CHALMERS

UNIVERSITY OF TECHNOLOGY

Effects of Heat Treatment on Residual
Stresses in Additive Manufacturing

Master’s thesis in Materials Engineering

Rasmus Kristensen

DEPARTMENT OF INDUSTRIAL AND MATERIALS SCIENCE

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024
www.chalmers.se



www.chalmers.se




Master's thesis 2024

E ects of Heat Treatment on Residual
Stresses in Additive Manufacturing

RASMUS KRISTENSEN

Department of Industrial and Materials Science
Division of Materials- and Manufacturing Technology
Chalmers University of Technology
Gothenburg, Sweden 2024



E ects of Heat Treatment on Residual
Stresses in Additive Manufacturing
RASMUS KRISTENSEN

© RASMUS KRISTENSEN, 2024.

Supervisors: Henrik Karlsson, Volvo Group Trucks Technology

Rasha Alkaisee, Volvo Group Trucks Technology
Examiner: Eduard Hryha, Industrial and Materials Science, Chalmers University of
Technology

Master's Thesis 2024

Department of Industrial and Materials Science
Division of Materials- and Manufacturing Technology
Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Yoke for diesel injector, printed with PBF-LB in 42CrMo4.
Typeset in BTEX

Printed by Chalmers Reproservice

Gothenburg, Sweden 2024

iv



E ects of Heat Treatment on Residual Stresses in Additive Manufacturing
RASMUS KRISTENSEN

Department of Industrial and Material Science

Chalmers University of Technology

Abstract

Metal additive manufacturing (AM) is constantly developing and expanding into new
segments. The automotive industry has so far not implemented AM to any larger
extent. One reason is the relatively high cost of AM-components, but mainly due to
the materials that are available is not used to a larger extent within the automotive
sector e.g. titanium and stainless steel. Powder Bed Fusion Laser Beam (PBF
LB), the most developed metal AM-method had, until recently, a limited range of
materials available.

However, recently several low-alloyed carbon-containing steels, that are commonly
used in vehicles and machined components have been developed. One issue with
increased carbon content is that the material has shown to be di cult to manufacture
with PBF LB. Moreover, heat treatment and its in uence on residual stresses,
microstructure and hardness are not yet known.

This thesis focuses on the residual stresses and how they are a ected by the heat
treatment on samples printed in a low alloy medium carbon steel, 42CrMo4 (AISI
4140). The heat treatments applied in this thesis were not intended to be optimised
for 42CrMo4, but rather investigate a more industrial approach using relatively
standard heat treatment cycles. After analysing the di erent heat treated samples

it was found that in a regular quench and temper cycle, the parts achieved similar
hardness as conventionally manufactured 42CrMo4 using the same heat treatment.
Samples exposed to a direct temper cycle, hence just tempered as-printed, showed
promising results in terms of residual stresses. This knowledge may serve as a
basis to further research and development of heat treatment cycles to better utilise
42CrMo4 steels in the automotive sector.

Keywords: Additive Manufacturing, Heat treatment, SEM, XRD, Microstructure,
42CrMo4, AISI 4140, PBF-LB, Residual stresses.
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1

Introduction

This Master Thesis was executed at Volvo Group Truck Technology Materials
Technology in Lundby, Gothenburg. This chapter will brie y describe Volvo, give

a background to the thesis, forward a problem statement and describe the scope, as
well the constraints, of the thesis work.

1.1 Volvo Group Truck Technology

Volvo Truck Technology (Volvo GTT) is a part of Volvo AB. Volvo was founded
during the 1920s with the rst Volvo car, OV4, produced in 1927 and the rst
Volvo truck, Series 1, in 1928, of which both were built on the same production line.
Volvo GTT is responsible for the engine development, technology research, prototype
construction, product design and all the technology and product development linked
to the truck development, as well as providing support in the aftermarket for the
vehicles.

