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A B S T R A C T

This work investigates the rolling contact fatigue (RCF) behaviour of as-built 17–4PH stainless steel produced by 
Laser Powder Bed Fusion (L-PBF). Cyclic twin-disc tests were performed under various lubrication (oil and water) 
and loading conditions (1400–2000 MPa) to replicate service-like stresses. Experimental results highlight the 
dominant role of lubrication in damage progression. Oil delays crack initiation and limits surface degradation, 
whereas water intensifies pitting and crack branching due to hydraulic pressurization. Fracture surfaces reveal 
fatigue-dominated mechanisms with limited influence from melt pool boundaries. Crack depth and morphology 
vary with contact stress and lubrication, showing that fluid entrapment significantly affects propagation. These 
findings support the development of tailored post-processing and lubrication strategies for enhancing the 
durability of AM components in rolling applications.

1. Introduction

Rolling Contact Fatigue (RCF) is a critical failure mode in mechanical 
components subjected to cyclic rolling loads, such as bearings, gears, 
and railway wheels. It manifests as surface or subsurface crack initiation 
and propagation, ultimately leading to material spalling and component 
failure. RCF is driven by repeated Hertzian contact stresses, which 
induce shear stress below the surface, where microstructural disconti
nuities such as inclusions, porosity, and phase transformations can act as 
stress concentrators. The damage mechanisms involved include plastic 
deformation, crack nucleation, and fatigue-induced material degrada
tion, all of which contribute to reducing the operational life of rolling 
components. The two primary failure mechanisms in RCF are surface- 
initiated pitting and subsurface spalling [1,2]. Surface pitting is typi
cally caused by asperities, lubrication deficiencies, and external debris, 
which create stress concentrations that facilitate crack formation. 
Conversely, subsurface spalling originates from cyclic shear stresses at 

the depth of maximum Hertzian stress, often exacerbated by material 
inhomogeneities. In traditional wrought materials, subsurface-initiated 
cracks tend to propagate along microstructural features such as grain 
boundaries and inclusions, while in additively manufactured (AM) ma
terials, unique processing-induced characteristics like anisotropic so
lidification structures and residual stresses may influence fatigue 
performance [3]. Laser Powder Bed Fusion (L-PBF) 3D-printed metals 
usually exhibit reduced fatigue performance compared to their 
conventionally manufactured counterparts, primarily due to inherent 
defects such as internal porosity and surface roughness [4,5]. These 
defects can serve as initiation sites for fatigue cracks, significantly 
impacting the fatigue life of L-PBF components. Additionally, the 
anisotropic microstructures resulting from the layer-by-layer fabrication 
process can influence fatigue behaviour, necessitating optimized pro
cessing parameters and post-processing treatments to enhance fatigue 
resistance [6]. The fatigue properties of L-PBF metals significantly 
impact their performance in traditional fatigue tests, such as axial 
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fatigue, rotating bending, and four-point bending tests [7]. In high-cycle 
fatigue tests, the defects act as stress concentrators, leading to premature 
failure, while in low-cycle fatigue, the anisotropic microstructure and 
strain localization can influence crack propagation behaviour [8]. RCF 
tests can be performed on LPBF samples to explore their behaviour 
under cyclic rolling loads, which are particularly relevant for applica
tions in bearings, gears, and rail components. Moreover, RCF testing 
would provide more specific insights into the role of surface roughness, 
subsurface defects, and material anisotropy in rolling fatigue perfor
mance of 3D printed metals exploiting the potential applications of these 
components in industry. Recent studies confirm that anisotropy in AM 
microstructures strongly influences crack propagation under RCF con
ditions. For instance, Hassila et al. [9] demonstrated in Inconel 625 that 
build orientation and scan strategy significantly affect fatigue damage 
evolution, with cracks propagating differently depending on grain 
alignment and internal defects. Additionally, comparative studies on AM 
and wrought 316 L stainless steels [10] showed that SLM-fabricated 
components often exhibit higher wear resistance under dry sliding due 
to finer microstructures, though the presence of porosity remains a 
critical factor for crack nucleation under rolling loads. In gears produced 
via LPBF, Zhang et al. [11] observed that initial surface pitting preceded 
deeper material degradation, with the rougher surfaces and residual 
defects of AM parts accelerating fatigue-related wear compared to 
conventional counterparts. Moreover, tests on 17–4PH gears produced 
through bound metal deposition have highlighted that finer printing 
resolutions and post-machining steps significantly reduce noise, wear, 
and crack initiation, emphasizing the interplay between process pa
rameters and RCF behaviour [12].

