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INTRODUCTION

In European materials programs great attention is focused on composite
materials, including nano- and wear resistant materials, efc. Among the priorities in
engineering materials for challenging applications, understanding the degradation
mechanism of materials is noted in the European Technology Platform for
Advanced Engineering Materials and Technologies (EuMAT).

Often the reasons for failure of machine parts and components often lie behind
corrosion and wear, as well as fatigue. In most of the cases, the following
combined processes occur: wear-corrosion, corrosion-fatigue and wear-fatigue.
Loss of material due to combined effects of corrosion, wear and fatigue has
received much attention in recent years, due to the prevalence of such problems in
many diverse environments such as seawater, white water efc.

For protection against corrosion stainless steels are used, among them duplex
stainless steels (DSS) are used. DSS are excellent in corrosion resistance but their
behaviour in fatigue has been studied less. The problem of determining the fatigue
strength of duplex steels and wear resistant materials is significant both from the
theoretical and practical point of view. In case of duplex steels, determination of
the fatigue performance at different stress levels and in corrosive is important in
predicting the life expectancy of a part manufactured from that steel. This is the
case, for example, in pulp and paper industry where duplex steels are used for
manufacturing the suctions rolls. Suction rolls are used at the wet end of the paper
machine to remove the white water from the paper. In order to remove the white
water, holes are drilled into the suction roll shells, which serve as stress raisers.
Suction rolls are subjected to cyclic stress accompanied by corrosive environment.
This can lead to failure by corrosion fatigue. DSS have proven to be superior to
conventional stainless steels in pulp and paper industry due to their good corrosion
resistance and mechanical strength. This is achieved by the ferritic- austenitic
double structure of the duplex steels.

Most commercial grinding appliances, working in abrasive wear conditions
today, are produced from high manganese and chromium steels because of their
ability to withstand severe impact conditions such as those experienced in ball
mills. The main advantages of the above-mentioned steels are their adaptability to
most milling conditions and their favourable cost to wear ratios. Prospective
tribological materials are typical of heterogeneous structure — hard particles in a
relatively soft matrix. For abrasive wear conditions, metal-matrix composites
(MMC) are preferred. This kind of carbide containing materials and coatings
produced by powder metallurgy (PM) and thermal spray methods are widely used
in many applications demanding wear, corrosion and impact resistance. Putting
aside the excellent abrasive wear resistance of MMC, behaviour in conditions of
fatigue has not been investigated. As a rule, similar materials at extreme conditions
of abrasive wear (high velocities, impact loading etc.) have low wear resistance
probably due to the low fatigue strength.



In abrasive wear, two different mechanisms of material removal occur either
separately or simultaneously. At abrasion and low-angle abrasive erosion,
microcutting dominates, and the main criterion for materials selection is hardness.

At high angle impact as well as at oblique impact by irreversible deformation,
the exposed surface should be able to withstand repeated deformation, where low-
cycle fatigue mechanism dominates. Hence the fatigue performance and
mechanism for wear resistant materials, such as metal-matrix composites for
example, needs to be characterized.

Current thesis is based on four main publications.
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ABBREVIATIONS, TERMS AND OF SYMBOLS

v area —Murakami parameter

A — amplitude ratio

AEW — Abrasive Erosion Wear

AIW — Abrasive Impact Wear

b — fatigue strength exponent (Basquin exponent)

C/P — cycles per point

Cp — size factor

Cy. — loading factor

Cr — reliability factor

Cs — surface finish factor

da/dn-AK — fracture mechanics parameters

DSS — Duplex Stainless Steel

EDS - Energy Dispersive Spectrometer

HCF - High-Cycle Fatigue

HIP — Hot Isostatic Pressing

HYV - Vickers hardness number (followed by load)

I, — volumetric wear rate, mm’ / kg

LCF — Low-Cycle Fatigue

LOM - Light Optical Microscope

MMC — Metal Matrix Composite

N — cycle number

Ny — cycles to failure

pH — measure of the acidity or alkalinity of a solution.
PM - Powder Metallurgy

ppm — parts per million, mg /1

PRE - Pitting Resistance Number

PREN - Pitting Resistance Number including nitrogen
R — stress ratio

Ra — average surface roughness, um

R, (Sy) — tensile strength, MPa

S’ — fatigue strength coefficient

So.2y (Rpo2) — offset yield at 0.2% non proportional elongation, MPa
S1o000 — fatigue strength at 10° cycles, MPa

Sa (Sar,0,) — alternating stress, MPa

S, — fully reversed stress amplitude for a given fatigue life (cycles)
She — base line fatigue strength, MPa

S — completely reversed stress amplitude for a given fatigue life, MPa
SDSS — Super Duplex Stainless Steel

S. (0.) — fatigue (endurance) limit fully reversed loading R = -1, MPa
SEM - Scanning Electron Microscope

St (o7) — fatigue strength, MPa

SFW — Surface Fatigue Wear, mm’



Smax — Maximum stress, MPa

Simean (Sm) — mean stress, MPa

Smin — Minimum stress, MPa

S-N — stress vs. cycles curve (stress-life diagram)
Sy —yield strength, MPa

UHCEF - Ultra-High-Cycle Fatigue

vol% — volume percent

wt% — weight percent

o — ferrite

Y — austenite

Ao — stress range, MPa

&-N — strain vs. cycles curve (strain-life diagram)
&,— relative wear resistance

o — fatigue limit in case of small defects (Murakami), MPa
Owo — fatigue limit (Murakami), MPa
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1 REVIEW OF THE LITERATURE

1.1 Fatigue of materials
1.1.1 Fatigue — principle

Fatigue is a progressive, localized, permanent structural change that occurs in
materials when subjected to fluctuating stresses and strains that may result in
development of cracks or fracture after a sufficient number of cycles or fluctuations
[1].

During cyclic stressing or straining which lead to inelastic deformation, the metal
can either lead to cyclical softening, hardening or, in some case, become cyclically
stable. When a metal is initially soft the dislocation density is low. As a result of
inelastic deformation the dislocation density grows, which decreases their mobility,
— the metal becomes cyclically hardened. For metals that are initially hard or have
been hardened the inelastic strain causes rearrangement of the dislocation structure
that leads to softening. The rearrangement also enhances the dislocation mobility
and dislocations are able to circumnavigate around microstructural barriers that
generally tend to restrict deformation, such as precipitates and grain boundaries [2].
Notches, inclusions and cracks can lead to an increase in local stress or strain levels
up to the point of inelastic deformation and also cause local cyclic softening or
hardening [2, 3]. This is due to the crystallographic nature of the metals and the
presence, density and movement of dislocations. Dislocations, when moving along
the crystallographic planes, form slip bands along which a slip occurs (about 0.1
um in width) i.e. an inelastic deformation occurs [2].

The crack nucleation mechanism varies depending on the ductility i.e. the
movement of the dislocations in metals. Slipbands intrusions form stress
concentrations, can act as a starting point for a crack [2—4]. This can also be said
about pitting marks, scratches, inadequate surface roughness etc. [5, 6]. In [7] it is
found that the short crack nucleation in duplex steel depends also on the strain
level. At high stress levels, slip marks are observed in austenite but not in ferrite —
after one third of fatigue life secondary cracks initiate at ferrite [8, 9].

The early stages of fatigue are primarily surface phenomena and thus the surface
condition and the environment play a significant role in fatigue performance of a
material (Fig. 1.1).

Fatigue cracks may also nucleate at or near the surface discontinuities like
inclusions, second phase particles, pores and corrosion pits etc., which cause non-
uniform stresses in the material [2, 3].

Crack propagation is dived into two stages: [-stage (shear mode) — the microcrack
propagates along the shear planes, II-stage (tension) — the crack propagates
perpendicular to the loading direction [2].

The formation of fatigue surface markings and striations is schematically shown on
Fig. 1.2.

The factors that influence the fatigue performance of a material are [1- 4]:
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— loading scheme;

— surface finish;

— environment;

— cyclic frequency;

— mean stresses;

— inclusion content and distribution.
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Figure 1.1 Fatigue crack nucleation and propagation during cyclic loading [6]

Figure 1.2 Fracture surface markings and striations [6]
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Fatigue testing can be carried out in several control regimes — stress control and
strain control [10]. The former is used in case of high-cycle fatigue, the latter in
case of low-cycle fatigue. There are several loading types possible: axial, torsion,
plane bending and rotating bending [2, 11, 12].
For surface fatigue testing, indentation and impression method can be used [13].
Indentation fatigue testing can be carried out with several shapes of indentors, but
flat cylindrical indentors allow better characterization of the material since the
contact area between the indentor and materials remains constant [14, 15]. To test
the surface fatigue properties of wear resistant materials, new test systems have
been developed in Tampere University of Technology [17] and in Tallinn
University of Technology [18]. The main problem has been defining the failure
criterion or having quantative test data [18-20]. The test system developed in
Tampere University of Technology enables some quantative analysis of test results.
On the basis of rotating bending fatigue test scheme rolling and sliding friction
and fretting fatigue testing can be carried out [16].

1.1.2 Fatigue data presentation

The presentation of fatigue data depends on the design philosophy and
methodology as shown in Table 1.1. The typical S-N curve (Wdhler curve) for
different environmental conditions for a material possessing a fatigue limit in a
non-corrosive environment is shown in Fig. 1.3. Usually logarithmic scale is used
for the number of cycles. In case of carbon and low alloy steels the line on the S-N
curve appears to become flat at certain point and stress level. This is called a
fatigue limit or endurance limit S, (o,) — i.e. a stress level at which an infinite
number of loading cycles on a smooth and notch free specimen is possible [4]. On
the other hand, in case of non-ferrous alloys and a corrosive environment, the curve
does not approach as an asymptote and only finite numbers of cycles at certain
stress level can be obtained. This is called fatigue strength S (o) [3, 6, 21].
At short fatigue lives, up to 10* cycles, and high yielding stress level noticeable
plastic deformation occurs and the fatigue crack propagates quite rapidly. This is
called low-cycle fatigue (LCF). In case of LCF usually strain controlled testing is
carried out and thus strain-life approach is used. The fatigue data obtained in case
when yielding stress is not dominant is called high-cycle fatigue (HCF) from 10*
up to 10" cycles. Testing is carried out under stress control and stress-life approach
is used. When cycles are >10’ it is referred to as ultra-high cycle fatigue (UHCF)
and testing is carried out, as was the case with HCF [1].

