one set of technological parameters was ap-
proximately 300 mm long. To eliminate the heat 
effect related to a previously made overlay weld, 
each next segment of the tube was subjected to 
surfacing once the tube has cooled down. The 
technological tests were performed changing pa-
rameters within the following ranges:
 – welding current: from 50 A to 220 A, 
 – powder mass feeding rate: from 6% to 30%, 
 – surfacing rate of rotation: from 2 rpm to 20 
rpm (surfacing linear energy, allowing for the 
tube diameter, was restricted within the range 
of 28 cm/min to 280 cm/min), 

 – rate of the plasma torch travel along the tube 
was restricted within the range of 5 cm/min 
to 25 cm/min.

The first stage involved the performance of tech-
nological surfacing tests using one, two and 
three layers without cooling the tube inside. The 
subsequent tests included cooling the tubes in-
side using water supplied by means of appro-
priate pipe connectors. The overlay welds made 
using cooling were single-layered. 
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After the surfacing of the tubular elements, 
the overlay welds were subjected to macro-
scopic metallographic tests and the analysis of 
the chemical composition of the overlay weld 
surface performed using spark source optical 
emission spectrometry and a Q4 TASMAN spec-
trometer (Bruker), particularly to determine 
the content of iron. The subsequent stage in-
volved microscopic metallographic tests, the 
microanalysis of cross-sectional chemical com-
position and the surface distribution of chem-
ical elements. Metallographic specimens were 
prepared by grinding performed using SiC 
paper (having a gradation of 280-1200) and 
polishing performed using diamond slurries 
(3 and 1 µm). The polished surfaces were etched 
using a reagent composed of 3 g FeCl₃, 10 ml 
HCl and 90 ml C₂H₅OH. The assessment of 
the overlay weld quality involved the perfor-
mance of macrographic tests using an Olym-
pus SZX9 stereoscopic microscope (SM). The 
observation was performed in the dark field at 
magnification reaching 500x. The microstruc-
tural observations were performed using a Hi-
tachi S-3400N scanning electron microscope in 
the secondary electrons technique (SE) and in 
the back-scattered electrons technique (BSE) at 
magnification reaching 2000x. The microanaly-
sis of the chemical composition of the surfaced 
layers was conducted using a Hitachi S-3400Nv 
scanning microscope provided with an ener-
gy dispersive spectrometer (EDS). The chemi-
cal composition analysis was performed using 
an electron beam accelerating voltage of 15 keV. 
The chemical composition analysis of the over-
lay weld was supplemented by the analysis of 
chemical composition changes along the line 
perpendicular to the overlay weld and the anal-
ysis of the surface distribution of chemical ele-
ments in the fusion area. 

Test Results
The technological tests revealed that the con-
tent of iron in the overlay weld was primarily 
affected by current, powder mass feeding rate 

and a surfacing rate (both the rate of rotation 
and the travel rate along the rube). All of the 
above-named parameters translate into a heat 
input during surfacing and considerably affect 
the course of the process, the flow of powder 
(melted by the heat of plasma arc) towards the 
base material and the stirring of the deposited 
metal with the partially melted base material. 
At the same time, the above-named parame-
ters influence the thickness of a surfaced layer. 
The technological surfacing tests and the meas-
urements of iron content on the overlay weld 
surface revealed that, in spite of applying vari-
ous settings of technological parameters with-
in a wide range and ensuring the obtainment of 
high-quality overlay welds (pure, non-oxidised 
face, regular beading, lack of shape-related im-
perfections), it was not possible to obtain an 
iron content of less than 5% in one layer with-
out cooling the tube inside. This resulted from 
an excessive heat input to the material respon-
sible for the excessive partial melting of the 
base material and considerable stirring with 
the molten powder. In addition, the dynamic 
effect of plasma arc imposed the motion of the 
liquid metal in the pool leading to the signifi-
cant content of iron on the overlay weld surface 
(reaching up to 50% in cases of certain param-
eters). The lowest content of iron obtainable in 
relation to a single-run overlay weld amount-
ed to approximately 17%. The thickness of the 
surfaced layer amounted to 1.3 mm, whereas 
penetration depth was limited to approximate-
ly 0.4 mm (Fig. 1). 

