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Residual compressive stresses can be used to increase the lifetime of
parts under cyclic stress as they negate the applied tensile stresses
that cause crack initiation and propagation in the material. The goal
of this project was to investigate methods to induce stresses, their
advantages and disadvantages as well as depth and magnitude of
induced stresses, and also to find methods of analyzing the induced
residual stresses. This was done on behalf of Epiroc Drilling Tools
AB in order for them to induce stresses on the insides of their long,
narrow and hollow rods, where stress induction is difficult. Shot
peening was used as a reference as that is the method currently in
use by the company. The results show that the two most promising
methods are cavitation peening and laser shock peening; two
relatively new methods with large magnitudes and depth of induced
stress as well as a great capability of inducing stresses on the
hard-to-reach insides of the rods. Ultrasonic needle peening,
ultrasonic shot peening as well as induction hardening, cryogenic
treatment and friction stir processing were also investigated.
Methods of analyzing the stresses include X-ray diffraction and
slitting, hole drilling and ultrasonic methods.
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1

Introduction

Compressive residual stress is a consequence of inhomogeneous plastic deformation, arising from mechanical and thermal forces via phase changes. Mechanical
and thermal forces applied to a component during service may affect residual
stress as well. The total stress a high strength low alloy component feels is the
sum of residual stress and external stress. Compressive residual stress on the
surface increases fatigue strength & fatigue life, counteracts crack propagation,
increases resistance to corrosion cracking and reduces the induction of hydrogen
that contributes to cracking. Tensile residual stress has the opposite effect on
fatigue and cracking - in other words, it reduces lifespan of the component and
decreases fatigue strength & fatigue life. Types of residual stress are characterized by their relative size in the material. Stress over long distances (across
multiple grains) is called macro-stress. The stress within the grains, or between
them, is called micro-stress [2].

1.1

The Company

In 1873, André Oscar Wallenberg and associates founded the company Atlas,
producing equipment for the Swedish railway network. Over the years, Atlas
became Atlas Copco and under recent years their rock drilling section has been
transformed into the company Epiroc Drilling Tools AB [3].
Epiroc Drilling Tools AB provides equipment for drilling and rock excavation,
a complete range of related consumables and service through a global network.
The business area innovates for sustainable productivity in surface and underground mining, infrastructure, civil works, well drilling and geotechnical applications. In 2017, the company generated revenue of 31 440 million SEK and
had 12 948 employees. See Figure 1 and 2 for further applications.

Figure 1: Overview of mining and natural resources applications and product
offering. Source: Information Brochure about Epiroc
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Figure 2: Overview of infrastructure applications and product offering. Source:
Information Brochure about Epiroc
Of the products manufactured and sold by Epiroc, we have been tasked with
work regarding the rods. In Figure 3 you can see the long rods, the drill head
itself is screwed onto the rods. Several rods can be screwed together to reach a
deeper depth. The rods are hollow so that cooling fluid such as water can be
transported through them to the drilling head. The environment to which the
rods are exposed are water of various pH values, contact with abrasive materials
such as different types of stones and salts. Further working conditions are
stressed up to 500MPa, friction temperature up to 200 degrees and a deformation
rising from bending moments

Figure 3: Rock drilling tools sold by Epiroc. The focus of this project is mainly
on the rods. Source: Information Brochure about Epiroc
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1.2

Objective and Goals

The departure point of this project was to study compressive residual stress
in the high strength low alloy steel used by Epiroc Drilling Tools AB for rock
drilling tools. The company is interested in knowing how compressive residual
stress affects their rods, and finding suitable methods that induces stress in the
material during manufacturing, in order to prolong the lifetime of their rods.
The project goals presented below are the points that will meet the company’s
expectations. The task of the project group was to research processes of inducing compressive stresses in High strength low alloy steel. The research included
the advantages and disadvantages of the methods, the depth profile, magnitude
of stress and availability of method in Sweden. The method should show a
higher value of compressive stress ratio and depth than shot peening, which is
the method that the company uses today.
The goals of this project are to:
• Survey residual stresses for high strength low alloy steel – how they are
achieved and how they can be quantified.
• Identify processes that will result in compressive stress and describe advantages and disadvantages of these processes.
• Conduct in-depth analysis of promising methods, i.e. the methods with
the highest compressive stress ratio and depth.

2
2.1

Theory
Residual Stresses

Residual compressive stresses arise when parts of the material want to move
but are hindered by the surrounding material, for example the transformation
of austenite to martensite causing an expansion that is hindered by the surrounding, (practically) non-expanding material. Transformation gradients exist
due to the difference in carbon concentration from the surface, giving different
possibilities of transforming austenite to martensite. The temperature gradients are a product of heat flow and thermal conductivity in the material – the
surface will always be cooler than the bulk, giving an earlier transformation of
austenite to martensite. During the transformation of austenite to martensite,
an expansion takes place. This expansion is hindered by the surrounding material and compressive stresses are induced [4].
Residual compressive stresses increase the material’s resistance to fatigue by
counteracting crack initiation and crack propagation. The cracks propagate
when the material is under tensile stress and the compressive stresses, opposite
in arithmetic sign and nature, negate the tensile stress’ effect on the material.
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Mechanisms of residual stress includes matrix hardening, dispersion hardening,
grain boundary hardening, substructure hardening, strain hardening, second
phase aggregate hardening and fibre hardening [5].
Residual stresses can be categorized in to three main categories; type I, II and
III [6]. The Type III stresses consists of the nanoscopic stresses, the type II consists of the type III stress and the intergranular stresses. Finally, type I stresses
consists of the macroscopic stresses, as well as the type II stresses. The type
III stresses are at most importance during structural engineering since they are
directly associated with material defects such as vacancies, precipitation, dislocation pile ups and voids.
Usually, residual stress is induced in the material to prolong the life span, but
too much residual stress can actually contribute to sudden crack initiation and
propagation. But there are heat treatments that reduce the hardness and brittleness, these treatments are aging and tempering. Residual stress decreases by
aging and tempering as internal stresses are released by aging effects. If dislocations are removed their corresponding stresses on the material are removed
as well [7].

