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ABSTRACT

Deep cryogenic treatment (DCT) is a heat treatment that utilises low temperatures
(below 113 K) and is usually applied in conjunction with conventional heat treatments. Since
this heat treatmens relatively new commercially, there are few studies about it in the
literature, so a better understanding of its effects in the abrasive wear resistance of

engineering alloys can be beneficial for its broader utilisation in industry.

The work presenteth this thesis aims to investigate the effect of DCT on the
mechanical performance of a selected range of engineering alloys, especially in abrasive
wear resistance. To achieve this, alloys with broad application and different characteristics
were selectd two types of austenitic stainless steel (AISI 304L and AISI 316L), a type of
martensitic stainless steel (AISI 440C), a low alloy pressure vessel steel (GAB08, a
titanium alloy (T+6Al-4V) and an additively manufactured titanium allgji-6Al-4V
obtained by electrecheam meltiny The changes in mechanical performance were assessed
through Vickershardness and microhardness tests, abrasive wear test, and microstructural
characterisation. Analyses of the wear scar and its surface were perforngdadwsnced

microscopy techniques and by 3D profilometry of the surfaces.

DCT was performed on those alloys and its effects were analysed. Its beneficial
effects were found in the increased hardness of AISI 440C and AISI 304L, the former due
to the trangfrmation of retained austenite into martensite and the latter due to the nucleation
of nanemartensiteparticles. For the AISI 304L, the DCT also presented a very significant
increase in the wear resistance, to the extent of changing the wear morphdlugyvetr
scar. The SA50&r 4N specimens showed an increase in their corrosion resistance, an effect
not previously reported. All the mechanical effects, wear scar features and microstructure

characteristics are presented and thoroughly analysed frolbboladgical perspective.
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1. INTRODUCTION

In this chapterthe researcimotivationis introduced by presentinggeneral view of
the research field and showing the contextualization of the problems that lead to the
development of the research question. The aim and objectives of this research are presented

and, lastly, the thesis structuis shown, including a brief explanation of each chapter.

Conventional heat treatment processes, which typically involve submitting material to
various heating cycles above the ambient temperature, are largely used in industry to modify
the materials properties to best fit its applicatidime engineering alloys microstructure is
formed of grains, that defines and characterise its mechanical properties. When submitting this
microstructure to a heat treatment procedure, its properties (cdioppsize, structure) can
be changed, which also causdtgrations irthe bulky alloy properte Themain parametes
that defines theat treatmemnrocedure are the time, temperature and the coolingwhteh

can be finguned to better suit the fshmechanical properties needed in each alloy

Even thoughhe conventiondheat treatmertan be used to modify tladloy properties,
there are some limitations regarditgapplication and when in the part procesgngcedure
that it can be applied. This type obnventionaltreatment, for example, can induce the
formation of oxidesnd changes in the surface finish amthe dimensional propertiesf the
heat treat mateal. Parts that have already been finished would have to undergo the finishing
process agairp certify that this parstill conformswith the original designrhis results in a
costly solution, making the conventional heat treatment a process that toebd precisely
defined and applied before any further manufactysnogeduresAnother disadvantagecurs
when trying toapply theconventionalheat treanent toa large part (one that possesses
increased size and/or thicknessinilarto the ones usdd large nuclear pressure vessélae
to the heat treatmetteingtime and temperature dependant, the bulky proportions of the part
makesachieving ehomogenous heat treatment very difficdls a result othe heataffecting
the external layeb e f or e t h a n, sihcktke hpatis ttadsterred m graglient that
flows from the outside to the insidé the part the external layesuffers the #ect of the heat
for an considerable longer period of time than fha r d¢o@,svhich resultsin a non
homogenouy treated partThe examples aforementionegpresensome of the limitations
encountered when applyittige conventional heat treatment, and can limit the usability of this

type of heat treatment in some cases.



A less conventional heateatment is thergogenic treatmen{CT) which instead of
using elevatedemperaturéheating cyclesutilises cryogenic temperatures (below 193 K) to
change the properties of materials. When compared with the conventional heat treatsnent,
methodpresents the advantage of dimensional stapivtyich makes applying the treatment
in the later stages of the part production possible. The effects of this treatment can include an
improvement in mechanical properties, like hardness, wear resistarfetiginel life. The most
common effect of the cryogenic treatment is the transformation of retained austenite in
martensite, that occur when submitting alloys that present a martensitic structure to the
cryogenic treatment. As the conventional heat treatnbet cryogenic treatment can also
promote oter changes in the microstructure, like the precipitation and redistribution of
carbides. Due to theesearch in this fieldeingrelatively newand not being as popular as the
conventional heat treatmetthereis still no full understanding of the mechanisms involied
the CT This is especially true when related to its application in light alloys, where there is very

little literature or published researctrrenty available

The cryogenic treatment procepeesents some characteristic factors that limit its
implementation and application. While the conventional heat treatment can be achieved (in
many cases) just by utilising an oven, the cryogenic treatment involves the utilisation of a
medium that is at cogenic temperature (usually liquid nitrogen), which sourcing and storage
can be costly and complex. The deep cryogenic treatment chambers are similar to conventional
freezers, that are fed using large liquid nitrogen container, which maintain the temgperatu
during the heat treatment process. Due to the need of this large cryogenic medium reservoirs,
the implementation costs are increased. The previously cited faatombinationwith the
smaller amount of scientific evidence (when comparing to the ctiomah heat treatment
literature) abouits effects makeghis type of heat treatmelass attractive to commercial heat

treating companies.

Stainless steel alloys are a vastly used engineering material, being mostly recognised
by its good oxidation redisnce. The selection of the stainless steel used in this research was
carried keeping in mind the different types of microstructures that each of the select alloys
would present and its chemical composition. The stainless steel type 304 is an austenitic
stainless steel that presents good mechanical strength and corrosion resistance, being also
recognised by its machining capabilities. The austenitic stainless steel type 316 presents a high
corrosion resistance and can be utilised in elevated temperatplesi@éms, presenting a

resistance to oxidation until 1148 Kype 304 is the most used alloy among the austenitic
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stainless steel range, closely followed by the type 316, largely employed in applications that

need a good corrosion resistance, like fowtlistry, pharmaceutical and naval applications.

The last of the stainless steel alloys studied in this research is the high carbon
martensitic stainless steel type 440, which offers good mechanical properties, wear resistance
and corrosion resistance. Thaoy can present the highest hardness and strength among the
stainless steel when submitted to specific heat treatment, which makes it an excellent candidate
for applications that need good mechanical resistance, such as cutlery, ball bearings, moulds
and dies. Another steel studied is the low alloy steel SAB0O8N, that is used in the nuclear
reactor pressure vessel (RPV) application. In comparison to other RPV, this alloy presents a

higher strength and toughness due to its tempaegtensite structure.

Light alloys are largely used applications in which the density of the material plays
anessentiatolein material selection. Titanium alloys are classified as light alloys and present
good corrosion resistance, high strength matativdy low density. These properties can vary
according to the other chemical elements that are present in the alloy grade and the type of heat
treatment it has been submitted to. The most widely used titanium alloy6 A -BV (Ti64),
which is an alpabeta alloy containingl umi ni um ( da®&d iwtm) ( @had % wt .
main alloying elements. Ti6& oroad applicability comes from its excellent corrosion
resistance, good machinability and biocompatibility, which allows the implementation of this
alloy in many types of applications, such as automotive, aerospace and biomechanical. The
typical limiting factors for the Ti64 application are the poor wear resistance (particularly in
sliding), high cost of the alloy itself and increased costs relatdtetprocessing of the parts

(when compared to more conventional alloys, like steel and aluminium).

Recently, Ti64 has been used in the additive manufacturing (3D printing) field, such as
the EBM (electron beam melting) technology. This process products |[ager by layer,
directly from a CAD (computeaided design) model. The alloy powder is layered in a vacuum
environmentand each layer is melted, according to the design, using a powerful electron beam,
producing a dense solid part. Any unmelted ajayvder is later removed and can be re
utilised. This new technology makes possible the manufacturing of solid parts with complex
shapes and good tolerances, which are characteristics presented {peffiigimance

engineering components and also medicalamts.

An important part of an engineering project is the material selection, since the selected

alloy must present the necessary characteristics to fulfil the initial project considerations. Even



though the materials presented here are vastly usediireengg projects due their specific
characteristics, all of them are susceptible to wear during life as a component. Wear resistance
is a desirable property and, in most cases, the limiting condition when related to the component
lifecycle (durability) Wear can occur in different forms (as explained in Se&idyn but the

main wear mechanism, responsible for more than half of all wear occurring in engineering
applications, is known as abrasive wear. It is important to assess the effects of the cryogenic
treatment on the abrasive wear resistance of the selected, alloigh is the aimof this
research, once the better understanding of the changes due to #ftmsefte can be

economically beneficial ttheindustry.

1.1. AIM AND OBJECTIVES

This work aims to provide a better understanding of the cryogenic treatment effects on
the abrasive wear resistance of a broad range of industrially relevant materialsaidie twe
do so, stainless steel alloys (austenitic and martensitic), a steel grade used for nuclear pressure
vessels and titanium alley(cast and EBM obtained)ere studied. To accomplish this aim,

the following objectives for this research were set.

1. Basal on the current stataf-the-art, select engineering alloys which the deep
cryogenic treatment is likely to be beneficial in improving their abrasive wear
resistance;

2. Design a custom ASTM GB65 test rig and associated test methodology to be
capable of disaaing between the likely wear resistance levels of the selected
alloys in theirconventionally heat treatehd cryogenically treated states.;

3. Perform experimental tests to assess the abrasive wear resistance of the selected
alloys in theirconventionallyheat treatednd cryogenically treated states;

4. Analyse the wear scar and microstructure, comparing the results for the
conventionally heat treatehd cryogenically treated samples;

5. Pinpoint which alloy(s) benefit from the cryogenic treatment the mosthwhi

need more investigation, and which have no prospect of useful improvement.

Also, these activities seek to fill the gaps found in literature pertaining to the testing of
the effects of the cryogenic treatment in the abrasive wear resistance of the allmysen
especially when related to novelty alloys like the EBM obtained titanium, which does not have

enough studies related to the deep cryogenic treatment.



It is anticipated that the novelty of this work is primarily to provide insight into the
efficacy of cryogenic treatment on common engineering alloys outside of theegekrched
area of tool steels. It is also anticipated that the work will provide a robust test and analysis
methodology for further work in this area of characterising the influericeryogenic
treatmentallowing researchers the best chance of establishing which alloys are worthwhile

treating on a commercial basis.

1.2. THESIS STRUCTURE

Firstly, the background knowledge and published research work in the related field are
presented, folwed by the research methodology, test rig development, material selection and
characterisation methods. The results are presented and analysed for each group of materials,
being the key points for all the found results linked to the literature and désdassr. Lastly,
the conclusions are highlighted basad the found results and literature, followed by the
relevance and contribution of the work and the possible future work to be developed based in

this researchlablel summarises the content presented in each chapter of this thesis.

Tablel - Chapter content outline.

Chapter Chapter Content Outline

1 Introduction to the cryogenic treatment and abrasive we#t the efinition
of thework aim and objectivedollowed by the atline of following chapters.

Background knowledge on conventional heat treatment, cryogenic
treatment, tribology and wear testing. Summary of the state of th
publications in the cryogentceatment research field.

3 Development of the test methodology, including the design, building and
tuning of the custom ASTM G665 test rig. Detailed material selection, sa
preparation and heat treatment parameters. Description, method:
parameters for the mechanical and microstructural analysis.

AISI 440C and SA508 Gr 4Nesultsfor thehardness, microhardness and w
volume. Abrasive wear tests resultdyvanced analysis of the wear seand
microstructural characterisatiodomparison of the conventionally heat trea
and cryogenically treated samples of each alloy, followed by discussion
found results and properties

5 Cast Ti64 and EBM Ti64esults for the hardness, microhaeds and wea
volume. Abrasive wear tests results, advanced analysis of the wear sc
microstructural characterisation. Comparison ofwlear performance of th
cast and EBM samples, followed by the comparison ofuhteeatedand
cryogenically treatedamples of each allopiscussion of the found results a
properties




AISI 304L and AISI 316L results for the hardness, microhardness and ¢
volume. Abrasive wear tests results, advanced analysis of the wear sc
microstructural characterisatioddvanced analysis using XRD and TEI
Comparison of the conventionally heat treated and cryogenically tr
samples of each alloy, followed by discussion of the found results
properties.

Discussionlinking the results and mechanisms found in pheviouschapters
and the literature. General discussion of the cryogenic treatment effect
engineering alloys.

Conclusionsresulting from the analysisand di scussi on
results for all thestudiedalloys; researckcontributionbased on conclusion:
possible future work based in this wdrkdings

References to all sources cited in this work.




2. LITERATURE REVIEW

This chapter contains the background information about the main subjects that are
discussed during the development of this research, focusing on establishing a base knowledge
on the most important topics and presenting the state of the art literatuzd teltte research
aim. Conventional and cryogenic heat treatments are presented, followed by a tribology
overview and concluding with a focus in the wear testing fompecially the

Dry-sand/Rubbewheel abrasive wear test

2.1.CONVENTIONAL HEAT TREATMENT

Engineering alloys are used for a range of applications with specific requirements,
which leads tahe need of tailoring the properties of these alloys to better suit its engineering
application.The most commercially usual way of achieythe desired properties (to a certain
extent) on a suitable type of alloy is submitting this alloy to a heat treatment prdeass.
treatment is the process of submitting an alloy to a controlled temperature for a defined period
of time and also controlling theeating and cooling rates of this procgsg]. The two broader
categories of heat treatment are the cold heat treatments (in which the treated alloy is submitted
to a temperature below 273 K) and the conventional heat treatments (which involves heating

the treated alloy to temperatures above 273 K).

During the heat treatment procgbe alloy being treated can be subjected to a sequence
of heating, holding/soaking and cooling procedures, depending on the changes that are needed
to achieve the desiredl@y properties.The heat treatment process shawrFigure 1l is an
example of a&combination oftonventional heat treatment and cryogenic heat treatment, once
the treated part is submitted higher temperatures and later to cryogenic tempédvéiitees.
conplex heat treatments are not necessarily a combination of a conventional and a cryogenic
treatment, since the overall treatment process can present several different stages of specific

heat treatments.
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Figurel - Example of heatreatment with a combination of conventional and cryogenic heat treatment.

Heat treatment processes work by altering the microstructure of the treated alloy, which
modi fies the alloysd physical properties art
possible. The chemical composition and the microstructure of the enginetyndetérmines

its physical propertie€ach alloy has several properties, which can be divided in two groups

[3]:

1 Dependent of the microstructure: hardness, wear resistance, electrical
conductivity, fracture toughness, ductility, thermebnductivity, fatigue
strength, creep strength, tensile strength, yield strength and corrosion
resistance.

1 Independent of the microstructure: elastic moduli, density, thermal expansion

coefficient, Poissondbs ratio and speci

The properties that aiadependent of the microstructure are not affected by the heat
treat ment . Understanding the phases that a |l
composition, is an important part of selecting the right alloy and also planning the right type of
heattreatment for the engineering application. The phases present in an alloy can be identified
using an appropriate phase diagram, which indicates the phases present at a given temperature
(in the Y axis) and composition (in the X axis), under isothermalitons. Figure2 presents
the ironrcarbon phase diagram, which is a binary system due to it only correlating to a system

formed by two components, in this case irod earbon B].
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The phases that are present in the alloy during the heat treatment process will determine
its microstructure, this way using the phase diagram to choose the right alloys composition will
helppredict which type of microstructure an alloy is likely to aghi€hanging the properties
that are dependerdn the microstructure is the aim whahoosing theheat treatment
parameterand, to do sa time temperature transformation (TTT) diagram can be bGepae

3 presentan example of ATT diagram for the 0.8% wt. carbon steel [3].
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Figure3 - Time Temperature Transformation (TTT) diagram for a 0.8% carbon (eutectoid) stedfrom [3]).



The time temperature transformation correlates the temperature (in the Y axis) with the
time (in the X axis), this way giving a clear guideline to choosing the right parameters (time
and temperature) to achieve the desired type of microsteugtsiran example:dr the 0.8%
carbon steg(Figure3), if the alloy is heatetb 550°C (823K), heldat this temperaturtor a
period bigger than fGndthen cooled to room temperatyriis alloy would present a stable
pear |l ite ( eQmierastructirelat rdom+tempeeatufeor this same alloyg fast
cooling @t a constant rate and in a periddse to one second total timiEpm the same
temperatue of 550 °C (823 K)is needed to achieva structure that wouldoresenta
combination of martensite and retained austénitaf) room temperatur@he Msindicates the
start of the austenite to martensite transformation and thénditates the end of this
transformation, which means that belows Il the austenite would be transformed to
martensite. This way, for this alloy to present a complete martensitic microstructure, a cold

treatment that achieves temperatures be&®C @23 K) in less than around 10 s is needed

The commonly used heat treatments (e.g., annealwogmalizing, tempering,
guenching and cold treatments) aim to affect the microstructure of the treated alloy to achieve
the desired effect in the microstructudependent propertiegnd arethe heat treatment

A

parameters defined according to each all oyds

2.2.CRYOGENIC TREATMENT

Cryogenic treatment, also referred as cryotreatment or cryogenic processing is a type
of heat treatment that, instead of using étevated temperatures used in the conventional heat
treatments, benefits from cooling the material to temperatures below zero degrees Celsius (also
known as sulzero), usually being utilised along with conventional heat treatnjéht3he
treatments thiaoccur at temperatures bel@w3 Kcan be classified in two different categories;

cold treatmentd which includes those that wut
6cryogenic treatmento for t h dsedatetclassificatont i | i s e
is also divided in to two different types of cryogenic treatnjfght 6 s hal | owd and

presented in Sectidh2.1

Being a relatively recértommercial development when compared to conventional heat
treatment, the initial documented utilisation of cryogenic treatment dates from the first half of
the 2¢" century when this type of treatment was studied and applied in the [4BSR
Zhmud[6] and Popandopuland Zhukovd7] describe how A.P. Gulayev was one of the

pioneers on the research of the effect of cold treatments in the mechanical properties of alloys.
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In the research published in 1946A4¥. Gulayewn the cold treatment of steelgislated to
English in 19988]), it is also shown that std®ero treatments had been studied for more than

30 years (i.e. since the First World War) and points towards important discoveries published
by other Soviet and American researchkke the traasformation of austenite into martensite

in a range of engineering steeBome of the most important positive results in the early
research in the field of the deep cryogenic treatment were conducted in 1982 by R.F.
Barron[9], who presente@n extensivestudy about the effect of cryogenic treatment on the
performance of nineteen steel alloys (between tool steels, stainless steels and other steel alloys).
In this work, Barron presented the effect of #allow cryogenic treatmenECT) anddeep
cryogenicreatmentDCT) in the wear resistance of a wide range of iron alloys, which showed
that (for the majority of the tested steels) a positive effect in the wear resistance was found, in
some cases (2) the DCT increased the wear resistance of the alloyb%o7

Cryogenic treatment is mostly known for its use as a complementary treatment, being
responsible for the further transformation of the retained austenite into martensite after a
traditional processing route. It is also applied in situations whereithameed to increase the
mechanical properties of alloys, usually the hardness and wear resistance, without the need for
more procedure. Other effects that have also been reported are the better mechanical resistance,
better dimensional stability and aay ratio between properties like hardness and toughness
[4,10,11] The results for this type of treatment will be better shown in Se2tib8

2.2.1. Types of Subzero Treatments

Subzero treatments can be divided into different categories according to the methods

and temperatures employed during the proceffyi®,11]

Cold Treatment: The minimum temperature at this treatment iK.188ing usually
achieved by placinghe sample in a low temperature freezer (which has a closed cooling
system, without the need of putting the boiling gas in contact with the sample to remove further
heat).

