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FE-BASED WELD HARDFACINGS DEPOSITED VIA SMAW
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ODPORNOSC NA EROZJE KAWITACYJNA WYSOKOSTOPOWYCH TWARDYCH
POWLOK NAPAWANYCH NA OSNOWIE ZELAZA WYTWORZONYCH METODA
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Abstract: In order to investigate the cavitation erosion (CE) resistance of high-alloyed ferrous hardfacings, the three

different deposits were pad welded by the shielded metal arc welding (SMAW) method. Consumable
electrodes differed in the content of carbide-forming elements, and pad welds were deposited onto the S235JR
structural. The CE tests, conducted according to ASTM G32 standard, indicated that hardfacings reveal
lower mass loss than the reference stainless steel AISI 304 (X5CrNil8-10). The hardfacings show increasing
resistance to CE in the following order: Cr-C < Cr-C-Mo < Cr-C-Mo-V-W. The reference steel revealed more
than twenty times higher material loss in the CE test than Cr-C-Mo-V-W hardfacing, which had outstanding
hardness (825HVO0.3). The profilometric measurements and scanning electron microscopy investigations
showed large changes in valley and peak sizes of the roughness profiles for materials which displayed high
erosion rates. The erosion mechanism of the coatings can be classified as brittle-ductile and relies on cracking,
chunk removal of material, pits and craters formation, and deformation of fractured material tips and edges.
Hardfacing materials failed primarily due to brittle fractures with different severities. Specimen surface
degradation follows the changes in Ra, Rz, Rv, and Rp roughness parameters and well-corresponds to the
proposed roughness rate (RR) parameter.

Stowa kluczowe: | erozja kawitacyjna, napawanie utwardzajace, mechanizm zuzycia, chropowato$¢, twardosé.

Streszczenie: W celu zbadania odpornosci na erozj¢ kawitacyjng (EK) wysokostopowych napoin na osnowie zelaza napa-
wano trzema materiatami metoda SMAW. Elektrody otulone r6znily si¢ zawartoscig pierwiastkow wegliko-
tworczych. Napoiny wykonano na stali konstrukcyjnej S235JR. Testy EK, przeprowadzone zgodnie z norma
ASTM G32, wykazaly nizszy ubytek masy napoin w porownaniu do referencyjnej stali odpornej na korozje
AISI 304 (X5CrNil8-10). Napoiny wykazuja rosnaca odpornos¢ na EK w nastgpujacej kolejnosci: Cr-C <
Cr-C-Mo < Cr-C-Mo-V-W. Referencyjna probka stalowa wykazata w tescie EK ponad dwudziestokrotnie
wigkszy ubytek materiatu niz napoina Cr-C-Mo-V-W, ktora miata wyjatkowo wysoka twardos¢ (825HVO0.3).
Pomiary profilometryczne i badania przeprowadzone przy uzyciu skaningowego mikroskopu elektronowego
wykazaty duze zmiany wielkosci dolin i szczytow profilu chropowatos$ci dla materiatow wykazujacych wy-
soka szybkos¢ erozji. Mechanizm EK powtok mozna sklasyfikowac¢ jako krucho-plastyczny i opiera si¢ na
pekaniu, usuwaniu kawatkéw materiatu, tworzeniu wglebien i kraterow oraz deformacji pgknietych fragmen-
tow krateréw oraz deformacji wyodrebnionych szczytow i krawedzi materiatu. Napawany material podlega
niszczeniu przez jego pegkanie w réoznym nasileniu. Degradacja powierzchni probek poglebia si¢ wraz ze
zmiang parametrow chropowatosci Ra, Rz, Rv i Rp i dobrze koresponduje z proponowanym parametrem RR
(zmiana chropowatos$ci pow. degradowanej).
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INTRODUCTION

