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Abstract

Powder metallurgy (PM) is one of the metal forming techniques to manufacture structural
components in high volume. Almost 70% of the PM steels produced are used in automotive
applications. This is due to the inherent advantages of the PM processing to its low cost and
near net shaping capabilities along with the possibility of achieving compleghapes while
utilizing almost 95% of the raw material with less energy consumption. Utilizing PM
components for high performance applications demands good mechanlicaroperties and high
dimensional tolerances. In PM steels such properties are achieveéor exampleby modifying the
composition (alloying elements), utilizing different alloying techniques (prealloying, diffusion
bonding and admixing) andapplication of heat treatments (e.g. hardening/sinterhardening,
carburising, tempering, etc.).

It has recently been found thatunder certain conditions, PM steel components lack dimensional
stability in applications under high static loads over a sustained period of timat temperatures
where creep normally doe$ tGoccur. In high performance applications, such a small dimensional
instability could have an adverse effect on the overall performance of the system. Preliminary
tests indicate that the components tend to creepklax at low temperatures under high loading
conditions. This phenomenon is a recent observation in PM steels, whereas, in bearing steels and
other metallic materials (i.e. Cu, Ti) such behaviour has been discussed earlier.

Hence, the creefrelaxation phenomena at temperatures (T/Tn<0.3, temperature in kelvin) in
PM steels under high static loading conditionss investigated for diffusion-alloyed powder grade
(Distaloy HP produced by Hdganas AB) material. The experiments were performed on the
sinterhardened tensile specimens that were additionally heat treated as followgi) without any
tempering (untempered); (ii) after subsequent tempering at 200°C and 300°C (temperedjjii)
specimens with subsequent quenching in liquid nitrogen directly after sinterhardning
(untempered-deep cooled);(iv) sinterhardened and quenched in liquid nitrogen specimens with
subsequent tempering at 200°C and 300°C (deepcooktempered). The test specimens are
characterised and the properties are analysed and evaluated before aafiler creep tests byXRD,
optical and scanning electron microscopy.

The results show that each specimen exhibits a unique characteristic behaviour associated with
the test temperature and corresponding tempering conditions. However, untempered specimens
exhibited a noticeable amount of plastic strain at 120°C when compared to the tempered (at
200°C) specimens. For the specimens tempered athigher temperature (at 300°C) there is a
negligible amount of plastic strain when testing under similar conditions. Ko, the deepcooled
tempered specimens exhibited smaller amount of strain when compared to the only tempered
samples. This behaviour of the specimens is attributed to the microstructural stability and stress
relieve while tempering at high temperatures reduces the dimensional instability of the above
studied PM steel under high static loads over a prolonged time period. A more detailed study for
understanding this phenomenon in PM steels is required téurther widen their application in
automotive industry.

Keywords: diffusion alloyed PM steels, sinterhardening tempering, low temperature
creep/relaxation, dimensional stability
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1 Introduction
1.1 Background

In recent observations it has beenfound that the PM steel components when used
under high static loads experience a dimensional change. This behavidarreported in
case of components subjected to high static loads overa period of time at low
temperature ranges (100150°C). In high performance applicationseven a small
dimensiona change could have an adverse effect on the overall performance of the
system. Initial investigations performed on components indicate that they tend to
creep/relax under static loads over a sustained time period a& temperature of around
120°C where creep normally does notoccur for these types of materials. Based on the
preliminary test results, a hypothesisconcerning low-temperature creep is postulated
aiming to predict the dimensional stability behaviour at low temperatures at a lab scale.

There is no literature or previous investigations concerninglow temperature creep of
PM steels Some studies have been performed regardingthe low temperature creep in
case of bearing steel$1] z[3], some mild and highstrength steels andpure metals such
as copperand titanium [4]Z[10]. When, considering PM steels, the additional factors
influencing the performance of the component wuld be porosity and interparticle
necks which determine the strength of the component Combination of all these
parameters makes it more complicated to determine the actual mechanism behind this
phenomenon.

1.2 Objective

The objective of this work is to perform a detailed investigation o low temperature
creep/relaxation behaviour on standard tensile specimens prepared froma diffusion
alloyed powder grade Distaloy HPThe samples are processed ia similar route asthat
of the actual componentsThe scope of thehesis is

1 To simulate creep/relaxation of PM componentsat alab scaleby experimenting
on the standard tensile specimens to observereep/ relaxation under loading
conditions around 90% of the yield strength of the materialand at temperatures
TTm<03

1 To identify possible microstructural changes taking place dung creep tests by
investigation of the specimens before and after creep testing usingetallurgical
characterisationtechniques

9 To build a theoretical model and identify the physicalphenomenabehind the low
temperature creep behaviourin PM steels

1 To propose appropriate componentd treatment to avoid or minimize
creep/relaxation behaviour during use.



2 Theoretical Background
2.1 Powder Metallurgy Introduction

Powder Metallurgy (PM) is a cost effective technique for manufacturingf structural
steel componentswith complex geometry and tailored properties utilizing 95% of the
raw material with very low energy consumption compared to other manufacturing
techniques (e.g. machining, forgingnd casting). The proof of ancient use of powder
metallurgical manufacturing references back tostanding evidenceof Delhi iron pillar,
India. Use of gold powder in jewellery by Incaswas also found Modern powder
metallurgy began in the keginning of the 20" century and several technological
advancemens have taken placeluring the last century[11] z[14].

