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ABSTRACT 

As a follow up to Wolfram’s Master of Science thesis, samples from the prior work were further 

investigated.  Samples from four steel alloys were selected for investigation, namely AR400F, 9260, 

Hadfield, and 301 Stainless steels.  AR400F is martensitic while the Hadfield and 301 stainless steels are 

austenitic.  The 9260 exhibited a variety of hardness levels and retained austenite contents, achieved by 

heat treatments, including quench and tempering (Q&T) and quench and partitioning (Q&P). 

Samples worn by three wear tests, namely Dry Sand/Rubber Wheel (DSRW), impeller-tumbler 

impact-abrasion, and Bond abrasion, were examined by optical profilometry.  The wear behaviors 

observed in topography maps were compared to the same in scanning electron microscopy micrographs 

and both were used to characterize the wear surfaces.  Optical profilometry showed that the scratching 

abrasion present on the wear surface transitioned to gouging abrasion as impact conditions increased 

(i.e. from DSRW to impeller to Bond abrasion). 

Optical profilometry roughness measurements were also compared to sample hardness as well as 

normalized volume loss (NVL) results for each of the three wear tests.  The steels displayed a relationship 

between roughness measurements and observed wear rates for all three categories of wear testing. 

Nanoindentation was used to investigate local hardness changes adjacent to the wear surface.  

DSRW samples generally did not exhibit significant work hardening.  The austenitic materials exhibited 

significant hardening under the high impact conditions of the Bond abrasion wear test.  Hardening in the 

Q&P materials was less pronounced.  The Q&T microstructures also demonstrated some hardening. 

Scratch testing was performed on samples at three different loads, as a more systematic approach 

to determining the scratching abrasion behavior.  Wear rates and scratch hardness were calculated from 

scratch testing results.  Certain similarities between wear behavior in scratch testing and DSRW samples 

were observed. 

Different microstructures exhibited different scratching behaviors.  Martensitic microstructures 

exhibited chipping and cracking, whereas Q&P microstructures exhibited limited or no chipping.  The 

Q&P samples exhibited more deformation at greater loads and hardness levels than the martensitic 

microstructures.  Austenitic microstructures exhibited significant deformation adjacent to the scratches. 
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CHAPTER 1: INTRODUCTION 

The majority of wear resistant steels are developed for increased hardness in order to improve 

performance.  With cost-effectiveness being a constant consideration, industry is always interested in 

finding more efficient and economical methods to achieve the same objective.  Of particular interest are 

retained austenite containing microstructures, on the grounds that if austenite transforms to martensite 

there is a local hardness increase which may improve wear resistance.  However, this must be broken 

down into a number of individual premises: 

 Increased retained austenite content improves wear resistance. 

 This improved wear resistance is due to an increase in local hardness at the wear surface. 

 This localized hardness increase is primarily due to the transformation of austenite to 

martensite. 

With such an involved problem statement, a single research project is unlikely to definitively answer all 

of these questions.  Rather, any information which can help to either support or reject these hypotheses is 

useful for determining the relative value of this path of inquiry as regards its potential for industrial scale 

relevancy and viability. 

The following structure is adopted in the present text: CHAPTER 2 introduces wear, such as 

methods of wear testing and important variables, reviews earlier findings with a focus on subjects relevant 

to this work, and discusses the methods commonly used to evaluate abrasive wear.  CHAPTER 3 explains 

the basis upon which sample materials and conditions were selected and the rationale behind the test 

methods chosen.  CHAPTER 4 details the procedures used to obtain the data.  CHAPTER 5 presents the 

collected data and analyzes the significance of these results.  CHAPTER 6 outlines the findings of this 

work. 
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CHAPTER 2: LITERATURE REVIEW 

This chapter addresses previous literature on the subject of wear. 

2.1 Introduction to Wear 

Wear was formally defined in 1968 by the Organization for Economic Co-operation and 

Development as “the progressive loss of material from the operating surface of a body occurring as a 

result of relative motion at its surface” [1].  Wear can occur when any surface comes in contact with 

another surface.  The definition of wear has since been updated by to include “the gradual removal of 

material, or the rearrangement of a surface without removal of material, from the wearing surface of a 

part or component” [2].  Wear is of importance to industry because it accounts for 55% of the “loss of 

usefulness of material objects,” with abrasive wear accounting for nearly 40% of wear and for 20% of this 

overall loss, as shown by Figure 2.1 [2]. 

 

Figure 2.1 The causes and respective percentages for the loss of usefulness of material objects [2]. 

 

There are four major categories of mechanical wear: abrasion, adhesion, corrosion, and surface 

fatigue [2, 3].  Their descriptions are as follows [4]: 

 Abrasive Wear:  “Wear due to hard particles or hard protuberances forced against and moving 

along a solid surface.” 

 Adhesive Wear: “Wear due to localized bonding between solid surfaces leading to material 

transfer between the two surfaces or loss from either surface.” 
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 Corrosive Wear: “Wear in which chemical or electrochemical reaction with the environment is 

significant.” 

 Surface Fatigue Wear: “Wear of a solid surface caused by fracture arising from material 

fatigue.” 

2.2 Abrasive Wear 

Abrasive wear can be classified into a number of categories, according to the number of bodies, 

stress level, surface alteration, presence of fluid, and relative hardness of particles and surface [5].  

Two-body wear occurs between two materials, such as when hard particles are embedded in one 

material [3, 6], or when particles slide or roll over a surface [7].  Three-body wear occurs when hard 

particles exist between surfaces [3, 6].  Examples of two- and three-body wear are shown in Figure 2.2 

 
(a) 

 
(b) 

Figure 2.2 Schematic examples of (a) two and (b) three-body wear [7]. 

 

The surface alteration criteria are demonstrated by Figure 2.3.  Microplowing is characterized by 

material deformation adjacent to the wear groove without significant material removal.  Microplowing 

occurs predominantly in low strength high ductility materials.  Conversely, microcracking, or 

fragmentation, is characterized by small fractures in the material adjacent to the abrasive cutting path and 

primarily occurs in high strength, brittle materials.  Microcutting is intermediate between the two, with 

minimal plastic deformation adjacent to the wear groove, which is created primarily by material removal.  

A small deformation zone may exist directly adjacent to the groove. [2]. 

 
(a) 

 
(b) 

 
(c) 

Figure 2.3 The abrasive wear mechanisms of (a) microplowing, (b) microcutting, and 
(c) microcracking [2]. 
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The various properties of the material being worn are important to the material’s wear behavior.  

Table 2.1 lists a number of these material properties.  However, it is also necessary to note that there are a 

number of variables external to the worn material that can significantly influence wear [2].  Figure 2.4 

shows an example of this, with distinctly differing wear rates between two- and three-body abrasion, and 

dependence on the abrasive particle size [8].  The importance of these external variables notwithstanding, 

going forward the focus will remain on the metallurgical properties of the material being worn. 

 

Table 2.1 – Factors Influencing Abrasive Wear Behavior [2] 

Abrasive Properties Contact Conditions Wear Material Properties 
Particle Size Force/Impact Level Hardness 

Particle Shape Velocity Yield Strength 
Hardness Impact/Impingement Angle Elastic Modulus 

Yield Strength Sliding/Rolling Ductility 
Fracture Properties Temperature Toughness 

Concentration Wet/Dry Work-Hardening Characteristics 
- pH Fracture Toughness 
- - Microstructure 
- - Corrosion Resistance 

 

 

 

Figure 2.4 The effect of abrasive particle size on wear rate for two- and three-body abrasion [8]. 

 

2.2.1 Relationship to Hardness 

Hardness is listed as the first wear material property in Table 2.1, and hardness is often 

considered to be a direct predictor of wear resistance, as demonstrated by Figure 2.5 [3].  However, the 
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true relationship is more complex than Figure 2.5 would indicate [2].  Figure 2.6 displays the relationship 

between hardness and abrasive wear resistance for various materials and microstructures. 

 

 

Figure 2.5 Hardness versus abrasive wear resistance with linear fit for a number of metallic 
materials [3].  Abrasive wear resistance ϵ is the reciprocal of wear rate, which is the wear 
volume per sliding distance. 

 

It is noteworthy that under most circumstances, prior cold-work has no appreciable effect on wear 

resistance, despite the increase in hardness that cold-work causes [2, 6].  The reason for this is that in 

order to be cold-worked, a material must have some ability to plastically deform.  In the event of 

microplowing wear, plastic deformation, and the associated work-hardening, occurs at the wear 

surface [6].  As this takes place on the micro-scale, Hertzian contact mechanics can be said to apply.  

Therefore, the maximum work-hardening possible is expected, which is thought to be more than can be 

accomplished via standard cold-working [6].  Any cold-work imparted to the metal before wear, 

therefore, has no additional effect on its final wear resistance.  This is demonstrated in Figure 2.6 by the 

“cold worked metals”, which despite their increase in hardness display no increase in abrasion resistance. 

However, this does not mean a material’s work-hardening behavior is irrelevant.  In situ 

work-hardening can be an important factor to a material’s wear resistance, particularly in materials with 

unique work-hardening behaviors such as transformation induced plasticity (TRIP) steels, where ongoing 

research is attempting to more clearly define this relationship [9, 14]. 
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Figure 2.6 Relationship between hardness and abrasive wear resistance for a variety of materials and 
microstructures.  Figure adapted from Hawk et al. [2]. 

 

2.2.2 Microstructural Effects 

Figure 2.6 and Figure 2.7 show that microstructural differences and strengthening mechanisms 

can affect wear properties.  These Figures clearly illustrate that microstructure can greatly influence wear: 

the same wear resistance at a value of 2.0, relative to pure iron at 1.0, is achieved by various 

microstructures across a hardness range of approximately 600 HV in Figure 2.7.  The general increasing 

trend of hardness versus wear resistance within each microstructure provides some context for the origin 

of the claim that hardness directly predicts wear resistance. 
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Figure 2.7 The relationship between hardness and wear resistance for a number of steel 
microstructures [2]. 

 

Microstructure affects fracture toughness as well, which also influences materials’ wear behavior.  

As can be seen in Figure 2.8, there is a critical value of fracture toughness which defines the transition 

from brittle wear behavior to ductile wear behavior.  However, it is not a constant value but dependent 

upon the circumstances under which the wear occurs.  This makes predicting the wear behavior that will 

occur under different circumstances challenging.  

 

 

Figure 2.8 The relationship between fracture toughness, wear resistance, and the predominant wear 
mechanism.  Figure adapted from Hawk et al. [2]. 
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Given that wear resistance usually increases with hardness, it may seem counterintuitive that an 

increase in retained austenite content can improve wear resistance [9].  However, beyond merely the 

above comparison of pearlite and martensite, a number of studies have found that multi-phase steels 

exhibit superior wear resistance compared to harder single-phase steels [10, 11, 12].  In this regard, there 

is specific interest in retained austenite containing microstructures, as illustrated by Figure 2.9.  The TRIP 

steel is a clear outlier from the otherwise linear relationship between hardness and wear resistance in 

Figure 2.9a, and, as Figure 2.9b shows, an increase in retained austenite content appears to correspond to 

an increase in wear resistance.  As with most variables regarding wear, the ideal retained austenite content 

may be dependent upon wear conditions.  This behavior is likely due to the microstructural transformation 

that is the transformation induced plasticity (TRIP) phenomenon [13].  This occurs when plastic 

deformation causes austenite to transform into martensite.  Not only does this phase transformation 

absorb energy, but it also increases wear resistance because the hard martensite is more resistant to 

wear [13]. The transformation can be localized to the wear surface [14, 15].  Colaço et al. observed this 

localized transformation in a fully austenitic sample of AISI 420 stainless tool steel etched with Vilella’s 

reagent, shown in Figure 2.10 [15].  This investigation employed a transmission electron microscope 

(TEM) dimple grinder modified to have an AISI 440C steel ball with radius of curvature 10 mm and a 

hardness of 800 HV.  The ball was rotated on a plate of sample material at a 300 mm/s sliding speed 

(≈286.5 rpm) for a sliding distance of 100 m (≈5.5 min) using an abrasive media of 6 µm diamond 

particles suspended in methanol.  Testing loads between 0.15-2 N were utilized. 

In a study by Bouchaud et al. of Creusabro® Dual Phase steel, the composition of which is 

shown in Table 2.2, an increase in hardness approximately 0.5 mm and closer to the wear surface was 

reported. [14].  This investigation used the impeller-tumbler impact-abrasion wear test (detailed in 

Section 2.4.5) with quartzite gravel abrasive grit for a duration of 5 h.  The Creusabro® Dual Phase steel 

microstructure was found to be composed primarily of fine martensite and carbides with approximately 

6% retained austenite [14].  Bouchaud et al. attribute this hardness increase to the TRIP effect [14].  A 

hardness versus depth from wear surface curve demonstrating hardening near the wear surface is shown 

in Figure 2.11.  The highly localized nature of this transformation increases wear resistance at the surface 

while maintaining the retained austenite at greater distance away from the surface.  It must be noted, 

however, that the relationship between retained austenite content and wear resistance is not well 

characterized, and may vary depending upon load, loading condition, and wear mechanism, possibly 

resulting in a critical retained austenite content which maximizes wear resistance for a given set of 

circumstances [15]. 
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(a) 

 
(b) 

Figure 2.9 The relationship between wear resistance and (a) hardness for various steel 
microstructures and (b) retained austenite content [12]. 

 

 

Figure 2.10 Scanning electron microscope (SEM) micrograph showing stress induced martensite 
adjacent to the wear track in an initially fully austenitic microstructure [15]. 

 

Table 2.2 – Chemical Composition of Creusabro® Dual Phase Steel in wt% [14] 

Material C Mn Si Ni Cr Mo Ti Al  N S P Cu 
Creusabro® 0.400 1.300 0.800 0.450 0.700 - 0.600 - - <0.002 <0.020 - 
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Figure 2.11 Hardness increase due to the TRIP effect in a worn sample of Creusabro® Dual Phase 
steel.  Figure adapted from Bouchaud et al. [14]. 

 

2.3 Hardness Tests 

As hardness and wear often correlate, hardness tests are discussed here.  Hardness tests measure a 

material’s resistance to deformation under a specific set of circumstances [16].  There are a variety of 

hardness tests, and thus a corresponding variety of hardness values for any given material.  Typically, 

indentation hardness is the focus for metallurgical purposes [17].  Scratch hardness is one measurement 

provided by scratch testing, but as a test which can be used to measure wear, scratch testing is discussed 

in more detail in Section 2.4.3. 