Volvo Group Trucks is a world leading truck manufacturer known for producing
well built, powerful and versatile trucks for a variety of dierent tasks. Volvo
Group has over 100.000 employees world wide, production facilities in 18 countries
and a presence in 190 markets. Volvo Group encompasses not only Volvo Trucks,
but also Volvo Penta, Volvo Buses, Volvo Construction Equipment, Mack Trucks
and Renault Trucks among others. The main product development and prototype
production/testing is placed at Lundby, Gothenburg.

Volvo Materials Technology is providing support to all branches within the Volvo
Group and performs material testing for past, present and future technologies.

1.2 Background

Additive manufacturing (AM), the technique of producing parts by adding material
layer by layer, has the capability of producing complex geometries that can not be
achieved with conventional machining techniques. This has opened up opportunities
to produce parts thought to be nearly impossible or very expensive to produce [1].
These capabilities have made AM very popular within the medical industry among
others, since many implants are unique and often needs custom tting; in such
applications AM excels compared to conventional machining, with a lower price
per part for small batches and the possibility to produce parts on demand when
it is needed with reduced lead time [2]. The possibility to produce small batches

1



1. Introduction

on demand for custom applications, e.g aftermarket parts, is a clear advantage
compared to other manufacturing techniques.

AM has also enabled the use of new materials in new areas with the help of
di erent AM techniques such as material jetting, direct energy deposition, VAT
photopolymerisation and powder bed fusion. The material development has not
only been on metals but also polymers, shape memory alloys and even composites
[3]. Concerning metal AM and PBF-LB, the main development has been around
stainless steels, nickel based alloys, and aluminium, whereas little has been done
on low alloy steels. Approximately 40 di erent metallic materials are to this day
approved for use in PBF-LB [4]. Low alloy carbon steels, is a big part of the
materials used for the automotive and construction industry, mainly because of the
excellent properties concerning wear resistance, toughness, strength and relatively
low cost [4]. The wide range of adaptability comes from the possibilities to heat
treat and change the steels characteristics for a speci ¢ application.

Heat treatment of steels has been applied as long ago as 900 BC where Egyptians
found that quenching the hot steel in water greatly improved the sharpness and
hardness of swords and knives [5]. A deeper understanding of the hardening process
began in the start of the 20" century by gentlemen such as Adolf Marten (martensite)
and Robert Austen (austenite) [6]. Today every piece of steel is in some way heat
treated, and in 2010 the whole heat treatment market value was estimated for Europe
to a value of around 10 billion euro, it is also estimated that the automotive industry
stands for 60% of all the heat treatments done directly and indirectly [6]. Without
heat treatment or hardening it is most certain that products such as screwdrivers,
cars, razors, made out of, or containing, steel would have a signi cant lower life time
and also being signi cant heavier.

Additive manufacturing have recently gone from being a way to produce prototypes
and test ideas, to real production of small series for end usage. The development of
the technique enables rapid on demand production for parts, it can also introduce
new materials to the automotive industry. This is why Volvo GTT is pursuing
research of heat treatment of low alloy steels in additive manufacturing. Scouting
the possibility to introduce AM parts in to their industrial infrastructure, with
research on how di erent heat treatment steps a ect the properties and microstructure
of the produced parts.

1.3 Purpose

The purpose of this project is to give a deeper understanding of the heat treatment

of parts made of the low alloy steel 42CrMo4 (AlISI 4140) with PBF-LB. By using

a cost-e cient heat treatment of the material, its introduction into the automotive
industry would be facilitated. Moreover, the project aims to create a deeper understanding
of which heat treatments are suitable for additive manufacturing of 42CrMo4. Also,

2



1. Introduction

the inuence of heat treatment on the printed parts and the behaviour of the
microstructure, hardness and residual stresses will be analysed.

Research questions

RQ1: What is the response of additively manufactured 42CrMo4 to various heat
treatments?

RQ2: What is the distribution of residual stresses in additively manufactured 42CrMo4,
in as-printed and heat treated condition?