As of 2012, an average North American vehicle contain20 kg of PM parts and
corresponding European vehicle contains 8.8 kgnd in case of Japanese vehicleat

declined by 0.3 kgto 9.1 kg of PM partsHowever, the North American automotivebase
engine contains ~30% of parts made by PM technique. In terms ofbase engine
components, the low demanding (in terms of performance) parts are identified and the

potential could be to convert into PM for high demanding engine and transmission

components [15], [16] and also parts for other applications such asin commercial
vehicles. For heavy duty enginesthe demand for large and stable structural parts with
very high strength arises, where the stability of the componestand ability to withstand

high loads areof the main concern. This carbe achiewed either by making relatively high
density componentsor sintered parts with appropriate alloying additions and methods
(prealloying, diffusion bonding, etc.) as well as applying heat treatment operations

Powder Alloying Admixing Shaping Sintering Heat Finishing
production EPrealloying RAdditives EUniaxial EDelubrication | | treatment operations
RAtomization EDiffusion ELubricants pressing ESintering ETempering EMachining
(Water & Gas) bonding FAlloying EMetal ESinter ECase BGrinding
Elron ore EAdmixing elements Injection hardening hardening ELapping
reduction Moulding ESteam ETuminng
EChemical treatment

reaction

Figure 1 : A typical p rocessing route for PM Components manufacturing

Figure 1 shows a typical processing route for PM components.Due to high
interdependency between different segments in the PM process, variations in process
parameters in one segment will have an impact on the final properties. Owing to the
high number of variants in processing, controlling the product outcome is challenging.
There are variations in each segment of the individual parameters thatffects the final
performance as discussedyy Bergquist[17]. Thus control over the processin each stage
determines theproduct performance.



2.1.1 Powder Production

Iron powder accounts for almost 80% of the overall powder production. With the
increase in use of PM stee]sanumber of powder grades were developed in recent times
dueto the increasingdemand for high performance applications. Irorand steelpowders
for PM steels are produced mainly by the following proceges[11], [18]

1 Atomization (water and gas)

1 Sponge iron reduction

1 Chemical reaction

In case of structual components for automotive industry,powder is mainly produced by
water atomization which will be discussed in detailin the following section. In few cases,
spongeiron powder is also usedasabase material.

2.1.1.1 Water atomi zation

High pressure water jets are injected onto a stream of molten metal in order to
disintegrate into tiny droplets (Figure 2) which solidify rapidly, forming irregularly
shaped powder particles as shown in Figure 3. Water pressure isa critical controlling
parameter for the process as itdetermines the particle size and the cooling rat¢which
is usually in the range of 18-108 K/s). Water atomization is a low-cost technique for
high volumeiron powder production [11], [18].

furnace

Pressure
source

Chamber

————— Figure 3 : SEM image of water atomized powder particle
Powder (irregular shape and rough surface) from [19] (Courtesy

, L ) of Seshendra Karamchedu )
Figure 2 : Water atomi zation illustration redrawn

from [11]
This irregular shapeof the powder particles provides interlocking between them during

compaction, which contributes to the green strength of the compactiron powders
produced by this techniqueare of relatively low purity because of the surface reaction of
powder particles with water steam in atomizerfavours the formation of oxide layer on
the surfaces. These powdersare henceannealed in a continuous furnacedo soften them
and toreduce the surfaceoxide.



2.1.2 Alloying

Alloying addition improves the properties and performance ofhe PM steel components.
In case of water atomized stelepowders, alloying is done byadmixing, prealloying or
diffusion bonding or a combination of thesedependng on the alloying elements and the
final requirements. By utilizing a proper alloying technique, desired properties can be
attained.

2.1.2.1 Admixing

Theiron powders prior to compaction are admixed with alloying elementsin the form of
powders and usually graphite is addedas a cabon source The main advantage of this
process isthat the alloying composition can be alteredwith easeand the powder mixes
have good compressibility. The drawback of this process could be segregation of the
alloying elementswhich can result in heterogeneous microstructures upon sintering
Also by this process along with the alloying elements additives and lubricants are
added before compacton.

2.1.2.2 Prealloying

This method involvesthe addition of alloying elements to the melt beforeatomization,
and thereby achieving ahomogenousdistribution of alloying elements, see Figure 4(b).
Prealloying typically reduces the compressibility of the powder Molybdenum is the
most common alloying element used for prealloying due to its relatively low effect on
the compressibility. Also, Moprealloyed powders are used as a base powder for
diffusion bonding of other alloying elements such as Ni and CuOxidation sensitive
alloying elements such as Crand Mn, are introduced in prealloyed form to avoid the
formation of surface oxides duringwater atomization since prealloying reduces their
oxidation activity .

2.1.2.3 Diffusion Alloying

In this process the dloying elements are mixal with the base powder (pure or
prealloyed) and heatedin a continuous furnace below the melting point in aeducing
atmosphere, whereby the alloying elements(i.e. Ni, Cu, Mohpre diffusion-bonded onto
the surface of the base powder, see Figure 4(c). Normally, elements that are not
sensitive to oxidation are used for diffusion alloyingDiffusion alloyed powders exhibit
good compressibility, compared toprealloyed powder. During sintering, homogeneous
distribution of the alloying elementswill take place. In the present work, Distaloy HP
powder grade in which Ni and Cu are diffusion bonded to Mgrealloyed powder
(Astaloy Mo) is used as the base material for inatigations.

(a) (b) (0

Figure 4 : Water atomized pure iron powder (a) , prealloyed powder (i.e. Mo) (b), and diffusion bonded (i.e. Ni,
Cu) prealloyed powder (c)



2.1.3 Compaction

Densification of the powder particles into component shapes igypically performed by
uniaxial die pressing. The admixed powder is filled uniformly into the die cavity with the
movement of top and bottom punches undea compression pressure otypical 500-800
MPain order to achieve the final shape of the compact§/pon canpaction, the irregular
powder particles interlock along with some degree ofcold welding and so provide
sufficient green strengh to the component, which makes handling easier before
sintering.

