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Abstract

Quenched and tempered AISI 410 martensitic stainless steel specimens were active
screen plasma nitrided in a mixture of 75 % of nitrogen and 25 % of hydrogen during 20
hours at 400°C. The microstructure of the nitrided case was characterized by optical
microscopy, scanning electron microscopy and microhardness measurements. The
phases were identified by X-ray diffraction and the nitrogen content as a function of
depth was measured using wavelength dispersive X-ray spectrometer coupled to SEM.
Nanoindentation tests were carried out in order to assess hardness (H), Young modulus
(E), H/E and H%E? ratios and the elastic recovery (W,) of the nitrided layer. Cavitation
erosion tests were carried out according to ASTM G32 standard during 20 hours, with
periodical interruptions for registering the mass losses. Additional cavitation erosion
tests were performed to identify the wear mechanisms in both specimens, through
assessment of the evolution of the damage on the surface, in a scanning electron
microscope. A ~28 um thick, 1275 HV hard nitrided case formed at the surface of the
martensitic stainless steel, composed of nitrogen supersaturated expanded martensite
and hexagonal -FezsNjp iron nitrides. The expanded martensite decreased 27 times
the mass loss shown by the non-nitrided stainless steel and the erosion rate decreased
from 2.56 mg/h to 0.085 mg/h. The increase in cavitation erosion resistance can be
mainly attributed to the increase in hardness and to the elastic response of the
expanded martensite. The non-nitrided specimen changed from initially 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 could be associated to brittle fracture by cleavage mechanisms. In
contrast, the wear mechanism observed in the nitrided specimen was brittle fracture
without evident plastic deformation.



1. Introduction

Hydraulic components such as turbines, pumps, valves and pipes are known to be affected by
cavitation erosion. This undesirable type of wear increases both the frequency of maintenance
operation and the repairing costs. Most of the components submitted to cavitation are
manufactured using stainless steels and many attempts to enhance its cavitation erosion
resistance have been made. The introduction of nitrogen atoms using thermochemical
treatments has been proved to be an effective way to enhance the wear resistance of stainless
steels and an improvement in cavitation erosion resistance of stainless steels due to the
increase in nitrogen content in solid solution by means of high temperature gas nitriding
treatment has been reported by several authors [1,2,3]. Garzon et al. showed that nitrogen
contents between 0.65 and 1.15 wt. % decreased between 7.6 and 23.3 times the erosion rate
of UNS S31803 duplex stainless steel [2]. Dos Santos et al increased the nitrogen content of an
AISI 304L austenitic stainless steel up to 0.48 wt. % and the erosion rate decreased 8.6 times in
comparison to the non-nitrided specimen [3]. Plasma nitriding is another thermochemical
treatment widely used to increase the nitrogen content in stainless steels. In addition, when the
treatment is carried out at low temperatures, in austenitic and martensitic stainless steels, it
allows the formation of nitrogen rich metastable phases known as expanded austenite and
expanded martensite, respectively. The expanded austenite formed by low temperature plasma
nitriding has also showed great cavitation erosion resistance as reported for the UNS S30403
austenitic stainless steel by Mesa et al [1]. Furthermore, low temperature plasma nitriding was
successfully employed to increase the cavitation erosion resistance of an ASTM A 743 Grade
CAB6NM martensitic stainless steel [4]. However, in a previous work, a great resistance to
cavitation erosion was not achieved after low temperature plasma nitriding an AISI 410 due to
precipitation of iron nitrides on top of the nitrided case [5]. Nevertheless, after removal of the
outermost region of the nitrided layer, containing iron nitrides, the expanded martensite resisted
the cavitation damage and the erosion rate was strongly reduced from 1.2 mg/h to 0.36 mg/h.
This result indicates that the expanded martensite formed by low temperature plasma nitriding
may be an alternative to increase the cavitation erosion resistance of martensitic stainless
steels.

On the other hand, nanoindentation tests are commonly used to measure local mechanical
properties at a micrometer or nanometer scale. Although several works reported the mechanical
properties of expanded austenite [6,7,8], few information is available for expanded martensite.
Many researchers reported a relationship between the cavitation erosion resistance and
mechanical properties such as hardness [9,10], yield strength [10], strain energy [11,12] among
others [13,14]. The mechanical properties of high temperature gas nitrided UNS S30403 and
UNS S31803 stainless steel were measured by nanoindentation and then related to cavitation
erosion resistance [2,3]. The results showed that the increase in nitrogen content in solid
solution increased the hardness, the reversible indentation work (W,) and decreased the
irreversible indentation work (W;). Moreover, the energy returned to the environment was
increased and the energy absorbed by the nitrided specimens decreased, evidencing a greater
resistance to plastic deformation.

