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ABSTRACT

This paper investigates fatigue behavior of precipitation hardenable 17-4 PH stainless steel after
simultaneous aging and plasma nitriding. For this purpose, “solution treated”, “aged” and
“simultaneous aged and nitrided”” specimens were compared in terms of hardness, phase analysis,
residual stress and fatigue strength. Hardness values of aged specimens were recorded during
aging process to find the optimum condition in terms of time and temperature for plasma
nitriding at which specimens can be simultaneously nitrided and aged. Plasma nitrided
specimens were analyzed for residual stresses, and its effect on mechanical properties including
hardness and fatigue strength. The specimens that were plasma nitrided at lower temperatures
had the highest core hardness. Increasing the nitriding temperature/time caused an increase in
residual stress and, consequently, a higher surface hardness. Both nitriding and aging processes
improved fatigue life by more than 40%. Plasma nitriding imparts beneficial effect mainly during
high stress fatigue while aging treatment is more effective on low stress fatigue properties.
Specimens nitrided at 500 °C for 5 h experienced longer fatigue life for high stress conditions
while specimen aged/nitrided at 400 °C for 10 h exhibited the highest fatigue strength.

Keywords: Stainless steel, 17-4 PH, Fatigue strength, Plasma nitriding, Age hardening.

1. Introduction

17-4 PH (AISI Type 630) alloy is the most well-known precipitation hardening martensitic
stainless steels with approximately 3-4 wt. % copper content. The small size copper-rich
precipitates distributed within the matrix are responsible for increasing the strength of the steel
[1-5]. Due to proper combination of mechanical properties and corrosion resistance in 17-4 PH,
applications of this alloy have been extended to a variety of marine constructions, chemical
industries and critical components in power plants [4-7].



Although the mechanical properties of this type of steel are generally improved by aging
treatment, it is still necessary to increase surface hardness to ensure enhanced wear resistance
and higher fatigue performance. Since both wear and fatigue behavior are closely related to the
surface characteristics and properties, it is expected that the application of a hard wear resistant
surface layer imposing compressive residual stresses would be effective against fatigue and wear
failures [8-14].

There are lots of researches related to fatigue performance improvement of 17-4 PH stainless
steel by ageing treatments [15-21] and surface modifications such as shot peening [13] and laser
transformation hardening [22]. However, there is not many published work in open literature on
the simultaneous aging and surface hardening of this alloy and its effect on fatigue behavior.

Nitriding is considered a surface modification process which has different types such as gas
nitriding, salt bath nitriding and plasma nitriding. Gas nitriding and salt bath nitriding are not
appropriate for surface hardening of stainless steels. This is due to their high treatment
temperature at which the core properties of material would deteriorate and corrosion resistance
of the alloy could be compromised as a result of chromium depletion, i.e. formation of chromium
nitrides [23-29]. In addition, the thin oxide layer on stainless steels resists against the diffusion of
nitrogen into the bulk steel (alloy microstructure), thus longer process time may be necessary
[30-32]. Therefore, plasma nitriding is used for nitriding of stainless steels due to its lower
treatment temperature and removal of oxide layer by argon sputtering [33-38]. It is also believed
the heat develops during the plasma nitriding process could accomplish precipitation hardening
of the bulk alloy without the risk of overageing phenomena (due to its lower temperature).

Since there is no work on the effect of concurrent plasma nitriding and aging of 17-4 PH, the aim
of this study was to improve fatigue behavior of 17-4 PH stainless steel by simultaneous age
hardening of the core and plasma nitriding of the surface. It is expected that such treatment
would allow both case and core of the material to attain their optimum properties.