An important stage of regenerating hydro-
components is choosing the appropriate reclamation
method and additional materials. Usually, the
deposited coatings should combine high corrosion
resistance with high resistance to erosion by solid
particle laden fluid and cavitation erosion (CE).
Many researchers systematically investigate the
anti-erosive performance of various material
systems fabricated using surface engineering or
welding methods [L. 1]. For example, thermal
spraying has been considered by many researchers
as a promising technology for improving the CE
resistance of metal substrates [L. 2—4], and from
a broad range of coating materials, hard cermet
of WC-Co and WC-CoCr types show the most
promising CE results [L. 5-8]. Although many
advanced methods, such as PVD coating deposition
or ion implantation [L. 9-11], are considered
to minimalise cavitation erosion, the welding
methods still seem the most effective [L. 12—14].
Zhao et al. [L. 15] investigated the cavitation
erosion/corrosion synergy and wear behaviours
of nickel-based weld overlays deposited by cold
metal transfer. It was revealed that deposited
Inconel 625 and Hastelloy C-276 coatings show
erosion rate of AISI 304 substrate exceeds those
reported for welds, even though the hardness of the
reference stainless steel and nickel overlays were at
a comparable level. In work [L. 16], authors claim
that NiCrBSi weld overlays deposited via oxy-
acetylene welding show superior CE resistance to
AISI 304 stainless steel and cast iron. On the other
hand, the CE behaviour of coatings cannot be strictly
referred to as sole hardness dependent, especially
in the case of complex microstructures such as
high-alloyed alloys or metal matrix composites
(MMC). For example, Duraiselvam et al. [L. 17]
showed a positive effect of applying laser-clad
from nickel aluminide intermetallic composites
and matrix composites with TiC reinforcement
on the CE resistance of AISI 420 steel. Contrary
to that, Szymanski et al. [L. 18] showed that the
fabrication of a TiC-rich layer on cast steel and
cast iron improves wear behaviour but deteriorates
the CE resistance of fabricated composites. The
differences in weld hardfacing microstructures
strongly influenced CE results. Furthermore,
Fedorov et al. [L. 19] claim that high-alloyed
chromium steels are highly suitable for preventing
components from CE. On the other hand, advanced

welding techniques such as laser cladding and
plasma transferred arc (PTA) methods give
promising anti-CE results, but their application for
in-field regeneration is difficult. Therefore, classic
arc welding, such as the shielded metal arc welding
(SMAW) method, is recommended. Available
consumable electrodes allow the production of
a broad range of alloy compositions of pad welds
and obtain different hardness, microstructures and
satisfactory operational performance in specific
environments. SMAW is a favourable welding
method enabling the deposition of a wide range of
high-alloyed consumable electrodes onto industrial
components of complex shapes, especially in hard-
to-access locations.

Hardness is generally considered the
predominant factor in determining the anti-
wear performance of hardfacings, although
the overlays' microstructure should also be
considered. The microstructure of pad welds
derives from the fabrication method, post-
processing (heat treatment), and mainly from the
chemical composition of feedstock materials. This
paper shows the CE performance of hardfacings
containing various contents of alloying elements
such as carbon, chromium, molybdenum,
manganese, silicon, vanadium and tungsten. There
is scarce information available in the literature
regarding the CE resistance of high-alloyed Fe-
based weld hardfacings. Therefore, the analysed
set of materials was selected to obtain pad welds
with different hardness and to fill a gap in the
knowledge of the CE performance of iron-based
pad welds. Thus this study aimed to compare the
effect of hardness on the CE resistance of SMAW
hardfacings and the hardfacings CE behaviour with
this reference AISI 304 stainless steel.

MATERIALS AND METHODS

Hardfacings characterisation and research
methods

The paper compares the cavitation erosion (CE)
behaviour of three welded hardfacings with
the reference stainless steel. The investigated
materials' characterisation is shown in Table 1.
The 10 mm thick structural steel substrate grade
S235JR pad was welded using the SMAW method.
Three layers of each material were deposited on
the substrate plate to achieve the nominal chemical
composition of the consumable electrode, and
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Table 1. Specimens codes, the content of main chemical elements, and nominal hardness
Tabela 1. Kody probek, zawartos¢ gtdéwnych pierwiastkow chemicznych i twardo$¢ nominalna
Sample A chemical element, wt%
Sample name h ¢ p i As-welded metal hardness
characterisation C Cr Mn | Si Other
X5CrNil8-10, steel 17.5— Ni 8-10.5%; Substrate nominal hardness
AISI 304 plate <007 os | 2 1M Nmax o1 210 HB
Hardfacing, electrode
Cr-C OK 84.52 0.25 13 05105 - 49-55 HRC
Hardfacing electrode, o
Cr-C-Mo OK 83.50 0.4 6 05104 0.6% Mo 50-60 HRC
Hardfacing electrode, Mo 7.3%, V
Cr-C-Mo-V-W OK %5.65 0.93 4.7 14| 14 1.6%. W 1.39% 59-61 HRC