Within indentation hardness testing the tests share certain features.  Load should be applied 

normal to the surface being tested.  Each test uses an indenter of set dimensions.  These indenters tend to 

fall in one of three categories [18, 19, 20]: 

 Brale: conical with an apex angle of 120° and a rounded tip of radius 200 µm. 

 Pyramid: a 3D structure with triangular sides.  Typically the apex angle is obtuse and the base 

is either a triangle or a rhombus (often a square). 

 Sphere: with a variety of radii. 

Indenters are often diamond, although tungsten carbide and steel are used for some 

tests [18, 19, 20].  Many hardness tests cover only a limited range of hardness values.  Vickers contains a 

wide range of hardness values and can be used for either macro- or micro-hardness testing [18].  For 

smaller scales nanoindentation, or instrumented indentation, is used.  This can also be used for materials 

of a wide range of hardness values [16]. 
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2.3.1 Nanoindentation 

The basic components of a nanoindentation machine, or instrumented indentation tester, are 

shown in Figure 2.12.  During the application of load in a nanoindentation test, both elastic and plastic 

deformation occur.  Upon unloading the elastic deformation is recovered.  The slope of the line tangent to 

the initial portion of the unloading curve (dP/dh) gives stiffness (S), which can be converted to Young’s 

modulus by Equations 2.1 and 2.2, 

 = ���ℎ = √� � √� 2.1 

 � = − �� + ( − �� )��  2.2 

 

where A is the projected area of elastic contact, Er is the reduced modulus, E and  are Young’s modulus 

and Poisson’s ratio of the indented material, respectively, and Ei and i are the same, but for the 

indenter [21]. 

 

Figure 2.12 Schematic of the components of a nanoindentation system.  Figure adapted from 
VanLandingham [22]. 

 

An example load-displacement curve for a nanoindent is shown in Figure 2.13a, while 

Figure 2.13b demonstrates the corresponding material displacement and associated parameters during and 

after nanoindentation.  Because this machinery captures both depth and load, this data can also be used to 

determine hardness (H).  For this, the maximum load (Pmax) and the projected contact area at maximum 

load (A) are used.  This gives hardness as a stress value of load over the area in which it was applied, seen 

in Equation 2.3. 

 � = � ���  2.3 
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(a) 

 
 
 
 
 

(b) 

Figure 2.13 Nanoindentation test (a) load-displacement curve and (b) material displacement [21, 23]. 

 

A number of indenter geometries are used for nanoindentation. These include spherical, conical, 

and a variety of pyramidal geometries. Of these, the Berkovich tip is the most commonly used indenter 

geometry [24].  This is due to a combination of practical and idealized factors.  While a spherical indenter 

would, in theory, be able to produce the entire uniaxial stress-strain curve on account of the continually 

changing nature of spherical contact, in practice creating a truly spherical indenter at such a small scale 

out of a sufficiently hard material for an indenter is an extremely challenging task.  Similarly, a pyramid 

with a four-sided base cannot be made to come to a perfect point.  Rather, two opposite faces meet, 

making a triangular prism contact line.  This line can only be minimized to a length near 1 µm, which is 

significant at the nano-scale [24]. 

The faces of tetrahedral pyramids cannot meet in linear contact.  Only a point contact is possible 

for three contacting faces, although this point may be rounded in nature.  This is the closest polyhedra can 

come to approximating axially symmetry.  The cube-corner and Berkovich tips fall into this category.  As 

its name implies, the cube-corner geometry is that of the corner of a cube, with a 35.3° angle between the 

vertical and pyramid face centerline.  The sharpness of this tip often leads to cracks in the material being 

tested at the vertices of the indent.  In comparison, the Berkovich tip is much more gradual, with a vertical 

to pyramid face centerline angle of 65.3°.  These dimensions are such that the Berkovich tip has the same 

penetration depth to projected contact area ratio of the Vickers indenter [24].  The stress concentrations at 

the vertices are less than for the cube-corner, thus cracking is less common, but are sufficient to mark the 

maximum indenter contact area, as seen in Figure 2.14 [21].  This gives the Berkovich tip an advantage 

over the truly axially symmetric geometry of a conical indenter.  Furthermore, as with the spherical and 
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four-sided base pyramid indenters, producing conical indenters with sufficiently tight dimensional 

tolerances in indenter materials is extremely difficult [24].  These factors make the Berkovich tip the 

preferred indenter geometry, which is shown in Figure 2.15. 

 

Figure 2.14 SEM micrograph demonstrating the length of maximum contact for each diagonal [21]. 

 

 
(a) 

 
(b) 

Figure 2.15 Diagram of the Berkovich indenter geometry for (a) the complete indenter and (b) the tip 
only [24]. 

 

As can be seen in Figure 2.16, indentation depth can have a significant effect on measured 

hardness at small indentation depths.  This phenomenon is referred to as Indentation Size Effect (ISE).  In 

this case, steels were primarily examined, with three martensitic grades, three ferritic grades, and a 

pearlitic grade.  Two brasses and an aluminum were also examined.  As indent depth decreased, hardness 

increases were observed in all of the examined materials.  However, the magnitude of this increase as 

well as the depth at which it begins to occur varied.  The increase is more pronounced in the materials 

with higher micro-hardness values, especially the martensitic M1, which not only has a large hardness 

increase, but this increase begins at indent depths greater than 2000 nm.  In the materials with 

comparatively low micro-hardness values such as brass and aluminum, the increases are less and occur at 
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smaller indent depths.  Caution must therefore be employed if nanoindentation hardness measurements 

are to be compared to micro- or macro-scale hardness measurements. 

 

Figure 2.16 Measured hardness versus indentation depth for a variety of materials and 
microstructures [25]. 

 

Figure 2.17 demonstrates the relationship between indentation size and microstructure.  An indent 

of size one measures bulk properties of a single grain.  An indent of size two is also influenced by grain 

boundary strengthening.  At size three, the results also include the influence of second phase constituents, 

while an indent of size four is comparable to a Vickers hardness test [26]. 

 

Figure 2.17 Schematic showing four indent sizes, and their respective interactions with a material 
microstructure [26]. 
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2.3.2 Vickers Hardness Testing 

Vickers hardness testing employs a diamond pyramid indenter with dimensions such that the 

angle between the pyramid’s vertical and centerline of each face is 68° and between the pyramid’s 

vertical and its diagonals is approximately 74°.  A schematic of the Vickers indenter geometry is shown 

in Figure 2.18. 

 
 
 
 
 
 
 
 
 
 

(a) 

 
(b) 

Figure 2.18 Diagram of the Vickers indenter geometry for (a) the complete indenter and (b) the tip 
only [18]. 

 

Vickers hardness values are calculated according to 

 ��� = �� 2.4 
 

where HV is Vickers hardness, x is the mass of the applied load, P, and SA is the contacting indenter 

surface area [18].  For load kgf is used, and mm2 is used for area.  These can be converted if the indent or 

load is sufficiently small.  Indent diagonals are used to determine surface area, thus Equation 2.4 becomes 

 ��� = � sin68°�  2.5 
 

where d is the average diagonal length of the residual indentation. 

One of the most advantageous features of Vickers hardness testing is the ability to use a single 

scale across a large range of hardness values.  Nonetheless, it is not the panacea of all hardness tests; it 

too has limitations, or at the very least qualifications which must be met. 



 16 

Vickers uses the size of the indent left in the surface of the material being tested to determine 

hardness.  It is assumed that the contact area during testing is the same as the indent surface area after 

testing (i.e. that there is no elastic recovery), which is generally not true.  However, two factors make this 

a reasonable assumption.  One, because the indenter is not axially symmetric, the stress concentrations at 

the corners help to preserve the lengths of the diagonals used to measure the contact area present during 

testing.  Secondly, the farther beyond the elastic limit deformation extends to, the smaller the relative 

percent of deformation which is recovered.  The latter of these two is more relevant the smaller the size of 

the indent. 

The minimum indent size is also affected by available microscope resolution.  Table 2.3 contains 

recommendations for minimum indent size for various objective lenses.  These are usually combined with 

a 10× ocular lens, thus the maximum listed magnification would be 1000×.  More precise measurements 

for these smaller indents can be obtained if an SEM is available.   

 

Table 2.3 – Recommended Indent Diagonal Length for Commonly used Objectives and Numerical 
Aperture (NA) according to ASTM Specification E384 [18] 

Commonly Used 
Objective Magnification 

Typical NA (will vary 
by objective type) 

Objective 
Resolution (µm) 

Recommended 
Diagonal Lengths (µm) 

5× 0.10 2.75 ≥ 137.5 
10× 0.25 1.1 ≥ 55 
20× 0.4 0.69 ≥ 34.5 
40× 0.55 0.5 ≥ 25 
50× 0.65 0.42 ≥ 21 
100× 0.8 0.34 ≥ 17 

 

 

One should not use this better resolution as a justification for making even smaller indents.  As 

previously stated, elastic recovery is a more significant factor in smaller indentations.  Furthermore, the 

tolerances employed in the manufacture of Vickers indenters are insufficient for indents below the size 

intended.  Extremely tight tolerances are necessary as indent size decreases.  As is seen in Figure 2.19, as 

size decreases, overall hardness measurement uncertainty increases exponentially per unit uncertainty.  

Moreover, the Vickers tip is not the best geometry for extremely small indents.  Its geometry is that of a 

pyramid with a four-sided base, meaning it cannot be made to come to a true point [24]. 
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Figure 2.19 Inflence of 0.5 µm uncertainty on measured hardness as a function of indent size.  Figure 
adapted from Vander Voort [16]. 

 

Other factors include anelastic effects in materials for which the testing temperature is high with 

respect to the melting temperature and variability in the testing apparatus.  Figure 2.20 demonstrates the 

significant effect testing apparatus variability can have on measured hardness, and thus the importance of 

hardness calibration blocks.  Calibrations are made specific to a hardness and testing load combination, as 

there are indentation size effects in Vickers as well as in nanoindentation, as discussed in Section 2.3.1.  

Figure 2.21 contains examples of this phenomenon in Vickers hardness measurements. 

 

 

Figure 2.20 Measured hardness as a function of applied load for two testing machines [16]. 
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 (a) 

 
 

 (b) 

Figure 2.21 Indentation size effect for Vickers in five steel test blocks for (a) macro-hardness at 
1-50 kgf and (b) micro-hardness at 5-500 gf [16]. 

 

2.4 Wear Tests 

There are a number of tests available to address the spectrum of wear types.  Some are more 

scientific, and have precise equipment requirements and testing specifications.  Others were developed by 

an individual industry to address a specific wear environment.  This section outlines some of the common 

wear tests reported in the literature. 

2.4.1 Dry Sand/Rubber Wheel 

Dry Sand/Rubber Wheel (DSRW) testing should be performed per ASTM G65 – 04 [27], the 

details of which are shown in Table 2.4.  The DSRW test approximates low impact abrasive wear.  Wear 

itself is reported in cubic millimeters, and is determined through mass loss measurements and material 

density.  The testing apparatus is shown in Figure 2.22.  The DSRW test has a number of possible 

variables, such as wheel speed, force applied to the specimen, abrasive flow rate, and test duration; it is 

necessary to be as consistent as can reasonably be achieved, even within the standard.  The use of a 

reference material can aid in accounting for minor testing inconsistencies. 
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Table 2.4 – ASTM Specifications for DSRW Procedure B [27] 

Variable Specification 
Test Procedure B 
Test Duration 10 min ± 30 sec 
Rotation Rate 200 ± 10 rpm 

Wheel Revolutions 2000 
Lineal Abrasion 1436 m (4711 ft) 

Force Against Specimen 130 N (30 lbf) 
Dwell Time Between Tests Time necessary for wheel to return to room temperature; ≥ 30 min 

Abrasive Rounded quartz grain sand 
Abrasive Size AFS 50/70 

Abrasive Flow Rate 300 to 400 g/min 
Abrasive Moisture Content ≤ 0.5 wt % 

Sample Dimensions 25 mm × 76 mm × 3.2 to 12.7 mm (1.0 in × 3.0 in × 0.12 to 0.5 in) 
Sample Surface Finish 0.8 μm (32 μin) 

Wheel Diameter 228.6 mm (9.00 in) 
Wheel Thickness 12.7 mm (1.500 in) 

 

 

For DSRW testing, the wheel is set to rotate at the prescribed rate, and the nozzle from which 

sand flows is set such that the abrasive is directed between the wheel and the specimen.  The specimen is 

pressed to the rotating wheel with the prescribed force through the application of weights.  A schematic of 

this setup is shown in Figure 2.22. 

 

Figure 2.22 Schematic of the Dry Sand/Rubber Wheel testing apparatus [27]. 

2.4.2 Pin-on-Disk 

The Pin–on–Disk wear test should be performed per ASTM G99 – 05 [28].  The setup for this test 

can be seen in Figure 2.23.  Force is applied to the pin, which is perpendicular to the disk, while the disk 

rotates. This test uses no abrasive media and typically both the pin and the disk are made of the sample 

material, although a rigidly held ball can be substituted for the pin.  This test approximates adhesive 

wear [28]. The wear volume is reported in cubic millimeters.  Density and mass loss can be used to 
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determine volume loss.  Alternatively, dimensions of the pin and disk are measured before and after 

testing, and wear is determined by dimensional changes.  The volume loss of both the pin and the disk are 

determined individually, assuming no significant wear to the other piece [28].  This test can be modified 

to simulate abrasive wear by use of an abrasive and travel of the pin outward during rotation [29].  This 

creates a spiral wear path, and ensures new surface on the disk is contacted throughout the course of the 

test.  The specifications for this test can be seen in Table 2.5. 

 

Figure 2.23 Schematic of the pin-on-disk testing apparatus.  Figure adapted from ASTM G99 [28]. 

 

Table 2.5 – Specifications for Modified Pin-on-Disk Testing [29] 
 

Variable Specification 
Disc Diameter 230 mm 

Rotation Velocity 31 rpm 
Start Radius 33 mm 
End Radius 100 mm 

Test Duration 120 sec 
Sliding Distance 2.8 m 

Normal Load 1230 g 
Abrasive SiC Grinding Paper 

Abrasive Size Mesh 320 
Abrasive Hardness 3000 HV 

2.4.3 Scratch Testing 

The scratch hardness test is performed per ASTM G171 [30].  In this test, a diamond stylus is 

drawn across the sample surface while a constant force is applied by the stylus, scratching the surface of 

the sample.  The load applied by the stylus and the resulting scratch width can be used to determine the 

scratch hardness number, given by: 

 � = 8���  2.6 

 

where HSp is the scratch hardness number (Pa), P is the load (N) that is applied to the stylus, and w (m) is 

the scratch width, as shown in Figure 2.24 [30].  This indicates scratch testing also uses a direct 
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measurement of volume loss, rather than calculating through mass and density. 

