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1. Introduction

Powder metallurgy (PM) is a net shape and cost effective technology used for the production of steel
parts having good mechanical properties and excellent dimensional and geometrical precision. This
technology allows to produce parts with geometrical features required by many different applications
without any need of post sintering operations regarding to the dimensional and geometrical features.
Even in the cases where additional operations such as machining or sizing are required, because of its
cost effectiveness PM technology is the first option considered for production, when the size and the

shape of the parts is compatible with the compaction limitations.

In the past years, the mechanical properties of PM steels were not as good as wrought steels because of
the remaining residual porosity after conventional press and sinter process. However, deep and
continuous research has been done to improve the mechanical properties up to the level of the
corresponding wrought steels. This continuous development in PM is supported by new powders,
innovative compaction and sintering processes, new furnaces etc. These improvements have made PM

a reliable and technically competitive technology.

By combining good mechanical properties and geometrical precision, PM technology has started to
play a key role in the production of special parts for important industries such as automotive and

aerospace.

The usage of PM steels in these industries, claims for continuous efforts in research and development.
For this purpose, the world biggest part manufacturer, GKN Sinter Metals and the Department of
Industrial Engineering of University of Trento started a cooperation to investigate the wear and contact

fatigue properties of PM steels.

Wear is one of the most important factors that limit the life of engineering components in different
ways. In this research two very common phenomena, dry sliding and contact fatigue behavior of PM
parts have been investigated.

In the first part of the work dry sliding behavior of one Fe-Mo-Cu-C and three Fe-Mo-Cu-Ni-C steels
was investigated. The study was made firstly on two steels differing for the presence of nickel (Ni),
which leads to the formation in the sinter-hardened microstructure of a Ni-rich constituent, softer than

martensite and bainite. This Ni-rich constituent is expected to decrease wear resistance somehow, due
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to a localized plastic deformation which reduces the load bearing capacity of the surface. Once the
effect of the presence of Ni has been assessed, in the second part of the work dry sliding wear
resistance of two Ni-alloyed sintered steels, differing for Ni content, was investigated to highlight any

effect due to the amount of this alloying element.

The design approach for parts subject to dry sliding wear is frequently empirical, based on hardness.
However, such an approach does not consider the influence of the microstructural peculiarities of
sintered steels, i.e. porosity and inhomogeneous microstructures, which affect the contact stresses and
the mechanical properties of the material. Based on experimental results, a procedure for the design of
dry sliding wear resistant parts was proposed. Following the classical approach of functional design,
the case of dry rolling-sliding was used as the basis for the design criteria developed for the case of PM
parts subject to dry sliding wear. A failure criterion is defined and the performance of parts in different
load and sliding speed conditions is evaluated, considering a hypothesized working life. The effect of

hardness (material parameter) and contact length (geometrical parameter) was also evaluated.

In the second part of the work the contact fatigue behavior of three different steels was investigated..
The aim was the proposal of a conservative approach to predict the contact fatigue behavior of different
sintered and heat treated steels, based on the nucleation of the fatigue crack. It is based on the
assumption that the nucleation of fatigue cracks is anticipated by the local plastic deformation of the
material, so that, in absence of such a deformation, the fatigue cracks will not nucleate. This approach
can be considered a conservative approach, since it does not consider the eventuality that crack does
not propagate to predict safe working conditions; it focuses the attention on crack nucleation. Plastic
deformation occurs when the maximum local stress exceeds the yield strength of the matrix. The model
is developed by calculating the maximum local stress from the theory of the elastic contact and the

matrix yield strength from the microhardness of the steels, under different mean Hertzian pressures.

The microstructure of the investigated steels, resulting from the powders used for their production, is
heterogeneous and such an inhomogeneity influences the mechanical resistance. Therefore in this study
the model was developed by considering the mean properties of the steels (average approach) and the
properties of the single microstructural constituents where the large pores, responsible for the
nucleation of the contact fatigue crack, are localized (local approach). The results of theoretical

predictions were validated through rolling-sliding tests.



In the last part of the work the effect of shot peening on contact fatigue behavior was investigated. The
same three materials that were used to investigate contact fatigue behavior were taken into
consideration. Two different types of shot peening, ceramic or steel+ceramic, were considered. Stress
and strength calculations were made based on the local approach on contact fatigue, which was

validated in the second part of the work.



2. Scientific Context

2.1 Wear

Wear is one of the main damage mechanisms limiting the life and performance of engineering
components and systems. Wear occurs when the surfaces of components are subject to sliding and/or

rolling motion under the application of a contact force [1].

All engineering surfaces are rough and wear takes place through a change in their profiles. Roughness
IS an important characteristic of engineering surfaces, since when two parts are in contact they touch
only over a very small part of their apparent area of contact. By time, wear is progressive in that it
increases with usage or increasing motion, and as a result of this, wearing action results in material lost,

displacement or damage [2].

Wear occurs with different mechanisms and processes. Therefore, there are different types of
classification of wear regarding to the various forms. Different methods can be used to categorize a

wear process such as:

- lubricated wear and unlubricated wear

- severe wear and mild wear

- sliding wear, rolling contact wear and impact wear [3]

All wear processes involve either one or a combination of wear mechanisms.

There are four main wear mechanisms: adhesive, abrasive, surface fatigue and oxidative wear [4,5].

Adhesive or adhesion wear is a type of wear occurring when two surfaces adhere to each other through
the welding of the asperities in contact. When the two surfaces move relatively each other, wear occurs

by the pulling out of material from one of the two surfaces, due to the fracture of the welds.

Abrasive wear occurs when hard particles or protuberances are forced against a moving surface and

produce a groove, scratch or indentation.



Surface fatigue occurs when a cyclic contact between surfaces is accompanied by high local stresses;
after a large number of either pure rolling or rolling-sliding contacts, cracks nucleate and propagate to

form a loose particle.

Oxidative wear is the wear of dry unlubricated metals in presence of oxygen. In this type of wear, a
surface layer of a chemically reacted species is formed, such as iron oxide, and then wear occurs by one
of the three other mechanisms either in reacted layer or at the interface between the layer and the parent
material. The wear rate is influenced, and possibly controlled, by the growth and the stability of that

layer. [4]

Figure 2.1.1. Wear mechanisms: a) Adhesive Wear, b) Abrasive Wear, c) Surface Fatigue and d)
Oxidative Wear [6]

In applications that are subject to wear, the knowledge of the wear mechanism taking place under the
working conditions is of a great importance, in order to predict the life of the components. It is also

important to know the key working conditions in order to keep wear rate under safe limits.

There are many key working conditions related to wear such as time, load, velocity, temperature and
film thickness [1].
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Time can also be thought as the working life of the component and it has a great importance for the
operations. In usual process where wear occurs, a "'run in™ occurs initially with a high wear rate. As the
contact area grows and the surface finish is modified by run-in wear, the wear rate decreases to a steady
value. After operating for a given period of time, wear rate increases. This transition can be attributed
to a number of causes such as a change in the type of wear, the increase in the surface temperature

above a critical value, the lubricant contamination.

Another key parameter which affects wear is the load applied to the system. All engineering
components facing wear are working under an either constant or a varying load. As load increases, the
wear rate may either decrease or increase in unlubricated bearings. The frictional heat may favor the
formation of a stable oxide layer, promoting a severe-to-mild wear transition. Alternatively, it may
soften the material and/or cause the surface oxide to breakdown, giving rise to a mild-to-severe

transition. In case of lubricated contacts, the increase in load tends to enhance wear.

Velocity is another important factor for components such as gears and cams. With reference to
phenomena correlated to frictional heat, the effect of an increasing velocity is similar to that of an
increased load, and the two transitions above described may be observed in dry sliding contacts. On the
other hand, in lubricated wear, lubricant with proper additives will decrease wear rate, until a limit
temperature is reached, where the lubricant no longer completely separates the surfaces; moreover, the

increased number of cycles at higher velocity causes a transition to a fatigue type wear.

Temperature is another key factor in working conditions when wear is considered. For example, for an
unlubricated bearing, the wear rates are usually constant, but if temperature rises to a critical
temperature, material softens and wear rate increases dramatically. This is the same transition, which
occurs when the load and velocity increase, and cause an increase in the temperature due to frictional
heat.

In lubricated wear, the increase in the temperature will cause a transition to a boundary lubrication
because of the viscosity decrease, causing a decrease in the film thickness. Further increase will cause

an unlubricated sliding as the lubricant fails due to desorption, melting, decomposition etc [7].

Figure 2.1.2 illustrates how wear rate behaves regarding to the change in time, load, velocity,

temperature and the film thickness. The figure does not contemplate the possible decrease of wear rate
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due to the severe-to-mild wear transition when load is increased. Such a transition, indeed, occurs in

the low load ranges.
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Figure 2.1.2. Wear rate vs. Time, load, velocity, temperature and film thickness [1]

In addition to the wear mechanisms and the key factors to control wear rate, other parameters have to
be considered. They are related to the chemical composition and roughness of the materials, lubricant

properties and humidity.

The selection of appropriate materials for the type of wear being engaged is important for effective
wear control. The selection of the material should be made carefully, by knowing the properties and by

considering its performances under similar conditions [8].
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Surface finishing is also very important, especially when soft materials are working against harder
materials. If the roughness of the harder material is higher than that of the softer one, the latter will be
abraded easily. Sharp edges also should be avoided to prevent a failure related to undesirable contact in
those regions. Another important characteristic of the surface finishing is the ability to promote the
fluid film lubrication in both sliding and rolling contacts. If surface finishing of the material is

improved, lubrication will be more effective and prevent the metal-to-metal contact.

Lubricant is also essential to control wear, since the main function of the lubricant is to reduce the
wear. The type of lubricant has to be chosen properly with reference to its viscosity. Less flow of the
lubricant between the metals can result in a metal-to-metal contact, which can cause failure of the

system.

The contact area is a geometrical parameter of great importance, since it defines the contact pressure
for a given contact force. On increasing the contact area, the contact pressures decrease. In principle,
the different contact conditions have to be compared with reference to the contact pressure instead of
the contact force. All the phenomena associated to the contact force in the previous paragraphs occur in
dependence on the actual contact pressure. Under the same contact pressure, the increase in the contact
area results in a smaller wear depth, since the same volume will be removed from a larger area. As
another positive effect, larger areas mean greater film thickness and lower local temperatures, due to
the larger sectional area for heat dissipation. However larger areas result in some negative effects, such

as difficulty of uniform lubricant distribution, higher cost and larger volumes of the parts.

The alignment of the system is also decisive for wear rate. A wrongly assembled system can cause
changes in load, relative velocity, temperature and effective contact area. Any change of the contact

area yields a new "run in", which increases wear rate.

2.2 Dry Sliding Wear of PM materials

Many powder metallurgy (PM) parts are exposed to sliding wear in applications. These parts play an
increasing role and they are expected to exhibit a good wear resistance in industries such as in

automotive or aerospace where PM parts are used in heavy-duty component like gears, pistons,

connecting rods or cam lobes. [9-12]
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A wide literature exists on dry wear mechanisms and wear resistance of PM parts [9, 13-15, just as
examples]. The effect of porosity in materials produced by the conventional PM process, i.e. cold
compaction and sintering, is highlighted: porosity reduces the area of load bearing surface, increases
local plastic deformation and leads to wear debris entrapment [16-18]; the global effect is the decrease

of the wear resistance.

The effect of porosity on plastic deformation at the pore edges is influenced by the yield strength of the
metallic matrix [19,20]. Heat treatments (through hardening, carburizing) increase wear resistance as a

result of the increased hardness and improved resistance to localized damage at the pore edges.

One of the peculiarities of PM steels is the presence of a significant amount of Ni as alloying element.
Ni improves ductility and toughness of steel parts. Since it forms less stable oxides than iron, sintering
atmospheres, which are reducing for iron oxide, will also be reducing for Ni, thus avoiding any

limitations related to the reduction of surface oxides. [21, 22]

In most cases Ni is added to the base powder by diffusion bonding, a process where very fine Ni
powders are bonded to the iron particles by partial interdiffusion which involves only a very small
portion of the iron particle. As a consequence, the iron powder maintains its excellent compressibility
(which is generally reduced by the dissolution of alloying elements) and, on the other side, the risk of
gravimetric segregation during handling and processing of the powder is fully prevented. The chemical
inhomogeneity is maintained even after sintering under the common conditions of the industrial
production; as a consequence, the final microstructure contains some Ni-rich austenitic regions, which

are softer than the martensitic/bainitic matrix.