Fig. 1. Macrostructure of the tube (φ 44.5 x 5.0) mm made 
of steel 13CrMo4-5 with the one-layer overlay weld made 

of nickel alloy Inconel 625
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Further technological tests and iron content 
measurements revealed that the application of 
two-layer surfacing and the reduction of cur-
rent made it possible to decrease the content of 
iron below 5%, yet only the at the beginning of 
the overlay weld. Approximately 30 cm away 
from the start, the content of iron amounted 
to approximately 20%. Further current reduc-
tion was responsible for the irregular melting 
of the powder leading to considerable overlay 
surface porosity and to irregular overlay weld 
face formation. Figure 2 presents the macro-
structure of the two-layer overlay weld having 
a thickness of 2.5 mm. 

It appeared possible to reduce the content 
of iron (to approximately 2-3% on the overlay 
weld surface) only in the third layer, yet inter-
pass temperature should not exceed 100°C. The 
obtained quality and repeatability of overlay 
welds were satisfactory, yet considerable disad-
vantages of the above-named solution were low 
process efficiency (necessity of surfacing one 

element three times) and a significant thick-
ness of the overlay weld amounting to approx-
imately 3.7 mm (Fig. 3).

Having taken the above-named circumstanc-
es into consideration, another approach was de-
veloped whereby the heat discharge from the 
surfacing area was intensified by cooling the 
tube inside. To this end, both ends of the tube 
were threaded and provided with appropriate 
pipe connectors enabling the free rotation of the 
tube following the connection of water-trans-
porting hoses. The technological surfacing tests, 
visual tests of the overlay welds as well as the 
analysis of iron content measurement results 
enabled the adjustment of appropriate tech-
nological parameters used in the surfacing of 
1000 mm long tube segments (φ 44.5 × 5.6 mm). 
The developed parameters enabled the obtain-
ment of the lowest iron content (approximate-
ly 2.5%), a thickness of approximately 1.6 mm 
and the highest overlay weld quality manifest-
ed by the clean and smooth face as well as by 
the lack of oxidation traces, porosity and cav-
ities (Fig. 4). During the surfacing involving 
the cooling the heat discharge rate was so high 
that the temperature of the overlay weld direct-
ly behind the torch made it possible to touch 
the tube with a hand (T ≤ 30°C). After surfac-
ing the tube did not reveal any deformations.

The microscopic metallographic tests were 
performed in the base material area, the HAZ, 
the fusion line and in the one-layer overlay weld. 
Figure 5 presents the HAZ photographs made us-
ing the scanning microscope, Figure 6 presents 

Fig. 2. Macrostructure of the tube (φ 44.5 x 5.0) mm made 
of steel 13CrMo4-5 with the two-layer overlay weld made 

of nickel alloy Inconel 625

Fig. 3. Macrostructure of the tube (φ 44.5 x 5.0) mm made 
of steel 13CrMo4-5 with the three-layer overlay weld 

made of nickel alloy Inconel 625

Fig. 4. Macrostructure of the tube (φ 44.5 x 5.0) mm made 
of steel 13CrMo4-5 with the one-layer overlay weld made 
of nickel alloy Inconel 625; surfacing performed with the 

simultaneous cooling of the tube inside 
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the microstructural pho-
tographs made using the 
light microscope, Figure 
7 presents the linear dis-
tribution of chemical el-
ements, whereas Figure 8 
presents the surface dis-
tribution of chemical ele-
ments in the overlay weld 
fusion zone. 

The next stage included 
hardness measurements 
involving the surfaced 
specimens made of steel 
13CrMo4-5 without cool-
ing (one and two-layer 
specimens) and the spec-
imens sampled from the 
tubes subjected to sur-
facing and cooling at the 
same time. Vickers hard-
ness tests were performed 
using a KB50BYZ-FA hard-
ness tester (KB Prüftech-
nik) under a nominal load 
of 1.96 N (HV0.2). Hard-
ness was measured in the 
coating, directly under 
the coating and on the 
cross-section of the re-
maining area (base mate-
rial). Figure 9 presents the 
schematic arrangement of 
the measurement points, 
whereas Table 3 contains 
hardness measurement 
results.