 
 (a) 

 
     (b) 

Figure 2.24 Schematic of (a) the scratch test and (b) a scratch produced by the scratch test with the 
area used to determine scratch hardness number shaded.  Figure adapted from ASTM 
G171 [30]. 

 

The scratch wear rate is the volume of the scratch divided by the length of the scratch, or the 

cross-sectional area of the scratch [31].  The specific scratch wear rate (wss) can be determined by the load 

applied by the stylus and the resulting cross-sectional area of the scratch according to: 

 ��� = � ��  2.7 
 

where wss is the specific scratch wear rate (mm3/Nm), CSS is the cross-sectional area of the scratch (mm3), 

and P is the load (N) that is applied to the stylus [32]. 

2.4.4 Bond Abrasion 

The Bond abrasion test was originally developed in 1965 to classify grades of ore [33].  This was 

done by using a metal of known characteristics, “SAE 4325 chrome-nickel-molybdenum steel hardened to 

500 Brinell” with dimensions 76.2 mm × 25.4 mm × 6.35 mm, and varying abrasive media [33].  The 

ore’s abrasion index was then determined by the mass loss of the metal sample, measured in grams [33].  

The test can be modified such that it varies the material while holding the abrasive media constant. 

The Bond abrasion test simulates high impact wear mechanisms.  Although there is no applicable 

ASTM standard, the procedure generally involves four test segments, each 15 min in duration and using 

400 to 600 g of abrasive [11, 33, 34].  Examples of abrasive material include quartzite, granite, or 

limestone [34]. After each test segment the abrasive is replaced with fresh material.  In total, the Bond 

abrasion test is one hour in duration and uses 1.6 to 2.4 kg of abrasive. Static and dynamic views of the 

testing apparatus can be observed in Figure 2.25.  The drum is approximately 100 mm deep, 350 mm in 

diameter, and rotates clockwise at a rate of 45 to 70 rpm [11, 33, 34].  The sample is clamped to a rotor 

inside the drum that is approximately 25 mm thick and 120 mm in diameter, and which rotates clockwise 

at a rate of 600 to 632 rpm [11, 33, 34].   
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 (a)  (b) 

Figure 2.25 The Bond abrasion testing apparatus in (a) static and (b) dynamic view [11]. 

2.4.5 Impeller-Tumbler Impact-Abrasion 

The impeller–tumbler impact–abrasion test has no ASTM standard.  The testing apparatus can be 

seen in Figure 2.26.  The vertical axis of rotation (as compared with the horizontal orientation of the Bond 

abrasion test) allows this test to approximate medium impact abrasive wear.  The procedure for this test 

typically involves attaching a single specimen 50 mm long × 25 mm wide × 5 mm high to the end of a rod 

and placing the specimen into a cylindrical container of abrasive.  The rod and sample are then rotated at 

a rate of 600 rpm [14].  The sample is suspended sufficiently far from the bottom and sides of the 

container to prevent interference during rotation. Fresh abrasive is used for each test.  The amount of 

abrasive necessary for each test is dependent upon the size of the container, and there is no standard test 

duration.  Wear is reported in cubic millimeters, and is determined through mass loss measurements and 

material density. 

 

Figure 2.26 Schematic of the impeller–tumbler impact–abrasion testing apparatus.  Figure adapted 
from Bouchaud et al. [14]. 
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2.5 Optical Profilometry 

Profilometry examines the topography of surfaces.  Traditionally this has been performed via 

physical contact between the surface under examination and a stylus.  This method of profilometry is 

limited by the size of the stylus tip, as demonstrated by Figure 2.27.  Furthermore, the physical contact 

can alter the surface under examination as well as wear the stylus, causing a loss of precision over time.  

Optical profilometry does not suffer from a limitation in stylus size because the method of examination is 

optical rather than physical.  However, optical profilometers are limited by their vertical range.  Peaks and 

valleys outside of this range cannot be captured. 

 

Figure 2.27 The effect of profilometer stylus size on the measured profile.  Figure adapted from 
Fainman et al. [35]. 

 

Optical profilers typically have two modes: phase shift interferometry (PSI) and vertical scanning 

interferometry (VSI).  PSI is for detailed examination of very smooth surfaces.  VSI has less resolution 

than PSI, but greater vertical range.  Interferometry uses light interference for measuring purposes.  VSI 

typically uses white light split into two beams, one of which reflects off a very smooth reference surface 

while the other reflects off the sample.  At focus there are interference fringes visible through the 

microscope.  VSI runs a vertical scan such that the focal height passes through the expected vertical range 

of the surface under investigations, creating a topographical data set of the surface.  Data outside this 

vertical range are not captured [36]. 

The average surface roughness, Ra, is one method of quantifying surface roughness.  The peaks 

and valleys of the surface are used to determine the average height of the surface, and then the peaks and 

valleys are each measured as deviations from the average according to Equation 2.8, 

 � = �∑|��|�
�=  2.8 

 

where N is the evaluation length, and Z is the deviation of each peak or valley from the mean [37]. 
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Ra is a commonly used surface roughness measurement, this is due to the ease with which it can 

be calculated rather than due to it having any particular statistical superiority.  Other surface roughness 

measurements include Rq, Rt, and Rz, given in Equations 2.9, 2.10, and 2.11, respectively [37]. 

 = √�∑���
�=  2.9 

 � = � �� − � �  2.10 
 � = �∑ ���

�=  2.11 

 

Like Ra, Rq is a method for representing all deviations from the average in a sample set.  Rt is less 

statistically significant, as it only reports the largest deviations from the average in a sample set.  Rz is a 

variation of Ra, as it employs the same mathematical relationship, but only uses the five largest deviations 

from the average in each height direction, rather than all the deviations as Ra does.  The optical 

profilometer  at CSM provides each of these four measurements. 
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CHAPTER 3: EXPERIMENTAL DESIGN 

This chapter addresses material selection and analysis method determination.  As a continuing 

work project to Wolfram [38], ideally further information was to be gathered with regard to the materials 

which showed interesting behavior in the prior work. 

3.1 Prior Work at ASPPRC 

Wolfram examined the wear resistance of seven materials [38].  Table 3.1 shows the chemical 

compositions of the experimental materials.  The Bond abrasion, impeller–tumbler impact–abrasion, and 

DSRW wear tests were utilized.  Material was tested in the as-received and heat treated conditions.  Heat 

treatments consisted of full austenitization, followed by either a water quench (WQ), isothermal bainitic 

hold (IBH), quench and partition (Q&P) [39], or quench and temper (Q&T) treatment.  Microstructural 

characterization was conducted through X-ray diffraction (XRD) and scanning electron microscopy 

(SEM).  The wear surfaces were examined via SEM, in order to determine the predominant wear 

mechanism for each material under the applicable wear condition.  Wear volume losses were normalized 

through the use of reference samples, in order to minimize the effects of experimental scatter.  AR400F 

was used as the reference material, and all other wear volume losses were reported as a fraction of the loss 

exhibited by the AR400F. 

While Q&T is standard industrial vocabulary, Q&P is relatively new terminology.  A quench and 

partition heat treatment consists of a full austenitization followed by a quench to a temperature between 

the martensite start (MS) and finish (MF) temperatures.  This produces a martensite/austenite 

microstructure.  The temperature is then typically raised to complete a partitioning step.  This step aims at 

relief of carbon supersaturation in the martensite and diffusion into the austenite.  This stabilizes the 

austenite to lower temperatures, as well as somewhat tempering the martensite.  The material is then 

cooled again, at which point more untempered martensite may form, depending on the degree of austenite 

stability achieved through diffusion during the partitioning step. 

 

Table 3.1 – Chemical Composition of Examined Materials by Wolfram in wt% [38, 40] 

wt% C Mn Si Ni Cr Mo Ti Al  N S P Cu B 
AR400F 0.14 1.37 0.12 0.007 0.15 0.150 0.027 0.031 0.007 0.001 0.012 0.23 0.0017 
Abrasive 0.21 1.26 0.21 0.15 - 0.18 0.024 0.030 - 0.002 - 0.21 0.0015 
Armor 0.46 0.54 0.36 1.74 - 0.31 0.003 0.028 - 0.002 - 0.14 0.002 
9260 0.60 0.95 1.96 0.030 0.08 0.010 - 0.025 - 0.007 0.014 0.08 - 

Hadfield 1.13 12.85 - 0.110 0.13 - - 0.004 - 0.009 0.014 - - 
301 Stainless 0.11 0.52 0.53 6.480 17.04 0.098 - - - - - 0.00 - 

SAE 4325 0.46 1.00 0.46 1.650-2.000 1.00 0.200 - - - - - - - 
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The obtained wear data [38] for all three wear tests are summarized in Figure 3.1.  In most cases, 

the DSRW normalized volume loss (NVL) was found to decrease with increased hardness, as shown in 

Figure 3.1.  Figure 3.1b presents a magnified view of the area indicated in Figure 3.1a, such that the 

individual data points are distinguishable.  As expected, these results indicate increased wear resistance 

with increased hardness.  Notable exceptions to this trend are the fully austenitic Hadfield (HF) steels.  

Despite being of comparatively low hardness, they exhibited low normalized volume losses on par with 

that of materials in the 600 to 700 HV1 range for the DSRW and impeller wear tests.  For the Bond 

abrasion wear test, HF has the lowest NVL of all the tested samples.  The Bond abrasion samples show 

less dependence on hardness. 

 
 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 3.1 Normalized volume loss versus Vickers hardness for materials wear tested by (a,b) Dry 
Sand/Rubber Wheel, (c) impeller–tumbler impact–abrasion, and (d) Bond abrasion [38].  
Error bars represent standard deviation. 
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3.2 Material Selection 

Criteria upon which materials selection occurred included hardness distribution, retained 

austenite content, and variety of samples available for comparison purposes, in order to better distinguish 

between the effects of each variable.  Of the previously examined materials, three chemistries were heat 

treated to affect microstructure (Abrasive, Armor, and 9260).  Two chemistries were chosen for their 

austenitic microstructures (301 stainless and Hadfield).  Because SAE 4325 is the standardization material 

for Bond abrasion testing, one sample was obtained for comparison under Bond abrasion conditions. 

Among the heat treated materials, the Abrasive did not show particularly encouraging results with 

respect to its DSRW NVL, as shown in Figure 3.1, and the hardness values were nearly all contained in a 

narrow range (≈ 400-450 HV1), with few others falling within approximately ±100 HV1.  Additionally, 

despite heat treatments specifically designed to maximize retained austenite content, no RA was detected 

in the Abrasive under any of the heat treatment conditions.  Figure 3.2 contains the RA content as a 

function of quench temperature for the Q&P conditions of the three previously examined alloys.  The 

Armor showed somewhat better results than the Abrasive, with a larger range of RA and hardness values, 

although the latter tended to be clustered at either end of the hardness spectrum.  Various amounts of RA 

were achieved based on the heat treatment conditions.  However, the 9260 showed the most promising 

results.  The hardness values were more evenly distributed along the hardness range, greater RA contents 

were achieved, and less wear was observed compared to the AR400F reference material for all wear tests.  

The NVL versus hardness measurements for all of the previously examined materials can be found in 

Figure 3.1. 

 

Figure 3.2 Retained austenite contents achieved by the partitioning times and quench temperatures 
for each of the previously examined materials [38]. 
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NVL results as a function of RA content are shown for samples from each of the wear tests in 

Figure 3.3 and Figure 3.4.  The DSRW results in Figure 3.3, owing to the abundance of samples wear 

tested by this method, are separated by hardness level into four plots.  Within these an increase in RA 

content tends to correspond to improved wear resistance, although this behavior is most consistent within 

the lowest hardness data set (Figure 3.3a).  The limited number of data points in Figure 3.3c makes it 

difficult to draw conclusions about the trends present at this hardness level.  At the highest hardness level, 

shown in Figure 3.3d, the influence RA has seems to be material dependent.  The armor exhibits no 

significant change in wear performance, while the 9260 wears less in the Q&P samples than in the Q&T 

condition. 

Similar behaviors are present in the impeller samples as shown in Figure 3.4a, albeit fewer 

conditions were examined by this wear test.  As before, within a hardness level, increased RA content is 

linked to decreased volume loss.  However, consistent with expectations, and observations made 

regarding Figure 3.1c, as hardness decreased the wear volume increased.  The Hadfield is the exception to 

this for both DSRW and impeller wear tests, making it of particular interest for further investigation. 

The influence of RA on Bond abrasion NVL behavior is shown in Figure 3.4b.  Within a hardness 

level, increased RA content tends to trend with decreased wear.  The effect of hardness itself, as in 

Figure 3.1d, is less clear.  The degree of scatter in the NVL data leaves any conclusions in some doubt. 

 

 
 (a) 

 
 (b) 

Figure 3.3 Normalized volume loss of DSRW samples versus retained austenite content for fixed 
hardness values of (a) 380 ± 21 HV1, (b) 413 ± 16 HV1, (c) 521 ± 68 HV1, and 
(d) 686 ± 32 HV1 [38]. 
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Figure 3.3 continued 

 
 (c) 

 
 (d) 

Figure 3.3 Normalized volume loss of DSRW samples versus retained austenite content for fixed 
hardness values of (a) 380 ± 21 HV1, (b) 413 ± 16 HV1, (c) 521 ± 68 HV1, and 
(d) 686 ± 32 HV1 [38]. 

 

 

 
 (a) 

 
 (b) 

Figure 3.4 Normalized volume loss versus retained austenite content for all (a) impeller and 
(b) Bond abrasion samples [38]. 
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These results are interesting, but not fully understood, thus requiring additional investigation.  

The austenite content of a microstructure is one of the determining factors for the extent of hardening that 

can be achieved through the TRIP/TWIP effect, and it is thought that increased hardness due to austenite 

transformation may result in improved wear performance.  An investigation as to whether there was 

localized hardening at the wear surface was previously performed by a hardness traverse of the two alloys 

which contained large volume fractions of austenite, HF and 301SS, after being subjected to the highest 

impact condition wear test (Bond abrasion).  For comparison purposes, two alloys with no RA were also 

examined.  Figure 3.5 demonstrates significant hardening within approximately 1 mm of the wear surface 

for both austenitic microstructures, while little to no surface hardening was observed in the 

microstructures with no RA.  The austenite content for each of these materials can be found in Table 3.2.  

