Surface & Coatings Technology 381 (2020) 125216

Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

On the wear and corrosion of plasma nitrided AISI H13 R

Check for
updates

F.A.P. Fernandes™*, S.C. Heck”, C.A. Picone®, L.C. Casteletti®

2 Centro de Engenharia, Modelagem e Ciéncias Sociais Aplicadas, Universidade Federal do ABC, Alameda da Universidade, s/n., 09606-045 Sdo Bernardo do Campo, SP,
Brazil
Y Departamento de Engenharia de Materiais, Escola de Engenharia de Sdo Carlos, Universidade de Sdo Paulo, Av. Jodo Dagnone, n. 1100, 13563-120 Sdo Carlos, SP,
Bragzil
¢ Departamento de Fisica e Quimica, Faculdade de Engenharia de Ilha Solteira, Universidade Estadual Paulista, Av. Brasil Centro, n. 56, 15385-000 Ilha Solteira, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords:
Plasma nitriding
Tool steels

Tool steels are applied in a variety of industrial operations providing a good balance of properties. Surface
engineering has the potential to improve productivity and further extend the lifetime of metallic components. In
the present work plasma nitriding is applied to the hot work AISI H13 tool steel to improve wear and corrosion

AISI H13 characteristics. The steel was nitrided in the tempered condition at three different temperatures and pressures for
‘é\:)eri;sion 5 h of duration. At 450 °C of nitriding temperature mainly a diffusion zone is observed while a compound layer is

produced at 550 and 650 °C. Both surface and bulk hardness decrease as nitriding temperature is increased. X-
ray diffraction indicates that a mixture of both € and vy’ iron nitrides is produced in all cases. The content of e-
nitride appears to decrease with temperature while y’-nitride and CrN increase. Working pressure does not lead
to significant alterations in phase proportion, hardness and wear resistance after plasma nitriding at a given
temperature. However, increasing processing temperature, from 450 to 650 °C, reduces the wear coefficient from
1.19-1077 t0 7.06 - 10 ~® mm®/N-m, respectively, while from the base steel such coefficients are in the order of
10~° mm®/N'm. Regarding the corrosion behavior, plasma nitriding at 450 and 550 °C yields higher corrosion
potentials, lower current densities and an extensive passivation range, while the tempered substrate, irrespective
the condition, exhibits no passivation. From the wear and corrosion perspective it is concluded that plasma
nitriding at 450 or 550 °C leads to better corrosion properties while nitriding at 650 °C yields a better wear

performance.

1. Introduction

AISI H13 is a chromium-molybdenum-vanadium alloyed steel and
perhaps the most popular and versatile hot work tool steel widely used
as a die in die-casting, extrusion and hot forging. It provides a good
balance of toughness, heat resistance and temper resistance, along with
moderate wear resistance. These properties can be obtained by a heat
treatment process which consists of an austenitization step with a
subsequent quenching and a tempering procedure [1,2]. The achieved
mechanical properties are due to nanometer size alloy carbides which
precipitate during tempering [1,3]. Tempering temperatures usually
vary from 250 to 600 °C depending on the required characteristics for
each application.

Surface engineering is a common practice in industry to improve
productivity and quality further extending the lifetime of metallic
components. Nitriding is a thermochemical surface treatment with a
great importance because it can improve fatigue strength, tribological
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properties and/or corrosion resistance [4]. The process involves diffu-
sion of nitrogen species from different types of media leading to the
formation of nitrogen-rich phases in the near surface region [4].

Plasma nitriding of a variety of ferrous alloys, including tool steels,
usually yields a top compound layer (or white layer) consisting of iron
nitrides such as the epsilon phase (e-Fe, 3N), the gamma phase (y’-
FeyN), or a mixture of both (¢ + y’). Beneath the compound layer a
diffusion zone is observed, which consists of a nitrogen interstitial solid
solution in the ferrite matrix and fine, coherent nitride precipitates
[5-71.

AISI H13 is particularly suitable for nitriding owing to its chro-
mium, molybdenum and vanadium content which increase the nitrogen
uptake capability [8]. Nitrogen diffusion on this steel is observed at
temperatures as low as 260 °C. The e-nitride is the first to be produced
at lower temperatures while y’-nitride precipitates at higher plasma
processing temperatures [9]. Meanwhile, increasing the applied pres-
sure leads to a reduction in case thickness due to a decrease in the mean
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free path during plasma nitriding [10,11]. Most of the articles in the
literature apply nitriding temperatures no higher than 590 °C [2,5,7,9].
In the present study a nitriding temperature as high as 650 °C was
chosen in order to evaluate the effects of massive nitride formation.

The composition and thickness of nitrided layers strongly depend on
the processing parameters, such as treatment temperature and duration,
atmosphere composition and additionally on the substrate composition.
Several studies state that fatigue performance [12], tribological char-
acteristics [13] and corrosion resistance [7] are intimately related to
these characteristics of the case.

Previous research indicates that e-nitride has a better corrosion re-
sistance when compared to the y’-nitride [7]. Regarding the tribological
performance a study observed that a single e-nitride layer is more wear
resistant than a mixed (¢ + y’) layer at room temperature in a pin-on-
disc device [14]. Other authors state that a combination of higher
hardness and deeper case is adequate to reduce the extent of material
loss under dry conditions [15]. Moreover, it has been reported that a y’-
nitride single layer also possesses significant ductility and lubricity
[16].

Some authors have reported porosity formation in the nitrided layer
upon prolonged treatments occurring as a consequence of the inherent
metastability of iron nitrides [17,18]. The presence of porosity could
impair the corrosion and wear properties in a given application.

Therefore, to correctly select the processing parameters for nitriding
a given steel in a specific application, a proper understanding of each
parameter and its effects on the microstructure and properties is re-
levant. In the present study the effects of plasma nitriding temperature
and pressure on the microstructure, wear and corrosion properties of
the AISI H13 tool steel is addressed.

