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ABSTRACT

The silt erosion resistance of non-nitrided and nitrided 16-5 martensitic stainless steel AISI 431 was
evaluated according to ASTM G32 standard. Nitriding was carried out in BHEL Haridwar with a
mixture of ammonia gas for the duration of 25hrs. The microstructure of the AISI 431 steel was
characterized by optical and scanning electron microscopy, along with by X-ray diffraction. Expanded
martensite and iron nitrides were produced at the surface of the 16-5 martensitic stainless steel. XRD
analysis along with curves of weight loss, comparison between two steels and roughness parameters
of both steels were also plotted as a function of exposure time of 16 Hrs. The 28.6+5 pum thick nitride
layer has been formed and it showed two distinct regions: a first 5 um thick of white layer and just
underneath the surface comprising precipitated € FesN and y FesN nitrides and expanded o martensite
and then rest is simply martensite. Iron nitride precipitation significantly reduced the incubation period,
letting detachment of entire grains due to the impact of shock-waves over the surface. Regardless of
this, after elimination of the first 5 um thick layer, the silt erosion resistance enhanced considerably.
The correlation between weight loss and time-variation curves, wear mechanisms and surface

roughness along with micro hardness were also conferred.
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CHAPTER -1

INTRODUCTION




1. INTRODUCTION

Hydro Turbine segments, let's say, guide vane, runner blade, labyrinth, pivot ring, pump compressor,
and so forth are known to be influenced by cavitation or blend of cavitation, silt erosion, and corrosion,
as represented in Fig.1.Cavitation led erosion/pitting may surpass 40-mm depth beyond which a
Hydroturbine runner is viewed as disastrous for operation and is for the most part taken out for the
maintenance [1]. The cavitation penetration rate of basic parts, for example, impellor, turbine blades,
and casing. A large amount of metal loss plainly demonstrates cavitation erosion as a serious issue One
of the significant reasons for this.is the presence of huge amount of quartz (90% or 5000-20,000 ppm)
in the silt (SiO2, Al>Os, Fe.0O3 MgO, CaO, and so forth.), especially amid rainstorm season. Quartz
which is known to have a high hardness Erosive wear of the turbine blades is a complex phenomenon
that relies upon eroding particles, their size, shape, hardness and concentration, substrates chemistry,
elastic properties, surface hardness and surface morphology and Operating conditions, speed and
impingement angle 6.

It ought to be stressed that silt erosion even with grain estimate under 60
um has prompted serious damage on pelton turbine 13Cr-4Ni and 16Cr-5Ni stegls. These are utilized
because of their amazing mechanical properties. Be that as it may, these materials are extensively less
resistant to erosive wear and get damaged because of excessive amount of silt present in water. AlSI
431 Martensitic stainless steel for assembling various mechanical parts of hydroelectric plants, for
example, turbines, injectors and valves because of their great behavior in erosion and corrosion
conditions, great weldability, high impact energy and high fracture toughness, among.other valuable

attributes. Despite their good properties, these steel experience surface damage due to the severe wear

conditions found.in hydropower plants.

Fig. (1) Runner blades showing cavitation erosive failure [1]
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1.1 WHY MARTENSITIC STAINLESS STEEL?

Cavitation and silt erosion are intricate phenomena that occur in hydro turbines. Explosion of cavities
roots a severe erosion to the base material due to high pressure wave created. AlS| 431 Martensitic
stainless steels (such as 16Cr-5Ni, 13Cr-4Ni) are, by far, the most popular choices for fabrication of
turbine components, where cavitation erosion is the chief concern. For instance, runner blades are
fabricated from various MSS such as 13Cr-1Ni, 13Cr-4Ni, 16Cr-5Ni, and 18Cr-8Ni stainless steel.

Low carbon i.e. less than 0.02% stainless steel called super martensitic
stainless steel because it exhibits an exceptional combination of weldability, strength, toughness and
corrosion resistance properties where as high carbon content martensitic stainless steels, e.g. AIS1 440,
will undergoes high hardness as well as high strength which will lead to exceptional wear resistance.
Nevertheless, it has lower machinability index in comparison to low carbon martensitic stainless steel
AISI 431. Hence, it would be better to take the low carbon martensitic stainless steels as an option and
then coat it with suitable coating accordingly. After this machinability index will be improved, and
consequently we obtain the better surface finish, and definitely a good wear resistance in comparison
with the high carbon martensitic stainless steels.

Low carbon MSS has been progressively applied to critical
structures and critical components such as water turbines, ship propellers, aircraft parts shown in fig
(2). As well as oil country tubular imports — seamless pipes for drilling, casing and tubing for the
application in oil and gas fields with further corrosive environments due to its excellent combined
properties, which are actually dependent upon its chemical compositions and its special

microstructures of SMSS. The chemical compositions of AISI 431 are grounded on Fe—-Cr—Ni system
with 4 to 6% of Ni, 0.5 to 2.5% of Mo, very low C of order (<0.02%) and also varying micro alloying
and nitrogen content which depends upon desirable properties. Martensitic lath microstructure can be

attained even byair cooling (Normalizing) SMSSs from solution treatment temperature at austenite

field because of their satisfactory hardenability.

Fig (2) Turbine blade profile
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Successive tempering of SMSSs directly above AC: temperature consequences in inverse
transformation of martensite to austenite, which is comparatively stable and can be partly retained at
room temperature. The retained austenite in martensite has been stated to be very effective to confer
the ductility and toughness of SMSSs. Ever since we know Cr and Mo are the ferrite stabilizing
components (o phase), in martensitic stainless steels, it is essential to make austenite producing
elements in order to avoid the occurrence of delta ferrite so that austenite phase is stabilized and
martensitic transformation can take place upon air cooling. Nickel is the most common alloying

element used to stabilize the austenite (y phase) or expand the gamma phase field.

1.2 WHY COATINGS?

Numerous surface modification techniques has been employed satisfactory to enhance the tribological
properties and good wear resistance of AISI 431 martensitic stainless steels. Among all these
techniques, low temperature gas nitriding is an effective technique which has proven not only to
improve the surface properties of stainless steels but also increase the life of turbine runner and
impellor. High-quality cermet coatings were also employed in a similar way to improve properties of
AISI 431.Usually HVOF coatings consist of tungsten carbide and chromium and cobalt act as binder
(WC-Co-Cr).Turbine undergoing HVOF coating shown in fig (3). Nitriding is in practice for surface
hardening of metallic components to improve their service life. The introduction of nitrogen atoms to
steel substrate using thermochemical treatments has been proved to be an active technique to boost the
wear resistance of stainless steels. N is also a very active austenite stabilizer.