Only select Bond abrasion samples were examined in this manner. 

 

Table 3.2 – Retained Austenite Content of Materials Shown in Figure 3.5 [38] 
 

Material Austenite (vol%) 
AR400F - 
Hadfield 100 

301 Stainless 93.7 
SAE 4325 NA 

 

 

Figure 3.5 Hardness traverse of Bond abrasion tested materials in the as-received condition [38]. 
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In addition to its promising results with regard to hardness range, NVL, and RA content, 9260 

was also the material examined the most in prior wear testing, thus provided the maximum number of 

samples for comparison purposes.  Therefore, of the three alloys, heat treatment conditions of the 9260 

with samples tested by all three wear tests were chosen as the focus in the present work.  Q&T was 

chosen because it is what one might consider to be the default abrasion resistant condition of the 9260 

material.  In addition, the Q&T material does not contain RA, and thus allows comparison of wear 

behavior with select Q&P samples at similar hardness levels.  The Q&P-150-30 and Q&P-190-30 were 

selected for their high hardness, similar to that of the Q&T, while also containing two different amounts 

of RA.  Q&P-190-240 was chosen as a result of having the largest RA content of the Q&P conditions.  

Two other Q&P conditions, namely Q&P-150-240 and Q&P-150-900, were also included, based on 

having similar but not identical RA contents and hardness values.  AR400F was chosen because it was the 

reference material in the previous investigation, and because it provided another martensitic 

microstructure for comparison purposes, this one of a hardness similar to the lower hardness Q&P 

conditions.  The WQ was selected in order to present another martensitic microstructure, but also to help 

identify the disadvantages of fresh martensite, in terms of specific problematic behaviors it exhibits 

during wear.  HF was selected as a result of its excellent wear resistance despite its low hardness.  

However, 301SS exhibited more wear than the HF under all wear test conditions, despite also being 

austenitic and of a nearly identical hardness, thus 301SS was selected in the interest of identifying the 

cause of this difference in wear performance.  The materials and heat treatments selected for further 

examination are shown in Table 3.3.  The compositions were previously shown in Table 3.1.  Figure 3.6 

contains wear test results for the materials and heat treatment conditions selected for further investigation. 

 

Table 3.3 – Heat Treatment, Identifying Designation, Retained Austenite Content, and Hardness of 
Examined Materials [38] 

Material 
Aust. 
Temp. 
(°C) 

Quench 
Temp. 
(°C) 

Temper/Part. 
Temp. (°C) 

Temper/Part. 
Time (s) 

Designation 
RA 

Content 
(vol%) 

Hardness 
(HV1) 

9260 860 

25 
- - WQ - 813.6 ± 8.2 

350 2700 Q&T - 654.4 ± 5.0 

150 400 
30 Q&P-150-30 16.4 648.8 ± 12.6 
240 Q&P-150-240 22.3 398.2 ± 8.6 
900 Q&P-150-900 24.1 375.3 ± 4.4 

190 400 
30 Q&P-190-30 20.4 706.2 ± 5.0 
240 Q&P-190-240 24.9 409.4 ± 2.9 

Hadfield - - - - HF 100 198.8 ± 5.8 
301 

Stainless 
- 

- 
- - 301SS 93.7 198.7 ± 6.6 

AR400F - - - - AR400F - 423.8 ± 3.9 
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 (a) 

 
 (b) 

 
 (c) 

Figure 3.6 Normalized volume loss versus Vickers hardness for materials selected for further 
investigation and wear tested by (a) Dry Sand/Rubber Wheel, (c) impeller–tumbler 
impact–abrasion, and (c) Bond abrasion [38].  Error bars represent standard deviation. 

3.3 Examination Method Selection 

Because so many variables influence wear behavior, two approaches to wear focused 

investigations exist.  Either the focus is on phenomena occurring in a situation designed to simulate 

real-world wear conditions, or the focus is to understand wear phenomena, in a situation that reduces the 

number of variables, allowing for a more systematic approach, but which is less likely to simulate 

real-world conditions due to the controlled nature of the testing.  Both approaches were pursued in this 
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work.  The rationale behind the chosen examination methods are addressed herein, while the procedural 

details of the experimental techniques chosen can be found in CHAPTER 4. 

As the prior work performed a number of wear tests, optical profilometry was selected in order to 

further characterize the material surfaces after wear testing, in conjunction with prior SEM observations, 

and identify any relationships which may be present.  Furthermore, optical profilometry provides 

information without affecting the surface, thus still allowing for subsequent analysis. 

Scratch testing was selected because it uses the alternative approach, where testing variables are 

tightly controlled.  This allows the effects of a single variable to be investigated.  For this reason scratch 

testing at distinct load levels was chosen. 

Nanoindentation testing rather than Vickers hardness testing was conducted due to the refined 

scale at which hardening at the wear surface could be investigated.  In the event Vickers results exhibited 

no hardening, it would still be possible for a thin layer of hardened material to exist beneath the wear 

surface, too small to be observed by Vickers measurements.  Because wear is a surface phenomenon, 

even a thin layer could have important effects. 

Conversely, if no hardening were to be measured by nanoindentation, there would be no purpose 

in additional Vickers testing of these samples.  The depth below the wear surface to which a run of 

nanoindents can be performed is limited by practical time and cost considerations.  However, for any 

sample in which hardening is observed to extend beyond the depth below the wear surface measured by 

nanoindentation, a low load Vickers could then be used to determine to what depth this hardening 

behavior extends. 
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CHAPTER 4: EXPERIMENTAL METHODS 

In this chapter the investigation methods chosen in CHAPTER 3 for the selected materials and 

conditions are detailed.  First, the procedure used for optical profilometry is described.  This includes 

specimen inspection location, hardware and software used, along with machine settings.  Following 

optical profilometry measurements, the samples were sectioned near the same location which was 

topographically investigated.  The metallographic preparation procedure and nanoindentation testing 

regime are explained next.  Lastly, scratch testing procedures are discussed, including hardware and 

software settings used. 

4.1 Optical Profilometry of Wear Surfaces 

For each of the materials and conditions selected in CHAPTER 3, samples from each wear test 

were examined using optical profilometry.  The locations examined on the samples from each wear test 

are shown in Figure 4.1.  Three measurements were taken on each sample, along the length of the ellipse 

indicated in Figure 4.1.  Measurements were taken at 50× magnification on a WYCO NT-2000 running 

the Veeco Metrology Vision32 software.  Vertical test range was adjusted as needed to account for 

increased sample roughness.  Beyond ±50 µm no improvements in captured data were observed.  A 

modulation threshold of 1% via VSI was used.  Although the raw data can be exported, the Vision32 

software is the most capable of handling the collected data.  The software can present the data in a 

number of formats, as shown in Figure 4.2.  The format used in Figure 4.2a conveys the greatest amount 

of information in the most efficient manner, and so this format was used to present the data collected by 

the WYCO NT-2000.  All results were filtered for tilt.  DSRW results were also filtered for curvature. 

 
 

(a)  (b)  (c)  

Figure 4.1 Wear test samples with the examined sections circled for (a) Dry Sand/Rubber Wheel, 
(b)  impeller–tumbler impact–abrasion, and (c) Bond abrasion. 
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(a) 

 
(b) 

 
(d) 

 
(c) 

Figure 4.2 The output options for the optical profilometer: (a) 2D Plot, (b) 3D Interactive Display, 
(c) 3D Plot, and (d) 2D Analysis.  (color image - see PDF copy). 
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4.2 Nanoindentation 

Select samples were sectioned at the location for which the maximum amount of work-hardening 

would be expected to occur.  These location selections for samples from each wear test are shown in 

Figure 4.3.  Samples were autopolished to 1 µm, using a napless Ultrasilk pad at the 6 µm step for 

maximum edge retention.  Finally a four hour vibratory polish with a 0.05 µm colloidal silica suspension 

was performed. 

A Hysitron TI 950 running the TriboScan software was used for nanoindentation testing.  Testing 

was performed with a Berkovich tip of medium sharpness using a 2D transducer on a closed-loop system.  

In order to collect data representative of the general work hardening beneath the wear surface, an indent 

depth of 100 nm was selected.  The Berkovich indenter has a 1:8 depth to width ratio, meaning in order to 

have a 3× indent width spacing, indents of 100 nm require a minimum spacing of 2.4 µm.  Indentations 

were performed in a 20 × 100 µm2 grid at 5 µm spacing, starting 5 µm beneath the wear surface.  Indents 

were performed to a constant depth in order to maintain the validity of the grid spacing used. 

Given the difficulties of producing an indenter true to the ideal dimensions, in order to gather 

hardness data from nanoindentation, it is necessary to calibrate the system to the real dimensions of the 

indenter being used.  Because quartz displays minimal ISE, it was used to calibrate the system for the tip, 

transducer, and load range expected to be utilized during actual testing.  Crystalbond was used to secure 

samples to steel plates ground through 600 grit, in order to ensure flatness; the steel plates held the sample 

in a constant position on the magnetic stage of the Hysitron TI 950. 

 

 
(a) 

 
(b) 

Figure 4.3 Samples marked for sectioning, mounted for nanoindentation, and nanoindentation 
location indicated by an arrow for (a) DSRW, (b) impeller, and (c) Bond abrasion. 
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4.3 Scratch Testing 

The selected materials, as well as the WQ condition of the 9260 (not tempered) were also 

examined by scratch testing.  Samples were taken from untested ends of DSRW samples as shown in 

Figure 4.4, and prepared for testing by the same metallographic procedure described in Section 4.2 for the 

nanoindentation samples. 

Figure 4.3 continued 

 
(c) 

Figure 4.3 Samples marked for sectioning, mounted for nanoindentation, and nanoindentation 
location indicated by an arrow for (a) DSRW, (b) impeller, and (c) Bond abrasion.  
Plastic indicator denotes the in-plane face presented in the samples marked for 
sectioning. 

 
 

Figure 4.4 Scratch testing sample marked for sectioning and after mounting.  Arrow indicates 
scratching direction. 
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Four scratches, each at a constant load of 10, 20, and 30 N, were made in each of the selected 

material conditions, for a total of 12 scratches each.  Scratch testing was performed with a CSM 

Micro-Combi Tester running Scratch 3.87.09, using a Rockwell C diamond indenter and a stylus travel 

rate of 5 mm/min.  In order to avoid stress field interactions, a minimum 2 mm spacing between adjacent 

scratches was maintained. 

LOM images were taken along the length of each scratch at 200× magnification, and then stitched 

together manually (via Photoshop).  Optical profilometry scans were performed at the center of each 

scratch, where steady state scratching conditions existed.  Scans were taken at 100× magnification over an 

area of 603 × 459 µm2.  The software was set to average three runs of data per scan.  Due to the shadows 

cast by the scratch walls, a single light level was unable to capture the full topographical information.  

Therefore, the software’s ability to stitch multiple scans together was utilized.  Scans were performed at 

increasing light levels until as complete as possible a representation of the scratch topography was 

collected.  All other settings were the same as detailed previously. 

The data were then averaged along the length of the scratch and used to determine average 

scratch width and average cross-sectional profile for each scratch.  Scratch width was used to calculate 

scratch hardness according to Equation 2.6, and the cross-sectional area removed by each scratch was 

used to calculate specific scratch wear rates, according to Equation 2.7. 
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CHAPTER 5: RESULTS AND DISCUSSION 

This chapter presents the results of the experiments described in CHAPTER 4.  First, optical 

profilometry scans representing the 3D topography produced in select materials under DSRW, impeller, 

and Bond abrasion wear conditions are displayed.  Next the roughness measurements obtained by the 

above are presented, and evaluated with respect to hardness, an expected indicator of wear resistance, as 

well as the actual wear results themselves.  Nanoindentation hardness profiles from beneath the wear 

surfaces are then shown.  Scratch testing results are first introduced by images of the scratches, and the 

scratching behavior is further characterized and quantified by profilometry measurements taken from the 

scratches and discussed. 

5.1 Optical Profilometry of Wear Surfaces 

Given the large degree of variability inherent to wear, it is especially important to take multiple 

measurements from each wear sample.  Figure 5.1 illustrates this variability, with both images being 

taken from different locations on the same wear sample.  Specimens of all three wear tests displayed 

significant roughness variability, although increased average surface roughness was associated with 

increased variability.  Thus, three 1.21 × 0.921 mm2 areas were examined per sample. 

Figure 5.2 contains profilometry images characteristic of each of the three wear tests examined 

using the optical profilometer.  It should be noted that the data for these tests are plotted on different 

height scales, as necessitated by the topography of the wear surfaces themselves.  The DSRW wear test 

resulted in lines of peaks and valleys running parallel to the wheel’s rotation direction, as is typical of 

scratching abrasion.  The Bond abrasion samples, conversely, displayed impact craters and bulges, in the 

case of deformation, and numerous chips.  As one might expect, the impeller wear test samples displayed 

a mixture of these behaviors.  Chips, deformation dents and protrusions, and scratching abrasion were all 

observed. 

The optical profilometry images shown in Sections 5.1.1-5.1.3 were selected based on the best 

representation of the average behavior displayed for each material condition and wear test, rather than 

from either end of the roughness spectrum as is the case in Figure 5.1. 
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(a) 

 
(b) 

Figure 5.1 Optical profilometry images from a single Q&P-190-30 impeller wear test sample taken 
at two locations: (a) and (b), to show the variability of wear.  
(color image - see PDF copy). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5.2 Characteristic optical profilometry images for each of the three wear tests for a 
Q&P-190-240 sample after (a) DSRW and (b) impeller, and (c) 301SS after Bond 
abrasion testing.  Note difference in scales.  (color image - see PDF copy). 
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5.1.1 DSRW Wear Surfaces 

Despite the difference in scale between the SEM micrographs [38] and the optical profilometry 

images, there are similarities in the data they provide.  The martensitic materials are addressed first.  

AR400F was selected due to its use as a reference material and has a tempered martensitic microstructure.  

The Q&T 9260 material enables comparison with the Q&P microstructures generated in the same alloy.  

The Q&P materials have a martensic matrix containing retained austenite.  A variety of hardness and 

retained austenite levels are present in the various Q&P samples.  Both austenitic materials were of 

interest in the hope of explaining their very different NVLs. 