Due to the chemical compositions of the investigated steels in this work, they can be cold compacted to
a high green density, and they can develop a hardened microstructure by sinter-hardening [23, 24] with
no need of post-sintering heat treatments. In principle the high density (7.3 g/lcm®, the upper limit of
cold compaction and sintering for these steels) combined with a hardened microstructure, makes these
steels very attractive for the production of parts using the press and sinter method to be used in sliding

wear applications.

However, the Ni-rich austenite is expected to decrease wear resistance due to a localized increase in

plastic deformation and the nucleation and propagation of cracks [25-27].
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The large amount of results related to dry wear of PM steels make reference to different contact
conditions as a consequence of the variety of the wear tests configuration used. For this reason, it’s
rather difficult to merge them within a sort of normalized knowledge system to support the designer in
the selection of the material and the processes for any specific application. The classical approach of
functional design [28,29], already implemented in the case of dry rolling-sliding [30,31] may be a good
guideline for the design of PM parts subject to dry sliding wear.

2.3 Contact Fatigue of PM materials

PM steels may replace wrought steels in several applications such as vehicle transmission, power train
gears, oil pumps, cams and rolling bearings, which involve cyclic loading. All these applications are
highly demanding in terms of dimensional/geometrical precision and mechanical properties, in
particular the resistance to contact fatigue. Contact fatigue is a well known failure mode for
components subject to cyclic contact stresses. The contact stresses distribution in the subsurface layers
causes the nucleation of a crack and its propagation under the cyclic loading, which leads to the
generation of debris [32-35]. Contact fatigue behavior of porous sintered steels is being investigated
since many years [36-41], and the effect of porosity, which is the peculiar microstructural
characteristics of these materials, has been highlighted in several papers [42-44].

In PM materials pores behave as discontinuities in the metallic matrix. They have a major influence on
the mechanical fatigue as shown, for instance, in some studies [45-47]. Fatigue crack nucleates in
correspondence of the larger pores, and propagates easily through the network of interconnected
porosity. Similarly to mechanical fatigue, in case of contact fatigue porosity has to be taken into

account carefully.

The mechanical properties of the PM materials were mostly considered as a function of density [48,
49]. Even in the competitions between the PM material producers to conquer and replace traditionally
manufactured wrought steel components with PM materials, it was considered that increased density is
the only way to increase mechanical properties. This is not definitely right, since porosity
characteristics, and in particular their morphology, have a significant effect on mechanical properties
[50-53].
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To examine porosity and the morphology of the pores some parameters should be discussed. These are
total porosity, porosity distribution, pore size, pore shape; they contribute to the definition of the

fraction of the load bearing section.

The total porosity is the fraction of empty space in the sample; it is one of the most frequently used
parameter to characterize sintered materials [54, 55]. The most common method to measure the total
porosity is the water displacement method. The fraction of the load bearing section increases on
decreasing porosity.

Porosity distribution is another parameter that needs to be considered. By press and sinter method, it is
not possible to have uniform pores distribution in the material due to the inhomogeneous distribution of
the compaction pressure in the powder [56]. In addition to these foreseeable but ordinary pores, there
are some irregular pores caused by inhomogeneous die filling or bridging during compaction. These
irregularities cannot be eliminated during sintering [57]. The fraction of the load bearing section is
larger in the regions with the higher porosity.

Pore size is a function of powder particle size and compacting pressure. In addition, during sintering
the mean pore size may slightly grow up since the small pores tend to shrink in favor of large ones
during the final stage of sintering. The fraction of the load bearing section is not significantly affected

by the pore size, which instead has a direct influence on the nucleation of the fatigue crack.

Pore shape is one of the main parameters which influence the load bearing section and, in turn, the
mechanical properties of the materials. Pore shape depends on the powder morphology, the compaction
pressure (the higher the compaction pressure, the large the elongation of pores in the transversal
direction), the sintering temperature (the higher the sintering temperature, the better the pore
morphology) and on the occurrence of a liquid phase sintering mechanisms, that makes the pore profile
smoother and rounded. The improvement of the pore morphology improves the fraction of the load

bearing section.

In addition to porosity, other two parameters related to the matrix have to be considered, due to their

influence on contact fatigue.

Yield strength is the stress at which material starts to deform plastically. When the applied stress is

higher than the yield strength, it causes a damage in the material, which anticipates and causes the
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nucleation of the fatigue crack. It can be also considered as the maximum stress that can be applied to
avoid crack initiation. [58, 59]

Elastic Modulus is the other important parameter; it affects the elastic deformation of the material and

determines the extension of the contact area in case of elastic contact. It depends on porosity [60].

The microstructure of PM materials is frequently heterogeneous [61-65]. A very common
heterogeneous microstructure can be seen Figure 2.3.1, where pearlitic and bainitic areas (brown) are

surrounded by an almost continuous network of martensite (white).

Figure 2.3.1. Heterogeneous microstructure of a PM steel

These heterogeneous microstructures result in different local yield strength in the material depending

on the microhardness of the constituents.

It’s therefore important to verify if mechanical properties, and in particular the fatigue resistance, may
be reliably predicted considering the mean characteristics of the microstructure. A local approach,
which considers the localization of the larger pores, where crack nucleates, in the different constituents
may result more appropriate. The prediction of the contact fatigue resistance from the microstructural
characteristics of the material may be a helpful tool for the selection of the most appropriate steel for

any specific applications and for the designers.

The approach proposed in the present thesis for this purpose is based on a recent work by Donzella et
al. [66]. These authors showed that cracks will nucleate in case of local plastic deformation and plastic
17



deformation occurs when the maximum local stress exceeds the yield strength of the matrix. The model
in this work is developed by calculating the maximum local stress from the theory of the elastic contact
and the matrix yield strength from the microhardness of the steels, under different mean Hertzian
pressures [32], using both a mean approach and a localized approach which considers the yield strength

of the microstructural constituents separately, instead of the mean yield strength of the matrix.

2.4 Shot Peening

Among the different methods proposed to improve the fatigue resistance of PM steels [67-72], shot
peening is a cold working localized on the surfaces, which introduces compressive residual stresses in
the exposed surface layers of metallic parts by the impingement of a stream of shot at high velocity
under controlled conditions [73]. Each shot striking the material acts like a tiny hammer and creates a
small indentation. Overlapping indentations cause a plastic deformation of the subsurface layer and
consequently produce a compressive residual stress field, useful to prevent crack nucleation, or to stop

crack propagation.

Since shot peening is relatively economic, it became one of the most common method to improve
fatigue behavior [74-77]. An additional effect of shot peening in porous steels is the densification of the

surface layers due to plastic deformation [78-81].
On the other hand the effect of shot peening on the contact fatigue behavior of PM parts has not been

investigated as much as that on their mechanical fatigue performances. Only in two works the positive

effect of shot peening on the contact fatigue behavior of PM parts has been shown [82, 83]
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3. Experimental Procedure

The materials investigated in this research, their chemical compositions, states and sintering

temperatures are reported in Table 3.1.

Material Chemical Composition State Sintering
Temperature °C
73-DDH2-HD Fe-1.5Mo0-2Cu-0.65C Sinterhardened + Tempered 1120
73-DHP2-HD Fe-1.5Mo0-2Cu-4Ni-0.65C Sinterhardened + Tempered 1120
Fe-0.5Mo-1.5Cu-4Ni-0.3C Sintered + Case hardened + 1150
73-DAE1-HD
Tempered
Fe-0.5Mo-1.5Cu-1.8Ni-0.3C Sintered + Case hardened + 1120
73-DAB1-HD
Tempered
73-DAE2-HD Fe-0.5Mo-1.5Cu-4Ni-0.5C Sintered + Heat treated + 1150
Tempered
73-AS4300C75 | Fe-1Ni-0.75C-1Cr-0.6Si-0.1Mn | Sinterhardened + Tempered 1250

Table 3.1. Chemical Compositions, states and sintering temperatures of the investigated materials

Rings with a height of 10 mm, external diameter of 40 mm and internal diameter of 16 mm were
compacted in a double action uniaxial press. Compacted discs were sintered/sinterhardened at different
temperatures (Table 3.1) and then heat treated. All the production process was carried out in an

industrial plant.

Density of the discs was measured by water displacement method and porosity was calculated from

theoretical densities; results are reported in Table 3.2.
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Material Measured Density Theoretical Density Porosity

(g/em®) (g/cm®) (%)
73-DDH2-HD 7.32 7.79 6.08
73-DHP2-HD 7.40 7.82 5.35
73-DAE1-HD 7.36 7.87 6.53
73-DAB1-HD 7.36 7.85 6.23
73-DAE2-HD 7.37 7.83 5.91
73-AS4300C75 7.14 7.60 6.41

Table 3.2. Measured, theoretical density and the porosity of the materials

HV10 hardness was measured by Emco M4U-025 hardness tester on the compaction surface of the
discs; twenty measurements were made for each material and the results are listed in Table 3.3. Along
with the hardness which is measured, elastic modulus and the Poisson's coefficient of the materials
which are also reported in the basis of Hogands Iron and Steel Powders for Sintered Components [82].

Material HVL0 Elastic Modulus y
(GPa)
73-DDH2-HD 525+ 30 155 0.27
73-DHP2-HD 495 + 19 145 0.27
73-DAE1-HD 450 + 21 145 0.27
73-DAB1-HD 430 + 20 150 0.27
73-DAE2-HD 404 + 27 145 0.27
73-AS4300C75 533+ 14 150 0.27

Table 3.3. Hardness, elastic modulus and Poisson's ratio of the investigated materials

Both dry sliding and lubricated rolling-sliding tests were carried out on an Amsler tribometer in a disc
on disc configuration. Tests were done at room temperature and 30-35% relative humidity. For both

dry sliding and lubricated rolling-sliding tests a counterface disc made of 52100 bearing steel with a
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height of 10 mm and with 40 mm outer and 16 mm inner diameter was used. The properties of the

counterface disc are reported in Table 3.4.

Material Chemical Composition | Elastic Modulus Density HRc v
(GPa) (g/cm®)
52100 Bearing Steel Fe-1.5Cr-1C 210 7.81 63 0.3

Table 3.4. Properties of Counterface disc

During sliding tests, sintered discs were fixed while counterface disc was rotating. Figure 3.1 shows the

tribometer configuration during dry sliding tests.

counterface disc

I\E_

3

sintered disc

Figure 3.1. Tribometer Configuration during dry sliding tests

Dry sliding tests were carried out at four different loads, 50 N, 100 N 150 N and 200 N and two
different revolution speeds 150 rpm, 300 rpm. The resulting sliding speeds were 0.314 m/s and 0.628

m/s, respectively. The total sliding distance was 1260 m for both velocities.

Three tests for each load and speed condition were carried out with the maximum difference in weight
loss being within 10% of the mean weight loss for each group. The wear volume of the samples was
calculated from the mass loss according to the actual density of the sintered materials. In order to draw
the mass loss vs. sliding distance curve the sintered discs were dismounted from the tribometer to

measure the mass loss with a precision balance (0.0001 g). After every weighing, disks were remounted
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on the tribometer, and the previous contact conditions were established by controlling the alignment
with the counterface disk, which was not removed from the tribometer. The friction coefficients
recorded during all the steps did not show differences suggesting that the weighing procedure did not
influence the wear significantly. To investigate the wear mechanisms, wear tracks were observed by

both optical and scanning electron microscopy (SEM).

On the other hand, for lubricated rolling contact fatigue tests, the maximum applicable force of 2000 N
represented a limit to the maximum Hertzian pressure relevant to the discs with the geometry
previously described. To increase the Hertzian pressure, the geometry of the discs was changed by
decreasing their contact length. Some of the counterface discs were machined and contact height was
reduced down to 3 mm and further down to the point contact. Figure 3.2 illustrates the geometries of
the discs used in rolling-sliding tests.

10

40

Figure 3.2. Disc geometries as sintered and after machining

Rolling-sliding tests were carried out under lubrication; elastohydrodynamic regime was provided in

order to generate a film that separates surfaces. As a lubricant Castrol Edge 5W-30 was used.

