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Abstract
In most applications, martensitic stainless steels are subjected to operating conditions in which good
mechanical properties and wear resistance are required. CA6NM is a soft martensitic stainless steel that
has high shear stress and toughness, good resistance to corrosion and cavitation, and better weldability
than conventional martensitic stainless steels. These steels are susceptible to cavitation erosion which is
the process of removing material due to the progressive action of erosive wear caused by the implosion
of bubbles close to the surface of the mechanical element. Welding and thermal spraying are normally
used to produce coatings when there is a need to increase the useful life of systems and parts, or in some
cases for refurbishing. In this work 410NiMo martensitic stainless steel, in the form of wire and rod, were
deposited by electric arc and �ame thermal spraying processes respectively over a CA6NM
martensitic stainless steel substrate. In order to improve the layer performance the sprayed coatings were
remelted by the TIG welding process. The specimens were evaluated by accelerated cavitation according
to ASTM G32-1 0 standard, Vickers microhardness, optical microscopy, X-ray diffraction, SEM and EDS.
The tests showed coatings with low porosity and resistant to erosion by cavitation comparable with
welded coatings. Making thermal spray with re�ow by the TIG process an alternative in the application of
this type of coating.

Introduction
With technological advances in the area of thermal spray coatings a wide variety of materials are being
developed for the most diverse application areas, increasing the performance of machines and
equipments, and also with the possibility of repairing damaged areas. An important advantage is the
quickness and easy application of these technologies. The different coating techniques are progressing
constantly improving and optimising important properties such as adhesion, porosity and oxide content
[1].

The class of soft martensitic stainless steels consists of alloys containing no more than 0.08% C, with 12
to 17% Cr, 3.5 to 6% Ni and up to 2.5% Mo [2], where the low carbon content promotes increased
weldability, while reducing the hardness and consequently increasing the toughness in the weld metal
and the ZTA. Low carbon also decreases the possibility of cold and hot cracks and solidi�cation defects
[2 and 3]. CA6NM is a soft cast martensitic stainless steel that has high yield strength and toughness,
good resistance to corrosion and cavitation, and better weldability than conventional martensitic
stainless steels. [4].

The objective of this work is to obtain coatings that provide increased resistance against erosion by
cavitation, using the processes of thermal spraying by �ame and electric arc followed by remelting with
the TIG welding process.

In this study, the martensitic stainless steel 410NiMo in wire and rod format was used as the coating
material over a cast CA6NM martensitic stainless steel substrate. In order to improve the sprayed layer,
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the coatings were remelted by the TIG welding process. The in�uence of the coatings chemical
composition on the microstructure, porosity, microhardness and resistance to cavitation, before and after
remelting were compared.

Materials And Methods

2.1. Experimental Procedures
Experimental procedure �owchart

Sample preparation for

Roughness measurement;

Porosity measurement;

Microhardness measurement;

Determination of phases in the coatings by DRX;

Microstructure evaluation using optical and scanning electron microscopy;

Cavitation erosion test.

The following materials and equipment were used to carry out the experiments:

The consumable of the thermal spray (AT) �ame wire was the AWS ER410NiMo wire with a diameter of
2.4 mm and manual feeding. The chemical composition is shown in Table 1.

Table 1
Chemical composition of the electrode.

410 NiMo Chemical composition

C Si Mn Cr Ni Mo S P

0.02 0.38 0.66 11.9 4.5 0.40 0.001 0.02

The consumable of the electric arc thermal spray was the AWS ER410NiMo solid wire with a diameter of
1.6 mm. The chemical composition is shown in Table 2.

Table 2
Chemical composition of the tubular wire.

410 NiMo Chemical composition

C Si Mn Cr Ni Mo S P

0.02 0.3 0.54 12.33 4.14 0.5 0.007 0.016

ASTM A743 CA6NM martensitic stainless steel was used as the base metal. Its chemical composition is
shown in Table 3.
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Table 3
Chemical composition of the base metal.