Subsurface-initiated fatigue occurs due to cyclic shear stresses in the 
Hertzian stress zone, where cracks propagate within the bulk material 
before reaching the surface. Donzella et al. [13] demonstrated that in
clusions, such as sulfides, act as preferential sites for crack nucleation, 
with cracks growing parallel to the rolling surface before branching out. 
Rejith et al. [14] found that inclusion-rich steels like AISI 440 C have 
lower RCF resistance compared to cleaner, fine-carbide steels like 
Cronidur-30. Xia et al. [15] observed that when surface roughness is 
low, failure shifts from surface pitting to subsurface spalling, particu
larly in highly finished components subjected to cyclic loads. Additional 
damage mechanisms in RCF include plastic deformation, delamination, 
and material spalling. Accumulated plastic strain can lead to micro
structural changes and crack nucleation, while fatigue cracks often 
propagate along melt pool boundaries in additively manufactured ma
terials or carbide/matrix interfaces in steels. Rejith et al. [14] noted that 
in AISI 440 C, cracks frequently followed carbide segregation bands, 
accelerating delamination. Kurosaka et al. [16] studied Mode II 
shear-dominated crack propagation in railway wheels, showing that 
crack growth behaviour depends on defect orientation and stress con
ditions. Ultimately, rolling contact fatigue failure is a complex process 
influenced by surface integrity, microstructure, and stress distribution. 
A deeper understanding of these mechanisms is essential for optimizing 
material processing, selecting post-treatments, and improving the 
design of high-performance rolling components.

17–4 PH stainless steel is widely used in aerospace, automotive, and 
structural applications due to its high strength, corrosion resistance, and 
precipitation-hardening capability. However, its behaviour in L-PBF 
differs significantly from that of conventionally processed material [17, 
18]. Cecchel et al. [19] highlighted that L-PBF 17–4 PH, in the as-built 
condition, exhibits a highly anisotropic microstructure dominated by 
columnar δ-ferrite grains, retained austenite, and metastable martensite. 
The rapid solidification of L-PBF leads to the formation of a dendritic 
solidification structure, which is distinct from the fully martensitic 
microstructure found in wrought materials. This unique microstructural 
configuration modifies crack initiation and propagation paths, influ
encing fatigue resistance. The presence of retained austenite in as-built 
samples reduces mechanical strength, while the high cooling rates 
suppress equilibrium transformations, stabilizing δ-ferrite, which can 

act as preferential crack paths under cyclic loading.
In L-PBF-processed 17–4 PH, fatigue cracks typically initiate at sur

face defects or internal porosity. Bonaiti et al. [20] investigated bending 
fatigue in L-PBF-produced gears, demonstrating that crack nucleation 
frequently occurs at the surface due to high roughness and lack-of-fusion 
defects. The study revealed that cracks propagate along melt pool 
boundaries and columnar grain structures, following the anisotropic 
solidification pattern of the AM process. Unlike conventional 17–4 PH, 
where fatigue cracks propagate randomly through a more homogeneous 
martensitic matrix, in the as-built L-PBF condition, cracks tend to grow 
preferentially along weak interlayer regions, reducing fatigue resistance 
and accelerating failure.

To mitigate these effects, post-processing techniques such as Hot 
Isostatic Pressing (HIP), machining, and heat treatments are commonly 
employed. However, Concli et al. [21] observed that even after HIP, 
L-PBF 17–4 PH still exhibits lower fatigue resistance compared to 
wrought materials due to residual microstructural anisotropy. Further
more, Cecchel et al. [19] noted that solution heat treatments improve 
mechanical properties by transforming δ-ferrite into a refined 
martensitic structure, but this transformation is often incomplete in 
thicker AM parts, leading to non-uniform mechanical performance 
across different geometries.

Similarly, Haghdadi et al. [22] examined Inconel 625 and identified 
that process-induced defects, such as lack-of-fusion porosity, caused 
subsurface crack formation and premature failure under cyclic contact 
loading. Arivu et al. [23] extended this analysis to L-PBF processed 
Inconel 718, demonstrating that heat treatment significantly improves 
fatigue life by restoring strengthening precipitates and homogenizing 
microstructure. These findings highlight that L-PBF-produced materials 
exhibit a general trend of lower fatigue resistance due to 
process-induced defects and microstructural anisotropy, which must be 
carefully controlled through optimized post-processing strategies. Has
sila et al. [9] investigated the influence of build orientation and 
microstructural anisotropy on the RCF performance of L-PBF Inconel 
625. Specimens with the cylinder axis parallel to the build direction (i.e., 
built vertically, with the rolling plane perpendicular to the build layers) 
exhibited gradual damage accumulation, characterized by multiple 
shallow cracks and a steady increase in vibration amplitude during 
testing. Conversely, cylinders with the axis perpendicular to the build 
direction (i.e., built horizontally, with the rolling plane aligned with the 
build layers) showed sudden localized failure, marked by fewer but 
deeper cracks and an abrupt rise in vibration levels. These behaviours 
were attributed to the columnar grain structure aligned along the build 
direction, which significantly affects crack initiation and propagation 
under cyclic rolling loads. The study highlights the key role of build 
orientation in controlling fatigue damage evolution and dynamic 
response in additively manufactured components subjected to RCF.