In recent times, various austenitic and duplex stainless
steels, nitrogen introduction to steel has been proved a good substitution over Nickel, because it not
only reduce the cost but also offers customer an excellent combination of mechanical properties and
corrosion resistance properties for MSS. The main benefits of nitriding over orthedox case hardening
processes are, reduced cycle time and controlled development of the surface layer, elimination of white
layer, reduced distortion of the component, no need of finishing (grinding, machining etc.), pore free
surfaces are obtained. The extent of cavitation and silt erosion damage differs with the place of power
stations and seasons. The silt erosion damage mechanism of all these coatings has been compared with
the data available in the literature. The magnitude of hardness of silica particles used for this purpose
was order of 800 VHN. It was decided that the blend of hardness and toughness in the nitriding coating

led to the superior performance of steel in contradiction of both erosion and abrasion.
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Development and use of more resistant materials, application of coatings, modification of components

design, and minimizing silt contents in the water have been attempted to reduce the erosion. The micro-

injection of bubbles (of non-condensable gases) to cover the component surface has also been tried to

combat the erosion. Among these, Coatings/surface engineering appears most viable option to enhance

the lifetime of the component. The physical and chemical processes involved with the cavitation

erosion and response of materials have been presented. A study related to the declined performance of

Hydroturbine components due to cavitation erosion have been described. This thesis tells about various

coatings and coating methodologies developed to increase the erosion resistance and brief discussion

on various aspects of erosion, metallurgical properties related to cavitation, and methods to

characterize cavitation erosion have also been presented.

Fig (3) Turbine undergoing HVOF coating
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1.3 Aspects of Silt Erosion

Hydraulic devices functioning in the range of high Reynolds’s number amid 10° and 10% in the
sediment carrying fluid experience erosion. In the case of Francis turbines, enlightens that the erosion
occurs in the guide vanes due to the secondary flows from the spiral casing causing non-uniform flow
angles at the inlet with high absolute velocities. The guide vane system is highly affected by the silt
erosion. Wear mechanisms and its relationship with the particle material, angle of impingement,
impact velocity and particle size. For ductile material, they have found that the maximum erosion
occurs at impingement angle of 30°, whereas in brittle material, it occurs at 80° to 90° degree shown
in fig (4).

Flake formation o3 Highiimpact .
o : \ due to high _ angle Low impact
Bnittle fracture at high \\\ X it g i \ '3 angle 2
impact angle, brittle \ = S \ Lowspeed S
. a1 medium speed oI High speed ™)
material . bor ductl \ ORSLIE . ORNE
3 otile L L] 5 8
3 b) c) d)

Fig (4 )Various forms of Erosive wear mechanisms a) Brittle fracture b) Plastic deformation c) Fatigue erosion d)
Abrasive/cutting erosion [2]

1.4 Aspects of Cavitation Erosion

Cavitation erosion of equipment is notable result of cavitation together with the cavitation directed
vibrations and noise, which diminishes the efficiency of power plants. Cavitation is a physical
phenomenon which signifies the creation, growth, and collapse of bubbles [3]. It normally happens in
conditions where high-velocity fluid flow encounters a pressure transformation. High fluid velocity in
throttling range decreases the local pressure below the overall fluid vapor pressure causing in the
formation of vapor bubbles

The mechanism of cavitation erosion is however not yet noticeably understood; the current
understanding follows two explanations of cavitation erosion [4].When a bubble collapses within the
liquid volume (symmetrical collapse), a shock wave originates into the adjacent fluid. When bubble in
contact with or very adjacent to the solid boundary collapses in asymmetrical way. Here, the cavity is
agitated from the side, away from the solid periphery, and lastly the fluid penetrates through the cavity

in the form of micro-jet.
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These mechanisms also lack explanation as shock waves are attenuated rapidly, and the radius of the
cavity (micro-jet) is too insignificant to cause the cavitation erosion [5, 6]. The collapse of the cavity
cloud might somewhat have more severe effect on the neighboring surface/solid boundary. Damage in
Pelton turbine needle due to pure sand and combined effect of sand and cavitation erosion shown in
fig (5) the procedure of frequent collapsing of bubble cloud can prompt a pressure intensity of as high
as 1000 MPa, which is enough to bring about plastic deformation and resulting removal of
metals/alloys. Plastic deformation, as a result of cavitation, is often proven by the waves/deformation

bands and pile ups in the underlying material.

Pure sand erosion (wavy pattern)

Combination of cavitation and sand erosion

Fig (5) Damage in Pelton turbine needle due to pure sand and combined effect of sand and cavitation erosion [3]
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2. LITERATURE REVIEW

2.1 TURBINE MATERIALS AND SURFACE MODIFICATIONS

Turbine blades in a water turbine are constantly exposed to fluid containing silt which contains high
amount of quartz so, blades has to have high corrosion resistance properties and also have high strength
to overcome erosion phenomena. The most commonly used material in hydro turbines are martensitic
steel alloys that have 13% to 16% chromium to increase stability of the coating which improves
corrosion resistance properties. The chromium content of these steel alloys exceeds the minimum
amount of 12% then required to -exhibit some atmospheric corrosion resistance. Having a higher
chromium percentage in the martensite steel alloys allows for a much longer lifespan of the turbine
blades. Greater weldability as well as better machinability is a necessary property that allows easy
overhaul of the turbine blades. The different alloys used are MSS (16Cr-5Ni), MSS (13Cr-4Ni), and
MSS (13Cr-1Ni)
2.2 Approaches generally been considered:

1. Optimization of hydraulic design of the components i.e. turbine blades.

2. Development of a new cavitation-erosion-resistant alloys and coatings of various components.

3. Minimizing of silt contents in the water also been attempted to reduce the cavitation erasion.
Coatings/surface engineering appears to be most viable option to enhance the life of the component.