RQ3: How does the hardness of additiviely manufactured 42CrMo4 compares to
conventionally manufactured one after various heat treatments?

1.4 Limitations

This project will not discuss the environmental or political aspects of production, nor
the energy- and production e ciency of additive manufacturing and heat treatment.
The project will neither look in to the mining of material or the production of powder
for the additive process. The thesis will not treat post-processes for the types of
AM as; Powder Bed Fusion - Electron Beam (PBF-EB), VAT Photopolymerzation
(VPP), Fused Deposition Modeling (FDM), Binder Jetting (BJT), Direct Energy
Deposition (DED) and Sheet Lamination (SHL). It will neither go too deep into the
techniques of heat treatment, only cover how they work and in uence the properties
of the printed metal parts. The hardness values compared towards will only be from
publicised data rather than personal tests.
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Theory

This chapter will go through the most vital theory that lay the foundation for this
thesis, to give some understanding of the general techniques and the essential knowledge
to understand the work that has been done.

2.1 Low-alloy steels

Low-alloy steels are a broad family of steels that are among the most used steels
in automotive and construction applications. These are steels with a total alloy
content of 2 wt% in the low end, up to a content just below the levels of a stainless
steel that contains a minimum of 10 wt% Cr.[7] Other requirements for the steel to
be low-alloy are that the alloying content does not exceed 1.65% for Mn, 0.60% Si
and 0.60% Cu [8]. Low-alloy steels can be further categorised depending on carbon
content, <0.30wt% C are called low-alloy low-carbon steels. Steels with a carbon
content between 0.30 0.60wt% C are called low-alloy medium carbon steels. The last
category is the low-alloy high-carbon steels, with a carbon content of 0.60 1.00wt%
C [9].

Low-alloy medium-carbon steels have excellent properties regarding hardenability,
which is one of the reasons why it is a popular choice in structural and automotive

components, alongside its versatility and relatively low cost. It is also common in

general engineering applications [10][11], due to its great properties, high strength,
toughness [12] and good machinability [13].

42CrMo4

42CrMo4 (American grade: AISI 4140), is a low alloy medium-carbon steel. The
components where 42CrMo4 is used include crankshafts, gears, bolt assemblies,
among others. The alloying elements within 42CrMo4 all have an important role to
improve the mechanical, chemical and physical properties of the alloy. The following
is a list of the alloying elements present in 42CrMo4 and a short description of the
impact they have [4][14][15][16]:

N

Carbon: The single most important alloying element in steels. Increases
strength and hardness, stabilises austenite and is essential to form perlite,
martensite, carbides, cementite and bainite.

Silicon: Added to limit the oxidation and improve strength in a quenched
and tempered state. Also to prevent carbide growth during tempering over
long periods of time.
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Manganese: Added to increase hardenability, stabilising austenite, promote
carbide formation and form non-harmful sulphides. It has an disadvantage of
being a strong oxide former.

Phosphorus: Added to stabilise ferrite formation, shown to inhibit temper
embrittlement with increased content and give a strong solid solution hardening.

Sulphur:  Added to increase notch impact toughness and improve machinability.
Weldability is however decreased with increased sulphur content.

high temperature strength and to promote carbide formation.

Molybdenum: Added to increase hardenability, inhibit temper embrittlement
and increase high temperature creep and tensile strength. To inhibit embrittlement
it has to be an speci ¢ amount alloyed, between 0.15 and 0.30%.

2.2 Powder Bed Fusion - Laser Beam (PBF-LB)

PBF is the most prevalent and used AM technique to manufacture metals with AM,
the two most common PBF techniques are the ones using Electron Beam (EB) and
Laser Beam (LB) as an energy source to melt the metal [17]. LB is the technique
used to print the samples used for this thesis.