From Figure 1.3 it can be seen that the best results can be obtained in vacuum,
in which fatigue limit at run out are obtained. In case of a corroding sample, only
fatigue strength can be obtained at different stress levels.
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Figure 1.3 Relative S-N curves of fatigue behaviour under various
environmental conditions [2]

Table 1.1 Fatigue data representation according to the design philosophy [1]

Design philosophy Design methodology | Principal testing data
description

Safe life, Stress-life S-N

infinite life

Safe life, finite life Strain-life e-N

Damage tolerant Fracture mechanics da/dn-AK

Since the research is carried out using stress-life approach in this work a stress
loading cycle parameters will be discussed. They are as follows [3, 6]:

—  maximum stress Smax (Omax);

— minimum stress Swmin (Omin);

— stress range/stress amplitude S, (46) = Smax — Smin;

— alternating stress S, (c,) ;

— mean stress Sy, () = (Smax + Smin)/2;

— stress ratio R = Siin/Smaxs

— amplitude ratio A = S,/Sp,.

The graphical interpretation of stresses is given in Fig. 1.4. Usually sinusoidal form
of loading is used however in case of rotating bending only sinusoidal form is
possible.

14
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Figure 1.4 Constant amplitude cycles: a — fully reversed; b — tensile mean stress; ¢ — zero-
to tension [3]

1.1.3 Fatigue data scattering

Usually, during fatigue testing, considerable statistical scatter exists. When testing
cycles to failure N, usually a skewed distribution occurs. However, when log Ny is
used as the variable then usually a log-normal or Weibull distribution of N is
achieved [3]. 50% probability of survival is used [21-23].

Scattering is mainly caused by the test scheme (frequency of cycling, temperature,
environment efc.) but also by the preparation of the specimen (surface finish,
residual stresses etc.) [3, 10, 21, 23].

1.1.4 Prediction of steels fatigue life

In order to roughly estimate the fatigue life and hence predict the stress levels in
order to plan the testing two parameters should be obtained — fatigue strength at 10°
cycles and base line bending fatigue strength at 10° cycles.

Prediction of fatigue strength at 10° in case of axial loading.

In case of 10 cycles the effect of size and surface are not important [2, 6].

The fatigue strength at 10° cycles (S;00) depends on the reliability level (Cy) and
type of loading as follows [6]:

S1000 & = S1000 X Cr,, (1.1)
where :Cy value with 95 confidence level is 0.868.
For axial loading the Sjg00 = 0.75%S,. (1.2)

Prediction of the fatigue at 10° in absence of major defects
General relationship between fatigue limit at 10° cycles and tensile strength for
polished, notched and corroding steel specimens is given in Fig. 1.5.

15



Base line bending fatigue strength Sy, at 10° cycles for a highly polished steel
specimen can be roughly estimated from ultimate tensile strength S, (R,) as
follows [3]:

Ste =S8y /2, for S, < 1400 MPa. (1.3)
For high strength steels and non-ferrous metals at 10® cycles [1, 2]:

Sve= S, /3; (1.4)

Sve = 700 MPa, for S, > 1400 MPa. (1.5)
In order to predict fatigue limit several empirical factors need to be accounted for:
S(10° cycles) = Spe x Cp X Cs x Cp x Cr[3, 6], (1.6)

where: Cp — loading factor (0.75 — 0.90 in case of axial loading); Cs — surface
finish (1.0 mirror polished surface); Cp — size (1.0 in case of axial loading and d <
8 mm); Cy — reliability level (1.0 for estimation).

MPa
280 700 110 1540

130 e
5 percent Tathy =

ki

MPa

Fatsgue limit

W03 120 40 160 18D 200 220 M0 260
LHtimate 1ensilé strengih — kg

B0  BD

Figure 1.5 General relationships between fatigue limit and tensile
strength for polished, notched and corroding steel specimens [2, 11]

Murakami has proposed a formula predicting the fatigue limit of (10’ for steels)
relatively pure ferrous materials by the Vickers hardness [4]:

ow = 1.6 HV £0.1 HV (for HV < 400). (1.7)
Fatigue limit can be also estimated by using Brinell hardness number [1]:

16



Sve=0.25xHB (for HB < 500). (1.8)

However all the proposed equations should be seen as estimates.
It is also worth mentioning that rotating bending gives significantly longer lives
compared to axial testing, especially at high stress levels [1].

Fatigue data presentation
If fatigue data approximates a straight line on a log-log plot, the following equation
represents the curve [3, 6]:
St = ST (2Ny)', (1.9)
where: S’ (fatigue-strength coefficient) and b (fatigue strength exponent,
Basquin exponent) are fitting constants based on un-notched specimen with
completely reversed loading S,,= 0. The S can be estimated as follows:
S = (S, +50), for steels about 500 HB (1.10)
The fatigue strength exponent is usually between (—0.05) — (=0.12). For most
metals the average is —0.085 [1].
One possibility to predict the fatigue limit in case of mean stresses is by Eq. (1.11)
[1]: Se = (St = Sw)(2Ny)’ (1.11)

Murakami method for prediction of fatigue limit in presence of small defects
According to Murakami not all cracks propagate once they have initiated. Some
cracks nucleate and then stop as long as the fatigue limit is not passed. In light of
that he proposed a more precise definition to fatigue for unnotched specimen
fatigue limit is the threshold stress for crack propagation. This implies that the
presence of defects such as cracks, pores non-metallic inclusion does not
necessarily lead to fracture [4].

The effect of non-metallic inclusions is similar to small defects [4]. Murakami has
proposed a method for estimating the fatigue strength of an alloy containing defects
such as non-metallic inclusions based on the Vickers hardness number and the

square root of the defect area + area that is measured perpendicular to the
maximum principal stress [4] as follows:
by surface inclusion

116
o, = 1.43(HV+120) / ~area ; (1.12)
just below surface inclusion

1/6
o, = 1.41(HV+120) / ~varea ; (1.13)
by interior inclusion

1/6
o, = 1.56(HV+120)/ ~Jarea . (1.14)

In case of asymmetrical loading where R # —1 the fatigue limit can be estimated as
follows [4]:
by surface inclusion

17



116
o,=[1.43(HV +120)/ Varea 1I[(1-R)/2]% (1.15)
just below surface inclusion

116
0,=[1.41(HV +120)/ ~area 1[(1-R)/2]% (1.16)
by interior inclusion

1/6
0,=[1.56(HV +120)/ v area ][(1 -R)/2]", (1.17)

where: a = 0.226 + HVx10™ and the units are: ¢, — MPa, HV — kgf/mmz,
Varea — pm.

These estimations can be used when the +/area is less then 1000 um. In case of

stress levels below the fatigue limit, only the v area is enough to predict the fatigue
limit. However above the fatigue limit, the geometry of the defect is also important

[4]. Murakami approach can be also used to predict fatigue limit of surface
hardened steels [24].

Mean stress effect

It is widely known that tensile mean stresses decease and compressive mean
stresses increase the fatigue life of a component. Mean stresses on a surface layer
have similar effects. One explanation for latter is that cracks tend to grow in
tension. This has led to crack-closure investigations. Crack-closure is caused by
compressive loads, surface roughness of a crack, plastic deformations behind and
ahead of a crack. Usually these are made in strain control using compact tension
specimens, however but stress control and standard fatigue specimen is also
possible [25-27].

The mean stress effect is demonstrated in Fig. 1.6. At intermediate or high mean
stress levels during load control test, substantial cyclic creep can occur. This adds
to the detrimental effects of tensile mean stresses [2].

Sa D+ Bpy<+ Spast Snz

?\[. o
1 JI ]
: ] ] +S."|T'
(] 1 1
: : T +'S-'V-‘E
i I | h +8mg
] 1 1 ]
b E . Lo S.r.
My Nz M M,y i} S'I, or 5,

Figure 1.6 Mean stress effect on fatigue life: a — S-N curve at constant
mean stress; b — constant life diagram [6]

It is possible to predict if the metal will cyclically soften or harden as follows [1]:
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(1.18)
(1.19)

Su/802y> 1.4 (hardening expected);

Sw/S02y < 1.2 (softening expected),

where: S,y is offset 0.2 % yield strength.
Between 1.2 —1.4 metal is stable or may harden or soften.

In case of tensile mean stresses initial cyclic hardening can be followed by
cyclic softening, at symmetrical loading only cyclic softening is observed in 9%
Cr-1% Mo steel [28]. Also exponential stress function can be used in order to
predict the fatigue strength in presence of mean stresses [29].

In order to find out how the mean stresses influence the fatigue life at certain
mean stress levels the data could be presented in many ways out of which the S-N
and constant life diagrams are mostly used [10]. The data presented in a S-N form
are shown in Fig. 1.6a. A constant life diagram is shown in Fig. 1.6b. This is done
by taking points from the S-N curves at various cycle counts and then plotting
combinations of stress amplitude and mean stress for those cycle count. The most
used is Sy, vs. S, diagram (Haigh plot) — which allows predicting of the S, and S,
values for a given constant cycle number (Table 1.2) [1-3, 6].

Table 1.2 Equations for constant life diagram.

Model Equation Designation

Goodman s, S, Linear, best suited for
~+t-=10.20 relatively low ductile
S, S .

cr u materials

Gerber S S 2 Parabola, best suited for
—4 4 (—’”] =1 (1.21) | smooth or notched ductile
Ser S, materials.

Soderberg s, S, Very conservative in most
SCV S‘\'

Corrosion fatigue of steels

Corrosion fatigue is caused by crack development under simultaneous action of
corrosion and fluctuating or cyclic stress. The damage due to corrosion fatigue is
almost always greater than the sum of damage by corrosion and fatigue acting
separately. Corrosion fatigue cracks tend to initiate at surface discontinuities, such
as notches and pits [30].

In case of corrosion fatigue there is no apparent fatigue limit (Figs. 1.3 and 1.5)
[30]. This is caused by overall corrosion, pitting corrosion and more pronounced
material dissolution at crack tip and hydrogen embrittelement. A corrosive
environment can influence all the stages of crack development except the last one,
in which ductile fracture occurs. Corrosion fatigue cracks can be transgranular,
intergranular or a combination of both, depending on the mechanical loading and
environmental conditions [21, 30].
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The testing frequency is an important factor unlike testing in air where testing
frequency has little effect [21, 30]. This can also be seen in Fig. 1.3. This is due to
the fact that corrosion needs time to occur and lead to material degradation.

The results also depend on the way the corrosive environment is applied. Usually
submerging the specimen leads to increase in corrosion fatigue strength due to the
more restricted oxygen access to the specimen surface and subsequent oxidation
[3].