2.1.4 Sintering

In the conventional PM route ferrous compacts aresintered at temperatures of around
1120°Cto create bonding between the powder particleghrough solid state sintering.
The parts are heated taaround 450-600°C to remove the lubricants andther additives
and then heated until sintering temperature. Bitering is performed in a controlled
reducing atmosphere. High temperatures, up to 1250°C are also used for sintering in
some cases In the initial stages of sintering while heating up to the sintering
temperature, reduction of surface oxide is achieved aml the bonding between the
powder particles takes placethrough the formation of inter-particle necksat the particle
contacts through diffusion mechanisns.

A

Heating Sintering Cooling

Temperature

L
L

Time

Figure 5: Aschematic sketch of sintering stages and time -temperature p rofile

v

Mag= 250K X

10 pm
—

(@) (b)
Figure 6 : SEMmicrographs showing the fracture surface of the PM compact after sintering, showing different
cases of inter-particle fracture.

The strength of PM steel is determined by the strength dthe inter-particle necks
attained upon sintering which depicted in Figure 6. The main driving force behind inter -
5



particle neck growth is the surface energy reduction uporsintering. The compacts are
loaded into the continuous furnace(belt-, walking beam or pusher furnace, etc) where
they pass through thedifferent heating zonesand finally reachthe cooling cyclein which
the component microstructure is attained depending on thealloying elements and the
cooling conditions.

2.1.4.1 Sinterhardening

Typically the microstructure of the PM steel after sintering consists of ferrite and
pearlite after slow cooling in the furnacen order to obtain martensitic microstructure,
additional heat treatment (hardening) has to be performed. Whereas in
sinterhardening, hardening takes placeright after sintering in the continuous furnace by
rapid cooling the compactsand the typical cooling rate being2-3 K/s in a neutral
atmosphere in order to get martensitic microstructure. Hardened or snterhardened
parts require tempering to relieve the stresses which are incorporated within
martensite. The main advantageby sinterhardening is to avoid an additional hardening
process(heating and oil quenching. This reducesthe cost of thecomponents as well as
potentially lowers the distortion. As snterhardened parts are tempered in air rather
than quenching, the quenchoil retention is avoided and thus eventually improves the
surface appearancg20]z[22]. In-line with the aforementioned advantages, irmodern
practice, bae powder alloy design is performed in a wayto comply with the
sinterhardening characteristics of themodern furnaces

2.1.5 Tempering

As it has been mentionedbove,the hardenedPM steels ardemperedto relieve internal
stresses As a result of tempering the toughness and ductility of the material are
improved with a drop in hardness.Tempering of martensite will be discussed in detailn
the following Chapter2.3.3.4

More than half of the produced PM steelonnage gothrough some heat treatment to
improve their final properties for a better performance[11].

2.1.6 Fractography of Sintered Steels

Fractured surface of the PM steels are characterised arwén broadly be divided into
four principal modes of fractures as below23]

1 Dimple rupture

1 Cleavageaupture

91 Decohesion rupture
1 Fatigue

PM Steelspossessmicrostructural discontinuities which influence initiation, growth and
propagation of cracks The fracture modes provide us a better understanding of the
behaviour of the PM steels.



2.2 Creepin General

2.2.1 Introduction

The term creep is defined as time dependent plasticity under constant stress or loading
conditions at elevated temperatures It is an important design corsideration for
structural and high temperature applications. Normally, any material under applied
load/stress will deform elastically and then plastically once it crosses the yieldimit.
Here the material deformation takes place atstressesbelow the yield limit under the
influence of constant stress and temperature over a sustained time period. Creep in
general occurs athomologous temperature T/Tm>0.5 for metals where T is absolute
temperature of application and Tn, is absolute melting temperature.

Primary or i Secondary |
transient or steady

creep state creep

Teritiary
! creep

Strain

1 | I P

Time

Figure 7 : Creep curve, Strain vs. time plot with different stages of creep [24]

With increasing temperature, the rate of deformation increasesasa function of material
properties, exposure time, temperature and applied stress. Eventuallpver a period of
time, the component loses its functionality and it caneventually result in failure [24]z
[26]. A typical creep curve as shown in Figure 7, exhibits three stages of deformation
where in primary stage, the strain rate increasesrapidly with instantaneous loadingdue

to the work hardening and reaches minimum and the secondary or steady state creep
where the strain rate is constantover a prolonged time period before it fails in the
tertiary stage with accelerating strain rate. In the following chapters the influence of
microstructure, stress and temperature are discussed sincall these parametersplay a
vital role in creep behaviour.

2.2.2 Low Temperature Creep

i
Primary or | Secondary
transient or steady

creep state creep
& -

Strain

&

I

Time

Figure 8 : Low temperature creep curve exhibiting only up to secondary stage [24]

Creep behaviour at homologous temperature T/k<0.3 is tetmed as low temperature
creep.In case of low temperaturecreep,the componentA I A @dil &n® constitutes only
two stages of creep (primary and secondary stage) as seen kigure 8. A few studies

7



have been carried outas these changesnormally are neglected unless it constitutes a
significant impact on the materiak performance in applications. With increased
demandsfor high performance applicatiors, components precision isof high interest.
Low temperature creep isobserved in the case of pure metals around 0.% 0.2 Tm [9],
[10]. However, there are some studs indicating a number of materials exhibiting such
phenomena atthese relatively low temperature and loads below the material yield
strength, asreported in Table1 and Table 2.