2.3 Various kinds of surface treatment processes
2.3.1 LASER HARDENING

Thermal hardening of metals and alloys by laser radiation is based on local heating of a surface under
the stimulus of radiation and successive fast cooling of this surface. Laser hardening of steels by
similarity to other kinds of thermal hardening consists in formation of an austenite structure at a stage
of heating and its successive transformation in martensite in a stage of cooling. The martensite needles
were refined in laser-hardened steels due to the high-cooling rates. The hardness distribution along the
cross section of the laser-hardened steels were shown in fig (6). The hardness was higher in melted

region in laser-hardened steels because of the formation of Martensite due to very high cooling rates.
2.3.2 NITRIDING

Plasma nitriding is a modern and environmentally clean method of nitriding it permits a fully automated
and controlled nitrogen-diffusion process, which makes it possible to nitride the steel surfaces without
compound or white layer formation. Therefore plasma nitriding reduces finishing costs and more
importantly it reduces the tendency of spalling the microstructure of the pulsed-plasma nitrided steels.
The nitrided layers consist of FeN, FezN, FesN, FeoN3 and FesN4 phases in diffused layers. The nitriding
layers range from tens to hundreds of microns and these are perfect for improving wear resistance
PAGE 10




The advantages of plasma nitriding over conventional nitriding processes are, reduced cycle time, and
controlled growth of the surface layer, elimination of compound layer, reduced distortion of part, no

need of processing (grinding, machining etc.), and pore free surfaces without major defects present.

(b) 160
sm-"‘\ i |
S ol — z
= > 800
g 20+ . g
2
E 200 - : E
L},q-—- )
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ﬂ T T T 1 u" T T T 1
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Distance from the surface ( ym ) Distance from the surface  ym )

Fig (6) Cross-sectional hardness distribution of (a) laser-hardened 13Cr-4Ni steels (b) pulsed-plasma nitrided 13Cr-4Ni
steels [11]

2.3.3High-velocity oxy fuel (HVOF) spraying

HVOF spraying has been considered an asset to the family of thermal spray processes exclusively for
materials with melting point less than 3000 K. It has proven successful, since it shows more advantages
in density and bond strength making so, it is attractive among many wear and corrosion resistance
applications [8-9].1ts high coating quality results from the use of a hot combustion-driven high-speed
gas jet for thermal spraying Shown fig (7) these coatings have environmental advantages compared to
chemically/electrochemically formed coatings. Tungsten carbide powders are widely used in the HVOF

spraying system [10]. These are used to yield dense, high hardness and excellent wear resistance

coatings commonly to combat the erosion and corrosion taking place in hydropower plants and pumps.

Fig (7) The HVOF coating process being adopted on a spear of a Pelton turbine [12]
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2.4 Effect of Angle of Impingement

Erosion of a material is also depends upon the angle at which the erodent particles i.e. quartz strikes

at the surface. It has been found that maximum erosion rate for a ductile material is at impingement

angle of approximately 20 to 30 degree and, it decreases as angles goes on higher side. This phenomena

contrasts with brittle materials where the loss of material due to erosion rises steadily with angle,

reaching a peak at 90 degree. Hence, coatings, which displays good performance, close to or at near

normal incidence angles may not exhibit the same performance at low-incidence angles. Thus, the

effect of angle of impingement has comes as an important parameter, since the silt entrained in water

impinges at various incidence angles over the surface of the components in actual turbine atmosphere.

Figure (8) shows the amount of erosion in terms of mass loss after 1 h of testing at various angles of

impingement. It.can be observed that the laser-hardened 13Cr-4Ni steel exhibited better results than

the pulse plasma nitrided 13Cr-4Ni steels particularly, at low angles of impinge

[ 1 Basematerial B%%%d Laser Hardening
o] Pulsed lasma nitriding

01e —

012

0LoE —

Mass loss (grams)
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aTeleTeTeTe %
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Angle of impingement {D )

Fig (8) Erosion loss for modified steels and as received material at various angles of impingement [11]
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Materials/coatings Micro hardness (HV)

WC 636 HVOF coating 1090-1226
Nitrided 13Cr—4Ni steel 774-942
Nitrided 12Cr steel 1000-1200
12Cr steel 290-300

Tablel micro hardness of different coatings [9]

2.4.1Comparison between plasma nitriding and HVOF coatings

The performance trends for all these coatings are similar to the abrasion test results obtained using
ASTM G-65. For all the coated as well as uncoated steels, a drastic reduction in volume loss is observed
Under identical erosive and abrasive wear test conditions, The HVOF coated steel performed much
better than plasma nitrided 12Cr and 13Cr-4Ni steels. The microstructures of HVOF sprayed tungsten
carbide show a few voids as defects. The microstructures of plasma nitrided 12Cr and13cr—4Ni steels
are free from all these defects. However, they lack the resistance to abrasive and erosive wear as their
micro hardness values are below those of the erodent (<1100). Plasma nitrided 12Cr steel performed
much better than plasma nitrided 13Cr-4Ni steels. This is due to its higher micro hardness and its
ability to absorb more nitrogen under identical plasma nitriding experimental conditions. Shown in fig
(9) the superior performance of HVOF coating is due to the hardness of tungsten carbide particles
(1800 HV). These are well embedded in the matrix and their percentage is much more than iron nitride

phases in the 12Cr plasma nitrided steel.
1000

T

100

—— 13Cr 4Ni 'As'

13Cr4Ni 'PN'"

—— 12Cr 'PN’

1
/ e~ 12Gr HVOF 'As’

0.1

Volume loss (um?/Particle)
o

1000

-

Particle Impingement Energy (uJ)

Fig (9) Relationship between erosion rate and particle impingement energy. [11]
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2.5 Plasma Nitrocarburising

Plasma ion-nitrocarburising is also a method of surface hardness of steels which will increase hardness
by diffusion of Carbon and nitrogen atoms up to a few hundred micron depth (case) under the surface.
It takes place in the ferritic region without advent of any phase transformation. The solubility of carbon
and nitrogen in the ferrite region is very small and most of the carbon and nitrogen that enters to steel
will forms hard nitrides and carbides. In usual gas nitrocarburising technique, the outer layer formed is
called the ‘‘white Layer’’ which is very hard as well as brittle. This layer has to be removed by grinding
because it is undesirable. However, in plasma ion-nitrocarburising this white layer can be avoided by a
adequate choice of plasma parameters including temperature limits, and LPG, NH3 gases flow rates as

well as the applied and biasvoltage. [12]

Fine hard steel shots of size 200 um at a pressure of 3.5 kg/cm? before they were plasma nitro carburized
and studied for their cavitation behavior. It is well known that dislocation densities and grain size are
important factors that enhance the nitrogen diffusion process in steels [13-17]. Surface texturing
increases the dislocation density and refines grain size of the base material. VVolume loss data have been
calculated from the weight loss for both samples shown in fig (10).Generally 13cr-4ni steel sample has

density (p = 7.85 g/cc), and Hvof sample (p = 12.7 g/cc).