Shallow Cryogenic Treatment (SCTlhe temperature range goegendgust below
193 K to around 113 K, usually achieved by using a container with dry ice or by boiling a low
temperature fluid in a chamb&ven though this is a much simpler type of cryogenic treatment,
the procedure is often not controlled very accurately. The typioaédure is to introduce the
material in a chamber for a period and later bring it to room temperature, without any specific

cooling or heating control
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Deep Cryogenic Treatment (DCT): The material is submitted to a controlled cooling
rate until temperatures below 113 K are achieliett] atthis temperaturéor a period and then
heated to room temperature at a fixed heating rate. This type of treatmswmdliy performed
in a chamber with nitrogen, which has the temperature around the nitrogen boiling point (77
K). Since this is a much more refined and repeatable cryogenic treatment, all the temperatures,
holding periods, cooling and heating rates aranitoced and automated. This procedure is

presented in more detail in Sectipr2.2

Figure4 presents a simple scale with the different types of cryogenic treatment.

273K 183 K 1153 K <77 K

Cold Treatment Shallow Cryogenic Deep Cryogenic
Figure4 - Scale of temperature for the Sméro treatments.
It is important to note that even though the disciplines of cryonicscayayjenic

machining also employ cryogenic temperatures to achieve a desired result, they are not directly

linked to cryogenic treatment in the context of the work presented here.

2.2.2. Deep Cryogenic Treatment Procedure

The deep cryogenic treatment consistsha gradual cooling of the material being
submitted to the treatment at a constant rate, holding it at the desired temperature and finally

bringing it back to room temperature also at a steady heating rate.

The deep cryogenic treatment process most comymmdd in industry, and also to be
used in this research, is picturedrigure5 in which the samples are kept inside an insulated
treatment chamber with a nitrogetmasphere (that keeps the parts dry).

Temperature
And Cycle |===========9
GControl

----- Gas inlet Thermocouple
/ /
7 :
Nitrogen . '
Reservoir Solenoid
Valve Treatment Chamber
o

Fan/ —
Gas outlet/

Figure5 - Schematic of the treatment chamber and system for cryogenic treatment.
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The treatment cycle can be divided in three stages:

Cooling: The first stage consists of tbentrolled cooling of the sample. The cooling

rate is usually not greater than 2 K/min, that way preventing undesired thermal shock.

Soaking (holding phase): This is the longest of the stages, in which the controller

maintains the constant temperature tigto the whole soaking time.

Heating: The last stage of the treatment, which consists of heating the sample at a

controlled rate to the room temperature, usually similar to the cooling rate.

The process of cooling can be achieved through different methoti$p achieve a
controlled cooling and heating rata cycle and temperature control feedback setup is

necessary.

In the simplestsetups, the cooling can be achieved by submerging the samples in a
liquid nitrogen bath, which can lead to thermal shock smbisequently, crackowth[12i 14].
To prevent thermal shock, it is important to be able to control the cooling rate by controlling
the nitrogen flow to gradually decrease the temperature inside the chamber where the samples
are being treated and there &vo methods of achieving this. onethe method the nitrogen
flowsin a closed system and is only used to cool the air inside the treatment chamber, but this
can lead to undesired condensation of water on the surface of the samples. Another method is
to vaporize the nitrogen directly inside the chamber, creating a nitrogen atmosphere and

cooling the parts submitted to the process.

Practically and as typically used in commercial cryogenic treatment systems such as the
setup presented here, the tempemttontrol system is composed by a nitrogen reservoir
connected to the treatment chamber through a solenoid controlled valve, thermocouples inside
the chamber and a programmable temperature and cycle controller. This system is responsible
for the cooling ad heating rate (as per the programmed treatment cycle) through controlling

the volume of gaseous nitrogen flowing to the treatment chamber.

Figure6 shows the typicajraph of the DCT cycle, which presents the three stages. The
dashed line shows the maximum temperature that can be used during a DCT (113 K) and the
bottom continuous line is at the minimum temperature of a DCT using nitrogen (77 K). In
special cases, laav temperatures can be achieved using helium to a minimum temperature of
5KT[4].
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Figure6 - Typical deep cryogenic treatment cycle.

In a study conducted by Darwet al. [13], the influence of the cryogenic treatment
parameters (e.g. cooling rate, soaking time and the holding tempeaattite)wear resistance
of a 18% Cr martensitic stainless steel was analyged.i | i si ng the Taguch
experiment technique, it was repedtthat the most influential parameter on the success of a
treatment process was the soaking temperature, therefore presented by the author as the
dominant parameter on the treatment. According to this research, the soaking temperature has
a contribution 672% (when compared to the other parameters) to the improvement of the wear
resistance and the optimal soaking temperature for this specific material is 89 K. The second
most important factor was the time that the sample was hold at this temperatwer36this
one contributing 24% to the improvement. The cooling rate was classified as the third important
factor and had a contribution of 10%. In the optimum conditio& samples had an increase

in the wear resistance performance of 43%.

2.2.3. Mechanical Properties and Mechanisms

The outcomes of the cryotreatment are highly dependent on the composition of the alloy
and the type of heat treatment it was submitted to, and in some cases these effects are only
observable for some properties or not present aTalile2 presents a summary of research
works that characterised the effects of the cryogenic treatment in different alloys, focusing on

studies that reported changesiardness and/or wear resistance.
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Table2 - Results found on the bibliography for the cryogenic treatment.

Reference* Alloy Property Results**
SCT DCT
Barron[9] S-7 tool steel +141.7% +403.1%
P-20 mould steel +23.1% -2.8%
O-1 die steel +121.6% +172.1%
A-2 die steel -1.8% +11.6%
A-10 tool steel +130.5% +164.5%
D-2 die steel +216.4% +717.7%
H-13 die steel +64.6% +109.4%
T-1 tool steel +41.8% +76.3%
M-1 tool steel Wear resistance +45.5% +125.3%
M-2 tool steel +12.5% +20.4%
303 Austenitic SS +5.3% +10.8%
430 Ferritic SS +16.2% +19.9%
440 Martensitic SS +28% +21.8%
AQS Meehanite -3.4% -3.6%
CPM-10V alloy steel -6.1% +31.3%
8620 NiCrMo alloy +3.7% +11.6%
C1020 plain carbon -1.8% -2.8%

Menget al.[15]

Fe-12CrMo-V-1.4C

Wear resistance

+110% to +600%

Yun et al.[16] W18Cr4V (T1) Hardness +2.8%
high speed steel Bending strength +24.8%
Impact toughness +57.7%
W6N05Cr4Vv2 (M2) Hardness +2.7%
high speed steel Bending strength +19.9%
Impact toughness +42.8%
Molinari et al.[17] AISI M2 tool steel Hardness +8.26%
Wear resistance +51.35%
AISI H13 tool steel Hardness +6.9%
Impactenergy +1.1%
Fracture toughness +14.7%
Singhet al.[18] AISI 304L Hardness ~0
stainless steel Micro-Hardness +18.8%
welded joint Tensile strength +1.2%
Elongation -5.6%
Benselyet al.[11] EN 353 SCT DCT
carburized steel Hardness +3.5% +3.5%
Wear resistance +124% +867%
Darwinet al.[13] SR34- 18% Cr Wear resistance +43.8%
Daset al [19,20] AISI D2 tool steel Hardness +4.3% +11.4%
Wear resistance +50% +257%
Senthilkumaretal. [21] 4140 steel Hardness +6.7% +10%
Koneshlouet al.[22] AISI H13 tool steel Tensile strength +3.8% +7.3%
Hardness +4.1% +12.2%
Impact energy +4.5% +12.3%
Thorntonet al [23] Grey cast iron Hardness +2%
(SAE J431 G10) Wear resistance +81%
Slatteret al [24] EN-GJL-250 grey Wear resistance +200%
EN-1A mild steel Wear resistance +400%
Guet al.[25] TiT 6AIT 4V Hardness 0%
Plasticity +22.7%
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Thorntonet al [26] EN10083 C50R Hardness +28%
Wear resistance +23%
AISI A2 tool steel Hardness 0%
Wear resistance +26%
AlSI D6 tool steel Hardness +4%
Wear resistance +30%
AISI M2 tool steel Hardness +2%
Wear resistance +31%
Prietoet al.[27] AISI 420 Hardness +5%
stainless steel Impact energy +10%
Pérezet al.[28] H13 Hardness -1.1%
tool steel Fracture toughness +24%
Yumaket al.[29] Ti T6AITA4 Hardness +2.2%
Tensile strength -0.3%
Li et al.[30] AISI M2 Hardness +6.4%
tool steel Wear resistance +54%
Pillai et al.[31] VIKING tool steel Hardness +14.8%
(AISI A8) Wear resistance +16.5%
Hariharanret al.[32] D7 tool steel Hardness +4.6%
Wenget al.[33] 30CrMnSi alloy Hardness +8%
structural steel Impact toughness +5%
Tensile strength +6%
Liu et al.[34] 25# valvesalloy Hardness +28.9%
steel Tensile strength +215%
Yield strength +511%

*Qrganized in chronologic order; **These refer to the biggest change reported in the research.

One of the important works in the cryogenic treatment effects in various alloys is the

research done by Barr¢@], in which the effects of the cryogenic treatment (dry ice at 189 K)

and deep cryogenic treatment (liquid nitrogen ayin the abrasive war resistance of ferrous

alloys was assessed. The abrasive test consisted of grinding a cylinder made of the alloy to be

tested against a coargat alumina wheel, with a normal load of 430N. The researched

materials consisted of 19 ferrous alloys, thatevdividednto tool steels, stainless steels and

other metals.

According to Barron, the deep cryogenic treatment presented the most beneficial effect

when applied to the tool steeds it was found thahis treatment increased the wear resistance

of sane of these alloys by up to 700%. The author attributes this beneficial effect to a more

complete transformation of the retained austenite into martensite. The stainless steel studied

also presented an increase in wear resistance due to the cryogementeahowing very

similar (less than 10% difference) results for the shallow (189 K) and deep cryogenic treatment

(77K). The highest measured increase in wear resistance for the stainless steels was of 10.8%
for the austenitic (DCT), 19.9% for the feici{DCT) and 28% for the martensitic (SCT). The

alloy group that present little or no cryogenic treatment effect was the carbon steels, which
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Barron attributes to the structure already being all martef&farethe cryogenic treatment.

The detailed redts for each of the alloys is shownTable2.

The work presented by Barron is important due to the large selection of alloys that were
tested, but it lacks in explation and more details about the effect of the cryogenic treatment
in the microstructure of the alloys, focusing more in the mechanical properties (hardness and
wear resistance). The very noticeable effect of the cryogenic treatment in the mechanical
properties of the tool steels was of great importance for the industry, once a higher wear
resistance means less tool wear, which led to more researches focusing on this specific range

of alloys.

The research done by Memgjal. in the effect of the cryogenic treatment in the wear
resistance of F&2CrMo-V-1.4C tool stee[15] showed an increase of 600% in the wear
resistance. This drastic increase in the wear resistance was attributed to the precipitation of fine
d-carbides, tht affects the martensitic matrix enhancing its toughness and strength. These fine
carbides form due to the expansion and contraction of the iron atoms, that slightly shifts the
carbon atoms. According to this work, this carbide precipitation has a higigence in the
wear resistance than the retained austenite removal. In the work done éya¥am the deep
cryogenic treatment of hight speed st¢&6, a similar phenomenon is found. In conjunction
with the transformation of retained austinitenartensite, the diffuse precipitation of uifrae

carbides is considered a key factor in the increase of the mechanical properties.

As seen in the previous cited publications, the precipitation and refinement of carbides
is a weltaccepted effect of theryogenic treatment and was also explored in detail in the work
done by Daet al.[19,35]on the effect of the cryogenic treatment in the D2 tool steel. In these
works, it is affirmed that the cryogenic treatment increases the amount and the population
density of the secondary carbides, which makes the distribution of the carbide particles more
uniform, without changing its chemical natuFégure7 from the research de by Da<t al.

[19] presents the effect of the heat treatment applied to the D2 tool steel in the phases present.
They also note that the deep cryogenic treatment effect in these aforementioned properties is
significantly higher than the cold or shallogvyogenic treatment. This way, it is well
established that the cryogenic treatment when applied to tool steels affect the precipitation, size
and distribution of fine carbides, which is also cited and agreed by other published
researchef26,28,30 32].
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The mechanism that enables the improvement of the mechanical properties in the
austenitic stainless steels are different from the ones cited so far, once the microstructure of
these allog is composed mainly of austenite. In the work done by Sihgh[36] on the effect
of the cryogenic treatment on the fatigue life of weldment joints in the AISI 304L, it was found
that the cryogenic treatment presented improvements to the fatiguetigopk similar result
was presented by the same author in the work in which the fatigue life extension of notches in
weldments on the same alloy is researcfig8]. In these works, it is stated that the
improvements are owed to the presence of straucied martensite that are formed during the

cryogenic treatment, due the compressive stresses in the weld material.

The formation of martensite in the austenitic stainless steels is also expldred in
research by Myeongt al.[37], which analysed thextension life method for high cycle fatigue
by using the micranartensite transformation. In this study, the fatigue life in a low stress
amplitude, due to the cryogenic treatment, was incrdageatbre than 60 times. This positive
effect is a result ohte nucleation of nansized martensitic particles, that locks the dislocations
and supresses the motion at low stress amplitudéise hesearclof Shimojoet al.[38], who
is also a ceauthor of the previous paper, it was stated that by controllingethperature and
the dislocation density, a controlled nucleation of the fraadensite particles could be

achieved, agreeing with the results presented by the previous work.
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Based on the literature, the main mechanisms responsible for the beneficialaffect
the cryogenic treatmenfound in the mechanical properties of steel alloys are: the
transformation of the retained austenite in martef@jtg@recipitation and distribution of nano
carbides in the microstructure of the materidb]; increase in discations and twins
occasioned by the thermal contractions in the microstructure of the[3@hyocking of the

dislocations due the nucleation of namartensite in the intersection of dislocations .

There is little research about the effect of theoggnic treatment on light alloys such
as titanium alloys. In the few papers researching T26440] the improvement of the wear
resistance is attributed to the refinement of the grain size and the reduction and transformation
of thei phases in stable phase andt phase, although this does not present a change in
hardness. Also, the cryogenic treatment form high dislocation density and the appearance of
twins, which can resist the formation of crack by dissipating energy, that way improving the
wear resstance. These both mechanisms are also beneficial to the improvement of the plasticity

of this alloy.

2.3. TRIBOLOGY

Tribology is considered a relatively new fiedfl researctscience, being defined by a
committee of the Organization for Economic Cooperatiosh Bavelopment in 1967, as the
study of the interaction between surface and relative motion, friction, wear and lubii¢ation
Wear is characterised as the gradual removal of material from a surface, by mechanical
separation, due to its interaction wi#mother surface in relative motigda2]. A better
understanding of the wear mechanism in different alloys, and the means to improve their wear
resistance, can facilitate the design of more efficient machines, as the wear of machine parts
can greatly impadheir efficiency and lif§41,42] As a tribology study is core to this research,
the typical wear mechanisms are presented in the next section, with a particular focus on
abrasive wear due to it being responsible for as much as 50% of all wear irriahdust
applications.

2.3.1. Wear Types

Wear is characterised as the phenomenon of mechanical material removal due to the
interaction between two surfaces, being this removal a result of chemical dissolution,
microfracture or melting in the wear regipf2]. It is not a simple phenomenon, as it can be
heavily influenced by different material and environmental characteristics, and it can also

present several combinations of the basic mecharj&#3].
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The basic wear mechanisms can be defined as: corrositiesiae, abrasive and
fatigue. The wear that occurs on real applications can present a combination of these
mechanisms or also some specific case of the basic mechanisms, like: scuffing, galling or
oxidative wear. It is also important to note that the weachanisms can change during the
contact life, once the material properties and the environment can influence the type of wear

occurring.

The four basic wear mechanisms, that are considered the representative wear modes,
are presented ifigure 8 and detailed in the followingections as described by previous
authorq9,41i 44]. To better illustrate the effect of the cryogenic treatment in the wear
resistance of alloysnder different types of wear environment, a small literature review will be

presented, when possible, at the end of saction.

—

N

(a)Adhesive wear (b) Corrosive wear

- \ e

=

(c) Fatigue wear (d) Abrasive wear

Figure8 - Schematic of the basic wear mechanisms. [Ed#&{]

2.3.2. AdhesiveWear

Adhesive wear is minly characterised by the transfer and bonding of material from one
contact surface to another. The relative movement of the surfaces and the pressure present in
this region generates plastic deformation, which leads to the formation and propagation of
cracks. Once these cracks reach the surface and enough adhesive bonding strength is present
on the contact patch, due to the contact load (plastic), junctions are formed and subsequently
wear particles are bonded to the other surface. This results in daeespresenting lumps

from the other material.
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Scuffing, also known as scoring, is a form of adhesive wear which presents hardened
protrusions originated from local celdelded junctions due to a poor lubricated contact region.
The surface affected by séufy presents torn or furrowed markings in the sliding direction.
The more severe form of this phenomenon is denominated galling, presenting gross damage to
one or both surfaces, localized macroscopic material transfer (stuck or friction welded) and,
subsguently, the surface failure. This process usually occurs in high loads and poor lubrication
conditions. Ductile materials, that asperities tend to plastic deform, are more prone to galling
than materials with a harder surface, which the surface aspeéesitiédo fracture under high
loads. Since these are complex phenomena, other material charactsuslhias,the stacking
fault energies, can also affect the way the surfaces in the contact region interact. Therefore,
previous analyses of the materiafgdaconditions are recommended when investigating this

type of wear.

The material microstructure can also affect its wear performance when related to
adhesive wear. A research conducted by Podgan#. [45] investigated the effect of the
DCT and plasma nitriding on the wear performance of a powaallurgy high speed steel.
According to this study, the DCT produced fine nedifie martensitic structures, which
improved surface hardness, material fric@om galling resistance (when against AISI 304). It
is also reported that when combining the DCT with plasma nitriding the galling resistance is

reduced.

2.3.3. Corrosive Wear

This type of mechanism works as a modifier of the other types of wear, and is generally
known as corrosive wear when resultant from a chemical process, or oxidative wear when
specifically,due to the interaction of the body and the atmospheric air. The medium in which
the wear occurs and the temperature at which it takes place, have engiatin the wear
rate. The removal of the reaction layer, present on the surface of the material and resultant
from the previous explained reactions, by the other wear mechanisms characterise the corrosive
wear. A reduced coefficient of friction and aterated wear rate are usual characteristics of the

corrosive weatr.

Since corrosion can greatly increase the wear rate, heat treatments and protective films
are used to increase the corrosion resistance of alloys. The effect of the cryogenic treatment
when related to corrosion is not yet defined for many materials. Work conducted by
Akhbarizadehet al. [46] on 1.2080 tool steel found that samples submitted to the DCT
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presented an increase in carbide content and also a more uniform distribution of thées.carb

Due to these effects, the alloy had an increase in the corrosion and wear resistance.