Mean stresses have an effect on corrosion fatigue which is similar to that in
non-corrosive environment [2]. The role of inclusions depends on the presence or
absence corrosive environment. In the air the harmful inclusions are single phase
Al,Os;, spinels and calcium-aluminates > 10 pm in size. Elongated sulfide inlusions
(MnS) appear to be less harmful. On the other hand in a corrosive environment
hydrogen sulfide (H,S) and H-ions formed by dissolution of sulfides have the most
deleterious effects on the development of corrosion pits. For an inclusion to be a
potential source of fatigue failure, two main criteria must be fulfilled: the inclusion
should have a critical size and the inclusion should have a low deformability,
related to the expansion coefficient at the temperature during fatigue. In high
strength steels the fatigue life was dominated by crack initiation, which was due to
time, as well as by corrosion pits, which developed by selective dissolution of MnS
inclusions [30].

1.1.5 Duplex stainless steels

Duplex stainless steel (DSS) is defined as steel with an austenitic-ferritic structure,
with at least 25 or 30% of the smaller phase [30].

In pulp and paper industry DSS-s are prime candidates for use in paper machine
suction roll shells [31]. Suction rolls are used in “white water” removal and to
control the wet paper web during the paper making process [2]. “White water” is a
corrosive environment containing chloride (CIh, thiosulphate (SZO32') and sulphate
(SO,%) ions [25, 32, 33].

DSS are also used as storage tanks, pressure vessels, pipes and tubes [30]. They
are manufactured as forged, cast, wrought and powder metallurgy (PM) products.
They contain approximately equal separate volume fractions of ferrite (a) and
austenite (y), which grant them unique corrosion resistance along with good
mechanical properties, which are not affected by the thickness of the specimen or
the orientation of microstructure in fully dense PM HIP-ed (Hot Isostatic Pressing)-
ed DSS [34, 35]. The good mechanical strength of low-nitrogen DSS originates
from the ferrite phase and the high impact toughness from the austenite phase
compared to conventional austenitic stainless steel [34]. DSS contain nickel to
stabilize the austenite and to form a duplex structure, chromium to give them
corrosion resistance and stabilise ferrite, molybdenum to enhance corrosion
resistance and stabilize ferrite, nitrogen and manganese to stabilize austenite [36].
Nitrogen is almost completely dissolved in the austenite [34].
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Corrosion fatigue resistance of duplex stainless steels

Stainless steel corrosion can be described as a two-step process: initiation and
propagation. Resistance to the initiation, which is the breakdown of the passive
film, depends mainly on the content of chromium and molybdenum. It is the
resistance to the initiation of the corrosion that usually determines if a stainless
steel is resistant or not. The nickel content of stainless steel influences propagation,
or the rate of which the corrosion attack grows in depth. The low nickel content of
the duplex grades can be a disadvantage compared to the austenitic grades, when
exposed to media causing uniform corrosion [30].

DSS have excellent resistance to stress corrosion cracking compared to

conventional austenitic stainless steels, fatigue cracks tend to grow in ferrite and
austenite phase tends to retard the crack [34]. This can be explained by the alloying
elements especially chromium, molybdenum and nitrogen and unique behaviour
and portioning of the alloying elements of the two phases [34].
When testing DSS in corrosive environment the fatigue crack could initiate at the
pitting marks, which could act as stress concentrators. Pitting marks occur when
localized corrosion takes place. Resistance to pitting corrosion can be evaluated by
the pitting corrosion resistance equivalent (PRE), which is calculated in literature
[37] according to Eq. (1.23).

PRE = wt% Cr + 3.3 (wt% Mo) (1.23)
In the case when nitrogen is also present, a PREN value is obtained according to
Eq. (1.24).

PREN = wt% Cr + 3.3 (Wwt% Mo)+16 (wt% N) (1.24)

DSS-s are divided into two main groups according to PREN: duplex PREN <35
and super duplex PREN >40 [37].

In duplex steels the short crack initiation mechanism depends on the strain: at
0.8% strain the short cracks nucleate at slip marks in the austenite. On the other
hand, at 1.2% strain the surface damage is almost homogeneous, but
extrusions/intrusions and microcracks are located in ferrite in case of SAF 2507
[38]. In case of micronotches after one third of fatigue life, secondary cracks
initiate in the ferrite phase and less frequently at the phase boundaries in case of
SAF 2507 [39]. In air environment the fracture is predominantly transgranular and
ductile striations exist in both phases, in artificial sea water cleavage fracture of
ferrite occurs [40]. In case of high-cycle fatigue, barriers such as grain boundaries
or second phases arrest the cracks or slip bands. But in case of over loading prior to
reaching the fatigue limit they may overcome the barrier [41].

In [42] it was found that shrinkage cavities about 50 um did not affect the crack
propagation in cast duplex steels. It was also found that ageing tends to make
fatigue fracture brittle compared to ductile fracture in un-aged condition. There is
no preferential crack path between two phases but the macroscopic crack growth
direction is imposed by the local crystallographic orientation of the ferrite grains.
The crack closure level is decreasing with ageing probably due to the cinematic
hardening. Fatigue crack growth rates also increase by embrittlement of ferrite.
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In a duplex steel 22Cr-5Ni-3Mo in case of high stress levels the crack initiation
occurred mainly at persistent slip bands in the austenite or near the phase
boundaries, at lower stress levels mainly at non-metallic inclusions in the surface
region [1].

The corrosivity of white water depends primarily on the pH, temperature and
concentration of aggressive ions. Chloride ions initiate pits, thiosulphate ions
prevent passivation of an active surface and stabilize metastable pits, sulphate ions
increase the conductivity of the solution, hence the environment corrosivity [32,
33].

Heat treatment of the DSS also plays a significant role, the precipitates and
phase interfaces are more likely to cause pitting. The most significant negative
effect on corrosion resistance and hence the corrosion fatigue is provided by the
Cr-Mo-Fe rich intermetallic o-phase [32, 42—47].

In sintered powder DSS the porosity level also decreases the corrosion resistance
[48]. The corrosion resistance is further decreased by internal stresses, which can
lead to increase in fatigue crack growth rate [49].

1.2 Fatigue at wear
1.2.1 Fatigue strength of wear resistant material

It is a well-known fact that there is a substantial difference between ductile and
brittle materials when the weight loss in erosion is measured as a function of the
impact angle. Due to their high hardness and stiffness, ceramic materials are
considered to be capable of reducing scratching and micromachining type surface
damage when exposed to low-angle impacting particles. At a high angle of impact,
the exposed surface should be able to withstand repeated deformation. More elastic
materials, such as steels, are usually preferred to cermets where cracks propagate
rapidly and lead to material removal. With mixed abrasive erosive and abrasive
impact wear, where a wide range of impact angles are applied, there is a
controversy between material hardness and fracture toughness in the formation of
wear resistance. Composite materials, especially reinforced metal-matrix
composites and so called “double cemented” metal-matrix structures allow a partial
solution of this problem [50].

In many wear conditions, for example sliding wear, rolling contact wear,
fretting wear, the wear processes are caused by cyclic deformations [16].
High surface hardness of traditional materials does not always provide the wear
resistance required for faultless operation of machine parts and tools under the
conditions of erosion and impact wear. Removal of material in wear caused by
impact, cyclic loading and high contact pressure occurs as a result of direct fracture
or fatigue processes. Thus, toughness and fatigue properties of materials are as
important as their hardness parameters.

In case of sliding induced surface fatigue, ductile materials exhibit a higher
amount of subsurface crack compared to brittle materials [51].
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1.2.2 Fatigue vs. abrasive wear resistance

If material hardness exceeds that of the abrasive, erodent particles can hardly cause
plastic flow in the hard target. The degree of elastic penetration and therefore the
energy transmitted to a surface depends on the elastic modulus. If it is high, less
elastic penetration occurs. Therefore, as compared to abrasive hardness, the
modulus of elasticity is one of the most important parameters influencing the wear
resistance in the case of harder materials [52]. Under these conditions, particle
impacts may cause a low-cycle fatigue failure of the reinforced metal-matrix and
hard phase particles.

If the hardness of the abrasive exceeds that of the wearing material, the following
processes take place: penetration of erodent particles into the material surface,
microcutting or ploughing, failure of hard phase particles resulting in the
detachment of small chips.

Since the erosion of brittle grains is primarily caused by a mechanism involving
the initiation and propagation of microcracks, one expects that the fracture
toughness of the material will influence the erosion rate. The toughness-hardness
map of wear resistant materials is proposed in [53]. The wear of materials with low
fracture toughness (below 10 MPaxm®* by silica erodent) is caused mainly by the
brittle fracture, while the wear of materials with low hardness (less than abrasive
hardness) is caused mainly by microcutting. At higher hardness and fracture
toughness values, surface fatigue is dominating.

Depending on the intensity of the impact processes, the contact can lead to
reversible or irreversible deformation in the surface area of the basic body. The
reversible impact process generates only stresses in the target surface layer, which
lie below the yield strength. Consequently, they are of elastic nature. Due to the
elastic deformation, material removal can be caused by fatigue. Nevertheless, this
wear component in abrasive erosion is many times lower than that caused by
irreversible deformations in impact wear. The process of material removal starts
after a relatively low deformation, i.e. at a small number of contacts between
abrasive particles and the target.

Attempts to correlate the erosion rates of brittle materials with the experimental

and materials parameters were made in [53, 54]. In the proposed models, hardness
and fracture toughness emerge as the main material parameters that control erosion.
High hardness increases the resistance to plastic deformation while high fracture
toughness increases the resistance to fracture. Thus, in abrasive wear, one of the
mechanisms of material removal is surface fatigue wear.
Fatigue performance of wear resistant materials under cyclic loading and at
monotonic loads has been studied by different researchers [17, 55]. It has been
found that the adhesive wear fracture and fatigue start similarly — predominantly in
the binder phase (extrusion-intrusion mechanism), in contrast to abrasive erosion
and sliding wear [55].
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1.3 Conclusions to the chapter

1. As regards duplex stainless steels:

As it follows from the literature overview the process of corrosion fatigue in case
of duplex stainless steels is quite complicated. Mainly it depends on the
microstruture (heat treatment), the loading scheme, temperature, application and
chemical composition of the corrosive environment. Usually fatigue data are
obtained using rotating bending scheme where the corrosive media is sprayed onto
the specimen. This leads to a situation where the corrosive media is aerated. The
oxygen introduced favours the oxidation of the specimen surface. The effect of
corrosion and the microstructure has been discussed in the literature. Heat
treatment of DSS leads to higher corrosion resistance but on the other hand
introduces residual stresses, which have a negative effect on fatigue performance.
Therefore it is of interest studying the corrosion fatigue of PM DSS in HIP-ed
condition in case of axial loading and specimen immersed into corrosive media.
Also to compare fatigue performance of DSS at different mean stress levels. The
overview also showed that the corrosion fatigue of duplex steels in as cast
condition is not widely available. The data for direct comparison of fatigue
properties of PM duplex stainless steel in air and in corrosive environment are not
available.