This study aims to investigate the rolling contact fatigue behaviour of 
as-built L-PBF 17–4 PH stainless steel, with a particular focus on the 
damage mechanisms that develop under cyclic loading conditions. Un
derstanding the fatigue response of this material is crucial for its 
application in high-performance structural components subjected to 
repeated rolling contact stresses. The research explores the correlation 
between microstructural features, crack initiation and propagation 
mechanisms, and overall fatigue performance, providing a comprehen
sive assessment of the material’s behaviour in its additively manufac
tured state. Through experimental testing and microstructural analysis, 
the findings offer valuable insights into the underlying mechanisms that 
govern damage evolution in rolling contact applications, contributing to 
the broader understanding of fatigue performance in additively manu
factured stainless steels. This knowledge can serve as a basis for opti
mizing manufacturing parameters and material design to enhance the 
reliability and durability of components exposed to cyclic contact loads.
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2. Materials and methods

The samples of 17–4PH stainless steel were fabricated using Laser 
Powder Bed Fusion (L-PBF) technology. ProX® DMP 100 printer (Laser 
Power: 100 W, © 2025 3D Systems, Inc., Wilsonville, Oregon, USA) was 
used for the production in a controlled nitrogen inert gas atmosphere 
(O2 < 0.01 %). Fig. 1a-b shows the drawing of the specimens. The 
process parameters were previously optimized by the supplier [© 2025 
3D Systems, Inc., Wilsonville, Oregon, USA] and previously applied [17, 
24,25] to achieve the best reduction of internal defects and enhance the 
surface integrity results. The set of process parameters considered for the 
L- PBF experiments are used to calculate laser energy density using Eq. 
(1). 

Ep =
P

h v t
(1) 

where, Ep is energy density (J/mm3), P is laser power (W), v is scan speed 
(mm/s), t is layer thickness (mm), and h is hatch spacing (mm). The v 
was set at 300 mm/s, the h at 50 µm and t was kept at 30 µm. The 
powder used for these samples was the LaserForm 17–4PH (A) 17–4 PH 
gas-atomized powder. The batch properties are available online and in 
literature [26]. The chemical composition of LaserForm 17–4PH (A) 
corresponds to a stainless steel 17–4 PH alloy according to ASTM F899, 
A564, A693 and UNS S17400 specifications (Table 1). The samples were 
printed using 3D XPert software, (ProX® DMP 100, © 2025 3D Systems, 
Inc.) that allowed the positioning and the design of the support material 
as shown in Fig. 1c. The mechanical properties tested on parts manu
factured with standard parameters on a ProX DMP printer are reported 
in Table 1.

The typical microstructure of 17–4 PH alloy produced by L-PBF is 
clearly visible. The presence of partially overlapped melt pools, formed 
due to the melting of metal powders under the laser action, is present 
and scan tracks identifying the path of the laser during the 
manufacturing process are clearly recognizable. Fig. 2 reports the 
microstructure with Kalling chemical etching on a rolling plane (plane 
parallel to the print) and the EDS analysis. Mosaic structure is typical of 
untreated additive and the presence of nitrogen-driven austenite due to 
the stabilised elements that allowed the formation of austenite, only 
partially transformed into martensite during rapid cooling. The hardness 
was measured at multiple points on a diametral plane and on the surface, 
yielding a value of 330 ± 4 HB.

The as-built condition of 17–4 PH stainless steel is predominantly 
composed by columnar δ-ferrite grains, while small islands of martensite 
are also observed, particularly along melt pool boundaries. Referring to 
Fig. 2, as already demonstrated by the authors with EDS results on as 
built 17–4 PH samples in [17], points 1 and 2 show chromium contents 
of 17 % and nickel of 4.5–4.7 %, while point 3 reveals a significantly 
higher copper concentration (>23 wt%). This is consistent with the 
formation of Cu-rich segregations or ε-Cu particles, frequently observed 

in the as-built conditions due to incomplete diffusion during solidifica
tion. The rapid solidification inherent to the LPBF process promotes high 
cooling rates (~10⁶ K/s), which are sufficient to initiate martensite 
formation [19]. However, the formation is incomplete due to the pres
ence of retained austenite and the influence of alloying elements like Ni 
and N, which stabilize the austenitic phase locally.

Cyclic contact tests were performed using a twin-disc testing rig 
[27–29]. The apparatus consists of two independently rotating discs that 
are pressed together under a predefined normal load, applied via a 
servo-hydraulic actuator. The rotational speed of the discs can be pre
cisely adjusted to replicate different operating conditions, while sensors 
continuously monitor and record parameters such as normal force, 
torque, and rotational speed. For each test and lubrication condition, 
three replicate specimens were evaluated to assess the repeatability of 
the results.