The Vickers micro-macro-hardness tester was used to carry out micro-hardness as well as case depth
measurements of the samples. Vickers hardness as a function of depth below surface as shown in fig
(11). The advantages of the Vickers hardness test are that extremely accurate readings can be taken and

just one type of indenter is used for all types of metals.

Cavitation damage on 134 samples ~ Casedepth 8
_*_ 13-4 NClong Igrm —— 13-4 AS | —134LH - XI0LH —a—134NC —a—134SPNC
16 = = — = 1400 —— — S — '
14 ~% 1200 =4
; 2 T ‘\.’, G \A.
g ) oo K
E 10 - o gl \ \‘.\
w 8 o A ‘
v / e 600 \
2 & " < - | T ‘ & 8-t am
- 4l ¢ & 400 + N
] / _ \ "
1 - SR
; |

0 5 10 15 20 25 30 3 10 100 1000 10000
Test duration (hours) Distance from surface (micron)
Fig (10) Volume loss by cavitation erosion after removal Fig (11) Vickers hardness as a function of depth
of nitro carburized below surface
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Volume loss due to cavitation as a function of test duration

X10 AS ~8—X10 NC X10LH ~#=—=13-4 AS e 13-4 HT
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8 : , lml-u hon (o vy : :
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&
)
]
0
°
>
10
Test duration (hours)
Fig. (12) Volume loss due to cavitation as a function of test duration [12]
SLno.  Sample [D Sample composition and treatment Comparison after 5.5 h of cavitation testing
L. 134 (AS) 13Cr-4Ni as-received steel sample Unireated
2. 13-4 (HT) 13Cr-4Ni as-received steel heat-treated sample 1.4-fold better than 13-4 (AS)
3 134 (LH) 13Cr-4Ni laser treated at 1550 °C at 2 mm/s 2.9-fold better than 13-4 (AS)
4. 134 (SPNC)  13Cr-4Ni shot peened and mitrocarburized steel sample 9 fold better than
13-4 (AS) and 5.8-fold better than HVOF
5. 134 (NC) 13Cr-4Ni nitrocarburized steel sample 6-fold than 134 (AS)
6. X10 (AS) X10CtNiMo V1222 as-received sample Untreated
7. X10 (LH) X10CtNiMoV1222 laser treated at 1550 °C at 2 mm/s  5.6-fold better than X10 (AS)
8. X10 (NC) X10CNiMo V1222 nitrocarburized steel sample 6-fold better than X10 (AS) and 5.5-fold betier than HVOF
9. HVOF HVOF-coated WC-Co-Cr coating
10. Stellite 6 Stellite 6 laser clad sample Benchmark for cavitation

The cavitation erosion is measured by the mean depth of erosion rate (MDER) which gives the

relative performance of the samples and is calculated by the following equation

MDER (um/h) =1000AV/ (A X At)

Where AV is the volume loss in mm?3, At is the duration of the test in hour, A is the surface area of the

specimen in mm?.
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2.6 Characteristics of a protective coating are:-

1. Cavitation resistance,

2. Abrasion resistance,

3. Strong bonding to the substrate,

4. Corrosion resistance,

5. Vibration damping,

6. Easy applicability at the site.

7. To improve wear resistance properties of turbine material

8. To achieve good Tribological properties

9. Life of runner should be improved

2.7 Gas nitriding

The introduction of nitrogen atoms by the help of thermochemical treatments that has been proved to

be an effective way to improve the wear resistance of stainless steels. Nitriding processes is based

upon solid, liquid as well as gas treatment. Plasma nitriding is a glow discharge process in which a

mixture of nitrogen and hydrogen gases usually plasma is used which improves the resistances against

fatigue, wear, and corrosion. The ammonia may also be diluted with nitrogen or hydrogen. Shown in

fig (13) .The parts which is to be nitrided are loaded on fixtures or also in the “baskets”. Purging of

the furnace with nitrogen must be done before ammonia can be let into the furnace so that risk of

explosion must be discarded.

PROCESS NITRIDING PLASMA NITRIDING
Medium NH3/N2/H2 gas Nitrogen plasma

Temp: 500-550 °C 450-580 °C

Time: 525h 10 min—-30 h

Table 2 Process parameters of plasma nitriding and gas nitriding
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The principal phases that forms while nitriding of iron as the base materials (steels) are first a solid
solution of alpha-iron (e), which has a maximum solid solubility of about 0.11 wt. % nitrogen. The
next phase that will forms is gamma-prime (y"). This phase field has a solubility range of about 5.1 to
6.1wt. % nitrogen, depending on temperature limits, and is normally represented by the chemical
formula FesN. The third phase is epsilon () Fes-2N and it may also have equilibrium nitrogen contents
of 7 to 8 wt. % nitrogen, depending on the temperature at which it will form. A “white layer", that
appears microscopically, on the surface of the nitrided specimen. This white layer is composed of y
and/or €. It may also contain FeoN and various iron-nitrides. Thermodynamically, cannot form below
577°C (1070° F).

These phases present in .the white layer may have desirable and/or undesirable features
depending on the proposed application. Consequently, it is important to be able to control the nitriding
process is to produce the desired structure in terms of the composition of the white layer. Gas nitriding
is generally accomplished by an atmosphere of ammonia (NHz) in a mixture of nitrogen (N2), or
dissociated ammonia (D-NHs), or hydrogen (H>). All of the above gases are adsorbed on the surface
of the steel and form a gas layer. Fresh ammonia must diffuse through this layer, or the layer can be
swept away. This why it is beneficial to have a dynamic, rather than a static, atmosphere to sweep
away the layer. The radicals NH2 and NH have a much higher adsorption potential than the NH3
molecule. Therefore, the step-by-step breakdown of the NHz molecule accelerates the adsorption. The
N and H atoms diffuse into the iron lattice, while the NH radicals diffuse along the grain boundaries.
The hydrogen that goes into the metal is a reversible reaction, and diffuses out to form molecular

hydrogen that is liberated.

” k
{ U
"E;'E | *tf,

NH 4 H,

00z

-

2NH, —» 3H, + 2N

Fig (13) Schematic diagram showing Nitriding process
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If the nitriding reaction is permitted to continue uncontrolled process then, nitrides ( y and/or €) begin
to form at the surface from the buildup of nitrogen shown in fig (14). If permitted, this nitride layer
(compound layer) will become continuous, and at the second stage of nitriding begins; the nitrogen
coming out from and through the white layer towards the base metal at a much slower rate. In
summary:

Stage I: Nitrogen is absorbed into the alpha-ferrite.