2. As regards wear resistant materials:

The estimation of the fatigue strength of wear resistant materials, particularly
powder metallurgical (PM) materials, being mainly composite materials and
containing pores, defects or inhomogeneities is important both from the theoretical
and practical point of view. These materials are classified as so-called “structurally
brittle” materials and their behaviour at different wear conditions may be
unpredictable.

The main probable mechanisms at abrasive erosion and impact wear of PM
produced wear resistant materials are microcutting and low-cycle fatigue, but data
about the fatigue of wear resistant materials practically missed and the role of
fatigue at wear is not widely studied.

1.4  Aims of the study

1. The study of the corrosion fatigue behaviour of powder duplex stainless
steel at tension /compression:

— to clarify the possibility of predicting fatigue strength in corrosive
environment;

— to clarify the influence of synthetic white water environment by direct
comparison of fatigue properties in air and in synthetic white water
environment,

— to clarify the influence of synthetic white water environment along with
mean stress.
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2. Study of the surface fatigue behaviour of powder steels at contact fatigue:

— to clarify the role of fatigue processes of powder steels at abrasive erosion
and impact wear;

— to find a correlation between surface fatigue and wear resistance.

To achieve the above mentioned aims the following activities were planned:

— a study of corrosion fatigue at tension/compression of duplex stainless
steels to determine the fatigue strength;

— astudy of the fracture mechanism at corrosion fatigue;

— astudy of abrasive erosion and impact wear resistance of powder steels;

— astudy of surface fatigue wear of powder steels;

— astudy of the wear mechanism at surface fatigue wear and estimate its role
in wear.

2 EXPERIMENTAL
2.1 Materials to be tested

2.1.1 Duplex stainless steels

The specimens included in corrosion fatigue testing were:

— produced by powder metallurgy (PM) and Hot Isostatic Pressing (HIP)

duplex stainless steel (DSS);

— cast and hot rolled DSS;

— super duplex stainless steels (SDSS) in as-cast condition.
An overview of the tested DSS-s is given in Table 2.1. Steels Duplok22 and
3Re60 were compared to each other, Grade 5SA was only used as a reference
material.

Table 2.1 Overview of the tested steels

Grade Type Condition Num.ber of
specimens

Duplok22 Duplex PM-HIP-ed 35

3Re60 Duplex Cast/hot rolled | 14

Grade 5A Super Duplex As-cast 11

Tested steels Duplok22 and 3RE60 are low-alloy DSS-s. Duplok22 is fully dense
HIP-ed PM DSS. HIP process that was used to compact and densify the initial
powder was carried out for four hours at 1140 °C and 100 MPa, after which the
specimens were slowly cooled along along the furnace. Steel 3Re60 is cast and
subsequently hot rolled DSS. Hot rolling is used in order to make the
microstructure finer and more homogeneous compared to as-cast state.

According to ASTM A-890-99a, steel Grade 5A is a SDSS that is in an as-cast
condition. It is similar to the commonly used forged steel SAF2507 in its chemical
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composition. This SDSS was only used for comparing the corrosion fatigue
properties at symmetrical loading.

Chemical composition

In order to evaluate the pitting resistance of DSS a chemical analysis was made
using Spectrolab M for atomic emission by the spark method.

According to the PRE number, the highest pitting resistance was in case of Grade
5A, the lowest 3Re60 and the medium for Duplok22 (~42, ~29 and ~34
respectively). The chemical composition of the tested materials is shown in Table
2.2. In order to further distinguish the main phases found, the chemical
composition of the ferrite and austenite phases was also determined by means of an
EDS analysis using SEM equipped with EDS capability (Table 2.3). In a
qualitative SEM, a line scan was made to determine the distribution of the chemical
elements in two main phases (Fig. 2.1). It appears that the chemical composition of
the phases is quite homogeneous and there seems to be no noteworthy
accumulation of chemical elements onto the interphase borders.

Table 2.2 Chemical compositions of the tested steels (the average of at least three
measurements), wt%

Grade C Si Mn |P S Cr Mo |Ni Al

Duplok22 0.02 1059 ]1.20 ]0.02 |0.001 |21.09 |2.74 |5.56 [0.01

3Re60 002 |1.44 |1.48 ]0.08 |0.021 |18.29 |2.46 |5.14 [0.01

Grade 5A 0.03 1048 10.80 ]0.03 |0.008 |23.48 |3.69 |8.11 [0.02

g?lf‘f’zt;‘m‘y £0.01 [£0.13 | +0.28 |+0.01 | £0.005 [£0.98 |£0.40|+0.50 | +0.01

Table 2.3 Chemical compositions of the ferrite (o) and austenite (y) (the average of
at least three measurements), wt%

Grade Phase |Si Cr |Mo Mn |Ni
o |¢—— (00 R D7 105 3
w0 | O e i e
s [0 |30l e |09 Jots

yd
Uncertainty U(k=2) [+0.12]+1.02 |+0.44 |+0.25]|+0.52

26




() ik

=g

Fe 5 A : =

Cr

Fa

Figure 2.1 Distribution of chemical elements in ferrite/austenite phases: a — Duplok22; b —
3Re60; ¢ — Grade 5A (SEM, EDS)

Microstructures of tested DSS-s

In order to reveal the microstructures of tested DSS-s for further analysis,
electrochemical etching using NaOH water solution (40g NaOH and 100ml
distilled water) was used. The etching was carried out during 2 — 5 seconds and at
2-3 Volts. After etching, samples were rinsed in ethanol and dried in the air. This
type of etching makes ferrite dark and also reveals other phases found in the
microstructure, such as intergranular austenite (y;) and o-phase.

Microstructures of DSS-s are given in Figs. 2.2-2.4 in parallel and
perpendicular direction to the axis of the specimen. In all the DSS-s, the
microstructure consists of austenite “islands” in the ferrite matrix. In Fig. 2.2 the
microstructure of PM HIP Duplok22 can be seen. Compared to steels 3RE60 and
Grade 5A it has a fine and homogeneous microstructure. There is no visible
intergranular austenite or c-phase, only some occasional very small non-metallic
inclusions. The largest single non-metallic inclusion was found to be about 663

pm?’,
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Table 2.4 Amount of ferrite (o) and austenite (y) along (AA) and perpendicular to
the axis of the specimen (PA) in the tested steels (the average of at least three
measurements), vol%

Grade Direction | Ferrite phase (a) Austenite phase (y )
Duplok22 ?ﬁ Z; g;
3Re6d |59 o0 o
Grade 5A ?ﬁ g; jg
Uncertainty U(k=2) +10 +10

(a) (b)

Figure 2.2 Microstructure of PM HIP DSS Duplok22: a — perpendicular to the axis; b —
along the axis; ¢ — at higher magnification (a — ferrite, y — austenite, NMI — non-metallic
inclusions) (LOM)
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Figure 2.3 Microstructure of DSS 3RE60: a — perpendicular to the axis; b — along the axis;

¢ — at higher magnification (a — ferrite, y — austenite, ¢ — sigma phase) (LOM)

The steel 3Re60 has a different microstructure along and perpendicular to the
specimen axis as can be seen on Fig. 2.3. The hot rolling direction can be seen, to
some extent the microstructure has re-crystallized during hot rolling. The SDSS
Grade 5A had a similar microstructure along and perpendicular to the axis of the
specimen (Fig 2.4).

The volume fraction of ferrite () and austenite (y) is given in Table 2.4. The
results were obtained by analysing the photos taken by LOM from
electrochemically-etched micrographs using Buehler’s Omnimet image analysis
system.
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Figure 2.4 Microstructure of SDSS Grade 5A: a — perpendicular to the axis; b — along the
axis; ¢ — at higher magnification (a — ferrite, y — austenite, NMI — non-metallic inclusion,
o — sigma phase) (LOM)

Tensile properties of tested DSS-s

The mechanical properties were determined in order to predict the fatigue
performance of powder DSS and compare the tested DSS-s (Table 2.5).

The results were obtained using Instron 8516 type 100 kN servo-hydraulic test
machine and an extensometer. Testing was carried using round specimens,
manufactured from the grip ends of the corrosion fatigue tested specimens, along
the axis according to the EVS-EN 10002-1 [56].
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Table 2.5 Tensile properties of tested DSS-s along the axis of the specimen (the
average of three measurements)

Grade Tensile Proof strength Ry ,, R:, /Rpo2
strength R, MPa
(Suw), MPa
Duplok22 832 529 1.57
3Re60 766 491 1.56
Grade 5A 700 528 1.32
Uncertainty U(k=2) +17 +12 -

Hardness of the tested steels was measured according to EVS-EN ISO 6507-1:2006
[57] using 98 N (10 kgf) load and Vickers hardness testing machine Indentec 5030
SKV. The results are given in Table 2.6. It appears that the HV10 hardness of the
tested DSS is quite the same.

Table 2.6 HV 10 hardness of the tested DSS-s (the average of three measurements)

Grade Perpendicular the axis Along the axis
Duplok22 234 236
3Re60 248 234
Grade 5A 234 235
Uncertainty U(k=2) +12 +12

For microhardness measurements, the Buehler Micromet 2001 microhardness
tester was used. The results are given in Table 2.7. As follows from Tables 2.6, the
HV10 hardness was about the same for all the tested steels. However, noticeable
deviation in microhardness of the constituent phases along and perpendicular to the
axis was observed in case of Duplok22 (Table 2.7). According to the results,
austenite is the harder phase. It means ferrite is more likely to deform during
loading. This was confirmed by analysing the photo taken from single point
indentation test where fatigue striations were seen mostly in ferrite.

