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ABSTRACT

A study has been made of the unlubricated sliding wear behaviour of austempered ductile irons
under conditions of sliding velocity and load. The load was varied between 0.9 and 2.8 MPa,
whilst the sliding velocity range was between 0.5 and 2.0 ms-1. Two commercial grades of
spheroidal graphite irons, SG42 and SG60 were austempered between 250°C and 400°C.

A distinction in the wear behaviour was found with metallic type wear dominating at the lower
sliding velocities and an oxidative type wear being evident at the higher sliding velocities. It
was however found that an increase in the load resulted in an earlier onset of the oxidative type
wear regime, for a specific sliding velocity.

On austempering these spheroidal graphite irons the mechanical properties as well as the sliding
wear resistance increased dramatically. Furthermore, the austempered irons outperformed a
series of steels of much higher hardness by factors between 2 and 28 times under the same
conditions.

At the lower velocity of testing the outstanding wear resistance is attributed to the austempered
iron’s unique microstructure of acicular ferrite and retained austenite and a partial
transformation of austenite to martensite. However, at the higher sliding velocity the
exceptional wear resistance is derived from a development of an tribologically protective oxide
film together with the formation of a hardened white layer. The development of the work
hardened layer is linked to the high carbon in the matrix of these irons. The work hardened
layer leads to a similar wear rate prevailing for all irons austempered from a specific parent
iron.

The synergism of variation in load, sliding velocity and wear counterface together with the
effect of initial microstructure has been explain in terms of simple wear models.
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Chapter 1

INTRODUCTION

AIMS AND OBJECTIVES

During the past decade Austempered Spheroidal Cast Iron or Austempered Ductile Iron (ADI) has
become increasingly important as an engineering material, particularly in the automotive industry [25].
There have been many reported cases where ADI has successfully replaced components such as gears,
cams, brake blocks and suspension links. This is not surprising in view of the high strength levels that can be
achieved with these materials which range from 800 to 1600 Nmm™ with elongation values of 14% to 1%
respectively. Furthermore, large cost benefits can be achieved by reduction in energy output and
machineability in addition to producing a lighter end product compared to machined and forged steels.

Prior work has shown that these materials exhibit excellent abrasive wear resistance [62]. However, there
appears to be little quantitative work published on the unlubricated sliding wear behaviour of these alloys.
This work is an attempt to address this imbalance by examining the dry sliding wear behaviour of two
commercial ADI alloys.

The specific aims and objectives of the work were to:-

a. Determine the dry sliding wear resistance of ADI subjected to conditions of varying load and
sliding velocity.

b. Analyse the mechanisms of wear which predominate under these conditions.

c. Correlate the wear resistance with surface and microstructural parameters.

d. Compare the performance of ADI to hardened steels.

e Determine if a correlation exists between the martensitic transformations occurring in abrasive

wear and wear subjected to rubbing under unlubricated conditions.
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The Austempering process can be broken down into two reactions :-

1. The decomposition of the austenite to acicular ferrite and carbon enriched austenite.
This reaction is sometimes called the "toughening" reaction due to the high toughness
attributed to the austenite/ferrite structure produced.

Heheman reported that the bainitic reaction in high silicon steels is notably different to that
of normal steels, in that the ferrite plates are unaccompanied by iron carbide. Hence the
term acicular ferrite is used rather than bainitic ferrite or bainite [50].

2. The decomposition of the carbon enriched austenite to ferrite and carbides. This is an
undesirable reaction due to the embrittlement caused by the carbides (FIGURE 2.10).
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Figure 2.10 : Illustration of the Formation of Ferrite, Austenite and Carbide During
Austempering (after Morton).

Reaction 1 : Toughening
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The austempering time and temperature largely determines the morphology of the
matrix and the relative amounts of acicular ferrite and austenite present.

The lower range of austempering temperatures (205-350°C) produces a much finer
structure. The acicular ferrite needles are finer and closer together (the fer-
rite/austenite spacing decreases). The higher range of austempering temperatures
(350-450°C) produces coarse acicular ferrite needles in the austenite matrix.