Figure 5.3 contains a SEM micrograph and an optical profilometry image of an AR400F DSRW 

wear surface.  In the SEM micrograph, it can be seen that the lines of scratches are not all uniformly 

pointed in one direction, as indicated by arrows.  This may indicate that some form of fracture is 

occurring.  The lack of contrast indicates minimal topography from scratching.  In the optical 

profilometry topography map, scratch depth is not consistent along the length of each scratch.  Rather, 

there is variation in scratch depth parallel to the scratching direction.  The overall height variability 

observed for the AR400F DSRW condition is low to moderate. 

 
(a) 

 
(b) 

Figure 5.3 AR400F DSRW wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

Figure 5.4 contains a SEM micrograph and an optical profilometry image of a Q&T DSRW wear 

surface.  In the SEM micrograph, there appears to be some topography adjacent to the scratch lines 

(indicated by white arrow), indicated by the contrast in the image, and surface chipping is visible 

(indicated by black arrows).  In the optical profilometry map, some variation in scratch depth along the 

length of the scratches is present, as are some chips on the surface.  The overall height variability 

observed for the Q&T DSRW condition is moderate to large.  With a hardness of 654.4 ± 5.0 HV1, the 

Q&T DSRW samples had a NVL of 0.83 ± 0.02, compared with the 1.00 NVL of the reference material 

(AR400F), which had a hardness of 423.8 ± 3.9 HV1. 
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(a) 

 
(b) 

Figure 5.4 Q&T DSRW wear suface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

Figure 5.5 contains a SEM micrograph and an optical profilometry image of a Q&P-190-30 

DSRW wear surface.  The low level of contrast at the edges of scratches indicates microcutting (white 

arrow), while the scratches that deviate from running parallel to the scratching direction may indicate 

some microcracking.  There is also embedded abrasive present (black arrow), as evident by the lighter 

particles.  In the optical profilometry topography map, a majority of scratches shown are uniform in both 

scratching direction and depth along their length.  A few scratches display some degree of depth variation.  

The overall height variability observed for the Q&P-190-30 DSRW condition is moderate. 

 
(a) 

 
(b) 

Figure 5.5 Q&P-190-30 DSRW wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.6 contains a SEM micrograph and an optical profilometry image of a Q&P-190-240 

DSRW wear surface.  This Q&P sample has a bulk hardness of 409.4 ± 2.9 HV1 compared to 

706.2 ± 5.0 HV1 for the previous sample owing to the longer partitioning treatment.  It also exhibited an 

NVL of 0.87 ± 0.02 versus 0.57 ± 0.05 for the harder Q&P condition.  The SEM micrograph shows a mix 
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of microplowing and microcutting wear behaviors.  Microplowing scratches can be identified by the 

contrast adjacent to the scratch.  In the optical profilometry topography map, the scratches are extremely 

straight and uniform in both direction and depth.  The overall height variability observed for the 

Q&P-190-240 DSRW condition is moderate. 

 
(a) 

 
(b) 

Figure 5.6 Q&P-190-240 DSRW wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.7 contains a SEM micrograph and an optical profilometry image of a HF DSRW wear 

surface.  The SEM micrograph shows almost entirely microcutting.  Only one scratch shows contrast on 

the sides to indicate microplowing.  This would suggest that while microplowing is present, it is minimal, 

and the primary method of wear in this condition is microcutting.  The topography in the optical 

profilometry image is consistent with this observation, as the scratches are shallow but straight and 

uniform in both direction and depth, and the overall height variability observed for the HF DSRW 

condition is low. 

 
(a) 

 
(b) 

Figure 5.7 HF DSRW wear surface in (a) a SEM micrograph and (b) an optical profilometry image. 
(color image - see PDF copy). 
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Figure 5.8 contains a SEM micrograph and an optical profilometry image of a 301SS DSRW 

wear surface.  In the SEM micrograph, the wear behavior appears to be entirely composed of 

microplowing.  Contrast is visible at the edges of nearly all scratches.  In accordance with this, in the 

optical profilometry topography map there are significant depth variations along the scratching direction.  

The height variations are so large that individual abrasive lines are fairly indistinct; rather, there are bands 

of wear along the general scratching direction.  The overall height variability observed for the 301SS 

DSRW condition is quite large.  It should also be noted that the greatest NVL loss was observed for this 

material. 

 
(a) 

 
(b) 

Figure 5.8 301SS DSRW wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

The differences for the behaviors observed for the DSRW samples of HF and 301SS are of 

particular interest.  Despite being of nearly identical hardness values, 198.8 ± 5.8 and 198.7 ± 6.6 

respectively, their NVLs were quite different, at 0.58 ± 0.05and 1.68 ± 0.06 respectively.  The difference 

in the abrasive wear method each experienced, as evidenced by Figure 5.7 and Figure 5.8, may offer some 

explanation for this. 

5.1.2 Impeller Wear Surfaces 

Unlike the DSRW samples, multiple vertical scales were required in order to best display the 

information collected for the impeller wear test samples. 

Figure 5.9 contains a SEM micrograph and an optical profilometry image of an AR400F impeller 

wear surface.  The SEM micrograph shows primarily gouging wear (white arrows), with some presence 

of abrasive scratches (blue arrows).  There also seems to be embedded abrasive (black arrows).  The 

optical profilometry topography map also displays primarily gouging abrasion.  There are minimal 

abrasive scratches, but they are present.  A ±10 µm scale is necessary to display the topography of this 

sample, indicating that the overall height variability observed for the AR400F impeller condition is 

moderate.  While embedded abrasive may have had some effect on roughness measurements, based on 
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trends with the other impeller samples, said effect seems negligible. 

 
(a) 

 
(b) 

Figure 5.9 AR400F impeller wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

Figure 5.10 contains a SEM micrograph and an optical profilometry image of a Q&T impeller 

wear surface.  The SEM micrograph contains almost entirely abrasive scratches.  Some chipping is also 

present, but they are rather small (black arrows).  In the optical profilometry topography map, there is a 

combination of chips and abrasive scratches.  These scratches are relatively thin but long, and some 

impact locations are accompanied by adjacent material rise (deformation).  Only a ±3 µm scale is 

necessary to display the topography of this sample, indicating that the overall height variability observed 

for the Q&T impeller condition is low. 

 
(a) 

 
(b) 

Figure 5.10 Q&T impeller wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

Figure 5.11 contains a SEM micrograph and an optical profilometry image of a Q&P-190-30 

impeller wear surface.  In the SEM micrograph, there are primarily abrasive scratches, although they are 

not uniformly straight (white arrow).  This unsteady behavior appears to be accompanied by contrast at 

the edge, which may indicate deformation.  There may be abrasive embedded near the center of the 
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micrograph (black arrow).  In the optical profilometry topography map, there are primarily abrasive 

scratches, nearly all of which are in the rotation direction of the sample during the impeller wear test.  

There are a few chips as well, but there is no deformation associated with them.  Only a ±3 µm scale is 

necessary to display the topography of this sample, indicating that the overall height variability observed 

for the Q&P-190-30 impeller condition is low. 

 
(a) 

 
(b) 

Figure 5.11 Q&P-190-30 impeller wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.12 contains a SEM micrograph and an optical profilometry image of a Q&P-190-240 

impeller wear surface.  The SEM micrograph contains exclusively abrasive scratches.  It is also apparent 

where scratches have blended in to one another (black arrows).  In the optical profilometry topography 

map, there are clearly abrasive scratches, which are mainly in the rotation direction.  However, there are 

also gouges with adjacent material asperity.  The surface exhibits both of these.  A ±10 µm scale is 

necessary to display the topography of this sample, indicating that the overall height variability observed 

for the Q&P-190-240 impeller condition is moderate. 

 
(a) 

 
(b) 

Figure 5.12 Q&P-190-240 impeller wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 
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Figure 5.13 contains a SEM micrograph and an optical profilometry image of a HF impeller wear 

surface.  In the SEM micrograph, there are abrasive scratches present.  They are somewhat small as well 

as discrete in nature.  In the optical profilometry topography map, there are predominantly abrasive 

scratches, which are broad but not especially deep for their width.  A ±10 µm scale is necessary to display 

the topography of this sample, indicating that the overall height variability observed for the HF impeller 

condition is moderate. 

 
(a) 

 
(b) 

Figure 5.13 HF impeller wear surface in (a) a SEM micrograph and (b) an optical profilometry image.  
(color image - see PDF copy). 

 

Figure 5.14 contains a SEM micrograph and an optical profilometry image of a 301SS impeller 

wear surface.  The SEM micrograph displays large abrasive scratches.  They are both wide and deep, and 

significantly blend together (black arrow).  In the optical profilometry topography map, the abrasive 

scratches are almost entirely hidden by gouges.  The vertical scale of these is quite significant.  A ±20 µm 

scale is necessary to display the topography of this sample, indicating that the overall height variability 

observed for the 301SS impeller condition is large. 

 
(a) 

 
(b) 

Figure 5.14 301SS impeller wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 
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Under intermediate-impact wear conditions in the impeller wear test the Hadfield samples and the 

quench and tempered 9260 samples experienced similar amounts of wear, at 0.513 and 0.547 NVL 

respectively.  However, their wear surfaces, shown in Figure 5.15, differ greatly and are reflective of the 

different microstructures of these two steels.  The Hadfield steel sample appears to have experienced 

significant deformation at the surface while the Q&T sample’s surface is a combination of deformation 

and chips, and thus instead wore by a mix of abrasion and material chipping. 

 

 
(a) 

 
(b) 

Figure 5.15 Optical profilometry images taken from impeller wear test samples of (a) Hadfield and 
(b) 9260 Q&T.  Note difference in scales.  (color image - see PDF copy). 

 

 

5.1.3 Bond Abrasion Wear Surfaces 

Similar to the impeller samples, the Bond abrasion samples required more than one vertical scale 

to display the profilometry information. 

Figure 5.16 contains a SEM micrograph and an optical profilometry image of an AR400F Bond 

abrasion wear surface.  In the SEM micrograph, the surface seems quite uneven.  There appears to be 

significant chipping, with no indication of deformation (white arrows).  Embedded abrasive is present 

(black arrows).  In the optical profilometry topography map, there are clearly gouges.  There does not 

appear to be significant uprise adjacent to impact locations, which likely indicates chipping.  A ±50 µm 

scale is necessary to display the topography of this sample, indicating that the overall height variability 

observed for the AR400F Bond abrasion condition is large. 
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(a) 

 
(b) 

Figure 5.16 AR400F Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.17 contains a SEM micrograph and an optical profilometry image of a Q&T Bond 

abrasion wear surface.  There is topography present in the SEM micrograph which appears to be oriented 

in the same direction.  In the optical profilometry topography map, there are many minor vertical 

variations in both the positive and negative direction, in addition to one large depression.  Most of the 

large divots have material asperity nearby.  A ±30 µm scale is necessary to display the topography of this 

sample, indicating that the overall height variability observed for the Q&T Bond abrasion condition is 

moderate. 

 
(a) 

 
(b) 

Figure 5.17 Q&T Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.18 contains a SEM micrograph and an optical profilometry image of a Q&P-190-30 

Bond abrasion wear surface.  There is scratching abrasion shown in the SEM micrograph (white arrow).  

There are large amounts of topography, indicated by image contrast.  This is not oriented in a particular 

direction.  There is embedded abrasive present (black arrow).  In the optical profilometry topography 

map, neither rises nor depressions are particularly large.  The surface is relatively flat with a ±30 µm scale 

easily able to display the topography of this sample. 
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(a) 

 
(b) 

Figure 5.18 Q&P-190-30 Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

 

Figure 5.19 contains a SEM micrograph and an optical profilometry image of a Q&P-190-240 

Bond abrasion wear surface.  In the SEM micrograph, both gouging and scratching abrasion behaviors are 

present.  There are a few abrasive scratches (white arrows), while the remainder of the surface shown in 

the micrograph is irregular.  There is embedded abrasive present (black arrow).  In the optical 

profilometry topography map, the magnitude of the asperities and depressions is reasonably small on the 

length-width plane, but moderate to large on the height scale (i.e. not broad, but tall/deep).  A ±30 µm 

scale is able to display the topography of this sample, but the overall height variability observed for the 

Q&P-190-240 Bond abrasion condition is moderate to large. 

 
(a) 

 
(b) 

Figure 5.19 Q&P-190-240 Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 

Figure 5.20 contains a SEM micrograph and an optical profilometry image of a HF Bond abrasion 

wear surface.  In the SEM micrograph, there is a combination of scratching and gouging abrasion 

behaviors.  The embedded abrasive (black arrows) appears to have caused adjacent asperity (white 

arrows).  Away from this embedded abrasive there is scratching abrasion present (blue arrows).  In the 
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optical profilometry topography map, there are predominantly small depressions, and a few large rises.  

Large depressions tend to be broad rather than deep, while large rises tend to be tall rather than wide.  A 

±30 µm scale is necessary to display the topography of this sample, indicating that the overall height 

variability observed for the HF Bond abrasion condition is moderate. 

 
(a) 

 
(b) 

Figure 5.20 HF Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical profilometry 
image.  (color image - see PDF copy). 

 

Figure 5.21 contains a SEM micrograph and an optical profilometry image of a 301SS Bond 

abrasion wear surface.  In the SEM micrograph, there is significant scratching abrasion visible (white 

arrows), which is oriented in a single direction.  This surface appears to also have suffered numerous 

impacts.  There is embedded abrasive present (black arrows).  In the optical profilometry topography 

map, asperities and depressions are near equal in size for both width and height/depth, respectively.  They 

are predominately small, but for the few exceptions, the height of the rises appears equivalent to the depth 

of the depression.  A ±30 µm scale is necessary to display the topography of this sample, indicating that 

the overall height variability observed for the 301SS Bond abrasion condition is moderate. 

 
(a) 

 
(b) 

Figure 5.21 301SS Bond abrasion wear surface in (a) a SEM micrograph and (b) an optical 
profilometry image.  (color image - see PDF copy). 
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Optical profilometry images for all examined samples not shown here can be found in 

APPENDIX A. 

5.1.4 Quantitative Roughness Measurements 

The roughness measurements produced by the optical profilometer for the examined DSRW wear 

test samples are tabulated by alloy and heat treatment in Table 5.1, which contains the measurements for 

the DSRW wear test samples as well as their NVL.  All reported error values are standard deviations.  

Table 5.2 and Table 5.3 contain the same for the impeller and Bond abrasion wear test samples, 

respectively.  Before wear testing, samples had been ground to an average surface roughness (Ra) of 

0.41 µm (16 µin) [38]. 
 