Table 2.7 HVO0.01 hardness of the tested DSS-s ferrite (o) / austenite (y) phases
along the axis (AA) and perpendicular to the axis of the specimen (PA) (the
average of at least three measurements)

Grade Direction Ferrite ( ) Austenite (y)
Duplok22 O\ 1 69
Ret0 i\ 256 256
Grade 54 O\ 296 27

Uncertainty U(k=2) +24 +24
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Uncertainty calculations
The uncertainty (i) of the results was calculated as follows [58]:

u= \/ulz +u22 , Where

X

max ‘xmjn
2.3
Xmin — 1S the minimum value of the obtained measurement;
Xmax — Maximum value of the obtained measurement;
u, — uncertainty due the testing machine.

u, = , and

@2.1)

2.2)

The overall uncertainty (U) at confidence level k = 2 (95%) was calculated as

follows:
Uk=2) =k x u.

2.1.2 Wear resistant materials

(2.3)

The materials studied include PM produced materials (Table 2.8) and conventional
steels as reference materials. These materials are commonly used in many
applications where resistance to abrasive erosive wear or impact wear is required.
The microstructure, obtained by SEM analysis, of powder materials is presented in

Fig. 2.5.

Table 2.8 Microstructure and hardness of the studied materials

Material Microstructure Density, | Hardness HV
kg/m3

Powder materials

MMC PM/HIP-ed (Cr-steel + VC) + | 9900 550/1540 HV10
WC; reinforcements: ~20 (1074 HV50)
vol% VC (d ~1um) and ~20

Weartec vol% WC (200 — 300 um);

SF/HIP-ed high speed steel 7300 816 HV10
(HSS), fine-grained

Conventional

steels

Hadfield steel Austenite 7800 217HV10

Hardox 400 Martensite-+troostite 7800 303 HV10
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(a)

(b)

o 2 : L WL
Figure 2.5 Microstructure of the studied powder materials: a — MMC (1 — Cr-steel with
VC; 2 - WO); b — Weartec (1 — Cr-Mo-V-steel; 2 — VC) at different magnifications (SEM)

1pm

2.2 Test methods
2.2.1 Corrosion fatigue testing

In order to obtain the corrosion fatigue data for the DSS-s axial tension-
compression method was used. The load-controlled testing was carried out at 15
Hz frequency using a Instron 8516 type 100 kN servo-hydraulic test machine. The
specimens were partially submerged in the test environment in a test chamber (Fig.
2.6). A membrane pump was used to circulate the test solution (3 1) about twice an
hour (test chamber volume about 0.7 1). The test chamber was made of stainless
steel and coated with Teflon. The test end criterion was failure of the specimen at
any given stress level or reaching 10 cycles (run-out).

The test variable was the alternating stress level S,;, and output cycles count. The
S, values were chosen to cover the S-N curve from 10* to run out (107) cycles. The
test parameters are given in Table 2.9.

The round specimens were & 10 mm at the grips, &6 mm at the 24 mm long test
section and 170 mm in total length (Fig. 2.7).

33



SPECIMEN
; st SOLUTICN
STAIMLESS STEEL
# % T,
&\ TR = T \ S \:‘qtl
-;5““" ._ .,—,&* g
ACRYLC L[
H O RNiES 4
0WnoN B TEFLON 9
i H o COANG 2
| e §) ¥ _—
R P ..

Figure 2.6 Test cell used for submerging the specimen into the corrosive environment
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Figure 2.7 Drawing of a round specimen used in corrosion fatigue testing

Table 2.9 Corrosion fatigue testing parameters of studied steels

Testing Mean Number
Grade Type Condition | frequency, | stress, of
Hz MPa specimens
3Re60 Duplex Cast/hot 15 0,70,121 | 14
rolled
Duplok22 | Duplex PM-HIP-ed | 15 0,70, 126 | 35
Grade SA | Super Duplex | As-cast 15 0 11
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In order to reduce the scattering of the test results by premature failure due to the
crack initiation from the machined specimen surface all the specimens were
polished. The specimens were mechanically polished at the test section and
blending fillets to remove scratches, using a polishing wheel and abrasive. The
routine for the specimen preparation was is given elsewhere (Paper II).

The required surface roughness Ra was <0.6 pm and it was measured by the
stationary surface measurement device MAHR Concept. The effect of surface
roughness on fatigue was not studied.

The testing environment was a modified using Sandusky’s new solution
containing chloride (C1h, sulphate (SO42') and thiosulphate (82032’) ions dissolved
in distilled water and the pH of the test solution was adjusted to 3.5 by adding
1vol% HzSO4.

Composition of the test solution is shown below (prior to pH adjustment):

—  (NaCl), CI'' - 1000 ppm;

—  (Al(SO,)3x18H,0), SO, — 800 ppm;

—  (Na,S,05x5H,0), S,05> — 200 ppm.

This ion ratio of 20 (Eq. (2.4)) was chosen according to the in order to cause
maximum pitting corrosion [57]:

(AL(SO4) + NaCl)/Na,S,0; = 10 - 20. 2.4)

Above this range, there is insufficient thiosulphate to reach the pit nucleous. Below
this range, there is too much thiosulphate reduction to bisulphate, which would
prevent the acidification of the pit required for further growth [5].

The pH was monitored daily and the expiration time for a solution was three days.
During testing the pH value increased about 0.1 units per 24 hours.

Fatigue testing in air

Fatigue testing in the air was carried out to compare the results with those of
corrosion fatigue testing in case of Duplok2?2 in order to evaluate the effect of the
synthetic white water environment on the fatigue performance.

Testing in the air was carried out using the same Instron 8516 test machine that
was used for corrosion fatigue testing. The specimens round @ 10 mm at the grips,
@ 5 mm at the 10 mm long parallel part and 50 mm in total length were
manufactured by turning the corrosion fatigue specimens from the grips.

2.2.2 Surface fatigue testing

In order to quantify surface fatigue wear (SFW), a test system, which produces
repeated stresses on the material surface, was used (Fig. 2.8) [17]. It consists of a
servo-hydraulic test machine Instron 8800, an indentor, a special specimen holder,
and a base plate. The indentor was a hardmetal cone with tip angle of 120° and
radius of 350 um and was replaced at the start of a new series of test. The test
procedure was as follows: after each indentation, the specimen was moved by a
distance of 400 um to cover an area of 6x6 mm with a regular rectangular pattern.
30 000 cycles with a normal load of 1500 N were used to produce surface fatigue
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wear in the studied materials. The surface fatigue wear was characterized by mass
loss of each tested sample. To study the wear mechanism at surface fatigue a single
point loading with normal load of 1500 N was also investigated. An air blower was
used to remove the debris from the surface during testing.

Stepping s
motor | m S
3 Indentor Springﬂx'm_ Hydraulic

HM%LUJ / arips

Specimen _1— /
holder — ~

Specimen

Figure 2.8 The SFW test scheme
2.2.3 Abrasive wear testing

Abrasive erosive wear

Abrasive erosive wear (AEW) was determined with the centrifugal accelerator
CAK-5 (Fig. 2.9) at the velocity of 80 m/s and impact angle of 90° with quartz sand
(0.1 — 0.3 mm). The specimens are attached to the stationary outer ring where their
surfaces are eroded by the erodent particles accelerated by the centrifugal force
from the rotor. The wear is characterized by mass loss of each tested sample and
the volumetric wear rate [, in mm3/kg and relative wear resistance &, were
calculated.
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Erodent particles

Specimens

Figure 2.9 Schematic presentation of a centrifugal accelerator used for abrasive erosive
wear testing

Abrasive impact wear

Abrasive impact wear (AIW) resistance of materials was determined by an
experimental disintegrator based impact tester DESI (Fig. 2.10) at the erodent
linear velocity of about 60 m/s and an impact angle of about 90°. As abrasive
granite gravel (4 — 5.6 mm) was used. The specimens were attached to the crushing
fingers of the single rotor used. The wear was characterized by mass loss of each
tested sample. The volumetric wear rate I, in mm’/kg and the relative wear
resistance ¢, were calculated similar to AEW.
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Figure 2.10 Schematic presentation of experimental disintegrator-based impact wear tester
DESI used for impact testing

2.2.4 Fractography and topography studies

In order to investigate the fracture surfaces of the tested fatigue specimen in case of
DSS-s, as well as the worn surfaces after wear tests of wear resistant materials,
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both light optical microscope (LOM) and scanning electron microscope (SEM)
JEOL-840A and Hitachi TM1000 analysis were made. Samples were examined
starting from low magnifications (5x in case of LOM, 20x in case of SEM) up to
about 1000x in case of SEM, in order to reveal the characteristic aspects of the
examined surfaces. In case of DSS-s, the main focus was on three distinct zones of
fracture surfaces (Fig. 2.11).

Zone 1I: fatigue crack

Zonel=mifiation. sites
Figure 2.11 The zones investigated by SEM in DSS fractography analysis

3 RESULTS AND DISCUSSION

3.1 Corrosion fatigue testing

Based on environment assisted fatigue tests fatigue strengths of studied steels were
determined. Log S, — log N curve was chosen for data presentation. First goal was
to analyse the test data for R = —1 by the means of MS Excel. It was seen that a
straight line could approximate the data. Hence linear regression routine could be
employed to estimate the fatigue strength coefficient S and fatigue strength
exponent b (Eq. (1.8)). The results are obtained using linear regression routine and
Eq. (1.8) are presented in Table 3.1.

Table 3.1 The results of linear regression analysis
(calculated fatigue coefficients)

Grade StwMPa | b The actual (measured) data obtained by
Duplok22 699 -0.041 testing along with calculated S,; and
Duplok22air | 565 —0.024 | formulas are given in Fig 3.1. Good
3Re60 711 ~0.052 agreement could be seen, Eq. (1.8) can be
Grade 5A 1036 _0.106 | applied for the current test setup and
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materials. The fatigue strength obtained by linear regression routine are referred to
as “calculated” results.

There are limitations to the predicted S-N curve [6]: only valid for the presented
test data, test scheme and environment; representative of the median fatigue data;
log-normal distribution of N is assumed.

o 3Re60
500 1 m Duplok22
450 - ® 5A
S,=699*(2N) 0%
400
& 350 1 e .
& 300 A
Sa=711*(2N) %%
250 1
200 -
150 ; ; ; ‘
4 5 6 7 8
Log (N)

Figure 3.1 S-N curves: measured and calculated fatigue performance for steels Duplok22,
3Re60 and Grade 5A (R =-1)

The test results also comply with the tensile properties shown in Table 2.5. Steel
Duplok22 with the highest tensile strength had the highest corrosion fatigue
strength.