The specimens were tested under three different load levels: 12 kN, 
15.6 kN, and 24.5 kN, corresponding to nominal Hertzian contact 
pressures of 1400 MPa, 1600 MPa, and 2000 MPa, respectively. The 
counter-body disc was made of high-hardness tool steel, ensuring a 
greater hardness than the tested 17–4PH specimens. The tests were 
carried out in pure rolling conditions at a rotational speed of 750 rpm. 
To investigate the effect of contaminants on material response, two 
different lubricating conditions were considered: water mixed with 
glycol and oil with a flow rate of 6 × 10− 3 m3/s. The test was considered 
complete when surface spalling due to contact fatigue occurred. Since 
determining the exact number of cycles to failure is complex, an alter
native approach was adopted using accelerometer data mounted on the 
machine’s spindles. As reported in previous studies conducted with this 
test bench, accelerometer data provide an effective indicator of surface 
damage progression. After an initial set of trial tests, a stopping criterion 
was established: the test was interrupted when the accelerometer asso
ciated with the additive-manufactured specimen reached a threshold 
value of 0.7 m/s². The friction coefficient was estimated by dividing the 
torque couple measured with the torque meter of the test bench by the 
specimen radius and the normal contact load. The contact surface was 
acquired by a 2D/3D profile sensor Wenglor MLWL171, which allows 
determining the surface roughness Ra by the laser triangulation method 
Subsequently, small pieces with pits were cut from the specimens to 
analyze the damage of surface, longitudinal section and transverse 
section, as shown in Fig. 4.

The surface damage were directly analyzed using an ultra-depth of 
field 3D microscopic system (KEYENCE VHX-5000, Japan) and scanning 
electron microscope (SEM, Phenom Pro-SE, Netherlands). The small 
pieces for analyzing longitudinal section and transverse section were 
embedded in resin, then ground by SiC abrasive paper with different 
mesh numbers and finally polished by diamond powders with size of 2.5 
μm. Similarly, the subsurface damage of longitudinal section and 
transverse section were also analyzed using the ultra-depth of field 3D 
microscopic system. The samples were chemically etched using Kalling 
reagent, prepared with 5 g of CuCl₂, 100 ml of ethanol, and 100 ml of 

Fig. 1. (a) Technical drawing of the specimens; (b) Printer software visualization showing the support structures between the build plate and the specimen; (c) 
Specimen manufactured using L-PBF technology on a support structure.
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HCl, to reveal the microstructural features of the material. Additionally, 
the crack dimensions (crack-tip-opening angle, crack depth, crack 
length) were measured and counted using the measurement software of 
the ultra-depth of field 3D microscopic system, as shown in Fig. 5.

3. Results

The Wöhler diagram (Fig. 6) illustrates the relationship between 
applied pressure and fatigue life (the average value of the three repeated 
tests is reported with the scatter band).

Specimens tested with oil exhibited a longer fatigue life than those 
tested with water, highlighting the beneficial effect of oil in mitigating 
rolling contact fatigue (RCF) damage.

The friction coefficient trends are illustrated in Fig. 7. Regardless of 
the contaminant used, the friction behaviour follows a characteristic 
transient phase: after an initial peak, the coefficient gradually decreases 
until stabilizing. For tests conducted with oil, the steady-state friction 
coefficient stabilizes around 0.027, whereas for tests performed with 

Table 1 
Chemical composition of LaserForm® 17–4PH (A), UNS S17400 and mechanical properties of as-built 17–4PH (1Tested on ASTM E8M specimens with circular cross 
sections type 4; 2Tested with Charpy V-notch impact test specimens type A at room temperature).

Element Cr Ni Cu Nb + Ta Si, Mn C P, S Fe

Weight [%] 15.00 – 17.50 3.00 – 5.00 3.00 – 5.00 0.15 – 0.45 < 1.00 < 0.07 < 0.04 Balance

Mechanical 
Property

Young Modulus 
[GPa]

Ultimate Strength 
[MPa]

Yield Strength 
[MPa]

Elongation at Break 
(%)

Hardness, Rockwell 
C

Impact Toughness 
[J]

Relative 
Density

Standard ASTM E8M ASTM E8M ASTM E8M ASTM E8M ASTM E18 ASTM E23 (pixel- 
based)

Value 190 ± 17 1100 ± 90 830 ± 110 19 ± 4 32 ± 4 71 ± 20 > 99.9 %

Fig. 2. Optical micrograph and SEM images of 17–4PH as-built microstructure and chemical elements measured by EDS (in weight%).

Fig. 3. a) Bidisc test bench; b) Technical diagram of the bench showing the main components.