Table 1: Sudies of low temperature creep behaviour on bearing steels [1] z[3]

2AEAOAT /) 9AAO - AGAO 4 &1 300A0 4EI A
OEAOGEO -0A El 60C
0881 OOA
0ES OEA:( CTITTO Hardedned p M- T T

= an X

- ) XeptTu X
2405’504( ¢mme@ tempered
~AOGOEAA Bearing o Tg
_AGOAD ( Smmx st

Table 2: Research articles on low temperature creep on steels and other materials [4]Z[7], [9], [27]7[31]

N ’ . o A 300A0 4EIT A
2AEAOAT AA 9AAC- AGAOE, 4 &I "o A 5T A0
L. B.Getsov 1971  Steels 20-500 600-800 ~300
V.A.Likhachevet 1981 Hardened 175
al. steel
K.R.Willams etal. 1984  Mild steel 360-400  200-500  ~4000

Mild Steels 150-210
H.B.Chand| 1984
Chandler 98 Copper room 5575
60-70%
v if‘”CheZGa"’ez 1985 g‘iif’\:v"’l“r’;” 40-60  UTS (978
' 1141)
T.H. Alden 1086 Stainless 25 250 ~0.3
steel
R.W.Neuet al. 1992 4320 steel 70-195 500 ~150
A.Oehlert, et al. 1993 HSS 23 50%Y.S  ~0.33
Cheng Liuet al 2000 HSS 7+2 ~0,33 80
' * Rp0.2 (640)
U.H.Kivisakketal. 2008 Owiniess 25 90% Rpo.2 24100,
steel ~600
Zhang Liet al. 2008 I‘;@”'“m 150 50-75% Y.S 100-1500




2.2.3 Creep Mechanisms

In case of pure metals at low temperaturescreep is controlled by the dislocation
movementi.e. dislocation gliding and climbingand at high temperatures diffusion plays
a major role i.e. diffusional creeptermed as powerlaw creep. Inthe case of alloyscreep
is entirely dependent on the complexity of microstructure which involves cmbined
mechanisms of creeg?2], [3], [24], [25] . The creepbehaviour at lowtemperaturesis only
up to secondary stage of creep and it doewot reach the tertiary sagei.e.the specimen
will not fail, as seen in Figure 8. For low temperature creep, the strain varies as a
logarithmic function of time. Upon loading the creep reaches instantlythe transient
stage and contiues to steady state only underthe application of higher stresses
acording to the following equation

| {1t - (1)

Where, & s total strain, £ is initial strain up on loading andt is time in seconds and»
is creep parameterwhich depends ontemperature.

2.3 Factors influencing Creep
The factors influencing thephenomenam of creep are:

1 Temperature

1 Stress(loading conditions)
9 Microstructure

1 Residual stresgs

2.3.1 Temperature influence

Figure 9 shows the strain vs. time curves with increasing temperature at a constant
stresswhich revealsthat creep is a thermally activatedporocess The strain rate increase
is evident at higher temperatures irrespective of the loading and microstructural
conditions.

Constant stress (o) T, T,>Ty > T,

Strain

I I1 1

Time B, ot ot

Figure 9 : Creep curves at constant stress with varyin g temperature, redrawn from [24]



2.3.2 Stressinfluence

Constant temperature (T) g. Ga”0p>0;

Op,

Strain

I II [1
l l 1

Time @t ot

Figure 10 : Creep at constant temperature with varying stress, redrawn from [24]

Figure 10 shows the strain vs. time curves with varying stresses at a constant
temperature showing that creep is stress dependent and with increasing stress the
strain rate increases.

2.3.3 Microstructural influence

Irrespective of the loading and the temperature conditionsthe microstructure plays a
major role in the creep behaviour of the materials Mechanism of reep depends upon
the complexity of the microstructure since each microstructure has its unique
characteristic creep behaviour. In the case of steelshardened and tempered steel
components are used for load bearing structural applications whiclare composed of
martensite, bainite and retainedaustenite phases in themicrostructure which will be
discussed in detailin the following sub-sections

2.3.3.1 Bainite

Bainite formation occurs above the martensitic start temperature ands classified into
lower and upper bainitic structures. Bainite is a mixture of ferrite and carbidephases
formed by diffusional mechanism upon cooling.

2.3.3.2 Retained Austenite

The martensitic transformation is not complete upon quenching, some austenite
remains untransformed between the martengic plates. This experiences highstresses
due to the volume expansion of the martensitic phase that tends teap and retain the
untransformed austenite between the platesThe amount of austenite content left after
the martensitic transformation is unstable at room temperature. This so called retained
austenite will remains as an unresolved phase.

Retained austenite content in the componentswhen applied under high loading
conditions or at elevatedtemperatures, will results in phasetransformation assaciated
with volume expansion caugg dimensional instability. This can be eliminated by high
temperature tempering whereby the residual austenite is transformed to ferrite and
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cementite. Sometimes deepcooling/cryogenic treatment is carried out after hardening
to transform the retained austenite intothe martensite.

While austenite is unstable at room temperature, as mentioned above, it has a potential
to influence the stability of the structural components in applications upon its existence
exceeding certan maximum level. So, the retained austenite content is normally
maintained below certain nominal value[32], [33].

2.3.3.3 Martensite

Martensite formation is a result of diffusionlesstransformation and it is a metastable
phase Formation of martensite involves heating the steel to austenizing temperature
with a subsequent rapid quenching in liquid or gas During the rapid cooling, the
diffusion is inhibited.

The steel is heated to form astenite, which is a supersaturated phase (FCQyith a high

solubility of carbon. When austenite is slowly cooled it will transform to BCCferrite

wherein the carbon dissolution is limited, and the rest of the carbon precipitates into
cementite. In order to avoid sucha diffusional transformation, the steel is quenched
rapidly from austenitic temperature to a temperature below martensitic start

temperature, which dependson the alloy composition and especially carbon content.
The resulting martensitc phaseis BCT (body cergred tetragonal) structure enriched in

carbon. This transformation causes lattice displacement and distortiorand, as a result
there will be anoverall volume expansionwith contraction in the z-axis up to 20% and
expansion in both x and y z axes up to 12%in the BCT crystal structure This

transformation is a result of pure shear mechanism Two types of martensite
morphology can beformed: lath and plate martensite, dependingon the carbon content
and cooling rate.

| OOOAT BdXAI AOOAT O&DA
The hardness of martensiteis a result of solid solution strengtheningby the interstitial
carbon atoms as well asthe lattice deformation and twinning which result in high
dislocation density that canact as apotential barrier for the dislocation movement. The

hardness of martensite is around 50-60 HRGC and it is also very brittle with a high
amount of stored free energy[26], [32] z[34].