Table 5.1 – Surface Roughness Measurements and Normalized Volume Loss of DSRW Wear Test Samples 

Designation Ra (μm) Rq (μm) Rz (μm) Rt (μm) NVL [38] 
Q&T 0.62 ± 0.16 0.77 ± 0.20 10.44 ± 3.44 18.63 ± 7.04 0.83 ± 0.02 

Q&P-150-30. 0.55 ± 0.09 0.68 ± 0.11   6.23 ± 1.01 12.38 ± 2.50 0.51 ± 0.07 
Q&P-150-240 0.48 ± 0.13 0.59 ± 0.15   5.81 ± 1.87   9.49 ± 4.34 0.86 ± 0.04 
Q&P-150-900 0.44 ± 0.06 0.56 ± 0.08   7.04 ± 1.01 12.29 ± 2.56 0.94 ± 0.07 
Q&P-190-30. 0.52 ± 0.16 0.65 ± 0.18   5.70 ± 1.17   9.80 ± 3.45 0.57 ± 0.05 
Q&P-190-240 0.54 ± 0.11 0.67 ± 0.14   6.49 ± 2.79 10.27 ± 5.02 0.87 ± 0.02 

HF 0.40 ± 0.06 0.50 ± 0.07   4.25 ± 1.18   5.79 ± 3.11 0.58 ± 0.05 
301SS 0.89 ± 0.60 1.10 ± 0.69 25.09 ± 7.98 38.78 ± 9.27 1.68 ± 0.06 

AR400F 0.46 ± 0.11 0.59 ± 0.13 10.34 ± 5.86   18.60 ± 10.40 1 
 

 

Table 5.2 – Surface Roughness Measurements and Normalized Volume Loss of Impeller Wear Test Samples 

Designation Ra (μm) Rq (μm) Rz (μm) Rt (μm) NVL [38] 
Q&T 0.66 ± 0.09 0.96 ± 0.18 19.90 ± 7.65 34.70 ± 13.56 0.55 ± 0.05 

Q&P-190-30 0.47 ± 0.19 0.67 ± 0.30 19.05 ± 9.94 35.88 ± 21.24 0.37 ± 0.10 
Q&P-190-240 2.34 ± 0.96 3.05 ± 1.22 33.77 ± 9.16 49.53 ± 14.63 0.73 ± 0.05 

HF 2.11 ± 0.56 2.69 ± 0.70 34.04 ± 5.78 46.33 ± 8.24 . 0.51 ± 0.06 
301SS 8.03 ± 1.64 10.01 ± 2.20 . 63.00 ± 3.55 79.75 ± 3.31 . 1.33 ± 0.11 

AR400F 2.25 ± 0.14 2.95 ± 0.32 27.09 ± 0.51 32.87 ± 1.63 . 1 
 

 

Table 5.3 – Surface Roughness Measurements and Normalized Volume Loss of Bond Abrasion Wear Test 
Samples 

Designation Ra (μm) Rq (μm) Rz (μm) Rt (μm) NVL [38] 
Q&T 5.76 ± 0.70 7.67 ± 1.05 94.08 ± 12.80 102.50 ± 11.85 1.31 ± 0.07 

Q&P-190-30 4.14 ± 0.23 5.45 ± 0.33 80.30 ± 3.92 . 95.64 ± 6.21 1.11 ± 0.05 
Q&P-190-240 7.94 ± 1.76 10.06 ± 2.12 . 91.38 ± 2.95 . 97.83 ± 0.87 1.14 ± 0.06 

HF 7.09 ± 0.85 8.95 ± 0.95 77.82 ± 7.69 . 95.78 ± 2.28 0.96 ± 0.09 
301SS 7.20 ± 1.36 9.18 ± 1.65 90.78 ± 5.34 . 110.86 ± 5.60 . 1.12 ± 0.09 

AR400F 8.58 ± 1.38 10.95 ± 1.76 . 85.85 ± 6.69 . 93.99 ± 3.75 1 
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The natural logarithms of the four roughness measurements were used for graphing purposes, and 

plots are shown in Figure 5.22 through Figure 5.29.  When plotted against hardness, a relationship with 

the average surface roughness measurement (Ra) became evident.  The roughness measurements versus 

hardness graphs for the DSRW wear test samples are presented in Figure 5.22.  The same for the impeller 

and Bond abrasion wear test samples can be seen in Figure 5.23 and Figure 5.24, respectively.  Error bars 

indicate one standard deviation. 

The average surface roughness measurements gathered from the DSRW specimens of 301 

stainless steel gave large values for both average and standard deviation.  While some of the 

measurements fell in the expected range, many were quite large.  The only 301SS roughness 

measurements that had variabilities similar to the others were Rz and Rt.  The average values for these 

were however still quite large. 

 
 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 5.22 Hardness versus the natural logarithm of surface roughness measurements of DSRW 
wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars indicate one standard 
deviation.  Note difference in scales. 
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 (a)  (b) 

 (c)  (d) 

Figure 5.23 Hardness versus the natural logarithm of surface roughness measurements of impeller 
wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars indicate one standard 
deviation.  Note difference in scales. 
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 (a)  (b) 

 (c)  (d) 

Figure 5.24 Hardness versus the natural logarithm of surface roughness measurements of Bond 
abrasion wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars indicate one 
standard deviation.  Note difference in scales. 
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Figure 5.25 contains a compilation of the three average surface roughness versus hardness plots 

and their trendlines.  This relationship is clearly negative for the intermediate and high-impact conditions 

of the impeller and Bond abrasion wear tests. 

Microcracking or abrasive scratching with significant associated deformation (microplowing) 

would both result in greater surface roughness than microcutting.  This matches the observations made in 

Section 5.1.1, where the DSRW 301SS suffered significant microplowing deformation, while the Q&T 

sample appeared to have some form of microcracking occurring.  A mix of microcutting with either 

microcracking or microplowing was associated with intermediate roughness, as in the case for DSRW 

samples of Q&P-190-30 and Q&P-190-240, respectively.  The least rough DSRW sample was the HF, 

which was worn primarily through microcutting alone.  Further discussion of the surface effects of 

scratching abrasion can be found in Section 5.3. 

For the two tests with impact conditions, the average surface roughness decreased with increased 

hardness.  In the impeller samples, observations from Section 5.1.2 suggest that increased roughness was 

measured in samples which were more prone to deformation.  The reasons behind the trend in the Bond 

abrasion samples were less clear. 

 

 
 (a) 

 
 (b) 

Figure 5.25 Hardness versus the natural logarithm of average surface roughness of wear test samples 
from (a) DSRW, (b) impeller, and (c) Bond abrasion.  Error bars indicate one standard 
deviation.  Note difference in scales. 
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Figure 5.25 continued 
 

 
 (c) 

Figure 5.25 Hardness versus the natural logarithm of average surface roughness of wear test samples 
from (a) DSRW, (b) impeller, and (c) Bond abrasion.  Error bars indicate one standard 
deviation.  Note difference in scales. 

 

The natural logarithms of the four roughness measurements were also plotted against the 

normalized volume loss of the materials. The roughness measurements versus NVL graphs for the DSRW 

wear test samples are presented in Figure 5.26. The same for the impeller and Bond abrasion wear test 

samples can be seen in Figure 5.27 and Figure 5.28, respectively.  For the DSRW and Bond abrasion 

samples especially, there was no clear relationship between Ra and NVL.  However, the Rz measurement 

produced a relationship for all three of the wear tests, as can be seen in Figure 5.29.  This is of particular 

importance because Ra is the most commonly used roughness measurement, and for relating roughness to 

wear volumes, these results suggest that Ra is inferior to Rz.  As discussed previously, Ra is the average 

value of all vertical deviations from the surface midline while Rz is the average of only the five largest 

deviations for both the positive and the negative vertical directions.  A more detailed explanation of 

roughness terms can be found in Section 2.5. 
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 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 5.26 Normalized volume loss versus the natural logarithm of surface roughness measurements 
of DSRW wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars indicate one 
standard deviation.  Note difference in scales. 
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 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 5.27 Normalized volume loss versus the natural logarithm of surface roughness measurements 
of impeller wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars indicate 
one standard deviation.  Note difference in scales. 
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 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

Figure 5.28 Normalized volume loss versus the natural logarithm of surface roughness measurements 
of Bond abrasion wear test samples for (a) Ra, (b) Rq, (c) Rz, and (d) Rt.  Errors bars 
indicate one standard deviation.  Note difference in scales. 
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Unlike the trends in Figure 5.25 for Ra versus hardness, the Rz trendlines in Figure 5.29 all travel 

in the same direction: as Rz increases, NVL does as well.  Agreement between the two decreases as 

roughness increases, indicated by decreased R2 values.  As Rz is only the five largest vertical maximums 

and minimums, it is more sensitive to the extremes which occur on the wear surface.  It is also significant 

that while the 301SS DSRW Ra measurements were so far off of what would be predicted by the 

trendline, in the case of Rz measurements, it is decidedly in the expected location. 

 

 (a)  (b) 

 
 (c) 

Figure 5.29 Normalized volume loss versus the natural logarithm of Rz surface roughness 
measurements of wear test samples from (a) DSRW, (b) impeller, and (c) Bond abrasion.  
Errors bars indicate one standard deviation.  Note difference in scales. 
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5.2 Nanoindentation 

Nanoindentation was performed in the interest of characterizing hardening behavior immediately 

beneath wear surfaces, with the goal being to link this information to the NVL results, in order to better 

understand the microstructural reasons for improved or deleterious wear behavior.  Data originates from a 

grid formed by five hardness traverses.  Average and standard deviation for measurements at each depth 

beneath the wear surface are plotted in Figure 5.30 through Figure 5.32.  Invalid indents were excluded.  

Indents could be invalidated by violating half space due to insufficient material beneath the indent, 

insufficient sample edge retention, or indents for which the software algorithms were unable to extract all 

relevant data. 

Of the nanoindentation hardness profiles, Figure 5.30 displays the hardness versus depth curves 

for the DSRW, impeller, and Bond abrasion samples in the martensitic materials, AR400F and Q&T.  In 

this and the following Figures, the wear surface is situated to the left hand side of the graphs, and the first 

indents were placed at 5 µm adjacent to the wear surface.   

By definition AR400F always had a NVL of 1.00, because it was the reference material against 

which volume losses in each test were compared, and thus its hardening behavior is especially of interest.  

As can be seen in Figure 5.30a, the intermediate and high impact condition wear tests were associated 

with an increase in hardness.  No statistically significant change in hardness can be said to be present in 

the DSRW sample.  The observed hardness increases are localized to the surface.  In the case of the 

impeller sample, hardness returned to the baseline by a depth of 20 µm, and the same is seen in the Bond 

abrasion sample at approximately 50 µm from the surface. 

Hardness increases in the intermediate and high impact condition were also found in the Q&T 

material.  However, in this material the increased hardness was not so closely associated with the surface, 

indicating that in the Q&T, hardening extended to a considerably greater depth than observed in the 

AR400F, and thus the depth to which hardening extended as well as base hardness were not captured in 

these data sets.  It is also of note that the intermediate impact condition resulted in a higher hardness than 

the high impact condition.  This is interesting, as the Q&T impeller wear test sample exhibited clear 

chipping (Figure 5.10), while none was discerned in the Bond abrasion wear test sample (Figure 5.17). 

In Figure 5.31 on page 66, results are shown for the Q&P materials in the order of decreasing 

material bulk hardness.  Despite a bulk hardness difference of approximately 60 HV1 between 

Q&P-190-30 and Q&P-150-30, nanoindentation hardness values show no significant hardness difference 

(Figure 5.31a and b).  It is also evident that the range and experimental scatter of hardness values found 

make it difficult to draw decisive conclusions. 
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 (a) 

 
 (b) 

Figure 5.30 Hardness profiles for DSRW, impeller, and Bond abrasion samples in the martensitic 
materials (a) AR400F and (b) Q&T, measured by nanoindentation.  Error bars indicate 
one standard deviation.  Note the difference in scale. 

 

Although there is too much scatter in Figure 5.31 to draw specific conclusions about hardening as 

a result of any individual wear test, the range of hardness values measured can be analyzed.  The results 

for the Q&P samples of similar hardness to the Q&T condition are shown in Figure 5.31a and b.  These 

hardness measurements fall in the range of 6-10 GPa, while the Q&T fell between 8-9 GPa for DSRW 

and 12-14 GPa for impeller and Bond abrasion.  Therefore, more hardening is observed for the Q&T 

impeller and Bond abrasion samples, although no retained austenite is present.  It is also quite interesting 

that the intermediate impact condition appears to fall at the lower end of hardness measurements in all the 

Q&P materials, while in Figure 5.30, the Q&T impeller sample demonstrated the highest hardness.  The 

relative hardness values of these samples is significant because the Q&P impeller samples with less 

hardening than the Q&T impeller sample also demonstrated less wear (lower NVL) than the Q&T 

impeller samples. 

One can discern an increased hardness in the Bond abrasion sample of the Q&P-190-240, 

compared with the DSRW and impeller samples.  This is the Q&P condition with the largest amount of 

RA, namely 24.9 vol% versus ≈15-20 vol% in the other samples, and lowest bulk hardness of those 

subjected to all three wear tests.  It demonstrated improved wear resistance in DSRW and impeller, but 

not in Bond abrasion (NVL of 0.87 ± 0.02, 0.73 ± 0.05, and 1.14 ± 0.06, respectively).  As expected, the 

hardness increase appears to gradually decrease with increased sample depth. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.31 Hardness profiles for DSRW, impeller, and Bond abrasion samples in the Q&P materials. 
(a) Q&P-190-30 (b) Q&P-150-30, and (c) Q&P-190-240, measured by nanoindentation.  
Error bars indicate one standard deviation. 

 

Hardness profiles for the austenitic materials are shown in Figure 5.32.  There are significant 

differences between the hardening behaviors displayed by these two alloys.  The 301SS hardness profiles 

show minimal but detectable surface hardening in the DSRW sample, more hardening to a somewhat 

deeper extent in the impeller sample, and most hardening extending to the greatest depth (in this case 
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beyond the testing regime) in the Bond abrasion sample.  These hardness increases were linked to 

improvements in wear performance, with DSRW, impeller, and Bond abrasion NVLs of 1.68 ± 0.06, 

1.33 ± 0.11, and 1.12 ± 0.09, respectively.  Unfortunately, these are inferior NVL values, as the DSRW 

and impeller NVL are the largest wear volumes observed for any sample in each of those wear tests and 

greater than 1.00 under the Bond abrasion conditions. 