2.2

Fatigue

Cyclic loading of a material leads to fluctuating stresses within the material.
This cyclic loading can lead to localized structural damage known as fatigue. [8]
Due to the repeated loading, the stress required for failure is much lower than
the actual yield stress of the material. Despite this, the cyclic loading ultimately
leads to failure. [9]
The process of fatigue can be divided into three different phases: crack initiation
with low propagation rate, more rapid propagation of these cracks, and finally
elastic-plastic or fully plastic fracture mechanics leading to instability and failure. Crack initiation can occur due to small errors formed in the manufacturing
process or fatigue and corrosion afterwards. Even if there are no surface defects
initiation of cracks will eventually take place due to fine slip movement that pile
up and form persistent slip bands that stay in the material even after surface
damages are polished away. When a crack starts to propagate it usually does
so parallel to these slip bands and through extrusion or intrusion as can be seen
in figure 4. The cracks then start to propagate at a very slow rate of about 1
nm per cycle. This propagation can be very hard to detect without the right
analytical equipment due to its low rate [10].
The propagation rate can then be excelled by repeated loads, corrosive environments or both. [9] The rate at which the crack grows increases with time and
sooner or later the direction of propagation will change along to the normal of
the applied stress [10].
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Figure 4: Extrusion and intrusion in a material. A: Slip planes, B: Extrusion
C: Intrusion. Source: The authors of the report
How many cycles a component can withstand, it’s fatigue life, is dependent of
shape. Welds or sharp corners can give arise to higher stress levels locally in
the material where crack initiation can take place. This can be avoided by implementing smooth transitions in the component [8].
The process of fatigue failure almost always starts on the surface of the material.
Therefore, the surface finish and levels of residual stress near the surface plays
an important part in the fatigue life of a component. Fatigue always occurs under tensile loading and therefore a material with tensile stresses induced at the
surface will be more likely to fail when subjected to cyclic loading. The surface
of a component that has been formed in compression contains tensile stresses
whereas a component that has been formed in tension has residual stresses in
the surface area.
Inducing these residual compressive stresses into the surface of the material is
a very effective way to improve the fatigue life [10].

2.3

Crack initiation and propagation

The fatigue crack damage can be divided in to three stages, crack initiation, stable propagation and unstable propagation [11]. Generally, the crack initiation
starts at a notch, scratch or any other imperfections on the surface or inside the
material. [12] At theses imperfections there are stress concentrations present.
These stress concentrations are generally higher than the stress throughout the
material. Theese stress concentrations can lead to crack initiation if an external
load is applied [11].
When crack initiation has occurred in a material the stress concentrations
rapidly rises at that location [11]. When and external load (tensile stress)
is applied the stress increases even more rapidly, until the yield stress of the
material is reached. When the yield stress is reached the material will start to
deform plasticly which leads to fracture [12]. The cracks are further intensified
by material defects such as cavities or inclusions [12]. This phase is is the
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unstable propagation and can be described with equation1.
Kc = σY

√

πa

(1)

Where Kc is the fracture toughness of the specific material, Y is a material
constant, σ is the applied stress and a is the size of the crack/notch. To reduce
the risk of crack initiation the surface of the material must be smooth. To
reduce the rate of the crack propagation compressive stresses can be induced in
the material. The compressive stresses counteract the tensile stresses that leads
to crack propagation [13]
.

3

Methodology

This research follows the so called abductive approach – it started with review of
literature to set scientific bases for the following work, then proceeded to data
collection related to the issue. After analyzing the collected data, additional
references and topic were being explored followed by additional data collection.
This cycle was repeated until the research team and the sponsor both were satisfied regarding the coverage of the relevant topics.
All methods of inducing stress found in the literature search were compared to
the the method currently used by Epiroc, shot peening. Depending on whether
or not the method appeared to be favorable to shot peening it was further investigated or rejected. By regular meetings with the product owner the suitability
of the different methods were evaluated and the focus of the continued literature
research planned accordingly.
Though out the project the research strictly consisted of literature reviewing.
The aim was to conduct testings of the methods inducing residual compressive
stress in samples provided by Epiroc. Due to lack of availability regarding the
methods and the time restriction of the project no laboratory testings were
made. Another limitation during this project is the lack of sources of information regarding some of the subjects researched such as the ultrasonic methods,
both the stress inducing and measurement methods. Yet another limitation was
that methods where first investigated but showed unsuited for the project goals
and was therefore considered of no further interest by the product owner. Such
are the methods of Ultrasonic Shot Peening, Ultrasonic Needle Peening and
Cryogenic Hardening. Finally research was conducted on methods that showed
not to be applicable, which also can be considered a limitation. This is specially
true for the methods of Friction Stir Welding and Friction stir Processing.
During the first three weeks of the project each user story regarding literature
research was carried out by three team members. Each member had to find,
read and summarize a relevant article on the subject. Another team member
was then assigned to review this summary to guarantee the quality and trueness
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of the information gathered.
Before the fourth week the method changed and instead of three people per
user story one team member were singly responsible for producing a summary
regarding the user stories assigned to her or him that week. This summary
should be two pages long and contain at least three references. Another team
member was then assigned to review this summary.
In this final report all methods that where considered and investigated have
been included. However due to earlier mentioned reasons some methods where
not so thoroughly investigation as others and have therefore been presented in
a shorter context. Such as Ultrasonic Shot Peening, Ultrasonic Needle Peening
and Cryogenic Hardening. Method who did not show to be applicable have
been sorted in subsection 4.2, such as Friction Stir Welding and Friction stir
Processing.
Finally in this report all literature sources are listed in the references section in
the same order that they appear in the text.

3.1

The Scrum method

The Scrum method of project management is an agile method that employs an
iterative way of working. It is highly adjustable to changing circumstances and
new information entering the project, altering its path. [14]
The people working on a project using the Scrum method is called the Scrum
team and consist of a Sponsor, a Development Team and a Scrum Master. These
people together agree on when the project is considered done. [15]
The tasks that need to be completed in order to reach the definition of done
are listed and broken down into so-called user stories. Each user story describes
who the task is for, what the task is for and why the task needs to be accomplished. These user stories are listed in a project backlog and are prioritized as
a must, should, could or wont according to how important they are for reaching
the project goals. The time needed to complete each user story is estimated and
added to the product backlog. The ratio between the prioritized time should
be 60% must, 20% should, 10% could and 10% won’t. The Product Backlog is
revised and improved as the project goes on and evolves as the circumstances
might change. [15]
The work is divided into sprints of a set duration. During a sprint, the team
works to complete a set number of stories chosen from the backlog. Each member works on a certain numbers of user stories of hers or his own. At the end of
the sprint the progress is reviewed together with the sponsor and the work in
the next sprint can be adjusted accordingly. [14]
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Scrum relies on daily updates from each team member explaining what they did
yesterday, what they will be doing today, both based on the user stories in the
backlog, as well as if they faced any problems that needs to be addressed.
In addition to the daily meetings there are a sprint planning meeting in the
beginning of the sprint, where that week’s user stories are chosen, and a sprint
review meeting at the end of the sprint where the development team presents
the output of that particular sprint [15].