Conversely, however, on the research cafneGaoet al.[47], the cryogenic treatment
slightly decreased the corrosion resistance of the WCFeNi cemented cabugeto the
cryogenic treatment, martensitic phase transformation took place and increased the amount of
h-(Fe,Ni) phase content in the binder, which presents a lower corrosion resistance than the
previous' -(Fe,Ni) phase. The phase content increasedtiwthe cryotreatment soaking time
and, after 24 hours of cryotreatment, the binder content(b&,Ni) was of 86.8 wt.% (13.2
wt.%). Since the main content of the binder phase had a lower corrosion resistance, the material

also presented a lower corrosiresistance after the cryogenic treatment, as expected.

2.3.4. Fatigue Wear

Fatigue wear is usually present in bodies which contacts presents cyclic loads due to
relative movement (sliding, rolling or oscillating), high local stresses and which the particles
do not adhere to one of the surfaces. The contact region, due to fegigusceptible to the
formation and propagation of small cracks close to the surface. This type of wear can also be
presentn well-lubricated environments, which present high surface contact and enough cycles.
The number of cycles that are necessarytferformation of the wear particles is dependent on
the material and contact characteristics, and it is possible to find low and high cycle fatigue
wear. The presence of high levels of plastic strain and modification of the material

microstructure on theomtact region are a common characteristic of the fatigue worn surface.

Previous published work showed that the cryogenic treatment can improve the fatigue
life on steel alloys. Benseley al.[48]found that submitting EN 353 steelgiallow cryogenic
treatment (SCT)ncreased the fatigue lifey 71.42% (when compared to conventional heat
treatment) while samples that had undergone D&d a improvement 026%. This work
also found thathe presence of low retained austenite is less beneficial than higher retained
austenite when combined with fine carbides. Mat@jl.[49] reported that, in a rolling contact
fatigue experiment, DCT applied in a case carburized EN 353 alloy improvesiittaee
fatigue strengtiby 10.16% when compared to the rollers without DCT. In addition, the DCT
improved the hardness of the samplg4.0.19% and the bending strengih38%.

The DCT will have an increasing effect on the hardness due to its capsiwlitie
transforming retained austenite into martensite, which may increase the rolling contact fatigue.

When related to the low strain fatigue life, the retained austenite can absorb the crack tip energy
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and reduce its propagation, hence why the SCT hasased the fatigue life more than the

DCT. One important aspect when improving fatigue life is to improve the alloy capability to
resist the crack initiation and propagation, which, in this case, can be increased in the presence
of fine carbides and an optum level of retained austeni#8,50] In applications which the
presence of austenite may be beneficial, the increased temperature cryogenic treatment (SCT)

can be more beneficial than a DCT.

2.3.5. Abrasive Wear

Abrasivewear is the most common form of weaechanism, being responsible for as
much as 50% of all wear in industrial applicati¢®$]. This type of wear mechanism occurs
when particles of one material slide against another material, with equal or lower hardness,
promoting material removal (plougig) during this relative movement process. Although soft
materials are more prone to plastic deformation, it can also cause abrasion once itsssurface
subjected to work hardening and/or phase transitions and present hard particles, even when the
bulk hadness of the material is considered soft. The ploughing promoted by abrasive wear, in
most cases, is the result of several mechanisms working in conjunction, which can make the
analyses of the process difficult. The next sections will present in detaé how types of

abrasive, surface and load affect the wear and its mechanisms.

Brittle Fracture

This mechanism is the result of the contact between a brittle surface and a sharp particle
under heavy load. The movement of sharp grits on the surface of the brittle material generates
cracks during the ploughing, which propagate on the substrate prgrttegimaterial removal
due to fracture. Since this mechanism is dependent on the shape of the pawdielaa$ that
havea hard surface and are resistant to more rounded particles may not be as resistant to the
sharp particlespncea brittle surface an facilitate the crack propagatiom this case, the
fracture toughness of the material plays an important role on its weaFiratee 9 presents
the schematic ofhe brittle facture that occurs during abrasive wear ploughing in a brittle

material.

Possible

Lateral crack wear volume

1 2

Figure9i Three stages of the abrasive wear brittle fracitmedified[42])
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One mathematical model utilised to estimate the wear behafibuttle materials was
devel oped by Evans and Meaar mdctmhidm iniceramic®28 1 o n

and is presented on Equation 1:

j i
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From this equation, it ipossible to see the high dependency of the wear volume V to
the material hardness H and fracture toughnes3d&be able to calculate the wear volyime
is also necessary to input the nor mal |l oad
constant related to fracture properties, which is material dependant and determined based on

a wellcharacterised material. This equation is backed by experimentg#idata
Ductile Wear

The phenomenon of abrasive wear can be easily seen when a third bodyezbfrgpus
hard particles is present. However, this type of wear can also happen when two bodies
composed of ductile material are in contact and have relative motion. In the case
aforementioned, wear can be divided in three modes: cutting, wedge formingpagdimg
[53]. These modes can appear combined in a real wear situation and the occurrence of these
wear modes is linked with the hardness and shape of the abrasive, the load applied on the
contact and also the shear strength of the contact suf&c®4] Figure 10 presents a

schematic of each of these models.

Sliding direction Sliding direction Sliding direction
®
A ® © A

Figure10- Wear modes: (A) Cutting; (B) Wedge Forming; (C) Ploughing.

The wear scar and the wear particles formeanfitis phenomenon will exhibit
different characteristics according to the mode of wear that occurred. Cutting is the most
efficient mechanism of wear, being able to remove more material than the other two. It is
similar to a tool cutting, which the modelgsents a cone that does a deep cut at each pass,
removing an amount of material that can be measured by the volume of the groove left on the
wear scar. The wear debris occasioned by cutting resemble curled-likdbahips, also
similar to the ones fornakeby a cutting too]55]. Even though the amount of material removed
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can be measured, the total wear is just an approximation of this vainoethere is also a
small amount of ploughing occurring on the edges of this groove, which represents material
removed from the contact region that is plastic deformed but not totally removed from the
body. Equation 2 presents the material removal volume (V) due to this type of wear, that can
be calculated by approximating the wear groove formed to a cutting goaestarp cone,

which presents a depth d, a conical anghed a sliding distance L.

T ™z HEzd

Wedge forming is a mechanism similar to cutting, but there is a minimum formation of
debris, once during the groove formation the material acatesiht the tip of the grooving
asperity. During this mechanism, a wedge is formed at the tip of the wearing grit particle and
then grows with the sliding distance due to the adhesive transfer of the removed layer on the
worn surface, as presented Bigure 10(B). The groove formed during this wear presents a
small ridge on the sides (due to small scale ploughing) and the wedge formed on the tip stays
on groove helping its formation. Once the wedge is formed gross sliding occutsaaestsd
no further wear daris are formedbeingthe initial wedge the only wear particle resultant of

this wear mod¢55].

The two modes previously explained share a characteritat can occur on its own
and isknown asploughing In this mode, the wear groove formed is shallowd, on a single
sliding pass, there is no wear particles formation. After repeated cycles wear, debris can be
formed due to the accumulated deformation, this way releasing the ridges from the surface.
Since the side wedges formed can stay on the woreri@lathaving been displaced from the
contact but not lost from the maas shown irFigure10(C), a more refined method should be
used to enable the preciseasurement of the wear volume. This is because simply using the
mass loss and the density of the material to approximate the volume of the wear scar region

will not be accurate.

Two and Three Body Abrasion

This classification of weatr relies on the typemdvement that occurs when the abrading
grits pass over the surface being worn, which are denominated dsdthyoor threebody

abrasionFigurell presents the twbody abrasion (A, B) and the thrieedy abrasion (C).
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(A) Sliding direction ===

Body 1
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Body 2 | (Body1)
(B) Sliding direction =
Body 1
N\
Stuck-Grits
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(C) Sliding direction ===

Body 1

I @&

Free-Grits

Body 2 (Body 3)

Figurell- (A, B) Two-body abrasion; (C) Threleody abrasion.

The twebody abrasion occurs when the grit is stuck to one of the bodies, which act
more like a cutting tool andriginates a groove on the other body in relative motion. In this
case, the griparticlesdo not need to be from another material, since the asperities on one of
the bodies can act as the cause of the wear scar on the other body, as Shigurea(A).

When there is a presence of a third body in the middle of the surface in motion, the wear
is caused by a thrdeody abrasion. The rolling grits can be formed by the shattering of the
asperities on the bodies or by the introduction of another materiaé imtierface otthese
bodies. This type of wear may not present grooves, instead a random topography is presented,
which suggest that the material is gradually removed during each pass of the rolling grit. The
threebody abrasion is found to be a slow weasthod,beingl10 times slower than twbody
abrasiorf41].

2.4, WEAR TESTING

Testing a material application under real work situations can be difficult and costly in
terms of time and resourcesttempts to overcome this have resulted in many different test
rigs being developed by researchers to simulate and quantify the diverse types of wear that may

occur during the material life in its real operation.
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Wear and friction are complex material parameters that result from a sum of factors and
are not only dependéaon the material properti¢42]. This way, it is necessary to select the
test that best represent the material application, e.g., applied load, duration, contact type and

environment characteristics.

Through the years that wear reseanelsbeen develped, many types of wear tests
were proposed and some became wsihblished tests with technical standards for better
reproducibility. The ASTM G190 standd¥fb] presents a list of the available ASTM standards
for wear tests as well as a guidance fortést selection and development.

2.4.1. Abrasive Wear Testing

In engineering applicatian abrasive wear is presented as the most common cause of
mechanical failure, being responsible for as much as 50% of all wear problems presented in
industry[51,57] This type of wear is present in many different forms (loads, abrasive particles)
and, forthis reason, different rigs can be utilised to quantifypnateriad @brasive wear
resistance. There are many popular abrasive wesas for instance: piron-disk, rubber
wheel/drysand, Taber abrasive wheel tester, and many others.

Laboratoy wear testsare not limited to the measurement o$iagle specific wear
parameterand some wear rigs present a more realistic test method, which may include the
utilisation of parts and mechanisms used in the actual engineering applitasqassible to
guantfy the wear resistance of the material pair by simulating the real situation in a controlled

environment, for example, assembling a reciprocating driven piston on an engine block.

In this research, the cisand/rubbemwheel test was selected due to itsdat@application
in industry, the simple setup and specimen preparation, and the straight forward wear resistance
guantification. Depending on the real application the abrasive wear test can present different
forms, being also utilised with higher loads (jesusher abrasive wear test) or in the presence
of a slurry instead of dry sand. These test methods and parameters must be selected according

to the best fit for the desirable results.

2.4.2. Dry-sand/Rubberwheel Abrasive Test

The Dry-Sand/RubbeWheel (DSRW) isan abrasive wear test thatused tayuantify
the abrasive wear resistance of a material in a direct and simple way, being standardised by the
ASTM G65, which was developed by ASTM Subcommittee GOB8[ Its ease of use and

vast applicability have letb it being widely used in industry. This type of test presents the
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situation where the abrasive wear is defined by adtress and threleody abrasion mode,

once the particles are introduced as a third abrading[B8{lySince the creation of the ASTM

G65 standargb8], this became the most popular abrasive wear test, being employed in many
companies to characterise and compare the matestiaigjt presents a simple mechanism and
gualitative comparable results (volumlewvear material)59i 61]. The DSRW presestesults

that could be correlated to the ones found in the real application, once therésdhtshe

same mechanisms as this test, meaning that it could be used as guideline for the selection of
the best gplicable material for the situatidb9]. Figure12 presents basic mechanism design

of a DSRW rig.

Rubber-wheel

Figure12i Basic mechanism of the stamddSRW rig.

The test rig presents simple mechanisins composedf a wheelclad inrubber a

load mechanism and a flow of abrasive. The ASTM G65 presents the parameters that are
necessary for the construction of a standard test rig, which will hamdastl dimensions,
rubber composition, applied load and abrasive. According to the standard, the material wear
should be reported in material volume loss when submitted to a specific load and slide distance,
which makes comparison between materials sinmfplethe ones that are not from the field.

The only other equipment necessary to measure the volume loss is a precisidreseatss

the material density is known. This type of apparatus is utilised in this study and is presented

in more detail in Sectin3.2
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2.5.LITERATURE REVIEW SUMMARY

Based on the background information and the state of the art publications found in this

chapter, the following points are of importance:

1 Heat treatments are processused to alter the alloys microstructure and,
consequently, some of its mechanical properties.

1 Conventional heat treatments are treatments that use temperatures above 273 K.

1 Cryogenic heat treatments are treatment that use temperatures below 273 K,
being divided in: Cold treatment (273 K > T > 193 K), shallow cryogenic
treatment (193 K > T > 113 K) and deep cryogenic treatment (113 K > T).

1 Wear is a gradual removal of material from a surface, being the type of wear
that 6s t he f oc usbodygdbragivewear. st udy the thr

T There are several test rigs to test a
chosen test is the ASTM G65 Dsand/Rubbewheel test.

1 Due to the cryogenic treatment being relatively new, there are still lack of
published work thiadeeply analysei$s mechanisms.

1 There are few published works about the deep cryogenic treatment effect in the
Ti64.
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3. METHODOLOGY

The methodology of the experiments and analysis used in this research to @shieve
definedaims and objectives are presented in this chapter. Firstly, the methodology structure is
presented, followed by the detailed design and development of the tésitrigas built and
used during this research. The materials selection, sample preparation and the development of
the experimental test are described. Finally, the analysis methods used to obtain the results

(presented later) are explained and the useshpeters listed.

3.1. DESIGN OF METHODOLOGY

The materials chosen for this study (Secto8) were submitted to conventional heat
treatment, as per their specificationgaedless of their state -asceived.A quantity of each
material was also submitted to the deep cryogenic treatment (DCT). After trexpeained
in detail in Sectior8.4.2, the samples were sectioned according to the specification of each of
the analysis methods carriedtduring the characterisatioasdescribed in Sectio®.3. Figure

13 presenta flowchart of the general methodology used in this analysis

Materials
l_ (Section 3.3) _l
Stainless Steel Light Alloys
AISI 304L Ti-6Al1-4V
AISI 316L EBM Ti-6Al-4V
AISI 440C
SA 508 Gr.4N
v

Conventional

Heat Treatment
(Section 3.2.2)

A\ 4
Deep Cryogenic
Treatment

(Section 3.4.2)
v

Samples ¢
(Section 3.4.1)

¥ XRD
Abrasive
SEM
Roughness Wear Test 3D
Shape (Section 3.5 & 3.7) Scan
L 2 | TEM
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Figure13- General methodology flowchart
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The experimental work performed during thesearctwassplit into two mainstages.
The first stage wed more commercially common stainlesteel alloys and a more specialist
stainless el alloy typically used in pressure vessaixl in the second stagdéight alloy and
aprinted alloy.

3.2.DESIGN OF TESTRIG

The test rig used during thissearclwas designed based on the ASTM G65 standard
The development procesthe new featuresind the building and refining of this rigre

described in detail during this chapter.

3.2.1. Initial Concept

As part of this work, a new abrasive wear test rig that uses the rubber wheel with dry
sand wear principle, based #&TM G65 - 16el ($andard Test Method for Measuring
Abrasion Using the Dry Sand/Rubber Wheel Apparatua$developed. The main difference
compared to the standard design conceémshe wheel rubber material responsible for
movement of the sand particles on the surfacdkesampleéo be abradedASTM G65 defines
that a chlorobutyl rubber supplied from a single global supplier, but this is now unavailable in
the market. This chlorobutyl coating material was substituted by a neoprene rubber layer, which
presents the sameafuness andominally similar behaviourand has also been used by
commercial vendors for the same applicatiGtherwise, the wheels used in the new test rig

are the same physical dimensions as the one presented in the standard.

None of the othefeatures of the new rig directly related to the festlf (wheel
geometry, location of the wear contact patch, wheel rotational speed, motor power and applied
contact force) were altered. The sand used in the @shet the same sandsused in the

standard testaind is described and analysed in SecBdn2

3.2.2. Initial Design

Figure14 shows a simplified schematic of the main parts of the wear test rig designed
during this research. The load arm has an eye bolt which is useduie and locathe mass
responsible for apping the load on the sampiacedn the sample holder. The sample holder
was designed to securely hold samples sized as per the staBeetidn3.4.1). The levers
used to lift the load arm and make/break the contact between the sample and the rubper wheel

which also makes this procedure smoother and lighter to hadrdleconstant sand flow comes

31



from the nozzle, which is positioned just above the region wheredantact between the wheel
and the sample occurBhis nozzle is designed to offer a good and thick curtain flow with no

turbulence, being that the original dimensions are determined in the standard.

The rig mainframeHRigure 14) was manufactured from 6082 aluminium alloy of two
thickneses 5/ 8-pl @abaykand 10 (top, bottonFigarad si deé
15) is responsible for transmitting the load to the samplagliested it is important that it does
not deform during the loading proceduned,for that reasonthe load arm wadesigned by
CAD, underwent the working load simulation and was I&N&€C machined from a high grade
6082 T651 aluminium platensuring its rigidity during the tests

Load Weight

Load Arm

Sample Holder

50 mm

Figure14 - Simplified schematic of the rubber wheel and sand abrasive test rig.

The test rig also features two different designs of sample holder, allowing both standard
ASTM G65 samples and the 440C circular samples ugatth. of the sample holders present
the catact of the sample in the same region of the wheel and also present the same balance
point in the load arm. Small grub screws were added to ensure no sample movement during the

tests.Figurel6illustrates the differences between the sample holders.

Pivot Axle

Eyebolt Support

Sample Holder

30 mm

Figurel5- Load Arm schematic drawing.
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Square Sample Holder Round Sample Holder

Figure16- Sample holders schematic drawing.

The design of the new rig took into account that different types of users would operate
it. The lever was designed to facilitate the unloading of the sample by ensuring that the force
necessary to unload it using thedeis significantly less than the weight of the load applied to
the end of the load arm. Another aspect that guided the design of the rig was the form factor,
which kept the rig to amallersize when compared to similar test rigs. An acrylic window, in
front of the rig mainframe shown in tReyurel4, ensures the user is protected from the moving
parts and any debris that may result from a tagurel17 presents the initial assembly of the
real DSRW rig.

Load arm

> Lever mechanism

Sample holder

Round sample

Rubber wheel

Figurel7 - Initial assembly of the DSRW Rig.
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Since this is a comparative test, the results will be only compared with results of tests
performed on the same equipmeéhnis expected that the differences compared to ASTM G65
do not alter the repeatability of thesults. If strictly needed, the materials that are not in
accordance with the standardynd sample holdeand sand) can be easily replatedhose

that meet the standavdthout any modification to the equipment design.

3.2.3. Final Version of theAbrasive Wear TestRig

Figure18 shows the final rig assembly that was used during all thegdesérformed
in this research. Once the rig was assemidethe final minorefinementswvere needed to
guarantee the best and most efficient usage of it. As it is showigore 18 (Detail A), the
mainframe of the test rig daacolumnadded in the middle, whicidded to the stiffness of the
rig andmade possible to add two transparent windows, being one fixed (left side) and one with
a latch(right side)to facilitate the loading and unloading of the sample holder. Insitteeof
area in which the test takes plaaerubber catch was made to make it easier for the sand to
flow to the bottonsand containethis way making sure that sand would accumulate in the
corners of the mainframe and reducing the time needed for ¢paration between tests. In
front of the transparent door an aluminium sand catch was added to minimize the sand spillage

when opening the access door.