Analysis of Test 
Results 
The technological tests 
concerning the plasma- 
-powder surfacing of 
pipes (φ 44.5 × 5 mm) 
made of steel 13CrMo4-5, 

a) base material

c) HAZ near the fusion line 

b) main view of the HAZ

d) overlay weld near the fusion line

Fig. 5. Microstructure of the HAZ and of the overlay weld made of alloy Inconel 625 
on the tube made of steel 13CrMo4-5, observed using the scanning microscope

Fig. 6. Microstructure of the overlay weld made of alloy Inconel 625 on the tube made 
of steel 13CrMo4-5, observed using the light microscope

Fig. 7. Linear distribution of chemical elements across the fusion line 
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performed using powder 
having the composition 
of alloy Inconel 625, com-
bined with the analysis of the 
chemical composition of the 
overlay weld revealed that 
the satisfaction of require-
ments concerning surfaced 
elements used in power en-
gineering (content Fe ≤ 5%) 
required the cooling of the 
tube inside performed dur-
ing the process of surfacing. 
Plasma surfacing is a pro-
cess entailing the consider-
able stirring of the overlay 
weld with the base material, 
even in cases of very shallow 
penetration depths. The fore-
going results from extremely 
high plasma laser concentra-
tion and the dynamic effect 
of the plasma beam on the 
liquid metal pool. As a re-
sult of the motion of met-
al in the pool, the partially 
melted base material moves 
towards the surface of the 
overlay weld, significantly 
increasing the iron content 
in this area. An increase in 

Fig. 8. Surface distribution of chemical elements in the fusion zone

Fig. 9. Schematic arrangement of the measurement points on the cross-section of 
the tubes (φ 44.5 x 5.6 mm) made of steel 13CrMo4-5

Table 1. Cross-sectional hardness measurement results in relation to the tubes provided with sprayed coating 
with melting and without the coating

Specimen 
description

Test 
line

Hardness HV0.2 in measurement points according to Figure 9
1 2 3 4 5 6 7 8 9

Tube with the one-layer overlay 
weld made without cooling,

steel 13CrMo4-5

A 215 146 201 114 152 201 170 119 169

B 180 174 186 202 207 179 - - -

Tube with the two-layer overlay 
weld made without cooling,

steel 13CrMo4-5

A 241 245 253 149 209 208 187 194 158

B 189 178 188 208 188 185 - - -

Tube with the one-layer overlay 
weld made with cooling,

steel 13CrMo4-5

A 280 285 279 277 304 353 183 182 189

B 284 244 329 271 294 351 - - -
Note: Measurement points 1 through 6 in line B are situated directly under the overlay weld
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a surfacing rate does not considerably reduce 
the content of iron. In addition, as a result of the 
above-named increase, the quality of the over-
lay weld worsens and powder losses are higher. 
A further increase in the amount of powder does 
not reduce the content of iron, making powder 
losses even higher (more than 30%). A decrease 
in surfacing enables a decrease in the content of 
iron, yet in one layer only to approximately 17%. 
The use of two-sided surfacing combined with 
the application of lower current makes it possi-
ble to reduce the content of iron below 5%, yet 
only at the beginning of the overlay weld. In the 
remaining part of the overlay weld the content of 
iron may reach up to 20%. A further decrease in 
surfacing current leads to the irregular melting 
of the powder, manifested by significant poros-
ity. It is possible to reduce the content of iron on 
the overlay weld surface only by cooling the tube 
inside, allowing very fast heat discharge, a de-
crease in penetration depth and the reduction of 
the stirring of the overlay weld with the base ma-
terial. The technological tests enabled the devel-
opment of surfacing conditions and parameters 
ensuring the obtainment of good-quality over-
lay welds with the iron content on their surface 
restricted within the range of 1 to 3%.