Conversely, the HF steel, which is of equivalent base hardness to the 301SS, displays no 

significant hardening for the DSRW or impeller conditions, despite having superior NVLs of 0.58 ± 0.05 

and 0.51 ± 0.06, respectively.  The Bond abrasion sample did demonstrate significantly increased 

hardness, which gradually decreased along the examined depth.  However, this did not lead to an 

improvement in NVL.  Rather, the HF Bond abrasion sample exhibited an NVL of 0.96 ± 0.09.  It appears 

that a surface hardness increase is not responsible for the HF steel’s superior wear performance. 

The trends exhibited by the HF in Figure 5.32a are of particular interest, as they are comparable 

to those in the Q&P-190-240 in Figure 5.31c.  The DSRW and impeller samples show no significant 

change in hardness, while the Bond abrasion sample showed a large hardness increase, which gradually 

decreased along the examined depth.  The consistency between observed hardness profile trends and wear 

behavior is further supported by the NVL behavior in the HF DSRW, impeller, and Bond abrasion 

samples shown in Table 5.1 through Table 5.3: an increase in hardening at the surface appears to be 

associated with a decrease in wear performance, as was the case for the Q&P-190-240. 
 

 
 (a) 

 
 (b) 

Figure 5.32 Hardness profiles for DSRW, impeller, and Bond abrasion samples in the austenitic 
materials (a) HF and (b) 301SS, measured by nanoindentation.  Error bars indicate one 
standard deviation. 
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Due to its brittle nature, the WQ condition was not investigated by the intermediate and high 

impact wear tests in the prior work.  Furthermore, the WQ samples are unlikely to exhibit significant 

work-hardening.  Therefore, with no samples for a DSRW hardness profile to be compared against and no 

hardness change likely to be observed regardless, nanoindentation testing was not conducted on the WQ 

sample.  However, as DSRW samples for the WQ condition were available for comparison, scratch 

testing was performed on the WQ condition. 

5.3 Scratch Testing 

The tight variable controls of scratch testing allow investigation into the effects of a single 

variable; in this case, load.  The LOMs permit a qualitative analysis of scratching behavior.  Ideally, 

scratch depth information could be provided by the scratch testing equipment itself.  However, the data 

output by the CSM Micro-Combi was inconsistent with observations made from the scratches themselves.  

Graphs demonstrating this can be found in APPENDIX B.  As further data gathering measures were 

necessary, optical profilometry was performed.  This gave information not only about the scratch depths, 

but regarding the effects scratching had on the surrounding surface.  The optical profilometry data was 

used to determine scratch hardness as well as specific scratch wear rate, as detailed in Section 2.4.3. 

5.3.1 Light Optical Microscopy 

LOM micrographs for each scratch load and material are shown in Figure 5.33-Figure 5.42.  The 

scratch at 10 N in the WQ sample is narrow, with no evidence of features of interest, such as spalling, 

chipping, debris, etc.  The 20 N scratch, however, caused a crack to form in the material along the entire 

length of the scratch at a distance of approximately 200 µm.  Cracking was exacerbated in the 30 N load 

scratching condition.  In Figure 5.33c, the crack bifurcates multiple times, rather than running linearly as 

a single crack as in Figure 5.33b.  The WQ condition has a hardness of 813.6 HV1, but is susceptible to 

cracking, which can ultimately lead to faster wear rates. 

 

 
(a) 

 
(b) 

Figure 5.33 LOM micrographs of scratches in the WQ sample using (a) 10 N, (b) 20 N, and (c) 30 N.  
Hardness of 813.6 ± 8.2 HV1. 
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Figure 5.33 continued 
 

 

(c) 

Figure 5.33 LOM micrographs of scratches in the WQ sample using (a) 10 N, (b) 20 N, and (c) 30 N.  
Hardness of 813.6 ± 8.2 HV1. 

 

The Q&T condition is softer than the WQ sample, with a hardness of 654.4 HV1, which is 

reflected in the size of the scratches in Figure 5.34 compared with those in Figure 5.33.  However, 

tempering has also allowed chips to form along the length of the 20 and 30 N scratches, rather than the 

formation of large cracks as seen above.  More chipping is present at 30 N than at 20 N. 

 

 

 
(a) 

 
(b) 

(c) 

Figure 5.34 LOM micrographs of scratches in the Q&T sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 654.4 ± 5.0 HV1. 

 

The scratch size and behavior in the AR400F, shown in Figure 5.35, continues this trend with a 

wider scratch in this softer martensitic microstructure and more chipping present in the 20 N sample.  The 

30 N sample has both chipping as seen at 20 N and what appears to be deformation at the scratch edges. 
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(a) 

 
(b) 

 

(c) 

Figure 5.35 LOM micrographs of scratches in the AR400F sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 423.8 ± 3.9 HV1. 

 

LOM micrographs of the scratches in the Q&P samples are shown in Figure 5.36-Figure 5.40, in 

order of decreasing hardness.  The two hardest samples (≈ 650-700 HV1) appear similar to one another at 

both loads.  It is of note that despite being harder than the Q&T sample, neither Q&P sample exhibited 

significant chipping.  Some minor chipping is present in these harder samples under the 30 N load 

scratching condition. 

 

 
(a) 

 
(b) 

(c) 

Figure 5.36 LOM micrographs of scratches in the Q&P-190-30 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 706.2 ± 5.0 HV1. 
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(a) 

 
(b) 

(c) 

Figure 5.37 LOM micrographs of scratches in the Q&P-150-30 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 648.8 ± 12.6 HV1. 

 

The three softer Q&P samples (≈ 375-410 HV1) in Figure 5.38-Figure 5.40 also appear similar to 

one another at each load and did not exhibit chipping, even at 30 N.  The edges of the scratches in these 

three Q&P conditions are less defined than those of the harder two Q&P conditions.  The scratches in 

Figure 5.38-Figure 5.40 have edges which are feathery in nature, indicating deformation.  As expected, 

scratch width increased with increased load and with decreased hardness. 

 

 
(a) 

 
(b) 

(c) 

Figure 5.38 LOM micrographs of scratches in the Q&P-190-240 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 409.4 ± 2.9 HV1. 
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(a) 

 

 

(b) 

 
 

(c) 

Figure 5.39 LOM micrographs of scratches in the Q&P-150-240 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 398.2 ± 8.6 HV1. 

 

 
(a) 

 
(b) 

(c) 

Figure 5.40 LOM micrographs of scratches in the Q&P-150-900 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 375.3 ± 4.4 HV1. 

 

The scratches in the austenitic materials have a much different appearance, as can be seen in 

Figure 5.41 and Figure 5.42.  The sizes of the scratches at each load were similar for both alloys.  The 

deformation adjacent to the scratches was inconsistent and seems to have caused the stylus to be pushed 

from side to side during scratching.  Although both austenitic alloys exhibited obvious deformation 
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adjacent to the scratches, it was much more pronounced in the HF.  The higher magnification images 

included in Figure 5.41c show deformation features near the scratch which may be indicative of slip lines 

or associated with twinning. 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 5.41 LOM micrographs of scratches in the HF sample using (a) 10 N, (b) 20 N, and (c) 30 N.  
Hardness of 198.8 ± 5.8 HV1. 

 

Differences between the scratching behaviors observed in these two materials are of particular 

interest, as some indication towards the reason behind the difference in NVL for all three wear tests is 

desired.  NVL differences cannot be associated with hardness, as those are equivalent, or austenite 

content, as they are both austenitic materials.  A comparison between the HF and the 301SS samples 

under the largest scratching load, and thus the largest deformation features, reveals significant differences.  

While the slip lines in the HF (Figure 5.41c) are continuous in nature, allowing curvature within the 

deformation, the deformation observed in the 301SS (Figure 5.42c) is decidedly jagged.  It is abrupt, with 

straight lines and sharp corners.  Results of preliminary investigation by EBSD of a 10 N scratch in 

Hadfield steel can be found in APPENDIX C. 
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(a) 

 
(b) 

 

 
(c) 

Figure 5.42 LOM micrographs of scratches in the 301SS sample using (a) 10 N, (b) 20 N, and 
(c) 30 N.  Hardness of 198.7 ± 6.6 HV1. 

 

Additional LOM micrographs of scratches can be found in APPENDIX D. 

5.3.2 Scratch Profiles 

Scratch profiles were measured using optical profilometry and displayed certain behavioral trends 

within microstructural categories.  The martensitic microstructures, shown in Figure 5.43-Figure 5.45, 

displayed abrupt peaks adjacent to the scratch valley.  This may be linked to the minimal strain hardening 

exhibited by martensitic microstructures.  Due to averaging, these peaks are less abrupt in the samples 

where chipping was present, as illustrated in Figure 5.44c.  Conversely, the peaks are most abrupt in the 

WQ condition, as energy was absorbed by cracking, rather than chipping as in the other two martensitic 

materials.  The magnitude of the peaks and valleys appears to increase as hardness decreases and as more 

load is applied.  The crack adjacent to the 20 N scratch in the WQ sample, shown in Figure 5.33b, is 

evident in the profile of this scratch as a ledge at approximately 40 µm in Figure 5.43b.  The same is true 
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for the 30 N condition in Figure 5.33c and Figure 5.43c.  The nonlinear nature of the crack is also evident 

in the way the average scratch profile is discontinuous. 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.43 Scratch profiles for the WQ sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.44 Scratch profiles for the Q&T sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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            (a)       

 
                (b) 

 

 
 (c) 

 Figure 5.45 Scratch profiles for the AR400F sample at (a) 10 N, (b) 20 N, and (c) 30 N.  

 

The profiles of the scratches shown in Figure 5.46-Figure 5.50 for the Q&P conditions are 

displayed in order of decreasing material hardness, shown in Table 3.3.  As was observed for the 

martensitic materials, the scratch size generally increases as hardness decreases for the Q&P samples as 

well.  However, as compared with the abrupt transition from unaffected surface to scratch deformation 

observed in the martensitic microstructures, the transition is more gradual in the Q&P samples.  This is 

most evident when compared against samples of similar hardness values, such as those shown in 

Figure 5.44 and Figure 5.46, containing scratch profiles for the Q&T and the Q&P-190-30, respectively.   

Although not of the same chemistry, by comparing the AR400F scratch profiles in Figure 5.45 

with those of the Q&P-190-240 in Figure 5.48, similar behavior can be observed, as they are both of a 

similar hardness (≈410-425 HV1).  Within the Q&P microstructures, the peak to unaffected surface 

transition becomes more gradual as hardness decreases.  A detailed examination of Figure 5.46 through 

Figure 5.50 affirms this. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.46 Scratch profiles for the Q&P-190-30 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.47 Scratch profiles for the Q&P-150-30 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.48 Scratch profiles for the Q&P-190-240 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.49 Scratch profiles for the Q&P-150-240 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
 



 77 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.50 Scratch profiles for the Q&P-150-900 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

The profiles for the austenitic materials exhibit certain unique characteristics.  Although similar in 

size, at each load the HF scratches were consistently slightly larger in both depth and cross-sectional area, 

despite being of near equal bulk hardness.  This is especially interesting given that HF exhibited 

considerably less wear than 301SS during DSRW, impeller, and Bond abrasion tests.  The significant 

deformation adjacent to the scratches in HF may offer some explanation for this.  The transition from 

unaffected surface to scratch deformation is extremely gradual.  This is likely due to the propensity of 

these austenitic alloys to strain harden significantly.  The rough nature of these profiles, most evident in 

Figure 5.51b, corresponds to the irregular material deformation adjacent to the scratches, seen in 

Figure 5.41 and Figure 5.42. 

 
 (a) 

 
 (b) 

 
 (c) 

Figure 5.51 Scratch profiles for the HF sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.52 Scratch profiles for the 301SS sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

 

In Figure 5.53 six scratch profiles are shown with the same vertical scale, for comparison 

purposes.  The scratches in the WQ sample (Figure 5.53a) as well as in the Q&T (Figure 5.53c) have the 

abrupt transition from scratch to unaffected surface characteristic of the martensitic microstructures.  

Compared with the Q&T (Figure 5.53c), Q&P-190-30 (Figure 5.53e) has a more gradual transition from 

scratch deformation to unaffected surface.  These harder materials in the left column of Figure 5.53 have 

shallower scratches than those in the right column.  As Q&P-190-240 is not as hard as Q&P-190-30, the 

scratch in the Q&P-190-240 (Figure 5.53b) is deeper, and the gradual transition from scratch deformation 

to unaffected surface can be seen more easily.  The HF and 301SS, in Figure 5.53d and Figure 5.53f 

respectively, are of near identical hardness.  This is reflected in the depth of the scratches in both of these 

materials.  Both also display an extremely gradual transition from scratch deformation beside the scratch 

to unaffected surface.  However, the HF has not only a very gradual transition from unaffected surface to 

scratch deformation, the transition from the scratch to the deformation beside the scratch is also gradual.  

Conversely, in the case of the 301SS, the scratch is separated from the deformation adjacent to it by rather 

sharp peaks, highlighting that there are differences between the deformation mechanisms in HF and 

301SS, as also evident by the LOM micrographs of the regions adjacent to the scratches in both materials, 

seen in Figure 5.41 and Figure 5.42 respectively. 
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 (a) 

 
 (b) 

 
 (c) 

 
 (d) 

 
 (e) 

 
 (f) 

Figure 5.53 Scratch profiles for (a) WQ, (b) Q&P-190-240, (c) Q&T, (d) HF (e) Q&P-190-30 , and 
(f) 301SS at 30 N. 

 

Additional scratch profiles can be found in APPENDIX E. 

 

In Figure 5.54 the previously determined wear rates by Dry Sand/Rubber Wheel (DSRW), 

impeller, and Bond abrasion testing are plotted against scratch hardness values obtained using optical 

profilometry data and Equation 2.6.  Trends similar to those seen in the prior work [38], as discussed in 

Section 3.1, between wear rates and Vickers hardness were observed (Figure 3.1).  This is consistent with 

the relationship observed between scratch hardness and Vickers hardness, shown in Figure 5.55. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.54 Normalized volume loss versus scratch hardness for materials wear tested by (a) Dry 
Sand/Rubber Wheel, (b) impeller–tumbler impact–abrasion, and (c) Bond abrasion [38].  
Error bars represent standard deviation. 
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Figure 5.55 Scratch hardness versus Vickers indent hardness.  Error bars represent standard deviation. 