2.3.3.4 Tempering of Martensite

Tempering is the posthardening heat treatment process carried out to improve the
strength and toughness othe hardened material, as a redtiof which a decreasen the
hardnessand an increase in the ductility of the materialis attained. Tempering involves
heating the materialto a temperature much below the austenization temperature for a
period of time (in the order of an hour) either in a particular controlled atmosphere or
in air. Hardenedsteels shrink upon tempering because ahe martensite decomposition
into ferrite and carbide phases Alsq retained austenite will transform into ferrite and
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cementite when tempered between 200-350°C [22], [33], [35], [36]. Table 3 lists the
transformation processesoccurring at different tempering temperatures.

Table 3: Transformation duringt empering temperatures from [33]
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3 Materials and Experiment al Procedure

The material used for the investigation, the experimental techniquespplied and the
analytical methods utilized are described in the following sectionsof this chapter.

3.1 Material
Distaloy HP is a water atonged diffusion alloyed powder grade from Hbéganas AB,

Sweden. It is a commercially available high performance powder grade withwt.% Ni
and 2wt.% Qu diffusion bonded tosteel powder pre-alloyed with 1.5wt.% Mo.

Table 4 : Nominal Composition in wt.% of the investigated powder

Powder Grade Ni Cu Mo Fe
Distaloy HP 4 2 15 Balance

The basepowder is mixed with 0.6wt.% graphite as a carbon sourceand 0.6wt.%
Kenolube as alubricant and then compacted into standard tensile specimenaccording
to MPIF10[37] and were produced by Hoganas AB, Swedefhe specimers are sintered
at 1120°Cin 90% N»/10% H > atmosphere and sinterhardened at a cooling rate between
2.5 and 3°Ck. S me specimensare subsequentlytempered at 200 and 300°C in air for 1
hour.

Table 5 : Designation of different sinter ed samples based on Distaloy HP (DHP), sinterhardened and further
deep cooled and/or processed at different temper ing conditions

Samplg . Descriptions

denomination

DHRPUT Sinterhardened without tempering (Untempered)
DHP-T200 Tempered at 200°C for 1 hourn air

DHP-T300 Tempered at 300°C for 1 houin air

DHRDGUT Deep cooled in Liquid Mwithout tempering (Untempered)

DHP-DGT200 Deep cooled in Liquid Nand Tempered at 200°C for 1 houn air
DHP-DGT300 Deep cooled in Liquid Nand Tempered at 300°Gor 1 hour in air

Table 5 describes the processing conditions employed for the different samples
investigated in this study. The sample denominationsused in Table 5will be used for
different samplesin the rest of the thesis. The tensile tests were cded out to obtain the
mechanical properties and alsoto obtain the fracture surfaceon which fractography
studies has beenperformed.

8,71
4,36

5,97

572
2

7T
T
1

254
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T

31,75

/ 6.35

/ COMPACT HEIGHT

40,46

80.95

89,64

Figure 11 : Tensile specimen dimension according to MPIF10 redrawn from [37]
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3.1.1 Experimental Methods

The experimental techniques utilizedare listed in the Table 6 and a detailed description
of these techniques igliscussed in detail in the follownhg sections.

Table 6 : List of experimental and analytical technique s utilized

Experimental and analytical technique Performed investigations

Universal Materials testing machinewith Tensile testing

temperature controlled environmental Creep testing

chamber Cyclic creep testing (varying temperatures)
Light optical microscopy Microstructural investigation and imaging

Fractography
Elemental mappirg
Chemical analysis (qualitative analysis)

Scanningelectron microscopy combined
with EDX(Energy Dispersive Xay

spectroscopy) Microstructural analysis
Hardness testing Apparent hardness andmicrohardness
X-ray diffraction Retained austenite contenimeasurement

3.2 Universal Material Testing

(b)

Figure 12 : (a) Tensile testing machine with environmental chamber and (b) Sample connected to
thermocouple clamped in between jaws
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An electro-mechanical testing machindnstron 5500R with 4505 load frame&vas used for
tensile and creep/relaxation tests. It is eqipped with Instron 3119-407 environmental
chamber with a temperature controller unit, seeFigure 12(a). The chamber has a
temperature range between-150°C to 350°C. Blue hill software was used for data
acguisition. During testing, the samples were carefully aligned vertically along the axis
and the extensometer was carefully mounted. Once the sample is clamped between the
jaws, the furnace door is closed and the temperature is set to the determined levéhe
approximate time to reach the steady state temperature (in our case 120°C) was
determined by connecting thermocouple to the test specimen as shown Kigure 12(b).
The time to reach steady state tempeiture was found to be approx. 90 min, with a
variation of +0.5°C in the beginning, after which a steady state temperature is
maintained, (seeAppendix 1). The tensile tests for fractography and some testt 120°C
were carried out at Chalmers with this machine at strain rate of 1d@/s. All creep tests
were carried out at a constant load condition and temperature, also creep tests with
varied temperature under fixed load were performed on this setup.