3.2

The Scrum approach

The team and the supervisor have agreed to follow the Scrum approach of
project management. Following are the main cornerstones of implementation.
1. Week 1
(a) The week begun with a crash course in Scrum project management
by the academic supervisor.
(b) Agreement was reached on:
i. Definition of Done (describes when a user story is done): ”The iterative increment sufficiently identified missing information theoretically or verified through testing previously identified information. The increment needs to be accepted by the sponsor
before going forward to following the increment.”
ii. The product backlog which contained 43 story points of which
23 were musts, 7 were shoulds, 7 were coulds and 6 were wonts
was created.
iii. Prioritization of story points were initially made by the team and
modified and approved by the sponsor. The product backlog can
be seen in the Appendix
iv. The sprint duration was set to 5 working days, starting on Monday and finishing on Friday.
v. Time of Scrum events:
A. Sprint planning at 10 on Mondays lasting 2 hours.
B. Daily Scrum meeting at 10 every day lasting 15 minutes.
C. Scrum review meeting at 14 each Friday lasting 2 hours, Together with the sponsor.
2. Week 2
(a) 4 user stories completed in the areas of methods and compressive
stresses.
(b) 21 articles were read and summarized by the team members.
(c) In the sprint review session
i. The number of hours per topic was reduced from 22 to 18 hours.
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ii. 7 new story points were added to the backlog.
iii. We re-prioritized the user stories in the original backlog.
3. Week 3
(a) 5 user stories completed in the areas of methods and compressive
stresses.
(b) 30 articles were read and summarized by the team members.
(c) In the sprint review session four new user stories were added to the
backlog.
4. Week 4
(a) 4 user stories completed in the areas of understanding methods and
complete the task of critical review on an opposing student group.
(b) 4 articles were read and summarized by the team members, as well
as the critical review from the opposing student group.
(c) A mid term presentation and report was written and presented.
5. Week 5
(a) 17 user stories completed in the areas of methods and compressive
stresses.
(b) 89 articles were read and relevant information was summarized by
the team members.
6. Week 6
(a) 13 user stories completed in the area of report writing.

4
4.1

Results
Methods of inducing stress

Several methods have been investigated and summarized in this chapter of the
report. All the data regarding the magnitude of the stress, depth and surface
roughness has been collected in table 2 for easier evaluation of the data.
4.1.1

Shot Peening

Shot peening is a cold-working surface hardening method which increases surface hardness using deformation and fatigue resistance through compressive
stresses [16], and it is one of the of the oldest, most established and used methods
for surface hardening [17]. The concept of SP is that thousands of small metal
or ceramic spheres (called shots) are propelled towards the substrate through a
flow of pressurized air [18]. The shot suffer plastic deformation in the process
and are used under short periods of time to avoid damage to the material [16].
14

The shots are therefore considered expandable and reforged after the process.
At the surface of the substrate, the stress from the impact of the shots exceeds
the yield stress of the material which results in a plastic deformation, but at
the deeper layers the induced stress falls below the yield stress of the material
and only causes elastic deformation [18]. As the elastically deformed material attempts to return to its original position, it is hindered by the plastically
deformed material, causing the residual compressive stresses [18]. This is illustrated in figure 5 and 6.

Figure 5: The deformation as a result of a shot hitting the surface at a high
velocity. Source: The authors of the report

Figure 6: The stress as a result of a shot hitting the surface. Source: The
authors of the report
The results of inducing stresses with SP is affected by several parameters such
as the intensity of the impacts, the surface coverage of the impacts, the shape
and size of the shot media and the velocity of the shot media [18]. However
these parameters are not independent of one another or other factors. The intensity is the ratio at which the shot media hits the material and this is in turn
15

dependent on the shot’s mass, velocity and angle. There is therefore no simple
relationship between the intensity and the residual stress distribution produced
by the process. Tests show that different sizes of a shot can generate residual
stress distributions beneath the surface even though the intensity is the same.
The coverage is the amount of surface that has been deformed by shot impacts.
This is dependent on the size of the shot media that is used. The shot size
needs to be 50 percent of the size of the microscopic spaces it needs to peen in
order to achieve maximal coverage [19]. The shape and size of the shot media
are affected by which materials that are used for the media. Mainly cast iron
are used due the ease by which spheres can be produced. However steel, glass
and ceramic media can also be used. A change in size of the shot changes the
impact area and consequently the compressive field generated by the deformed
surface. Finally the velocity of the shot media also affects the residual stress, an
increasing velocity induces stresses at a deeper level - however, there is a limit
to this effect. If the velocity increases to much, the surface will be damaged
which will cause the compressive residual stress to decrease.
SP can be implemented on most geometries. However problems can occur when
the substrate is hollow. The method is not suited for complex geometries and
it has its limitation for cavities in a substrate [16].
SP can be applied to most materials under the condition that the hardness of
the material doesn’t exceed the hardness of the shots. The resulting depth of
the residual stress is related to the depth of the impact of the shot, and this is
related to hardness of the material the shot is made of as well as shape and size
mentioned earlier. SP may therefore be unsuitable for harder materials since it
can be difficult to manufacture shots with greater hardness [18].
As mentioned earlier, SP is one of the most established methods for surface
hardening [17]. The method is relatively simple and can be implemented at an
industrial scale.
SP is today conducted the main surface hardening method at several companies
such as Atlas Copco [3], Sandvik and several others.
SP can create residual stress of magnitude up to 800 M P a. A treatment by
SP results in deformation at a depth of about 100-500 µm [20, 21], with stresses
reaching depths up to 200 µm, and increase of the surface roughness, mainly
in creating of dimples [18]. In most cases this has a decreasing effect on the
fatigue strength but in terms of strengthening, the positive effect of hardening
outweighs the negative effects of increased roughness [16]. The roughness of the
surface can be decreased by a secondary treatment with glass beads. For more
information about the stress levels, depths and surface roughnesses see table 2
in the conclusion section.
The advantages with SP is that it has proven to increase improve fatigue life and
increase life span of components it applied on. However one advantages that set
16

SP out from alternatives is that it is very flexible by being easy to modify to suit
the needs of different products. SP can also be implemented on most geometries
and shapes and have proven to increase the life span for the materials that are
being processed. Disadvantages of SP include the creation of a rough surface
that may need a secondary treatment. The resulting dimples that are created
during the process can cause crack initiation. Another disadvantage is the use
of physical objects to induce stresses. The shots can break, causing damage
to the part as well as forcing the user to replace the broken shots, increasing
the cost. Also, SP loses effectiveness when used at an angle, for example inside
Epiroc’s rods [17, 18, 22, 23, 16, 24, 21]
4.1.2