2. Experimental

Initially, a square billet of AISI H13 was austenitized at a tem-
perature of 1050 °C for 2 h followed by quenching in oil. Tempering
was performed sequentially at 590 °C for a period of 2 h resulting in a
bulk hardness of 770 HV (~63HRC). For the present study square
samples with a side of 20 mm and thickness of 5 mm were cut from the
AISI H13 heat treated billet with the following chemical composition:
Fe-0.45C-0.43Mn-1.07Si-1.21V-4.60Cr-1.39Mo (wt%). The flat surfaces
of the specimens were ground and polished at a final step of 1 pm
alumina suspension to achieve a mirror-like surface finish.

Quenched and tempered samples were then plasma nitrided using
the direct current (DC) method, applying a gas mixture of 80 vol% H,
and 20 vol% N, pressure of 4, 5 and 6 mbar and temperatures of 450,
550 and 650 °C. Pressure range was selected based on previous ex-
perience knowing that values as high as 7 mbar yield an excessively
thin or absent plasma sheath and values low as 2-3 mbar result in a
sparse sheath. Additionally, nitriding temperatures were chosen ac-
cording to an expected layer morphology. The treatments were per-
formed in a dedicated chamber described previously [19] with a time
duration of 5 h for all conditions. Plasma nitrided specimens were
characterized by optical microscopy, X-ray diffraction, Vickers micro-
hardness measurements, wear and corrosion tests.

X-ray diffraction (XRD) patterns were obtained at the surface of the
samples applying a Geigerflex Rigaku equipment with a scanning angle
from 30 to 95°. The tests were performed using copper radiation (Cu
Ka) and continuous scanning with a speed of 2°/min. The patterns are
plotted as a stack for each treatment temperature and relative in-
tensities are shown. Additionally, to comparatively evaluate the phase
evolution from 450 to 650 °Ca qualitative plot is given based on the
absolute intensities of selected peak positions from distinct compounds,
namely aFe, FesN, FeyN and CrN. The plot was constructed by taking
the average of the absolute intensities from the three different applied
pressures for each compound and nitriding temperature.

For metallographic investigation, cross sections of the plasma ni-
trided samples were hot mounted, followed by grinding and polishing.
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Optical microscopy observation was conducted in a Zeiss microscope
Axiotech model after etching the specimens with a 10% Nital solution.
Vickers microhardness measurements were performed on the mounted
cross sections using a digital Buehler equipment model Micromet 2104
applying 100 gf of load and a dwell time of 10 s. Microhardness profiles
were obtained by systematically measuring hardness on the etched
cross sections from the near surface region towards the bulk. A linear
sequence of indentations was performed at approximately 45° from the
surface until a constant value is observed. The distance between the
measurements was at least three times the size of an indentation.

A micro-abrasive wear machine was applied for studying the wear
resistance of treated and untreated systems. Tests were performed in a
fixed ball machine (described elsewhere [20]) without abrasive and
using a AISI 52100 steel sphere of 25.4 mm in diameter as a counter-
body with hardness of approximately 850 HV. The rotation speed and
load were 500 rpm and 250 g (2.5 N), respectively. Consecutive wear
scars were produced for test times of 5, 10, 15, and 20 min in order to
obtain the volume loss curve for each applied load. One sphere is used
for a series of four tests (5, 10, 15 and 20 min) and the sphere is slightly
rotated after each test thereby creating a new circular mark around it at
every test duration.

Additionally, corrosion tests were performed on nitrided and non-
nitrided specimens in order to comparatively evaluate the electro-
chemical response of the systems. Experiments were made by means of
potentiodynamic polarization tests. The electrochemical cell used to
obtain the polarization curves applied a saturated calomel reference
electrode and a platinum auxiliary electrode. The electrolyte employed
was a Brazilian natural sea water with a pH of 8.0. Prior to the tests the
system was led to rest for 10 min. For monitoring the potential and
current, an Autolab model PGSTAT-302 potentiostat was applied. The
polarization curves were obtained with a scanning speed of 1 mV/s
from —1.0 to 1.0 V. For each experiment, 50 ml of the electrolyte was
employed and the area exposed to the saline solution was approxi-
mately 0.5 cm?. Each test was repeated twice and a representative curve
is shown. It has been noticed that the error involved in the measure-
ments, in terms of potential, may reach = 50 mV.

Thus, wear and corrosion were evaluated after plasma nitriding at
three different temperatures (450, 550 and 650 °C) and pressures (4, 5
and 6 mbar). Additionally, to further infer on the influence of the
temperature cycle - solution treatment (1050 °C for 2 h), tempering
(590 °C for 2 h) and nitriding (450, 550 or 650 °C for 5 h) - on the
properties of the base steel, wear and corrosion tests were also per-
formed on the back of the nitrided samples after metallographic pre-
paration.

3. Results and interpretation

In the present study, the effect of nitriding temperature and pressure
on the microstructure, wear and corrosion properties of the AISI H13
tool steel is addressed. Plasma nitriding has been successfully applied to
several types of tool steels to improve fatigue [12], wear [13] and
corrosion [7] properties. Processing parameters such as the method, gas
mixture, nitriding temperature, time and pressure clearly influence the
performance of a treated piece. Therefore the correct understanding on
how these parameters affect the mechanical properties, composition,
wear and corrosion is of prime importance to achieve a desirable re-
sponse upon plasma nitriding of a specific alloy.

3.1. Microstructure and hardness

The microstructure of plasma nitrided AISI H13 was investigated by
light optical microscopy and X-ray diffraction. The initial micro-
structure of the AISI H13 steel after austenitizing, quenching and
tempering consists of martensite, primary carbides and secondary car-
bides which precipitated during tempering [3]. Upon nitriding the in-
gress of nitrogen promotes significant microstructural modifications in
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Fig. 1. Light optical micrographs from the cross sections of the AISI H13 steel plasma nitrided for 5 h at: (a) 450 °C and 5 mbar; (b) 550 °C and 5 mbar; (c) 650 °C and

5 mbar and (d) 550 °C and 6 mbar.

the near surface region. Moreover the applied nitriding treatment cycle
(temperature and time) also leads to further microstructural alteration
in the bulk acting as a second tempering step.