CA6NM Chemical composition

C Si Mn Cr Ni Mo S P

0.03 0.30 0.45 13.0 3.7 0.34 0.003 0.02

The specimens were cut to dimensions 80x55x12.5 mm. For the preparation of their surface, the
substrates underwent the recommended process to obtain the surface roughness necessary for the
adhesion of the coating and cleaning through the abrasive equipment that ensured the cleaning grade
Sa3, Standard NACE RMN − 01/70. The blasting was done in the cabin of the CMV model 65 9075 and
the parameters used are shown in Table 4.

Table 4
Parameters used in the abrasive blasting of the samples

Parameters Values used

Abrasive White aluminum oxide # 30 mesh

Type of jet employed Pressure jet

Abrasive transport gas Compressed air

Blasting pressure 80 à 100 psi

Blasting distance 100 mm

Angle 90º

To obtain the coatings, the Sulzer Metco Value Arc 300E® equipment was used with a Sulzer Metco
Electric Arc Gun LCAG® pistol, with carrier gas being the compressed air, and the thermal �ame sprinkler
equipment with the Sulzer Metco pistol model 14E, the combustion gases were oxygen and acetylene, the
carrier gas was compressed air. The parameters for each equipment are shown in Tables 5 and 6

Table 5
Deposition parameters in the electric

arc process.
Parameter Values used

Chain 130 A

Voltage 35 V

Carrier gas pressure 55 psi

Spray gun distance 150 mm

Wire feed rate 1.30 m/min
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Table 6
Deposition parameters in the wire �ame process

Parameter Values used

Material AWS ER410NiMo with 2.4 mm diameter

Wire feed rate 0.45 m/min

Spray gun distance 100 mm

Acetylene Pressure 14.5 psi

Oxygen Pressure 30 psi

Compressed Air Pressure 60 psi

Acetylene Flow 60 FRM

Oxygen Flow 50 FRM

Compressed Air Flow 55 FRM

FRM = Reference scale used by the �owmeter manufacturer.

For the remelting of the coatings of both processes of thermal spraying, the IMC welding equipment DIGI
Plus A7 was used with a TIG torch without refrigeration and trigger. The gas used was argon with 98%
purity. The basic parameters follow as follows [5].

Table 7
Re�ow parameters by the TIG process.

Parameters Values used

Pulsed current Ip = 180A Ib = 140A Im = 160A

Time Tp = 0.5s Tb = 0.5s

Torch piece distance 10mm

Welding speed 150mm/min

Gas pressure 150kgf/cm2

Gas �ow 11l/min

For the remelting, the TIG torch was attached to the V2 equipped welding machine from IMC-Soldagem,
which is an automatic torch displacement system, which allows welding and cutting in any position, with
automatic displacement in two axes. The displacement with a rectangular cine was performed according
to the scheme shown in Fig. 1, with a speed of 150 mm/min.

2.2. Tests and Characterization
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First, the specimens were sandblasted with abrasive and made roughness measurements on all
specimens, guaranteeing statistical similarity to the surfaces. Thereafter, the procedures for thermal
spraying with wire �ame and thermal spraying with electric arc were carried out and subsequently
remelted. To carry out characterization and cavitation tests, the specimens were cut to a standard size
according to the ASTM G32-10 standard.

From the remelted specimens, metallographic tests were performed with automatic polishing, sandpaper
with granulometry from 100 to 1200 µm, and then polished with a polishing cloth for use with diamond
paste.

The specimens were identi�ed according to the thermal spraying technique used and subsequent
remelting:

CP_AR: AT with recast electric arc

CP_BR: AT the �ame remelted wire

The analyzes and tests performed were:

Roughness measurement;

Porosity measurement;

Microhardness measurement;

Determination of phases in the coatings by DRX;

Microstructure evaluation using optical and scanning electron microscopy;

Cavitation erosion test.

Results And Discussions

3.1. Substrate Roughness Measurement
Table 8 shows the result of the average of the 10 measurements right after the blasting process.

Table 8
Sample roughness after abrasive blasting

Samples Average roughness Ra (µm) Roughness standard deviation Ra (µm)

CP_AR 5.33 0.45

CP_BR 5.01 0.46

The roughness averages are comparable with the literature [6], which obtained Ra roughness between
4.99 and 8.59 µm, using white aluminum oxide abrasive with # 30 mesh.