Laser shock Peening

Near-surface compressive residual stresses and work-hardening states are key
beneficial characteristics produced after laser shock peening (LSP) that leads
to high resistance to crack initiation as well as propagation which improves the
material’s fatigue life [25].
Laser shock peening works by pulsing a high power laser, usually in the range of
5-10 GW/cm2 ( [26]). The pulse time is in the range of 10-30 ns, although pulse
time can be as low as 100 fs while achieving good results [27]. The laser pulses
form a plasma at the surface of the substrate, which creates a shock wave that
propagates down through the material and plastically deforms it. This creates
compressive residual stress near the surface, and sometimes in the bulk of the
material.
To induce compressive residual stress in a material by a laser, several preparatory steps are necessary. The substrate has to be covered with an opaque absorbing layer. This layer is needed since the substrate might reflect the laser
beam otherwise. The peening process can be done without this layer, though
this can result in the substrate melting instead of creating a plasma. The layer
can consist of tape, paint, oxide etc. The optimal material is specific for the
substrate material and has to be experimentally found. The second preparatory
step is the confinement layer. This layer has to be transparent and can consist of
either glass (such as Pb-glass, BK7-glass, K9-glass, etc.), quartz, water [28] or
even glycerol [29]. The confinement layer is needed so that the plasma formed
from the laser impact is prevented from expanding in other directions than into
the substrate. In other words, the confining layer increases the intensity of the
shock wave which leads to more plastic deformation. For complex geometries,
water is an excellent material choice. Another part that is needed for the LSP
is a focusing lens (See Figure 5). Without the lens, the laser beam won’t reach
the desired power density.
Other than the necessary parameters mentioned earlier, there are a lot of other
parameters that have to be optimized for each specific material to achieve an
optimal stress distribution. These parameters are spot size and geometry, over17

Figure 7: The Laser peening setup. A: Focusing lens. B: Confinement layer. C:
Opaque absorbing layer. D: Substrate. Source: The authors of the report
lap and the incident angle.
The laser spot size and geometry are important parameters. The most commonly used geometry is circular, although it has been found that square shape
gives better coverage [30]. The shape of the beam can be changed with a beam
shaping device [30]. The size of the laser spot can be changed in many ways,
including by the changing of focal distance and laser beam size. The shock wave
propagation depends on the size. For small spots, the propagation is proportional to r12 and for larger spots the propagation is proportional to 1r , where r is
the radius of the spot size [28]. Though higher compressive stress is expected
to be achieved by a smaller spot since the power density (GW/cm2 ) is higher.
In conclusion: a smaller laser spot gives a higher increase in compressive residual stress - although the increase in power density could cause negative effects,
such as internal cracking, which have to be considered [28]
The overlapping of the laser pulses is another parameter that affects the residual
stress profile. This is due to the fact that the greater the number of shock waves
the material is exposed to, the more the material will deform plastically, until
a saturation point is reached. From tests done [28], the double overlap did not
result in a big difference in the surface (0-100 µm) stress, but the stress deeper
(100 - 600 µm) in the material increased.
The incident angle of the laser plays a role in the near-surface stress, but does
not affect the residual stress in the bulk of the material [31]. Angles from 0 to
60 degrees have been tested [31], but the stress levels induced for those angles
haven’t been reported. No mention was made of the stress levels induced at the
different angles.
Since the laser beam doesn’t lose any significant power over long distances the
beam can be reflected to reach relatively inaccessible surfaces. The method can
be used for cylindrical geometry and is easy to adapt for other complicated geometries [26].
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LSP can create residual stresses at a magnitude up to 1100 M P a at depths
up to 100-1100 µm [28]. After the peening process, the surface roughness is
increased, but not as much as with for example shot peening. LSP can increase
the surface roughness from 0.4 µm to 1.3 µm [20]. For more information
about the stress levels, depths and surface roughness, see table 2 in the discussion section. The substrate material can also be warmed during the peening
process. This is often called Warm Laser Peening. Warming the substrate to
250◦ C increases the induced compressive stresses level to 650 M P a, compared
to the cold peening where the compressive stress level reached 500 M P a [20].
The main advantage with LSP is its low surface roughness. The method is also
useful for complicated geometries where shots from SP won’t reach the surface
with a high enough velocity to induce stress. The method is both cheaper
to set up and use, faster and requires less maintenance than SP [26]. The
disadvantage with the method is that it’s relatively new and at experimental
development stage, which means that time needs to be the invested on research
before the method’s application is optimal enough for industrial use. The read
article didn’t mention the scale capabilities of the process. The method can be
used on many different materials including, steel [20], aluminium, titanium [26]
and various alloys of these materials.
4.1.3

Cavitation Peening

Cavitation is a phenomenon that is often seen as negative as it damages mechanical parts such as pumps and boat propellers [32]. Cavitation jets have
been used for cutting, cleaning and rust removal of metal parts but recently a
new method of peening by cavitation has become available. The method has
been under development since the 1990’s and has been used for inducing residual stress in reactor vessels of nuclear reactors for a few years [33].
Cavitation peening works by creating cavitation bubbles through pressure changes.
As the velocity of a stream of water increases, the pressure decreases, according
to Bernoulli’s law [32]. When the pressure reaches the vapor pressure of the water, the water undergoes a phase transformation from liquid to gas. The formed
bubbles will quickly collapse as the velocity decreases, either through hitting a
surface or through a decreased flow, and the collapse releases energy in the shape
of a shock wave that can be used to induce residual compressive stress in metals.
In order to reach the velocity needed to transform the water from liquid to gas,
high-pressure pumps in combination with a nozzle of a small diameter are required. To prevent the cavitation bubbles from damaging the part, the distance
from the nozzle to the part, known as the standoff distance, must be carefully
adjusted.
As the method has only recently been invented, there are no companies using
this technology in Sweden at this time.
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There are several types of CP methods available [32]. The original method was
cavitating jet in water, in which both the part and the nozzle is submerged in
water. An improvement on this method comes with the use of submerging the
nozzle and part in a pressurized chamber. This reduces the size of the cavitation
bubbles, leading to an increase in induced stress level and depth.
An alternative to the methods in which the part needs to be submerged is the
cavitating jet in air-method. This method requires the high-pressure water jet
to be combined with another flow of water through the use of a concentric nozzle. It produces lower levels and depth of induced stresses and with a higher
surface roughness than the submerged methods, but it removes the limitations
of the part size as it is not limited by the size of the submerging tank.
Experiments have shown that the level and depth of the induced stress is independent of the incident angle of the cavitating jet due to the fact that there
is no physical contact required between the bubbles and the part [34]. The
lack of impact gives another great advantage over most methods in that the
surface roughness is very low [32, 34, 35]. The maximum levels of stress are
approximately 400-600 MPa at the surface of the part and the depth of the
stress profile can reach 1 mm. See table 2 for a full set of data. As for treatment times, experiments show that they increase with the stress level up to a
saturation level at about 10 s/mm on a carbonized chrome-molybdenum alloy
steel (JIS SCM415) [35].