Lubrication was provided to the contact region by chain that carries the conveyed oil that was supplied
from a case located below the two discs. Figure 3.3 displays the tribometer configuration during rolling

sliding tests.
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Counterface disc
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Sintered disc

—

Chain

Lubricant

Figure 3.3. Tribometer configuration during rolling sliding tests

During rolling-sliding tests discs were rotating with a revolution speed difference of 10% which results
in sliding. The maximum rotating speed of the machine was 400 rpm, 0.838 m/s, for the counterface
disc and 360 rpm, 0.754 m/s, for the sintered disc.

Rolling-sliding tests were done by considering one million of cycles as a working life of the
component. During all test friction coefficient was recorded and was kept in acceptable range for
lubricated tests. After completing one million of cycles, sintered samples were prepared for the
metallographic analysis to check any possible crack nucleation or propagation on or close to the surface
of the disc.

Two different shot peening treatments were carried out in a preliminary test:
1-) one step ceramic shot peening;
2-) two steps shot peening: first step with steel shots followed by a second step with ceramic shots.

Table 3.5 reports the characteristics of the ceramic and steel shots.

23



Shot type Chemical Composition Density
[g/cm’]
Ceramic 70% Y203 + 30% ZrO; 3.85
Steel 1%C — 1%Mn 7.8

Table 3.5. Characteristics of shots

Shot peening was performed by an air blast shot peening machine with an intensity of 4 Almen A for

ceramic shots and 12 Almen A for steel shots.

After shot peening, residual stresses were measured by X-ray diffraction and the measurement

conditions are listed in Table 3.6.

Incident Radiation Cr Ka Elementary Cell Cubic
Filter Vanadium Miller's Index (hkl) 211
Diffractometer configuration ® Multi-regression Yes
Detector type 30° Background subtraction Polynomial
Detector's angle range Strip 20 position Free
Acquisition time 30s 260 angle 156.33°
Oscillation range +/-40° Young modulus 208000 MPa
Number of Wangles used 7 Poisson coefficient 0.28
Selection of ¥ Automatic Power supply 33 kV
Measurements method Static Tube's current 85 HA
Materials Steel Collimator's diameter 1 mm

Table 3.6. Residual stress measurement conditions

Both shot peening and the analysis of the residual stresses were carried out by 2Effe Engineering,

Soiano al lago (BS), Italy.
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4. Results and discussion

4.1 Dry Sliding
In case of the disk-on-disk configuration, at the beginning of the tests a line contact was established. Its

width, b, was calculated from the theory of the elastic contact [33] by equation (1)
b= (4FR' / nlE" )*? (1)

where F is the force [N], R' [m] is the reduced radius of curvature of the two discs given by equation

(2), l'is the contact length [m], and E' [Pa] is the reduced Elastic Modulus given by equation (3)
R'=(1/R1+1/R,)™ (2)
1/E'=0.5[(1-v12)/E1+(1-v,°)/E,] (3)

For a generalized use of the results, loading conditions have been expressed in terms of the mean

pressure Py. The mean pressure Py was calculated from equation (4)
P0=0.78 Pax 4)

where Pnax is the maximum contact pressure given by the equation (5)
Pmax = F/(zbl) (5)

Wear of the sintered discs quickly promoted the widening of the contact area, whose width was
measured by stopping the test every 130 m sliding. The mean pressure was then calculated from

equation (6)

Po=F/A (6)

where A [mm?] is the contact area given by equation (7)

A =bl @)

being b [m] the measured width and | [m] the contact length as before.
The wear rate was calculated from equation (8)

W =V/d (8)

where W is wear rate (mm*/mm), V is the wear volume (mm?) and d is the sliding distance (mm).
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After experiments, calculations and observations, a design procedure was proposed. This proposal was
based on the results of the wear tests, in order to evaluate the practical significance of the differences

between the materials.

The proposed failure criterion refers to wear depth and defines the maximum value, which can be
accepted without impairing functionality. In absence of specific existing requirements, here the
maximum tolerable wear depth corresponds to the tolerance of the dimension perpendicular to the wear
surface, as defined by the International Organization for Standardization, 1SO [84,85].

The wear volume V is the volume of a ring with external diameter R, internal diameter R-h and height
I, where R is the radius of the disk, | is the length of the contact area, h is the wear depth, and V is

given by the following equation:

V = 7Rl - n (R-h)l = nl(2Rh —h?) (9)

Since R>>h, the equation may be simplified as

V = 2rRlh (10)

By combining equations (8) and (10), the wear rate W results in

W=2zRIh/d (11)

Since wear rate is related to the normal force F and hardness H by the Archard law [86]
W=KF/H (12)

where K is the dimensionless wear coefficient, the wear depth is given by the following equation
h=KFd/2rRIH (13)

A failure criterion was defined, in terms of maximum allowable wear thickness, with reference to the
dimensional tolerances of the parts considered. In the case of PM parts produced by the conventional
press and sintering process, typical ISO IT tolerance classes are decided as I1T9, 1T10 and IT11. For a
part with 40 mm diameter, as the discs used in this study, the dimensional tolerances corresponding to
the three aforesaid IT classes are reported in Table 4.1.1. Since tolerances refer to diameters, the
maximum acceptable wear depth corresponding to the three classes has been derived by dividing the
tolerance by two. The resulting values are reported in Table 4.1.1 as well.
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ISO IT class Tolerance (mm) Maximum wear depth (mm)

IT9 0.062 0.031
IT 10 0.100 0.050
IT11 0.160 0.080

Table 4.1.1 The tolerances for 40 mm diameter PM parts

By considering the values reported in Table 4.1.1, working life of the materials and methods to

improve working life were proposed.

4.1.1 Influence of Ni on dry sliding behavior of PM steels

To study the influence of Ni on dry sliding behavior of PM steels two materials were investigated.
These materials were 73-DDH2-HD and 73-DHP2-HD, since the only difference in their chemical
compositions is Ni. Figure 4.1.1 shows the microstructure of the investigated materials after etching
with 50% Nital - 50% Picral solution. After etching it can be seen that 73-DDH2-HD is a mixture of
martensitic (white) and bainitic (brown) structure, while 73-DHP2-HD consists of martensite (brown)

and Ni-rich austenite (white).

i 73-DDH2-HD

Figure 4.1.1. Microstructure of 73-DDH2-HD and 73-DHP2-HD [87]
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4.1.1.1 Wear tests

Due to an increase in contact width by time, the mean pressure P, decreased during the test according
to the trend shown in Figure 4.1.2, which reports Py vs. sliding distance for all possible conditions.
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Figure 4.1.2. Mean pressure vs. sliding distance at four different loads and two different speeds

The mean pressure was high at the beginning but it decreased quickly and tended to stabilize on lower
values due to the enlargement of the contact area. For further calculations, a constant mean pressure
will be used corresponding to the mean value of the seven experimental points, while neglecting the
first one. The extension of the contact area was not the same for the two materials subject to the same
wear conditions (load, sliding speed and sliding distance), resulting in different mean pressures. This
difference was due to the different wear resistance of the two materials as it will be shown in the
following.

The mean pressure and the corresponding wear rate are reported in Table 4.1.2, while the relationship

between W vs. Py is plotted in Figure 4.1.3. No measurable wear was detected on the counterface disc.
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Sliding 73-DDH2-HD 73-DHP2-HD
Load (N)
speed (m/s) Po (MPa) W (mm*/mm) Po(MPa) | W (mm%mm)
50 0.314 3.3 0.00014 24 0.00072
100 0.314 5.7 0.00023 4.8 0.00095
150 0.314 7.0 0.00100 7.0 0.00106
200 0.314 8.9 0.00136 8.1 0.00142
50 0.628 2.4 0.00095 2.4 0.00098
100 0.628 4.8 0.00097 4.1 0.00206
150 0.628 6.9 0.00100 5.3 0.00312
200 0.628 8.1 0.00113 6.9 0.00331
Table 4.1.2. Mean pressure, Py, and wear rate, W, for all conditions.
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Figure 4.1.3 Wear rate, W, versus mean pressure, Po, at a) 0.314 m/s and b) 0.628 m/s.

73-DDH2-HD showed a higher wear resistance than 73-DHP2-HD in all the conditions investigated.
Wear rate increased with Py but with different behaviors depending on the material and the sliding
speed. In 73-DDH2-HD the increase in wear rate was well pronounced at the lower speed and almost

negligible at the highest speed. In 73-DHP2-HD the increase in wear rate was significant at the lowest
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speed and even more pronounced at the highest speed. The comparison between the two figures shows
that increasing sliding speed results in an increase of wear rate, with the exception of 73-DDH2-HD at

higher mean pressures.

4.1.1.2 Characterization of the wear surfaces and profiles
As an example of the characterization performed on the worn specimens, the back scattered electron

(BSE) images of the wear surfaces of 73-DDH2-HD after tests at 0.314 m/s for different pressures are

shown in Figure 4.1.4.

a) P, =3.31 MPa b) P,=5.67 MPa

AccV. SpotMagn. Det WD.F———— 500m AccV _Spot Magn  Det "WbsF————""1 500 m
20.0kV. 4.3 50x BSE 99 50N 150rpm DDH2 20.0 KV 4.3 .50x BSE 9.6 100N 160rpm DDH2

c) P, = 7.0 MPa d) P, = 8.85 MPa

AccV SpotMagn Det WD ———— 500 m AccV SpotMagn Det WD F————— 500 m
20.0kV 4.3 50x BSE 9.3 150N 150rpm DDH2 200KV 43 50x BSE 8.9 200N 150rpm DDH2

Figure 4.1.4. BSE images of 73-DDH2-HD after wear test at 0.314 m/s and different mean pressure.

The dark areas are iron oxide, as confirmed by EDXS analysis shown in Figure 6. Light areas are

unoxidized steel, again confirmed by EDXS in Figure 4.1.5.
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Figure 4.1.5. EDXS spectra on different regions of the wear surface.

The wear surface is almost fully covered by an oxide layer at the lowest pressure (a) and slightly less at
the second lowest pressure (b). On the contrary, at high pressures there is almost no oxide layer on the
wear track, (¢) and (d). The oxidation of the wear surface is typical of “low sliding velocity oxidative
wear” proposed by Stott [88]. In these conditions, wear leads to the formation of an oxide layer through
the compaction and sintering of oxidized wear fragments [89]. Under certain conditions, as the two low
pressures in Figure 4.1.4, such a layer is protective and reduces wear rate as confirmed by the low wear
rate at those pressure. The absence of any evident oxidation in the images corresponding to the higher
mean pressures is in agreement with the higher measured wear rate. The sharp increase in the wear rate

at 0.314 m/s was due to the instability of the protective oxide layer under the higher applied loads.

Figure 4.1.6 shows the wear surface of 73-DHP2-HD after tests in the same conditions as for 73-
DDH2-HD in Figure 4.1.4.
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a)P,=2.4 MPa

AccV SpotMagn Det WD ———— 500 m AccV SpotMagn Det WD ——— 500ym
200kv42 50x  BSE 9.8 50N 160pm DHP2 200kV 42 50x  BSE 95 100N 150rpm DHP2

c) P,=6.9 MPa d) P,=8.1 MPa

AccV SpotMagn  Det Wb ———— 500um AccV- Spot:Magn  Det WD ———1 500m
200kv42 60x  BSE 95 150N 1560pm DHP2 200KV 3.9 60X - BSE 9.5 200N 150rpm DHP2

Figure 4.1.6. BSE images of 73-DHP2-HD after wear test at 0.314 m/s and different mean pressure.

No surface oxidation can be observed, indicating that a protective layer did not form in any of the test
conditions. This corresponds with the measured wear rates. This means that a stable and protective

oxide layer is formed only on the surface of 73-DDH2-HD at the two lower pressures.

At the higher speed, the wear track did not show the protective oxide layer in either of the materials, as
shown by Figure 4.1.7, where the wear surface of both 73-DDH2-HD and 73-DHP2-HD at the highest

and lowest mean pressures is presented, as an example.
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P,= 8.1 MPa

P,=2.4 MPa 73-DDH2-HD

AccV SpotMagn Det WD ————1 500um
200kV 89 50x  BSE 105 DDH2 60N 300rpm

AccV SpotMagn Det WD 1 500ym
200kV89 50x  BSE 10.6 DDH2 200N 300rpm

P,=2.4 MPa 73-DHP2-HD P¢=6.9 MPa

AccV Spot Magn  Det WD F————1 500 um
200KkV 89 b50x BSE 92 60N 300rpm DHP2

AccV  Spot Magn  Det WD F———— 500 um
200KV 4.3 50x BSE 94 200N 300rpm DHP2

Figure 4.1.7. BSE images of 73-DDH2-HD and 73-DHP2-HD after wear test at 0.628 m/s and different

mean pressure.