Stage I1: Solubility limit had been reached in ferrite and gamma-prime starts to form.

Stage I11I: Solubility limit of gamma-prime had been reached and epsilon starts to form.

As the reactions proceed further from Stage | to Stage 11, the diffusion of nitrogen into the base metal
becomes progressively slower. Therefore, it seems plausible that a process that avoids Stages 11 & 111

would develop the desired depth of the alpha solid solution more quickly

e- and/or y-phase Compound layer

Hardness

—— Diffusion zone
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Fig (14) Microgréph shows bo;th the compound layer and the underlying diffusion zone
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3. OBJECTIVES AND PLAN OF WORK
3.1 OBJECTIVES OF WORK

The aim of the present study is:

1) To measure the weight loss of non-coated martensitic steel

2) Carrying out of surface treatment process i.e. nitriding on it.

3) Again measuring weight loss took place for coated sample.

4) ldentification phase formation after nitriding by XRD.

5) Measuring surface roughness of both the samples before and after erosion and its comparison.
6) Microhardness testing to measure hardness along the case depth obtained.

7) Analyzing wear tracks and surface topography after erosion for the steel in scanning electron

microscope.
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3.2 METHODOLOGY

Input
Martensitic . . T
stainless steel Silt (sand grains) Nitriding
L7
o L ar Lo e Lo\ et ) S

Sand sieving

L = - T Eann o Eom 2= £ |

iNa_sI;ed with ta_p ;Naier- San-d is sieved
1 kg Sand ‘ and heated in oven at using sieve
L 1002C ' number 48
3 |
A

Slurry erosion test
On coated and non coated martensitic stainless steel

Silt concentration is 18% in

Sand particle size is of <300um .
slurry mixture

L .

Weight loss measurement after 4 hours for both bare and
nitrided MSS
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4. MATERIALS AND METHODS

4.1 AISI 431 Martensitic stainless steel

Nominal composition of this 16-5 steel is

C <0.05 Avoids problem due to sensitization
Cr 15-16 Corrosion resistance property cr>12%
°  Ferrite stabilizer

Ni 4-5 L Imparts ductility and toughness
o= Austenite stabilizer . -

Si 0.1-0.35 -« - Carbide formation is delayed

P 0.025 Fugf Ll Increases hardenability =

Cu3-37 ] Imparts ductility .

Nb 0.2-0.35 Strong carbide former

Table 3 Nominal composition of this 16-5 steel

Fig (15) Spectroscopy results of as received
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As received sample of martensite stainless steel size of ( 85 x12 x15 )mm

= Fig (16) Dimensions of as received sample

=

Further 4 samples are cut from as received sample bye wire cut EDM

To study of silt erasion in martensitic stainless steel sample is used of dimension (10 x 10 x 3 mm).

— - = | :
Fig (17) samples obtained after wire cut EDM

Test parameters

Fig (18) Sand sieving pans

Sieve number
20

35

48
65

B
B

Silt particle conbehtratipn
Total duration of test '
Cycle time

Particle size used

Angle of impingement
Total silt used
Temperature

Sample mounting position

© © N o g B~ wDd -

Type of abrasive particles

18%
16hrs

4hrs

300 um
0°30°60°90°
10 kg

Room temp
Static

Regular silica grains
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4.2 Slurry erosion tests

The slurry erosion tests were carried out, in which the specimens were submitted to wear conditions

similar to those of the liners of Francis hydraulic turbines. Fig.14 shows the configuration of the testing

machine, which is composed of a sample holder connected to an electrical motor. Test is performed at

room temperature. The samples were pasted at the sample holder at different angle of inclination to

ensure grazing incidence of the particles (see Fig.13). The slurry was composed of normal tap water

and quartz particles i.e. regular sand with a mean diameter is in between 212 and 300 um (AFS 50/70)

and the solids content i.e. slurry concentration was 18 wt%. The erosion resistance was determined

from the mass loss results. Mass losses were measured every 4hrs by using a scale with 0.01 mg

resolution. The total duration of each test was 16 hrs, and after that period both the sample and the

slurry were replaced

Fig (20) Slurry Erosion Testing Machine
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4.3 Microhardness test

It is a method of determining a material’s hardness or resistance to penetration when test samples are
very small or thin, or when small regions in a composite sample or plating are to be measured. It can
provide precise and detailed information about surface features of materials. The hardness test is
performed by applying controlled force of 1000 grams or less for a specific amount of time to an
indenter in a rhombus-shape (elongated four-sided pyramid). The hardness of the material is
determined by the depth to which the indenter penetrates. The impression is measured microscopically
and, when combined with the amount of the test load, can be used to calculate the hardness value on
the Knoop scale. Knoop hardness numbers are often cited in conjunction with specific load values.

4 s B 0 a
[ | (BB S r =l

Fig (21) Microhardness Testing Machine

During microhardness testing, a diamond indenter is pressed into the material’s surface with a
penetrator and a light load of up to 1000 grams. The result of applying the load with a penetrator is an
indent or permanent deformation of the material surface caused by the shape of the indenter.

Both the Knoop and Vickers hardness test methods use specific measurements from the indent, in
conjunction with formulas, to calculate material hardness. Accurate measurement of the resulting
indentation requires the use of a special microhardness testing microscope because the indents are so
small. The Knoop hardness test uses a narrow rhombus shaped diamond indenter. The test surface

usually must be highly polished.
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Forging shall be heat treated to get desired mechanical properties

Intermediate annealing >60 min at 1020 to 1050 degree

Solution annealing >60 min at 820 to 850 degree air cooling below 30 degree

Precipitate hardening 120 min at 530 to 560 degree

Duration of heat treatment as well as controlled cooling rate are to be chosen to achieve minimum

residual stress.

Mechanical properties of sample

0.2% Proof stress 930-1000N/mm?
Tensile strength <1040 N/mm?
% Elongation 13 min

% Reduction in area 50 min

Impact values 100 J/min
Brinell hardness HBW 295-335

Slight deviation in chemical composition is permissible

We observed that

Percentage of nickel is found out to be less

Amount of phosphorous is very less so we found some traces of it
We also found some traces of boron and molybdenum.

As steel contains alloys like copper and Niobium

Carbon percentage is <0.05 %

Rest is iron around 77 .8 %
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5. RESULTS AND DISCUSSIONS

5.1 SEM Analysis of silt

» Silt used in experiment is a regular sand found abundant in nature.
» Largest particle size used in study were up to 300 pum.