2. Experimental procedure

The commercially available 17-4 PH stainless steel used in this study was in the form of
hot-rolled and solution-annealed bars. The chemical composition of this alloy is presented in
Table 1. Two groups of specimens were prepared from the as-received bars; the first batch was
used for aging treatment and determination of the time at which the peak hardness was achieved,
as well as for characterization of plasma nitrided layer. These cylindrical specimens were cut
from 9.8 mm diameter bars with a height of 10 mm. The second batch of samples was employed
for rotating bending fatigue tests; fatigue specimens were machined according to ISO 1143 as
shown in Fig. 1 [39]. All specimens were solution heat treated at 1040 °C for 30 minutes,
followed by oil quenching and aging treatment at various temperatures.

Table 1 Chemical composition of commercial 17-4 PH stainless steel obtained by optical
spectrometry
Element Cr Ni Cu Mn Si Ti+Nb S C P Fe
wt. % 16.09 4.10 3.10 0.62 050 0.189 0.004 0.032 0.029 bal.




Aging temperatures for the first batch of specimens were 400, 420, 440, 460, 480 and
500 C, based on precipitation of copper-rich particles and avoiding formation of reverted
austenite. Age hardening of the 17-4 PH type stainless steel is mainly attributed to the
precipitation of copper-rich phase which begins at about 370 °C [40, 41] and reverted austenite
that starts to form above 500 °C [42]. Therefore, the optimum range of aging and plasma
nitriding for 17-4 PH was estimated between 400-500 °C at which precipitation of copper occurs
while reverted austenite does not form [40-42]. Aging treatment and hardness measurement were
continued until the conditions for overaging took place. Four sets of time/temperature were
chosen for plasma nitriding process according to the results of aging treatment.

Plasma nitriding of the specimens was carried out using the parameters shown in Table 2. To
explore the best set of time/temperature for nitriding process, three temperatures of 400 °C, 450
°C and 500 °C were selected for a duration of 5 h or 10 h. Plasma nitriding was performed in a
semi-industrial unit with a 5kW DC power supply. The general sequence of the plasma nitriding
experiments comprise sputter cleaning and heating the specimens to 120 °C in an atmosphere
composed of 66 vol. % Arand 34 vol. % H,. A third of gas mixture is hydrogen due to its anti-
oxidizing properties to prevent any oxide formation on the surface during sputter cleaning
process. Sputter cleaning was carried out at 40 Pa (0.3 Torr) pressure of H,-Ar mixture for
approximately 10 min, after which the heating cycle was started. Upon reaching the prescribed
temperature, the atmosphere was switched to a mixture of 75 vol. % H;and 25 vol. % N; and the
nitriding cycle began; total gas pressure was kept at about 400 Pa (3 Torr) in all tests. Adding
hydrogen to the gas mixture is due to decrease activity of nitrogen in gas mixture to prevent any
chromium nitride formation in the nitrided layer. After the nitriding cycle completed, the power
supply was switched off and the specimens were allowed to cool down in the furnace under
vacuum to obtain a moderate cooling condition. Specimens were removed from the chamber at
room temperature.

Table 2 Nitriding conditions and parameters

Parameters process Temp. Time Pressure  Gas mixture
designation (°C) (h) (Pa,Torr) ratio
Sputter Pretr_eqtment for
. all nitrided 120 0.5 40,03 Ar/H;=2
cleaning .
specimens
PN400C5h 400 5 667, 5 Ho/N; =3
Plasma PN400C10h 400 10 667, 5 Ho/Np =3
nitriding PN450C5h 450 5 667, 5 Ho/N; =3
PN500C5h 500 5 667, 5 Ho/Np =3

For rotating bending fatigue specimens, two sets of plasma nitriding parameters were
chosen based on the highest hardness values obtained in aging process and the optimum
condition attained in nitriding process. These two plasma nitrided fatigue specimens were, then,
compared with their corresponding fatigue specimens at aged condition and solution annealed
condition. Surface of all specimens were polished to achieve a fine surface finish (Ra = 0.1 um).