In PBF-LB (also known as SLM/DMLS) the part is printed on a powder bed within

a chamber, under (most often) inert gas, such as argon or nitrogen, to shield the
metal from oxidising during melting/solidi cation [18]. The laser beam, with help
from mirrors for re-directing, scans the powder bed and selectively melts the powder
according to a CAD-model. The CAD-model of the part has been imported to a
slicer program that slices the model into 2D-layers for the printer to read and melt
the powder layer accordingly. When the layer is nished, a piston holding the powder
bed is lowered a minuscule amount followed by a re-coater sweeping or rolling new
powder, from another bed next to the powder bed, to coat the bed with powder for
the next layer and the scanning process starts again. If there is too much powder
in front of the re-coater it will be collected in the collector bin to be reused. This
repeats layer-by-layer until the part is nished. The end result is a powder cake
that needs to be removed for the parts to be visible, and thereafter the parts needs
to be cut from the build plate. Figure 2.1 illustrates the whole process. [4][19]

Metal powder

The powder used in the PBF-LB can be virgin or re-used, though depending on
how many times it has been re-used the production parameters may need to be
changed since virgin powder is free of possible contaminants from earlier production.
Contaminants can be oxides or sputter. The production of the powder is typically
performed by gas atomisation. The metal is in a liquid state, and a small stream
is guided into a pressurised chamber. The stream enters the chamber through a
nozzle, there the droplets are blasted with inert gas to atomise and solidify into
small powder particles. The powder is then collected in the bottom of the chamber.

6

Chromium: Added generally to improve corrosion resistance, but also hardenability,



2. Theory

The most commonly used atomising process is gas atomisation, since it is a great
technique to control the size of the powder particles and into a favourable spherical
shape. [20][4]

Figure 2.1: Schematic illustration of the PBF-LB process, redrawn from [4]

2.3 Heat treatment

The heat treatment is a core function to adapt the steel towards each use case for
optimal performance. Heat treatment of metals and for most steels has been done
for centuries to optimise the performance of steel. From making swords stronger and
lighter, more notably within the "Damascus swords' during the medieval period [21],
to heat treat crankshafts using case hardening to make them stronger and lighter
within combustion engines. The heat treatment is performed essentially to alter and
adapt the steels properties to each use case through such as hardening, annealing,
normalising and nitriding. The choice depends on how the part is produced, e.g
forged, pressed and sintered, cast etc. The choice also depends on what the goal for
the part is, for example if it is to achieve higher tensile or fatigue strength, wear
resistant surface, good machinability etc. The cost is a big factor as well, since some
heat treatments are more costly than others, see Figure 2.2 for the most common
heat treatments used depending on desired characteristics.[6]
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Figure 2.2: Schematic of the most common heat treatments, redrawn from [6].

Hardening

One of the most common heat treatments, and also as previously mentioned, the
oldest technique is the art of hardening steel. It is performed by heating the steel
up to a austenization temperature, for carbon steels it ranges from approx. 723
up to 1392 C depending on alloying- and carbon content [22]. Realistically heating
over 950 1000C is redundant, since most alloys and carbides will di use if left at
chosen temp for a set hold time. For low alloy steels the carbides will dissolve easily
and only a hold time of 515 min is required, for medium-alloy steels it is around
15 20 min. The temperature may be adjusted to shorter or longer times depending
on the geometry of the part. [8] It is also advantageous to austenize at as low
temperature as possible due to the grain growth at higher temperatures. Larger
grains will lead to a more brittle material due to low number of grain boundaries to
stop dislocations.

For 42CrMo4 the austinization temperature ranges between 840 88D [23]. This

IS a temperature range where the carbon and all other alloy elements di use and
recrystallise. This is advantageous to do since it is normalising the steel into a state
where one can tailor the steel via cooling the steel at di erent speeds, see Appendix
A.1 and A.2 for CCT and TTT-diagrams (simulated by using J-MatPro). When
austenitized, the steel is quenched in oil or other cooling medium such as water for
faster cooling. The oil is heated to a temperature of 8C to minimise the vapour-
jacket that is formed if the quench medium is too cold. Thus the rapid cooling that
is desired to form martensite is prolonged and other possible phases are formed.