3.3 Scanning Electron Microscopy

High Resolution Scanning Electron MicroscopyHRSEM) imagingvas performed using a
LEO 1550 GeminBEM equipped with In-lens and secondary electron detector for
imaging. Qualitative chemical analysiswas performedfor different phases and elemental
mapping andelemental line scans wereperformed to assessthe elemental distribution
by using XMAX EDX detector attached to the SENBEM is themost commony used
technique for high resolution imaging due its high magnification and depth fofocus
capabilities, which is limited in the case of light optical microscopy.The fractured
surfaces were analysed with a fixed voltage of 1&eV and working distance of 8 mm. All
studies were carried out with these settings to characterise the materialbased on the
different heat treatment and the tempered conditions apresentedin Table5.

3.4 Metallography

The metallographic samples were prepared from the cross section of the tensile
specimens beforeand after creep testing. All the cut pieces were mounted usingolyfast
resin in a Struers CitoPress20 mounting machine. All the mounted specimens were
ground, polished and etched according toStruers standard for metallographic
preparation of PM parts. The &hant used waspicral-nital (solution of 4 g of picric acid
and 2 ml of Nitric acid in 200 ml of ethanol) to obtain a contrast between bainite and
martensite. The microstructure of the samples was studied by light optical microscopy
using Leitz DMRXight optical microscopeequipped with AxioVisionimaging software.

3.5 XRDz Retained Austenite Estimation

X-ray Diffraction (XRD is a non-destructive testing technique usedor determination of
residual stresses compressive or tensile),and for the identification of different phases
and their amounts in the case of crystalline materials. The measurement principle is

15



based on the constructive and destructive interferenceccurring in the sampleupon
incidence of X-rays and according to the Braggs law, the interatomic distance is
calculated

oA OET|[ € 11
where nis order, d is interatomic distance,} is wavelength of characteristic Xrays, and
is the incident angle of Xrays Diffraction pattern is obtained from the outgoing Xrays,
and each crystal has its own unique characteristic pattern based on the atomic

arrangement. Byreferring to the available databasethe respective details are identified
(phases atomicstructure, etc.).

In this study, the sample is irradiated with the incident Xrays to depths ofabout 6-7 um.
XSTRESS 300@as usedto determine the austenite contentOOET ¢ O! 3-@3- %
Standard Practice for Xray Determination of Retained Austenite in Steel with Near
2AT AT 1T #OUOOAI 11T COAPEEA |/ OEAT OAOET 1806 4EA
total integrated intensity of all the diffraction peaks of a phase (here either ferrite or
austenite) is proportional to its volume fraction. The amount of austenite is determined

by considering four different crystalline peaks corresponding to two ferrite and two
austenite phasesAll the ferrite regions include martensite which isconsidered asBCC,
whereas FCC phases are considered as austenithich includes both retained austenite

and Nirich austenite. The austenitecontent analysis was performed on the tensile
samples before ad after creep testing to evaluate the percentage change in the
austenite content Moreover a few samples after deepcooling in liquid nitrogen were
analysed

3.6 Apparent Hardness

Hardness isthe resistance to deformation or indentation. In case of PM steelshe
hardness measurenent includesboth poresand the base materialwhich gives theeffect

of porosity on a macro scale. Apparent hardness was measured usingMlpert Dia
Tesor with a Vickers indenter using 10 kg load (HV10) according to the MPIF43
standard. The apparent hardness was measured for all the samples before and after
creep tesing for 1 million seconds.

3.7 Microhardness

Microhardness is measured on the individuaphases which representthe hardness of
the material/phase in the absence of poredn the present investigation,microhardness
of Ni-rich austenite, martensite andbainite regions were obtained individually for the
samples at different conditions asshown in Table 5. All the measurements were
performed using Struers DuraScan 7Q@ith automatic measurement software.Lower
loads were used (50 g) for the case ofNi-rich austenite (HV0.05) due to its small area
and higher loadsof 100 g was usedfor the case oimartensite and bainite (HV 0.1) which
is according to the standard MPIF51.
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4 Results

4.1 Tensile testing

Table 7 below shows tensile test resultscarried at Hoganas ABon the sinterhardened-
tempered and sinterhardeneddeepcooledtempered samples The vyield strength
according to 0.2% proof stress (Rp0.2), the ultimate tensile strength (Rm) and the
percentage of elongation to failure were measuredon 10 samplesand the valuesare
shown below in Table 7. DHR-T200 (sinterhardened and tempered at 200°C) exhibits
highest ultimate tensile strength and percentage elongatiorwhich is around 1% that is
substantial elongation for sinterhardened PM steels. In case o$interhardened and
tempered samples the yield strength (Rp0.2) increases with increasing tempering
temperature.

Table 7 : Distaloy HP Tensile testing results from Hoganas AB

Rp0.2, Rm,

Elongation

Samples [MPal St.dv [MPal St.dv % St.dv
DHP-UT 691 50 926.6 23 0.46 0.05
DHP-T200 807 48 1163 43 0.92 0.19
DHP-T300 853 36 1025 31 0.53 0.09
DHRP-DGUT * * 812 29 0.10 0.05
DHP-DGT200 1008 28 1095 21 0.34 0.06
DHP-DGT300 871 18 926 46 0.30 0.06
* it is too brittle
(a) Tensile data : Yield Strength Rp0.2 and Ultimate tensile strength Rm [MPa]
1600 -
1200 - 1163 1095
§ 691 - 807 853 m 812 = 871 926
= 800
o DHP -UT I DHP - T200 | DHP - T300 | DHP-DC-UT DHP-DC-T200 DHP -DC-T300
® Rp0.2 in MPa Rm in MPa
Tensile Specimens elongation [%]
(b) - 0,02
0,8 -
T oaes 053
.én 0.4 0,34 0,296
= 0.2 0,104 l
o . ‘ — . .
DHP -UT DHP - T200 DHP - T300 DHP -DC -UT DHP -DC-T200 DHP -DC-T300
® Elongation[%]

Figure 13 : Tensile test results of the samples showing yield strength and tensile strength (a) and
elongation (b)

17



DHPR-T300 exhibits high yield strength values among the sinterhardenetempered
samples with good ultimate strength and moderate ductility which actually corresponds
to the microstructure upon higher tempering temperature.