4.1.4

Ultrasonic Shot Peening

Ultrasonic Shot Peening produces ultrasonic waves via an ultrasonic transducer
and irradiates the shots with ultrasonic waves to send them to the substrate, see
figure 8. The method is geometrically restricted to hardening one continuous
point (of 1-2mm diameter) at a time. Typical materials used by this method
is high-strength steel and high-strength aluminium [36]. The maximal induced
residual compressive stress is 250 MPa at 3mm depth [37]. USP is available on
industrial scale [38] and has been researched in Sweden by SSAB [39].
The advantages of ultrasonic SP over regular SP is lower roughness and higher
fatigue life, higher precision/consistency and a greater ability to treat complex
substrate geometries. Also, the consumption of compressed air, beads and energy is lower compared to SP, and the production time is shorter for USP [40].
Fatigue life is increased up to 4 times [36]. This method also gives 2-4 times
greater depth than regular SP [41], which can be either an advantage or a disadvantage depending on which thickness is desirable in the context. The limitation
of this method is that it, like SP, requires shots as input.
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(a) USP

(b) UNP

Figure 8: A schematic drawing of USP (a) and UNP (b). A - The substrate, B shots or reciprocal needle, C - The hand held device, D - Ultrasonic transducer.
Source: The authors of the report
4.1.5

Ultrasonic Needle Peening

During ultrasonic peening, a peening needle is in continuous contact with the
working part. The needle is vibrated by an ultrasonic transducer, see figure 8,
and the needle and part reach a harmonic resonance at a carefully calibrated
frequency that the metal responds favorably to, resulting in the induction of
compressive residual stress [42].
The needle is around 1 mm2 and the needle device is about the size of a hand
drill and usually hand held. This has led to the method mainly being used for
improving welds, localized and limited parts of treated equipment [42]. The
method is not suitable for large-scale stress induction. Therefore, the method
was investigated only lightly.
Results show a maximum value of the compressive stress at 320 MPa at 400-600
µm on an S355 steel. The maximum stress depth is 650-1000 µm [42].
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4.1.6

Cryogenic Hardening

When quenching steel of a temperature above that of the austenite temperature, a phase transformation from austenite to martensite occurs. The quicker
the quenching, the more austenite gets converted. Cryogenic treatment uses an
extremely cold medium to quench the steel, for example liquid nitrogen with a
boiling point of almost -200◦ , which increases the amount of austenite that is
transformed to martensite, compared to regular quenching, see figure 9.
The metal that is used can be cooled down very slowly until it reaches very low
temperatures. This can be done using sieve of the Cryogenic Treatment method
in which the metal is treated between -100F and -300F (−73◦ C and −184◦ C).
Treating the material with quenching leads to increased wear resistance but also
increased hardness of the material. This treatment is very important for materials that require high hardness and good durability, for example tools used for
drilling. Yet another advantage with Cryogenic Treatment is that it results in
increased dimensional stability. When a metal is treated under heat, changes
may occur in its dimensions, and this may be due to different factors. An example of one of these factors may be that the process where austenite is converted
into martensite doesn’t happen to 100 %, and another factor is the stress in
the material. Therefore, the Cryogenic Treatment is very effective as it causes
minor changes in the dimensions of the material during heat treatment [43].

Figure 9: TTT diagram for the iron carbon system. A: Rapid cooling, B: Slow
cooling. Source: http://www.chegg.com [1]
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The resulting hardness can be measured by scratch testing via hardness tester
files. Cryogenic hardening gives instantaneous results and is independent of diffusion and gives, as previously mentioned, higher hardening and lower tendency
to rust [44]. But this method is also very expensive per weight of substrate. The
substrate must be no more than 1500 degrees Celsius during processing [45], and
capillary forces limit this hardening method’s ability to enter narrow and deep
cavities.
4.1.7

Induction hardening

Single shot hardening and traverse hardening are the two main methods for
employing induction hardening, and Scanning is a less common method. Single
shot hardening hardens the entire substrate’s surface in one go, but traverse
hardening hardens the substrate’s surface one bit at a time, see figure 10. The
latter is much more common than the former [46]. Scanning moves the substrate through the magnetic field in a controlled direction & speed, and can
cover larger surface areas than the other two methods [47].

Figure 10: A schematic drawing of traverse method. A: Substrate, B: Induction
coil, C: Heated area. Source: The authors of the report
The hardened layer produced by this method is 0.01-0.6 inches (0.254 -1.524mm)
thick [48]. The length of the substrate can be up to 66 inches (1.68m), and the
diameter up to 36 inches (91cm) [49]. But the process can’t handle complex geometries [50]. The compressive stresses induced are in the range of 200-700MPa
[51, 52]
Some common materials that induction hardening is applied on are medium &
high Carbon steels [53], alloy steels, stainless steels, powder metal, cast iron,
copper & aluminium [48]; and furthermore: metal powders, nickel-cobalt alloys,
beryllium copper [49]. The depth of the hardened layer can be determined by
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choosing the frequency of the induced electric currents. Treatment of complex
geometries requires the simultaneous combination of several frequencies [54].
This method is applied on industrial scale by EFD Induction [55].
The advantages with induction hardening is that it’s fast, energy efficient, needs
only minimal transport and administration, cheap, highly controllable, leaves
low distortion, and is a clean process [53, 56]. The disadvantages with the
method is that it can’t handle complex geometries, requires more sophisticated
equipment than for example flame hardening.
The method can be applied to for example axes, saw blades, shafts, stampings,
spindles, gears and other symmetrical parts [48]. But also armor plating, autoclaves, springs and mining machines [49]; pins & slips [53].