The sand hopper was originally fitted with a plastic globe valve that was used for the
initial tests, neding replacement due to constant blockages. The internal mechanism of the
plastic globe valve was removed and an alloy valve was designed and fitted, presented on
Figure 18 (Detail B). The bottom sand container chosen is made of metaice polymer
containers would increase the static charge generated by the sand. The rig is fitted with a control
box on the left side, which presents the start/stop button and the emergency stop button. An
Arduino microcontroller was used in conjunction with a hall s@nto monitor the speed and

count the revolutions of the wheael.

The final step of the rigommissioningvas the calibration of the sand flow and the
wheel speed. According to the ASTM G65 standard, the wheel speed should twe2@ar
rpm and the sandd should be 300 to 4a§min. The sand flow was measured using a timer
and a scale and the nozzle was calibrated accordingly, also certifying that the sand flow would
not be turbulent. Once the gearbox and pulleys were selected and installed, the edubel sp
was measured using a tachometer. All these parameters can badjastigcand calibrated if
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ever needed. Details C and D Fifjure 18 present the details of thezele, sand flow and

sample holder.

Sand
Hopper

Mainframe

Legs and
Sand container

Figurel8- Final version of the ASTM G65 Dry Sand Rubber Wheel abrasive test rig: (A) Overall vision of the
test rig; (B) Detail of the sand flow valve; (C) Standard Samples Holder in the rest position; (D) Standard
samples holder in the tegsosition.

3.3.MATERIAL S

In order to investigate the effect of the cryogenic treatment on the properties of different
commercial alloys, several different types of alloy were studied. Initially, three stainless steels,
two being martensitic and one being austenitic, and a low stésl were submitted to the
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treatment and characterised according to the methodology describexd@mapterSecondly,

a light alloy and an additively manufactured alloy were also submitted to the cryogenic process,
tested and compared to the resuftghe alloys that were not submitted to this treatmé&hée
chemical compositiondetailed information and characteristics of the aforementioned alloys

used in this research are described in the following sections.

3.3.1. AISI 440C

AISI 440C is a martensitic stadess steel with a high carbon content, high hardness,
good corrosion resistance and excellent hardenability. It is usually supplied in the annealed
condition with a medium hardness, to facilitate the manufacturing process of the parts, once
after treatedt can attain a good wear resistance and the highest hardness among all commercial
stainl ess This reaetdnstio stajnless dteekbwas chosdretasedas a verification
of the cryogenic treatment effectiveness, since the main effect ofgaimnt is to transform
the retained austenite into martensite, which would make the samples submitted to DCT harder
than the ones that were only conventionally heat tredtatlle 3 presents the chemical
composition of the AISI 440C.

Table3 - AISI 440C chemical composition.

Carbon Manganese Phosphor Sulphur Silicon Chrome  Molybdenum

440C 0.951.20 1.00 0.04 0.03 1.00 16-18 0.75

*Values in percentage by weight [wt.%].

This martensitic stainless steel is usually referred as a bearing steel, due to its
mechani cal properties making it a perfect
races, but it is also used inanmy other applications in which the high hardness and mild
corrosion resistance is desired, such as: moulds & dies, valve components, measuring
instruments, gage blocks, surgical tools, pumps and cutlery. Many of these components are
subjected to abrasiaither directly as a result of their use (e.g. slurry pumps), but also during
failure or degradation elsewhere in the system where a lack of abrasive wear resistance would

decrease life (e.g. soot from combustion in lubricating olils).

3.3.2. SA508Gr 4N

The SA508 Grade 4N is aW alloy carbon steel developed to be used in the nuclear
industry to manufacture RPV (reactor pressure vessels) and its tubes and connections. Since

the life span of a nuclear powerplant is generally determined by the RPV, onie ih&n
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component and its replacement is not viable, the development of a new material that would
make possible to increase the thickness of the RPV and also present better properties than the
ones being used up to this time was needed. The materials uxs®d primary and secondary
circuits of nuclear reactor systems are subject to abrasion from debris in the coolant and the

liquid metals and salts used in their operation.

This alloy was developed as an upgrade to alloys that already had good préperties
this application and were widely used in this industry for more than 30 years, such as SA533
Grade B or SA508 Grade 3. Tirade 4Npresents a higher strength and toughness when
compared to the cited older alloys. These increased properties are wdsille increased
hardenability due to the higher Cr and Ni content. The microstructure of this alloy is composed
of a mix between martensite and bainite, being that the precipitation and refinement of carbides
can be responsible for the changes in thehaeical propertiesTable4 presents the chemical
composition of the SAE508r 4N.

Table4 - SAEO8Gr 4N chemical composition.

SA508Gr 4N SA508Gr 4N
Carbon 0.230 Vanadium 0.030
Manganese 0.200.40 Niobium 0.010
Phosphor 0.020 Copper 0.250
Sulphur 0.020 Calcium 0.015
Silicon 0.400 Boron 0.003
Nickel 2.80:3.90 Titanium 0.015
Chrome 1.502.00 Aluminium 0.025

Molybdenum 0.400.60
*Values in percentage by weight [wt.%].

The SA508 Gwas selected due to it being a relatively new low alloy steel and its main
usage being as a pressure vessel alloy. This application likely nteanghe parts
manufactured with this alloy present an increased thickness that are better suitable to the
cryogenic treatments (since a longer soaking time would not increase the effect in the external
wall and would make possible to treat the part homogsly). Also, the literature for this low
alloy steel does not present enough information about it being cryogenically treated, adding

novelty to the results presented in here
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3.3.3. AISI 304L and AISI 316L

AISI 304L and AISI 316L are both austenitic stainless steel alloys. Together, these
alloys are the most commonly used austenitic stainless steels, especially due to their excellent
corrosion resistance, good mechanical properties and machinability. Thediffarence
betweenthesealloys is the addition of molybdenum to the AISI 316L, which makes it more
resistant to corrosion at higher temperatures and in more corrosive mediums (e.g. saline,
chloride, bromides). This better corrosion resistance also niakédSI| 316L biocompatible,

being used in a number of medical applications.

These alloys are both portraying the letter L after its designation due to it being the
lower carbon version of its respective alloy families (AIS1 304 and AISI 316). The |lanzrc
makes it less prone to sensitization, which may occur when these alloys are submitted to higher
temperatures for a longer time (welding or even heat treatment). The lower carbon content
prevents the chromium carbide precipitation, this way decredassghance of corrosion
occurring on the grain boundaries that could be deficient in chrome. The chemical composition
of the alloys used in this work was analysed and is preseniabiab.

Table5 - Nominal chemical composition of the austenitic stainless steel alloys and chemical composition
measured.

Carbon Manganese Phosphor Sulphur Silicon Nickel Chrome Molybdenum Nitrogen

304L 0.03 2 0.045 0.03 0.75 8-12 17.519 - 0.1
304L* # 1.15 # # # 8.32 18.09 0.26 #
316L 0.03 2 0.045 0.03 0.75 1014 1618 2-3 0.1
316L* # 1.69 # # # 10.35 17.07 1.94 #
*These composition values were measured usinfthes c her scope XAN. The A#0 repre

are too light to be measured using the equipment mentioned, these limitations are explained 08.&dction

**\/alues in percentage by weight [wt.%].

These austenitic stainless steels are very versatile, easy to form and weld, which leads
it to be used in many different applications according to the level of cmmsosesistance
needed. The main areas of use are heavy industry (oil, gas, chemical, offshore, marine), food
processing, medical equipment, pharmaceutical plants, aerospace, nuclear reactors and many

others engineering applications where abrasion reguwadurs.

These alloys were chosen to investigate the effect of a commercial deep cryogenic
treatmenbn an austenitic alloy, since any positive effect would be related to less conventional
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effects of the cryogenic treatment. As reported in the liter§3ir88], the DCT applied to this
series of austenitic stainless steels can form-maaensite, which may have a positive effect

in the wear resistance of this alloys.

3.3.4. Cast Ti-6Al-4V and EBM Ti-6Al-4V

The TH6AI-4V (of t en col | oqui &h ik an alghdetatitaniians N Ti 6
alloy, is the most commonly used commercial titanium grade. Its main characteristics are the
good strengttio-weight ratio and its high corrosion resistance. It has a density of up to 50% of
steel or nickel alloys, thereforaving wide application in areas in which the low weight of
parts is extremely important. Another important characteristic of this material is its
biocompatibility, making it a good candidate to be used in the manufacturing of prosthesis that
areindirecc ont act with bones or tissues. Due to t
in sliding (including abrasion) it is usually submitted to surface treatments when a better wear

resistance is needed during the application.

In this work, two different types of Ti64 were used, being one the regular cast Ti64 hot
roller annealed plate and the other sample obtained through the additive manufacturing process
of electron beam melting (EBM) (specifically the Arcam variant). Thepmsition of the Ti64

and the EBM Ti64 used to manufacture the samples are presentatlef.

Table6 - Chemical composition for the cast Ti@Ad the EBM Ti64.

Vanadium  Aluminium  Iron  Oxygen Titanium

Ti64 3.95 6.24 0.18 0.16 Balance

EBM Ti64 3.94 6.45 0.19 0.12 Balance

*Values in percentage by weight [wt.%].

Conventional Ti64 is widely used in the aerospace industry, and also used in areas in
which the low weight is considered important, like motorsport or redmdrolled vehicles.
EBM Ti64 is a more recent process route but presenting a higher cost afwr¢hisreurrently
limited in its usages to very specific areas where theisostt one of the main factors when
selecting the material. Examples are in the medical area (prosthesis) and for industrial
applicationsn which theprototypes or specializedaggs that cannot be produced using other
types of manufacturing techniques, typically due to tb@mnplexgeometry, are required.
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These alloys were primarily selected due to the literature not presenting much
information about the effect of the demyogenic treatment on the abrasive wear of Ti64 and
also lack of a literature that compared the cast Ti64 and the EBM Ti64 directly. The possibility
of submitting these alloys (which have the same composition but are produced using different
techniques)d the same mechanical tests made it therefore an important research subject. The
novelty of the EBM Ti64 being submitted to the deep cryogenic treatment only increased

further the importance of analysing this specific material

3.4.SAMPLE PREPARATION

This secton presents the details about the samples used during the abrasive wear test
and heat treatments applied in each ofntlag¢erials

3.4.1. Standard Samples

Thesamplsweresizedaccording to the respective test standard or, in the cases without
a specific standardyith dimensiors that best facilitate the subsequent analyses. The samples
of AISI 440C were manufactured fromr@aundbar 38.1 mn{1.5 in.)in diameter(a common
as supplied size for this materiél slicing in 10 mm thick discs usivgre EDM, due to the

material high hardness.

Using the same technique, the SA508 samples were obtained from a billet, which was
sectioned into small plates in accordance with the samples size requirements of the abrasive
wear test standard ASTM G65.

Thesamples of AISI 304L and AISI 316L were sectioned from a 10 mm thick plate to
the dimensions in ASTM G65 using a water jet cutting maclaisinis process is capable of
cuttingthis materiaht acost less than wire EDNMEigure19 presents the geometry af ASTM
G65 sample.

|
al | mTD:l

@38.1 /_\
(A) 76 M)

Figure19- Samples for the abrasive wear rig: (A) Standard G65 rectangular sample; (b) Circular sample.
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The regular cast Ti64 was sectioned out of a bigger plate that had the same thickness as
the final sample. Thadditively manufacture(EBM) sample wagprocesse using an Arcam
A2 machine and the used powder had a particle size rangel®64sm. Thigype ofmachine
usesa plasma to atomize the powder and produce the samgtke parameters usecerethe
standard parameters supplied by Arcam V3.2.TB&.sarples were produced with one of the
sides (76 x 8 mm) serving as a base and the schematic from the additive manufacturing process
is shown orFigure20. The EBM obtained samples were roughly to the standard sample size,
only needing tde ground on alihe side face® present a better rectangularity.

End

Start

Figure20- Schematic of the EBM Ti6ddditiveprocess.

The abrasive wear test samples have a flat surface and a ground surface finish. The
samples used for hardness, chemical composition analysis and metallography were sectioned
from these larger rectangular sampieh geometry suited to each of the analysis methods. It
is important to note that all the tests were performed on the same face of each of the materials,
i.e. each of the samples used oncharacteriation has the same orientation of the samples
used in the wear test experiment, that way making sure that the tests are always carried out on

the same surface of the material.

3.4.2. Heat Treatments

The engineering alloys used in this research were submitted to commonly used
conventional heat treatment pritar the DCT This is because in commercial and industrial
applications the cryogenic treatment is used as an additional treatment, being performed
sometime after or as part of the conventional heat treatment cycle and, due to this, a similar
approach wasaken in this methodologyrhe exception was the titanium alloys that were not
conventionally heat treatdéxplained later in this sectianhe aim was not to compare the
cryogenically treated samples to the conventionally treated samples, but wasyse dnal
further effects that the deep cryogenic treatment can present when used in commercial

applications.
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The prepared samples were first conventionally hd¢egated according to ¢h
specification of their respective alloydalf of the samples from eaabf the alloys were

submitted to a cryogenic DCT at different stages of the heat treatment cycle.

The AISI 440C steel samples were subjected to astageaustenitizing 1118 K for
30 minutes and then at 1313 K for 20 minutes. After thisthegtiment, the AISI 440C samples
underwent a DCT and later a tempering at 463 K for 2 hours.

The SA508Gr 4N Class 2 steel had undergone austenitization for 2 hours at a

temperature of 1153 K, later being submitted to the cryogenic treatment and tem@38d a
K for 2 hours.

The austenitic stainless steels (AISI 304L and AISI 316L) were subjected to
annealingheat treatment at 1228 K for 30 minutes, air cooled to room temperature and later
submitted to a deep cryogenic treatment (DCT).

Both of the titaitum alloys (cast Ti64 and EBM obtained Tié4gre only submitted to
the deep cryogenic treatment after being received, with no additional conventional heat
treatment performed. This was deliberate, in order to better analyse the performance of these
alloysas fof f sdlulioms, sSnheetHisfallowed to directly compare a commercial cast
Ti64 sample to an EBM 3D printed sample.

The deep cryogenic treatment was performed by Cryogenic Treatment Services Ltd
(Newark- UK), which is a research partner, ahe parameters utilised were the same as the
ones used during their commercial standard cryogenic treatment services for industrial
purposesshown inFigure2l.
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Figure211 Deep cryogenic treatment performed in the samples.
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During the cryogenic treatment process, the samples were cooled in a chamber with
nitrogen atmosphere at a ratie~2 K/min until the temperature reached 93 Ketémperature
in the chamber was maintainatb3 K over a period of 14 hou¢soaking) and then gradually
returned to room temperatuffeeating) again at a rate of ~2 K/mimable7 presents the sample

nomenclature for each of the materialsl @dhe final treatment condition it was submitted to.

Table7 - Sample nomenclature.

Material Cryogenic Treatment  Designation
AlSI 304L No SS3
AISI 304L Yes SS3MUCT
AlSI 316L No SS316
AISI 316L Yes SS3BCT
AISI 440C No A440
AISI 440C Yes A440CT
SA508Gr 4N No SA508
SA508Gr 4N Yes SA508CT
Ti-6Al-4V No Ti64
Ti-6Al-4V Yes Ti64CT
EBM Ti64 No ETi64
EBM Ti64 Yes ETi64CT

3.5. DESIGN OF EXPERIMENT D EVELOPMENT

The final experimental paramesefor the abrasive wear testre determined after a
series of initial tests and ressttomparisons, this wgyromoting high likelihood ofepeatable
and more precise resuli®e development of the final experimental parameters and the reasons

behind it are presented in the twolde¥ing sections.

3.5.1. Methodology Development Tests

The reliability of the results resulting from an experimental test is a very important
factor and to achieve the best repeatability and accurfaitye results obtained on this rig
series of initial tests are performed. These tests comprised of using the standard specimens
for the abrasive wear test made ofieexpensiveand easily sourcecommercial alloybeing

themild steelEN1A the selected material.
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The specimens were manufactured by sectioning waitisickness plates of EN1A
the as received condition (without applying any further heat treatrzetit® sizes presented
on SectiorB.4.1and lather grinding the surface to the standard roughness. To be able to account
for the different thickness that the future test samples may have, these samples presented a
varied range of thickness, varyingside ofthe limitsdeterminedvhen designinghis test rig
(8 £ 2mm).The parameters for the tests were the same as the ones used for most of the alloys
used in this research, which are defined as test method A, that has a duration of 6000
revolutiors, speed of 200 rpna load of 130Nand a dwell tne 0f30 minutegbeing the most
extensive and also using the highest load of all the standardTiestyesults for the initial

calibrating tests are presentediable8.

Table8 - Results for the initial calibrating teaising the EN1A samples

Sample Test Order Mass Before Mass Mass Loss Volume Loss
] After [g] ] [mm?]
1 1st 134.2031 134.0204 0.1827 23.274
2 2nd 133.9109 133.7128 0.1981 25.236
3 3rd 134.1992 134.0023 0.1969 25.083
1 4th 134.0204 133.8327 0.1877 23.911
2' 5th 133.7128 133.5133 0.1995 25.414
4 6th 147.3878 147.1987 0.1891 24.089
5 7th 148.7329 148.5289 0.2040 25.987
6 8th 149.2991 149.0914 0.2077 26.459
7 9th 147.7849 147.5825 0.2024 25.783
8 10th 148.4412 148.2443 0.1969 25.083

The results present for the initial calibrating test were as expected and showed that the
machine was capable of maintaining a goeproducibility even when the thickness of the
samples would vary. The average result for the wear loss of the EN1A samples was
25.032+ 0.315 mni with a standard variation of 0.997, which is 3.98%. Also, all the samples
presented a regular wear scar thas aligned and symmetric, which is what is recommend by
the standardAn example of theexpeced wear scar is presented éigure 22. Once the
calibration was done, the fir&gISI 304L Stainless Steel sampglevere manufactured and
submitted to theveartest. The results for the AISI 304L initial tests are preseintetable9.

Table9 - Results for the AISI 304L initial tests.

Sample Test Order Mass Before Mass Mass Loss Volume Loss
[l After [g] [l [mm?]
1 1st 145.9651 145.7712 0.1939 24.238
2 2nd 146.3769 146.2193 0.1576 19.700
3 3rd 145.7621 145.6295 0.1326 16.575
4 4th 146.4916 146.3769 0.1147 14.337
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Figure22 - Example of an even and an uneweear scar. (Source: ASTM G65)

The results for the initial tests with the AISI 304L did not had a good outdmoayse
therewasa difference in the volume loss as the tpstgjresed The results showed that as the
tests went on the wear rate would decrease until it reached a limit in which it would be stable
(the proper results for the AISI 304L wear can be foum@hapter6). The only factor that
could cause this change in wear rate during the progression of tests was the temperature of the
wheel and the metallic parts around it. This problem was only noted during the tests of the
stainless s&l, having a smaller effect on the other alloys. To minimize the effetteo
temperature changes during test, a new test method was developed, one that served the purpose
of making the test results more reproducible and easier to check the machiriaalibr

After thesetrials, a new methodology was developeaghich consistedf using a
calibrationsampleand a 2000 revolution cycle to raise the temperature of the &hdehe
other surrounding componerits a more reliable working conditiorAfter this test, the rig
would undergo a 10 minutes dwell time and the actual tests could be carried. Also, the new
dwell time between the regular 6000 revolutions and 130N test changed from 30 minutes to 40
minutes. To keep theonsisteng of the work this test method was adoptedll the tests done
in this test rig, even those that did not seem tobaffected by the temperatuiighe schematic
for the abrasive wear test methodology is presentédjure23.
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First test of the sequence

Calibration Sample Pl Tested Sample
10 minutes

130N — 130N
2000 Revolutions 6000 Revolutions
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Figure231 Abrasive wear test methodology schematic.