Comparison of corrosion fatigue strength and fatigue limit of Duplok22

In the current study, neither the effect of different corrosive environments nor the
effect of loading frequency was studied. But as it follows from literature, these two
factors are important. When comparing the obtained corrosion fatigue strength
Duplok22 with a specification of similar material [59] where the fatigue is 275
MPa (at 10° cycles) it appears that they are quite different. The result presented in
the literature is obtained in a less corrosive test solution containing 100 ppm CI™,
1000 ppm SO,* ions and at pH 3.5 (TIP 0402-09 type I) by rotating bending and in
addition to that the testing frequency is unknown.

In case of steel 3Re60 the fatigue strength is higher when comparing the
material specification [60] 200 MPa at SHz and 265 MPa obtained at 25 Hz. The
literature results were obtained by rotating bending in a test solution containing 400
ppm CI'', 250 ppm SO,* ions and at pH 3.5.

In order to evaluate the effect of corrosive environment on fatigue performance
of PM HIP Duplok22, fatigue testing in air was carried out. The test data was
analysed the same way as described earlier and the fatigue limit was 390 MPa. This
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is higher than the corrosion fatigue strength at the same cycle level (350 MPa) (Fig.
3.2). The difference in results could be probably explained by studying the effect of
corrosive environment in detail in a future research.

2 White water
+ Air
U _\‘\\‘\‘m
- 390
o
=
& 370 A
350 -
330 T T T 1
55 6,0 65 7.0 7.5
Log(N)

Figure 3.2 S-N curves: fatigue performance of Duplok22 in air and
in corrosive environment

Corrosive environment starts to influence the results quite early, after about 10°
cycles. This means in about 24 hours when the testing frequency is 15 Hz. This is
probably due to the fact that corrosion has very little time to act in lower cycles,
and in case of higher testing frequencies the effect of corrosion appears in much
later stages.

Prediction of corrosion fatigue strength (Syo0) at 10° cycles
In order to plan the fatigue testing in addition to prediction of the fatigue limit
fatigue strength at 10° cycles should be estimated. The fatigue strengths predicted
are referred to as “predicted” results. According to Fig. 3.3, corrosion does not
have enough time to influence the results in low-cycle fatigue area, hence the
results should be estimated in the usual way. An example of that is Eq. (1.2)
(S1000, & = S1000 X Cg), which is based on the tensile strength of a material. Since
there was no data for 10° cycles MS Excel based analysis was used for calculating
fatigue strength at 10° cycles.
It can be seen that Eq. (1.2) does not suit the test results exactly (Table 3.2).
Although HV hardness measurements are easiest to conduct, the best solution
could be using more reliable tensile strength as a basis for calculating the S0,
especially when taking into account that HV10 values of the tested materials were
virtually the same. According to our study and tested steels, tensile strength based
prediction works the best, Sjgq is about (0.61 — 0.65)x S..
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Table 3.2 Calculated corrosion fatigue strength (S;09), calculated and predicted
fatigue ratios at 10° cycles (R = —1)

Calculated Predicted

S1000 | Sw S1000/ | S1000/
Grade | MPa | MPa | HV Su HV S1000/ Sy (Eq. (1.2))

Duplok22| 511 | 832 | 236 | 0.61 2.17
3Re60 472 | 766 | 234 | 0.61 2.01 0.75
Grade SA| 461 | 700 | 235 | 0.65 1.96

Prediction of corrosion fatigue strength (Sp) at 10° and 10’ cycles

The equations (1.3) and (1.4) are for prediction of base line fatigue strength (Sy.) of
small and polished bending samples at 10° cycles in non-corrosive environment.
However, the attempt to predict the fatigue strength at 10° cycles by these
equations showed that they did not predict the fatigue strength accurately for all the
tested DSS. The tensile strength based calculation (Eq. (1.3)) allowed predicting
the S; at 10° cycles quite well when the loading factor Ci. = 0.9 was used (Table
3.3).

Table 3.3 Measured fatigue strength (Sy) (MPa), measured and predicted fatigue
ratios of tested DSS-s at 10° cycles (R = —1)

Measured Predicted

Grade | St |St/ Su/ St/ HV | S¢/ Sy, St/ Sy, St/ Sy, S¢/ Su,
C.=0.75 | C;=0.90 C1=0.75 C1.=0.90
Eq.(1.3) | Eq.(1.3) Eq.(14) | Eq.(14)

Duplok22/385]0.46 | 1.64
3Re60 331|043 1.41 0.38 0.45 0.25 0.3
Grade 5A|221[0.32 | 0.94

When considering the hardness of a material for estimating the corrosion fatigue
strength at 107 cycles of tested DSS (Eq. (1.7)), the best fit can be found only in
case of Duplok22 when the corrosion fatigue strength was in compliance with the
lower bound value obtained (Table 3.4). This equation is meant to be used for
material free of major defects, and it appears that the fine and homogeneous
microstructure of PM produced Duplok2?2 suits that need. Tensile strength based
analysis could only be used for predicting fatigue strength at 10’ cycles when
tolerance field is applied:

Sr= (0.3 £0.05)xS,,. 3.1
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Table 3.4 Measured corrosion fatigue strength (Sy) (MPa), measured and predicted
fatigue ratios of tested DSS-s at 10" cycles (R = —1)

Grade Measured Predicted
Sf Sf/ Su Sf/ HV Sf/ HV Eq. (1.7)
Duplok22 350 0.42 1.50
3Re60 300 0.33 1.30 1.6 £0.1
Grade 5A 175 0.26 0.74

It seems that the available calculations do not adequately describe the tested DSS
with some exceptions in case of Duplok22 and 3Re60. This implies that corrosion
fatigue prediction needs to be dealt case-by-case taking into account the corrosive
environment, testing frequency and loading scheme.

Mean stress effect

The mean stress effect is expressed as a S, — log N curve plot with alternating
stress vs. cycle number. The data analysis was done as described earlier.

The previously calculated and predicted coefficients are shown in Table 3.5.
Difference can be seen which, means that the curves plotted using these
coefficients do not represent the actual test data as can be seen in Fig 3.3 when
using Eq. (1.11).

Table 3.5 Linear regression results: calculated coefficients in case of mean stresses

Calculated Predicted
Grade | Sm, MPa = b b |S,MPa| b
70 974 20068 | 630 | —0.041
Duplok22 126 906 20.063 574 | —0.041
70 941 20075 | 641 | —0.051
PRe60 121 995 20.088 | 590 | —0.051

It can be seen from Fig. 3.3 that increase in mean stress Sy, at some fatigue life
(cycles) is followed by decrease in alternating stress S, (Table 3.6).
Mathematically this is expressed by Egs. (1.18 — 1.20) or Eq. (1.11). In addition the
SWT (Smith, Watson and Topper) equation (3.2) can be used [6]:

Scr = VSmax ><Salt > (32)

where: S > 0; S.; — fully reversed stress amplitude for a given fatigue life
(cycles). In case of fatigue limit (107) the S, = S..

This can also be observed in the calculated (Egs. (1.18 — 1.20)) “fail safe” stress

levels for the run-out cycle count (107) which appear to be greater compared to
those actually obtained from the testing (Table 3.6).
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Table 3.6 Comparison of measured and predicted S, at 10’ cycles, MPa

Measured Predicted
Grade Good-| Soder- | o per | SWT Eq.
Sm Smax Smin Salt nlﬂ)?llél n‘;’gﬁ%] model model (1.11
Duplok22 0| 350| -350|350 |350 350 350 350 350
Duplok22 | 70| 350| —-210|280 |321 304 344 321 315
Duplok22 | 126| 425| —-173|299 |297 267 330 327 287
3Re60 0| 300| =300|300 |300 300 300 300 297
3Re60 70| 320| —-180|250 |273 257 294 280 268
3Re60 | 121| 320| -78|199 |253 226 282 252 246

When comparing the S, values at 10’ cycles to the corresponding calculated values
some differences can bee seen. In case of symmetrical loading, the calculated cycle
counts are equal to the actual fatigue limit of the material.

550 4 *Sm=0 * Sm=0
(@) (b)
= Sm=70 425 4 e u Sm=70
500 - A Sm=126 ASm=121
- x Sm=70 375 f ® e x Sm=70*
450 - . o Sm=126 ° o % . 0 Sm=121*
©
5 400 * . £ o 2o ‘e L3
21 . gt .. 4 S
. 4 o mXx
350 ° 8 5 Sooney 275 N Mg
X xx A ¥
300 g ;Sh 225 1 La,
A, .ﬂl
™"
250 175 ; ; ,
4 6 7 8 4 5 6 7 8
Log (N) Log (N)

Figure 3.3 Mean stress effect on fatigue strength: a — of Duplok22; b — 3Re60
(* predicted values)

Figure 3.4 shows the predicted S, vs. actual S, at 10’ cycles, once again it is shown
that the models are not able to fully predict the S, values. In case of Duplok22 at
Sm =0 and 126 MPa, only the Goodman model seems to be the best fit. How ever
in case of S, = 70 MPa, the test results are lower than predicted by Goodman, this
is probably due to the effect of inclusions. In case of 3Re60, the actual results are
lower than those predicted. It seems that the tensile mean stresses lower the
material ability to withstand loading more than predicted, but the effect is more
uniform than in case of PM Duplok22. This is probably due to the microstructure,
which is not as homogeneous as Duplok22, and the effect of inclusions is less
obvious.
An attempt to combine the Egs. (1.7) and (1.16) produced the following results:
o,=[1.6 HV £ 0.1 HV] [(1 - R)/2]". (3.3)

The predicted fatigue strength at 10’ cycles for Duplok22 in case of mean stresses
is shown in Table 3.7 (Eq. 1.16).
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Table 3.7 Measured and predicted fatigue strength at
10’ cycles g, for Duplok22 in case of mean stress, MPa

Measured Predicted It can be seen that the
S 70 126 70 126 results overestimated the
G 280 299 (332 — 354322 — 343| actual results. Over all the

described methods for
evaluation of the mean stress they only seem to partially apply to corrosion fatigue.
The best method to be used therefore would be the Eq. (1.11) and corrected fatigue
coefficients based on measured fatigue data. The predictions apply to the tested
samples, test environment and loading scheme.

a) —®—Cale 500 - by —e—Calc
—a&— Goodman —a&— Goodman
470 + —&— Soderberg —I—(Sagt;lbeer?erg
—>¢— Gerber 450 S— SWT
—K— SWT
420 -
§ § 400 -
B 370 5 e |
320 - 300 4
270 T T T T 250 T T T T
4 5 6 7 8 4 5 6 8
Log () Log (N)
—e&— Calc. d —e— Calc.
©) —a&— Goodman 440 + ) &— Goodman
425 4 —m— Soderberg| Soderberg
—>¢— Gerber
—K— SWT —>¢— Gerber
S 390 7 —%—SWT
375
§ § 340 -
3 325 5
290 4
275 1 240 |
225 ; ; ; ; 190 ‘ : ‘ :
4 5 6 7 8 4 5 6 7 8
Log (N) Log (N)

Figure 3.4 Predicted S, in case of mean stress: a — Duplok22, S, =70 MPa;
b — Duplok22, S, =126 MPa; c —3Re60, S, = 70 MPa; d — 3Re60, S, = 121 MPa
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3.1.1 Fracture surface analysis

Fracture surface analysis performed by help of SEM revealed that fatigue crack
initiation could be traced to one certain initiation point in all the tested specimens
as shown in Figs. 3.5 and 3.6 (shown by arrows). It is remarkable that the
appearance of fracture surfaces in case of Duplok22 and 3Re60 were quite similar
despite the more homogeneous microstructure of Duplok22. In contrast Grade SA
fracture surfaces were quite rough. Striations were seen in the crack growth region
and dimple fracture in the final failure zone.