4.2
4.2.1

Researched methods of inducing stress not applicable
to high strength low alloy steel
Friction Stir welding

Friction Stir Welding (FSW) is a solid-state welding process where two or more
components are joined without melting. The concept behind it is that a nonconsumable rotary shaft with a profiled pin is applied to the workpiece, which
induces frictional heating (and plastic deformation) between the tool and the
work piece. This results in the material getting temporarily softer and permanently welded; but this method is inappropriate for objects with thickness
variations and for obtaining non-linear weld surfaces [57].
This method is mainly applied on aluminum, alloys and for structures that need
a very high weld strength. The induced residual compressive stress from this
method is up to 275 MPa, which results in hardness up to 75HV. The Friction
Stir Welding process is conducted on a industrial scale today at the company
Hydro in Sweden [57]. The advantages with FSW is that no shield gas needed
and can be considered environmentally friendly. It is also possible to merge components that are ”chemically impossible”. FSW can create defect-free welds, the
pins can be reused several times and the process is relatively fast. The disadvantages with the method is that the hardness decreases at rotational speeds
over 600rpm and it leaves traces on the substrate material.
FSW can be applied on the outside surface of rods. For hollow cylinders, the
inner surface can be treated by special-manufacturing a pin with a two-axle
arm that enters the cylinder, while applying the FSW process on the inner surface. [57]
The main parameters which affect the FSW process are tool design, rotational
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speed, welding speed, axial force, plunge depth, and tool tilt angle. Rotational
speed is the main parameter for increasing the yield strength [57].
4.2.2

Friction Stir Processing

Friction Stir Processing is an warm-working surface hardening method that uses
the natural heat from friction between materials. The process is a development
of Friction Stir Welding and follows the same concept, but the process is performed on a single piece of solid material [58]. A non-consumable tool with a pin
and a shoulder is rapidly revolved as it is inserted into the material that should
be processed. The tool is then pushed laterally along the surface. The friction
and the plastic deformation between the tool and the material induces localized
heating, which in combination with tool rotation and translation causes the
material to flow from front to back of the pin and create a modified region. An
illustration of the process can be seen in figure 11.

Figure 11: A schematic drawing of Friction Stir Process, A: The substrate, B:
Central Stir Zone, C: The rotation tool which also constitute the shoulder of
the non-consumable tool Source: The authors of the report
This causes a mixing at atomic level and the zone directly affected by the plastic
deformation is characterized as the central stir zone [59]. While the surrounded
zone is called the thermo-mechanically affected zone and heat affected zone.
These areas are illustrated in figure 12
The results of inducing stress with FSP is affected by several parameters: rotational speed of the non-consumable tool, translation speed of the tool, tilt angle,
penetration depth of the tool, the type of tool, substrate material, cooling system and clamping system.
FSP, as its predecessor FSW, can be applied to most geometrical structural
shapes. However, difficulties arise in complex geometries due to the tool’s poor
accessibility. Hollow geometries can be accessible for the tool using a two-axis
arm, while the outer layers can be processed by standard FSP. There are two
types of tool geometries: Flared Triflute (coaxial pin and spindle) and Askew
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Figure 12: A schematic drawing of the zone created by FSP. A: Heat Affected
Zone, B: Thermomechanically affected zone, C: Central Stir Zone. Source: The
authors of the report
(oblique pin axis relative to spindle axis) [60].
FSP was developed by Mishra in 2000 from FSW that have mainly been used
in the aerospace industry, joining components of high-strength aerospace aluminum [58]. FSP has mainly been used for surface composite on aluminum
substrate during fabrication. However, FSP has also been successfully applied
in surface hardening Cast Aluminum Alloys, Cast Magnesium Alloys, Cast NiAl
Bronzes, Cast Titanium Alloys and PM Aluminum-Base and different kinds of
Composites. Due to the mixing of atoms in the process, the method is most
suitable for homogeneous powder metallurgy.
FSP can create a tensile stress in magnitude up to 225 M P a at a depth up to 50
mm [60]. However, no experimental value for compressive stress has been found.
Due to the design of the pin in the tool, the hardening depth can be controlled
extraordinarily accurately. However, the depth is limited to around 0,5 mm [16].
FSP has in a relatively short amount of time emerged as effective solid state
processing method, and an increasing number of applications are being found.
The method has the same basic concept as its predecessor FSW which is already
applied in the aerospace industry, but it has fewer application areas. Based on
that, its concept is relatively simple and the method can be characterized as a
”green” technology. In the true sense of the word, the method has the potential
to be implemented on an industrial scale [58].
No reference to a company that can perform the method, in Sweden or elsewhere, has been found.
The main advantage of FSP is that it can in a simple process achieve finegrained microstructure on the material that is being processed. Furthermore,
FSP doesn’t change the shape or size of the substrate that’s being processed.
It also creates a defect-free surface on the substrate. The method can also be
seen as a ”green” technology because the heat is produced in the process and
doesn’t require heating. A main disadvantages with FSP is that the process
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is mixing the atoms which can decrease the hardness of the material if heterogeneous distribution of atoms gives higher material quality than homogeneous
distribution [58, 16, 60].

4.3

Methods for measuring residual stress

Being able to measure the induced stress is an important aspect of this project.
Today Epiroc is using the X-Ray Diffraction (XRD) method. In the following
section XRD and three alternative methods are described.
4.3.1

X-ray diffraction (sin2 ψ method)

When a material is subjected to residual stress, the material’s lattice edges experience strain and get elongated or compressed (for crystalline materials). This
changes the distance d between the atomic planes, and thereby produces irregular diffraction patterns when measured with XRD. If the diffraction pattern
and d is known for the stress-free material, then the strain can be calculated.
The most commonly used radiation type is K-α emitted from either an iron or
chrome source. The wavelength of the radiation must have similar size as the
cell lattice for the measurements to work. The strain and stress can be related
with a modified version of Hook’s law, eq. 2, and with that the stresses can be
calculated in the material [61].
x = y = −νz =

−νσy
E

(2)

By measuring the strain in the material at several incident angles ψ of the XRD
(see figure 13) the final expression for the stress can be obtained (eq. 3).
!
E
dψ − dn
(3)
σφ =
(1 + ν)sin2 ψ
dn
By measuring the strain at several angles ψ, and then plotting the the d values
vs sin2 ψ, the expression above can be further simplified to eq. 4, where m is
the gradient of the curve.
E
σφ =
m
(4)
(1 + ν)
The stress can be calculated very precisely with this method. The downside with
this method is that the measured depth only reaches a few microns. So to get
a stress profile in a material, this method has to be combined with for example
etching down to different depths. Although the equipment is very expensive,
XRD is one of the most commonly used methods since it’s so accurate.
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Figure 13: Relative angles in the XRD method. Source: The authors of the
report.
4.3.2

Slitting method

The slitting method is a mechanical method of measuring residual stress. The
proceedings are the following. A stain gauge is placed on the opposite side of the
surface that is going to be measured. The strain gauge has to be perpendicular
to the slit (see figure 14). The method is done in two stages: the forward and
the inverse stage. During the forward stage, several slits at different depths are
sawed to get strain data. The strain data are then used to model the materials
behavior in finite element methods to find the unknown variable described below.
The slits should be approximately 0.25mm [62] and can be made with an
electronic discharge machine or a slitting saw. After the slits for the forward
solutions are done the real testing can be done in the same way. The slit depth
is decided by the depths that the stress measurements are going to be made at.