Fig. 1 presents a series of light optical micrographs from the cross
sections of plasma nitrided AISI H13 at the same magnification. Fig. 1a
shows a cross section of a specimen nitrided at 450 °C yielding only a
surface diffusion zone. There is weak contrast between surface region
and the core of the sample. Microhardness measurements were applied
to confirm the transition between the diffusion zone and the inner core.
Nitriding at 550 °C (Fig. 1b) results in a thin white surface layer plus a
thick diffusion zone. In this case distinction between the diffusion zone
and the substrate is clearer. Additionally, thin elongated precipitates
are seen in the diffusion zone as a result of grain boundary precipitation
[15,21]. At a temperature of 650 °C (Fig. 1c) the white surface layer is
thicker and a deep diffusion zone is seen. Additionally, the white layer/
diffusion zone interface is scattered indicating significant nitrogen dif-
fusion across the grain boundaries. Fig. 1a to ¢ was obtained from
treatments applying 5 mbar of pressure.

Fig. 1d shows a cross section of a sample treated at 550 °C and
6 mbar allowing an evaluation of the influence of pressure on the layer
morphology. Comparing Fig. 1b with Fig. 1d no clear difference is
noticed indicating that pressure does not lead to significant morpho-
logical changes in the microstructure at the applied magnification.

Fig. 2 depicts plots of the nitrided case thickness against the applied
temperature for different processing pressures. Case thickness includes
the top white layer (when present) plus the diffusion zone. The plot
indicates that case depth significantly increases as treatment tempera-
ture is raised. Meanwhile, the applied pressure appears to exert a minor
influence.

Previous work indicates that a layer containing only a diffusion zone
can be obtained by limiting the supply of nitrogen in the treatment
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Fig. 2. A plot of the case thickness (um) after plasma nitriding versus the ap-
plied temperatures for the three distinct pressures.

atmosphere [21]. In the present study such layer morphology was ob-
tained at a temperature of 450 °C for 5 h of duration and for all the
applied pressures. Higher treatment temperatures (550 and 650 °C)
developed a white compound layer at the surface.

X-ray diffraction was applied to evaluate the nature of the com-
pounds produced at surface of the steel after nitriding. Fig. 3 presents X-
ray diffractograms from the plasma nitrided AISI H13 steel at 450 °C
(Fig. 3a), 550 °C (Fig. 3b) and 650 °C (Fig. 3c). For a given temperature
the layers produced at different pressures (i.e. 4, 5 and 6 mbar) are
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Fig. 3. X-ray diffractograms from the surface of the plasma nitrided AISI H13 samples produced at (a) 450 °C, (b) 550 °C, (c) 650 °C applying different processing

pressures, and (d) qualitative phase evolution plot.

plotted as a stack. Additionally, a qualitative plot is given in Fig. 3d
showing the variation in peak absolute intensity for selected phases.
The results indicate that for a fixed temperature and time there is no
significant effect of the applied pressure on the nature of the observed
compounds (see Fig. 3a—c). However, the diffractograms are con-
siderably distinct for the three applied temperatures.

Indeed as previously observed [5-7,22] the main phases produced
after nitriding are the epsilon (e-Fe, 3N) and the gamma (y’-Fe4N) iron
nitrides. Since AISI H13 steel has about 4 wt% of Cr, chromium nitride
(CrN) is also observed, particularly for the treatments conducted at 550
and 650 °C. The observed diffraction peaks are generally broad at lower
temperatures and become narrower at a higher temperature which is, to
a certain extent, an indication of less disorder upon increasing process
temperature [9].

The qualitative plot in Fig. 3d indicates that increasing the treat-
ment temperature causes a decrease in the e-nitride amount, as well as
an increase in the y’-nitride, CrN and a-Fe phase signal. According to
Zagonel et al., for high plasma nitriding temperatures, the nitrogen
diffusion from surface to the interior of the material is faster than the
surface adsorption of nitrogen atoms from the plasma source, therefore
yielding this phase distribution pattern [23].

Fig. 4 presents the microhardness profiles of plasma nitrided AISI
H13 steel samples at the three different temperatures. Each hardness
profile shows a superimposition of the data acquired for the three dif-
ferent applied pressures (i.e. 4, 5 and 6 mbar) at a constant treatment
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T T T T T
0 100 200 300 400
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Fig. 4. Microhardness profiles of plasma nitrided H13 steel samples at different
temperatures.

temperature. In fact there are no significant differences from the ap-
plied nitriding pressures in terms of hardness. All the profiles clearly
show a high surface hardness, due to nitrogen ingress, which decreases
towards the core of the specimen. Moreover, there is a clear decrease in
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Fig. 5. Volume loss curves of the (a) tempered AISI H13 steel substrate and plasma nitrided samples at (b) 450 °C, (¢) 550 °C and (d) 650 °C, applying different

processing pressures.

both surface and core hardness when nitriding temperature is in-
creased.

Plasma nitriding at 450 °C yields the highest surface hardness
(about 1100 HV) and core hardness (nearly 720 HV). At 550 °C both the
surface and core hardness decreases to 970 HV and 570 HV, respec-
tively. Nitriding at 650 °C results in a further decrease in surface and
core hardness to 900 HV and 400 HV, respectively. Previous studies
have already shown that upon increasing the nitriding temperature
maximum surface hardness diminishes [15,21].

The high surface hardness observed after nitriding is mainly at-
tributed to the presence of iron nitrides (see Fig. 3) which are ceramic-
like compounds. However, higher treatment temperatures appear to
form coarser nitride precipitates leading to lower hardness within the
case [24]. Additionally, the presence of porosity could also result in a
decrease in hardness [17].

ASTM A681 advises that AISI H13 shall be tempered twice at 552 °C
for a 2 h period which results in a minimum hardness of 52HRC
(540 HV) [25]. In the present study tempering was performed once at
590 °C for 2 h resulting in a bulk hardness of 63HRC (770 HV). Plasma
nitriding cycle would then act as a second tempering step. Previous
microstructural investigations indicate that tempering twice at 650 °C
results in a significant coarsening of carbides leading to a substantial
loss in hardness [3]. Most likely the decrease in bulk hardness from the
nitriding temperature of 450 to 650 °C (see Fig. 4) is related to such
phenomenon.