Fig. 4. Microanalysis position details of specimens after tests.
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water, it reaches a lower equilibrium value of approximately 0.013. This 
difference suggests that water lubrication leads to a significantly lower 
friction regime, potentially influencing the fatigue behaviour of the 
tested materials. The periodic variations observed in the friction coef
ficient under the 1400 MPa load with oil lubrication, as shown in Fig. 7, 
can likely be attributed to the combined effects of surface evolution and 
third-body interactions. At this intermediate load level, micro-pitting or 
mild surface wear may intermittently modify the contact topography, 
influencing the friction response over time. Additionally, the formation 
and detachment of wear debris or oxide particles can act as a third body 
within the contact, momentarily altering the local friction conditions 
before being expelled or integrated into the surface. These phenomena 

can lead to the recurring fluctuations observed during the test cycles.
The analysis of spalling severity at the end of the test reveals distinct 

differences depending on the applied contact pressure and the lubricant 
used (Fig. 8). At 2000 MPa, the water-lubricated sample exhibits local
ized but deep spalling, indicating significant contact fatigue, whereas 
the oil-lubricated sample shows less extensive but still well-defined 
damage, suggesting a slightly improved protective effect. At 
1600 MPa, the water-lubricated surface presents a concentrated and 
deep fracture zone, while the oil-lubricated surface displays more frag
mented spalling, possibly indicating a mitigating effect of the lubricant. 
At 1400 MPa, the most severe damage is observed in the water- 
lubricated condition, with a widespread and highly rough fracture sur
face. In contrast, the oil-lubricated sample exhibits more diffused but 
shallower damage, reinforcing the protective role of the lubricant. The 
presence of surface pitting across several tested conditions further sup
ports these trends. Pits, particularly prominent in water-lubricated 
specimens, are typically associated with early-stage rolling contact fa
tigue (RCF) and serve as precursors to crack initiation and eventual 
spalling. Similar phenomena have been reported in the literature. Liu 
et al. [30] observed that untreated surfaces in SEBM-manufactured 
(Selective Electron Beam Melting) are prone to pit formation due to 
high surface roughness and insufficient hardness—factors that accel
erate fatigue degradation. Zhou et al. [10] found that 316 L stainless 
steel produced via MEAM (Metal Extrusion Additive Manufacturing) 
exhibited increased pitting in dry conditions, while fluid-mediated en
vironments helped reduce surface wear through debris entrapment 
mechanisms. In our study, the evolution and morphology of pitting 
under different pressures and lubricants provide a meaningful indication 
of fatigue progression. The correlation between pit development and 
crack initiation observed here aligns with these earlier findings and 
reinforces the critical influence of lubrication and surface integrity in 
delaying RCF damage in AM components.

Fig. 9 provides a quantitative analysis of surface roughness and the 
spatial distribution of the Ra parameter along the circumference of the 
tested specimens, highlighting the influence of contact pressure and 
lubricant used.

The average roughness Ra graph clearly shows that water-lubricated 
samples experience a more significant increase in roughness compared 
to oil-lubricated ones. This aligns with the observations from the second 
image, where surface damage appears more extensive and deeper in 
water-lubricated conditions. This suggests that water, unlike oil, pro
vides less protection against contact fatigue, contributing to higher re
sidual roughness after testing. The analysis of roughness distribution 
along the angular position indicates that, at higher pressures (1600 and 
2000 MPa), the damage is characterized by localized roughness peaks, 
especially in water-lubricated conditions, confirming more pronounced 
spalling formation. Conversely, in oil-lubricated tests, roughness re
mains lower and more uniform, indicating better lubricating perfor
mance in reducing wear and the propagation of surface fractures. To 
further analyze the surface degradation mechanisms, the roughness of 
the contact surfaces was also evaluated separately in areas outside the 
pitting and spalling zones. This analysis revealed that, in the undamaged 
regions, the roughness remained substantially lower, with Ra values 
around 13±0.7 µm for oil-lubricated and water-lubricated ones (slightly 
lower than the average Ra of not tested samples, that is 19±3 µm). This 

Fig. 5. Measurement method of crack dimensions.

Fig. 6. Pressure life diagram for specimens subjected to RCF tests.

Fig. 7. Trend of the friction coefficients in the tests.
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reduction in roughness can be attributed to the localized plastic defor
mation and micro-smoothing effects occurring during the initial loading 
cycles, which promote the flattening of asperities and a better confor
mity between the contacting surfaces, even in the absence of significant 
wear. Similar trends have been reported in the literature for additively 
manufactured components subjected to cyclic loading. Zhou et al. [10]
observed that 316 L stainless steel fabricated via MEAM exhibits 
increased roughness and wear severity under dry conditions, while 
fluid-based environments can offer partial mitigation through debris 
entrapment. In a comparative study, Farij et al. [31] showed that 
lubricating conditions significantly influence tribological response in 
AM Inconel 718, with advanced lubrication strategies leading to sub
stantial reductions in both wear and surface roughness. The present 
results are consistent with these findings, showing that oil lubrication 
contributes to a more stable and uniform surface finish compared to 
water, which under high pressure conditions promotes localized mate
rial degradation. The angular variation in roughness observed in 
water-lubricated samples also supports the idea that low-viscosity fluids 
are less effective at maintaining surface integrity under RCF, resulting in 
more severe roughness peaks and heterogeneous damage patterns.