Figure 14: Experimental setup for the slitting method. A: Slitt, B: strain gauge.
Source: The authors of the report
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The strain measured can be converted to stress with the following method [63].
σxx (y) =

m
X

Aj Pj (y)

(5)

j=i

Where A is an amplitude, and P is a known basis function, usually a Legendre
or pulse function [64]. The measured strain can be described with another
series expansion.

xx (ai ) =

m
X

Cij Aj

(6)

j=i

Where A is the same amplitude as in the eq. 5, and C is a compliance matrix.
The compliance matrix is made of entries corresponding to the strain that would
occur at a known slit depth and a traction distribution of the load P. The
compliance matrix can be calculated with finite element methods (and the strain
values from the forward stage). When the compliance matrix is known, the
amplitude can be found by rewriting the series in eq. 6 to vector form.
~A
~
~ = C

(7)

~ = (C~T C)
~ −1 C~T ~
A

(8)

When the amplitudes are known, the inverse stage can begin. The first series,
eq. 5, is used to calculate the stress with the now known variables from the
forward stage.
Measurements done with the slitting method and XRD can differ by approximately +-15 MPa [62] [63]. The slitting is fast, cheap, and can be used with a
wide range of materials. The materials used can be anything that shows elastic
strain behavior. The downside with this method is that it’s destructive, the
interpretation of data can be difficult, and the strain sensitivity and resolution
is limited. [65]
4.3.3

Hole Drilling methods

The method of hole drilling is a series of mechanical methods that can be used
to measure practically all types of residual stresses [66]. The technique falls into
two main categories, namely those that measure surface or near-surface stress,
and those designed to give sub-surface or through-thickness stress.
The first category of hole drilling contains the following:
• Trespan or ring-core
• Centre-hole drilling
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• Sectioning
While the second category contains:
• Blind hole drilling
• Sach’s method
• Deep hole drilling
All these methods are so called semi-destructive or destructive. This means
that the sample cannot be further used after the testing. All the hole drilling
methods follow the same concept, that when a hole is drilled in a material with
residual stress, the stress will relax. This creates strains in the material that can
be measured with strain gauges in a rosette formation (figure 15). The holes
drilled are generally 1-3mm in diameter, and the drilling depth is determined by
the depth of the given measurement - but increasing the hole depth will reduce
the resolution.

Figure 15: One type of rosette formation with strain gauges around the drilled
hole. For this configuration α = 45◦ . Source: The authors of the report
The strain can then be converted to stress by a series of methods. The most
commonly used one consists of finite element methods (FEM). If one chooses
not to use the FEM, the strain can be converted to stress in accordance with
the method used in [67].
The stress-strain relationship can be described with Hooke’s law, eq. 9, where
 is the strain, K is a material constant and α is the angle between the strain
gauges.
(α) = K(α)σ
(9)
To determine the stress in more then one direction, eq. 9 can be modified to
eq. 9.
(α) = K(α)σmax K(α + 90◦ )σmin
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(10)

K can be described as an even function with a Fourier series as in 11.
X
K(α) =
An cos 2nα ≈ A + B cos 2α
(11)
α = θ − β gives
(α) = (A + B cos(θ − β))σmax + (A + B cos(θ − β + 90))σmin

(12)

Redefine −2β = γ and rewrite eq. 10.
σmax =

1 (A + B sin γ) − 2 (A − B cos γ)
2AB(sin γ + cos γ)

(13)

σmin =

2 (A + B cos γ) − 1 (A − B sin γ)
2AB(sin γ + cos γ)

(14)

To find the material constants A and B, eq. 10 can be redefined.
min =

νκ2
κ1
σmax −
σmin
E
E

κ1
νκ2
σmin −
σmax
E
E
= 1 and min = 3 . This gives the following:
max =

Assume that max

A=

1
(κ1 − νκ2 )
2E

(15)

(16)

(17)

1
(κ1 + νκ2 )
(18)
2E
If Young’s modulus, E, and Poisson’s ratio, ν, for the material is known, the
constants can be found experimentally. By applying a known stress (for example
σmin = 0 and σmax = σ), and measuring the strain (assuming that max = 1
and min = 3 ) in the sample, eq. 15 and 16 can be used to find the constants
κi with the equations below.
A=

κ1 =

max
E
σmax

(19)

κ2 =

min
E
νσmax

(20)

The measurements done with hole drilling is in agreement with the XRD measurements [68, 69], and the accuracy of hole drilling is roughly 10MPa [68].
The hole drilling method is fast, easy to use, generally available and can be used
on a wide range of materials. The downsides with the method is that it’s semidestructive, the interpretation of data can be difficult and the strain sensitivity
and resolution are limited. [65]
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4.3.4

Ultrasonic method

When a material is subjected to residual stress, both tensile and compressive,
the speed of ultrasonic waves changes in the material. By sending sound waves
with a known amplitude and velocity, and then measuring the amplitude &
velocity in the material and on the other side of the material, the stress can be
calculated by equation 21. The variables in this equation are defined in table 1.
VP P − VL0
= ks σp + k2 (σq + σs )
VL0

(21)

Table 1: Description of the variables in eq. 21
Variable
Vij
VT0
VL0
σi
ki

Description
Velocity of the wave in the i,j direction
Initial transverse velocity
Initial longitudinal velocity
Stress in the i direction
Coupling constant

The measurements made with ultrasonic methods can have significant scattering compared to the XRD measurements [69]. Advantages with the ultrasonic
method are that it’s generally available, is very quick, has low cost, can be used
by hand-held device and is non-destructive. The disadvantages with the method
is that it has a limited resolution, and the stress measurements are done over
the whole bulk of the material [65]. In other words, the method cannot be used
for constructing a stress depth profile.