Above 350°C the mechanism of transformation changes. Carbon diffusion is more
rapid and carbon is therefore able to diffuse out at the growing acicular ferrite plates
(FIGURE 2.11), thereby enriching the austenite, especially between the ferrite plates.
The level of carbon in the retained austenite will gradually increase and can reach up
to 2% [37). At this level of carbon the ferrite reaction stops and the increase in the
carbon content of the austenite serves to stabilise the austenite upon quenching.
Retained austenite levels of up to 50% can be achieved.
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accommodating strain is provided by the strain associated with the stress induced
transformation of the austenite to the martensite, and the high work hardening rate of the
resulting product.

Stress induced martensitic transformations have a distinct advantage in improving wear
resistance. Shepperson maintains that these transformations lead to high work hardening
capacity in the resultant product and a high strain to fracture. The maximum advantage
will be gained when an optimum amount of martensite forms during abrasion to give a
high work hardening rate. The maximum amount of transformation that can be suffered by
the material is dependent on the strain undergone by the material and the maximum
martensitic deformation temperature (Mg4) at which the transformation of the austenite to
martensite can be mechanically induced. The M, temperature is related to the M,
temperature, which is in turn related to the composition of the austenite.

Two factors appear to be paramount in contributing to the abrasion resistance of the ADI,
namely the morphology of the structure and the amount of austenite that transforms during
abrasion (FIGURE 2.16). Below 300°C the ferrite/austenite matrix contains fine epsilon
carbide and appears to dominate the abrasion resistance. However, above 300°C large
quantities of stress induced austenite to martensite transformation occurs during abrasion,
which results in a product that is strongly abrasion resistant.
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Figure 2.16: The Relative Abrasion Resistance of ADI (after Shepperson).

In this study the grade SG42 was found to be superior to that of grade SG60, despite it's
lower hardness and mechanical properties at each austempering temperature. Shepperson
attributed the superior wear resistance of SG42 to an increased amount of austenite
transforming to martensite.

In spite of both grades having a similar austenite content initially, for a specific
austempering condition, SG42 had a 5-10% greater austenite to martensite transformation
after abrasion. It was further suggested that this is a result of the Mq temperature of SG42
being higher, resulting in a less stable austenite which more readily transforms to
martensite.

This less stable austenite was thought to be related to the austenite in SG42 having a lower
carbon content. Thus as the as-cast SG42 has a ferritic matrix, it would be expected to take
longer at austenitising temperature to reach a maximum carbon saturation, compared with
the iron carbon in the ferritic/pearlitic matrix of SG60.










































































































































































































































DETERMINATION OF RETAINED AUSTENITE IN A MARTENSITE MATRIX USING X RAY
DIFFRACTION

The Problem

Austenite is a solid solution of iron with a cubic structure. When cooled
rapidly there is a metastable shear transformation which yields matensite.
Depending on the composition and applied cooling rate, austenite may be retained
in the composition. Since the mechanical properties of a steel depend on the
ratio of martensite ( -body centred tetragonal phase) and austenite (-y-FCC
phase) determination of the amount of retained austenite is essential.

Methods of Determining Retained Austenite

Both austenite and martensite have the same chemical composition and their
solubility in any known solvent is identical. Hence a determination of their
quantities by chemical means is not possible.

Optically the microstructure of retained austenite and martensite are
indistinguishable. However, the physical properties of austenite and martensite
are different e.g. the magnetic behaviour and the coefficient of expansion
differ. These properties can be used in estimates of the retained austenite
content.

More commonly used methods are those that are able to distinguish between the
two crystal structures of austenite and martensite. Two such successful methods
are Mossbauer spectrography and X-ray diffraction. By far the simplest method
is X-ray diffraction and was used in this study.

Theory

Quantitative X-ray diffraction analysis for determination of the relative
amounts of two phases in a mixture requires the comparison of the intensities of
two suitable reflections (hkl) of both phases. These reflections must not
coincide with any other K, reflection. They should also be fairly close to each
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other to avoid systematic errors. For the austenite/martensite mixture the
diffraction lines best meeting these requirements are the (200) reflection of
the martensite, and the (220) reflection of the austenite.