In case of deepcooled samples DHPGUT (sinterhardened-deepcooleduntempered),
the samples are too brittle and fail before yielding. The DHPGT200 sample exhibits
very high yield strength among all the samies and good tensile strength. However, all
the deepcooled samples exhibit poor ductilityas compared to the sinterhardened

tempered samples.
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Figure 14 : Tensile test results of sinterhardened and subsequently temp ered samples (a) and
sinterhardened -deepcooled-tempered samples(b) performed at Chalmers
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Figure 15 : Tensile testing of sinterhardened -tempered samples at 120°C

The tensile test carried out foreach setof samples are summased in Figure 14 and
Table 8. These tests were performedor each condition to correlate the actual results
from Hogands AB andalso to obtain the fracture surfaces for further fractographic

investigation.
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Table 8 : Tensile test results performed at Chalmers

Samples tested at Rp0.2, Rm,

room temperature [MPa] [MPa]
DHP-UT 702 752
DHP-T200 827 1180
DHP-T300 850 909
DHP-DGUT * 848
DHP-DGT200 1200 1276
DHP-DC-T300 1061 1094

* it is too brittle

Tensile tests on sinterhardeneetempered samples were also performed at 12@, see

Figure 15 and Table 9. At 120°C, DHP-UT and DHPT200 samples exhibit increased yield
strength, ultimate tensile strength as well as higher elongation. Wherea®HP-T300

sample tested at 120°C exhibits similar properties a tested at room temperature with

only a slight increase in ductilty.

Table 9 : Tensile results of sinterhardened ztempered samples tested at 120°C

Samples tested at Rp0.2, Rm,

120°C [MPa] [MPa]
DHP-UT 896 1161
DHP-T200 898 1150
DHP-T300 860 1036

The increasal tensile properties of DHRUT when tested at 120°Creveal the initial
tempering effect at that temperature. It is important to evaluate the properties of the
samples at 120°C athe creep experimens were performed at 120°C.

Thesetests gave a better understanding of the samplestested at room temperature and
120°C even though there is aslight variation in results. Samples tested at 120°C ha&
improved tensile properties compared to the room temperaturesamples.Especially the
DHP-UT samples are more sensitive to ik temperature than the CHP-T200 and DHPR
T300 ones However, the tensile results carriedbut at room temperature from Hoganas
ABform the basis for load selectiorof the following creep experiments in this study.
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4.2 Fractography

The fractographic investigation was done on the fracred samples from the tensile
testing of Distaloy HP material after different tempered conditions to understand the
fracture behaviour and correlate the mechanical properties. The macroscopic
investigation of the fracture surface of DHRJT, obtained by steeomicroscope, is shown
in Figure 16. It reveals a flat fracture surface with brittle failure, typical for PM steels,
especially with martensitic structure. Macroscopic investigation in case of PM steels
gives very limited information about fracture surface features.

Figure 16 : Macroscopic view of fracture surface of DHP 7z UT specimen by stereomicroscope

Detailed microscopic investigation usingHRSEM has been carried out to reveahe
failure mechanism which is dependent on local microstructure characteristics,
determined by tempering conditions. In the following chapter the fractographic
investigations of the samples areshown for the sinterhardenedtempered and
sinterhardened-deepcooledtempered samples.
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4.2.1 DHP-UT

The fracture surface of the sinterhardened sample, i.e. DHPT sample, is shown in
Figure 17, where (a) and (b) show the general appearance of the fracture surface.
Fracture surface is rough and cluster of the prior powder particles can be distinguished.
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|2_rm Mag= 5.00 KX EHT = 15.00 kV ﬁ

Figure 17 : Fracture surface of DHPzZUT sample showing (a) the general rough appearance at lower
magnification, (b) agglomerates of the powder particles (c) & (d) transgranular cleavage and semi cleavage
facets, (e) transparticle decohesion failure, (f) interparticle decohesion failure.

Mag= 5.00 KX

Observation of the fracture surface at higher magnification reveals that the
transgranular cleavage is the dominant failure mode in the sinterhardenedntempered
specimen, seerigure 17 (c, d). Interparticle and transparticle ductile dimple fracture,
see appendix, and more rarely interpaiitle decohesion facets, seEigure 17 (e, f), were
also observed on the fracture surface of this specimen.
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4.2.2 DHP-T200

From the fracture surface of theDHP-T200 samples a rough appearance of the fracture
surface is evident, sed-igure 18 (a, b).
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Figure 18 : Fracture surface of DHPzT200 sample showing the general appearance of fracture surface at low
magnifications (a, b) and interparticle and transparticle ductile dimple fracture (c -f).
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Dimple ductile fracture is the main failure mechanism for this specimerfigure 18(c-f)
shows appearance of different site of interparti cle and transparticle ductile dimple
failure. Typically, in case of the interparticle ductile fracture, dimples are deeper as they
are initiated by coarse oxide residues or bridge porosity inside interparticle necks, see
Figure 18 (c, e). In the case of the transparticle ductile fracture dimples are shallow as
they are initiated by fine carbides or fine internal oxides, se€igure 18 (d, f). In general
the initial powder (pore) surface looks clean without any oxide particulates (see
appendix for more detailed images).
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4.2.3 DHP-T300

Similarly to previous specimens, roughness of the fracture surface was found for the
DHPRT300 samples as well, seeFigure 19 (a, b), where individual particles or
agglomerates can be distinguished in some sites.
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Figure 19 : Fracture surface of DHP zT300 sample showing the general appearance of the fracture surface (a
b) and (c-f) shows different sites of inter - and transparticle dimple ductile fracture together with cleavage
fracture.