Comparing case thickness exhibited in Fig. 2 with the hardness
profiles from Fig. 4 it is noticed that case depth obtained from optical
microscopy correlates reasonably well with the microhardness data.
Samples treated at 450 °C exhibit a sudden drop in hardness while the

specimens produced at 550 and 650 °C present a second hardness pla-
teau beneath the surface.

3.2. Wear response

Fig. 5 presents dry wear test results conducted in the tempered AISI
H13 steel substrate (Fig. 5a) and after plasma nitriding at 450 °C
(Fig. 5b), 550 °C (Fig. 5c¢) and 650 °C (Fig. 5d) applying different
working pressures. All curves show worn volumes increasing with the
running distance. Note that different scales apply for the nitrided spe-
cimens and heat treated only readily indicating a considerable reduc-
tion in wear after nitriding.

Wear testing of the double tempered steel (standard tempering plus
nitriding cycles) was conducted on the backside of the nitrided speci-
mens therefore evaluating only the effect of heat treating on the tool
steel. Tribological behaviors of tempered steel substrates (Fig. 5a) ex-
hibit a direct relation with the observed bulk hardness. A larger worn
volume is observed for the nitriding temperature of 650 °C which
presented the lowest bulk hardness (see Fig. 4). Again, coarsening of
carbides precipitated during the second tempering step (nitriding cycle)
decreases hardness resulting in an impairment on the wear perfor-
mance. Previous studies corroborate the reasoning [2].

Plasma nitriding yields an important improvement on the wear
behavior, irrespective the processing temperature and pressure, with
worn volumes 200 times smaller than the tempered steel. Analyzing
Fig. 5b—d it is observed that for a treatment duration of 5 h temperature
is the most significant parameter to generate reduction in the worn
volume. Working pressure (from 4 to 6 mbar) appears to exert non-
significant alterations in the volume lost since a clear trend could not be
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Fig. 6. Wear craters on the double tempered AISI H13 substrate. (a) 450 °C-5 h and (b) 650 °C-5 h, after 400 m of wear testing.

established. For the temperature of 650 °C, worn volumes are re-
markably similar for the different applied pressures. However, for 450
and 550 °C there is a minor variation in wear depending on the pres-
sure. In fact, increasing nitriding temperature appears to lead towards
lowered worn volumes and a tendency of stabilization along the tra-
veled distance. Plasma nitriding at 450 °C (Fig. 5b), which yielded
higher surface hardness (see Fig. 4) results in increased worn volume.

With respect to the wear resistance several authors state that high
hardness is a crucial parameter to maintain the surface integrity
[13,26]. Notwithstanding the present results indicate the opposite for
the nitrided specimens.

To further infer on the active wear mechanism during the wear tests
in both tempered and nitrided steel samples, optical microscopy was
conducted inside the wear craters. Fig. 6 shows micrographs from the
wear tracks on the double tempered steel and Fig. 7 from the nitrided
specimens. Wear craters from Fig. 6 correspond to wear testing with
similar applied load and running distances after a second tempering
step at 450 °C for 5 h (Fig. 6a) and 650 °C for 5 h (Fig. 6b), as a result
from the nitriding cycle. Both micrographs show craters with parallel
ridges (marked as 2) and adhesion patches (marked as 1) inside it, in-
dicating a similar active wear mechanism. However, tempering at
650 °C (Fig. 6b) appears to yield deeper and wider ridges most likely as
a result of its lower bulk hardness. Therefore material removal would
be facilitated.

Although the tests were performed under dry condition, an abrasion
wear mode is observed for all tempering conditions applied to the AISI
H13 steel. Most likely, wear debris from the contact region generate a
grooving process which yields such typical parallel scratches inside the
wear craters.

The wear craters produced on the nitrided specimens (Fig. 7), ap-
plying the same testing conditions, are considerably smaller than those
observed on the tempered steel (Fig. 6) as indicated by the scale bar on
the images. In all cases the parallel scratches (marked as 2) generated
inside the wear tracks are much less pronounced than those observed
on the substrate, indicating a mild abrasive process.

Fig. 7a and b presents craters produced on the AISI H13 tool steel
nitrided at 450 °C applying 5 mbar of pressure after 200 and 400 m of
sliding, respectively. It is possible to see the size evolution and the
development of wide dark adhesion areas (marked as 1) from 200 to
400 m of testing. As the wear process undergoes crater size tends to
increase leading to a pressure decrease since load is constant. Lowering
the pressure facilitates the entrance and entrapment of wear debris in

the contact region causing the formation of such adhesion patches
(marked as 1). Also, one notices the presence of wear debris on the
superior part of all the produced scars.

Fig. 7c shows a crater produced after nitriding at 450 °C applying
4 mbar of pressure after 400 m of sliding. From Fig. 7b to ¢ only
pressure is modified from 5 to 4 mbar. Wear craters are very similar in
size and morphology presenting regions of mild abrasion and adhesion.

On Fig. 7d and e wear scars from specimens nitrided at 550 °C ap-
plying 5 mbar of pressure after 200 and 800 m of sliding are shown,
respectively. Both craters present the typical parallel scratches in-
dicating an abrasive wear mode though mild in intensity due to the
presence of shallow grooves.

Fig. 7f presents a wear scar on a specimen nitrided at 650 °C ap-
plying 4 mbar of pressure after 800 m of sliding. Plasma nitriding at this
temperature yields the smallest craters and therefore the best wear
performances (see Fig. 5). Again a mild abrasion process is noticed.
Comparing Fig. 7e with Fig. 7f one notices the decrease in crater size by
changing the nitriding temperature from 550 to 650 °C, respectively, for
800 m of sliding.

It is interesting to note that as nitriding temperature increases from
450 to 650 °C less adhesion patches are noticed inside the wear tracks
(see Fig. 7) what could be attributed to a change in the contact nature
leading a smaller work of adhesion [27]. At 450 °C nitriding results in a
diffusion zone only and therefore the contact is mainly metal-metal in
nature. At 650 °C a ceramic-like compound layer develops changing the
contact nature to metal-ceramic thus decreasing the work of adhesion
[271.