Hardening is followed up with tempering when the goal is to add more toughness to
the steel. Tempering removes the extreme brittleness that hardened steel has after
guenching to be able to use the steel. Tempering a steel performed by reheating the

8



2. Theory

part in the furnace, slowly increasing the temperature to the set temp which usually

is around 100 300C for steel. Then the parts are held at the set temperature for a

set time, normally for steels 1 2 hours, sometimes longer depending on which traits
is wanted from the steel. The longer time in the oven the more ductile the steel
becomes. After tempering the steel the oven is turned of and the steel is left to cool
inside with the furnace, or taken out from the furnace to air cool. [6][24]

Temper embrittlement

Tempering is as previously described a method to increase the toughness in hardened
steels, however it can cause embrittlement if done incorrectly. Temper embrittlement
is a phenomenon occuring when tempering steels in temperatures between €50
600 C. The brittleness occurs due to a number of di erent metallographic phenomenas
at di erent temperatures. [6]

At the temperature range 250C 400 C (called 350C embrittlement) phosphorus
(P) has an serious impact on the steel after hardening, dividing the grain boundaries
during the austenitization and causing carbides to grow at the grain boundaries when
tempered in the interval. This is prevalent in low-alloy and most non-alloyed steels.
[6][16]

In the temperature interval 375C 575 C the embrittlement occurs on quenched
& tempered alloys regardless of phosphorus content and is rather dependent on
tempering time and temperature. It can become a problem when cooling slowly
over the temperature interval from heat treatment, especially when tempering over
relative long time periods. The embrittlement caused by this temperature interval
can be reverted by heating to, or over, 57&, e ectively restoring the alloy. [6][16][24]

2.4 Residual stresses

Residual stresses are de ned as stresses that are retained in a body without any
external forces a ecting the body, left from processes such as manufacturing, welding
and heating [25]. There are di erent classi cations of the residual stresses depending
at which scale they operate. Type | stresses are macro-stresses that a ect the entire
body or part, type Il stresses are micro-stresses that act at a grain scale level and
last type 1l stresses that are nano-stresses a ecting on a atomic-level [26]. For parts
produced with PBF LB the focus has generally been on Type | stresses due to the
stresses approaching the yield stresses, leading to parts being deformed and cracked.
[25][27]

Residual stresses of Type | (or global residual stresses) are caused by non-uniform
deformation, much like bending a beam past the elastic point and causing permanent
deformation on the beam and residual stresses arise when the load is let o . Thermal
loads a ect residual stresses in the same way, as when a part is being quenched, the
material close to the edge of the body is cooled faster than the inside. Thus the
outer material is contracting due to the colder quenchant and the warmer inside of
the body restricts movement, causing residual stresses to form. [25]



2. Theory

Welding a ects the body much like quenching, however here the body is heated
locally which causes the metal to expand and cause plastic strain in the weld and
regions near the weld. When the weld cools it causes local shrinkage and distortion,
which causes residual stresses to form [26]. Similar to how residual stresses are
formed during PBF LB. When a new layer of powder is deposited and melted on the
previous layer, a large temperature gradient is formed due to slow heat conduction to
the layers below. Causing the top layers to form a compressive force due to expansion
and the layer below ends up in tension. When cooling the melt pool contracts and
solidi es causing a tensile force. The layers below restrict the movement of the top
layer and thus ends up in a compressive state, see Figure 2.3.

Figure 2.3: Schematic illustration of residual stresses induced by PBF LB during
melting of the powder, a), and cooling of the solidi ed metal, b). Redrawn from
[4][25].