The failure mechanism is a mix of interand transparticle dimple ductile fracture with
cleavage failure, seéigure 19 (e, f). The pore surface shows presence of thin iron oxide
layer (flaky particulates and layers) due to oxidation during tempering in air. See
Appendix 2for more detailed images.
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4.2.4 DHP-DGUT

Fracture surfaceof the DHP-DGUT sample has similar roughness as specimens without
deepcooling, sed-igure 20 (a, b).

; : d
H Mag= 500X EHT = 15.00 kV

Mag= 6.00KX EHT = 15.00 kV

Figure 20 : Fracture surface of DHP zDGUT specimen showing the general appearance of the fracture surface
(a, b) and observed fracture mechanisms: transparticle transgranular quasi  -cleavage (c, d) and inter and
transparticle intergranular decohesion facets (e, f)

Cleavageand quasicleavage are the mainrficture modes in case of this specimen. Inter
and transparticle intergranular decohesion facets were observed as well, see Figure 20

and Appendix 2
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Figure 21 : Fracture surface of DHP zDGT200 specimen showing roughness of the fracture surface (a , b) and
main fracture micro -mechanisms, namely interparticle( c-e) and transparticle dimple ductile fracture (f).

Dimple ductile fracture seemed to be the dominant failure mechanism observed in this
sample, seeFigure 21 (c-f) and Appendix 2

25




4.2.6 DHP-DGT300

Fracture surface oDHP-DGT300 sample looks rather rough where large powder
agglomerates can be distinguished, sdg@gure 22 (a, b).

MDA
Mag = 10.00 K X

Figure 22 : Fracture surface of DHPzDGT300 specimen showing the general appearance of the fracture
surface (a, b) and transparticle transgranular cleavage (c, d) and inter and transparticle dimple ductile
fracture (e) and tr ansgranular cleavage with river patterns ( f).

The failure is mainly due to the transgranulaicleavageand transgranular dimple ductile
failure, seeFigure 22 (c-f). Free powder surface (pore surface) is oxidised as welhich

is typical for specimens tempered at 300°C in air. More SEM micrographs of the fracture
surface for this specimen can béound in the Appendix 2
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4.3 Metallography

Microstructures of sinterhardenedtempered and sinterhardeneddeepcooled
tempered samplesare presented below. The typical microstructure of the Distaloy HP is
heterogeneous structure consisting ofmartensite (M), bainite (B) and Nkrich regions
(N) observedas a whiteconstituent with characteristic pores for an example seeFigure
23. The heterogeneous microstructure is distributed homogenously throughout the
cross section ofthe sample.

M-Martensite
B-Bainite
N-Ni rich region

P-Pore

Figure 23 : Typical microstructure of Distaloy HP material

From Figure 24 and Figure 25, the martensitic plates with bainitic regions and the
islands of white regions (Ntrich) can beobserved in DHRUT and DHPT200 samples
The optical microscopy images of the etched DHP300 samples show tempered
martensitic(TM) regions, which consists of higher fraction of bainite as shown ifrigure
26. The Ntrich regions (white areas) are surrounded by the martensitic regions as
shown in the figure. Tempered martensite isdifficult to differentiate from previously
observed bainitic areasin this case The existence of Nrich regions at this tempering
temperature emphasizes the stability of this phase.

In case of deepcooled DHPGUT and DHPDGT200 samples,the microstructure is

rather similar to the respective tempered samples without deepcoolingas shown in

Figure 27 and Figure 28. DHP-DGT300 also shows similar heterogeneous
microstructure as previous samples(i.e. DHRT300). However, tempeed martensite is

more visible as the darker contrast between martensitic plates/lathswhich is dueto

precipitation of transition carbides. The tempered martensitic phase and the
precipitates of carbidescan beclearly observed in the Figure 29. In this sample it is

considered thatthere is no retained austenite phasesince the sample is deep coetl in

liquid N2, which completes the martensitic transformation Moreover, the tempering at
300°C is expected to facilitate full transformation of residual austenite (if any) into
ferrite/carbide m ixture.

Hence the microstructure of all the six samples exhibits their characteristic
microstructure with respect to the synthesis condition and the tempering temperatures.
However, it is difficult to distinguish the retained austenitic phase from the
microstructure and it is considered that retained austenite is entrapped between the
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martensitic plates with different appearance and size fraction compared to the Mich
austenite. Retained austenite between the martensiti® | A @aliobns into ferrite and
transition carbides that together with precipitation of transition carbides from
martensite upon tempering at high temperatures. It will transform to martensite upon

DHP-UT

DHP-T200

Figure 25 : Microstructure of DHP -T200 sample at different magnification s

DHP-T300

Figure 26 : Microstructure of DHP -T300 sample at different magnification s showing tempered
martensite (TM)
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DHP-DGT200 DHP-DGUT

DHP-DGT300

Figure 29 : Microstructure of DHP -DCGT200 sample at different magnification s showing tempered
martensite (TM)
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4.4 EDX Analysis

The SEM combined with EDX analysis was used to perform elemental mapping of the
microstructure in order to understand which phases are present as well as the
elemental distribution within them.

EDS Layered Image 2
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Figure 30 : (a) Elemental mapping from EDX analysis of DHP -T300 sample and (b) EDX line analysis

Figure 30 (a) shows the elemental mapping of DHPT300 sample where greenareas
represent the Nkrich austenite. EDX analysis confirms that these regions are rich in
nickel and copperand it is also more evident from the line EDX analysis through the
austenite region as shown inFigure 30 (b). The particle core consists of martensite
which is composed preferably by Fe with presence of Mo and Cdistributed
homogeneously in this system.
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