then the samples assigned to CE testing were cut
and machined by grinding to obtain the surface
roughness of Ra < 0,17 um, Rz < 1,42 um Rp <
0,56 um and Rv <0.86 pm. The description of
electrode applications is given in the supplier’s
datasheets [L. 20]. The OK 84.52 general-purpose
electrode produces a corrosion-resistant, fully
martensitic steel deposit. The electrode is suitable
for hard facing shafts, racks and pinions, links and
pins, valve seats of cast steel, mixer arms, feed
gear, knives, loading buckets and track rollers, the
OK 83.50 is a hard facing electrode for the repair
welding of worn parts of agricultural equipment,
forestry tools, loading machines and alike, and the
OK 85.65 is a hard facing electrode which gives the
high-speed steel deposit applied in repair welding
of cutting tools, drills, stamping machines etc. The
diameter of consumable electrodes equals 3.2 mm,
and the employed welding current is approx. of
130A. According to the knowledge of the authors,
these hardfacings have not been CE investigated.
The obtained results were compared with those for
AISI 304 (X5CrNil8-10) reference steel specimens
cut from the 10 mm thick plate. This stainless-
steel grade is a popular reference material used in
different experiments. The surface hardness of the
hardfacings has been investigated using the Vickers
method and EN-ISO 6507-1 standard using the load
0f2.942 N (HV0.3) and 10 s dwelling time. At least
ten indentations were made to obtain statistical
accuracy.

The CE resistance tests were carried out
following the ASTM G32 standard [L. 21]. The
sonotrode tip distance from the sample was 0.5 mm
+ 0.05 mm, and the medium in which cavitation
was induced was distilled water, see Figure 1.
The analysis of the resistance to CE consisted of
systematic measurements of the weight loss of the

tested samples with an accuracy of 0.01 mg. In the
current study, the total exposure time lasted 6 hours.
The test rig used in the study has been described
in the previous paper |L. 22]. The eroded surfaces
were examined using the surface profiler (Surtronic
S-128, Taylor-Hobson, Leicester, UK) according to
the ISO 4287 standard. SEM (Scanning Electron
Microscopy) analyses of damaged surfaces were
carried out to reveal the failure mechanism of
eroded surfaces.

Moreover, the introduced in the previous
paper [L. 23] expression for the roughening rate,
RR has been employed, see equation (1). It allows
for the characterisation of the entire roughness of
cavitation-eroded surfaces. RR factor combines the
width (RSm), height (Rt) of the roughness profile
and mean roughness (Ra) parameters vs the specific
exposure time (t).

RSm(t)-[Ra(t)—Rato]
Rt(t)

RR(t) = , um (D
RR gives information about CE surface damage
and also can be related to the kinetics of the CE
mechanism.

Vibrating
ultrasonic
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Holding
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Cooling
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Fig. 1. Schematic of the ultrasonic

representation
vibratory system used for cavitation testing
Schemat urzadzenia ultradzwigkowego uzytego w ba-
daniach kawitacyjnych

Rys. 1.
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RESULTS AND DISCUSSION