Non-metallic inclusions were present in the majority of samples and the latter acted
as a crack initiation point in about half of the Duplok22 samples and seemed to
lower the N;compared to those with similar stress level in absence of inclusions.

(a)

(k)

Figure 3.5 SEM images of crack initiation points of DSS Duplok22: a — 9.8x10° cycles,
Simean= 126 MPa; b — 8.6x10" cycles, Siean = 70 MPa

This was also seen in air environment — in the majority of cases, non-metallic
inclusions were found at the crack initiation point. In other half, the crack was
initiated by surface irregularity, or was not clear. Small inclusions < 500 pum’
situated near the crack initiation point, were not the initiatiators of cracks as can be
seen in Fig. 3.5a. The smallest inclusions that clearly served as stress concentrators,
and caused cracks to initiate were about 1250 um®. The largest inclusion found was
18750 pum® (Fig. 3.5b). In case of R = —1 inclusions with an area > 2500 um’ in
case of S, = 70 MPa inclusions with a size > 1250 umz and in case of S, = 126
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MPa inclusions with a size > 250 umz decreased the N;. In order to evaluate the
maximum inclusion size, which would allow reaching 10’ cycles in case of
Duplok22 Eq. (1.16) were used, and the inclusion size should be < 90 pum’.

In contrast, the fracture surface analysis of 3Re60 revealed that in the majority
of cases the fatigue crack started from the point without inclusions (Fig. 3.6a).
Only one large inclusion was found at the initiation point in 3Re60 samples (Fig.
3.6b), even though the cycle count was pretty much the same with the specimen
tested at the same stress level and with no visible inclusion.

(a)

é E ¥ dﬂﬂ
Figure 3.6 SEM images of crack initiation points of DSS 3Re60: a — 4.4x10° cycles,
Smean = 70 MPa; b — 1.6x10° cycles, Syean = 121 MPa

Figure 3.7 SEM images of crack initiation points of SDSS Grade 5A, 1.6x10° cycles,
Simean = 0 MPa
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In case of Grade 5A, fatigue crack initiated from the surface or near surface
cavities (Fig. 3.7). The crack initiation was not easily traced and it seems that there
could be several initiation points. This could probably explain the lower then
expected test result and the role of single inclusion seemed not to affect the fatigue
strength as it was with Duplok22 or 3Re60.

As follows the effect of non-metallic inclusions on fatigue strength it is more
evident in case of PM HIP-ed Duplok22. This was also concluded in [34] where
stress ratio R = 0 (tension-tension loading) was used. According to our results it
seems this is also the case with R = —1 and in case of the mean stress levels used in
this study.

Hot rolling improves the fatigue strength by eliminating foundry defects such as
cavities and should be used in case of Grade 5A.

3.2 Surface fatigue wear testing

The surface fatigue wear behaviour of the materials studied was characterized in
terms of multiple wear by mass loss, and in terms of calculated volumetric wear in
mm’. However, the mass loss that occurs during the SFW test is inversely
proportional to the SFW resistance of the material and the quantitative assessment
of the SFW resistance is complicated. The results of SFW tests are given in Table
3.8.

Table 3.8 Surface fatigue wear of materials
(pattern testing, cycle count 30 000)

Material Mass Volume The dependence of SFW on the

loss, mg | wear, mm® | number of cycles per single point
MMC 290.9 29.4 (C/P) is given in Fig. 3.8. As it
Weartec 5.3 0.7 follows in the case of powder
Hadfield steel 17.9 273 material (MMC and Weartec), the
Hardox 400 steel | 17.8 2.3 material fracture starts after a single

loading to the point and the removal
of material starts at low number of loading cycles (by our studies at N < 10 — 20).
At the same time, for the well-known wear resistant Hadfield steel, the removal of
material starts after a higher number of cycles (N > 50). To find a correlation
between abrasive wear and surface fatigue, the abrasive erosive wear (AEW) and
abrasive impact wear (AIW) resistance of the studied materials were determined.
The wear resistance of the materials studied at AEW and the AIW (3 kg abrasive)
is given in Table 3.9.
To determine the correlation between AIW, AEW, SFW resistance and
hardness, the corresponding diagrams were drawn (Fig. 3.9).
The relative wear resistance of the tested materials is higher in case of AIW
compared to AEW. MMC has the best relative wear resistance in both cases,
despite the poorest SFW test results (Table 3.9). The highest AEW and AIW
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resistance of Weartec is

demonstrated the best result in SFW as seen in Fig. 3.9).

25 1
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Figure 3.8 Dependence of SFW on number of loading cycles to a point

Table 3.9 Abrasive wear resistance (volumetric wear rate I, and relative wear

resistance ¢,) of studied materials

Material Wear resistance

AEW, a =90° AIW, a = 90°

I, mm3/kg & I, mm3/kg &
MMC 19.3 1.6 10.4 2.6
Weartec 30.1 1.1 114 2.3
Steel 45 (ref. material) 31.5 1.0 31.3 1.0
Hadfield steel 35.8 0.9 20.5 1.5
Hardox 400 26.2 1.2 39.2 0.8

To reveal the material behaviour in the conditions of SFW SEM study of worn
surfaces was conducted. The wear surfaces of the PM produced MMC material and
Weartec were investigated (Figs. 3.10 and 3.11).

In the conditions of SFW, the mass loss of Weartec was the least and the mass loss
of MMC was the highest, exceeding others significantly. SEM images, shown in
Figs. 3.10 and 3.11, explain the reasons of such behaviour. Large carbides have
fractured after a single or low number of indentations, whereas cracks in the metal-
matrix appear along the indentation perimeter and in the hard phase-metal matrix
border. As a result, splinters or even the whole carbide particles will be removed
from the contact zone. This implies that in case of SFW the load used was too high,
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causing direct fracture and separation of the hard phase particles as well as
cracking of the metal matrix (Fig. 3.10a and b). The matrix phase of MMC is
susceptible to fatigue: the cracks eminating from the matrix can be witnessed at a
high number of indentations (Fig.3.10a). Weartec, containing only small vanadium
carbide particles as reinforcement (Fig 2.4b), is not as sensitive to SFW as MMC.
Although some cracks can be seen on SEM micrographs of indentations already,
they appear in a much later stage of the testing. Most of these cracks appear first in
the VC phase, propagating later to the matrix (Fig. 3.11a). In addition to the cracks
perpendicular to the surface, also the cracks parallel to the materials surface appear.
Eventually, this will lead to the formation of ships and lamellas, which will be
removed from the surface (Fig. 3.11b).

AEW, inm &g AEW, mm kg
240 240
4 1500 40 1500
al e at [
AW, e kg HY30 s mim'ke HY50
L 330
SEW, min =EW i
WEW, kg AW, 'y
240 240
&0 ‘ 1500 4 1500
- e (3
AW, mumn kg / HY50 HVAI
30 AW, mm' kg 30
SFW, iy SFAY, mim

Figure 3.9 Correlation diagrams of AIW, AEW, SFW and HV for the tested materials

Although PM produced materials have high wear resistance they show higher
fatigue sensitivity compared to traditional steels and the degradation starts at a low
number of cycles (< 10 — 20) (Fig. 3.8) due to the fracture and separation of brittle
hard phase particles (Figs. 3.10 and 3.11). The lack of correlation between abrasive
erosive wear and surface fatigue wear in the current study can be most likely be
explained by the difference in the scale of the loads occurring in both cases. During
abrasive erosion testing processes take place in a micro scale and during surface
fatigue in a macro scale. In order to have comparable results, similar scales must be
used.
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Figure 3.10 SEM images of SFW indents of MMC: a — 1, 10 and 1000 cycles per point; b

— 30 000 cycles on area of 6X6 mm
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Figure 3.11 SEM images of SFW indents of Weartec: a — 1, 10 and 1000 cycles per point;

b — 30 000 cycles on area of 6X6 mm
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CONCLUSIONS

The main conclusions of the study on the environmental assisted fatigue of duplex
steels and surface wear are as follows.

Powder materials — duplex steels and steel-based matrix composites are
characterised by higher sensitiveness to fatigue due to the borders between
different phases, non-metallic inclusions in DSS and the coarse hard phase
in MMC. They act as crack initiation points and stress concentrators in
heterogeneous powder materials produced by PM methods.

As regards corrosion fatigue:

for prediction of the corrosion fatigue strength at 10° cycles, tensile
strength approach is best suited;

the best method for calculation of the fatigue limit in the air and corrosion
fatigue strength at 107 cycles for powder steel is Duplok22 proposed by
Murakami; whereas in case of cast and hot-rolled 3Re60 the best
calculating result the corrosion fatigue strength at 107 cycles is obtained
using tensile strength as a basis (R,/3);

the influence of corrosive environment on the fatigue strength becomes
evident at quite an early stage, within about 10° cycles (about 24 hours);
the effect of non-metallic inclusions becomes more evident with mean
stress in case of PM HIP Duplok22; whereas the inclusion and surface
irregularities start to play a major role at stresses exceeding 70 MPa;

the smallest inclusions that clearly served as stress concentrators, and
caused cracks to initiate were about 1250 um’ in case of PM HIP
Duplok22;

hot rolling improves the fatigue strength by eliminating foundry defects
such as cavities and should be used in case of Grade 5A;

commonly equations for calculating the mean stress effect did not allow
predicting the corrosion fatigue strength at 10’ cycles.