The calibration samples were later changed from EN1A plates to a precision ground
flat stock maddérom DIN Grade. 1.2510100MnCrW1)tool steel Eventhoughthe EN1A was
an inexpensive alloy, the manufacturing of the samgteatly increasess production cost.
The solution was replacing it with the precision ground flat stock, once it is supplied with the
needed thickneg8 mm), width (25 mm) and surface roughness (3.2 um), only needing to be
sectioned to the needed length. This tool steel bar is manufactured in accordance with the
DIN 59350 standard, which guarantees good dimenstolehncesand is similarly easy to

source and relatively low cost (when taking the manufacturing costs into account).

3.5.2. Standard (AFS) and Non-Standard Sand(HST)

The sand used in this research was not the standard sand desctiteeASTM G65
standardpnce the availability and the costtbis sand made it not viable to be used at the time.
Instead, a sand sourced from a local supplier and with simi@phologicalcharacteristics
was used, which should naffectthe resultssinceall the conclusionslerived bycomparing

the results olained in the same test rig using the exact same sand batch.

The standard sand used in this type of test is denominated as AFS ISG@WWO @s
Ottawa Sand), supplied by U.S. Silidde sandisedwasa hydraulic fracturing samslipplied
by Drilling Services (DSL)Jenominated HST 40/70The SiQ composition of each sand i

present ofable10and the grain size (based on sieving methodsgpted orrablel11.

Table10- Sand SiQ percentage.

Sand % SiO2 % Loss on Ignition
AFS 50/70  99.70 00.10
HST 40/70  97.80 00.30
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Table11 - Sand grain size.

Sieve Aperture % Retained % Retained % Passing

Sand Size [um] Individual  Cumulative Cumulative

425 0.0 0.0 100.0
300 1.0 1.0 99.0

AFS 50/70 212 97.0 98.0 2.0
PAN 2.0 100.0 0.0
600 0.0 0.0 100.0
425 2.1 2.1 97.9
355 8.1 10.2 89.8
300 26.7 36.9 63.1

HST 40/70 250 413 78.2 21.8
212 19.6 97.8 2.2
150 2.2 100.0 0.0
PAN 0.0 100.0 0.0

These are both silica sands, but as showhatre 10, the HST sand presents a smaller
quantity of SiQ, once it has 1.90% (in absolute numbers) less silicon dioxide (silica) than the
AFS sand, this way presenting a higher quantity of other autest and less purity. Another
difference is the grain size of these sahdwn orrablel1, once the AFS sand has the majority
of its particles (99%) between 212 an@b3um, the HST sand has a bigger variation, going
from 212 to 425um for the majority of its particles (97.9%). From this data it is possible to
conclude that the HST sand has a bit less 8@ larger sizer particles when compared to the
AFS sand.

As expained in more detaih Section3.5.1, a container of 26 kg of sand was used for
15 abrasive testsf 30 minutesach(~12 kg of sand per test), being the sauldied back to the
container after each te3theabrasive test weaesults did not present any difference with the
sand being reitilised, even though the sand woplgsent &hangean colour due to the rubber
dust being dispersed from the neoprene rubleeeland a very small quantity of metallic
particles To verify the possible effect of these rubber and metallic particles in the wear test
results, the fiused sando containing these pa
tests with the @librating samples, which presented no changes in the wear scar features nor in

the wear volume.

After the tests fothe work presented in this thesigre carriecut, the AFS sand was
acquired for a different projedin partnership withone of the Univer s i toy@escial
partner$, so it was possible to compare the HST sand to the AFSSgude24 presents the

picture of the sand samples before test and after abrasive test
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Figure24 - Sand samples: (A) HST unused; (B) Used HST; (C) AFS unused; (D) Used AFS.

These sands were also analysed uam8EM, before and after being submitted to the
abrasive wear test, so the sand particles could be comfardusk able to analyse it on the
SEM, the sand particles were held in the sample holder usilogilblesidedcarbon adhesive
disc. These particles came from the samples presentegjmre 24 and the SEM irages are

shown on Figure25.

2mm

Figure25- SEM Sand particlegA) HST unusegd(B) HST used(C) AFS unused(D) AFS used.

The SEM comparative image shows the main differences between the two types of

sand. When comparing A and C it is possible to note that the grains on A are sharper (presenting

48



more angular faces) than the gsaom C (that are rounder on the overall). Anatldifference
between A and C is that on A the sand particles present a more even distnibitiiarsmaller
variation in size. When comparing the unused sands witlwvih used counterparts (A with B
and C with D) no clear differences can be saenitis possible to say that this reused sand
presents very similar characteristio the norused sandhence the similar results during the

tests

3.6.ANALYSIS METHODS

This section presents the detailed analysis methods used throughout the development
of this research. Focusing on making repeatability possible, every step is explained and the
sample preparation, if needed, is also listed.

3.6.1. Composition

The composition of the alloys was analysed usargenergydispersive Xray
fluorescence machin@ Fischescope XAN) The limitation with this method is that it is not
capable of accuratelyeasuing light elementsthereforebeingof more use aa qualitative
method than a quantitative orehesesamples did not need aspecifc preparation and the

tests were conducted on theished standardamplegpresented on Secti@14.1).

3.6.2. Hardness

Vickers hardness (HV) measurements were performedery sample used in the wear
tests. This type of hardness test was chosen due to its capacity of utilising the same indenter
for all the different scales of hardness measurement, being only necessary to change the applied

load accordingly.

To minimize the measurement error, five measurements were made on the surface of
each of the samples, resulting in a totsd@Mmeasurements for eattte researched alloyShe
loads chose (10, 20 or 30 kgfffor each of the materials were based on tlze sif the
indentation, inorder to ensuréhe load presented the best relationship between the size of the
indentation and the hardness numidére measurements were performed in the regioerev

the wear scar was likely to be located.
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3.6.3. Microhardness

The Vickers microhardness was measured using an automated hardnes&rtester
EMCOTest Durascgn The measurement was taken usingjégooint matrix (4 by 4). The

samples were sectioned and polishatte a flat clean surface is needed forphixedure

The initialaimwas toproducea hardness gradient, from the subsurface of the wear scar
to the centre of theample Due to the small size of the area affected byaphied loadthe
measuredhardness gradient did not present a significaférdince in hardnesshereforethe
matrix measurement was used as a better suited model. The load used for each sample was
dependant on the size of the indentation, being used the smallest load possible for each of the

measured samples with the (macrd)ardness measurements

3.6.4. Roughness

The surfaceaughness was measured usingoumntype surface roughnessntact
profilometer (a Mitutoyo SJ500) with a 2 um 60° diamond tip stylusThe samples were
submitted to a roughness measurement after being ground, thenaayngthat the surface

finish was in accordance with the ASTM G65 parameters.

3.6.5. 3D Non-contact Profilometry

A non-contact profilometefan Alicona InfiniteFocus SL)was sedto measure the
samples andgenerate a 3Burface profile For these samples, the 5x and bBjectiveswere
variouslyused,depending on theize of the weascarand therequireddefinition/resolution
traded off against realistecamingtimesfor the type of analyses performeaxhce the full wear
scar scan ranges from 15 to 30 minutes when using the 5x lens and can easily reach more than
45 minutes for the 10x len3he 3D profiles werethenused toanalyse the wear scar, create a
height map andbservethe wear scaieaturesn more detaillt also made possible to measure
the volume of the wear scar and compare to the volume measured in the more traditional way

of using a precisiomassscale and th density.

3.6.6. Polishing and Grinding

The metallographic preparation of the samples was conducted following the
recommended procedur e of Béfaredhenggrbuaedaodpolishedna bl e
the bigger wear samples were sectiondd cubes (10 mnsides) and hot mounted on a

conductive Bakelite resin with carbon filler (to facilitate the eleetahing and the SEM
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visualization).The sectioning was done in a precision cutting machine using an aldssiye
this way generating the least amount @&alting or changes in the sectioned samples. The
grinding and polishingveredone on an automated Buehler Automet maclas#,enablesa
better control of the parameters (when compared to the manual procedure).

The AISI 304L, AISI 316L and SA508 samples were fipstundwith a silicon carbide
sandpaperGrit 220, 600 and 1200lubricated with water, until flat. The samples were then
submtited to a second stagegrinding, using @ pmdiamond suspensian a napless cloth
Finally, a treestage polish was performed, initially using a 3 pm diamond suspension

followed by a 1 um diamond suspensamd then a 0.04 um colloidal silica suspens

Due totheir high hardness, the AISI 440C samples were prepased) a different
method tothe steelspreviously discussed’ hese samples wenitially ground using water
lubricatedcoarse sandpaptailowed bya final grind with a diamond suspensiof 9 pmon a
diamond epoxy disdPolishing was performed using a suspension of 3jJupmand a 0.25

pm diamond and later a 0.04 um colloidal sils#spension.

Thetitanium samplesli64 and EBM Ti64were preparedh the same way, once the
alloys present the same chemical compositibime samples were firstly ground for 3 minutes
using water lubricated sandpapers (Grit 600, 1200 and 2000) and after were polished for 10
minutes using 9 um on a diamond suspension doth and finalised with aix minutes final
polishing using colloidal silica. Thduration of thefinal stepwas varied based on periodic
inspection othe surface for the desired type of finish.

3.6.7. Etching

Metallographic etching was carriegfter the grinthg and polishing.The etching
techniquesverecarried out in accordance with the techniques shown in the ASM Handbook
for the characterisation efch of the alloysThe analysis of the etched surfaces was performed
using conventional optical microsgppnd SEM If the samples were not etchagpropriately
after being polishedheywould need to be submitted to the last stage of polishing again to
remove the oxide layer or any other impurities in the surface and beistarééaker of 100%

ethanol.

The AISI 304L and AISI 316L were etched using the same procedures, once the

materials are similar enough that the etchants would work properly on both. Since these were
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commercial materiaJand nothigh-gradealloys, the hot rolling marks wendearly present on

the etched samplesven after it being carefully prepared, especially during the etching using
the Vilellads r eage n[62])toAmWiNe nicdhoSirdctutBlee®tichqigp at i on
procedure hat presentedhe bestresults were usinghe electreetching using nitric acid

(HNOs), as described by F. C. Bell & D. E. SonéR] on their work The etching using the

Vilell adichant wagompletedby swabbing it on the surface of the sample untiletodant

effect was noticed (a few seconds up to a minute). For the eltctimg the samples were
submerged on a small glass container filled with the etchant solution (60% Nitric Acid and

40% distilled water) and submitted to a currenniofe to 14 mA/cm?, using a cathode and

anode made of stainless steel. This last procedure was carried fdwgmimutes, being that

the time to etch each sample varies according to the sample size and coesistance

The AISI 440Csample was etched usingttie | el | a6s reagent and t
as explained on the previous samples. The SA508 was etched by immersing it ir3@8%ital
(33% Nitric acid and balance ethanol) solution. The times for each etching procedure vary
according to the needdithish, forexample aampleto be usedor SEM analysis needs to be
more etched than tteamplesised in the optical microscope.

The titanium smples were not submitted to any further etchasghe last stepf
polishing alreadyrevealsthe microstructureandthe onlyadditional step needed to see the

microstructure was to useceosspolarized filter on the optical microscape

3.6.8. X-Ray Diffraction (XRD)

The X-Ray diffraction was performed on a Bruker D8 Advance diffractometer utilising
aCopperkU energy (40 kV, 40 rfike)seconds sat pedsiepir e e o f
a 30 rpm rotationThe samples utilised on this anafysvere ground and polished as specified
on Sectior3.6.6 These samples welater sectioned to 5 mm thickness, for a better fit in the
sample holderThis test wagerformed by Dr Rob Thorntofan external supervisor of this

work) at the University of Leicester.

3.6.9. Scanning Electron Microscopy (SEN

The scanning electron microscopy wasnarily performedn two different SEMs;a
Hitachi table top model and a conventional SEM manufactured by FEI. The smaller SEM was
used taobtain thamages that did naequirehigh magnification (over 1000 times) and the FEI
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SEM was used for the more detailed images. The samples used ietisirdid not need any
specific preparation, being the only conditions that the sample is conductive and free of any
dirt or volatile substancelThe Hitachi SEM was usedt the Leonardo Tribology Centre
(Sheffield) and the FEI SEM waisat installecht the University of Leicester.

3.6.10.Transmission Electron Microscopy (TEM)

The only material analysed by this technique was the AISI 304L, presenting only one
samples of each condition (conventionally heat treated and cryogenically tréatedamples
used in thigprocedure were sectioned using a focused ion beam microscope (FIB) and later
thinnedto the needed specificatiarsing ascanning transmission microscope (STEM)s
way achieving a thickness of approximately 80 nm and dimensions of 12 x 8 mithens
transmission electron microscope (TEM) used was a JeotRENMand he TEM setup and
data acquisition was performed by Dr Jiahui(®postdoctoral researcher at thepartment
of Materials Science and Engineering, The University of Sheffiltie selected area
diffraction patterns obtained were analysed with the help of the CrysTBox diffractGUI

software, in its version 2.21.

3.7.ABRASIVE WEAR

The wear test methodology developed for this work is based on AS6B458]. The
equipment (Chapte3.2) and the samples$-igure19) were developed in accordance with the
dimensions and specifications of this same standexrghresented on Secti@b, initial tests
were performed before defining the final methodology for the abrasive wear tests used on this
researchFive tests were performed on each of the materials for each type wigneate. five
tests for each material as received and five tests for each material submitted to the cryogenic
treatment.In order to obtain the wear volume, themples were weighed on a precisiscale
(precision of0.1 mg before and after they werested. The wear surfaces and scaese

analysed using microscopy techniques and profilometry.

3.8.METHOD OLOGY SUMMARY

A methodology to evaluate the effect of the commercial deep cryogenic treatment in a
range of engineering alloys was developed. @hgineeringalloys were selecte represent
a variety of the most commonly used alloys, presenting different types oftstescand

composition, being thesehosenalloys: martensiticstainlesssteel (AISI 440C), low alloy
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carbon steel§A508Gr 4N), stainless steels (AISI 304L & AISI 316L) and light alloys (Ti64
and EBM obtained Tie#

To verify the effect of the DCT in theear resistance of the abenentioned alloys,
an abrasive wear test rig was developed based in the ASTM G65 standard. Fhe Dry
sand/Rubbewheel test method was chosen due to it being a commonly used test method in
industry and presenting a welevelopediocumentation. To better customize the test rig to the
available space, the budget and the test needs, it was dectsiigio andbuild anewtest rig
instead ofacquiringa commercial onelo calibrate the test rig, achieve a standard wear scar
patternand define the test parameters, EN1A calibration samples were made a submitted to
several tests, being these samples used only to calibrate the test rig (not undergoing any further
advanced analysis}his designed and built test rig presents the samendimes as specified
by the ASTM G65 standard, using the standard neoprene rubber wheel arstanciand type

of sand (HST sand, characterised in this chapter).

Samples of each alloy were manufactured according to the ASTM G65 specification,
being of recingular shape presenting 82 mm thickness and 26 x 75 mm area. Due the being
supplied in a solid bar, the AISI 440C samples were the only round sar@p8&%1 mm).

These samples were later conventionally heat treated (apart from the titanium samples that
were no submitted to a conventional heat treatment) and half of the samples of eaghralloy

submitted to the same type of commercial deep cryogeicrtent.

These samples wesdsoused in all of the mechanical characterisation tests, this way
guaranteeing that the samples submitted to the abrasive wear tests were the same as the ones
that were characterised by the mechanical tests. The advancedisamabthods like
metallography, Xray diffraction and TEM, were performed in smaller samples sectioned from
the standardamples aforementioned. Each of these smaller samples were prepared according

to need of each of the specific advanced characterisagtimod.

The results of the tests and characterisation methods were grouped according to each
type of material and the comparison between the cryogenically treated samples and the ones
that were not submitted to the DCT are presented in the followingezkapphe development
of this methodology led to consistent repeatable results, which made the analysis of the effect

of the cryogenic treatment in the abrasive wear resistance of the chosen alloys possible.
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4. WEAR OF MARTENSITIC AND LOW ALLOY STEEL

This chater presents the collected data, analysis and initial conclusions related to the
abrasive wear tests conducted on the martensitic AISI 440C (A440 and A440CT) and the low
alloy steel SA50&r 4N (SA508 and SA508CTI he mechani cal teedt sO r ¢
for all the studied samples, followed by a comparison between the conventionally heat treated
and the cryogenically heat treated group. The wear scar is analysed in detail and all the
presented results for these alloys are discussed. A summary withpthrtantdiscoveriesand

points of note is at the end of the chapter.

4.1. TEST RESULTS

The test method presented in Sectb@was performed on the martensitic and low
alloy steels, the acquired data was analysed in detail to identify any trends, and initial
conclusions proposed related to the effect of the cryogenic treatment in the wear resistance of
these alloys. This secti@ontains the summarized data for each of the tests performed on the

martensitic and low alloys steels used in this research.

4.1.1. Hardness and Microhardness

The hardness test is a simple, quick and-kmetlwn test used to analyse the mechanical
properties of th alloys. In this work, this test was mainly used to certify the uniformity of each
group of samples and the possible difference betweetotihventionally heat treateahd the
cryogenically treated samples. The hardness chosen for this work is the Viaidness test,
that presents results in kg/mim

The martensitic samples (AISI1 440C) were submitted to the Vickers 30 kgf test (HV30),
while the softer low alloy steel samples were submitted to the Vickers 10 kgf test (HV10). The
applied loads were choseawcording to the size of the diamond shaped indentation left in the
analysed surface and the details of this Vickers hardness test are presented irB$e2tion
The surface tested was the same used for the ASTM G65 abrasive wear test, being this the
larger area (25 mm X 76 mnTjable12 presents the Vickers hardness results fentlartensitic

and low alloy steel samples.
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Table12 - Martensitic (HV30) and low alloy steel (HV10) Vickers hardness values.

Cryogenic Average Hardness  Standard Standard % Standard
Sample

Treatment [kg/mm?] Devi at i Error(0x) Error
A440 No 631.1 51.1 104 1.65%
A440CT Yes 750.1 26.8 55 0.73%
Sample Cryogenic Average Hardness Stangard . Standard % Standard
Treatment [kg/mm?] Devi at i Error (0x) Error
SA508 No 276.8 5.3 1.0 0.35%
SA508CT Yes 277.3 6.9 1.3 0.45%

The Vickers hardness results presentedable 12 showed a small Standard Error,
being 1.65% the biggest value found, this way showing that these measured values present a
good repeatability and that arrh@crossahepdnels 6 hal
area and between different samples) and well represented by these results. Th&SMNS08
samples did not present any measurable difference betwessntrentionally heat treatechd
cryogenicallytreated samples, while the AISI 440C samples showed a noticeable difference
between the two sample conditions. All the samples presented a low Standard Error for the
measurements obtained, this way affirming that these results are reliable and have a good

repeatability Table13 presents the microhardness results for the alloys studied in this chapter.