X-ray Di raction Analysis

With X-ray Di raction (XRD)-analysis the residual stresses can be measured within

a sample/test piece. Though stress is not really measurable as the term stress
measurement might give appearance to. Stress is more of a extrinsic property and
to measure, or determine, stress it is required to measure some intrinsic property
as area and force or strain, and calculations of the stress [28]. To measure residual
stress one need to use Bragg's Law, where the distance in between the lattice and the
distanced is measured, and then calculate the resulted residual stress. To measure
the stress using XRD it is assumed that the crystalline lattice elastic distortion
behaves linearly. It is also required to have a relatively ne grained material and a
relatively smooth surface since the XRD only can penetrate to a maximum depth
of 10 um?.

One could physically measure stress via mechanical methods such as hole drilling,
where a strain gauge is installed on the surface and a hole is drilled close to it.
The residual stresses are measured via the relaxation of the material when the hole
is drilled, but they are destructive and limited to the sample size and geometry.
[26][29]

1Speci ¢ for the equipment at hand during the thesis
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Bragg's Law

The main principle that makes XRD analysis possible is Bragg's Law, discovered by
W.L. Bragg in the early 19th century. Bragg theorised and showed that di racted
X-rays de ect and bounce from planes within crystals. These planes are the rows of
atoms in what makes up a crystal structure, see Figure 2.4. [30]

Figure 2.4: lllustration of Bragg di raction, redrawn from [28][30].

X-ray wave 1 and 2 are in the same phase towards the specimen and re ect from
Atom A and B in a crystal with the atomic plane separation distanced, de ned as
a

9= P 2 @1
The ais the lattice spacing of cubic crystal and, k and| is the Miller indices of the
Bragg plane. The re ection angle, , of the di racted x-rays is the same as the angle
of incidence, . The condition for the two waves to stay in phase with each other
after being re ected is that the combined length of the distance between point, C, B
& D, is a whole number,n, of wave lengths, . The distance CB and BD are equal
andtod sin , thus

n =2d sin (2.2)

which is Bragg's Law. In Figure 2.4n is equal to 2 (second order) which is a whole
wave length between CB. With a higher number fon the re ective angle, , would

be larger e.g 3 (third order). If the angle would correspond so would not be a
whole number, the waves will not be in phase and cancel each other out through
destructive interference. Combining equation 2.1 and 2.2 results in

Lo Lo 1

- = [R— p— .
2a 2a h2 + k2+ |2 (2.3)

With equation 2.3 one can derive the selections rules of which Miller indices for
di erent cubic structures are viable, e.g BCC structuren+ k+ | = even. [30][31][32]
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Principle of XRD

Figure 2.5 illustrates the di raction of a X-ray beam, S, at a general specimen. The
di raction angle, 2 , in this instance is relatively high towards the specimen and
measures the stress in two di erent angles relative to the normal, of the sample
surface. in (b), de nes the angle between the normal of the sample surface and
the incidence/di raction point. As stated in section 2.4 the diraction happens at
an angle of2 , see Figure 2.5. In Figure 2.5 one can also see the in uence of taking
stress measurements in di erent angles towards the normal of the specimen.

Figure 2.5: Principles of XRD residual stress measurementd, X-ray detector;
S, X-ray source;N, normal to the surface. (a) =0 : Poisson's ratio contradiction
of lattice spacing. (b) > 0: Tensile extension of lattice plane by stress.

Figure redrawn and descriptive text cited from [28].

As seen in Figure 2.5a, the only crystals within the sample that satis es Bragg's law
and di ract the x-rays are the ones parallel to the surface. If there is a presence of
tensile (or compressive) as the case of Figure 2.5, the Poison's ratio slightly results
in a contraction and reducing the lattice spacing of the crystals within the sample.
When the sample is tilted to a known angle , as in Figure 2.5b, the crystals that now
are parallel had their lattice spacing increased to a more relaxed state. Measuring
the change of the di raction peak in at least two di erent angle makes it possible
to calculate the stresses present within the samples. this is why it is bene cial to
measure in multiple angles to get an accurate reading of the stresses present. Due
to the changes of the mean lattice spacing, only elastic strains are measured with
the XRD, when the elastic limit is reached it results in dislocations which disrupt
the crystal lattice and the formation of micro-stresses. [28]
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2. Theory