Another factor that might reduce the presence of adhesion patches
inside the tracks is the size of the scar itself leading to pressure variation
during sliding. Initially contact pressure is high and therefore wear
debris are not allowed in the contact region. As sliding proceeds crater
area increases leading to a decrease in the contact pressure. This allows
debris entrapment which results in adhesion inside the wear tracks.
Note that for nitriding at 650 °C adhesion is not observed even after
800 m of sliding (Fig. 7f) while for 450 °C after 400 m of sliding (Fig. 7b
and c) adhesion is already present.

Table 1 collects the wear coefficients (K) and maximum crater depth
(h) calculated from the worn volume curves previously presented in
Fig. 5. Calculations based on the case thickness and crater depth in-
dicate that wear tests performed on the plasma nitrided specimens have
not perforated the nitrided layers even after 800 m of traveled distance
(20 min of sliding).
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Fig. 7. Wear craters on the plasma nitrided AISI H13: (a) 450 °C-5 mbar-200 m, (b) 450 °C-5 mbar-400 m, (c) 450 °C-4 mbar-400 m (d) 550 °C-5 mbar-200 m, (e)

550 °C-5 mbar-800 m, (f) 650 °C-4 mbar-800 m.

Table 1
Wear coefficients (K) and crater depth (h) of the heat treated AISI H13 and
plasma nitrided specimens.

h, um K, mm®*m *N~!
450 °C Substrate 33.8 2.21-107°
PN 4 mbar 2.54 1.32-1077
PN 5 mbar 2.25 1.22-1077
PN 6 mbar 2.07 1.02-1077
550 °C Substrate 40.6 3.40-10°°
PN 4 mbar 1.56 4.45-10°8
PN 5 mbar 1.89 7.83-10°8
PN 6 mbar 2.24 1.15-1077
650 °C Substrate 50.7 519-10°°
PN 4 mbar 1.80 7.49-10°8
PN 5 mbar 1.80 571-10"8
PN 6 mbar 1.72 8.00-10°8

Wear coefficients presented in Table 1 show an improvement of at
least two orders of magnitude after plasma nitriding. Comparing the
wear coefficients and crater depths of the tempered substrates it is clear
that applying a second tempering at lower temperature yields better
wear performances. Additionally, evaluating the effects of plasma ni-
triding alone, the specimens processed at 650 °C appear to possess
higher wear resistances.

The wear coefficients from Table 1 are further plotted in function of
nitriding temperature in Fig. 8a for comparison purposes. It depicts the
wear coefficients of AISI H13 substrate, tempered at 450, 550 and
650 °C for 5 h, as a result of the temperature applied on the nitriding
cycle. Additionally, an average of the wear coefficients from the ni-
trided specimens obtained at three different working pressures (i.e. 4, 5
and 6 mbar) is presented for each temperature. It is clear that tempering
at higher temperatures leads to larger wear while nitriding at higher

temperatures (for a fixed duration of 5 h) results in reduced wear.

Fig. 8b presents the evolution of adhesion percent, inside the wear
craters, against the running distance after plasma nitriding at different
temperatures as indicated. Each shadowed curve represents a nitriding
temperature and the percent range in these shadowed areas indicates
the maximum and minimum adhesion observed for the distinct applied
pressures. The adhesion percent was obtained by analyzing the optical
micrographs from the wear craters (see Fig. 7 for example) in which
darker areas were accounted as regions of adhesion predominance.

Nitriding at lower temperatures (i.e. 450 °C) yields steadily in-
creasing adhesion percent values that reach up to 65%. At 550 °C ad-
hesion accounts for nearly 40% of the contact area after 800 m of wear
testing while nitriding at 650 °C yield values as low as 15%. It is esti-
mated that such dramatic variation in adhesion percent area, seen in
Fig. 8b, is most likely related to the change in the contact nature as
previously mentioned.

3.3. Electrochemical response

Tempered substrates and plasma nitrided samples were additionally
submitted to corrosion testing in natural sea water. Fig. 9 presents
potentiodynamic polarization tests conducted in the tempered AISI H13
steel substrate (Fig. 9a) and after plasma nitriding at 450 °C (Fig. 9b),
550 °C (Fig. 9¢) and 650 °C (Fig. 9d) applying different working pres-
sures. All curves are plotted with similar potential and current density
scale ranges for comparison purposes. Table 2 summarizes the elec-
trochemical parameters collected from the polarization curves pre-
sented in Fig. 9.

Fig. 9a indicates that after a second tempering step (in addition to
the standard condition of 590 °C for 2 h), promoted by the plasma ni-
triding cycle (450, 550 or 650 °C for 5 h), corrosion properties of the
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Fig. 8. (a) Wear coefficients of tempered AISI H13 steel substrate and plasma nitrided specimens, at different temperatures; and (b) evolution of the adhesion
percent, inside the wear crater, of samples plasma nitrided at distinct temperatures.

bulk remain nearly unaltered irrespective the treatment temperature.
The three applied temperatures result in very similar electrochemical
behavior in which corrosion potentials are close and current density
rises promptly without passivation. Corrosion potential is in the order
of —700 mV as indicated by Table 2. After plasma nitriding at different
temperatures and pressures very distinct electrochemical behaviors are
observed.

Nitriding at 450 °C results in a considerable increase in the

1.0 4 ——H13-450°C (1)
—— H13-550°C (2)
1 ——H13-650°C (3)
0.5
w 4
3
>
E 0.0
S
e
3 4
)
o
-0.5
-1.0-(a)
e R AL, SRR BRI AL TR bl BRI AL T s
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
Current density, Alcm?
1.0 4 —— H13-PN-550°C-4mBar (1)
—— H13-PN-550°C-5mBar (2)
{ —— H13-PN-550°C-6mBar (3)
0.5
w
8 ]
>
T 00+
S
-1
2 J
o
o
-0.5
-1.04(c)
sillhdidda | LR, | R | IR Sl | T | IR Z S ALl I L Ll | L
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1

Current density, Alem?

corrosion potential towards positive values and a decrease in current
density for the three applied pressures (see Fig. 9b) when compared to
the tempered steel substrate. Interestingly, this nitriding temperature
yields the occurrence of multiple corrosion potentials, on the polar-
ization curves, suggesting an unstable passive layer formation at the
sample surface. Kelly et al, claim that when anodic and cathodic Evans
lines intersect at three different points such multiple corrosion poten-
tials occur [28]. Additionally, for the three applied pressures an
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Fig. 9. Potentiodynamic polarization curves of (a) tempered AISI H13 steel and plasma nitrided at (b) 450 °C, (c) 550 °C and (d) 650 °C, applying different processing

pressures.
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Table 2
Electrochemical parameters from the polarization curves of plasma nitrided
AISI H13.