3.2. Porosity of Coatings
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Table 9 shows the results of the percentage of pores in the specimens after remelting.

Table 9
Porosity measurement results
Sample Porosity Medium

CP_AR 2.3%

CP_BR 4.5%

The porosity values of the remelted coatings were low, as shown in Fig. 2. There is a greater amount of
pores in the CP_BR specimen. According to [7], argon, used in the TIG welding remelting process, can
cause an increase in porosity during the process.

3.3. Results of Measurement of Microhardness of Coatings
In the remelted coatings, the microhardness measurements were made in 3 rows in the vertical section.
Figure 3 shows the averages of the microhardness values obtained for the remelted samples.

To verify the difference in microhardness, a basic descriptive statistical analysis and an analysis of
variance were generated. The measurements were divided into a remelted area, area affected by color
and base metal.

Figures 4 and 5 show measurements of microhardness of the remelted area for CP_AR and CP_BR.

Through the statistical analysis presented in Fig. 4, it can be veri�ed that there is no presence of any
unusual value in each of the specimens.

In order to test the similarity of the microhardness of the recast area of the CP_AR and CP_BR specimens,
an ANOVA is necessary. Table 10 shows the analysis of variance made for the microhardness
measurement of the CP_AR and CP_BR samples, in the remelted area.

Table 10
Anova of CP_AR and CP_BR microhardness for remelted area.

Variation GL SQ QM F calc. P

Treatments 1 23954 23953.6 72.70 0.0

Waste 78 25698 329.5    

Total 79 49652      

GL = Degrees of freedom, SQ = Sum of squares, QM = Average squares,

FONTE: O autor (2016).
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Statistically, with a 99% con�dence level, the remelting zone of the CP_AR and CP_BR samples have
different hardness averages, where CP_AR has greater hardness, this proof can be seen in Fig. 3.

Figure 5 shows measurements microhardness the area affected by the heat and CP_AR CP_BR.

Through the statistical analysis presented in Fig. 5, it can be veri�ed that there is no presence of any
unusual value in each of the specimens.

In order to test the similarity of the microhardnesses of the zone affected by the heat of the CP_AR and
CP_BR specimens, an ANOVA is necessary. Table 11 shows the analysis of variance made for the
microhardness measurement of samples CP_AR and CP_BR, in the area affected by heat.

Table 11
Anova of the CP_AR and CP_BR microhardness for the heat affected

zone.
Variation GL SQ QM F calc. P

Treatments 1 7088 7088.4 19.18 0.0

Waste 232 85734 369.5    

Total 233 92823      

GL = Degrees of freedom, SQ = Sum of squares, QM = Average squares

Source: O autor (2016).

Statistically, with a 99% con�dence level, the heat-affected zone of the CP_AR and CP_BR samples have
different hardness averages, where CP_AR has greater hardness, which can be seen in Fig. 3.

Figure 6 shows the measured microhardness d the base metal and for CP_AR CP_BR.

Through the statistical analysis presented in Fig. 6, it can be seen that there is no presence of any outlier
in each of the specimens. Table 12 shows the analysis of variance made for the microhardness
measurement of samples CP_AR and CP_BR, n the base metal.

Table 12
Anova of CP_AR and CP_BR microhardness for remelted area.

Variation GL SQ QM F calc. P

Treatments 1 760.9 760.9 2.7 0.102

Waste 183 51563.7 281.8    

Total 184 52324.6      

GL = Degrees of freedom, SQ = Sum of squares, QM = Average squares

Source: O autor (2016).
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Statistically, with a 90% con�dence level, the base metal of the CP_AR and CP_BR samples have equal
averages, this proof can be seen in Fig. 3.

The microhardness is less than the literature [2, 5, 8], both in area when remelted in the heat affected
zone.

3.4. X -Ray Diffractometry (XRD) Analysis
Figure 7 shows the diffractograms of CA6NM martensitic stainless steel and remelted samples.

In CA6NM diffractometry, the indication only of the α phase, which, comparing with the software charts
and the literature, indicates a martensitic matrix typical of this steel, the austenitic phase that may be
presente in the material, was also not indicated in the Works [9 and 4].