A hardness comparison of reference stainless
steel and hardfacings is shown in Figure 2. The
deposited hardfacings have a high hardness at the
level of hardened steels, which is in accord with
the data provided by the manufacturer [L. 20], see
Table 1. The 627-825 HV0.3 hardness of pad welds
corresponds with the hardness reported for high
alloyed martensitic and tool steel and hardfacings
of that type [L. 24, 25]. The stainless steel hardness
agrees with values reported in the CE literature
[L. 26]. Of course, the high hardness of pad
welds derives from the alloying elements such as
carbon, chromium, manganese, and molybdenum
content which are responsible for the formation
of martensite and hard phases such as different
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Fig. 2. Hardness of the reference stainless steel and hard
facing layers
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types of carbides during the thermal welding cycle
[L. 27-29]. Hardness is one of the most important
material properties responsible for the anti-wear and
erosion resistance of materials. The CE resistance
has been widely correlated with hardness, however,
this relationship works well for a group of similar
engineering materials such as structural steels
[L. 30] or stainless steels [L. 31], and hardness
alone cannot be considered an indicator of erosion
resistance in the case of multiphase materials
[L. 16, 17]. Cavitation erosion (CE) mass loss and
erosion rate plots are presented in Figure 3. In our
work, while comparing the information given in
Figure 2 and Figure 3, it seems that the hardness
of three hardfacings correlates with CE results, i.e.,
high hardness facilitates CE resistance Figure 4a.
CE plots (Figure 3) show that the cavitation
resistance of hardfacings increased in the following
order: Cr-C < Cr-C-Mo < Cr-C-Mo-V-W. The
erosion rate of reference stainless steel (approx.
6.49 mg/h) exceeds three times this found for
Cr-C hard facing. The Cr-C-Mo-V-W hard facing,
which shows superior resistance to CE, exhibits
a constant and the lowest erosion rate of 0.32 mg/h.
All hard facing present lower erosion rates than
those previously reported for cast iron and cast
steel [L. 18], ceramic [L. 32], and metallic [L. 33]
coatings and are comparable to WC-Co type cermet
coatings [L. 8] and higher than HIPed Stellite 6
[L. 34]. This corresponds to the lowest erosion
surface damage revealed by the profilometric
(Figs. 4, 5) and SEM (Fig. 6) investigations. The
highest roughness values, Figure 4b, were noted for
severely damaged AISI 304 steel. The roughness of
eroded samples shows a trend to a correlation with

7 : ‘
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Fig. 3. Results of cavitation erosion testing: a) mass loss; b) erosion rate-time curves
Rys. 3. Rezultaty badan kawitacyjnych: a) ubytek masy; b) krzywe predkosci erozji
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Fig. 4. Effect of hardness on mass loss (a), the plot of
multiple roughness parameters against hardness
(b) and the relationship between the mass loss and
roughness (c¢) estimated after 6h of erosion testing

Rys. 4. Wplyw twardosci na ubytek masy (a), wykres wielu
parametrow chropowatosci w stosunku do twardosci
(b) oraz zwiazek miedzy ubytkiem masy a chropowa-
toscig (c) oszacowane po 6 godzinach badania erozji

the hardfacings hardness (Figure 4b) and pad weld
mass losses, Figure 4¢. Moreover, the proposed
roughness rate factor (RR) refers well to material
loss. Therefore, the RR provides information
about the CE surface damage rate, which has been
discussed in the previous paper [L. 23] describing
the CE resistance of HVOF sprayed coatings.
Thevisualisationofthe eroded surfacesisshown
in Figure 5 and 6. The profilometric measurements
and SEM observations of the damaged surfaces

confirm differences in the kinetics of CE process
investigated materials. AISI 304 shows a severely
roughened surface rich in cavitation pits, plastic
deformation and material removal in massive
chunks resulting in high Rv and Rp parameters
(Figure 4—6) which are approximately three times
higher than those reported for Cr-C hard facing and
four times higher larger than reported for Cr-C-
Mo-V-W hard facing (Figure 4d). Generally, the
roughness profiles are less sharp, showing shallow
valleys for harder coatings that withstand well the
cavitation loads. The unevenness of the roughness
curve refers to the rate of surface erosion.