Sample Ecorr1, Leorr1s Ecorra, Leorr2, Ecorr3s Leorrss Epit,
mV nA/cm? mV nA/cm? mV nA/cm? mV
450-sub. -727 81.18 - - - - -
450-4 —643 14.09 —558 52.89 -332 2171 -81
450-5 —497 1426 —240  24.65 —-207 6.16 92
450-6 -622 2079 —-536  220.5 —-304 59.31 367
550-sub. —-697  147.7
550-4 -512 117.4 - - - - —164
550-5 —704 143.8 - - - - 541
550-6 —667 65.73 —454  216.6 —298  81.58 535
650-sub. —761 29.30 - - - - -
650-4 —-746 3739 - - - - -167
650-5 —680 264.1 - - - - -118
650-6 —-725 1784 - - - - —158

extensive passivation region is seen in which the current density re-
mains small in magnitude. The extension of this passivation region
appears to increase as pressure is raised from 4 to 6 mbar.

The electrochemical properties of samples plasma nitrided at 550 °C
(Fig. 9c¢) also indicate an improvement when compared to the tempered
substrate. Multiple corrosion potentials are observed only for the spe-
cimen treated at 6 mbar of pressure. Additionally, a wide passivation
region is seen for samples produced at 5 and 6 mbar. Interestingly,
plasma nitriding at 450 and 550 °C with 4 mbar of pressure yields a
small passivation region (see Fig. 9b and c).

For nitriding at 650 °C the polarization curves (Fig. 9d) are rela-
tively similar among all the three applied pressures. Corrosion poten-
tials are in the same order of magnitude as those observed for the
tempered substrate though current densities are somewhat larger (see
Table 2). Additionally, the curves present a tentative of passivation
with further abrupt increase of current density near the potential of
-100 mV.

To further infer on the electrochemical behavior of the nitrided
specimens the surface of corroded samples were analyzed with optical
and electron microscopy. Fig. 10 presents micrographs of the whole
corroded area (Fig. 10a, c and e) obtained with an optical microscope
and magnified specific regions (Fig. 10b, d and f) captured with a
scanning electron microscope. Changing nitriding temperature appears
to influence significantly the surface morphology of the corroded spe-
cimens while altering working pressure from 4 to 6 mbar does not lead
to relevant modifications.

Fig. 10a and b presents micrographs from the surface of a specimen
nitrided at 450 °C with a pressure of 6 mbar and Fig. 10c and d shows
images from a sample nitrided at 550 °C applying a pressure of 5 mbar,
all after the exposure to the saline solution. Plasma nitriding at 450 and
550 °C yields similar morphology after polarization in which the surface
exposed to the electrolyte appears to have suffered a generalized cor-
rosion process with sparse pitting. The same characteristics are seen for
the other applied pressures. During polarization, layers produced at 450
and 550 °C form a passivation film, and as applied potential increases,
reaching the pitting potential, such film is broken and current density
rises leading to localized corrosion as seen in Fig. 10b and d. The pre-
sence of corrosion pits could explain the shape of the polarization
curves previously presented (Fig. 9b and c).

Plasma nitriding at 650 °C (irrespective the applied pressure) does
not result in surface pitting after polarization. Fig. 10e and f depicts
images from the surface morphology after polarization of a specimen
nitrided at 650 °C with a pressure of 6 mbar. A different corrosion
mechanism is noticed. It appears the electrolyte has promptly per-
meated through the top white compound layer (see Fig. 1c) developing
corrosion residues beneath. The accumulation of residues builds an
upward pressure that cracks the top white layer developing such a
feature seen in Fig. 10f. Such mechanism was previously observed for
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other types of surface layers [29,30]. Most likely, nitriding at 650 °C
develops a considerable amount porosity that allows the electrolyte to
reach the diffusion zone beneath the top white layer.

From a general perspective the corrosion properties of the AISI H13
steel are influenced by plasma nitriding. Treatment temperature leads
to more significant changes on the electrochemical response and cor-
rosion morphology while applied pressure causes minor alterations.

3.4. Discussion

The present work addresses the influence of plasma nitriding ap-
plied to the AISI H13 tool steel. Effects of treatment temperature and
pressure on the microstructure of the produced case, and additionally
its wear and corrosion properties have been evaluated.

Previous studies indicate that typical microstructure of a nitrided
tool steel consists of a top compound layer (white layer) followed by a
nitrogen diffusion zone [5,6]. Optical micrographs presented in Fig. 1
show a similar morphology except for the layers produced at 450 °C
which appear to yield only a diffusion zone. At this temperature the
diffusivity of alloying elements is sluggish preventing a massive nitride
precipitation [10]. The diffusion zone consists mainly of interstitial
atoms in solid solution and fine, coherent nitride precipitates that are
too small to be observed by optical microscopy [7]. At 550 and 650 °C
of treatment temperature a thickening of this top white layer is ob-
served and optical microscopy indicates a massive nitride formation at
the surface, most likely due to faster diffusion. Previous work indicates
that plasma nitriding at temperatures as low as 260 °C results in a
considerably deep nitrogen diffusion zone [9].

For a fixed treatment time of 5 h case thickness significantly in-
creases when temperature is raised from 450 to 650 °C, as indicated by
Fig. 2. Changing the applied pressure does not lead to important
modifications in terms of layer morphology and case thickness (see
Figs. 1 and 2). Earlier studies have shown that at lower applied pres-
sures a larger mean-free path develops which induces higher ion ac-
celeration. This would enable nitrogen ions to diffuse deeper, therefore
leading to thicker cases [10,31]. In the present work such tendency
related to the applied pressure was not clearly observed due to the
absence of a clear interface between the diffusion layer and the sub-
strate which results in imprecise thickness measurements. However, the
nature of the produced compounds and its relative fraction drastically
change when nitriding temperature is increased.