The purpose of this work is to assess the cavitation erosion resistance of active screen
low temperature plasma nitrided AISI 410 martensitic stainless steel. The active screen
technic was employed in order to obtain a nitrided case composed of expanded
martensite and to avoid or decrease the iron nitrided precipitation. The introduction of
the active screen (AS) technology has shown to be effective to overcome some
problems associated to plasma nitriding such as edging effect, hollow cathode effect
and arcing [15], allowing a better control of the nitrogen potential of the plasma. The



cavitation erosion resistance is discussed in terms of microstructure, cumulative mass
losses, erosion rates, mechanical properties and mechanisms of wear.

2. Experimental Procedure
2.1 Materials and Treatments

AISI 410 martensitic stainless steel was used in this work. The nominal chemical
composition is shown in Table I.

Table | AISI 410 martensitic stainless steel nominal composition wt. %
C Cr Ni Mo P S
0.13 12.40 0.30 0.08 0.029 0.002

AISI 410 specimens were austenitized during 1 hour at 1000°C and quenched in water,
subsequently, the quenched specimens were tempered at 600°C during 1 hour and air
cooled to room temperature. Both heat treatments were carried out in argon
atmosphere under 0.15 MPa pressure. After the heat treatments, the specimens were
ground up to ASTM 1200 emery paper.

Plasma nitriding treatment was carried out at 400°C for 20 hours in a gas mixture of 75
% of nitrogen and 25 % of hydrogen in a Metal SA — Luxemburg unit, using active
screen (AS) in order to avoid any edge effect. Prior to plasma treatment, the specimens
were cleaned in acetone and air-dried.

2.2 Microstructure Characterization

The microstructure of the specimens was analyzed by optical microscopy (OM) and
scanning electron microscopy (SEM). Vickers microhardness was measured on the
surface and on the transverse section of the nitrided specimen, using a 10 gf load. The
hardness profile was plotted based on three repeats of measurements. In addition, the
nitrogen content as a function of depth was measured by using wavelength dispersive
X-ray spectrometer (WDX) coupled to SEM, following a procedure described elsewhere
[16]. Three repeats of the WDX measurements were performed. The phases in the
specimens were identified by X-ray diffraction using Cu-K radiation (1=1.5418 A) and
Bragg-Brentano -2 configuration.

2.3 Micromechanical Characterization

In order to assess some mechanical properties of both nitrided and non-nitrided
specimens, nanoindentation tests using a Berkovich indenter were carried out. The
loading/unloading rate was 1400 pN/s and the maximum load of 7000 puN was
maintained during 5 seconds. The hardness (H), the Young modulus (E), the H/E and
H3/E? ratios, the maximum depth of penetration of the indenter during loading (hmay), the



residual depth of the indention left after the removal of the indenter (h;) were measured,
according to the procedure proposed by Oliver and Pharr [17]. The elastic recovery (We)
was calculated using the relationship:

h
W, (%) =1- h—f *100

max

The results are the average of ten measurements made on the surface of each
specimen.

2.4 Cavitation Erosion Test

Cavitation erosion tests were carried out according to ASTM G32 standard [18], holding
the specimens 0.5 mm apart from the vibrating horn. The vibration frequency of the horn
was 20 KHz with 40 um peak-to-peak displacement amplitude. The tests were
conducted during 20 hours with periodical interruptions for registering the mass losses
in order to obtain time-variation curves of cumulative mass loss. Each point in the mass
loss curves corresponds to the average of three tests performed under the same
conditions for each specimen. The erosion rate was calculated from the slope of the
straight line that best approximates the nearly linear steepest portion of the cumulative
mass loss curves [18]. Additional cavitation erosion tests were carried out in order to
identify the wear mechanisms and assess the evolution of the damage at the surface of
the specimens. The tests were interrupted every 15 minutes during the first 3 hours and
the surface of the specimens was analyzed by SEM. From that time on, the
interruptions were made accordingly to the time-variation curves of cumulative mass
loss. Indentation marks were made, at the surface of the samples, in order to localize
and assess the same area throughout the test.

3. Results and Discussion

3.1 Microstructure Characterization

Figure 1 shows the microstructure of the quenched and tempered AISI 410, it can be
seen that the microstructure is composed of tempered lath martensite as expected for

the heat treatments conducted in this stainless steel. The average microhardness was
387-7 HVO0.01.