3. As regards surface fatigue:

test results revealed that in contrast to abrasive erosion and impact wear,
the wear of powder materials, however, starts in the harder phase with
fracture at single or low loading cycles;

in case of reinforced metal-matrix composite material, cracking and
separation of the large harder phase plays a significant role in surface
fatigue resistance;

in comparison to traditional wear resistant Hadfield steel, surface fatigue
wear starts when the number of loading cycles is one order higher;
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the abrasive-erosion and impact wear test results seem to correlate in case
of powder materials and conventional wear resistant steels, but with
surface fatigue due to the scale effect. It is recommended not to use the
powder wear resistant materials in application where high contact stresses
are prevailing and in case of dynamic surface loading.

. Future plans:

investigation of the role of corrosion in more detail and the possibilities of
reducing its on duplex steels effect in white water environment;
investigation of the possibility of predicting surface fatigue of coatings
using indentation methods is planned as well as developing a surface
fatigue testing method allowing testing surface fatigue wear and abrasive
erosion in a similar scale.
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ABSTRACT

Among the powder materials, duplex stainless steels and steel-based metal-matrix
composite materials are used in a wide range of applications and conditions where
corrosion, wear and fatigue are prevailing. In many cases, failure of components
manufactured from these materials is due to the severity of working in the above-
mentioned conditions.

The aim of the present work is to study the fatigue caused by the environment and
by indentation. In case of duplex stainless steels (DSS), traditional fatigue strength
assessment methods were analysed. The aim of the latter was to predict corrosion
fatigue strength of DSS, produced in powder metallurgy (PM), in synthetic white
water environment. It was observed that Murakami method based on hardness was
suitable for the powder DSS, while for traditional as cast, cast and hot-rolled DSS,
the best-suited method was based on tensile strength. Corrosion fatigue testing was
performed in conditions of tension-compression and in synthetic white water
environment. The variables were the alternating stress level S,;, and count of
output cycles. The S, values were chosen to cover the S-N curve from 10* to run
out (107) cycles.

Wear resistant materials from powder steel-based metal matrix composites (MMC)
wear resistant materials were studied in conditions of abrasive, erosive and impact
wear, as well as of those of surface fatigue wear. The purpose of the latter was to
evaluate the role of surface fatigue in the wear process. The results showed that the
mechanisms of material removal are different as compared to traditional and
powder materials.

Keywords: duplex stainless steel, steel-matrix-based wear resistant materials,
corrosion fatigue, surface fatigue, abrasive erosion, impact wear
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KOKKUVOTE

Tihti on masinate ja nende komponentide enneaegne purunemine seotud kulumise
ja vasimusega. Paljudel juhtudel on tegemist mitmete purunemiseni viivate
protsesside koosmdjuga: kulumine-korrosioon, vésimus-korrosioon, visimus-
kulumine. Nendest protsessidest tekkivate kahjude viltimine on olnud viimastel
aastatel aktuaalne. Suundumised tehnomaterjalide valdkonnas Euroopas on toodud
nn. Tehnoloogiaplatvormides. Uhes neist, tehnoloogiaplatvormis EuMAT on esile
tostetud muuhulgas uute materjalisiisteemide arendamise vajadus, samuti ka
vajadus materjalide degradatsioonimehhanismide véljaselgitamiseks. Praeguseks
ajaks on vilja tootatud rida materjale, mille kasutuselevott voimaldab pakkuda uusi
lahendusi ja tdsta seadmete tootlikkust.

Roostevabad terased on ennast tdestanud korrosiivsetes keskkondades, nende
hulgas on ennast digustanud ka suurepidrase korrosioonikindlusega roostevabad
dupleksterased. ~Seda just paberitodstuses oma heade tugevus- ja
korrosioonikindluse niitajate tdttu. Dupleksteraste tookindlust agressiivsetes
keskkondades saab veelgi parandada ldbi legeerivate elementide osakaalu
suurendamise ja struktuuri ihtlustamise — seda vdimaldab pulbermetallurgia
tehnoloogia kasutamine roostevabade dupleksteraste tootmisel. Seega on aktuaalne
sellisel teel valmistatud roostevabade pulberdupleksteraste uurimine védsimuse ja
korrosiooni koosmdju tingimustes.

Tribomaterjalide puhul on perspektiivsed heterogeense struktuuriga materjalid —
kovafaasi osakesed seotuna suhteliselt pehmes maatriksis. Abrasiivkulumise
tingimustes eelistatakse metall-maatriksiga komposiitmaterjale. Selliseid karbiide
sisaldavaid materjale valmistatakse reeglina pulbermetallurgilisi vOi
pihustusmeetodeid kasutades. See heterostruktuur tagab nendel materjalidel korge
abrasiivkulumiskindluse. Kuid samas on terve rida rakendusi, kus sellest ei piisa,
nagu niiteks 160k- ja tsiiklilise koormamise tingimused. Sellisel juhul muutub
médravaks ka seda tiilipi kulumiskindlate materjalide pinnavidsimusomadused.
Viimaseid aga ei ole piisavalt uuritud.

Ulevaatest tulenevalt oli kiesoleva to66 eesmirkideks piistitatud uurida
visimusprotsesse pulberteraste korral ja sellest tulenevalt anda soovitusi nende
materjalide kasutamisel.

Roostevaba pulberterase korral oli eesmdrkideks:

— selgitada korrosiivse keskkonna mdju pulberdupleksterase visimusele ja
vorrelda seda roostevabade tavadupleksteraste omadega;

— uurida vdimalusi korrosioonvisimustugevuse prognoosimiseks
roostevabade pulber- ja tavadupleksteraste puhul;

— hinnata korrosiivse keskkonna ja keskpingete koosmdju pulberterase
visimustugevusele.
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Kulumiskindlate pulbermaterjalide korral oli eesmdirgiks:

— uurida pulberteraste kulumiskindlust erinevates abrasiivkulumise
tingimustes;

— selgitada pulberkomposiitmaterjalide kulumise mehhanisme ja
pinnavésimuse vahelisi seoseid abrasiivsel erosioon- ja 166kkulumisel.

Too eksperimentaalses osas uuriti roostevaba duplekspulberteraste vésimus-
tugevust teljesihilise tdmbe-surve olukorras. Visimustugevust uuriti madal- ja
korgtsiiklilisel koormamisel korrodeeruvas keskkonnas (vastava tsiiklite arvuga
alates 10" kuni 107) ning koostati antud kui ka traditsiooniliste valatud
dupleksteraste vasimuskdverad. FEraldi tdhelepanu all oli korrosiooni mdju
viasimusomadustele. Selgitati vilja keskpingete mdju pulberterase visimus-
omadustele. Selgus, et mittemetalsed lisandid méngivad olulist rolli pulberterase
viasimustugevusel. Piiliti prognoosida materjalide visimustugevust, kasutades
erinevate autorite poolt viljapakutud empiirilisi valemeid ning materjalide
tugevusomadusi.

Eraldi tdhelepanu all olid murdepinnad, selgitamaks vilja védsimusprao tekke
pohjused ja selle arenemine. Uuringutest selgus, et reeglina algab vdsimusprao teke
materjali pinnal vdi pinna ldheduses olevatest mittemetalsetest lisanditest.
Kulumiskindlate pulbermaterjalide pinnavisimust uuriti indenteerimise teel.
Terasmaatriksiga pulbermaterjalide korral uuriti materjalide kulumise mehhanismi
ja kulumiskindlust abrasiivse erosioon- ja 166kulumise tingimustes. Selgitati vilja
seosed materjalide abrasiivkulumiskindluse ja pinnavédsimuse vahel. On koostatud
diagrammid materjalide kovaduse, erosioon- ja 166kulumise ning pinnavisimuse
vaheliste seoste kohta. Erinevalt traditsioonilistest kulumiskindlatest terastest (nt.
Hadfieldi teras) on pulberterastele omane suur tundlikkus visimusele — vaatamata
terasmaatriksiga pulberkomposiitmaterjalide heale kulumiskindlusele leiab
viasimusdegratatsioon aset juba viikeste tsiiklite arvu ( < 10 — 20) korral. Suurt
erinevust pulberkomposiitmaterjalide abrasiivse erosioon- ja l66kulumise ning
visimuse vahel saab eelkdige selgitada mastabiefektiga: erosioon- ja 166kkulumisel
on tegemist eelkdige mikroskaalal protsessidega, pinnavasimuse korral aga
nihtusega makroskaalal. Seega tuleb pulberkomposiitmatejalide puhul véltida
selliseid tooolukordi, kus on tegemist suurte kontaktpingetega ja diinaamilise
kormusega.

Tulemused ja jareldused

1. Pulberteraste korrosioonvisimusel:
— duplekspulberterase Duplokk22 omab roostevaba tavadupleksterase ees
mirgatava eelist oma homogeense struktuuri tottu;
— korrosioonvisimustugevuse hindamisel saab t60s kasutatud korrosiivse-
keskkonna ja koormamissageduse puhul Duplok22 korral kasutada
Murakami kdvadusel pohinevat meetodit, samas kui tavadupleksteraste
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puhul vidsimustugevuse hindamisel korrosiivses keskkonnas on sobivaim
aga tugevuspiir;

Duplok22 puhul suurema kui 70 MPa keskpingevéirtuse puhul saab lisaks
korrosiivsele keskkonnale miidravaks pinnal v&i pinna liheduses olevad
mittemetalsed lisandid;

2. Terasmaatriksiga pulberkomposiitmaterjalide pinnavéisimusel:

visimus-kulumise tingimustes saab kdvafaasi osakesi sisaldava kulumis-
kindla materjali kulumine alguse kdvema ja haprama faasi pragunemisest
ithekordse voi viikesearvuliste koormamistsiiklite tagajérjel;
metallmaatrikskomposiidi ~ kulumiskindluse juures méngib pdhirolli
karbiidse faasi pragunemine ning jirgnevalt selle eraldumine juba viaikeste
tstiklite arvu korral, samas on Hadfieldi terase puhul materjali eraldumine
pinnast on seotud suurusjirgu suurema koormamistsiiklitega, mis on
seletatav selle terase suurema sitkusega ja plastsusega;

kulumiskindlate pulbermaterjalide tulemused korreleeruvad abrasiivse
erosioon- ja lookkulumise tingimustes, mitte aga pinnavisimustugevusega
kuna toimuvatel portsessidel mdjuvate joudude suurusjirgud on erinevad.
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