X-ray diffraction analysis of plasma nitrided layers indicated very
similar compounds, at a constant temperature and fixed treatment time
(5 h), for the different applied pressures (4, 5 and 6 mbar) as seen in
Fig. 3. Therefore, temperature appears to be the most significant
parameter to induce nitride formation thus altering case morphology.
Previous works also indicate that compound layer, which is the outer-
most surface layer, usually consists of iron nitrides such as e-Fe, 3N, y’-
FeyN, or a mixture of these phases [5-7]. At 450 °C, when only a dif-
fusion zone is observed, e-nitride is the major observed phase though vy’
nitride is also detected. Raising temperature to 550 °C leads to an in-
crease in the y’-nitride fraction while e-nitride amount is maintained.
Further increase in temperature to 650 °C nearly extinguishes the oc-
currence of the e-nitride and y’-nitride relative fraction continues to
rise.

According to previous work, the mechanism of plasma nitriding
involves an early formation of Fe;N at the surface and its further de-
composition to y’-nitride or e-nitride depending on the temperature
[32]. At a lower temperature, which is likely the case for 450 °C, it is
believed that nitrides are mainly formed as very fine particles pre-
ferentially at the grain boundaries. At higher temperatures diffusion
into the material is fast enough to cause nitrogen depletion at the
surface [9,23] thus leading to coarse precipitates and ultimately a thick
white layer. Additionally, carbon content and alloying elements present
in the steel play an important role in favoring the formation of the e-
phase [24]. Alloying elements such as Al, Cr, V for example, usually



F.A.P. Fernandes, et al.

Surface & Coatings Technology 381 (2020) 125216

Fig. 10. Surface morphology after polarization tests obtained by optical (a, ¢, e) and electron microscopy (b, d, f) of AISI H13 steel nitrided at 450 °C (a, b), 550 °C (c,

d) and 650 °C (e, f).

increase the nitrogen uptake ability of the steel.

Interestingly, the fraction of aFe phase also increases with tem-
perature (see Fig. 3d). According to the literature, at higher tempera-
tures nitrogen diffusion from surface to the bulk is faster than its ad-
sorption to the surface which results in the presence of this phase [23].
Moreover, CrN precipitation slightly increases as treatment tempera-
ture is raised. Previous studies have already shown that plasma ni-
triding at 550 °C or above results in CrN phase in addition to the iron
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nitrides [21].

As a consequence of the production of ceramic-like compounds
during nitriding a remarkable increase in the hardness of surface region
is observed resulting in the profiles seen in Fig. 4. Again, the applied
pressure appears to not influence significantly the hardness of the
layers. When nitriding temperature is increased from 450 to 650 °C a
significant loss of surface hardness is observed. Additionally, core
hardness also decreases when treatment temperature is increased.
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Above the secondary hardening peak temperature, fine carbides
coarsen progressively and a strong reduction of the dislocation density
occurs leading to a decrease in bulk hardness [2]. Karamis found that
for nitriding of AISI H13, longer treatment times and higher tempera-
tures, both lead to lower surface hardness. The author attributes the
decrease in hardness to the precipitation of coarse nitrides at higher
temperatures [21].

Several authors point towards a direct correlation of hardness and
wear resistance [14,33], according to the Archard's law [34]. In the
present work such direct correlation was only observed for the base
steel as a result of tempering in different conditions (see Fig. 5a). As
previously stated bulk hardness decreases as nitriding temperature is
increased as a result of carbide coarsening. Carbide coarsening at
higher temperatures (e.g. 650 °C) affects the impact toughness and
fracture resistance of the steel [2]. Dislocation rearrangement and an-
nihilation is another phenomenon that is likely to influence the wear
performance of tempered tool steels [3]. Wei et al, 2011, found similar
results after tempering the AISI H13 steel at different temperatures for
2 h applying a pin-on-disc wear tester [2].

For plasma nitrided specimens a direct correlation between hard-
ness and wear resistance is absent. In fact, an inverse correlation is
observed. Plasma nitriding at lower temperatures (i.e. 450 °C) which
yields higher surface hardness results in a slightly inferior wear re-
sistance. Meanwhile, nitriding at 650 °C, irrespective the working
pressure, yields better wear performance (see Figs. 5 and 8a).

Wear behavior of a given material is affected by several parameters.
Examples include the applied load, ambient temperature, sliding velo-
city and ultimately the microstructure of the material [3]. Most of the
tribological studies of nitrided AISI H13 employ a pin-on-disc type wear
tester [14,26,33,35]. This configuration implies a pure sliding contact
with an intermittent contact between the treated surface and the pin. In
the present wear testing device a reference sphere rotates in a fixed
point of a plasma nitrided surface leading to significant differences
between the tests [20,36].

During pin-on-disc testing a contact point in a treated surface ex-
periences a cyclic loading which does not occur in the micro-abrasive
wear testing applied here. Therefore it is believed that test configura-
tion is another parameter that might influence the results.

Karamis has plasma nitrided the AISI H13 steel at 550 °C and found
that wear rates are larger for longer treatment times (100 h) than for
shorter ones (4 h). The author states that thicker compound layers in-
clude some pores and are more brittle. The observation is also valid for
the variable temperature [7,15].

As previously mentioned, altering the working pressure did not re-
sult in significant case thickness, phase proportion or hardness changes
after plasma nitriding. Therefore, it appears reasonable to expect si-
milar worn volumes for the different applied pressures, at a fixed
temperature, since these characteristics might dictate the wear beha-
vior. Results from Fig. 5 and Table 1 indeed indicate that nitriding
pressure does not exert significant changes in the tribological perfor-
mance of the plasma nitrided AISI H13. Ramos et al, 2019, have plasma
nitrided a microalloyed steel at different pressures and temperatures
suggesting that treatments performed at higher pressures and tem-
peratures yield better wear resistances [37]. Few papers in the litera-
ture address the influence of pressure on the wear performance of ni-
trided steels. Therefore further studies are necessary to unravel this
matter.