 

A strong correlation between specific scratch wear rate (wss), calculated using Equation 2.7, and 

hardness (HV1) was found to exist for all three scratch testing conditions.  The results, and fit curve, 

equation, and coefficient of determination, are shown in Figure 5.56.  Despite being determined 

empirically, certain limited conclusions can be drawn.  Specific scratch wear rate and hardness are 

inversely related.  This relationship appears to be exponential decay.  The distinction between scratch 

wear rate and specific scratch wear rate is that ‘specific’ is normalized by load.  This makes the 

differences between the graphs in Figure 5.56 of particular interest.  With increased scratch size, the 

variance in scratch size also increased.  Between 10 and 20 N, wss increased for all materials, regardless of 

hardness.  However, between 20 and 30 N, only the 9260 materials continued to display a difference.  

This was also regardless of hardness, or microstructure. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 5.56 Specific scratch wear rate versus hardness for (a) 10 N, (b) 20 N, and (c) 30 N. 

 

Comparisons can now be made regarding the complete set of data.  The scratches made at 30 N 

appear to have the most similar behavior to that observed in the DSRW wear test samples.  Although 

there are obvious differences between the singular nature of scratch testing and the repetition of the 

DSRW wear test, the wear present in DSRW is primarily scratching abrasion.  It is difficult to make 

decisive conclusions regarding the influence of repetition, or subsequent scratching, without first 

identifying the effects of a single scratch. 
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The Q&T condition showed some deformation as well as chips, and a moderate to large 

roughness in Figure 5.4.  The LOM micrographs of scratches in this material (Figure 5.34) reveal distinct 

chips as well as increased amounts of deformation beside the scratch as scratching load increased.  This 

chipping is evident in the inconsistency in the scratch profile for this sample in Figure 5.44. 

The Q&P-190-30 exhibited a mix of microcutting and microcracking behaviors in Figure 5.5, as 

well as embedded abrasive, and only had an intermediate level of roughness.  The 30 N scratching load 

was sufficient to cause a small amount of chipping, as can be seen in Figure 5.36, however the behavior 

adjacent to the scratch primarily exhibited deformation.  The chipping was not enough to cause any 

inconsistencies in the scratch profile (Figure 5.46).  Scratch profiles in this heat treated condition of 9260 

are less wide and less deep than was observed in the Q&T condition. 

The AR400F likely experienced a small amount of microcracking, although no obvious chips 

remained on the surface examined in Figure 5.3.  The roughness was only small to moderate.  Under the 

30 N scratching load chipping was observed, seen in Figure 5.35.  These chips were not distinct from the 

scratch deformation, however, but were rather still incorporated with it.  This may be the reason for the 

rather jagged behavior observed inside the scratch profiles in Figure 5.45. 

The Q&P-190-240 demonstrated a mix of microcutting and microplowing behaviors, but 

consistent scratch depths and only a moderate roughness, in Figure 5.6.  The LOM micrographs for this 

Q&P condition (Figure 5.38) showed deformation from the 30 N scratching load, and unlike in the harder 

Q&P-190-30, no chipping occurred.  Perhaps more significant is the comparison with the behavior 

observed in the AR400F, which is similar in hardness to the Q&P-190-240 condition.  For both scratch 

size (depth and width) and DSRW NVL, the Q&P-190-240 was slightly superior.  The scratch profiles 

(Figure 5.48) also show differences.  While the AR400F in Figure 5.45 has an abrupt transition from 

scratch affected to unaffected surface, the Q&P-190-240 demonstrates a more gradual transition, which is 

easier to distinguish than in the comparison between Q&T and Q&P-190-30. 

The HF displayed primarily microcutting with minimal deformation visible and shallow scratches 

of consistent depth, and thus a rather small roughness, in Figure 5.7.  The LOM micrographs of scratches 

in this material (Figure 5.41) demonstrate some rather interesting behaviors.  The 20 and 30 N scratches 

are nearly the same size.  The deformation beside the scratches, however, runs more parallel to the 30 N 

scratch than in the 20 N scratch, in which the deformation is more prone to distinct flares outward from 

the scratch.  The 301SS displayed some similarity to the HF, insofar as the 20 and 30 N scratches were 

similar in size.  There was noticeably more deformation adjacent to the scratch in Figure 5.42, rather than 

merely a morphology change in the deformation.  This is consistent with the hardening observed in the 

301SS, and the lack of hardening exhibited by the HF, as measured by nanoindentation, which can be 

seen in Figure 5.32.  The scratch profiles of these two materials, seen in Figure 5.51 and Figure 5.52, also 
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display certain differences.  Scratches in 301SS have sharp peaks between the inside of the scratch and 

the deformed regions on the sides.  HF, however, not only has a gradual transition from unaffected 

surface to scratch deformation, the transition from deformation beside the scratch to the scratch itself is 

also gradual. 
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CHAPTER 6: SUMMARY AND CONCLUSIONS 

Four steel alloys were selected from those investigated in the prior work by Wolfram for further 

examination.  These were AR400F, 9260, and austenitic Hadfield and 301 Stainless steels.  A variety of 

hardness levels and microstructures were present in these.  The 9260 in the water quenched and quenched 

and tempered conditions were martensitic, as was the AR400F.  The quenched and partitioned conditions 

of 9260 have martensitic microstructures containing retained austenite and a variety of hardness levels. 

Optical profilometry was performed on wear samples from each of the prior three wear tests 

(DSRW, impeller, and Bond abrasion).  The optical profilometry topography maps show that the 

scratching abrasion present on the wear surface transitioned to gouging abrasion as impact conditions 

increased (i.e. from DSRW to impeller to Bond abrasion).  While average surface roughness (Ra) 

correlated with hardness, a stronger correlation between Rz and NVL was observed than between Ra and 

NVL.  Rz is the average of the five largest vertical deviations in the positive and the negative directions of 

a surface. 

After profilometry information was collected from wear samples, these were sectioned in order 

for nanoindentation to be performed adjacent to the wear surface.  DSRW samples generally did not 

exhibit significant work hardening.  The Bond abrasion samples of the fully austenitic materials showed 

the most hardening.  Less significant hardening was observed in the Bond abrasion Q&P samples.  

Hardness increases were also observed in tempered martensitic microstructures, with greater increases 

under impact conditions than under DSRW. 

Scratch testing was conducted at loads of 10, 20, and 30 N.  Different microstructures exhibited 

different scratching behaviors.  Martensitic microstructures exhibited chipping and cracking, whereas 

Q&P microstructures exhibited limited or no chipping.  The Q&P samples exhibited more deformation at 

greater loads and hardness levels than the martensitic microstructures.  Austenitic microstructures 

exhibited significant deformation adjacent to the scratches.  Similarities were observed between DSRW 

wear surfaces and 30 N scratching behaviors.  Scratch profiles were assessed using optical profilometry.  

Scratch hardness was found to correlate with bulk hardness for all materials, and specific scratch wear 

rate decreased with increased bulk hardness. 
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APPENDIX A Optical Profilometry 

Supplemental optical profilometry images of wear surfaces are presented in Figure A.1 through 

Figure A.21. 

  

  

  

Figure A.1 Optical profilometry images of Q&T DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.1 continued 

  

  

 

Figure A.1 Optical profilometry images of Q&T DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.2 Optical profilometry images of Q&T impeller wear surfaces.  
(color image - see PDF copy). 

 

 

Figure A.3 Optical profilometry images of Q&T Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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Figure A.4 Optical profilometry images of Q&P-150-30 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.5 Optical profilometry images of Q&P-150-240 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.6 Optical profilometry images of Q&P-150-900 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.7 Optical profilometry images of Q&P-190-30 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.8 Optical profilometry images of Q&P-190-30 impeller wear surfaces.  
(color image - see PDF copy). 

 

 

 

Figure A.9 Optical profilometry images of Q&P-190-30 Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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Figure A.10 Optical profilometry images of Q&P-190-240 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.10 continued 

  

  

 

Figure A.10 Optical profilometry images of Q&P-190-240 DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.11 Optical profilometry images of Q&P-190-240 impeller wear surfaces.  
(color image - see PDF copy). 

 

 

 

Figure A.12 Optical profilometry images of Q&P-190-240 Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

  

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

  

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

  

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

  

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

  

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.13 continued 

  

Figure A.13 Optical profilometry images of AR400F DSRW wear surfaces.  
(color image - see PDF copy). 

 

 

 

 

Figure A.14 Optical profilometry images of AR400F impeller wear surfaces.  
(color image - see PDF copy). 
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Figure A.15 Optical profilometry images of AR400F Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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Figure A.16 Optical profilometry images of HF DSRW wear surfaces.  (color image - see PDF copy). 
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Figure A.17 Optical profilometry images of HF impeller wear surfaces.  
(color image - see PDF copy). 
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Figure A.18 Optical profilometry images of HF Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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Figure A.19 Optical profilometry images of 301SS DSRW wear surfaces.  
(color image - see PDF copy). 
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Figure A.20 Optical profilometry images of 301SS impeller wear surfaces.  
(color image - see PDF copy). 

 

 

 

 

Figure A.21 Optical profilometry images of 301SS Bond abrasion wear surfaces.  
(color image - see PDF copy). 
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APPENDIX B Additional Scratch Testing Result 

The magnitude of the penetration depth curves as reported by the CSM Micro-Combi machine are 

suspect.  Similar measurements were produced by a 10 N force across various samples, despite LOM 

observations showing scratches clearly different in size.  Furthermore, similar measurements were 

produced by 10 and 20 N forces in the same samples, despite the LOM images showing scratches that are 

also clearly different in size.  Therefore, a more accurate measurement system (optical profilometry) was 

utilized to collect the data used for analysis purposes. 

 
 (a) 

 
 (b) 

 
 (c) 

Figure B.1 Average scratch penetration depth of the four scratches along the scratch length at 10 N 
for the (a) martensitic, (b) austenitic, and (c) Q&P samples.  AR400F data is included in 
each plot for reference. 

 



 114 

 

 
 (a) 

 
 (b) 

 
 (c) 

Figure B.2 Average scratch penetration depth of the four scratches along the scratch length at 20 N 
for the (a) martensitic, (b) austenitic, and (c) Q&P samples.  AR400F data is included in 
each plot for reference. 
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 (a) 

 
 (b) 

 
 (c) 

Figure B.3 Average scratch penetration depth of the four scratches along the scratch length at 30 N 
for the (a) martensitic, (b) austenitic, and (c) Q&P samples.  AR400F data is included in 
each plot for reference. 
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APPENDIX C EBSD 

Electron backscatter diffraction (EBSD) uses the diffraction of electrons off a material’s crystal 

planes within the interaction volume, which can provide ample information about a sample’s 

microstructure.  EBSD is, therefore, often of interest as a microstructural characterization technique 

during the course of an investigation, especially as it is not particularly destructive.  However, due to the 

nature of the manner in which the data is collected, deformation can prevent the collection of reliable 

information. 

For these reasons, preliminary testing was performed to determine if there are interesting 

microstructural changes occurring during scratching (such as an austenite to martensite transformation), 

and if reliable data can be collected from samples immediately after scratching, or if additional measures 

such as sectioning perpendicular to the surface of interest, are necessary. 

The examination orientation was the same as that used in the previous analyses.  To minimize 

deformation, a scratch from the lowest load condition (10 N) was selected.  However, to ensure a full data 

set could be collected, the material most prone to deformation (HF) was selected.  It is additionally 

beneficial to collect data for HF, as it has such unique behavior. 

Results of this preliminary testing are shown in Figure C.1.  It is clear that information collected 

from the undeformed surface is credible.  The phase map in Figure C.1b is particularly interesting, and 

suggests a need for further investigation.  Unfortunately, the image quality map in Figure C.1c calls in to 

question the reliability of the information gathered from the deformed regions.  The image quality in these 

regions is quite low.  This combination of results suggests that further investigation along this path of 

inquiry would be of value, but additional sample preparation before subsequent testing is necessary. 
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 (a) 

 

 
 (b) 

   
     (c) 

 
 

 

 
 

 

 

Figure C.1 EBSD results of a scratch in HF taken at 200× magnification showing (a) inverse pole 
figure map, (b) phase map of martensite/austenite, and (c) image quality map merged 
with inverse pole figure map depicting grain boundaries overlaid in black.  A1 and A2 are 
parallel to the surface analyzed. 
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APPENDIX D LOM of Scratches 

Supplemental LOM micrographs of scratches are presented in Figure D.2 through Figure D.11. 

 

 
(a) 

 
(b) 

 

(c) 

Figure D.2 LOM micrographs of scratches in the WQ sample using (a) 10 N, (b) 20 N, and (c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.3 LOM micrographs of scratches in the Q&T sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.4 LOM micrographs of scratches in the AR400F sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.5 LOM micrographs of scratches in the Q&P-190-30 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 

 



 122 

 

 
(a) 

 
(b) 

(c) 

Figure D.6 LOM micrographs of scratches in the Q&P-150-30 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.7 LOM micrographs of scratches in the Q&P-190-240 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.8 LOM micrographs of scratches in the Q&P-150-240 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.9 LOM micrographs of scratches in the Q&P-150-900 sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.10 LOM micrographs of scratches in the HF sample using (a) 10 N, (b) 20 N, and (c) 30 N. 
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(a) 

 
(b) 

(c) 

Figure D.11 LOM micrographs of scratches in the 301SS sample using (a) 10 N, (b) 20 N, and 
(c) 30 N. 
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APPENDIX E Scratch Profiles 

Supplemental scratch profiles are presented in Figure E.1 through Figure E.10. 

 
 (a) 

 
 (b) 

       

 
 (c) 

Figure E.1 Scratch profiles for the WQ sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

     

 
 (c) 

Figure E.2 Scratch profiles for the Q&T sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

     

 
 (c) 

Figure E.3 Scratch profiles for the AR400F sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

       

 
 (c) 

Figure E.4 Scratch profiles for the Q&P-190-30 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 

 
 (b) 

       

 
 (c) 

Figure E.5 Scratch profiles for the Q&P-150-30 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

     

 
 (c) 

Figure E.6 Scratch profiles for the Q&P-190-240 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 

 



 134 

 
 (a) 

 
 (b) 

     

 
 (c) 

Figure E.7 Scratch profiles for the Q&P-150-240 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

     

 
 (c) 

Figure E.8 Scratch profiles for the Q&P-150-900 sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

   

 
 (c) 

Figure E.9 Scratch profiles for the HF sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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 (a) 

 
 (b) 

      

 
 (c) 

Figure E.10 Scratch profiles for the 301SS sample at (a) 10 N, (b) 20 N, and (c) 30 N. 
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