Residual stress, depth pro ling

Analysing the samples via depth pro ling is necessary to understand the e ect of the
heat treatment, and in a as-printed state, on stresses, as the x-rays cannot penetrate
that deep into the specimen [33]. Since the radiation that is suitable for XRD is
quite kind with a low amount of energy put into the specimen, usually around 5 to

8 keV. Electropolishing is used to remove the material layer by layer, exposing new
surfaces for subsurface measurements. This is performed without introducing any
new stresses, plastic or thermal, to the specimen and distorting the measurements.
[34][35]

2.5 Sample preparation

The sample preparation is of outmost importance to give a good chance at accurate
results in later steps during the analysis of the parts. The sample preparation
consists of several steps:

1. Cutting
2. Mounting
3. Polishing
4. Etching

Cutting

The raw specimen is cut into more manageable pieces, using an abrasive cutter, prior
mounting for subsequent analysis (e.g. microstructure and microhardness). There
are cutting wheels of both abrasive wheels and diamond tipped wheels, the abrasive
wheels are cooled with cutting uid to not heat up the specimen and possibly change
the properties. The downside with the use of cutting uid is that it contaminates the
surface of the specimen and will give inaccurate readings and possibly destroy the
kind of information one wants to nd when cutting open a sample. The diamond
tipped wheels has no need for cutting uid since they operate with lower speeds
<300 rpm.[36]

Mounting

When the area of interest is exposed, the piece is most likely in an awkward shape
SO mounting it in a puck of resin is preferable for further analysis. The choice of
mounting material is important, for this application a resin that is grindable and able

to transfer current is preferable. Since the specimens will be polished to accurately
analyse the surface and also lead current since the specimens will be analysed with
the SEM. [36]

13



2. Theory

Grinding/Polishing

After the mounting of the specimens to a puck the surface is still rough due to
the cutting step, this is where grinding and polishing of the specimens comes in.
Grinding is roughly the same as abrasive cutting, the tools consists of particles
cemented together to form a cutting wheel or an abrasive lap stone. In some cases
the abrasive particles are cemented on cloths or paper to create consumable abrasive
paper, belts and cloths. The risk of grinding is to introduce heat to the piece, same
as in abrasive cutting, and thus hardening the surface, therefore grinding is done in
small steps moving slow between grits (coarseness of the grind paper/stone) and in
some cases using cutting uid to prevent that from happening. [36]

Polishing also uses abrasive particles, however they are not xed on a wheel or a
paper back. They are rather suspended in a liquid or a paste and then polished with
a cloth or a cloth wheel to provide a mirror like nish. [36]

Etching

Etching is performed to reveal the microstructure of the specimens, since on as-
polished surface it is hard to distinguish the microstructure on the specimen. Pores,
cracks, pits and non-metallic inclusions may be visible without etching. The etchant

Is a solution that chemically attacks the polished specimen and can be a variety of
di erent solutions such as: Nital 1-3%, aqua regia, diluted nitric acid and sodium
thiosulfate. In this thesis Nital will mainly be used, since this is the most common
etchant used to reveal the microstructure of steels. There are also dry etchants as
well but nothing that will be used within this thesis. [36] Often etching is done after

the hardness analysis since the indents are easier to analyse when the samples are
un-etched.

2.6 Hardness test

Vickers

The hardness of a specimen can be measured with a number of di erent techniques
such as Rockwell (HRC), Brinell (BHN), Knoop (HK) and Vickers (HV). Vickers
and Knoop will be used as the testing methods in this thesis. Vickers is performed
via pressing a tetrahedon shaped tip into the specimen with a specialised load.
The facets have an angle of 136 0.5. A set force is applied with the tip forming

a permanent mark on the specimen that is later measured diagonally across the
indent (d1 and d2), from there the specimens hardness can be decided, see Figure
2.6. [6][37] To calculate the hardness the following equations is used:

F F
HV = = 1,854 (2.4)

There F is the force applied andd is the average sum of the two diagonals of the
indent in mm, the coe cient 1,854 is for the geometry of the indenter.