The increase in the surface temperature caused by the higher sliding speed was responsible for lack of
stability of the oxide layer. As seen in Figure 4.1.3 wear rate of 73-DDH2-HD at high sliding does not
depend on the mean pressure and the wear rate is similar to that measured at low speed and high
pressures, where no stable oxide layer was detected. In 73-DHP2-HD, however, wear rate increased
with mean pressure. Figure 4.1.8 shows the wear profile of the two materials at 0.628 m/s and 200 N,
corresponding to 8.84 MPa and 6.90 MPa for 73-DDH2-HD and 73-DHP2-HD, respectively. In 73-
DHP2-HD, a slight plastic deformation of the surface and subsurface layer can be observed.
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73-DDH2-HD 73-DHP2-HD
P,=8.1 MPa P, = 6.9 MPa

Figure 4.1.8. The surface deformation of the materials investigated after tests at 0.628 m/s

Even when the mean pressure was lower in 73-DHP2-HD, the thickness of the deformed surface layer
was larger than in 73-DDH2-HD. This may be attributed to the presence of the soft Ni-rich constituent

which is subject to localized plastic deformation and so enhances the wear process.

In conclusion, wear resistance of the two materials depends on their ability to form a stable protective
oxide layer and to resist surface plastic deformation. The formation of the oxide layer occurred in 73-
DDH2-HD at low speed and low pressure and the increase in both parameters affected the stability of
the oxide layer negatively. In 73-DHP2-HD, the presence of the Ni-rich constituent caused localized
deformation which impeded the formation of a protective oxide layer at the lower speed and enhances
the wear process at the higher speed. Because of the oxide layer never formed, the increase of mean

pressure caused increased wear.

The results of the wear tests and their interpretation on the basis of the wear phenomena demonstrate
that 73-DDH2-HD performs much better than 73-DHP2-HD under dry sliding conditions. Therefore, in
the following section only 73-DDH2-HD will be considered.

4.1.1.3 Failure Criterion and Design Guideline

To investigate the working life of 73-DDH2-HD under tested conditions, wear thickness, h, had to be
calculated. For this purpose, wear coefficients K calculated from equation (12) for the different test
conditions are reported in Table 4.1.3 for 73-DDH2-HD.
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Sliding 73-DDH2-HD
Load (N)
speed (M) ™ p"(MPa) | Kx10°
50 0.314 331 1.46
100 0.314 5.67 1.18
150 0.314 7.00 348
200 0.314 8.85 351
50 0.628 2.45 9.77
100 0.628 4.83 4.99
150 0.628 6.85 3.44
200 0.628 8.84 2.92

Table 4.1.3 Wear coefficients of 73-DDH2-HD

As an example of dry sliding contact between two parts, the counterface steel used in the wear
experiments and 73-DDH2-HD are considered. The geometry of the parts is assumed to form a
rectangular contact area with the following dimensions: | = 10 mm, b = 2 mm. If forces of 70 N and
130 N are applied, mean pressures of 3.5 MPa and 6.5 MPa will be obtained respectively. Two
different sliding speeds 0.314, 0.628 m/s and a hardness of 5100 MPa is assumed.

Figure 4.1.9 shows the calculated wear depth as a function of the sliding distance for the two mean
pressures at 0.314 m/s and 0.628 m/s sliding speed. The maximum tolerable wear depths, which are
determined from the three ISO IT classes, are indicated by the dotted lines. The maximum sliding

distance considered here is 1.25x10° m, corresponding to 10° revolutions, which can be taken as

representative of the required operating life.
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Figure 4.1.9. Wear depth vs. sliding distance at 0.314 m/s and 0.628 m/s.

When the speed is 0.314 m/s and the mean pressure is 3.5 MPa, wear depth remains below the failure
criterion for any of the IT tolerance classes during the whole operating life. However, at the higher
mean pressure of 6.5 MPa, the failure criteria for 1T9 and IT10 are not matched at the end of the

operating life. Only the IT11 criterion is met.

When the speed is increased up to 0.628 m/s, the wear depth at the end of the operating life for both
mean pressures fails all three IT class criteria.

According to equation (13), wear depth, h, decreases on increasing the hardness H and the contact
length I. Following the design approach proposed here, the effect of these two variables on the wear
resistance of 73-DDH2-HD are discussed.

An increase in hardness, by increasing the carbon content, may be considered as the first option. For
instance, an increase of around 600 MPa in hardness may be expected by increasing the carbon content
up to 0.7-0.8%. Figure 4.1.10 shows the resulting wear depth after an increase in hardness at the two

sliding speeds; the force and the contact area are the same as those considered in Figure 4.1.9.
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Figure 4.1.10. Wear depth vs. sliding distance with increased hardness

The trend shown in Figure 4.1.10 is the same as in Figure 4.1.9. Although the increase in hardness
actually reduces the wear depth, it can be observed that the performance of the material did not

improve significantly.

As a second option, a change in contact length is now considered. The length of the contact area is
simply the height of the parts in the case at study, which can be increased easily, within certain limits.
On the other hand, an increase in the contact length causes an increase in the contact area, which results
in a decrease of the mean pressure. For instance, an increase in the contact length by 30% decreases the
mean pressure from 3.5 MPa and 6.5 MPa to 2.7 MPa and 5 MPa, respectively, when the normal forces
are kept as 70N and 130N, respectively. Considering the decrease of the mean pressure for the higher
force, at the lower speed wear resistance decreases dramatically in correspondence with the range
where the protective oxide layer is stable (see Figure 4.1.4). Figure 4.1.11 shows the plot of the wear
depth in the case of increased length of the contact area. Force and hardness are the same as in Figure
4.1.9.
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Figure 4.1.11. Wear depth vs. sliding distance with increased contact length

At the lower speed, the performance of the material at the higher force (130N, corresponding to 5 MPa
mean pressure) is greatly increased and becomes similar to that corresponding to the lower force, as
was expected, due to the transition into the low wear rate range. The wear resistance of the material is
ensured during the whole operating life, whichever 1ISO IT tolerance class is taken as reference for the
definition of the failure criterion. Nevertheless, at the higher speed the improvement is poor, and the

performance of the material is still not satisfactory.

The results of this last simulation highlight the need for improvement in high speed wear situations and
reveal the way to gain it by increasing hardness and/or increasing contact length when considering the

wear behavior of the material.

4.1.2 Influence of Ni amount on dry sliding behavior of PM steels

From the results of the previous section, it may be concluded that Ni has a negative effect on the dry
sliding wear of the sintered steels. However, Ni alloying has positive effects on other characteristics of
the sintered steels such as impact toughness and sizeability. Different contents of Ni are present in
conventional sintered steels, and the next step of the research was aimed at investigating the effect of
the Ni amount on dry sliding behavior of PM steels. For these purpose two other materials were
investigated, differing in the amount of Ni. These two materials were 73-DAE1-HD with 4% Ni and
73-DAB1-HD with 1.8% Ni, which are reported in Table 3.1.
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The microstructure of these two materials after etching with 50% Nital - 50% Picral solution are shown
in Figure 4.1.12. From their microstructures on subsurface layers martensite, bainite and the Ni-rich
austenite (the white phase in the micrographs) can be observed. The content of austenite is higher in
73-DAE1-HD than in 73-DAB1-HD due to the higher amount of Ni.

Figure 4.1.12. Microstructure of 73-DAB1-HD and 73-DAE1-HD

4.1.2.1 Wear tests
Wear tests were done under the same conditions as in previous case. Also in this case the mean
pressure Py was high at the beginning, and decreased afterwards, due to the enlargement in the contact

area by time, as it can be seen in Figure 4.1.13.

40



20

T T T T T T 20 . T T T T T
f 50N, 0.314 m/s i [50N, 0.628 ms|
¢
{ |
15 4 { E 154 1\ 4
- ' = v
S 104 A S 104 g
g ¢ —%— 73-DAE1-HD, P=45.38 MPa at the beginning g |
2 k - ®- 73-DAB1-HD, P=45.56 MPa at the beginning 2 i
& § Ty £ | —=— 73.DAE1-HD, P=45.38 MPa at the beginning
5 ®...q. i 5 - ®- 73-DAB1-HD, P=45.56 MPa at the beginning |
L\ ‘-.-...___. . «.*‘
i - =R i P
o - e o e . -‘-_-_._.‘_,_._.‘_._.
0 T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Sliding Distance (m) Sliding Distance (m)
20 L T T T T — 20 T T T T T T
{ 100N, 0.314 m/s i 100N, 0.628 m/s
'- i
154 |} 4 15 - 4
{ !
> ! 3 !
25l ! s ‘
® 10 4 { - ® 10 4 L E
= = -
g t-... — z S
a L~..~ ...."-.--.._ I s
54 S oe-— Tre | 5 ‘L"-o.._._ 4
T — - n . - -l g -2
—=u—73-DAE1-HD, P=64.18 MPa at the beginning —m— 73-DAE1-HD, P=64.18 MPa at the beginning
- ®- 73-DAB1-HD, P=64.44 MPa at the beginning - ®- 73-DAB1-HD, P=64.44 MPa at the beginning
0 T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Sliding Distance (m) Sliding Distance (m)
20 T T T T — — 20 — T T T T T
! [150N, 0.314 m/s | 150N, 0.628 m/s|
Y |
{ i
154 ¢ g 154 4
N !
—~ = ]
© | © .
s . s N
S 10- e, 4 3 101 ~ -
S ~ e . 5 .. .
2 -— o e 2 R
o e ST e s o \s'_:_.._‘_
& L a —~ . g ...
5 - i 5] 8 o 2 i
—u— 73-DAE1-HD, P=78.60 MPa at the beginning —u— 73-DAE1-HD, P=78.60 MPa at the beginning
- - 73-DAB1-HD, P=78.92 MPa at the beginning - @- 73-DAB1-HD, P=78.92 MPa at the beginning
0 T T T T T T 0 T T T T T T
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200

Sliding Distance (m)

Sliding Distance (m)

1400

41




20

15

10

Pressure (MPa)

0

T T
200N, 0.628 m/s

. . -
= - ce .
-~ b ]
-
—u— 73-DAE1-HD, P=90.76 MPa at the beginning
- ®- 73-DAB1-HD, P=91.13 MPa at the beginning

0

T T T T T T
200 400 600 800 1000 1200 1400
Sliding Distance (m)

Pressure (MPa)

20

15 4

i
.

N &

10 T

S o, S50
-

-

®...o
-~

-
—u— 73-DAE1-HD, P=90.76 MPa at the beginning
- - 73-DAB1-HD, P=91.13 MPa at the beginning

T T
200N, 0.314 m/s

T T T T T T
0 200 400 600 800 1000 1200
Sliding Distance (m)

1400

Figure 4.1.13. Mean pressure vs. sliding distance at the lowest load at all four loads and two speeds

In the following, a constant mean pressure will be used corresponding to the mean value of the seven

experimental points, neglecting the initial value. The extension of the contact area and the resulting

mean pressure were not the same, even the tests were done in the same conditions such as load, speed,

sliding distance, due to the different wear resistance of the two materials, as it is shown in the following
Table 4.1.4. In addition, the relationship between W and Py is plotted in Figure 4.1.14.

P, (MPa)
Load (N) | Sliding speed (M/s) | 73-DAB1-HD | 73-DAE1-HD
50 0.314 4.74 2.88
100 0.314 6.79 4.90
150 0.314 8.54 7.27
200 0.314 10.20 8.83
50 0.628 3.15 2.97
100 0.628 5.73 5.18
150 0.628 7.55 7.25
200 0.628 9.59 9.08

Table 4.1.4. Mean pressure, Py, for all conditions



0.0030 T
0.314 m/s
0.0025 | 73-DAE1-HD
v.
= 3
E 0.0020 ,
e i
£ 0.0015 | i
(]
©
© 0.0010 | s
g O
= 0.0005 |- _ 73-DAB1-HD
"
0.0000 L L L L :
0 2 4 6 8 10
Mean Pressure (MPa)

Wear Rate (mmslmm)

0.0030

0.0025 -
0.0020 -
0.0015 -
0.0010 -
0.0005 -

0.0000
0

T
0.628 m/s

73-DAE1-HD
)
— _-=

73-DAB1-HD

1 1 E
4 6 8 10
Mean Pressure (MPa)

Figure 4.1.14. Wear rate, W, versus mean pressure, Po, at 0.314 m/s (left) and 0.628 m/s (right).