Before nitriding, the material was pre-cleaned by ultrasonic in acetone bath for 20 minutes at 30
°C and dried.
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Fig. 1 Rotating bending fatigue specimen dimensions (mm) according to 1SO 1143 [39].
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Hardness measurements on the surface of specimens were taken on a Rockwell Hardness
tester using a load of 1471 N (150 kgf). Rockwell C hardness measurement of each specimen
was performed during aging at specific time intervals until overaging took place. The hardness
data fitted by MATLAB programming in order to find the exact time for aged condition and time
taken for aging at the specific temperature. Microhardness values were also measured by a
Vickers mini-load hardness tester with dwell time of 10 s under 0.24 N (25 gf) load.

X-ray diffraction (XRD) analyses were performed by a PHILIPS X’Pert diffractometer
connected to a generator at 40 kV and 30 mA with Cu-Ka radiation, wavelength of 1.54439 A, at
a scan rate of 0.01 degree per second. A FEI Quanta 450 FEG-SEM scanning electron
microscope was used to study fatigue fracture surface and cross sections of nitrided specimens
which were polished and etched with Kalling’s [5 g CuCl,, 100 ml HCI (37% conc.) and 100 ml
ethanol (96% conc.)] etchant solution [43]. For fractography of fatigue surfaces, the samples
were slightly tilted to make striations and beach marks more visible.

Residual stress measurements of nitrided specimens were performed on a PHILIPS
X’Pert X-ray Diffractometer (XRD) using Cu-Ka operating at 40 kV and 40 mA under sin’y
method. Scanning were done on 44.674°+2 20 peak of martensite which is related to (110)
plane. Maximum of peaks at different y (psi) values were determined by the Pearson VII fitting
method and residual stresses were evaluated from slope of d-spacing vs. siny diagram. The
measurement procedures followed are documented in the practice guide published by Fitzpatrick
et al. [44].

Fatigue tests were conducted using a four point rotating bending fatigue test machine
(SFT-850 SANTAM Co.) under applied frequency of 50 Hz and stress ratio of R= -1. Fatigue
strength was assumed to be the stress value at which specimen continues to rotate more than 10’
cycles without failure. Since it fits the results with the maximum regression, a 5-parameters
exponential decay function was used for fitting rather than Weibull, rational function or other
common functions used for decay.

3. Results and discussion



3.1 Aging treatment of 17-4 PH steel

Measured values of Rockwell hardness of 17-4 PH specimens after aging process at various time
intervals for each temperature are shown in Figure 2. The maximum hardness value of the fitted
curves along with the optimum time of aging at specific temperature are presented in Table 3.
Decaying wave function was used for fitting age hardening results to show a decay to reach a
constant value after having a maximum. The curves start from hardness value for the solution
annealed condition, i.e. 31 HRC. It is evident that the higher the temperature, the shorter is the
time to reach the maximum hardness. On the other hand, the higher the temperature, the lower is
the peak hardness. The time required of aging to obtain maximum hardness increased from 20
minutes at 500 °C to 10 hours at 400 °C; the surface hardness raised from 41 HRC at 500 C to 45
HRC at 400 C. According to these results and considering the range of temperatures normally
used for plasma nitriding of stainless steels, the temperature/time set of 400 °C/10h is more
appropriate for nitriding process to get the higher hardness of the core beneath the nitrided layer,
regardless of surface hardness of nitrided specimens which is explained in the next section.
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Figure 2 Variation in hardness of 17-4PH stainless steel versus aging time at different temperatures.

Table 3 Maximum Rockwell C hardness and optimum time of aging at various temperatures

Temperature (°C) 400 420 440 460 480 500
Time (hour) 10 3 15 0.8 0.5 0.33
Max. Hardness (RC) 45 44 44 43 41 41