The erosion mechanism has been identified
via SEM observations Figure 6. Contrary to low
alloyed steel [L. 35|, stainless steel AISI 304
[L. 16] and other soft, malleable metal alloys
[L. 22] which show the ductile mode of CE, in the
case of hard weld deposits, brittle mode of erosion
mechanism usually dominates [L. 36]. The failure
mechanism of studied hardfacings shows semi-
brittle erosion mode with cracks formation and
deformation of the tips of roughened material.
Thus, it can be concluded that the fatigue-related
cavitation erosion process, combined with the high
hardness of hardfacings and multiphase structure,
proceeds in brittle-ductile mode, see Figure 6.
Cracking is the main deterioration mechanism
providing material removal due to the coalescence
of cracks initiated in highly deformed regions. Loss
of material integrity probably starts at the interfaces
of microstructural phases and grain borders. The
assessment of the profilometric (Figure 4 and 5)
and SEM (Figure 6) data indicates that surfaces
undergo different fragmentation rates. The Cr-C
sample shows much coarser chunks of material
partition than those reported for the Cr-C-Mo-
V-W sample. Moreover, the Cr-C-Mo-V-W surface
contains some undamaged areas, as reported
by SEM, which slows the rate of roughing and
produces relatively uniform roughness profile
(Figure 5d).

Generally, the differences in chemical
composition result in the formation of specific types
of phases and characteristic microstructure, i.e., the
precipitation of carbides in a martensite matrix.
Based on investigations conducted in our previous
studies for metal alloys [L. 10, 18], ceramics
[L. 32, 37] and hard cermet coatings [L. 8, 38], it is
claimed that an accurate evaluation of the erosion
mechanism must combine the metallographic
investigations. Thus, it is suggested that the CE
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_AISI 304

Fig. 5. Roughness profiles visualising roughness valleys and peaks after 6h of exposure to cavitation for: a AISI 304,

b) Cr-C, ¢) Cr-C-Mo, d) Cr-C-Mo-V-W

Rys. 5. Profile chropowato$ci wizualizujace doliny profili i piki po 6 godzinach ekspozycji na kawitacje dla: a) AISI 304, b) Cr-C,

¢) Cr-C-Mo, d) Cr-C-Mo-V-W

behaviour of hardfacings correlates with the
precipitation of carbides in martensite, second-
phased content, morphology and distribution
microstructure phase. The obtained results for pad
welds are very encouraging and reveal the large
potential of hard deposits, but because of scarce
information in the literature, the effect of hardness
and microstructure on CE performance should be
refined in further studies. Finally, our study suggests
that basic roughness parameters such as Ra, Rz,
Rv, Rp etc., can provide satisfying results for CE
behaviour description. However, to accurately
describe the CE kinetic other types of roughness
parameters relating to material ratio curves and

probability density curves, stratified functional
properties parameters of a surface with stratified
functional properties should also be considered.

CONCLUSIONS

The analysis of the cavitation erosion (CE) results

obtained for welded hardfacings on structural steel

substrate via the SMAW method allows us to draw

the following conclusions:

— The Cr-C-Mo-V-W hard facing shows the
highest CE resistance and 20 times exceeding
the mass loss reported for AISI 304 reference
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steel (25.5 mg). In addition, hardfacings show
increased resistance to cavitation erosion in the
following order: Cr-C < Cr-C-Mo < Cr-C-Mo-
V-W and erosion rates equal 1.92 mg/h, 0.72
mg/h, and 0.32 mg/h, respectively.

The Cr-C, Cr-C-Mo and Cr-C-Mo-V-W pad
welds show hardness of 627HV0.3, 777HV0.3
and 825 HV0.3, respectively, which support the
CE resistance of hardfacings.

In the case of three investigated high-alloyed
hardfacings and AISI 304 reference material,

Fig. 6. Hardfacing surfaces after exposure to cavitation erosion: a) AISI 304, b) Cr-C, ¢) Cr-C-Mo, d) Cr-C-Mo-V-W
Rys. 6. Powierzchnia napoin po badaniach odpornosci na erozj¢ kawitacyjng: a) AISI 304, b) Cr-C, ¢) Cr-C-Mo, d) Cr-C-Mo-V-W

increasing material hardness improves resistance
to CE. Similarly, the progress of erosive material
loss corresponds to the development of Ra,
Rz, Rv, and Rp roughness parameters. Finally,
the proposed roughness rate (RR) indicator
successfully informs about the rate of material
damage.

The erosion mechanism of the coatings can
be classified as brittle-ductile and relies on
cracking, chunk removal of material, pits and
craters formation, and deformation of fractured
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