73-DAB1-HD shows a higher wear resistance than 73-DAE1-HD in all the conditions investigated, and
this confirms the effect of Ni-austenite on wear. Wear rate slightly increases with Py with the exception
of 73-DAEL1-HD at the lower speed, where the effect of mean pressure on increasing wear rate is much
more evident. The influence of the sliding speed is not systematic; in principle wear rate slightly

increases with sliding speed, apart from the case of 73-DAE1-HD at the higher mean pressures where

wear rate is significantly higher at the lower sliding speed.

4.1.2.2 Characterization of the wear surfaces and profiles

Figure 4.1.15 shows the back scattered electron (BSE) images of the wear surface of 73-DAB1-HD

after tests at 0.314 m/s for different pressures.
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Figure 4.1.15. BSE images of 73-DAB1-HD after wear test at 0.314 m/s and different mean pressure.

The wear surface is either almost fully (lowest mean pressure) or partially (other pressures) covered by
an oxide layer, whose coverage decreases on increasing the mean pressure. Figure 4.1.16 shows a detail
of the oxide scale; the morphology unambiguously indicates that it has been formed through the
compaction and sintering of oxidized wear fragments [89]. This mechanism is typical of the “low

sliding velocity oxidative wear” proposed by Stott, as it was discussed previously.
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Figure 4.1.16. Secondary Electron and Back Scattered Electron SEM images on the oxide.

According to Stott [88], under certain conditions the oxide layer is protective and reduces wear rate.

The progressive increase in wear rate with mean pressure, Figure 4.1.15, is in agreement with the ever
less coverage shown in figure 4.1.16.

Figure 4.1.17 shows the wear surface of 73-DAE1-HD after tests at 0.314 m/s.
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Figure 4.1.17. BSE images of 73-DAE1-HD after wear test at 0.314 m/s and different mean pressure.

Similarly to 73-DAB1-HD, the protective oxide layer is observed at the lowest mean pressure; in the
other cases, coverage by the oxide layer is negligible. It’s interesting the comparison between the two
materials at the same mean pressure: 4.74 MPa for 73-DAB1-HD, 4.90 MPa for to 73-DAE1-HD. The
protective oxide is visible in to 73-DAB1-HD only, which results in a slight but significant lower wear
rate.

At the higher speed the wear track does not show the protective oxide layer in both the materials, as
shown by Figures 4.1.18 and 4.1.19. Under these conditions, adhesive wear is observed.
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Figure 4.1.18. BSE images of 73-DAB1-HD after wear test at 0.628 m/s and different mean pressure.
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Figure 4.1.19. BSE images of 73-DAE1-HD after wear test at 0.628 m/s and different mean pressure.

It can be concluded that at the lower speed a transition from oxidative to adhesive wear occurs on
increasing the mean pressure; such a transition is gradual in 73-DAB1-HD and sharp in 73-DAE1-HD
between 2.88 MPa and 4.90 MPa. At the higher speed wear is adhesive in the whole pressure range

investigated, since the higher speed does not allow the formation of the protective oxide scale.

The different wear resistance of the two materials can be attributed to the different amount of Ni-rich
austenite. It is softer than martensite and bainite and promotes localized deformation, thus reducing the

mechanical stability of the surface oxide and enhancing adhesive wear.

However, since there is no sharp difference between the wear rates of 73-DAE1-HD and 73-DAB1-
HD, as in the case of 73-DDH2-HD and 73-DHP2-HD, for the following section both materials are

considered.
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4.1.2.3 Failure criterion and design guideline
K values were calculated using equation (12) for the two materials under the different test conditions

and are reported in Table 4.1.5.

oty Sliding 73-DABL-HD 73-DAEL-HD

speed (M/S) ™ pMPa) | Kx10° | Po(MPa) | Kx10©
50 0.314 4.74 3.67 2.88 1.02
100 0.314 6.79 3.72 4.90 2.84
150 0.314 8.54 2.87 7.27 4.68
200 0.314 10.20 2.35 8.83 5.00
50 0.628 3.15 6.14 2.97 8.46
100 0.628 5.73 3.82 5.18 4.42
150 0.628 7.55 2.74 7.25 3.22
200 0.628 9.59 2.63 9.08 2,91

Table 4.1.5. Wear coefficients of 73-DAB1-HD and 73-DAE1-HD

As in the previous section, two parts in a dry sliding contact, determining a rectangular contact area
with the following dimensions: | =10 mm, b = 2 mm were considered. Two different speeds, 0.314
m/s, 0.628 m/s, and mean pressures, 4 MPa and 8 MPa, were studied. Maximum sliding distance of

1.25x105 m, corresponding to 10° revolutions was taken as representative of the required operating life.

Figure 4.1.20 and 4.1.21 plot the wear depth vs. the sliding distance for 73-DAB1-HD and 73-DAE1-
HD respectively. In each figure the dashed lines represent the maximum wear thickness corresponding

to the three ISO IT classes mentioned previously.
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Figure 4.1.20. Wear depth vs. sliding distance of 73-DAB1-HD at 0.314 m/s and 0.628 m/s.

0.20 r . . . 0.20 . : : .
V=0.314m/s V=0.628 m/s
1=10 mm 1=10 mm
0.16 H = 4300 MPa 8 MPa 0.16 - H = 4300 MPa
0.12 . 0.12-
- —_ 8 MPa
£ £
E IT11 E IT11
ol Vi AR e SR 0B s R S R S N e AMPa
IT10 IT 10
0.044 1T9 g 0044 IT9 1
4 MPa
0.00 . ; : : 0.00 : . : :
0.00  250x10° 5.00x10° 7.50x10° 1.00x10° 1.25x10° 0.00 250x10* 5.00x10° 7.50x10° 1.00x10° 1.25x10°
Sliding Distance (m) Sliding Distance (m)

Figure 4.1.21. Wear depth vs. sliding distance of 73-DAE1-HD at 0.314 m/s and 0.628 m/s.

At the lower speed, both the materials meet the failure criterion when the required tolerance class is

IT10 and IT11 at 4 MPa, whilst at the higher pressure both the materials fail in any case.

At the higher speed 73-DAE1-HD fails in all the cases considered, whilst 73-DAB1-HD matches the

failure criterion when the required tolerance class is IT11.

As in the previous section, the effect of hardness and of the contact length on the wear resistance of

both materials is discussed.

An increase in hardness, by increasing the carbon content, can be considered as a first option. For this
purpose, as it was done in the previous section, hardness increased by 600 MPa for both materials.
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Figure 4.1.22 and 4.1.23 show the resulting wear depth after an increase in hardness at the two sliding

speeds; the force and the contact area are the same as those considered in Figure 10 and 11.
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Figure 4.1.22. Wear depth vs. sliding distance of 73-DAB1-HD at 0.314 m/s and 0.628 m/s with an
increased hardness
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Figure 4.1.23. Wear depth vs. sliding distance of 73-DAE1-HD at 0.314 m/s and 0.628 m/s with an

increased hardness

After increasing hardness it can be observed there is a minor change in reducing the wear depth.

However, this minor change is not enough to improve wear resistance of the materials notably.

When changing the geometry is considered, the contact length is increased by 30%. This increase
results in a decrease in the contact area which means a decrease in the mean pressure. 4 MPa and 8
MPa mean pressures drop down to 3.08 MPa and 6.15 MPa, respectively, when the normal forces are

kept as 65 N, 130 N for 73-DAB1-HD and 73 N, 171 N for 73-DAE1-HD. Figure 4.1.24 and 4.1.25
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show the plot of the wear depth in the case of increased length of the contact area by 30% for both

materials. Force and hardness are the same as in Figure 4.1.20 and 4.1.21.
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Figure 4.1.24. Wear depth vs. sliding distance of 73-DAB1-HD at 0.314 m/s and 0.628 m/s with an

increased contact length
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Figure 4.1.25. Wear depth vs. sliding distance of 73-DAE1-HD at 0.314 m/s and 0.628 m/s with an

increased contact length

At lower speed, 73-DAB1-HD is able to meet the failure criterion for all the required tolerance classes
at the lower pressure, and the one defined by ISO IT11 class at the higher pressure. At the higher speed,
it meets the failure criterion when the required tolerance class is ISO IT 11 and ISO IT 10 at the lower

pressure and ISO IT 11 at the higher pressure. 73-DAE1-HD meets the failure criterion for all the
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required tolerance classes only at the lower speed and the lower pressure, whilst in all the other
conditions it falils.

The higher wear resistance of 73-DAB1-HD resulting from the lower amount of Ni-rich austenite has a
practical significance in the cases here proposed. The design approach here proposed allows an

evaluation of the different performances of the two materials to be evaluated in any other conditions.

4.1.3 Summary

In the first part of the work, dry sliding wear behavior of two high density sinterhardened PM steels,
one with and one without Ni, was investigated. In the microstructure of the steels studied, the
prevailing constituent was martensite, with minor amounts of bainite and, in the Ni alloyed steel, of Ni-
rich austenite. Wear tests were carried out in different load and sliding speed conditions. The wear
resistance depended on the formation and stability of a protective oxide layer on the contact surface
according to the well known mechanism of the “low sliding velocity oxidative wear” proposed by Stott.
The presence of the soft Ni-rich austenite in the Ni-alloyed steel prevented its formation due to
localized plastic deformation (mechanical instability), and therefore the Ni-free steel showed a better

wear resistance.

The results of the wear tests were used as a knowledge base for the definition of a design procedure for
parts subject to dry sliding wear in application. As a failure criterion, the maximum allowable wear
depth was chosen based on the permissible wear perpendicular to the contact surface as required by the
ISO IT9, IT10, IT11 tolerance classes. The influence of load, in terms of mean pressure, and of sliding
speed on wear depth was calculated and the possibility to improve the performance of parts subject to
dry sliding wear by adapting the microhardness (material) and the contact length (geometry) was
discussed.

A reliable database is a precondition for any design methodology. The correlation between the wear
coefficient K and load is ambiguous at the lower speed, whilst it is reliable at the higher speed. The
practical application of the proposed design criterion requires extensive experimental work to obtain a

reliable K vs. F correlation.

After noticing the negative effect of Ni on dry sliding behavior of PM steels, in the second part two Ni
alloyed sintered and carburized steels was studied in different conditions of force and sliding speed, in

order to investigate the influence of the Ni amount on dry sliding behavior of PM steels.
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Wear resistance of the material containing the smaller amount of Ni is higher in all the conditions
investigated. The wear mechanisms depend on force and sliding speed. At the lower force and sliding
speed, an oxidative wear is observed, while in the other conditions wear is adhesive. The amount of the
soft Ni-rich austenite influences the stability of the oxide layer in oxidative wear, and the load bearing
capacity of the materials in adhesive wear, and this result in a better wear resistance in the material
with the smaller Ni content.

Also in the second part of the work a design procedure was proposed, based on the results of the wear
tests, in order evaluate the practical significance of the differences between the two materials. A failure
criterion was defined, in terms of maximum allowable wear thickness, with reference to the
dimensional tolerances of the parts considered. The wear thickness calculated from the wear coefficient
was compared to the maximum allowable thickness, and an effective significant difference between the

two materials was concluded.

The results of the present investigation clearly indicates that in dry sliding wear the Ni content of the

sintered steels have a significantly negative effect.

4.2 Contact Fatigue

4.2.1 The Model
Fatigue crack nucleation is anticipated by local plastic deformation, which occurs when the maximum
local stress o exceeds the yield strength of the matrix oyo.