The microscopic metallographic tests re-
vealed that the structure of the base material 
consisted of two phases, i.e. ferritic and pearl-
itic. The structure of the HAZ of the elements 
after surfacing was complex. The area further 
from the fusion line contained the refined fer-
ritic-pearlitic structure. The area near the fu-
sion line contained bainite and martensite, 
whereas the area directly adjacent to the fu-
sion line was characterised by the significant 
growth of former austenite. The overlay weld 
structure was austenitic, characteristic of nick-
el alloys. Directly near the fusion line, in the 
poorly etched areas the structure was of cel-
lular nature. The foregoing could be attribut-
ed to the fact that during crystallisation the 
gradient of temperature in the above area was 
the greatest. An increase in the distance from 

the fusion line was accompanied by the grad-
ual change in crystallisation, i.e. from cellular 
through cellular-dendritic to entirely dendritic. 
The chemical composition of the overlay weld 
did not change, which was demonstrated and 
confirmed by the linear and surface distribu-
tion of chemical elements.

The hardness tests revealed significant dif-
ferences in relation to the tubes surfaced with 
and without cooling performed inside. As re-
gards the one-layer overlay weld made with-
out cooling, the stirring of the overlay weld 
with the base material (iron content of approxi-
mately 20%) resulted in a significant decrease in 
the hardness of the surfaced layer, even below 
200 HV. The use of two-layer surfacing made it 
possible to reduce the decrease in hardness to 
approximately 220-240 HV, indicating the lesser 
stirring of the overlay weld with the base ma-
terial. Typical hardness values of alloy Inconel 
625 amount to approximately 250 HV, yet dur-
ing surfacing the overlay weld material became 
hardened as a result of the effect of thermal 
stresses and stresses related to various ther-
mal expansion. Particular attention should be 
paid to the low HAZ hardness in the tubes sur-
faced without cooling. Usually, hardness values 
in this area do not exceed 200 HV and are sim-
ilar to the hardness of the base material. The 
high heat input led to the annealing of the ma-
terial, where single bainite lamellas did not af-
fect the value of hardness. Significantly higher 
hardness values were revealed in the HAZ of the 
tubes cooled inside. In many cases, the above-
named values exceeded 300 HV (max. 353 HV), 
yet were lower than the maximum permissible 
value of 380 HV required by the standard con-
cerning welding procedure qualification, i.e. 
PN-EN ISO 15614-7. The hardness increase in the 
HAZ could be attributed to the fine-grained bai-
nitic–pearlitic structure triggered by the very 
intense thermal cycle affecting the tube mate-
rial during surfacing (rapid heating to a high 
temperature followed by rapid cooling). How-
ever, the obtained hardness values indicated 
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that the above-named structure was safe as re-
gards the use of surfaced elements.

To summarise, it can be stated that the tech-
nology involving the plasma-powder surfacing 
performed using powdered alloy Inconel 625 can 
be applied in relation to elements of low-emis-
sion boilers used in power units characterised by 
supercritical parameters. By reducing the con-
tent of iron in the overlay weld surface below 5%, 
the plasma surfacing technology provides appro-
priate process efficiency, high overlay weld qual-
ity and corrosion resistance. 

Concluding remarks
1. Plasma surfacing of tubes (φ 45 × 5.0 mm) 

made of steel 13CrMo4-5, performed using 
alloy Inconel 625, enabled the obtainment 
of overlay welds characterised by high qual-
ity and aesthetics, yet within a very narrow 
range of parameters.

2. The appropriate adjustment of technological 
parameters (powder mass feeding rate, cur-
rent and surfacing rate) makes it possible to 
control the weld geometry and the base ma-
terial content in the overlay weld.

3. The satisfaction of the criterion related to the 
maximum iron content of 5% on the overlay 
weld surface is possible in cases of one and 
multilayer surfacing, yet slight changes in 
technological parameters may lead to a sig-
nificantly higher Fe content on the overlay 
weld surface. It is necessary to apply cooling 
inside the tube.

4. The overlay weld structure contained zones 
having the cellular structure near the fusion 
line and dendritic structure in areas far from 
the FZ. The intercellular and interdendritic 
spaces were Mo and Nb-enriched. The pre-
cipitates present in the above-named spaces 
were, probably, carbides of the above-named 
metals.

5. Changes taking place in the base materials 
of unalloyed tubes characterised by specif-
ic properties at higher temperatures, e.g. the 
formation of the bainitic-structured zone 

and the hardness increase in the HAZ are typ-
ical of arc surfacing. The hardness in the HAZ 
did not exceed the allowed value of 380 HV 
according to PN-EN ISO 15614-7.
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