» Sand particle range from very fine to fine sand in size.

« Shape of particles ranges from semi round to sub angular.

« SEM image of abrasive particles before slurry erosion test.

+ Change in size distribution shown in fig (22)

» Edges are sharp and pointed.

» Note that after the tests the distribution is shifted to smaller grain sizes.

Fig (22 b) SEM image of abrasive particles after test

Morphology of abrasive particles Analysis depends on:-

e Eroding particles size, Shape Hardness, concentration of silt used.
e Substrate chemistry elastic properties surface hardness and surface morphology.

e Turbine operating condition velocity and impingement angle.
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5.2 Microstructure analysis

» The microstructure composed of tempered martensite along with retained austenite and delta
ferrite in it.

» The prior austenite grains were subdivided into packets of thin laths (needles) of martensite.

* Due to high chromium atom mobility, chromium carbide formation will be very prominent
when the temperatures reaches above 425 °C

* Formation of chromium carbide leads to gepletion of chromium in the adjacent areas.

« Although MSS has a very low carbon concentration, intergranular stress corrosion cracking
(IGSCC) had been observed dge to formation of Cr depleted zones due to precipitation of Cr
carbide. '

So corrosion resistance is highly reduced in neighbor regions. In this case after e;?:%ing,‘{the regions are

seen dark which.is an evidence of chromium carbides presence shown in fig (23)
AT P, BTN | R

Cr 3C 4 formation on grain boundaries

Proeutectiod ferrite

Retained austenite

o ferrite

Lath Martensite needles

Fig (23b) optical image of 16-5 MSS AISI 431 depicting lath needles and retained austenite
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5.3 SEM Analysis of bare MSS (ERODED)

The mechanism of material removal in erosion mainly depends on material properties as well as the
angle at which the erodent strikes at the surface of the target. Commonly there are two mechanisms
reflected to be connected with the removal of material. There are repetitive plastic deformation and
cutting. Ductile materials will undergoes mass loss by the process of straight micro cutting or plastic
deformation, followed by cutting. While in brittle materials, here energy transfer is associated with
repeated particle impacts resulting in a fatigue process. Appearance of specimen, formation of small
pits and grooves, which indicates that the material is submitted to plastic deformation. The erosion
damage as well as removal of material initiated from its prior austenite grain boundaries and martensite
laths. It was observed that there is increase in Ra value as well. The roughness parameters keeps on
increasing due to the formation of craters on it with strained material surrounding around them. The
worn surface loses the detached particles, eventually micro-cracks grows and joins each other shown
in fig (24). After 16 hrs of testing several deep craters, tiny pores fragments had been appeared inside
some grains.Bare mss shows ductile to brittle behavior, exhibiting two different modes of material

detachment. The first mode was characterized by a great degree of plastic deformation, fatigue and

ductile fracture. The second failure mode will be brlttle fracture by cleavage mechanisms.

liFra ents &

= R e i R
Fig (24a) SEM of nitrided eroded specimen after test at 60 ° Fig (24b) SEM of nitrided eroded specimen after test at 60 ©

Signal A = SE1 Date 15 Fob 2018 ZEISS o - . -
WO = 10.5mm MMED. IITR Mag= 150KX 20pm , EHT = 20.00 kV Signal A = SE1 Date :19 Feb 2018
F 1 wWD=105mm MMED, IITR Mag= 200KX

Fig (24c) SEM of nitrided eroded specimen after test at 30 ° Fig (24d) SEM of nitrided eroded specimen after test at 30 ©

PAGE 33




5.4 SEM Analysis of MSS (NITRIDED)

Compound layer “white structure” is compound zone which is a mixture of both epsilon and gamma-

prime structures.

» High internal stresses results from differences in volume growth associated with the formation of
each phase.

* The interfaces between the two crystal structures are weak.

*  White layer is extremely hard but brittle in nature.

» Layer should be avoided if possible (though no specific guidelines were offered).

Diffusion zone beneath this initial region an expanded martensite region forms towards the core shown

in fig (25).

* The maximum hardness reaches surface, is around 1021HV

The performance of the nitrided case is controlled by the resistance to elastoplastic deformation given

by the expanded martensite.

Hard and brittle

Hard and ductile

Whlte Iayer 20 pm : EHT = 20.00 kV SignnlA:SE1 Date :19 F b201

WD = 9.0 mm MMED, IITR Mug; 500 X
Fig (25 a) SEM of nitrided layer
" :

| PR £ e ¢ N 2 :

: : : = - Pn” 2o Compound layer

Tribological and anti- o R N o D e e

corrosion properties ‘ ; s YR TR

Fatigue properties =

%

20 ym EHT = 20.00 kV Signal A = SE1 Date :19 Feb 2018 ZEISS
WD = 9.0 mm MMED, IITR Mag= 1.00KX

Fig (25 b) SEM of nitrided layer depicting both zones
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5.5 SEM analysis of nitrided layer

In fig 26 (a) shows Total case depth of coating of Compound layer is of 5um (very hard and brittle)
Diffusion layer is of 28.6um (hard and ductile in nature) the white layer was identified as a multiphase
compound layer of € and y' phases. In fig 26 (b) shows Diffused layer consist of expanded martensite
and ¢ iron nitride and rest is martensite. Fig 26 (c) At elevated temperature, chromium gets mobile
enough to diffuse through the material, form a chemical bond with nitrogen and precipitate in CraN
crystallites.one can conclude that the Cr2N precipitates reduce the corrosion resistance by intergranular
sensitization high fluence nitrogen ion implantation in martensite in the temperature up to 540°C leads
to formation of expanded martensite. In fig 26 (d) an anisotropic lattice expansion is also observed.

o e aa <

28.6-+5 1um [

o’ and g phase

Case depth

HV |Mag| WD |[Det| HFW [ 100.0ym
20.0 kV|500x| 7.3 mm|ETD|0.30 mm| IITR

Fig. (26a) Total case depth obtained Fig. (26b)SEM depicting diffusion zone and rest MSS

Lath' expanded martensite

+

O O B CroN Precipitate

-

Iron nitrided

:

Expanded martensite [

2\% Mag | WD |Det| HFW
HV Mag WD | Det HFW 5.0pm 20.0 kV|2500x|7.3 mm|[SSD|59.68 pm
20.0 kV|10000x/7.2 mm|SSD|14.92 ym IITR