14



2. Theory

Figure 2.6: lllustration of Vickers indent, redrawn from [37].

Knoop

Hardness testing with Knoop is very similar to Vickers; there, the only di erence is
the tetrahedral tip is in a rhombus shape. There the longer diagonal is seven times
longer than the shorter one, making the angles larger than the Vickers indenter.
The angle for the longer diagonal is 172.5and the shorter diagonal 13Q The
indent becomes shallower than the Vickers indent at the same force applied, making
it exceptional to measure hardness in brittle materials, close to the surface and/or
placing the indents tight together [6][38][39]. To calculate the hardness the following
equations is used: - -

HK = e 14.299@ (2.5)
ThereF is the applied forced is the length of the longer diagonal in mm and 14.229
is coe cient for the geometry of the indenter.
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3

Materials & Methods

In this chapter the materials used, as well as the di erent methods applied and
di erent techniques will be described, such as residual stress measurements, microscopy,
among others.

3.1 Material

The samples for this project were provided by the Competence Centre for Additive
Manufacture - Metal (CAM2), hosted by Chalmers University of Technology and
William Hearn. These samples were printed using an EOS M290 printer with the
parameters speci ed in Table 3.1. The striped laser pattern for each powder layer
was rotated by 67. The material used for printing these samples is a 42CrMo4 steel
powder provided by Sandvik Ospre{™, the chemical composition of the powder is
seen in Table 3.2. The size of the powder particles was sieved to a size range of
15 45 pm. [4]

Table 3.1: Printing parameters for the EOS M290 when manufacturing the samples
[4]

Layer thickness| Hatch spacing| Laser power| Scan speed Preheating temperature
20um | 70pm | 170 W | 1011 mm/s| 180

Table 3.2: Chemical composition of the 42CrMo4 powder, provided and supplied
by Sandvik Osprey ™M [4]
C | Cr | Mo | WMn | Si
0.38 0.47 \ 1.01.1 \ 0.200.23 \ 0.600.77 \ 0.200.29

To con rm the chemical composition of the samples, one sample was sent to Volvo's
chemical lab in Skdvde for examination. More details can be found in Section 3.3.
Another sample, in as-printed condition as well, was sent to Volvo's measurement
lab to measure the surface roughness according to SS ISO 4287 and ISO 11652.

The samples serve as injector yokes, which are used to secure the diesel injectors in
a Volvo Penta TAM72A engine, among other engines. Previously, the yokes were
manufactured through press sintering and later switched to a machined part. Now,

it is being explored to possibly producing them as a AM parts, see Figure 3.1.

17






	List of Acronyms
	List of Figures
	List of Tables
	Introduction
	Volvo Group Truck Technology
	Background
	Purpose
	Limitations

	Theory
	Low-alloy steels
	Powder Bed Fusion - Laser Beam (PBF-LB)
	Heat treatment
	Residual stresses
	Sample preparation
	Hardness test

	Materials & Methods
	Material
	Residual Stress Measurements
	Sample preparation
	Optical Microscopy
	Hardness measurement
	Scanning Electron Microscope

	Results & Discussion
	Physical examination
	Residual stresses
	Microstructure
	Hardness measurement

	Summary
	Conclusions
	Future work

	Bibliography
	Cooling diagrams for 42CrMo4
	Continious Cooling Transformation
	Time-Temperature Transformation

	Residual stress, Mount surface
	Raw numbers
	Table, Mount surface

	Residual stress, Build surface
	Raw numbers
	Table, Build surface

	Mounted samples, naming
	Raw numbers, hardness test HV0.5, MX#1
	Hardness test HV0.5, MX#2
	Raw numbers MX#2

	Raw numbers, hardness test HK, MX#1