Integrated intensities are used to compare the two peaks i.e. the area under the
diffraction peaks. The integrated intensity of a reflection (hkl) can be
expressed as follows :

I (hk1) = K.FF.LP. m. e~2MA(0)(V) (1)
v2
where
K = Proportionality constant, depending on the intensity of the
radiation used and the crystal size of the sample.
FF = The product of the structure factor and its complex conjugate for
the reflection (hk1).
LP = Lorentz-polarisation factor, for sample without texture, this factor
can be simply tabulated as a function of the Bragg angle.
m = Multiplicity factor for the (hk1) plane
e2M - pebye-Waller temperature factor
A(@) = Absorption factor, the irradiated volume and hence the absorption
factor are constant for every angle (@) if the specimen surface is
plane.
V. = The relative volume of the phase to be analysed.
v = The volume of the elementary cell of the component which gives the

reflection (hkl).

The proportionality constant and the absorption factor have the same value for
the intensities 17(220) and 1,(200). For the ratio P of these intensities the
formula becomes
Yy
P = 1 (220) = FF. LpP. e2my2 p (220)
1 (200) FF. LP. e=2M Vo m, (200)
v§ (2)




The numerical values using Mo radiation for these factors are as follows :

Austenite Martensite
FF (536)2 (288)2
LP 23 30
e-2m 0.80 0.84
m 12 6
v (3.58)3 (2.86)3
Substituting these values yields
P = 1.31V3(
Va (3)

This method 1is reliable where only the 2 phases, martensite and austenite
exist. If a third phase such as ferrite is present it cannot be used. For the
partial volumes V and V the following equation applies

=1 (4)

Combining (3) and (4) yields the following expression for the partial volumes of
the austenite phase

Vo =P (5)
P+ 1.31

If carbides are present their quantity may be estimated from metallographic
investigations. Equations (4) and (5) will then be slightly different. As
X-rays only penetrate a thin layer beneath the surface of a specimen (2 um for
Mo radiation) and the volume examined is comparatively small, the physical
condition of the surface layer is of great importance. Care must be taken to
prevent undue heating of the austenite. To prepare the surface for X-ray
diffraction the specimen is mechanically polished down 0.25 um and then lightly
etched with 2.5% nital to remove any strained material.
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Diffractometer conditions

For this study, the conditions used for the determination of retained austenite
are listed. These conditions were based on information taken from a Philips
Scientific report and experience on the diffractometer.

Radiation Mo Kq
Voltage 45 Kv
Current 30 MA
Range 103
Window 40
Time constant 1 sec
Bragg angle (200) 28.6°
Bragg angle (220) 32.5°
Filter Ir
Divergence slit 1°
Receiving slit 0.2 mm
Scatter slit 1°
Scanning speed 2°/minute
Chart speed 4cm/minute
Calculation

A trace (fig. A) consists of two peaks, the (220) and the (200) peaks. To find
the integrated intensity ratio, it is necessary to divide the total integrated
intensity of the (200) peak by that of the (220) peak. 1In order to do this, the
integrated intensity for each peak separately must be known i.e. the total
intensity above the background intensity. Thus the average counts of the
background taken over the same angular spread as the peak is subtracted from the
total counts under the peak. Having calculated this for each peak, the
integrated intensity ratio can be calculated, i.e.

P = (220)~ total counts - background counts

(200)2 total counts - background counts

P = Austenite peak counts
Martensite peak counts

then %y = p where V = volume fraction of retained austenite
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Example

Background 1 Martensite Background 2 Austenite Background 3
26.85-27.65 28.10-29.70 30.20-31.00 31.00-32.66 32.60-33.40
= 0.80° = 1.6° = 0.80° = 1.6° = 0.8°

27067 75573 22902 49338 24437

Martensite Peak = 75573 - (27067 + 22902) = 25604

Austenite Peak = 49338 - (22902 + 24437) = 1999

P = 1999 = 0.078
25604
= 0.07 = 0.562
MY 8 5

1.31 + 0.078
= 5.62% retained austenite

The sensitivity, reproducability and accuracy of X-ray diffraction measurements
are discussed by Averbach and Cohen (56). Sensitivity depends largley upon the
radiation wused and monochromatic is necessary for maximum sensitivity.
Reproducability is high with standard deviation as good as 0.2%. Supposedly the
lower limit of determination of retained austenite by XRD. The standard
deviation for the reproducability for this investigation was * 0.8%. Accuracy
however is more difficult to measure due to the problem of obtaining relaible
standards, but Averbach and Cohen (56) indicate that it is adequate above 1%
retained austenite.