The maximum local stress o is calculated by equation (14) [90],

0 = TaxBr/P (14)

where .« IS the maximum shear stress [MPa], Bk is the notch effect coefficient, which depends on the
shape coefficient of pores K;, and ¢ is the fraction of load bearing section, which depends on the

amount and shape of the pores, and will be defined in the following.
The calculation of the maximum shear stress t,,,x IS made by considering two solid cylinders held in
contact by a force F uniformly distributed along the cylinder length 1, according to the theory of the

elastic contact (Hertzian theory).
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z | F

Figure 4.2.1. Two cylinders in contact [91]

The maximum shear stress is calculated by equation (15)

(15)

Gz—Oy

Tyy = 222 for 0 < g < 0.436
T
max Ty = =2 for 0.436 < ¢,

where o, and o, are the stresses along x and y axis, respectively, and o, is the dominant stress along

the z axis (parallel to the applied force), given by equations (16) to (18):

Oy = —2V Pmax[ ’1 + Z%) - Kbll (16)

14233
Oy = —Prax JT_(: - 2|<b| (17)
b
1
0z = —Pyax— (18)
1+33

Parameter ¢}, in equations (15) to (18) is defined by equation (19)
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&=+ (19)

where z is the depth from the surface [m] and b is the half of the contact width [m].
The maximum contact pressure Pmax between the cylinders acts along a longitudinal line at the center of

the rectangular contact area having width b, and is defined as:

2F
Prhax = bl (20)
The width of the contact area is given by
b = K,VF (21)
1—V12 1—V22 1/2
O (22)
b il
dy  dy

where F is the applied Force [N], v4, v, are the Poisson's ratios and, E,, E, are the elastic moduli of the
two materials [Pa], d;, d, are the diameters and 1 is the length (height) of the cylinders1and 2 (1, =1,
assumed ) [m]. Based on the Poisson's ratio of 0.3 for counterface disc and 0.27 for sintered discs, Tax
is maximum for g, = % = 0.786 and 0.3P,,.,. [33].

Figure 4.2.2 shows the ratio to maximum pressure of the stresses along different axis and of the

maximum shear stress versus z/b.
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Figure 4.2.2. Stresses and maximum shear stress normalized by the maximum pressure [91]

The notch effect coefficient By is calculated by equation (23) [90]:

Bk = Ke=Dm+1 (23)

where K, is the shape coefficient of pores, which is about 3 [90] and n is the coefficient for matrix
structure: it is 0.3 for ferritic, 0.5 for pearlitic and 0.7 for heat treated steels [90]. Thus the value 0.7
was assumed, resulting in By equal to 2.4 for the tested materials.

Another parameter which influences the maximum local stress is the fraction of load bearing section, ¢.
Several methods were proposed to determine ¢: from porosity [92-94], from the elastic modulus [95],
from the extension of the fractured areas on the fatigue or low temperature impact fracture surfaces
[96]. In this work, the method proposed by Molinari et al [97] was used. The fraction of load bearing

section is calculated by equation (24);

b=[1- (5.58 — 5-7fcircle)£]2 (24)
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where ¢ is the fractional porosity of the material and f.;..je iS the shape factor of pores, calculated by

equation (25);

feircle = (4"TA)/p2 (25)

where A is the area [m?] and p is the perimeter [m] of the pore, measured by image analysis of the

metallographic sections.
The matrix yield strength of the material is calculated by equation (26);
Oyo = MHV/B (26)

where pHV is the microhardness of the material and B is a constant; Bell and Sun [98] proposed B=4.2

for heat treated steels.

4.2.2 Rolling-sliding tests

Rolling sliding tests were done on 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 to investigate
their rolling contact fatigue behavior. These are the typical materials that are used for the parts which
are subjected to contact fatigue (CF). Figure 4.2.3 shows the microstructures of the investigated

materials.
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Figure 4.2.3. Microstructure of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75
For the theoretical calculation of the stress the fraction of load bearing section ¢ had to be calculated.

Calculations were done on the basis of equations (24) and (25).

feircle IS calculated from the image analysis of the microstructure of the materials reported in Figure

4.2.3. The relation between the equivalent diameter Deq and feircle are shown in Figure 4.2.4 for all three
materials.
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Figure 4.2.4. Equivalent diameter vs. fgre distribution in 73-DDH2-HD, 73-DAE2-HD and 73-
AS4300C75

Figure 4.2.4 shows that the large pores are the more irregular. Therefore the fraction of the load bearing
section was calculated using the mean fg.e derived considering both the whole of the pore population
and the largest pores corresponding to 10% of the pore population (highlighted in Figure 4.2.4). The

results are reported in Table 4.2.1 and show that ¢ is significantly smaller in the latter case.

Table 4.2.1. Fraction of load bearing section of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75

Material ¢ (100%) ¢ (10%)
73-DDH2-HD 0.64 0.52
73-DAE2-HD 0.72 0.62

73-AS4300C75 0.64 0.53
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The microstructures of the materials are shown in Figure 4.2.5.
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Figure 4.2.5. Microstructures of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 after proper etching

The microstructure of 73-DDH-HD consists of lower bainite (dark) and martensite (bright), 73-DAE2-
HD has martensite and Ni-rich austenite (white) and 73-AS4300C75 is mostly martensitic with some
Ni-rich austenite (white). For the calculation of the matrix yield strength, microhardness of the
materials were measured within a 1 mm thick surface layer and the microhardness profiles are shown in
Figure 4.2.6. Measurements were done after etching on different constituents such as martensite, lower
bainite and Ni-rich austenite. Mean microhardness was then calculated from those results by

considering weighted mean in the basis of the microstructures of the materials.
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Figure 4.2.6. Microhardness profiles of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75

Theoretical prediction of the nucleation of the contact fatigue crack was made with two different

approaches for what concerns microhardness (to calculate the matrix yield strength) and the pores to

calculate the fraction of the load bearing section:

a) the mean microhardness and the whole of the pore population (mean approach);

b) the mean microhardness and large pores corresponding to 10% of the pore population.

The maximum local stress and the matrix yield strength in a 1 mm thick layer are plotted in Figure

4.2.7 for 73-DDH2-HD in case of a mean pressure of 600 MPa, as by these two approaches.
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Figure 4.2.7. Theoretical predictions for 73-DDH2-HD at 600 MPa mean pressure and microstructure
after the wear test

At 600 MPa mean pressure leads to the results shown in Figure 4.2.7. The comparison between the
matrix yield strength calculated using the mean microhardness and the maximum local stress calculated
using both the whole population and the large pores corresponding to 10% of the pore population does
not predict local plastic deformation and, in turn, the nucleation of the fatigue crack. After the wear test
performed with 600 MPa mean pressure the specimen does not show any crack, confirming the

theoretical predictions.

The same calculations were done for 73-AS4300C75 at 600 MPa mean pressure and again after the

tests specimens do not show any crack again confirming the theoretical predictions.
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Figure 4.2.8. Theoretical predictions for 73-AS4300C75 at 600 MPa mean pressure and microstructure

after the wear test

For 73-DAE2-HD, the same approach was done at the beginning by considering the mean
microhardness and the whole population and the mean microhardness and large pores corresponding to
10% of the pore population. However, after the tests, cracks were observed. Therefore approach was
improved by considering by following two predictions in addition to the a) and b) which were
previously mentioned:

c) the microhardness of the microstructural constituent where the large pores are localized (Ni
austenite) and the whole of the pore population.

d) the microhardness of the microstructural constituent where the large pores are localized (Ni
austenite) and large pores corresponding to 10% of the pore population (local approach).

The maximum local stress and the matrix yield strength in a 1 mm thick layer are plotted in Figure
4.2.9 for 73-DAE2-HD in case of a mean pressure of 600 MPa, as by the four approaches.
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Figure 4.2.9. Theoretical predictions for 73-DAE2-HD at 600 MPa mean pressure and microstructure
after the rolling sliding tests

In the first three cases, the model does not predict any fatigue crack, whilst in the fourth one (local

approach) plastic deformation is predicted at a distance between 0.1 and 0.2 mm from the surface, since
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the yield strength of the Ni-rich constituent is lower than the mean one. A fatigue crack is therefore
expected to nucleate. Figure 4.2.9e shows the microstructure of the subsurface layers after a rolling-
sliding test with a mean pressure of 600 MPa; it reveals the presence of some cracks connecting the
large pores in the Ni-rich constituent, at a distance from the surface corresponding to the Hertzian
depth, confirming the prediction obtained with the local approach. The calculation based on the mean
characteristics of the material, both in terms of pores and of microhardness, fails in predicting the CF

behavior.

As it can be seen from calculations, differently from 73-DAE2-HD, 73-DDH2-HD and 73-AS4300C75
were expected to resist higher mean pressures. Therefore new calculations were made for increasing

the mean pressure up to 1GPa.

The results for 73-DDH2-HD are shown in Figure 4.2.10a, where large pores corresponding to 10% of
the pore population are used to calculate the fraction of load bearing section. Plastic deformation is
expected but, as shown in figure 4.2.10b, no cracks were observed after the wear test at the same mean
pressure. Discrepancy may be attributed to the use of the mean microhardness to calculate the matrix
yield strength; indeed the large pores are localized in the martensite (as previously mentioned), which
is the harder constituent. If the matrix yield strength is calculated on the basis of the martensite
microhardness, no plastic deformation is predicted (figure 4.2.10c) and the agreement between

theoretical calculation and experimental evidence is attained.
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Figure 4.2.10. Theoretical predictions for 73-DDH2-HD at 1 GPa mean pressure and microstructure

after the wear test

In addition, the results for 73-AS4300C75 are shown in Figure 4.2.11a, where large pores
corresponding to 10% of the pore population are used to calculate the fraction of load bearing section.
Plastic deformation was expected and as shown in figure 4.2.11b, cracks were observed after the wear
test at the same mean pressure. In case of 73-AS4300C75, the large pores are not localized in any
specific constituent so use of mean microhardness for the calculation of the matrix yield strength is in

agreement between theoretical calculation and experimental evidence is attained.
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Figure 4.2.11. Theoretical predictions for 73-AS4300C75 at 1 GPa mean pressure and microstructure

after the wear test.

After tests at 1 GPa mean pressure on materials 73-DDH2-HD and 73-AS4300C75, it has been
observed that the former can perform better. Therefore, the theoretical calculations were made for a
higher pressure, at 1.1 GPa and reported in Figure 4.2.12.
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Figure 4.2.12. Theoretical predictions for 73-DDH2-HD at 1.1 GPa mean pressure and microstructure

after the wear test

As it can be seen from Figure 4.2.12, theoretical calculations predicted a crack nucleation in 73-DDH2-

HD at 1.1 GPa mean pressure and the experiments validated the prediction, cracks were observed.
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Further analysis were also done on 73-AS4300C75 by decreasing the mean pressure to 0.8 GPa since
there was a failure at 1 GPa mean pressure. Theoretical calculations were done and experiments

validated the theoretical approach which is shown in Figure 4.2.13.
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Figure 4.2.13. Theoretical predictions for 73-AS4300C75 at 0.8 GPa mean pressure and microstructure

after the wear test

Table 4.2.2. summarizes the theoretical predictions (local approach) and experiments validations after
all tests. "No" represents no crack expectations in theoretical prediction and no crack observed in
experimental results. On the other hand, "Yes" represents the possible crack prediction by theory and

observed crack in experimental results.
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Mean Pressure (GPa)
0.6 0.8 1.0 1.1
i — Kol — Kol — Kol — s
MaterialName - \& s |2 _ |E s |E . |Es|E L. |E 5|
© S |EZ |88 |EZ |88 |E3Z |8 3B |E 3
EEEElzE Rl zE R IE RS
= Ll = Ll = Ll = Ll
No No No No
73-DDH2-HD -- -- Cracks | Cracks
Cracks | Cracks Cracks | Cracks
73-DAE2-HD Cracks | Cracks -- - - - - --
No No No No
73-AS4300C75 Cracks | Cracks -- --
Cracks | Cracks | Cracks | Cracks

Table 4.2.2. Summary of theoretical predictions and experimental validations after rolling sliding tests

After all predictions were validated, theoretical approach was used to calculate the maximum limit of

mean pressure that can be applied for each material; results are listed in Table 4.

Material Mean Pressure Limit (GPa)
73-DDH2-HD 1.07
73-DAE2-HD 0.53

73-AS4300C75 0.97

Table 4.2.3. The maximum limit of mean pressure for 73-DDH2-HD, 73-DAE2-HD and 73-

4.2.3 Shot Peening

AS4300C75

4.2.3.1 Ceramic vs. steel/ceramic Shot peening

To select the proper shot peening method between the ceramic and steel+ceramic, the material 73-

DDH2-HD was chosen since it was the best performing material in CF tests.