3.2 Results of plasma nitriding

X-ray diffraction patterns of solution treated 17-4 PH steel along with nitrided specimens
are presented in Figure 3. As can be seen, the main diffraction peaks belong to martensite phase
(assigned as M) with their FWHMs (full width at half maximum) increasing after nitriding. The



d-spacing of the nitrided martensite has become approximately 0.7% larger when compared to
the solution treated stainless steel (d-spacing of (110) planes for solution treated specimen was
2.036 A and that of PN4005h was 2.059 A) indicating the formation of expanded martensite
phase; the peaks are assigned as EM. For specimens nitrided at higher temperatures, i.e. 450 °C
and 500 °C, FesN and FesN formed in addition to the expanded martensite phase. Also there are
some traces of CrN in the patterns of nitriding at higher temperatures. Diffraction peaks for the
base steel (17-4 PH) are not distinct in the XRD patterns for specimens nitrided at temperatures
of 450 and 500 °C, confirming that the diffusion layer was sufficiently thick to prevent
penetration of X-rays into the substrate. Effective depth of penetration for X-rays in 17-4 PH is
about 8um [45].
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Figure 3 XRD patterns of untreated and plasma nitrided 17-4 PH at different conditions.

SEM micrographs from cross sectional view of the plasma nitrided specimens at different
temperatures are shown in Figure 4. As can be seen, the higher the nitriding temperature, the
thicker is the nitrided layer. The thickness of nitrided layer increases from about 2.5 pum to nearly
4, 11 and 23 um for PN400C10h, PN450C5h and PN500C5h, respectively. As expected, for
specimens treated at 400 °C, there is no significant enlargement in layer thickness with
increasing process time; confirming greater dependency of nitrogen diffusion on temperature
than time.

For specimens which were nitrided at 400 °C, the compound layer did not etch by
Kalling’s reagent, whereas the layer was lightly etched at 450 °C. At 500 °C, it was completely
etched before the substrate became etched. This could be due to precipitation of CrN in the
compound layer at higher temperatures (Figure 4) that caused formation of chromium depleted
regions near the grain boundaries, thus making them more susceptible to corrosion.
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Figure 4 Cross sectional SEM micrographs of plasma nitrided 17-4 PH stainless steel at different
temperatures and times.

Values of surface hardness and core hardness for plasma nitrided specimens at different
conditions are shown by the bar chart of Figure 5. Higher surface hardness corresponds to
specimen PN500C5h which had thicker nitrided layer compared to other nitrided specimens. The
measured hardness on the surface of this specimen was approximately 5 times higher than
substrate hardness. These data reveal that all nitrided specimens were aged during plasma
nitriding process; the core hardness of all specimens is higher than the hardness of solution
treated steel, i.e. 310 HV.
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Figure 5 Core and surface hardness values of plasma nitrided 17-4 PH in comparison to solution
annealed and quenched specimen.



Figure 6 compares the values of residual stress as measured on typical nitrided specimens. All
measurements revealed the development of compressive residual stress on the surface due to
diffusion of nitrogen as interstitial atoms. Compressive residual stress in PN400C5h (~ -550
MPa) was lower than those of other three plasma nitriding conditions (~ -850 MPa) which is due
to lower diffusion of nitrogen at lower temperature and shorter time of nitriding process. On the
other hand, residual stress did not change significantly in PN400C10h, PN450C5h and
PN500C5h. This effect may be attributed to two factors that act in opposite directions; one is
increasing of residual stress by the extent of diffused nitrogen atoms and the second is decreasing
residual stress by stress relaxation, both increase by temperature. The final residual stress would
be the net effect of these two factors. Although measured compressive residual stresses are high
compared to the results of Raman et al. [46] (-195 MPa for residual stress of plasma nitrided
AISI 304 stainless at 460 °C for 6 h), it is in the range of value reported by Xi et al. [36] (-617
MPa for residual stress of plasma nitrided AISI 420 stainless steel at 350 °C for 15 h). However
these hardness values are much lower than those reported elsewhere; as high as 1-3 GPa in
compressive mode [9, 47-50]. High values of compressive residual stresses can improve fatigue
resistance of components by suppressing fatigue crack initiation and its propagation. Based on
the results reported here, the best nitriding temperature and time to get thicker nitrided layer,
optimum hardness and higher compressive residual stress are 500 °C and 5h, respectively.
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Figure 6 Residual stress values at surface of plasma nitrided specimens at different conditions.
3.3 Fatigue behavior