Figure 1 Quenched and tempered AISI 410 containing tempered lath martensite.
OM image.

Figure 2 shows the microhardness variation as a function of depth for the nitrided
specimen, together with the respective standard deviations.

Figure 2 Microhardness variation with depth of nitrided specimen.

The maximum hardness of 1275-92 HV0.01 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. The microhardness gradient is very gentle
throughout the nitrided case. According to the nitriding hardness depth — NHT criterion
[19], the nitrided case is around 28 pum thick, as shown in figure 2.

The transition between the expanded martensite layer and the martensite
microstructure of the substrate is not steep and no evident interface between the
metastable expanded martensite phase and the substrate can be seen. This a typical



feature of plasma nitrided martensitic stainless steels [5,20,21]. Some researchers
inaccurately report an “interface” that separates the expanded layer from the substrate
in austenitic and duplex stainless steels with the penetration depth of nitrogen into the
material. According to Christiansen and Somers [22], the nitrided case/substrate
interface appears as a consequence of the sudden change of the nitrogen concentration
(and as a response to the chemical etching as well) and it is not a thermodynamic or
crystallographic interface.

The active screen technique avoided crack formation and the massive precipitation of
big iron nitrides observed in the first 5 um deep region of the nitrided case obtained
through conventional DC low temperature plasma nitriding of AISI 410, reported in a
former work [5]. In addition, the microstructure of the nitrided case, shown in figure 3,
remains almost the same in comparison with the original microstructure of the quenched
and tempered AISI 410, shown in figure 1.

a) OM image

b) SEM images

Figure 3 Cross-section view of the nitrided specimen, a) OM image, b) SEM
images.



Figure 4 shows the nitrogen variation (wt. %) along the depth of the nitrided case
together with the respective standard deviations.

Figure 4 Nitrogen variation along the depth of the nitrided case.

One can see in Figure 4 that the nitrogen content decreased from ~4 wt. % measured at
2 um beneath the surface to ~0.1 wt. % at around 27 um depth. These high nitrogen
values are responsible for the increase in hardness of the nitrided specimen. It should
be noted that the nitrogen content profile not only agrees with the gentle behavior of the
microhardness profile, shown in figure 2, but also shows a similar value for the case
depth, around 27 um.

Figure 5 shows the X-ray diffraction patterns for both specimens. As can be seen in
figure 5a, the non-nitrided specimen shows typical BCC martensite peaks (ICDD #06-
0696) located at 2 angles of 44.81 65.06 and 82.33. On 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 2 angles of 43.12 64.11 and 81.60 correspond to a nitrogen supersaturated

phase, known as expanded martensite. The | (110) expanded martensite region of the

X-ray pattern lies between 43.12° and 44.66° as shown in Figure 5b, indicating a
nitrogen gradient inside the nitrided case. This conclusion is supported by the
microhardness gradient shown in Figure 2, the microstructure shown in figure 3 and the
nitrogen gradient measured in the nitrided case shown in Figure 4. In addition to the
expanded martensite peaks, the nitrided specimen diffraction pattern shows hexagonal
e-Fe24N1g iron nitrides peaks (ICDD #73-2103), structurally similar to e-Fe3N.



Figure 5 X-ray diffraction patterns for nitrided and non-nitrided specimens.
3.2 Mass losses and Erosion Rates

Cumulative mass losses variations as a function of exposure time are shown in figure 6.
The scatter bars comprise one standard deviation.

After 20 hours of testing, the non-nitrided specimen lost ~42 mg and the nitrided
specimen lost ~1.5 mg. The nitrogen addition decreased 27 times the mass loss of the
guenched and tempered AISI 410. The erosion rates were calculated from the slope of
the straight line plotted from the fifth hour on, as shown in figure 6, accordingly, the
erosion rates were 0.085 mg/h and 2.56 mg/h for nitrided and non-nitrided specimens,
respectively.



Figure 6 Cumulative mass losses variations as a function of exposure time for
nitrided and non-nitrided specimens.

3.3 Mechanical properties measured by nanoindentation

Table 1l shows the hardness (H), the Young modulus (E), the H/E and H*/E? ratios and
the elastic recovery (W,) for both specimens measured by nanoindentation tests.

Table Il Hardness (H), Young modulus (E), (H/E) and (H*E? ratios, maximum
depth of penetration (hnhax), residual depth after indentation (hf) and elastic
recovery (W) for both specimens measured by nanoindentation tests.