Fig. (26¢) Chromium nitrides at grain boundaries Fig. (26d)Back scattered image of expanded MSS
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Precipitates in low carbon martensitic stainless steel during tempering are mainly M23Cg, Where
M represents Cr, Mo and Fe. It is reported that the addition of nitrogen delays carbide precipitation
and results in disappearance of carbide phase in high nitrogen martensitic stainless steel. Severe
precipitation of CroN along martensitic inter-lath boundaries and within matrix shown in fig (27).
Precipitation of rod-like CroN along martensite lath boundaries and within laths of MSS with N
after tempering above 550°C contributes to slight increase in strength and much decrease in

toughness compared to the steel without nitrogen actually, the precipitation of CrzN in this

»

O

Expanded martensite

Grain boundaries

CrzN Precipitate

” 4

HV [Mag| WD | Det ‘ HFW | ———— 300.0pm—— HV | Mag WD  Det HFW 50.0pm
20.0 kV|250%|7.3 mm|SSD|0.60 mm IITR 20.0 kV 1000x 7.3 mm SSD 0.15 mm IITR
Fig (27a) back scatter image showing Grain boundary Fig (27b) back scatter mode showing dark Grain boundary

Temperature range is undesirable. However, in order to get more retained austenite to restore. The
ductility and toughness, it is necessary to tempering the steel above 550 °C at which Cr2N would
precipitate simultaneously. The chromium can combine with oxygen to form a dense and
continuous protective oxide film on the surface, and mitigate the corrosion attack to a certain
extent. The nitrogen will dissolve during corrosion process and react with H+ in solution to form
the NH4+. Owing to the cathodic reaction [N] +4H*+3e"—NHj,+, the local pH increase allows
to facilitate the re-passivation. However, the beneficial effect of both nitrogen and chromium can
be taken only when they are in solid solution and the concentration is high enough, or at least in
single phase. Once Cr2N forms, the nitrogen and chromium in the solid solution of the nitrided
layer will be depleted, which prevents the formation of passivating films on the surface and then
deteriorates the corrosion resistance of the stainless steel. The 450 °C and 550 °C nitriding
decrease the corrosion resistance of AISI 431 steel samples only because of the formation of
chromium nitride and the depletion of Cr in the solid solution of the nitrided layers. However, the
350 °C plasma nitriding treatment prohibits the formation of CroN, promotes the formation of high
chemical stable phases of e-FesN and aN on the nitrided surface, therefore, improves the corrosion

resistance of the AISI 431 steel significantly.
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5.6 SEM Analysis of nitrided eroded

The nitrided specimen surface before and after 4 hrs of testing. During the first 60 min of testing, some
tiny pores (1) appeared inside some grains; but, generally speaking, the nitrided specimen surface did
not show any significant change and most of the grains remained intact, supporting the fact that the
expanded martensite elastically absorbed the shock-waves impact, without plastic deforming. After
105 min, the number of pores inside the grains increased (2) and new pores were nucleated, not only
in other grains (3) but also at grain boundaries (4), as can be seen in Fig. 12.Furthermore, it can be
seen in Fig. 12 that the damage inside the grain was nucleated at the martensite lath boundaries. The
pores nucleation process, along the surface within grains and at grain boundaries, increased with the
exposure time, wear particles were detached from the surface, as can be seen for 180 and 300 min of
testing time in Figs. 13 and 14, respectively. Moreover, some former pores increased their size and
depth, becoming craters (5), particularly those located at martensite laths. It can be inferred that the
material removal is due to brittle fracture without plastic deformation. Pores nucleation and growth

proceeded and spread over the entire surface till around 600 min of testing, as shown in Fig. 28.

Plastic flow (absent)
y; "j },A % k

. L] LF - 3 20 pm : EHT =20.00 kv - aJA=81 : , .
ﬁm EHT = 20.00KV Signal A = SE1 Date :19 Feb 2018 w ] WD =105 mm ﬂED T ;j; ;19;:0b: o8

WD = 85mm MMED, IITR Mag= 500 X
Fig (28b) SEM of nitrided eroded specimen after test at 30 °

Fig (28a) SEM of nitrided eroded specimen after test at 60°

20 ym EHT =20.00 kv Signal A = SE1 Date 19 Feb 2018 20 um EHT =20.00 kv Signal A= SE1 Date :19 Feb 2018
WD = 85mm MMED, IITR Mag= 1.00KX WD =10.6 mm MMED, IITR Mag= 100KX

Fig (28c) SEM of nitrided eroded specimen after test at 60 ° Fig (28d) SEM of nitrided eroded specimen after test at 30 °
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The original surface was completely removed, but grain Surface did not show any significant change

The grains remained intact, The expanded martensite elastically absorbed the shock-waves impact,
without plastic deforming.After16hrs pores inside the grains are absent not only in other grains but
also at grain boundaries. The erosion penetration depth into the nitrided specimen was very low. The
wear mechanism remained unchanged Pores nucleation process, increased with the exposure time,
wear particles were detached from the surface former pores increased their size and depth, becoming
craters, particularly those located at martensite laths. The material removal is due to brittle fracture
without plastic deformation.

Pores nucleation and growth proceeded and spread over the entire surface
till around 4hrs of testing, as shown in Fig. 15.The original surface was completely removed, but grain
boundaries and craters are still observed. The nitrided case shows a brittle behavior and some cracks
(6) nucleated inside the craters. At this time the cumulative mass loss was nearly 0.54 mg, indicating
that mass removal occurs in a thin layer at the surface instead of penetrating deeper regions; in other
words, the erosion penetration depth into the nitrided specimen was very low. Fig. 16 shows the
evolution of the damage at 4 hrs of testing. The wear mechanism remained unchanged along the test.
New craters were formed; the nitrided specimen continued losing mass from the craters and by debris

detachment from the grains surfaces, due to brittle fracture, without evident plastic deformation.
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5.7 XRD ANALYSIS

X-ray diffraction patterns for both specimens. As can be seen in Fig. (29 a), the non-nitrided specimen
shows typical BCC martensite peaks located at 20 angles of 47.81, 78.06 and 99.33.0n the other hand,
in the nitrided specimen those 3 martensite peaks were broadened and shifted to the left due to the
nitrogen gradient along the nitrided case, which produced a different lattice parameter (interplanar
spacing) as a consequence of the different nitrogen amounts dissolved at the interstitial sites of the
crystal structure. It should be noted that part of the expansion is due to development of compressive
stresses in the nitrided case [23]. The peaks located at 20 angles of 43.12, 68.11 and 81.60 correspond
to a nitrogen supersaturated phase, known as expanded martensite. The o'

a N (110) expanded martensite region of the X-ray pattern lies between 43.121 and 44.661, as shown
in Fig. (29b), indicating a nitrogen gradient inside the nitrided case. In addition to the expanded
martensite peaks, the nitrided specimen diffraction pattern shows hexagonal €-Fe2sN1o iron nitrides

peaks structurally similar to € FesN.
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Fig (29b) X-ray diffraction patterns for nitrided specimens.