Based on the results of aging treatment (Figure 2) and characterization of plasma nitrided
layer, specimen PN400C10h with maximum core hardness and specimen PN500C5h with
optimum surface properties were selected for rotating bending fatigue tests. To investigate the
effect of plasma nitriding on fatigue behavior of 17-4PH stainless steel, nitrided specimens
should be compared with those heat treated under the same time/temperature condition. For
overall comparison, five sets of specimens were selected for fatigue testing; S-N curves for these
five conditions are presented in Figure 7.
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Fig. 7 S-N curves of solution annealed, heat treated and plasma nitrided 17-4 PH.

It is evident from Figure 7 that fatigue strength and fatigue life of solution annealed 17-4 PH are
significantly lower than those of treated specimens. Fatigue strength of the specimens in all test
conditions are listed in Table 4. Fatigue strength for solution annealed specimens was nearly 500
MPa, more than 100 MPa less than the treated specimens. In other words, aging and plasma
nitriding increase the resistance of 17-4 PH stainless steel against fatigue failure by 23-44%.

Table 4 Fatigue strength of solution annealed, heat treated and plasma nitrided 17-4 PH

Specimen condition Solution annealed HT400C10h HT500C5h PN400C10h PN500C5h

Fatigue strength (MPa) 506 *+ 16 668 + 22 625+11 727 +39 675+ 26

For interpretation of S-N curves, three types of comparison may be applied. First, comparison of
two plasma nitrided conditions; second, comparison of two heat treatment conditions; and third,
comparison of each plasma nitrided condition with its corresponding heat treatment condition.

Comparison between S-N curves of plasma nitrided specimens shows that, in higher stress, high
temperature nitrided specimens possess optimum fatigue life, whilst in lower stress, low
temperature nitrided specimens have better performance. For interpretation of the results, fatigue
curves were assumed to be composed of two parts of high stress fatigue (HSF) region and low
stress fatigue (LSF) region. In HSF, the major part of fatigue life corresponds to fatigue crack
nucleation; after nucleation, it will grow rapidly until sudden fracture occurs. On the other hand,
in LSF, fatigue crack propagation takes more time than its nucleation. Since the thickness of hard
nitrided case in PN500C5h is 6 times thicker than that of PN400C10h, also their residual stresses
are approximately equal, crack nucleation on the surface of PN500C5h is more difficult than
PN400C10h. Therefore, fatigue life of PN500C5h in high stress fatigue region is higher. But, in
low stress fatigue region, noting that core properties of PN400C10h, where fatigue crack



propagates (Figure 8), is better than that of PN500C5h, fatigue crack growth of low temperature
nitrided specimens is more difficult than crack growth in high temperature nitrided specimens.
Therefore, fatigue strength of PN400C10h is 8 % higher than that of PN500C5h.

It is the same for comparison of S-N curves of heat treated specimens. In high stress fatigue
region, since surface quality of HT400C10h was as smooth as HT500C5h, fatigue life of both
specimens became approximately equal. As it is evident in Figure 7, in high stress fatigue region,
S-N curves for heat treated specimens are overlapped. In contrast, in low stress fatigue region,
specimen HT400C10h is in the aged condition with maximum hardness and strength, and its
fatigue strength is 7 % higher than that of HT500C5h.

For investigation of the effect of surface treatment on fatigue behavior of 17-4 PH stainless steel,
plasma nitrided specimens were compared with those heat treated under identical conditions;
specimens that were heat treated or plasma nitrided at 400 °C for 10 h. Plasma nitrided
specimens presented better fatigue life in both HSF and LSF regions. In high stress fatigue
region where surface properties controls the fatigue behavior, plasma nitrided specimen have
higher fatigue life due to higher compressive residual stress on the surface (-875 MPa) and
higher hardness value (1053 HV) as compared to heat treated specimens. On the other hand, in
low stress fatigue region, core properties of both specimens are the same; therefore, what
controls the fatigue properties is the surface quality which-is superior in PN400C10h. S-N curve
of plasma nitrided specimens is above that of heat treated specimens; plasma nitriding at 400 °C
increased the fatigue strength of 17-4 PH stainless steel by 9% from 668 MPa to 727 MPa.