. E H H3/E2 hmax hf We
Specimen  p.)  (GPa) HIE (GPa) m)  (m) (%)
Non- 1893 - 47 0.03 0003 2343 1977 157
nitided  -6.4. 0.3  -0.001  -0.0004  -59 6.6  -0.9
Niideg 1915 137 0.07 0.07 1484 814 451
74 075  —0.003 _0.008  -38  -42 16

The active screen plasma nitriding treatment had no effect in the Young modulus, the
expanded martensite and the tempered martensite showing similar values of 191.5 —
7.4 GPa and 189.3 — 6.37 GPa, respectively. However, the formation of nitrogen
expanded martensite increased the hardness almost 3 times, from 4.7 — 0.24 GPa for
the tempered martensite to 13.7 — 0.75 for the expanded martensite. For comparison
purposes, it has been reported that the expanded austenite hardness is 14 -18 GPa
with Young modulus of 225 - 260 GPa [6]. The expanded martensite showed higher H/E
and H%/E? ratios indicating its capability to support high contact pressure, like those
typically found in components submitted to cavitation. Greater H/E ratios are desirable



as they denote higher elastic deformation before failure by plastic deformation or
cracking. Furthermore, the elastic recovery of expanded martensite was 45 % and only
15 % for tempered martensite, showing that plastic deformation (associated to final
penetration after unloading h;) is the main deformation occurring in tempered
martensite. These results suggest that the expanded martensite deforms mainly
elastically during cavitation test. The impact energy released by the shock waves is
elastically absorbed and then released to the medium, without significant plastic
deformation or loosing considerable mass. Apparently, nitriding increased the yield
strength of tempered martensite, leading to an increase of the elastic behavior of the
expanded martensite nitrided case. The performance of the nitrided case is controlled
by the resistance to elastoplastic deformation given by the expanded martensite. The
increase in the cavitation erosion resistance is due to both, an increase in hardness and
in the elastic response of the expanded martensite microstructure. The microstructure of
the nitrided case is mostly homogenous and does not contain cracks, voids or other
phases, which may act as nucleation sites for erosion. Apparently the e-FesN iron
nitrides precipitation is not harmful for the cavitation erosion resistance, most probably
due to nanometric coherent precipitation. These results differ from those formerly
obtained by the authors [5] after conventional low temperature plasma nitriding of AlISI
410 stainless steel, in which e-FesN and ’-Fe4N iron nitrides precipitated near the
surface of the expanded martensite case. In this work, iron nitrides could not be
observed even at 8,000 times magnification in the SEM. In contrast the e-FesN and ’-
Fe4N iron nitrides formed during conventional low temperature plasma nitriding could be
easily observed at 2,500 times magnification. The active screen technic decreased the
amount and the size of the e-Fe3N precipitates and avoided “-Fe4N precipitation.

4 Wear Mechanisms
4.1 Non-nitrided specimen

Figure 7 shows the evolution of the damage during the first hour of testing in non-
nitrided specimen. Prior to the cavitation test, the surface was ground with emery
papers up to ASTM 1,200 and then polished with 6, 3 and 1 um diamond paste.

It can be seen from figure 7b) that a significant change occurs at the surface within the
first few minutes of testing: a slight relieve was created due to the formation of very
small pits (1) and smooth grooves (2), indicating that the surface is undergoing plastic
deformation. In figure the sequence 7c to 7f it may be seen that the grooves revealed
prior austenitic grain boundaries (3), delineated due to material flow. In addition,
martensite lath boundaries (4) were also revealed, as a consequence of plastic
deformation. At this time, the mass loss was very low (~0.19 mg) and the main damage
at the surface was plastic deformation.
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Figure 7 Evolution of the damage during the first hour of testing in non-nitrided
specimen, a) before testing b) 15 minutes of testing, ¢) 30 minutes of testing, d)
45 minutes of testing, e and f) 60 min. SEM images.



Plastic deformation increases and cavities (5) are formed along martensite lath
boundaries and prior austenite grain boundaries. Furthermore, lath boundaries and
grain boundaries act as barriers to material flow, causing an accumulation of strained-
mass at these imperfections, creating protruding lips on the surface, shown in figure 8.

Figure 8 Cavities (5) and surface steps created due to mass accumulation at twins
and grain boundaries after 120 minutes of testing. SEM images.