PAGE 39




Intensity (a.u.)

Intensity (a.u.)

] ——Non Nitrided Specimen
65600 j —— Nitrided Specimen
60000
55000
50000 -] o' (110) .
: Peak Broadening
45000 —
40000 -
35000
30000 ] a’(200) (=t
i ¥ /
“ ] /—J
5000 - /\

Fig (30 a) X-ray diffraction patterns comparison b/w two

65000
60000 -
55000 ]
50000 -
45000
40000 -
35000 -
30000
25000 ]

Peak shift

Non Nitrided Specimen

«'(110)

<t

20000

15000 —

o ' (110
10000 ] o n(110)

N

Nitrided Specimen

5000 - " .
-“—___/\__‘/\—JLN- o
0 -

-5000

*
FesaN1o

40

20

Fig (30 b) X-ray diffraction patterns showing peak shift b/w two specimens.

PAGE 40




5.8 Weight Loss Plot vs Exposure time

At the initial stage of cavitation, with a high erosion rate (1.2 mg/h), the AISI 410N Rq roughness values
remain almost constant (2.5 mm) from the fourth hour of testing on, implying that the removed mass
comes mainly from a maximum depth of 5 um when this initial nitride containing layer is removed from
the sample, only expanded martensite is exposed to the shock-waves produced by cavitation and the

erosion rate drops to a lower value of 0.36mg/h shown in fig (31).
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Fig (31b) Wt. loss plot for nitrided specimen
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5.9 Mass losses and erosion rates

Cumulative mass losses variations as a function of exposure time shown in fig 32(a).

After 16 hrs of testing, the non-nitrided specimen lost 39.5 mg and the nitrided specimen lost 9.3 mg.
The nitrogen addition decreased Stimes the mass loss of the quenched and tempered AIST 431 MSS.
The erosion rates were calculated from the slope of the straight line plotted from the 4th hour on

accordingly, the erosion rates are 6.9 mg/h and 1.7 mg/h for nitrided and non-nitrided specimens.
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Fig (32a) wt. loss vs exposure time plot Fig (32b) wt. loss vs angle of impingement

Erosion of a material is dependent upon the angle at which the erodent particles strike the surface of
the target. It has been found that maximum erosion rate for a ductile material is at impingement angle
of approximately 20—30 and, it decreases at higher angle. Nitrided specimen i.e. AISI431 steel exhibited
better performance than the bare AISIT 431 steels especially, at angles of impingement of instance, at
90°. This 1s quite interesting; because the coated layer has very high hardness so, it had shown excellent
performance at low angles as well as on high angle of impingement shown in fig 32 (b). This might be
due to the transformability of expanded martensite which undergoes repetitive plastic deformation at

all angles of impingement.
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5.10 Roughness Profile and Its Microhardness

It shows the microhardness variation as a function of depth for the nitrided the maximum hardness of

1021 HVN measured on the surface continuously decreases as a consequence of the reduction of

nitrogen content with depth, till the hardness of the substrate is achieved shown in fig (33b). The

microhardness gradient is very gentle throughout the nitrided case, formation of nitrogen expanded

martensite increased the hardness almost 3 times, from for the tempered martensite. While Ra value

for nitrided specimen is much lesser than the non nitrided specimen. After 16 hrs of testing results in

case of bare MSS is 1.78um while in nitrided specimen it has reached to the value of 0.81um shown

in fig (33a). This happens because of the wear mechanism take place in the bare MSS. Pores nucleation

process, increased with the exposure time, wear particles were detached from the surface, former pores

increased their size and depth, becoming craters, particularly those located at martensite laths and

thereby the surface roughness parameter goes on increasing.
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Fig (33a) Surface Roughness Profile
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6. CONCLUSION

Nitriding layer on AISI 431 MSS formed by expanded nitrogen supersaturated martensite and
hexagonal g-Fe2sN1o y and € iron nitrides, with maximum hardness of 1021HV measured on top of the
nitrided surface. The microhardness measurements on the transverse section of the nitrided specimen
is measured by microhardness testing indicated a nitrided case depth around 28.6+5 pm indicating that
5um thick compound layer and reaming is diffusion layer. Bare mss shows ductile to brittle behavior,
exhibiting two different modes of material detachment. The first mode was characterized by a great
degree of plastic deformation, fatigue and ductile fracture. The second failure mode will be brittle
fracture by cleavage mechanisms. While in nitrided erosion has been observed that original surface
was completely removed, but grain Surface did not show any significant change The grains remained
intact, The expanded martensite elastically absorbed the shock-waves impact, without plastic
deforming.After16hrs pores inside the grains are absent not only in other grains but also at grain
boundaries. The erosion penetration depth into the nitrided specimen was very low. The wear
mechanism remained unchanged Pores nucleation process, increased with the exposure time, wear
particles were detached from the surface former pores increased their size and depth, becoming craters,
particularly those located at martensite laths. The material removal is due to brittle fracture without
plastic deformation High nitrogen martensitic stainless steel will undergoes severe precipitation of
Cr2N along martensitic inter-lath boundaries and within matrix. Precipitation of rod-like CroN along
martensite lath boundaries and within laths of MSS with N after tempering above 550°C contributes to
slight increase in strength and much decrease in toughness compared to the steel without nitrogen
actually. Once CrzN forms, the nitrogen and chromium in the solid solution of the nitrided layer will
be depleted, which prevents the formation of passivating films on the surface and then deteriorates the
corrosion resistance of the stainless steel After 16h of testing, the non-nitrided specimen lost nearly
39.5 mg and the nitrided specimen lost just 9.3 mg. The Nitrided nitrogen supersaturated expanded
martensite decreased 5 times the mass loss compared to the quenched and tempered AISI410
stainlesssteel. The erosion rates were 6.9 mg/hand 1.7 mg/h for the nitrided and non-nitrided specimens,

respectively.
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