The situation is the same for PN500C5h and HT500C5h; i.e. in both high stress and low stress
fatigue regions, plasma nitrided specimens showed more resistance to fatigue failure. In high
stress fatigue region, since initiation of cracks depends upon the surface properties, plasma
nitrided specimens with high surface hardness, high compressive residual stress on the surface
and a thick nitrided layer of about 23 pum, endure more against fatigue failure. In low stress
fatigue region, where core properties control fatigue resistance of the material, again PN500C5h
showed higher fatigue strength than HT500C5h. Since their core properties are the same, due to
similar heat treatment parameters, the difference between their fatigue strengths must be due to
different surface properties.

3-4 Fatigue fractography

It is well established that fatigue fracture appearance has three major parts; crack initiation site,
crack propagation region and final rupture. Figure 8 shows crack initiation site of heat treated
and plasma nitrided specimens. In heat treated condition, crack is nucleated from the surface at
which the applied stress is highest during rotating- bending motion. On the other hand, crack
nucleation site in plasma nitrided fatigue specimens is not visible since it is beneath the
compound layer. A hard nitrided skin on the surface, with high compressive residual stress,
covers all around the fatigue specimen, suppressing the crack initiation site on the surface;
maximum stress is transferred below the surface, then, crack would initiate and propagate from
the substrate [31].
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Figure 8 Crack initiation and propagation in heat treated (HT500C5h) and plasma nitrided
(PN500C5h) 17-4 PH.

Crack propagation region in rotation bending fatigue fracture surface of 17-4 PH stainless steel
showed three types of markings. As it can be seen in Figure 9, depending on light direction of
stereo-microscope, beach marks (Figure 9a) or river pattern (Figure 9b) can be observed on the
fracture surface; this was true for all specimens. In higher magnification, striations can be seen
perpendicular to the beach marks and parallel to the river marks (Figure 10a). Distance between
striations were from micro to nano order of magnitude (Figure 10b). It confirms that crack nuclei
grew through the center and then propagated toward periphery of the specimen. Beach marks are
due to first propagation of crack through the center and striations are due to propagation radially
toward outer surface of specimen.

Final fracture appearance of all specimens, untreated and treated, were the same; they finally
fractured in ductile mode as it is typically presented in Figure 11.

Figure 9 Appearance of fatigue fracture surface with two different direction of light exposure; a)
from top, b) from right.



Figure 10 Fatigue fracture surface; a) yellow arrows: beach marks, red arrows: river marks, white
arrow: striations, b) striations.

4. Conclusions

1- At low temperature plasma nitriding (400 °C), expanded martensite was the only phase
detected on the surface of 17-4 PH steel. At higher process temperatures (450 °C and 500 °C)
nitride phases such as CrN, FesN and Fe4N were formed.

2- Residual stress on plasma nitrided surface was dependent on temperature, time and
amount of nitrogen diffused during nitriding process. Higher temperature and longer time
increase the amount of diffused nitrogen atoms, leading to more compressive residual stress, at
the same time, it can temper the test piece and make residual stress released.



3- Both aging and plasma nitriding improve fatigue behavior of 17-4 PH up to 44 %j;

simultaneous nitriding and aging produce the optimum improvement in fatigue performance.

4- High stress fatigue is more dependent on the surface properties of specimens, whereas

low stress fatigue can be more controlled by core properties of the alloy.

5- Fatigue crack is initiated from the surface of specimens in the aged conditions and it is

nucleated from beneath the nitrided layer after plasma nitriding process.
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