Table13- Martensitic (HV1) and low alloy stl (HV1) Vickers microhardness values.

Sample Cryogenic Average Hardness  Standard Standard % Standard
Treatment [kg/mm?] Devi at i Error(0x)L Error
A440 No 648.3 14.6 3.7 0.56%
A440CT Yes 761.8 9.2 2.3 0.30%
Sample Cryogenic Average Hardness  Standard Standard % Standard
Treatment [kg/mm?] Devi at i Error(0x)L Error
SA508 No 283.9 8.4 2.1 0.74%
SA508CT Yes 287.9 5.6 1.4 0.48%

The microhardness results for the samples presented a similar result to the hardness
measurements presentedliable12. The results for the SA508r 4N samples also pduced
a slightly higher value for the cryogenically treated samples. There was a low value of the
Standard Error (less than 1%) for both groups of conditions. For the AISI 440C samples, the
cryogenically treated group presented a hardness and microlasiaicantly higher than
theconventionally heat treategoup, showing that the cryogenic treatment did had a positive

effect on this mechanical property. The analyses of these results are presented it &ection
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4.1.2. Wear Volume

The ASTM G64 rubbewheel/drysand abrasive wear test was performed in the
samples as detailed in Secti®a. The SA508Gr 4Nwas submitted to the Method A test (130
N & 6000 cycles) as per the ASTM G64 standard, while the AISI 440C was submitted to
di fferent types of ‘test, being the first on
modified metlod A, in which the sample was submitted to 12000 cycles in idtaldoubled
test duration was chosen to promotérmnea®in the wearvolume(compared to the standérg
Method A), this way increasing the wear scar depth and 3ize modified Method A test
duration was limited to 12000 cyclesue t o the | i mitation of t h
volume, thus being the longesttest duration possible in this rig without any further
modification.The outline for the test methodsedsis shown iTablel4 and the results for the
ASTM G65 abrasive wear test are presentethible15.

Table14- Outline of the ASTM G65 test methods for the martensitic and low alloys steels.

Sample Test Method Revolutions Load Applied [N]

A440 A 6000 130
A440CT A 6000 130
(M)A440 Modified A 12000 130

(M)A440CT  Modified A 12000 130

SA508 A 6000 130

SA508CT A 6000 130

Tablel15- Martensitic and low alloy steel abrasive wear test results.

Mass Volume Standard Standard

0
Loss Loss Deviaon Error 0 St@ndard

Sample* Number Cryogenic

of Tests Treatment [mg] [mm?] ( 0) (X Error

A440 5 No 0.01578 2.023 0.452 0.202 9.99%
A440CT 5 Yes 0.01578 2.023 0.502 0.224 11.09%
(M)A440 4 No 0.03185 4.083 0.287 0.143 3.51%
(M)A440CT 4 Yes 0.03050 3.910 0.540 0.270 6.91%
SA508 5 No 0.12288 14.988 0.494 0.221 1.47%
SA508CT 5 Yes 0.12313 15.103 0.714 0.319 2.11%

* The (M) identifies the results from the modified test (12000 cycles).

The results obtained for the SA5@ 4N samples presented a small Standard Error
and a good repeatability, being that all the tests (in the same group of treatment condition) show
similar value. The results for the AISI 440C samples did not give a similar result, once the
standard Metho& had a Standard Error that was higher than 10% of the value measured,
which can therefore be considered as amdiable result. For the modified test usihg000

cycles the results present a smaller Standard Error. For all of the measured samples there were
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no noticeable differences the Volume Loss between thenventionally heat treatexhd the
cryogenically treated group (among each of the alloys amsl gesups)once this difference

was smaller than the standard deviation of the measured values

4.1.3. Microstructure

The metallography was performed in both of the alloys and for each of the conditions
as explained in detail in Sectid6. The type of image, Optical or SEM, wasoskn in a
manner that would facilitate the presentation of the most important features of each alloy, this

way facilitating the better understanding of these features and differences (if present).

Thetypical microstructure (obtained using SEM) for the IM80C samples is shownkigure
26.

Figure26 - Microstructure of the AISI 440C: (A) A440; (B) A440CT.

The SEM images for the A440 and A440CT samples present a very similar structure
and pattern, showing a combination of a martensitic matrix with the presence of primary and
secondary carbides. Therbales are shown in the image as the higher, brighter and oblong
structures distributed across the whole image, being divided in to two main groups, the primary
carbides (bigger) and the secondary carbides (smaller, more rounded shapes). The martensitic
matrix is presented by the grey area under the carbides, presenting its characteristics angular

shapes.
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The images shown iRigure 26 were analysed using the software ImageJ to measure
the average size of the carbide particles present in both samples. In ImageJ, the images with
the same area were submitted to a-fun@ng in contrast (to better differentiate the carbide
fromthematriy( and measured using the fAAnalyse part
average area of the particles present in each of the saBypl@salysing these images, it is not
possible to affirm that the cryogenic treatment affected the carbides thaeaest in these
samples, once there is no clear difference iratba (A4400.475 + 0.58 ¢ mA440C:0.432
+ 0.252¢ mnordistribution of the carbides when comparing tbaventionally treatetb the
cryogenically treated sampleigure27 presents the typical micrographs for the SAEIEIN

samples.

Burned features

20 pm

Figure27 - Microstructure of the SA508r 4N: (A) SA508; (B) SA508CT.

The SA508Gr 4N sample presented very different reaction to the etchant which it was
submitted to, being that theonventionally heat treatedtched as expected and the
cryogenically samplevasonly slightlyaffectedby the etchantprobably due to an inease and
corrosion resistance as a result of the cryogenic treatffigtre 27 (A) present the typical
microstructure for theonventionally heat treatexshmples beingnainly composed of a very

fine tempered martensitic structure, that is homogeneous and present throughout the sample.

Figure 27B illustrates an unexpected interactioatween the etchant used for the
metallography of these samples and the cryogenically treated samples. The only visible
difference between the unetched polished sample and the etched one is the appearance of the
black round dots that can be seen in the enagsultant from the polishing of the samples and
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made clear due to the burning effect of the etchant in the edges present in the material. Since it
is important to analyse the changes that may occur in the microstructure of the studied alloys,
the etchig duration of the cryogenically treated sample was increased from the initial time
(3 minutes) to 60 minutes and still no effect other than the appearance of the black dots could
be seen. Due to this effect, the comparison betweearotheentionally heatréatedsample and

the cryogenically treated sample cannot be performed, but a new and unexpected effect of the

cryogenic treatment in this alloy was found.

4.2. COMPARISON OF CONVENTIONALLY HEAT TREATED VS
CRYOGENICALLY TREATED

A basic statistical analysis of the experimental data was performed to better understand
the possible patterns and differences that were found. To verify the hypothesis that the results
for theconventionally heat treatehmples and the cryogenically teé sample were similar,

a double tail unpaired-fest was used, being that the higher value of th&lue and the
increased significancefpal ue O 0. 95) indicates that the
that the cryogenic treatment did preserdifference in the measured parameter. Thalpe

higher or equal to 0.95, which is equal or higher than 95% confidence, is a value commonly
used in engineering to determine how accurate a result would be, meaning that there is only a
five percent chancthat the results found (in this case) would be similar to one another. Since
the pvalue is not being limited to 0.95, the real value-ohjue will be presented. The results

for the unpaired two tailedtest for the AISI 440C samples are presentethinlel6.

Table16- Unpaired two tailed-test: AISI 440C tests results comparing teaventionally heat treated the
cryogenicallytreatedsamples.

Test t-value Significance Mean SE Significantly
(p-value) Difference Difference  Different?
Hardness 9.880 <0.001 118.8 12.0 Yes
Microhardness  26.18 <0.0001 1135 4.3 Yes
Volume Loss 0.000 0.999 0.000 0.302 No
Volume Loss 1)  0.566 0.592 0.173 0.306 No

* The (M) identifies the results from the modified test (12000 cycles).

The results given ifable16 for the Vickers hardness and microhardness tests shows
that there is a significant difference between the cryogenically treated acohthentionally
heat treatedamples. For both of thesests the-value is a high number and the confidence
level is above 99.9%, indicating that there is no relevant uncertainty (less than 0.01%) related
to the difference presented in these results, this way confirming that the cryogenic treatment
did increae the hardness value of the tested material.
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The wear results did not present any difference between the two different wear test
methods when comparing theonventionally heat treatednd the cryogenically treated
samples. The wear for the unmodified Method A was exactly the same for both ofttheritea
groups, this way presented nodlue and no mean difference. The modified Method A
presented a small difference between the mean values for each group of tests, that showed to
not be relevant due to its smalvalue and low significance {palue). Even though the
cryogenic treatment presented an increase in the hardness of this material, the abrasive wear
results could not be efficiently used to measure this difference, and this limitation of the test
that will be discussed later in this chapfEable 17 presents the results for the unpaired two

tailed ttest for the SA50&r 4N samples.

Tablel7 - Unpaired two tailed-test: SA508Gr 4Ntests results comparing thenventionally heat treated the
cryogenicallytreatedsamples.

Test t-value Significance Mean SE Significantly
(p-value)  Difference Difference  Different?
Hardness 0.345 0.731 0.567 1.641 No
Microhardness 1.532 0.138 3.875 2.530 No
Volume Loss  0.296 0.774 0.115 0.388 No

The statistical analysis results presented in the previous table for the SA508 samples
shows that there is no measurable difference betweencrimgenically treated and
conventionally heat treateshmples for this material. Even in the tests in whichpthralue
presented a confidence of over 70%, the mean difference was smaller than its own standard
deviation, meaning that it is not a relevant value and that the hypothesis that the cryogenic

treatment affected these samples is not true.

The following boxjot graphs were plotted to help on the visualization and comparison
of the previously present dat@igure 28 shows the results for the Vickers hardness tests for

bothof the alloy groups studied in this chapter.
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Figure28 - Martensitic (HV 30) and low alloy steel (HV 10) samples Vickers hardness.

The boxplot plot graphs for the AISI 440C samples clearly illustrates the difference in
hardness present in these two different groups and the error bars do not overlap. Due to the
hardness being measured on every single sample (6 different samplesfoomrditon) and
the value being so high (which means that the indentations were small and a therefore more
difficult to measure accurately than a bigger indentation), the scatter of the values are larger
than the other measurements presented in this wile still presented a low Standard Error
(lower than 2%) and a Standard Deviation that is smaller than 8.1% faorthientionally heat
treatedand 3.6% for the cryogenically treated. For the AISI 440€an be concluded that the
hardness increased for the cryogenically tre
measurement also presented a lower Standard Deviation, meaning that these results are more

homogenous.

The results for the SA508r 4N samples are very similar for both of the tested groups,
being that the difference in hardness is negligible (less than 2%) and both of the Standard
Deviation are very similar, being the one for the cryogenically treated samples 0.6% higher.
Based on tese resultsit is concluded that the cryogenic treatment did not present any
measurable change in the hardness for the SAGO8N samplesFigure 29 illustrates the

results for the Vickers microhardness tests for the samples of this chapter.
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Figure29- Martensitic (HV1) and low alloy steel (HV1) samples Vickers microhardness.

The results for the Vickers microhardness of the AISI 440C sardplesnstrated in
the previous graphs also show the difference that the cryogenic treatment had in this material,
once it is presented that the difference betweertymgenicallytreated anadonventionally
heat treatedamples for this measurement is oflesst 16.84%. Also, in the cryogenically
treated group the scatter of the data is smaller than the one tmmentionally heat treated
samples, meaning that there is less variation of results in the measurement done (the value of
the Standard Deviatioof the A440CT group i62% of theA440 group).

Even though there is a small difference (4.7%) in the hardness and microhardness
AMean Differenced (of t henventopatlyheahtieategdup),y t r e a
the total increase in hardnesssimilar when taking the Standard Deviation of the difference
(SE difference imable16) into account, being the minimum measured difference between the
two tested goups of 16.92% for the Vickers hardness and 16.84% for the

Vickersmicrohardness.

The SA508 and SA508CT samples diat present any measurable difference in the
microhardness and it can be clearly seen in the graphs presented, the only main difference in
the resultsbeing the slightly smaller (~1% smaller) Standard Deviation shown by the
cryogenically treated samples. Thigay, the cryogenic treatment did not present any
measurable difference for the microhardness measured in thisFithoye 30 illustrates the
results for the ASTM G65masive wear test (Method A and Modified Method A) performed
in AISI 440C samples.
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Figure30 - Martensitic steel samples abrasive wear volume losS’[nix) Method A (6000 cycles);
(B) Modified Method A (12000 cycles).

The resuls presented for the ASTM G65 abrasive wear test for the AISI 440C samples
showsthat there are no relevant differences between the wear resistance of the cryogenically
treated and theonventionally heat treateshmples. The samples submitted to the Metho
present a very low wear rate (due to the high hardness of the material), this way notitnaking
possible to measure any difference between the two different conditions. Since the value of the
volume loss is so small, any variation in this value makestandard deviation relatively high,
this way making it very difficult to pointio differences and to affirm that there is a relevant

effect.

Submitting these same samples to the modified wear test, this time with double the
number of the cycles (1200@han standard (6000), did not show any effect, since it only
linearly increased the removed volume by a factor of 2 (which is the same factor that the cycles
were increased). This way, the same problems encountered with the previous test remain, in
which the Standard Deviation is a small number, but is considered a high relative number when
compared with the, also small, volume loss. These tests were more useful to determine the
limits of this type of abrasive wear test, in which there is a low load aed Hudy abrasion,
meaning that this test cannot be used to quantify the abrasive wear resistance of a material that
is considered to be of very high hardnésgure31 showsthe results for the volumes loss of
the SA508Gr 4N samples.
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Figure31- Low alloy steel samples abrasive wear volume lossJmm

The results highlighted Wyigure31 show that the cryogenic treatment did not increase
the wear resistance for the SASG84N samples. Both values of volume loss are similar and,
even though the average wear volume of the cryogenic sampkghtly higherthan for the
conventionally heat treateshmples, the-test showed that the premise is false and thus the
value should be considered as similar, whigbresengd in the graph as the scatter of the data
being in the same region.

4.3.WEAR SCAR ANALYSIS

The cetailed analysis of the wear scar aims at better understanding the mechanisms that
affected this property and the influence that the different heat treatment may have on it. The

wear scar analysis of the alloys studied in this chapter is presented below.

4.3.1. AISI 440C Standard Test Method (6000 cycles)

The typical wear scar for the A440 samples is picturédgare32A, showing the wear
scar main regions in the details B and C. Once the samples presented in this sulkgébaper (
32 & Figure33) are the ones submitted to the standard Method A test, the wear scars are very
shallow and, due to thare difficult to analyse satisfactory
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Figure32- AISI 440Cstandard test metho@Q00 cyclek (A) A440 typical shallow wear scar;
(B) Centralregionrolling marks; (C)Bottomregionscratches.

Even though these (AISI 440C samples) were round samples, whichotria
accordance with the ASTM G65 standard, the wear scars shown were always regular and within
the continuous central region of the sample (not reaching the circular@&dgesspecime)
this way being similar in overall shape to the other wear stadsed in this research and the

ones presented in the ASTM standard.

The standar@vear scashape is seen in these samples, being composedaibagular
shape with parallel sides and a symmatrghallow parabolic shape in the lower part of the
wear scar (bottom ofrFigure 32A). The central regionHigure 32B) presents faded rotig
marks, characterised by wavy marks, mixed with light scratches, being the highest wear depth
also present in this region. Light scratches are seen in the lower region of the wear scar showed
in Figure32C, mainly due to the lower pressure exerted by the rubber wheel in the extremities
of the wear scar, due to this the grains do not roll and only lightly scratch the surface instead
of removingmaterial. A similar wear scar is found in the cryogenically treated sanguies,
example of which is showin Figure33.
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Figure33- AISI 440C standard test method (6000 cyclés):A440CT typical shallow wear scar;
(B) Centralregion rolling marks; (CBottomregionscratches.

The wear scars of the cryogenic samples were very similar to the ones of the
conventionally heat treatexshmples, showing light wavy marks in the central regkigufe
33B) and scratcheat the bottom areaKigure 33C). These light marks are due to the high
hardness of the material and will be discussed more in depth at the end of the chapter.

4.3.2. AISI 440C Modified Test Method (12000 cycles)

The abrasive wear tewas repeated for the AISI 440C samples due to the low wear
volume (shallow wear scar) that resulted from the standard tests, with the new tests having
double the cycles (12000) of the previous test. The typical wear scar for the new A440 samples

is pictued inFigure34, which also illustrates the details of the wear scar.
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Figure34- AISI 440C modified test method (12000 cyclg#)) A440 typical wear scar;
(B) Centralregionrolling marks; (C) Bottom region scratches.

The wear scar for the A440 samples is similar to the ones present in the previous test,
having the same expected starttifeatures, but this time being not as shallow. According to
the result presented by the removed wear volume, this wear scar is twice as deep as the previous
ones. The features inside of wear regibig(re 34B) are slightly different, presenting less
wavy marks in the central area anfea more scratches. In the bottom regidiigre 34C)
the same light scratches appear. There are no other major differences and, even though this

wear scar is deeper, it can still be considered as a shallow wear scar for this type of test.

The wear scar was sectioned in two perpendicular directions, being one along the wear
scar (crossection, in the same direction as the wear occurred) and the other in the direction
across the wear scar. TB&EM images of theection across the wear seare analysed and
did not presentenough details, since most of the images only showed light waves, not
presenting all the stages of the wear. The esestion images prese&uaithe whole of the wear
procesgas shown in the analysis belgwjhich made ithe chosermethodfor thewear scar
analysisperformedin this researchThis way, he detailed analysis of the wear scar and the

region below it was done using SEM images of the esestion of the central region of the
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wear scar, in which the wear is re@evere and the features of the affected area can be better
seenThese sampleeresectioned from one of the wear samples used in the abrasive wear test
and prepared according to the metallography sample prepacssanibe in Section3.6.

After, it was etched and the images were acquired using the SEM. The details of the wear scar

crosssection for the A440 sample are illustratedrigure 35.

€@ Wear direction
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Figure35- A440 wear scaf12000 cyclesgrosssection SEM detail: (A) 1000x magnification;
(B) 4000xmaghnification; (C)Affected areadetail.

Figure35A shows the lower magnification image, at 1000x, which is better to visualize
the small thickness of the wear scar itself and the subsurface area just below it, called the
affected zone. The region under the affected zone is the regular matrix of th@lmater
presenting the same microstructure as previously seBmime 26, which has primary and
secondary carbides distributed through the whole region. The darkenawgais the Bakelite
mounting, which is used during the process of polishing and etching. The darker areas in the
alloy matrixarea result of oveetching that happened in some small portions of the analysed
region andsinceit does not present any si§jicant information, should be disregarded.