The microstructural analysis provides key insights into wear mech
anisms and rolling contact fatigue damage under cyclic loading. Surface 
and cross-sectional examinations reveal substantial differences in crack 
initiation and propagation, influenced by lubrication type and contact 
stress levels.

The damage mechanisms observed in the tested specimens reflect 
typical rolling contact fatigue failure phenomena, with significant dif
ferences depending on the lubrication condition. Surface pitting 

(Fig. 10a), commonly associated with early-stage RCF damage in 
bearing steels, was evident in several samples. The measured pit depths 
ranged between 80 and 100 μm, indicating initial fatigue degradation. 
These pits, if not monitored, can evolve into crack initiation sites, 
leading to crack propagation (Fig. 10b) and, eventually, spalling [32, 
33]. The presence of pitting is particularly relevant in high-stress ap
plications, as the interaction between surface asperities and cyclic 
loading accelerates fatigue crack nucleation. The obtained micrographic 
images clearly reveal that the cracks do not preferentially propagate 
along the melt pool boundaries or solidification lines; instead, they cut 
across the microstructure, suggesting that the dominant fracture 
mechanisms are governed by local stress concentrations and cyclic 
loading effects, rather than being constrained or guided by the aniso
tropic features introduced during the additive manufacturing process. 
This observation aligns with the findings of Concli et al. [21], who 
similarly reported that in L-PBF 17–4 PH steel, fatigue cracks predom
inantly follow stress-driven paths independent of the solidification 
structure.

A detailed crack propagation analysis highlights the presence of 
branched cracks (Fig. 11), particularly in water-lubricated samples. The 
branching behaviour aligns with the observations found in the literature 
[34,35], that described a similar mechanism in rolling contact fatigue 
failures under fluid-lubricated conditions. In these samples, crack 
bifurcation is attributed to fluid entrapment within the crack cavities. As 
the rolling load cycles continue, the trapped fluid experiences pressure 
variations, exerting additional forces on the crack faces and promoting 
crack growth [13,36–41]. This hydraulic pressurization mechanism 
accelerates both crack opening and bifurcation, increasing the 

Fig. 8. Pit morphology under different loading and contaminant conditions (the arrows denote the rolling direction).
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likelihood of shelling. In agreement with the stage-based models pro
posed by Rycerz et al. [40], the cracks initially propagate at shallow 
angles relative to the surface (typically 20–30◦) under shear dominated 
stress fields. In later stages, a transition to parallel propagation occurs, 
influenced by hertzian stresses and fluid-pressure effects. This is 
consistent with the observed evolution from oblique initiation to inter
connected crack networks in water-lubricated specimens. The shelling 
phenomenon, observed in the transverse section of the most severely 
damaged samples, is characterized by deep interconnected cracks 
leading to material detachment.

In addition to crack branching, the micrographs reveal the presence 
of debris particles within the crack cavities (Fig. 12). Literature suggests 
that these particles can influence crack propagation in two contrasting 
ways. In some cases, debris may accumulate within the crack, acting as a 
barrier that impedes further crack growth by preventing crack tip 
opening; in other instances, the debris may alter the local contact 
pressure distribution, creating stress concentration points that accel
erate crack propagation [40,42–47]. The influence of debris on crack 
evolution is highly dependent on its composition and morphology, 
which should be further analyzed to assess its role in the observed failure 
mechanisms.

In Fig. 13, the unpolished cross-sections along the rolling plane 
reveal distinct damage morphologies under varying load and lubrication 
conditions; Fig. 14 shows the same sections but with a higher magnifi
cation (except for the specimen tested with oil at 1600 MPa). At the 
highest load, crater-like defects are evident, with coplanar cracks initi
ating from their lower extremities. This suggests that excessive loading 
has promoted pit-induced damage rather than rolling contact fatigue. 
The presence of these pits implies that local material removal has 
occurred before significant crack propagation, a phenomenon often 
associated with severe stress concentrations and lubrication breakdown. 
The coexistence of pitting and coplanar cracks is consistent with ob
servations by Donzella et al. [13,48] and Rejith et al. [14], who showed 
that surface defects under high contact stresses promote subsequent 
subsurface fracture and eventual spalling. This mechanism supports the 
observed damage patterns where initial surface degradation triggers 
more complex crack networks. Furthermore, such damage morphology 
aligns with the findings of Xia et al. [15], who highlighted that high 
surface roughness under heavy loads can significantly reduce RCF life by 
fostering early pit formation and crack nucleation near the surface. 
These mechanisms are especially severe when lubricant film thickness is 
insufficient, which exacerbates asperity contact and stress localization.