A previous work found that the presence of a white layer, during
nitriding of AISI H13, leads to a lower friction coefficient when com-
pared to a diffusion zone only [14]. Also, the work of adhesion is sig-
nificantly smaller in a metal-ceramic contact when compared to a
metal-metal mating pair [27]. These findings corroborate the adhesion
evolution presented in Fig. 8b which shows that nitriding at higher
temperatures yields less adhesion during wear testing. Nitriding at
450 °C yields a nitrogen diffusion zone and therefore a metal-metal
contact further resulting in a higher adhesion. Meanwhile, nitriding at
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650 °C produces a top ceramic-like compound yielding a ceramic-metal
contact which results in lower adhesion.

Different types of thermochemical treatments have been historically
applied to enhance the corrosion resistance of ferrous alloys. Diffusion
of nitrogen and/or carbon are among the most common ones. It is be-
lieved that producing iron nitrides, for example, at the surface changes
its nature towards a more stable compound and therefore improves the
electrochemical properties. However, the type and morphology of this
iron compound is important as well.

Polarization experiments, applied to evaluate the corrosion prop-
erties of tempered only and plasma nitrided AISI H13, suggest that
nitrogen ingress is an efficient way of improving the electrochemical
response of a tool steel. However, plasma processing conditions, espe-
cially temperature, must be carefully selected in order to yield adequate
properties. Several authors have already demonstrated the effect of
nitrogen on the corrosion behavior of ferrous alloys, including the AISI
H13 steel [7,38,39]. When correctly applied, nitrogen diffusion appears
to develop a wide passivation region in the AISI H13 tool steel therefore
improving its corrosion resistance as indicated by Fig. 9b and c. It has
been suggested that nitrogen reacts with H* in the solution leading to
higher pH values therefore preventing the progress of corrosion [40].

Since nitriding was applied at a range of temperatures from 450 to
650 °C the temperature cycle applied by the thermochemical treatment
acts as a second tempering step on the tool steel, in addition to the
standard cycle (590 °C for 2 h). As presented by Fig. 9a and Table 2
altering the tempering temperature has not led to significant changes
on the corrosion behavior of the steel.

Plasma nitriding the AISI H13 steel at 450 and 550 °C results in
extended passivity, higher corrosion potentials and reduced corrosion
current densities (see Table 2). For these temperatures a passive film is
likely formed which is later disrupted by the increase on the applied
potential thus leading to localized corrosion (see Fig. 10b and d). Pre-
vious studies confirm the corrosion morphology after polarization in a
saline solution [7,41]. Nitriding pressure appears to influence the shape
of the polarization curve. However, further studies are necessary to
confirm it.

Increasing nitriding temperature to 650 °C seems to significantly
decrease the observed passivation extent irrespective the applied
pressure (see Fig. 9d). Also, the observed corrosion potentials and
current densities are somewhat similar to those from the tempered only
steel. Interestingly, the surface aspect after polarization indicates a
distinct mechanism in which the electrolyte permeates through the
nitrided layer.

Previous works have already shown that during polarization at high
applied potentials the electrolyte appears to permeate through the layer
reaching the base alloy. The dissolution of the base alloy would lead to
an upward pressure build up [29]. In the present study the layers
produced at 650 °C clearly exhibit a similar corrosion mechanism (see
Fig. 10e and f). Such mechanism is possible due to the development of
porosity during plasma nitriding. Porosity appears to develop as a
consequence of the instability of iron nitrides which decomposes in
pure iron and nitrogen gas [16,17,42]. Most likely the porosity devel-
opment is more favorable for longer nitriding times and higher tem-
peratures.

Earlier studies claim that e-nitride is more corrosion resistant than
the y’-nitride [7]. Therefore, the loss in corrosion resistance and pas-
sivation ability observed for the specimens produced at 650 °C could be
related to the depletion of this phase in the layer. Another fact that is
likely to contribute to the loss in corrosion resistance is the presence of
porosity as previously suggested [43].

Another curious observation is the occurrence of multiple corrosion
potentials after nitriding at 450 °C with 4, 5, and 6 mbar of pressure and
at 550 °C with 6 mbar. Previous work has found that the number of the
corrosion potentials is influenced by the acid concentration and oxygen
content in the solution [44]. Recently, Li et al. showed that scanning
rate also might affect the observation of multiple corrosion potentials
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[45].

From the wear and corrosion perspective the present results indicate
that plasma nitriding of AISI H13 at 450 or 550 °C leads to better
corrosion properties while nitriding at 650 °C yields a better wear
performance. Therefore, in circumstances such as polymer processing
by injection molding, for example, low temperature nitriding could be
more adequate. And, in a forging operation were different types of wear
mechanisms operate plasma nitriding at higher temperatures appears to
be the correct choice.

4. Summary

Plasma nitriding of tempered AISI H13 tool steel leads to significant
changes on the microstructure, wear and corrosion properties. Nitriding
at a temperature of 450 °C yields a diffusion zone while at 550 or 650 °C
produces a top compound layer at the surface. Both surface and bulk
hardness decrease as nitriding temperature is increased. X-ray diffrac-
tion indicates that increasing the treatment temperature causes a de-
crease in the e-nitride amount, as well as an increase in the y’-nitride,
CrN and a-Fe phase signal.

Altering the applied pressure does not yield significant changes in
terms of microstructure, hardness and wear properties. Plasma nitriding
leads to reductions of two orders of magnitude in the wear coefficients
when comparing to the tempered steel. Wear resistance was found to
increase as nitriding temperature is increased. Additionally, nitriding at
higher temperatures appears to result in a reduction on the adhesion in
the wear tracks.

Regarding the corrosion behavior, nitriding at 450 and 550 °C yields
extended passivity, higher corrosion potentials and reduced corrosion
current densities when comparing to the tempered only steel.
Increasing nitriding temperature to 650 °C seems to significantly de-
crease the observed passivation extent irrespective the applied pressure.
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