After 120 minutes of testing, the cumulative mass loss is around 0.30 mg indicating that
some material was detaching from the protruding lips. Moreover, one can see that
detachment of particles from these lips occurred mainly by a ductile mechanism, leaving
very thin walls due to necking. In the interval between 150-180 minutes, the surface
appearance strongly changed due to removal of the protruding lips, as shown in figure
9. Cavitation damage occurred by plastic deformation, possibly by fatigue and finally by
ductile fracture mechanisms. The cumulative mass loss after 180 minutes of testing was
~0.75 mg.

150 minutes 180 minutes
Figure 9 Material detachment from the strained mass accumulated at protruding
lips, due to a ductile fracture mechanism within 150 — 180 minutes of testing. SEM
images.



a) 240 minutes

b) 360 minutes

c) 720 minutes d) 1200 minutes
Figure 10 Material detachment due to cleavage from ~180 minutes of testing until
the end of the test, a) 240 minutes of testing, b) 360 minutes of testing, c) 720
minutes of testing and d) 1200 minutes of testing. SEM images.



However, from 180 minutes of testing on, it seems that the non-nitrided specimen
changed from ductile to brittle behavior. Most probably, due to the presence of small
cavities on the surface, the shock waves induced more complex states of stresses,
changing the mechanical behavior of the deformed surface from ductile to brittle.
Consequently, cracks are able to propagate rapidly by cleavage (6) without significant
plastic deformation. The non-nitrided specimen showed this brittle response until the
end of the test, as shown in figure 10.

4.2 Nitrided Specimen

Figure 11 shows the nitrided specimen surface before and after 60 minutes of testing.

\Q:%

ot

"
Vo=
a) Before testing b) After 60 minutes of testing

Figure 11 Nitrided specimen surface, a) before the test and b) after 60 minutes of
testing. SEM images.

During the first 60 minutes 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 minutes, the number of pores inside the grains was increased (2) and new pores
were nucleated, not only in other grains (3) but also at grain boundaries (4), as can be
seen in figurel2.

Furthermore, it can be seen in figure 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 minutes of testing time in figures 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.
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Figure 12 New pores nucleation in other grains (3) and at grain boundaries (4)
after 105 minutes of testing. SEM images.

Figure 13 Increase on pores nucleation within grains and at grain boundaries
after 180 minutes of testing. SEM images.
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Figure 14 Increase on pores nucleation within grains and at grain after 300
minutes of testing. SEM images.

Pores nucleation and growth proceeded and spread over the entire surface till around
600 minutes of testing, as shown in figure 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 ~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.

Figure 15 Surface appearance of the nitrided specimen after 600 minutes of
testing. SEM images.

Figure 16 shows the evolution of the damage at 720 and 1,200 minutes 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.



a ) After 720 minutes of testing

b) After 1200 minutes of testing
Figure 16 Nitrided specimen surface, a) after 720 minutes of testing and b) after
1200 minutes of testing. SEM images.

5 Conclusions

Active Screen Plasma Nitriding produced a nitrided case formed by expanded nitrogen
supersaturated martensite and hexagonal e-FeysNip iron nitrides, with maximum
hardness of 1275 HV measured on top of the nitrided surface.

The microhardness measurements on the transverse section of the nitrided specimen
and the nitrogen penetration depth measured by WDX indicated a nitrided case depth
around 27-28 pm.

After 20 hours of testing, the non-nitrided specimen lost ~42 mg and the nitrided
specimen lost just ~1.5 mg. The Active Screen Plasma Nitrided nitrogen supersaturated
expanded martensite decreased 27 times the mass loss compared to the quenched and



tempered AISI 410 stainless steel. The erosion rates were 0.085 mg/h and 2.56 mg/h
for the nitrided and non-nitrided specimens, respectively.

The elastic recovery was 15 % for tempered martensite and 45 % for expanded
martensite. The expanded martensite showed higher H/E and H*/E? ratios, indicating its
capability to support higher contact pressures.

The increase in cavitation erosion resistance is attributed to the increase in hardness
and of the elastic response of the expanded martensite.

The non-nitrided specimen changed from ductile to brittle behavior, therefore, two
different modes of material detachment occurred. The first one characterized by high
deformation, material flow, fatigue and material detachment, due to ductile rupture
mechanisms. The second one, from around 180 minutes of testing on, may be
described by the formation of craters by cleavage mechanisms, resulting in a greater
erosion rate exhibited by the non-nitrided specimen in the later stages of cavitation.

In the nitrided specimens, craters were formed at martensite lath boundaries and at
prior austenite grain boundaries. The material removal mainly comes from the craters
and from debris detachment from the grain surfaces due to brittle fracture, without
plastic deformation. The wear mechanisms acting in the nitrided specimen remained
unchanged along the test.
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