Fig. 9. Surface roughness analysis before and after testing at different pressures and lubrication conditions.
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At 1600 MPa, the lubrication medium plays a crucial role in crack 
development. Under water lubrication, extensive branched cracks are 
visible, indicating a more aggressive damage evolution. Conversely, 
under oil lubrication, no significant cracks are detected at the same 
magnification, suggesting that the oil film effectively mitigates direct 
asperity contact and reduces the severity of surface damage, likely 
delaying crack nucleation.

At lower loads, crack branching occurs in both lubrication condi
tions, with no clear suppression effect from oil. This suggests that at 
reduced stress levels, the fatigue mechanism dominates over pit-induced 
damage, and lubricant type alone is insufficient to prevent crack initi
ation. Similar trends have been reported in studies on rolling-sliding 
wear, where subsurface stress thresholds dictate the transition from 
plastic deformation to fatigue crack nucleation, regardless of lubricant 
viscosity. These results confirm that at lower stress levels, crack 

initiation is governed by shear accumulation and slip band formation, as 
also suggested by theoretical models in Olver [49] and Rycerz et al. [40]. 
While lubricant type may influence the rate of propagation, it does not 
fully prevent initiation once local stresses exceed the fatigue limit. The 
observed crack morphology at lower loads further supports the hy
pothesis that lubricant effectiveness is load-dependent, with higher 
stresses amplifying the distinction between water- and oil-lubricated 
conditions.

At higher magnification (Fig. 15), the damage mechanisms under 
different lubrication conditions become clearer. Under water lubrica
tion, the absence of an effective protective film leads to the early 
nucleation of cracks, which are wider and highly branched. Numerous 
secondary cracks (branch cracks) originate from the main fracture path, 
and significant debris accumulation is observed within the cracks. These 
debris particles, often oxidized, act as local stress concentrators, further 
promoting crack deflection and unstable propagation. This phenomenon 
is consistent with observations of fatigue striations and multi-layer 
cracks formation reported by Yan et al. [50]. Conversely, with oil 
lubrication, the cracks are cleaner and narrower, with fewer branches 
and minimal evidence of particle entrapment. The fracture surfaces 
appear smoother, indicating a delayed crack propagation and a more 
stable fatigue behaviour. This can be attributed to the oil film effectively 
separating the contact surfaces, reducing direct asperity contact and the 
severity of localized plastic deformation. Even at higher loads 
(2000 MPa), the oil-lubricated specimens show a limited development 
of complex crack networks, and the presence of large spalling craters is 
less frequent compared to water-lubricated conditions. These findings 
underscore the importance of lubrication regime, surface condition, and 
load in determining the dominant RCF mechanism. As highlighted by 
both Donzella et al. [13] and Xia et al. [15], the transition between 
surface-initiated and subsurface-initiated fatigue is load- and 
lubrication-dependent, and the presence of inclusions, roughness fea
tures, or even oxide particles can determine the fatigue life trajectory. 
The coexistence of pitting, crack networks, and spalling in our specimens 
reflects this complex interplay, further confirming the need to tailor 
surface preparation and lubrication strategy to the expected operating 
load regime.

Observations from rolling plane reveals the presence of subsurface 
cracks as well, which develop beneath the contact surface due to cyclic 
shear stress. These cracks, commonly found in RCF failures, often orig
inate from non-metallic inclusions or microstructural heterogeneities 
where stress concentration is high [13,48,51–54]. However, subsurface 
cracks are significantly more limited compared to surface cracks, which 
appear to be the dominant failure mode in the tested specimens.

Wear patterns confirm a strong dependence on lubricant viscosity 
and its ability to maintain film stability under rolling contact. Water, 
with lower viscosity, infiltrates cracks more effectively, exacerbating 
propagation through pressurization effects. In contrast, oil, particularly 
in thickened grease formulations, enhances surface protection by 
forming a barrier that limits crack expansion and material loss.

The comparison between experimental crack depths and the 

Fig. 10. a) Surface pit detail (1600 MPa, water); b) surface crack initiating 
from pit (1600 MPa, oil) (rolling direction from left to right).

Fig. 11. Rolling contact fatigue branched crack and detail of shelling damage (1600 MPa, water) (rolling direction from left to right).
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theoretical depths of maximum subsurface shear stress according to 
Hertzian theory provides insights into crack propagation mechanisms. 
Theoretical models predict that, for a contact pressure of 2000 MPa, 
1600 MPa, and 1400 MPa, the maximum subsurface shear stress occurs 
at depths of 286 μm, 326 μm, and 410 μm, respectively. However, 
experimental results indicate significantly greater crack depths, 

suggesting that additional factors, such as fluid penetration and micro
structural influences, contribute to the observed deviation from Hert
zian predictions. In the water-lubricated specimens, crack depths ranged 
from a minimum of 30 μm to a maximum of 237 μm, whereas in oil- 
lubricated samples, the minimum depth was 144 μm, and the 
maximum reached 309 μm. In the specimens tested at 1600 MPa with oil 

Fig. 12. Surface crack morphology with debris (2000 MPa, oil).