The residual stresses were measured till 250 um below the surface and values for both ceramic and

steel+ceramic shot peened samples are reported in Table 4.2.4.
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Residual Stress
Depth from the surface (MP2)
(um) Ceramic Steel + Ceramic
0 -1184 -1219
50 -898 =773
100 -339 -482
150 -280 -362
200 -245 -315
250 -180 -256
Table 4.2.4. Compressive residual stresses after ceramic and steel+ceramic shot peening on 73-DDH2-

HD

The effective depth of residual stresses was extrapolated from the values in Table 4.2.4 and Figure
4.2.14 shows the residual stress profile of 73-DDH2-HD.
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Figure 4.2.14. Residual stress profile of 73-DDH2-HD

The surface of the material was examined by both Optical and Scanning Electron Microscope and the
effect on the surface morphology and the sub surfaces microstructure was compared.
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Figure 4.2.15. SEM analysis on the surface of 73-DDH2-HD a) as sintered surface b) after ceramic shot

peening c) after steel+ceramic shot peening.

In Figure 4.2.15a, the pores on the surface of the material can be observed. After both shot peening
methods, the pores were eliminated from the surface due to plastic deformation (Figure 4.2.15b and
4.2.15c). On the other hand, it may also be observed that the surface of the material was deformed after

shot peening. This deformation caused a rough surface in comparison to the as sintered material.

This deformation on the surface was quantified by roughness measurement. Roughness, R,, and the
reduced peak height, Ry, were measured in axial and tangential directions; results are shown in Table

4.2.5 and Figure 4.2.16 compares the values obtained.
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As sintered Ceramic Steel + Ceramic
Axial Tangential Axial Tangential Axial Tangential
Ra [um] 0.6 0.95 1.08 1.19 1.19 1.32
Rpk [nm] 0.24 0.35 0.68 1.08 1.15 1.28
Table 4.2.5. Roughness measurement results
2.0 2.0
sl
1.64 XXX Steel+Ceramic 1.6 4 B3 steel+Ceramic
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E 1.0 4 E 1.0
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Axial
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Figure 4.2.16. The comparison of R, and Ry for as sintered, after ceramic shot peening and after

It has to be considered that R, for the porous surface is a poorly significant parameter, since it is
affected by the surface pores that are considered as valleys in the calculation. Neglecting R, of sintered
disks, it may be concluded that double shot peening results in a slightly worse surface profile, since
both R, and Ry are higher than in case of ceramic shot peening. This is attributed to the extensive

deformation introduced by steels shots, whose effects on the surface profiles cannot be “repaired” by

steel+ceramic shot peening.

the subsequent ceramic shot peening.

The microstructure of the surface layers is shown in Figure 4.2.17 and 4.2.18, before and after etching.
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Figure 4.2.17. Mlcrostructure of 73-DDH2-HD a) as sintered b) after ceramic shot peening c) after

steel+ceramic shot peening.
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Flgure 4.2.18 "Mlcrostructure of 73-DDH2- HD after etching a) as smtered b) after ceramic shot

peening c) after steel+ceramic shot peening.

The effect of porosity can be seen in both figures. Both shot peened materials have relatively smaller
pores close to the surface due to densification caused by plastic deformation. It results in lower porosity
or smaller pores in size. Since pores got smaller or disappear after shot peening, densification takes

place in the affected zone.

Porosity was measured by Image Analysis at each 50 um intervals; Table 4.2.6 shows measured

porosities in three conditions.
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Porosity [%0]
Depth [um]
As Sintered Ceramic Shot Peened Steel+Ceramic Shot Peened
0 4.96 0.89 0.52
50 4.93 2.15 2.96
100 4.94 2.24 4.45
150 5.09 2.85 4.92
200 5.44 3.8 5.63
250 5.87 5.68 5.78

Table 4.2.6. Measured porosities by image analysis

The decrease of porosity in shot peened materials is clearly evident. From surface to the 50 pum depth
porosity was affected dramatically by shot peening. Beyond this depth porosity started to increase and

at around 250 pum it was similar to the one of as sintered discs.

The values from Table 4.2.6 were fitted by curves and the porosity profiles are shown in Figure 4.2.19.
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Figure 4.2.19. Porosity profiles of as sintered, ceramic shot peened and steel+ceramic shot peened

material
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From measured porosities profiles local densities were calculated from the theoretical density of the
material; results are reported in Table 4.2.7.

Calculated Density g/cm®
Depth [um]
Ceramic shot peened | Steel+Ceramic shot peened
0-50 7.72 7.75
50-100 7.62 7.56
100-150 7.62 7.44
150-200 1.57 7.41
200-250 7.49 7.35
250-300 7.35 7.34

Table 4.2.7. Calculated densities corresponding to the measured porosities

Surface densification increases the elastic modulus of the surface layers. Therefore, elastic moduli for
both ceramic shot peened and steel+ceramic shot peened materials were calculated, based on Hoganés
Iron and Steel Powders for Sintered Components [14], and listed in Table 4.2.8.

Depth [um] Elastic Modulus [GPa]
Ceramic shot peened Steel + Ceramic shot peened

0-50 171 173
50-100 166 163
100-150 166 157
150-200 163 155
200-250 160 153
250-300 152 152

Table 4.2.8. Elastic modulus of ceramic shot peened and steel + ceramic shot peened material

Elastic modulus profiles after shot peening reported in Figure 4.2.20.
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Figure 4.2.20. Elastic modulus profiles of ceramic and steel+ceramic shot peened materials

As it can be seen from Figure 4.2.20, elastic modulus is higher close to surface and decreases by going

deeper from the surface after both shot peening processes. At around 300 um elastic modulus tends to

decrease to the one of the as sintered material.

Densification affects the fraction of load bearing section, ¢. The calculation of ¢ for the surface

densified layers was done by equation (24) and, as previously explained, 10% of the largest pores were

considered. Table 4.2.9 show the values calculated.

Depth [um] _ i .
Ceramic shot peened Steel + Ceramic shot peened

0 0.937 0.952

50 0.847 0.795
100 0.846 0.729
150 0.806 0.717
200 0.716 0.623
250 0.624 0.571

Table 4.2.9. Fraction of load bearing section for ceramic, steel+ceramic shot peened materials
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From the values listed in Table 4.2.9, load bearing section values are interpolated and the profile was

drawn and shown in Figure 4.2.21.
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Figure 4.2.21. Fraction of load bearing section profile

In Figure 4.2.22 the maximum stress profile at 1 GPa mean pressure is drawn for both ceramic and
steel+ceramic shot peened 73-DDH2-HD, by considering the profiles of the elastic modulus and of the

fraction of load bearing section resulting from the surface densification.
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Figure 4.2.22. Stress at 1 GPa mean pressure for 73-DDH2-HD after ceramic and steel+ceramic shot

peening
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Starting from the curve of the sintered material (continuous line), the higher elastic modulus increases
the stress slightly (dashed line), while the increase in load bearing section decreases it dramatically
(dashed-dotted line).

From these values, a fitting was done to obtain a curve considering the changes both in elastic modulus

and in load bearing section. These curves are shown in Figure 4.2.23, along with the residual stresses.
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Figure 4.2.23. Stress at 1 GPa mean pressure and residual stresses after ceramic and steel+ceramic shot

peening
The combination of the maximum stress profile modified by the increased elastic modulus and the
fraction of load bearing section with the residual stress profiles result in a “real stress” profile reported

in Figure 4.2.24 for a mean pressure of 1 GPa..
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Figure 4.2.24. Stress of ceramic shot peened and steel+ceramic shot peened 73-DDH2-HD at 1 GPa

mean pressure.
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It can be seen from Figure 4.2.24 that the maximum stress is lowered in both shot peened discs. The
difference between ceramic and the steel+ceramic shot peening is almost negligible. From these results,
it has been decided to go on with ceramic shot peening, due to the lower deformation of the surface
profile previously described. In the following section the effect of ceramic shot peening and its

improvements on 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 will be discussed.

4.2.3.2 Effect of shot peening on properties of materials
Figure 4.2.25 shows the microstructures of the materials before and after shot peening.
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Figure 4.2.25. Microstructures of a) 73-DDH2-HD as sintered, b) 73-DDH2-HD after shot peening, c)
73-DAE2-HD as sintered, d) 73-DAE2-HD after shot peening e) 73-AS4300C75 as sintered f) 73-
AS4300C75 after shot peening
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Figure 4.2.26 shows the porosity profiles, measured by image analysis. .
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Figure 4.2.26. Porosity profile of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 after ceramic shot
peening

The zones affected by shot peening have lower porosity than the core porosity, especially in the first 50
pm. Beyond that depth, only 73-DDH2-HD keeps lower porosity, while 73-DAE2-HD and 73-
AS4300C75 tend to get closer to the porosity of the core.

Densities of the zones from 0 to 300 um were calculated and reported on the Table 4.2.10.

73-DDH2-HD 73-DAE2-HD 73-AS4300C75
E[)ﬁﬁ:]h Porosity | Calculated | Porosity | Calculated | Porosity Calculated

[96] density [96] density [9%6] density

[g/cm3] [g/cm3] [g/cm3]
0-50 pm 0.89 7.72 1.2 7.74 0.92 7.53
50-100 pm 2.15 7.62 4.27 7.50 2.41 7.42
100-150 pum 2.24 7.62 5.36 7.41 4.63 7.25
150-200 pm 2.85 7.57 5.54 7.40 4.77 7.24
200-250 um 3.80 7.49 5.67 7.39 5.45 7.19
250-300 pm 5.68 7.35 6.03 7.36 5.63 7.17

Table 4.2.10. Calculated densities of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75
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In addition to optical microscopic images, scanning electron microscope analysis was also performed to
check the surface of the materials before and after ceramic shot peening and the results are represented
in figure 4.2.27. It can be seen from this analysis that shot peening affects the porosity on the surface of

the materials by closing the pores.
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Figure 4.2.27. Surface of a) 73-DDH2-HD as sintered, b) 73-DDH2-HD after shot peening, c) 73-
DAE2-HD as sintered, d) 73-DAE2-HD after shot peening e) 73-AS4300C75 as sintered f) 73-

AS4300C75 after shot peening
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To obtain maximum local stress on the materials, the load bearing section had to be calculated first,
according to the equation (24). Since the load bearing section depends on the porosity and the fgirce
according to equation (25), the change in these two parameters due to the shot peening has been

considered in calculation.

For the calculation of fe, the results from image analysis were utilized. In Figure 4.2.28 left,
equivalent diameter versus fcirce for all three materials were shown; large pores are also highlighted. In
Figure 4.2.28 right mean D¢y and mean fgi«ie calculated for the different layer are shown.
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Figure 4.2.28. Deq VS feircle 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 and mean Deq and mean

feircle Values are shown.
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The larger and more irregular pores have lower fcie Which are the preferred crack sites. It can also be
noticed that this change in pore morphology is also depending on the depth from the surface since

mean D¢ Values are increasing.

The fraction of load bearing section was calculated and reported in Table 4.2.11 and the profile was

drawn in Figure 4.2.29.

Fraction of load bearing section
Depth
[um] 73-DDH2-HD | 73-DAE2-HD 73-AS4300C75
0 0.937 0.917 0.952
50 0.847 0.74 0.853
100 0.846 0.701 0.703
150 0.806 0.629 0.684
200 0.716 0.624 0.628
250 0.624 0.617 0.63
300 0.52 0.62 0.53
Table 4.2.11. The fraction of load bearing section of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75
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Figure 4.2.29. The fraction of load bearing section profile of 73-DDH2-HD, 73-DAE2-HD and 73-
AS4300C75

It can be seen that, close to the surface of the material, the fraction of load bearing section is higher due

to the densified region, where the porosity is lower, the pores are smaller and more regularly shaped.
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In Figure 4.2.30 on the left, the change in elastic modulus by density is shown based on properties of
materials [14]. From this relation, the elastic modulus of the material is extrapolated and the values
correspond to the different zones are shown in Figure 4.3.17 on the right for 73-DDH2-HD, 73-DAE2-
HD and 73-AS4300C75 .
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Figure 4.2.30. Elastic modulus of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75
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The microstructure of the materials after ceramic shot peening is shown in Figure 16.

73-DDH2-HD 73-DAE2-HD

Figure 4.2.31. Microstructure of 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75 after etching.

After shot peening microhardness was measured again to see possible changes. Figure 4.2.32 shows the

slight increase in the microhardness of the materials before and after shot peening.
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Figure 4.2.32. Microhardness comparison of the materials before and after shot peening.

It should be noted that the comparison of the microhardness before and after shot peening was based on
the constituents. For 73-DDH2-HD it refers to the martensite, for 73-DAE2-HD to the Ni-rich austenite
and for 73-AS4300C75 to the mean microhardness, as it was decided in CF behavior section.