It is noted that in the refounded samples, diffractograms maintain the same peaks, in addition to the
presence of γ, austenitic phase, and CrN, phases also found by [6]. According to the author, obtaining a
composite layer consisting essentially of the phases CrN and α gives a strong indication that these
nitrides are present in the form of precipitates in the matrix resulting in a layer of high hardness and
resistance. It is observed the peak of MnS, this sul�de may have arisen during the remelting process
which, according to [10], in his work identi�ed the manganese sul�de as a residual of the casting process
of the alloy CA6NM. The  →Fe 3 N phase, present in the remelted samples, according to [11], is an iron
nitride that reduces the incubation period in the accelerated cavitation test.

3.5. Analysis of Microstructures of Coatings Through
Optical Microscopy, Scanning Electron Microscopy (SEM)
and EDS
In Fig. 8 and Fig. 9, it is possible to observe the CP_AR and CP_BR specimens, respectively, obtained after
remelting with the TIG welding process, the arrows indicate the tempered martensite phase. The divisions
of re-melted area, thermally affected zone and base metal were divided based on the results of
microhardness.

Looking at Fig. 8 and Fig. 9, it can be seen that there was total dilution of the coating on the base metal
and there is no way of knowing how far the coating has diluted in it. The temperature of the TIG welding
process promoted a tempering treatment in the specimens, re�ning the microstructure, the area affected
by the heat in relation to the base metal. There is a martensitic and austenitic microstructure, con�rmed
by analyzes via XRD (Fig. 7).

There is also tempered martensite, as shown in the image and is in accordance with the literature by [12].
According to the author the tempering of martensite increases considerably the tenacity and ductility and
in some cases, without substantial reduction of mechanical strength. The high hardness and resistance
of the tempered martensite is directly linked to the high area ratio between the cementite and matrix
contours.
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According to [13], within the limits of chromium and carbon, martensitic stainless steels are totally
transformed into austenite at temperatures close to 1000 ° C. Cooling from these results in a totally
martensitic structure. When heated in the range of 815 to 950 ° C there is partial austenitization, causing
a mixed microstructure of ferrite and martensite to cool down. However, there is no evidence of δ ferrite, a
phase which, according to the literature, is undesirable in martensitic stainless steels, as it tends to
decrease their toughness.

Figure 10 shows the SEM image of the CP_ AR coating and Table 13 indicates the quanti�cation of
elements present in the sample. 

Table 13
Quanti�cation of elements present in

the CP_AR sample in Fig. 10
Element Cr Fe Ni

% Atomic 13.27 79,72 2.82

Figure 11 shows the SEM image of the CP_ BR coating and Table 14 indicates the quanti�cation of
elements present in the sample. 

Table 14
Quanti�cation of elements present in the

CP_BR sample in Fig. 11
Element Si Cr Fe Ni

% Atomic 0.66 13.41 78.74 2.98

In both samples the amount of elements present is similar, however in the CP_BR sample it indicated a
small amount of silicon, which did not appear in the CP_AR sample.

3.6. Cavitation Test Analysis and Result
Figure 12 and Figure 13 show the MEV images of the CP_AR and CP_BR coatings after accelerated
cavitation test.

Analyzing the surface, it can be seen that in Fig. 12 there is a greater amount of cavitated areas. It is
noted that the loss of mass occurred from the depletion of eroded regions. The cavitation erosion of the
CP_AR coating is greater than that of the CP_BR coating.