The wear scar region, seenkigure 35B, is marked by a brighter layer, which is a
result of the material suffering heaviagtic deformation in the direction of the wear to a point
that part of this material is removezharacterigmg the wear. Once the wavy marks seen in the
wear scarFigure34) were very faded and the magnification of this images are very high (up
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to 4000x), there are no signs of waves. Also, the material being removed did not leave any
clear crater, showing that the process of removing material is very slow and alsameee/

cycles to happen, agreeing with the volume of material removed that was previously presented

in Sectiord.1.2 The region below ipictured inFigure35C and marked between the red dashed

lines called the affectedone, shows how deep the plastic deformation that came from the top

of the scar went, presenting a plastic deformed region that would later be worn if the wear
process kept going indefinitely. This region shows how the deformation of the matrix leads to

the formation of the brighter layer present in the top of the wear scar, being it a result of the
rearrangement of the carbides and the matri>»

scar and details are illustratedrigure 36.

Figure36 - AlSI 440C modified test method (12000 cyclg#)) A440CT typical wear scar;
(B) Centralregionrolling marks; (C) Bottom region scratches.

The wear scar for the cryogenically treated 440C sample has similar characteristic to
the conventionally heat treateahe. InFigure 36B the light wavy marks and scrags are
present and well distributed across the central region. The bottom of the weBigsraB6C,

shows just the light scratches, similar to the ones found prayioBy examining this image
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there are no notable differences between this wear scar ancetiesented ifrigure34. The

detailed crossection of the wear for the A440CT is picturedrigure37.
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Figure37- A440CT wear scaf12000 cyclesgrosssection SEM detail: (A) 1000x magnification;
(B) 4000xmaghnification; (C)Affected areadetail.

The SEM obtained images of the wear scar esession illustrates the effect of the
wear in the surfacend subsurface of the material. As seen in the previous-seati®n image,
the surface is composed of a lighter layer of plastically deformed mgtegale37A & B),
followed by the immediate subsurface in which the affected zone (plastically deformed
material in the direction of the westnown between the red dashed lineBigure37C) is seen.
The darker regions marked in the images are a result of the burning effect of the etching, which

was used to better show the matrix and the carbides dispersed in it.

Whencomparing the crossection of theeonventionally heat treatesamples with the
one shown irFigure 37 for the cryogenically treatl sample, no major differences are seen.
The same pattern repeats, in which the top layer is plastically deformed until the material is
slowly removed and, during this process, the subsurface also suffers some of the plastic
deformation which provokes diglation of the matrix and carbides in the direction of the wear.
Due tothe wavy markseing veryshallow, no major waves are present in the cresstion
images, once this material has an elevated hardness and does not show a deep wear scar.
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4.3.3. SA508Gr 4N

The same method of analysis utilised in the last section was repeated in this section,
first showing the overall shape and feature of the wear scars and later analysing in more detail
the crosssection of the same wear scar region. For the S&BOB\ sampes, the crossection
images were obtained using a light microscope. The typical Alicona obtained images for the

wear scar surface of the SA508 samples is illustrat&ture 38.

Figure38- (A) SA508 typical wear scar; (B) Central region rolling marks; (C) Bottom region rolling marks.
The characteristic wear scar for the SA508 was uniform and well aligned, having all
the desired qualities dlfie wear scar described in the ASTM G65 Standard. These wear scars
are different from the previous allaginceit presents defined wavy marks that are easier to be
identified and are present from the top of the veearto the bottom of it.

As it is pictured inFigure 38B, the central region which has the deepest depth of the
wear scar and, commonly, the highest deformed region, presents deep three body abrasion
waves and very few scratches, meaning that theemal in this region suffered heavy plastic
deformation before ivasremoved and that the abrasive (sand grains) rolled duritignésn
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contactwith the samplesurface The same pattern repeats throughout the whole length of the
wear scar, being algoesent in the bottom regioRigure38C), which is the lowest load region.

The fewer scratches are a result of a better three body abrasion, meaning that the wear test
occurred as intended and that the material does not have a high resistance to thiségpe of

The crosssection of the central region of this wear scar is illustrated in the following

micrograph Figure39).

4= Wear direction
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Figure39- SA508 wear scar crosection micrograph detail: (A) 500x magnification; ()00xmagnification;
(C) Affected areadetail.

The wave marks are very clear and wielinonstratdin the images of the cros&ction
of the wear scar, showing how the peak regions and valley regions are different. The wear scar
is formed by two main regionbeing the valleys that are a result of the removed matandl
the peaks, which generate the cracks and later become valleys. Below the top of Huagvear

there is thaffeciedregion and, below it, there is the unaffected matrix of the material.

Thematerial in the peak region suffers plastic deformation until it cracks at the corner
of the peak, leading this crack to increase until the other side of this same peak and,
consequently, leading to this material being removed. This phenomepestse\eral times
until the peaks are transformed in valleys, being a cascade event and leading to the wear of the
surface regionkigure39B illustrates a peak that has cra@nd a lifted edgen the lefthand
side.The affected region is shown in between the red dashed likggire39C. To facilitate
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the understanding of the cracksrfmd in the peak region, zoomed SEM images were taken

and areshown in Figure40.

&= \ear direction
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Figure40- SA508 SEM crossection: crack formed in the peak region (4000x).

The peak pictured ifigure40 shows two stages of the crack, the one on the left the
stage in which the material is so deeply deformed that one of the sides of the cracked region is
not attached to the surface anymdtiggre40A), which eventually leads to this material being
removed as the crack grows to the side that is still attached to the skitace40B). Onthe
right side of the peak is seen the formation of the creigu(e40C) due to the high level of
plastic deformation that the region is submitted to. This deformation forms a peak that leads to
the formation of the crack near the central regiéigyre40D), growing until it reaches the
same point as show on the left side of the image. The higher regions (peaks) are more prone to
the formation of cracks due to it being subattto an increased applied pressure (due to the
smaller area and being in more contact with the abrasive due to it being higher) and,
consequently, suffering an amplified plastic deformation.

These cracks result in large quantities of material being resineaeh time from the
higher regions, dislocating the peak effect and forming new peaks while the old peak regions
are transformed valleys of removed material. This continued effect during the abrasive wear of
the studied alloy that forms the waves showifrigure 38, being these the aftermath of the

repeated process of forming peaks and valleys.

The region below the wear scar itself, caltad affeced region, shows thenaterial
being deformed in the direction that the wear particles move. This region is bigger inside of
the peaks and smaller in the valley regions, as illustrated byettpets identified as A & B
and blue dashedliine delimiting the end of the affect areand the beginning of the alloy
unaffected matrix ifrigure40.
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The same type of analysis was done for the cryogenically treated sample to verify and
compare the possible differences in the wear scar surface and itsectes regionFigure
41 illustrates an example dhe typical wear scar for the samples submitted to the abrasive
wear test.

Figure41- (A) SA508CT typical wear scar; (B) Central region rolling marks; (C) Bottom region rolling marks.

This wear scar shows the same features as the one foortkientionally heat treated
sample, presented iigure38. This wear scar is uniform and as expected, showinthel
desirable features for a wear test conducted according to the ASTM G65 standard. The central
region of the wear has the prominent wavy marks that are a result of théadlseabrasion
combined with an increased plastic deformation, as explainetbpsty. These wavy marks
are present throughout the whole length of the wear scar, only decreasing in the lower region
of the wear scar due to the lower applied load, as selelgume41C. The wear scars for the
conventionally heat treatg6A508) and cryogenically treated (SA508CT) are very similar

and, when comparing the wear regions, no important difference is noted.

The analysis of the cros®ction of the wear acfor this sample is illustrated Figure
42. In this analysis it was not possible to identify the affected layer nor the matrix, due to the
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materialnat reacting to the etchant, as explained in Secti@r8 Other than the features of the

microstructure, the characteristics of the wear region are well defined.

&= \ear direction
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Figure42- SA508 wear scar crosection micrograph detailAj 500x magnification; (B1000xmagnification.

The wavy shapes are well defined and are seEigure42A, being composed of lower
and higher regions. The left sidetbe peaks present deformed and crack regions that show a
separation from the wear scar surface, also previously séegure39. There are no visible
cracks or sepated areas in the lower region. The darker round dots and shapes present in the
matrix are a result of the etching that burns the edges of the voids generated during the polishing
of this material. InFigure42B a detailed peak is seen, which is shown in more detail in the

SEM obtained image iRigure43.

4= Wear direction

Figure43- SA508C SEM crossection: crack formed in the peak region (4000x).

The separation of the material occurs the same way as explained for the previous
sample, being the separated region marké&agare43A and the continuous crack propagation
in Figure43B. The formation of the new crack is also seeRigure43C, being this time in
earlier stage than the oshownin Figure40C. There is no clear difference when comparing
the mechanism acting in the wear of the SA508 and SA508CT samples.
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4.4 MARTENSITIC AND LOW ALLOY STEEL DISCUSSION

The ASTM G65 drysand/rubbewheelabrasive wear test was used to determine the
effect of the cryogenic treatment in the abrasive wear resistance of the AlSI 440C martensitic
steel. Samples were produced from a round bar ttezdéd, sectioned aprepared according
to the ASTM standardogcifications differing only in the shape, which was circular instead of
the rectangular that is advised by this standafir, the samples were analysed using a mass

scale to quantify the volume loss and advanced microscopy to inspect the wear scar.

Martensitic steed are well known for being susceptible to one of ¢adiest reported
beneficial effect of the cryogenicreatment which consists of transforming the reton
austenite present in the alloy matrix into marter{Site3,64,65] In the case of the AISI 440C,
there are reports in the literature that refetoeincreases of up to 79%65] in hardness and
anotherwhich presents wear resistance that was increased by 2198%which led to the
choice of this material as a stronghdalate to serve as quality standard for the cryogenic
treatment process itself. In addition to this, theldtie researclpresented in the literatuom
the abrasive wear resistance of this material when submitted timadthreebody abrasion

whichis the type of wear tested in this work

The first test that this material was submitted to was Vickers hardness, which presented
an increase of 18.9% able12 & Table13) for the cryogenic treated samples when compared
with theconventionally heat treatesdmplesagreeing with the literature amaeaning that the
cryogenic effect did hae a positive effect in the mechanical properties of this alloy. The main
feature seen in the metallography of this alloy was the primary and secondary carbides, which
were distributed across the whole martensitic méfigure26). When comparing the carbides
in both treatment groupthe microstructuredid not show any differen¢éhus the cryogenic

treatment did not affect the carbide size nor distribution for tlasifp alloy.

TheAlSI 440Csamples were submitted to the abrasive wear test, initially following the
Method A as defined by the standard and due to the high hardness of thesbuatifaytsnuch
material wasemovedand thus measuring of the wear was cihered inconclusive. As an
effect of the increase in hardness, a general increase in wear resistance was expected as
previously reported in the literatuf@6], butnot to the extent of thmitial results therefore
the standard test method was modifirgth the aim of producing enough measurable wear to
discern between the samplédter increasing the duration of the abrasive wear test by 100%,
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the wear scar was still not deep enough to prodwstatssticallyconclusive result, once the
average of theesults presented a small difference (4% less wear for the cryogenically,treated
Tablel5), but due to the increased value of the Standard Deviation of these measytd@ents
confidence was not high enough and the difference measured was consatesiphificant
(Table16).

Based in the results presedin the ASTM G65[58] for a range of alloys, it is seen
that increased hardness alloys (which present lower wear volume) tend to present a
proportionally higher value of Standard Deviation when compared to alloys with higher wear
volume this way making more difficult compariseaf this natureTaking this into account,
a different type of teqie.g. pin on disc¥hould be used to compasmall difference irharder

materials, likehe AISI 440C albeit for a different wear mechanism(s)

The SA508Gr 4Nis a recent steel developed for use in the manufacturing of nuclear
pressure vesselBue to the environment it @ibmittedto during its usage, good mechanical
properties and corrosion resistance are needed. Samples alfldfiiwere submitted to the
deep cryogenic treatment and lagabmitted to théess, so its results could be compared with
the only conventioally treated.

As with all the samples, the first results for the588 Gr 4Nwere the hardness and the
microhardnesg¢Table 12 & Table 13), which showed that there is no measurable difference
when comparing the cryogenically treated anddbeventionally heat treateshmplesThe
resultsof thesetestsshowed a vergmall Standard Deviation (smaller thidunee percenin all

casesjor all the samples, confirming that the samg@esiform hardness distribution

This materialhadvery defined wavy marks in tlentireregion of the wear scéFigure
36 & Figure38), which are a characteristic of the thimmly abrasiomechanism evidencing
that the abrasive wear occurmdaring the tesas intended. One important characteristic of this
wear scar were the very prominent waves that populated the centre of the wear scar, which
when analysed with the aid of the creestionmageqFigure37 & Figure39), showed severe
plastic deformation. Due to thefeatures being venyisible, the analyses of the different stages
of the surface weawere facilitatedAs a result oto the heavy plastic deformation presented
on its surface anche wear volume of this nterial being considerablyhigh, this alloy is

considered abeingvery susceptible to abrasive wear.
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One of the most important discoveries in this research regarding the $A308is
linked to an unexpected result during the etching of this alloycdmeentionally heat treated
samples were etched as per the guidelines commonly found in the literature and the results
were as expected, revealing the desired microstructure and feakigese (27). The
unexpected result originated when submitting the cryogenically treated samples to the same
etching procedure as ttmnventionally heat treatesbmples, which surprisingly had not
visible effect in the surface of the SASDB samples. The etching time was modified from
three minutes to 60 minutes and repeated two more times (after the sample being ground and
polished again), showing the exact same result for all the repeats: no chvangdound in

the surface of the alloy.

Even though thiveneficialeffect was not expected, it is highly desiraldimcethe
corrosion resistance is a notably desirable parameter for this alloy due to its application in
nuclear pressure vessfdg,68] Sincethe characterisation of the casion resistance of alloys
is out of the scope of this research, no further investigatiomtims subjectwvasperformed.

The next steps taken relativettee research and developmenttiot new found feature are
presented in the Future Work section ({&etr8.1).

The microstructure could not be thoroughly analysed due to the prevaessiyibed
inability to etching the SA508CT samples, meaning that the differences in the microstructure,
if any, that could occur due to the effect of the cryogenic treatment (like redistribution and
change in size of carbides) could not be verified. Based on the restutis fi@rdnesgTable
12 & Tablel13) andabrasiveneartests(Table15), it is concluded that the cryogenic treatment
did not present any measurable difference in the mechanical propdréascompared to the
non-cryogenically treated samplesncetheonly found differencevastheincreaseaorrosion
resistancef the SAS508CT samples to tB8% nitric acid and 67% ethanol solution.
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4.5.MARTENSITIC AND LOW ALLOY STEEL SUMMARY

This section presents the summary of the findings for the AISI 440G R@A&08Gr
4N alloys

1 The hardness and microhardness results showed thabfetmdgroups had a
uniform hardness across its samples. When comparing the cryogenically treated
samplegso theconventionally heat treateshes, only the AISI 440C samples
had & increase in hardness and microhardness for the treated group

1 The wear scar produced by the standard Method A in the abrasive wear test of
the AISI 440C samples did not result in a wear scar wélh-definedfeatures,
being necessary to change the bgstioubing the length oits duration.

1 There were no measurable differences in wear volume for the AISI 440C and
SA508Gr 4N samples.

1 The microstructure of the AISI 440C samples did not show any noticeable
difference  when comparing theonventionally heat treatecand the
cryogenically treated samples.

1 The SA508Gr 4Nincrease in corrosion resistance is an important factor for its
specifc application as a nuclear pressure vessel aladingto the need of

futureinvestigationto research this newly found result.
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5. WEAR OF LIGHT ALLOYS

This chapter presents the measured data, analysis and conclusions related to the
abrasive wear testerducted on the Cast (Ti64 and Ti64CT) and the EBM obtain@aIFv
(ETi64 and ETi64CT)T he mechani cal testsd results are
followed by a comparison between the untreated and the cryogenically heat treated group. The
wear scar is analysed in detail and all the presented results for these alloys are discussed. A

summary with the importamtiscoveriesand points of note is at the end of the chapter.

5.1. TEST RESULTS

A test programme was performed (as detailed in Se8t)mon the Cast Ti64 and EBM
obtained Ti64 to acquire data and trends related to the wear resistance of these alloys. This
section presents the summarized dat&é&wh of the tests performed on the light alloys used in

this research.

5.1.1. Hardness and Microhardness

The hardness test selected was the Vickers hardness method with an applied load of
20kgf (HV20). This load was chosen due to the size of indentation anexgezted bulk

hardness of the alloys. Both alloys were tested in one session and the samples were selected at

random and both of the larger sides ¥ZB6 mm) were tested for hardness. Each of the six
samples of each material and condition was testedtifoes, totalling 24 measurements for

each group. The results are presenteliinle 18.

Table18- Light alloys Vickers Hardness (HV 20) values.

Sample Cryogenic Average Hardness  Standard Standard % Standard
Treatment [kg/mm?] Devi at i Error(0x)L Error
ETi64 No 373.65 6.28 1.28 0.34%
ETi64CT Yes 376.48 6.24 1.27 0.34%
Ti64 No 383.42 6.09 1.24 0.32%
Ti64CT Yes 386.09 5.68 1.16 0.30%

The hardness results are as expected for these types of alloys, and the measurements
have excellent repeatability. Due to the number of measurements performed, and the relatively
small standard deviation presented, the standard error was always low@b&saof the total

hardness value.
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These samples were also submitted to a Vickers microhardness measurement, as it is
essential to verify if any factors may influence the hardness measurement, like grain size,
matrix hardness and/or precipitates. The HVWak chosen because it was the smallest test
force (0.1 kgf) that would still present a measurable and reliable indentation. For this
measurement, a matrix of nine points was used, being conducted on the same surface and region
as the corresponding wearste The results for the microhardness measurements of both

conditions are presentedTable19.

Table19- Light alloys Vickers microhardness (HV 0.1) values.

Sample Cryogenic Average Hardness  Standard Standard % Standard
Treatment [kg/mm?] Devi at i Error(0x)L Error
ETi64 No 340.79 6.89 2.30 0.67%
ETi64CT Yes 341.43 7.85 2.62 0.77%
Ti64 No 341.36 8.22 2.74 0.80%
Ti6e4CT Yes 341.65 6.81 2.27 0.66%

The microhardness results have a small standard deviation and an excellent standard
error, once it is smaller than 1% of the measured microhardness for all the obtained values.
Both sets ofresults (hardness and microhardness) are reproducible and present an excellent

standard deviation and standard error.

5.1.2. Wear Volume

The abrasive wear test was conducted as described in S8cdiionhe Cast Ti64
samples used the Test Method6900 cyclespnd the EBM Ti64 samples us@&dst Method
A (6000 cycles) as well abest Method B(2000 cycles)due to its lower resistance to wear
abrasion (explained in more detail in Secto?). The outline for the ASTM G65 tests is shown
in Table20. For this test, all the samples were chosen at random and the results are presented
in Table21.

Table20- Outline of the ASTM G65 test methods for the martensitic and low alloys steels.

Sample Test Method Revolutions Load Applied [N]

ETi64* A 6000 130
ETi64CT* A 6000 130
ETi64 B 2000 130
ETi64CT B 2000 130
Ti64 A 6000 130
Ti64CT A 6000 130

*First tests done, extreme wear scar.

82



Table21 - Light alloys abrasive wear test results.