4.2.3.3 Effect of shot peening on CF behavior
New rolling sliding tests were done on shot peened discs of 73-DDH2-HD, 73-DAE2-HD and 73-
AS4300C75. The mean pressures were applied to the materials by considering the results on the as

sintered materials.

Firstly, CF test at 1.1 GPa mean pressure was done on shot peened 73-DDH2-HD. At this pressure the
as sintered material fast failed. Figure 4.2.33 shows the theoretical calculations and the microstructure
of the material after the validation test.
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Figure 4.2.33. 73-DDH2-HD a) Stress at 1.1 GPa mean pressure and residual stresses after shot
peening, b) Stress at 1.1 GPa mean pressure by introducing residual stresses ¢) microstructure after the

test

Shot peening increases the performance of 73-DDH2-HD: neither theoretical prediction of contact
fatigue crack, nor crack observation after the validation test. Mean pressure was increased step by step
to 1.15, 1.25 and 1.4 GPa and calculations are shown in Figure 4.2.34, along with the microstructure of

the material after the corresponding tests.
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Figure 4.2.34 a) Theoretical calculations for different mean pressures for 73-DDH2-HD,
Microstructures after the tests at b) 1.1 GPa, ¢) 1.15 GPa, d) 1.25 GPa, e) 1.4 GPa

As it can be seen in Figure 4.2.34 a, the CF limit of 73-DDH2-HD was increased significantly after
shot peening, since crack nucleation occurs when 1.4 GPa mean pressure was applied. The resistance

of the material was then calculated at 1.34 GPa.
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For 73-DAE2-HD, cracks were observed at 0.6 GPa mean pressure on as sintered discs. Figure 4.2.35
shows the theoretical calculations at 0.6 GPa along with the experimental result for 73-DAE2-HD after

the tests.
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Figure 4.2.35. 73-DAE2-HD a) Stress at 0.6 GPa mean pressure and residual stresses after shot
peening, b) Stress at 0.6 GPa mean pressure by introducing residual stresses ¢) microstructure after the

test

Shot peening increases the performance of 73-DAE2-HD: theoretical predictions were not expecting
crack nucleation and validation tests confirmed this result. Mean pressure was increased up to 0.8 GPa

and calculations were shown in Figure 4.2.36.
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Figure 4.2.36. a) Theoretical calculations for different mean pressures for 73-DAE2-HD,

Microstructures after the tests at b) 0.6 GPa, ¢) 0.8 GPa

The CF resistance of 73-DAE2-HD was increased after shot peening. However this increase is not as

high as in 73-DDH2-HD. According to the tests, crack nucleation starts when 0.8 GPa mean pressure

was applied. A theoretical resistance of 0.63 GPa was calculated.

For 73-AS4300C75, cracks were observed at 1 GPa mean pressure on as sintered discs. Figure 4.2.37

shows the theoretical calculations at 1 GPa along with the experimental result for 73-AS4300C75 after

the tests.
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Figure 4.2.37. 73-AS4300C75 a) Stress at 1 GPa mean pressure and residual stresses after shot
peening, b) Stress at 1 GPa mean pressure by introducing residual stresses ¢) microstructure after the
test

Shot peening increases the performance of 73-AS4300C75 at 1 GPa: no cracks were predicted and

actually observed after the validation test.

The mean pressure was increased step by step to 1.1, 1.15, 1.25 and 1.4 GPa and calculations are

shown in Figure 4.2.38, along with the microstructure of the materials after the validation tests.
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Figure 4.2.38. a) Theoretical calculations for different mean pressures for 73-AS4300C75,
Microstructures after the tests at b) 1 GPac) 1.1 GPa, d) 1.15 GPa, e) 1.25 GPa, f) 1.4 GPa

As the other two materials, the CF resistance of 73-AS4300C75 was also increased after shot peening.
According to the tests, crack nucleation started when 1.25 GPa mean pressure was applied. Table
4.2.12 summarizes the theoretical predictions and experiments validations after all tests on shot peened
materials. "No" represents that no cracks were expected in theoretical prediction and no cracks were
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observed in experimental results. On the other hand, "Yes" represents the prediction of possible cracks

by theory and the actual observation of cracks in experimental results.

Mean Pressure (GPa)

0.6 0.8 1.0 11
; — T — I — T — I
Material Name Es|E_|Es|E_|Es|EL.|Es|E .
© S |EZ|e8|EZ|e2|EZ|e 8 |EZ
88 |8¢ 88|3¢ (88|58 28 |g¢
Foa X Foolx Foolx Foalx
No No No No
73-DDH2-HD - - - -
Cracks | Cracks | Cracks | Cracks
No No
73-DAE2-HD Cracks | Cracks -- -- -- --
Cracks | Cracks
No No No No
73-AS4300C75 -- -- -- --
Cracks | Cracks | Cracks | Cracks

Mean Pressure (GPa)

1.15 1.25 1.4
i — © — © — ©
Material Name _8 _5 % _ _S _E E _ _S -5 E _
© B |E Z|e B |gE Z |28 |E 3
— I — I [ I
No No No No
73-DDH2-HD Cracks | Cracks
Cracks | Cracks | Cracks | Cracks
73-DAE2-HD -- -- -- -- -- --
No No
73-AS4300C75 Cracks | Cracks | Cracks | Cracks
Cracks | Cracks

Table 4.2.12. Summary of theoretical predictions and experimental validations after rolling sliding tests

Theoretical resistance for each material in as sintered condition and after shot peening is listed in Table
4.2.13.
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Material As sintered CF Shot peened Improvement
resistance Mean CF resistance (%)
pressure (GPa) Mean pressure (GPa)

73-DDH2-HD 1.07 1.34 25
73-DAE2-HD 0.53 0.63 19
73-AS4300C75 0.97 1.22 26

Table 4.2.13. The maximum limit of mean pressure for 73-DDH2-HD, 73-DAE2-HD and 73-
AS4300C75 after shot peening

As it is shown in Table 4.2.13, shot peening improved the CF performances of 73-DDH2-HD, 73-
DAE2-HD and 73-AS4300C75 by 25%, 19% and 26% respectively.

4.2.4 Summary

In the first part of the work, a conservative approach to predict the contact fatigue behavior of three
different sintered and heat treated steels, 73-DDH2-HD, 73-DAE2-HD and 73-AS4300C75, was
proposed. It was based on the nucleation of the fatigue crack, rather than on its possible propagation
within the expected lifetime of the parts. The nucleation of the fatigue crack is anticipated by the local
plastic deformation of the material, which occurs when the maximum local stress exceeds the yield
strength of the matrix. In absence of local plastic deformation no cracks will nucleate. The model was

validated with experimental tests.

The heterogeneous microstructure of the materials studied has to be considered developing a model to
predict fatigue crack nucleation, the success of which will depend from a local approach. Considering
that fatigue cracks most often nucleate in correspondence of the largest, more irregular pores, it is
necessary to evaluate the characteristics of the largest pores, and the microhardness of the
microstructural constituents where they are localized. The local plastic deformation, indeed, occurs in
correspondence of the large and irregular pores, depending on the local mechanical resistance of the
material. Using the mean porosity characteristics and the mean microhardness to calculate the

maximum local stress and the yield strength of the matrix will lead to failing predictions.

The model may be applied to predict the effect of any microstructural modification introduced by
compaction and sintering, as well as any modification provided by chemical composition and

secondary operations suitable to increase the mechanical resistance of the PM steels.
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On the basis of the results concerning contact fatigue behavior of the investigated steels, 73-DDH2-
HD, 73-DAE2-HD and 73-AS4300C75, shot peening was proposed to improve the contact fatigue

resistance.

At first, two different shot peening methods, ceramic and steel+ceramic, were considered. 73-DDH2-
HD was used to choose the shot peening type, since it was the best performing material in CF tests on
the as sintered materials. Ceramic shot peening was done with ceramic shots in one step while
steel+ceramic shot peening was done by using steel shots first and ceramic shots in the second step.
The effect of both shot peening methods was investigated by considering the introduced residual
stresses and the densification on the surface of the materials, which resulted in the change in porosity,
fraction of load bearing section and the elastic modulus of the material. After all calculations, it was
discovered that both ceramic and steel+ceramic shot peening methods affected the CF behavior
similarly. Therefore, considering that steel+ceramic shot peening determined a worsening in surface

finishing, ceramic shot peening was chosen.

Ceramic shot peening was applied on all investigated materials, 73-DDH2-HD, 73-DAE2-HD, and 73-
AS4300C75. All materials were again investigated after ceramic shot peening and the change in
porosity, elastic modulus and the fraction of load bearing section was recalculated in the compressive
residual stress affected zone. After those calculations, the model was applied to estimate the maximum
mean pressure, at which the shot peened material is expected to survive, and the theoretical prediction
has been confirmed experimentally. Shot peening increased the contact fatigue resistance of 73-DDH2-
HD, 73-DAE2-HD, and 73-AS4300C75 by 25%, 19%, and 26% respectively.
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5. Conclusions

In this work, the dry sliding and contact fatigue behavior of different high density Ni-Cu-Mo PM steels,

either sinterhardened or heat treated, has been investigated.

In the first part, the study of dry sliding behavior was made by carrying out dry sliding tests at

different pressures and different speeds. that the results may be summarized as follows;

All investigated materials show a better wear resistance at lower speed and lower mean
pressures.

At lower speeds and mean pressures a protective oxide layer which reduces the wear rate forms,
giving rise to a low velocity triboxidative wear mechanism; in the other conditions, typical
adhesive wear is observed

The presence of nickel (Ni) in the material reduces the dry sliding wear resistance of the
materials due to the soft Ni-rich austenite.

The effect of Ni is directly correlated to its amount; the increase in Ni amount decreases dry
sliding resistance.

The Ni-rich austenite has a lower resistance to plastic deformation than the bainitic/martensitic
matrix; this leads to localized plastic deformation which reduces the mechanical stability of the

surface increasing wear rate even in case of a triboxidative wear mechanism.

Design guideline was proposed for all investigated materials by considering the wear thickness as the

basis of the calculations. Wear thicknesses of all materials were calculated from the wear rate after one

million of cycles and compared to the dimensional tolerance of the part diameter defined by 1SO

Standards, as a failure criterion. The results lead to the following conclusions:

In most of the cases the wear thickness of the materials was higher than failure criterion,
especially at higher speeds.

When materials did not meet the failure criterion, two different approaches were considered to
reduce wear thickness and, in turn, the working life of the components: increase in the contact
length and increase in the hardness of the materials,

With these two approaches, some improvement was observed in the working life of the

components.
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e Calculations showed that increasing contact length was more effective approach than increasing

hardness of the materials.

In the second part of the study, the contact fatigue behavior of three different PM steels was
investigated. A theoretical model was developed to predict the nucleation of the contact fatigue
crack, by considering the peculiar characteristics of PM materials: porosity and the microstructural
heterogeneity. Theoretical calculations were done on the basis of the model and validated by
experimental methods. Considering that the fatigue crack nucleation is anticipated by plastic
deformation, and that plastic deformation occurs when the maximum local stress exceeds the yield
strength of the matrix, the main results of the study may be summarized as follows.

e |If the fraction of the load bearing section is calculated considering the whole of the pore
population, the theoretical model does not predict crack nucleation properly; this is due to the
observation that the crack nucleates in correspondence of the larger pores.

e The fraction of the load bearing section has to be calculated considering the larger pores
corresponding to 10% of their population.

e Even in this case, the theoretical model does not work properly if the yield strength of the
matrix is calculated from the mean microhardness of the matrix.

e The vyield strength of the matrix has to be calculated considering the microhardness of the
microstructural constituent where the large pores are localized.

e The presence of Ni reduces the resistance to contact fatigue since anticipated plastic

deformation, and the consequent nucleation of the crack, occur in the soft Ni-austenite

After defining the contact fatigue limits of investigated materials, shot peening was proposed to
improve their contact fatigue behaviors. Steel+ceramic and ceramic shot peening were considered
as two different methods and their effects were compared. Calculations showed that ceramic shot
peening was the more suitable one. Shot peening causes surface densification and strain hardening,
in addition to the accumulation of compressive residual stresses. Therefore elastic properties, the
fraction of the load bearing section and the microhardness are modified by shot peening. The
theoretical model has to account for these modifications. Theoretical predictions and experimental
tests indicate that shot peening increases the contact fatigue resistance of all investigated materials.
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