Figure 14 and Fig. 15 show the analysis via MEV and Tables 15 and 16 the EDS of the CP_AR and CP_BR
specimens after cavitation erosion test. 
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Table 14
Quanti�cation of elements present in the CP_AR sample in

Fig. 14.
Element O Cr Fe Ni Mn

CP_AR % Atomic 1.84 11.71 72.5 3,05 0,76

 
Table 16

Quanti�cation of elements present in the CP_AR sample in Fig. 15
Element O Si Cr Fe Ni Al Mn

CP_BR % Atomic 3.90 0.32 10.16 62.43 2.49 0.32 0.50

It is observed that in the CP_AR sample there are the elements aluminum and silicon, which are not
present in the CP_BR sample. Regarding the quanti�cation of elements present before the cavitation test
(Table 14 and Table 15) and after the test, it is noted that in the CP_AR specimen, the elements oxygen,
aluminum, silicon and manganese appeared, and the elements chromium and iron decreased. In the
CP_BR alloy, the appearance of the elements oxygen and manganese occurred, which before the
cavitation test had not started, there was a decrease in the elements chromium and iron, and there was
no evidence of the silicon element, which was present before the cavitation test. Nickel has not changed
signi�cantly.

Figure 16 shows the results of the mass / time losses of the accelerated cavitation test for the remelted
samples.

Table 17 shows the erosion rates (mg / h) for the CP_AR and CP_BR samples.

Table 17
Erosion rates in the cavitation test for CP_AR

and CP_BR specimens.
Specimens Erosion Rate (mg/h)

CP_AR 4.25 until 8h e 0.65 after 8h

CP_BR 0.21

The erosion rate for the CP_ AR sample was 4.25 mg / h up to 8 hours of testing, after this test time the
rate dropped to 0.65 mg / h, this was because, unlike the other samples, there was the incubation time
where the erosion rate has reached its maximum value. The erosion rate of the CP_BR sample was
0.21mg / h, which is a value much lower than that found in the literature by [14, 5, 6, 11]. Both samples
have better results than the literature and [5].

This result is related to the microhardness of the remelted area, where CP_BR obtained values lower than
CP_AR, as well as the percentage of elements present in each sample. There is no evidence of carbon in
the samples improving hardness which may be linked to the low erosion rate of the specimens, the
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CP_BR sample has a higher percentage of manganese, compared to the CP_AR sample, which improves
the toughness of the material.

Conclusions
According to the results obtained and comparing them with the literature, through Vickers microhardness
and cavitation erosion tests, and analyzes of MO, SEM, EDS, XRD and pore percentage, it can be
concluded that:

The remelted specimens had a very satisfactory microstructure, the coatings diluted completely in the
base metal without forming ZTA. The heat generated in the remelting process led to a re�nement in the
material's microstructure for both coatings. In the analysis I saw the XRD there is no difference in phases
present in both recast coatings.

The specimen covered by the thermal arc sprinkling process and remelted with the TIG welding process
had a lower percentage of pores and greater microhardness in the remelted area and in the area affected
by heat, however the microhardness is less than that found in the literature. In the accelerated cavitation
test, the specimen had a satisfactory result in relation to the literature.

The specimen coated by the process of thermal spersion to �ame wire and remelted with TIG had less
microhardness than the coating sprayed by another process and in the literature. In the accelerated
cavitation test it was the sample with the best result, being much better than the results found in the
literature.

All coatings have satisfactory results for the proposed study, and can be applied as coatings against
erosion by cavitation or even for the surface recovery of components already cavitated.
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Figure 1
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Rectangular re�ow path with TIG torch.

Figure 2

Porosity of the remelted coatings. A) recoated electrical arc AT coating. B) coating obtained by AT the
remelted wire �ame.
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Figure 3

Average microhardness of the remelted coatings.
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Figure 4

Statistical analysis of microhardness in the remelted area.
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Figure 5

Statistical analysis of microhardness in the area affected by heat.
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Figure 6

Statistical analysis of microhardness in the base metal.
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Figure 7

a) DRX CA6NM. b) DRX sample CP_AR. c) DRX sample CP_BR.
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Figure 8

CP_AR specimen - covered by an electric arc.
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Figure 9

CP_BR specimen - coated with wire �ame.
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Figure 10

Image of MEV the CP_AR sample.
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Figure 11

Image of MEV the CP_BR sample.
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Figure 12

MEV image of CP_AR coating after accelerated cavitation test.
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Figure 13

MEV image of the CP_BR coating, after accelerated cavitation test.
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Figure 14

CP_AR specimen after cavitation test.
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Figure 15

Specimen CP_BR
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Figure 16

Result of the cavitation erosive test for samples CP_AR and CP_BR.