Fig. 13. Crack morphology under different contact pressure and contaminants (rolling direction from left to right).
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lubrication, no evident rolling contact fatigue cracks were found, while 
in water-lubricated samples, numerous cracks with variable depths, 
ranging from 240 μm to a maximum of 866 μm, were observed. Notably, 
tested with water at 1600 MPa, exhibited the deepest cracks, indicating 
significant material degradation beyond the Hertzian estimate (Fig. 16). 
These results reinforce the hypothesis that fluid pressurization within 
cracks facilitates their growth beyond conventional limits. While oil 
lubrication effectively limited crack penetration depth, it was associated 
with greater crack lengths. In oil-lubricated samples, the maximum 
crack length reached 881μm, compared to 402 μm in water-lubricated 
conditions. This behaviour is consistent with the role of oil in 
reducing friction and stabilizing the lubricant film, thereby decreasing 
surface fatigue but allowing for more extensive lateral crack 
propagation.

Analysis of crack propagation in sections orthogonal to the rolling 
direction (Fig. 17) reveals distinct failure modes depending on the 
lubrication conditions. In water-lubricated samples, cracks tend to 
develop as deep, branched networks, often extending significantly into 
the material. This behaviour suggests that pressurized fluid infiltration 
within cracks plays a dominant role in crack growth. The hydraulic ef
fect leads to crack opening and bifurcation, facilitating subsurface crack 
expansion and promoting material detachment through shelling mech
anisms. The presence of interconnected cracks, as observed in several 
micrographs, confirms that fluid-assisted propagation is a major 
contributor to fatigue damage under water lubrication. Conversely, in 
oil-lubricated samples, longitudinal crack propagation appears more 
confined, with cracks generally remaining within the near-surface re
gion. Despite spanning a considerable portion of the sample thickness, 

these cracks exhibit limited branching and reduced depth compared to 
water-lubricated specimens. This suggests that the presence of an oil 
film plays a protective role by reducing friction and stabilizing contact 
conditions, thereby limiting vertical crack penetration. However, oil 
lubrication appears to facilitate lateral crack extension, as cracks tend to 
propagate more along the rolling plane rather than into the depth of the 
material.

4. Conclusions

This study investigated the rolling contact fatigue (RCF) behaviour of 
17–4PH stainless steel produced by Laser Powder Bed Fusion (L-PBF), 
with a focus on the effects of contact pressure and lubrication. Cyclic 
twin-disc tests were performed under both oil and water lubrication at 
different load levels, and damage mechanisms were assessed through 
surface and cross-sectional analyses. Although the specimens were 
manufactured using a single set of L-PBF parameters and tested with a 
single oil type, the results offer useful insights into the fatigue response 
of the material under controlled conditions. Key findings are summa
rized below: 

• Lubrication type strongly influences fatigue response: oil delays 
crack initiation and reduces surface damage, while water promotes 
earlier pitting and more severe crack branching due to fluid 
pressurization.

• Surface roughness increases significantly under water lubrication, 
with more localized wear, whereas oil results in more uniform and 
lower roughness after testing.

Fig. 14. Crack morphology under different contact pressure and contaminants (same cracks as Fig. 13, different magnification) (rolling direction from left to right).
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• Damage morphologies differ with testing conditions: water leads to 
deeper, branched, and interconnected cracks, often associated with 
shelling, while oil favours more lateral and confined crack 
propagation.

• Cracks propagate independently of melt pool boundaries, suggesting 
that local stress concentrations are the dominant driving force rather 
than microstructural orientation.

• Crack depth and length statistics confirm lubrication effects: water- 
lubricated samples show deeper cracks often exceeding Hertzian 
predictions, while oil-lubricated samples exhibit longer but shal
lower cracks.

While the present study does not allow for broad generalizations 
regarding the optimization of AM parameters or lubricant selection, the 
observed damage mechanisms provide a solid basis for future in
vestigations. Future developments will include additional load levels to 
refine fatigue maps, direct comparison with conventionally manufac
tured (wrought) 17–4PH steels, and the evaluation of post-processing 
treatments such as heat treatment and Hot Isostatic Pressing to 
enhance fatigue resistance. These steps aim to support the design of 
more reliable AM components for rolling contact applications. Consid
ering the promising results obtained under controlled lubrication con
ditions, potential applications of L-PBF 17–4PH stainless steel include 
critical mechanical components subjected to cyclic rolling loads, such as 
bearings, gears and rolling elements in power transmission systems. 
With appropriate post-processing and lubrication strategies, this mate
rial can also be considered for aerospace and automotive applications, 
where weight reduction, complex geometries, and high mechanical 
performance under dynamic loading are essential.

Fig. 15. Crack morphology under different contact pressure and contaminants (same cracks as Fig. 13, different magnification) (rolling direction from left to right).

Fig. 16. Statistical distribution of cracks according to lubricant and con
tact pressure.
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