Mass Volume Standard Standard

0
Loss Loss Deviation  Error % Standard

Sample Number Cryogenic

of Tests Treatment [mg] [mm?3 (@) ( %) Error

ETi64 4 No 49.285 11.125 0.729 0.364 3.28%

ETi64CT 4 Yes 50.425 11.383 0.536 0.268 2.36%
Ti64 5 No 67.360 15.205 0.801 0.401 2.63%

Ti64CT 5 Yes 67.120 15.151 0.490 0.245 1.62%

All the sample groups presented a Standard Error smaller than 4%, being that the
Standard Error for the cryogenically treated samples was always lower than the ones presented
by the untreated sample groups. It is important to note that the statistics shownrdstanda
deviation, standard error and percentage standard error) were calculated using the Volume Loss

parameter, which is the standard method for reporting the wear material loss.

5.1.3. Grain Size and Porosity

The grain size was measured using the images obtaioedain optical microscope
(crosspolarised) for each material and each of the conditions, and the results are presented in
Table 22. The main details, features and diffieces in the microstructure are shown in

Section5.4.

Table22 - Light Alloys grain size.

Sample Cryogenic Treatment  Averagelntercept [um]  ASTM Grain Size [G]

ETi64 No 1.635 15.2
Eti64CT Yes 1.678 151
Ti64 No 3.034 135
Ti64CT Yes 3.006 135

The porosity of the light alloy samples was measured to understand better the wear
behaviour of the EBM Ti64, which is described in more detail in Seé&ti@rOne mlished
sample of each condition (totalling two samples with the same area dimensions) were scanned
using an optical microscope and the Clemex system (image acquisition & software) to quantify
and analyse the pores presditte results are presentedliable23 and clearly show that EBM

Ti64 is significantly more porous (6.8x more pores per area) than the cast equivalent.

Table23- Light Alloys pore count.

Pore average Pore average Pores perarea Pore % of
Sample

length [um] area [um? [pores/ un¥] total area
Cast Tie4 10.05 56.65 0.239E06 0.00136%
EBM Ti64 17.74 253.49 1.626E06 0.04121%
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5.1.4. Microstructure

The samples of both titaniualloys were prepared for metallography as explained in
detail in SectiorB8.6. Due to the nature of these alloys, there was no need to further etch the
samples to argse the microstructure and the effect of the wear in the subsurface. Also,
comparing the microstructure of the cryogenically treated and the untreated samples, it is
possible to verify if the treatment affected the microstructtigure 44 presents the general

microstructure obtained using crgsslarised lens in an optical microscope for each of the

CastTi64 samples.

pores silica particles

20 pm

a globular grains

Figure44 - Microstructure of the Cast Ti64: (A) Ti64; (B) Ti64CT.

The micrograph presented shows that both images are very similar, being composed
of rounder U globular grains of sintanumr aver
alloy that was submitted to hot rolling. These images were also used to calculate the average
grain size (presented in Sectod.3, which showed that fahe both conditions of the material
studied (untreated and cryogenically treated) the average grain size is very similar, which when
tested using a two taitest Table24) was confirmed that the values are similar and the 3%

difference can be considered negligible.

The micrographs also show some round white spots, which are silica particles that got
stuck inside of the pores during the final stage of polishing anah whbmitted to a high

intensity light appear as white dots. The few pores presémesgsamples can be seen as dark
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rounder spots. No effects that would occur due to the cryogenic treatment can be seen, since
the micrographs are very similar, this wayncluding that for the Cast Ti64 the cryogenic

treatment did not present any effect on the microstructure.

The EBM obtained Ti64 samples were prepared using the same procedure as the
previous samples and as explained in the methodology and the microstalmtiined using

crosspolarised lens in an optical microscope is present&igure45s.

pores silica particles

a+p lamellar grains 20 pm

Figure45 - Microstructure of the EBM Ti64: (A) ETi64; (B) ETi64CT.

This image shows very similar microstructures for both of the conditions, besgy th

composed of U+b | amellar grains, whidAedh are t
samples obtained by&lct r on Beam Mel ting. These | amell a
grain that forms during solidification and

presented here. These micrographs were used to calculate the grain size (presented in
Section5.1.3, which had similar values and the difference between them can be considered

negligible due to thetest results present Trable25.

5.2. COMPARISON OF UNTREATED AND CRYOGENICALLY TREATED

Understanding the results and its trends is the main part of the results analyses and
evaluation, and the statistical analyses is the tool takéstthis type of analyses possible. One
of the tests that can be used to verify a hypothesis is the double tail unptestdtiat show
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if a set of data is similar to another set of data, in this case comparing the conventionally treated
samples to theryogenic treated sampleBable24 andTable25 presents thetest results for
the Cast Ti64 and the EBM Ti64 samples respectively.

Table24 - Unpaired two tailed t test: cast Ti64 tests results comparing the untreated to the
cryogenicallytreatedsamples.

Test t-value Significance Mean SE Significantly
(p-value) Difference Difference Different?
Microhardness 0.000 >0.999 0.00 3.48 No
Hardness 1.472 0.148 2.58 1.75 No
Grain size 0.196 0.854 0.03 0.14 No
Volume Loss  0.130 0.899 0.05 0.42 No

Table25 - Unpaired two tailed t test: EBM Ti64 tests results comparing the untreated to the
cryogenicallytreated samples.

Test t-value Significance Mean SE Significantly
(p-value)  Difference Difference  Different?
Microhardness 0.095 0.925 0.33 3.51 No
Hardness 1.530 0.133 2.83 1.85 No
Grain size 0.747 0.497 0.04 0.06 No
Volume Loss  0.568 0.590 0.26 0.45 No

The tests illustrated in the two previous tables show that there are no quantifiable
differences between the cryogenically treated sampleshendntreated samples for all the
tests that were performed. Even though taaltie is higher in some of the tests (hardness for
both materials), it does not present a significatiwealoie, this way meaning that the initial
premise (that both group ofregles present different results) cannot be verified. These trends

and results are analysed in more detail in the following paragraphs.

Verifying the homogeneity of the samples is a fundamental part of gathering results that
are reliable and reproduciblegibg the hardness testing a straightforward way of doing so, due
to it being a simple and wetnown test.Figure 46 presents the comparative results of the
hardness measure for the titanium samples on both conditions. All the samples were tested in
arandom manner and on both sides, this way guaranteeing that the hardness was uniform across
all the samples. Comparinbd results for ETi64 and ETi64CT, it can be assumed that the
cryogenic treatment did not present any measurable increase in the hardness of this material.
Even though the average hardness of the ETi64CT samples is a slightly higher than the one for
the unteated samples, the error bars of both results overlap andeteshowed that there is
no relevant difference in the results, this way showing that hardness values for both conditions

are approximately the same. A similar case occurred with the T6Zi&4aCT, in which the
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cryogenically treated sample presented an average hardness value that is a bit higher than the

untreated sample, but is also inside of the area of the error bars and siestaesults.
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Figure46 - Titanium samples Vickers Hardness (HV 20).

Figure47 presents the comparison of the results of the microhardness measurements
for the titanium samples. Due to the smallead@pplied to measure the microhardness, the
indentation size is also smaller and a slightly bigger range of error occurs (when comparing to
the previous hardness measurement). The previous trend is repeated and no measurable
differences can be found wha@omparing the conventional and the cryogenically treated
samples, which indicates that, for the6Al-4V, the cryogenic treatment applied presented no

measurable differences in the hardness and microhardness.
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Figure47 - Titanium samples Vickers Microhardness [HV 0.1].
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A comparative box chart of the Fgurdg4@dni um
The graph shows that theyogenic treatment did not present any measurable increase in
abrasive wear resistance for these materials, once both groups (Cast and EBM) of box charts
are in the same regions, the error bars overlap andekedid not show any relevant difference
betveen the sample groups (untreated and cryogenically treated). Also, when dasgfart
this group of data, the initial hypothesis (that the values for the cryogenic samples differ from

the untreated samples) is denied due to the high value of\faki®.
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Figure48 - Titanium samples abrasive wear volume loss finm

As there are no measurable differences in the untreated and the cryogenically treated
samples for both of the materials, they were divided into two groups t&ttee analysed, now
comparing only the Cast Ti64 and the EBM Ti64, regardless of the treatments applied to it.
When comparing the EBM Ti64 to the Cast Ti64, it is possible to conclude that the volume
loss on the EBM is roughly 70% of the wear volume of@ast Ti64 samples, regardless of
the abrasive wear test of the EBM Ti64 lasting only one third (2000 revolutions) of the duration

of the cast Ti64 test (6000 revolutions).
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5.3.WEAR SCAR ANALYSIS

This chapter presents the analysis of the
group samples:igure49 shows the typical wear scar for the titanium samplesnitted to the
abrasive wear test methéd(130N and 600@ycles).

Regular wear scar Extreme wear scar

Wheel contact wear

Figure49 - Typical wear scar for the abrasive wear test method A: (A) Ti64; (B) Ti64CT; (C) ETi64;
(D) ETi64CT.

While the conventional cast Ti64 and Ti64CT erted a regular wear scar for the
abrasive wear test, the ETi64 and ETi64CT samples showed an extreme case of wear, having
very deep wear scars and also wear marks caused by the contact of thewrbbbex | 6 s r ubb
with the sampl e ( mae &relbureds). FiguebGskows titedheighta ¢ t
map for the ETi64 and ETi64CRsples.
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Figure50- EBM Ti64 extreme wear scar: (A) ETi64; (B) ETiédightmap; (C) ETi64CT;
(D) ETi64CT heightmap.

The extreme wear exhibited by EBM obtained samples occurred when these samples
were submitted to themethod A of the abrasive wear test. The wear scar is deep enough such
that the flow of sand became concentrated in the middle of the contact zone, leaving both
corners of the rubber wheel without sand and, this way, allowing the rubber to come in contact
with the titanium sample. The contact of the wheel with the samples surface damaged the
corners of the wheel and rendered the results to not be comparable, once the wear scar did not
present an even shape. Due to the test being performed first on ETi€ifddhe initial rubber
wheel corner damage), it showed a wider wear scar than the one measured on ETi64CT. Due
to this extreme wear behaviour and the damage caused to the rubber wheel, the EBM obtained
samples were then submitted to a less aggressiveiabraear test (Method B), having the

duration of the test reduced to 1/3 (2000) of the total revolutions.
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5.3.1. Cast Ti64 Wear Scar

The Ti64 and Ti64CT presented very similar wear scars, which can be degnna
51 and Figure 53, respectively. These wear scars have rolling wear marks (detail B) in the
centre accompanied by very few longer scratches that appear mainly in the bottom region of
the wear (detail C).

Figure51- (A) Ti64 typical wear scar; (B) Rolling marks; (C) Scratches.

The roughly horizontal wavy marks resulted from tHbedy abrasion and appear due
to the rolling motion of the abrasive on the surface of the wear scar region. The scratches at the
bottom were due to theart of a twebody abrasion mechanism, so the particles do not roll and

deeper scratches are formed instead of the waves.

Figure 52 presents the crossection of thecentral region of the wear scar, obtained
using a conventional microscope and cypskrized lens. Part (A) dfigure52 presents a less
zoomed image of the wear scahpwing the wear scar (interfacing with the Bakelite used to
mount and prepare the sample) which presents waviness resulted from the rolling and an
affected are just below the wears scar. This affected area is the result of the material resisting
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the fores applied by the wear particles, this way having a plastically deformed region. Below
the affected area, and moving toward the central region of the sample, the regular unaffected

microstructure of the material is seen. These micrographs also show arfesvgnd the

remnant silica particles used to polish the region.

Pores  Silica particles Bakelite =~ Wear scar Affected area  Unaffected area

Figure52 - Ti64 wear scar crossection micrograph detail: (A) 20x micrograph; (B) 50x micrograph;
(C) Affected areadetail.

The (B) section ofFigure 52 presents a similar regn but with an increased
magnification this way presents the wear scar in more detail. The top of the wear scar is a
mixed region, presenting regions in which the material is only deformed andsegwhich
the material was removed due to the highmoant of deformation it was submitted to. The
combination of these two regions create the wear scar with several wavy marks and flatter
regions, being the top of the wave the region in which the material is in the initial phase of
being removed and the boin flat regions are the ones in which the material was already
removed, this way creating the weaolutionfor this material Figure52C presents in detail
the affeced region.

To be able to analyse and compare the effect of the cryogenic treatment in the wear scar
of these alloys, the same techniques used in the images present so far in this chapter were used
in the Ti64CT sample. Similar mechanisms and wear scdrecaaen on the cast Ti64 samples
submitted to the cryogenic treatment, as presefigare53.
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Figure53- (A) Ti64CT typical wear scar; (B) Rolling marks; (C) Scratches.

As explained in Sectio.7, the primary type of wear expected by the ASTM G65
abrasive wear tegd the lowstress thred®ody abrasion, which agrees with the results found on
most of the wear scars generated in this work. The deeper scratch marks represent a
considerably smaller part of the wear scar and can be attributed to the poor wear redistance o
the titanium alloy, facilitating the appearance of scratches due to ploughing happening. This
phenomenon can be seen more frequently on the EBM obtained samples as presented in
Section5.3.3

Figure 54 presents the crossection of the wear scar for the cryogenically treated
sample of Cast Ti64. The same features presentédjime52 can be seen in this image, like
the small pores, silica particles, wear scar and wear affected area. When comparing with the
previous crossection imageno notable differences can be seen, being that this micrograph
also presents the wavy wear scar and the same wear behaviour as previously ekjgjaireed.
54 also preents three sections, being section (A)ider field of viewimage to better show
the wave and the affected area, section (B) showing in more detail the wear scar and the regions
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in which the material has been removed and section (C) with the dashéatiinating the
delimiting of the affected area, in which the subsurface material is plastically deformed.
ction

Pores  Silica particles Bakelite  Wear scar Affected area  Unaffected area

Figure54 - Ti64CT wear scar crossection micrograph detail: (A) 20x micrograph; (B) 50x micrograph;
(C) Affected areadetail.

The analyses of the wear scar presented in this chapter agrees with the previous test
results, in which the cryogenically treated samples did not present any difference when
compared to the untreated sample. The wear scar, subsurface and miarespreésented by
both sets of samples are very similar and presents all the same patterns, thus no particular
difference can be seen.
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5.3.2. EBM Ti64 Extreme-Wear Scar

The EBM Ti64 initial tests showed an extreme case of wear, as shé&gune50, and
for that matter is not going to be accounted for the wear volume measurement and the extensive
wear scar analysi®nce this type of wear does not represent the intendadevehis type of
abrasive wear tedfigure55 shows the wear in more detail for the typical extreme wear in the
EBM Ti64 samples.

Figure55- (A) Typical extreme wear scar for ETi64; (B) Detail of the inner wear scar;
(C) Detail of thewearscar sides.

This wear scam Figure 55B does not present the rolling marks as seen previously,
being the marks shown flatter with less features. This is likely due to the rubber on the
circumference of the wheel being held byatsner while ittouched the samplevithout sand
in the interfacethis way the sand in the centre of the wear scar did not had the needed pressure
applied to it and just A p erbducny theal itendeth wearc e n't r
mechanismThe sides of the wear sc&iqure55C) is not as crisp as seen on the previous wear
scars, this time the sample also removed material from the rubber wheel producing a rounded
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and uneven edgé€igure56 presents the extreme wear scar for the samples that was submitted
to the cryogenic treatment.

Figure56 - (A) Typical extreme wear scar for ETi64CT; (B) Detail of the inner wear scar;
(C) Detail of thewearscarsides.

As the previous extreme wear sample, this wear sample was not used to measure the
wear difference. Similar characteristics to the untreBfEl®4 sample can be found, being the
polished central areaFigure 56B) and the rounded edgeFigure 56C). This wear scar
presented a more polished central area and a bigger rounder edge, being these features due to
the wheel 6s rubber already being damaged whe
extreme wear test was tovestigate if the same wear pattern would happen to the cryogenically
treated sample, this way using the already damaged wheel would not play an important role in
the final wear scar (since the damage to the rubber was not extreme). Due to these eesults, th
parameters were changed (as presented in Seffhnthe wear test was repeated and the
results are presented in Sect®i.3
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5.3.3. EBM Ti64 Wear Scar

The updated wear test for the EBM obtained Ti64 samples were performed and the wear

scars presented a more regular shape and a betteitioiefof the wear mechanisms. The

typical wear scar for the ETi64 samples is preserigare57.

Figure57- (A) ETi64 typical wear scar fo (B) Rolling marks; (C) Scratches.

This time, the wear scar presented is similar to the one presented by the Cast Ti64
samples, in which the top section of the wear scar (detail B) shows rolling marks in the shape
of waves and a concentration of scratln the bottom part of the wear scar (detail C). The
main difference between the two types of material (cast and EBM) is that the EBM obtained
Ti64 present a bigger quantity of scratches from the central region of the wear scar, even
presenting scratchéisat start on the top region and finish in the bottom of the wear scar. Even
though the brighter areas (scratches) appear to be higher than the darker areas, it is actually

lower, being the scratches deeper than the wavy marks from three body abrasion wea
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The analyses of thecresse ct i on of t he ETIi 6 4Kgareb&e ar
being composed of two micrographs acquired using goksised lens in a coentional
microscope. Two different magnifications were used, being (A) using 20x lens and (B) & (C)

using a 50x lens.

| Wear dlrectlon
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Figure58- ETi64 wear scar crossection micrograph detail: (A) 20x micrograph; (B) 50x micrograph;
(C) Affected areadetail.

Figure58 presents a wear scar with patterns that are similar to the ones presented by
the Cast Ti64 sampleBigure52 & Figure54), once it has lower and higher areas that compose
the wavy marks. The main difference here is that the top of the waves (shown on deBjil A &
is notas high as the Cast Ti64 samples and the wear (removed material) is more uniform across
the whole surface, not presentingawkle f i ned Afl at regi ono, but
similar to a sinusoidalvave (better seen on detail A). Even though train shape is very
different from the Cast Ti64, the plastic deformed region can be clearly seen and defined just
below the wear scar. Another notable difference is the increased occurrence of pores and the
number of these pores that present a largeretemvhen compared to the Cast Ti64 samples,

which were confirmed and quantified by the results presentédhle23.

Figure 59 presents the typical wear scar for the cryogenically treated EBM Ti64 (A)

samples and the detailed central region (B) and bottom region of the wear scar (C).
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Figure59- (A) ETi64CT typical wear scar for; (B) Rolling marks; (C) Scratches.

There is no recognisable difference between the cryogenically tréagedeg59) and
the nontreated EBM Ti64 Figure 57) samples when analysing the wear scars. The deeper
scratches can be seen throughout the wear scar and a bigger concentration of it happens aft
the middle section of the wear scar. This bigger and deeper scratcheslue to two main
factors, onebeingthe lower resistance of the titanium alloys to wear and the second being the
higher occurrence of pores in the EBM obtained samples (as shod@nanalysed in
Section5.1.3& Section5.1.4.

The details of the ETi64CT ear scar crossection are shown ifigure 60. These
micrographs are similar to the ones of the EBM Ti64 untreated samples, having no clear
difference wheromparing both micrographs. Once again, the sinusoidal shape is present, with
several waves and a wear pattern (removed material, detail A & B) across the whole top section
of the wear scar. The microstructure close to wear scar region also shows thgpsaoie
plastically deformed region that follows the direction of wear, presenting below it an unaffected

region in which the regular microstructure is seen.
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