5

Discussion

A thorough analysis has been done in regard to the surface hardening methods.
Several methods have been listed, reviewed and the basic facts have been summarized, such as Shot Peening, Laser Shock Peening, Ultrasonic Shot and Needle
Peening, Cavitation Peening, Friction Stir Welding and Processing, Cryogenic
Treatment and Induction Hardening. Some of these methods have shown potential to be a prudent improver in inducing compressive stresses in the steel
rods, while others have shown to be at experimental stage of development or
not applicable to the objective.
Epiroc is currently using SP to induce residual compressive stresses. Therefore,
we use SP as a reference to compare to the other methods we have found. SP
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has some disadvantages, such as the occurrence of dimples, residual stress being
induced only close to the surface and its difficulties accessing the inner surfaces
of the rods.
Several of the methods investigated seem more suitable regarding these problems than SP. Both LSP and CP provide a smoother surface, have a better
depth profile than SP. They can also be designed so that you can access the
inner surface of the rods for inducing residual stress. LSP and CP are both
promising methods and the company shows their interest in them.
CT is another method that would be possible to use in the production of the
components. It uses expensive equipment and hard to handle materials but gives
a good result in created compressive residual stresses. A conceptual method of
how the method can be used to treat the inside of the rods can be seen in the
appendix.
Many other methods that were investigated proved to be not suitable for the
needs of Epiroc for different reasons. USP have shown to be at the research stage
of development and not available to implement on a larger scale today and does
not give much improved results compared to regular SP. UNP is mainly used
for treating small, localized areas of parts, particularly welds, due to its small
area of effect leading to long treatment times. The needle device is about the
size of a hand drill and it seems difficult to enable it to reach the inside of the
rods. FSW, and its developed version FSP, have shown to have potential in
creation of deep residual stresses. However, these methods main side effects
come in the form of mixing on an atomic level. This is not acceptable on alloys where the atomic configuration is vital for maximizing hardening, such as
Epiroc’s steels, and these methods are more suited for homogeneous alloys. The
induction hardening method is discarded since it has problems working with
complicated geometries, such as hollow tubes and rods.
It has been difficult to perform experiments and testing for the desired methods
LSP and CP due to there being no companies or institutions using the methods
here in Sweden. It has been difficult finding set up equipment for performing
tests, and the time span was too short to create own experimental setups, even
though the experiments have been planned. LSP has a complicated setup compared to CP, where CP only needs a water tank and a standard high-pressure
pump with a nozzle equipped with a narrow orifice.
Table 2 contains different values for the methods that give an idea of how well
the methods work. Since LSP, SP and CP are the most common and most
promising methods, most information about these methods has been gathered.
Regarding the measurement methods: the hole drilling method seems to be the
most promising one since it is easy to use, the calculations are simple compared
to the other methods investigated and it has the ability to create stress-depth
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curves. The ultrasonic method is discarded mainly since it lacks the ability to
create stress-depth curves as requested by Epiroc. It has also been hard to find
proceeding papers for the method. The slitting method could be of interest,
since it has the same advantages as hole drilling, even though the calculations
needed are complicated and require modeling software (FEM).
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Table 2: Data about the depth and magnitude of induced stress as well as
the surface roughness of the different methods. Depth 1 represents the depth
value where the highest compressive stress was found. Depth 2 represents the
maximum depth the stress reached. R is the surface roughness after treatment,
and R0 is the roughness prior to treatment.
Method
LSP
[20]
[26]
[28]
[28]
[29]
[29]
[20]
SP
[16]
[18]
[24]
[35]
[16]
[16]
[16]
[16]
USP
[70]
FS
[60]
CP
[32]
[35]
[71]
[71]
[72]
[34]
[73]
[74]
[75]
[75]
[32]
IH
[51]
[51]
[52]
[52]

−σmax (M P a)

Depth 1(µm)

Depth 2 (µm)

R (µm)

R0 (µm)

500
500
1100
700
300
180
650

50
40
100
100
20
20
50

1200
230
1100
350
180
180
1200

1.262-1.5127
1.1987- 1.2470

0.4321-0.4396
0.4321-0.4396

800
1200
400
900
1000
1000
550
630
401
352
400
575-625
300
620
215
535
566

120
75
0
30
30
30
0
0
0
0
0
0
0
0

200
200-300
100-500
30
100
100
200
50000
1000
900
150
150
150
-

8.65(3.34)
11.90(1.13)
25.38(3.34)

0.23-0.49
2.8(0.2)
2.8(0.3)
-

7.15
7.15
7.15
7.15
0
0.3
0.3
-

270
600
500
700

0
0
50
0

140
2000
1750
1750

-

-

35

70
-

(3.27)
(3.27)
(3.27)
(3.27)
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Conclusion

6.1

Methods of inducing stresses

All the methods that have been examined for inducing stress show clear advantages and disadvantages. The two methods that seem most suitable to Epiroc’s
needs are Laser Shock Peening and Cavitation Peening for the following reasons:
Cavitation Peening
1. Can handle complicated geometries since the incident angle won’t affect
the results.
2. Cheaper than shot peening to set up and use.
3. Easy to operate.
4. Leaves a low surface roughness.
5. Can induce stresses at equal or larger depths than SP.
Laser Shock Peening
1. Can handle complicated geometries since the laser can be reflected at
different angles.
2. Cheaper then shot peening to set up and use.
3. Easy to operate.
4. Leaves a low surface roughness.
5. Requires lower maintenance than shot peening.
6. Can induce stress at equal or larger depth than SP.
7. Can induce stress of equal or larger magnitude than SP.

6.2

Methods of measuring stress

The most promising method of measuring the stress is the hole drilling for the
following reasons.
1. Cheap to use and set up.
2. Easy to operate.
3. Accurate.
4. Requires no finite element modeling
5. Can be performed without any specialized equipment.
The main advantage of hole drilling over slitting, which is quite similar to
hole drilling, is that it can be performed without finite element modeling.
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Appendix A

Innovation Recommendations

Below are stated conceptual uses of several methods in order to use them to
induce stresses on the complex geometries of the rods. They have been created
by the team member Amir Abdin.

A.1

Cryogenic Hardening

1) Lay the tube horizontally. 2) Apply a joint to each end of the tube to
close them at each of the ends. Each joint has a hole that connects the inner
space of the tube to the inner space of corresponding processing equipment
(figure 16). Each of these joints can be made of Shape Memory Alloy (alloy
that returns to the shape it had at a previous temperature when that previous
temperature is applied, due to twin boundaries that caused the deformation in
the first place being reset). The properties of the shape memory alloy can be
designed to contract upon cooling and expand upon heating, and exactly fit the
tube roughly at room temperature. 3) At one end of the tube is a generator of
cryogenic gas (saturated nitrogen gas close to the evaporation temperature of
nitrogen), and at the other end of the tube is an output piping system. At both
ends of the tube, a vacuum pump is attached with a corresponding gate that
opens or closes the tube opening. The output piping sends its output gas right
into nature (but this is not a problem because cryogenic is toxic neither to health
nor environment – after the normal temperature has been restored) 4) One of
the two gates is opened to suck out all the air from the tube’s inner space. This
will cool down the inner space according to the gas law (P*V=n*R*T; where
P is pressure, V is volume and T is temperature) and tighten the joints. This
gate is then closed while the vacuum pump simultaneously keeps pumping to
ensure isolated vacuum in the tube’s inner space. The vacuum pump is now
turned off. 5) The second gate is opened to suck in all the saturated cryogenic
gas, while the 2nd gas pump simultaneously pumps the cryogenic gas into the
tube’s inner space. The 2nd gas pump keeps pumping the saturated cryogenic
gas into the tube’s inner space while the 2nd gate is closing. The cryogenic gas
is now isolated in the inner space of the tube, and it will quickly distribute itself
homogeneously through the tube’s inner space. 6) The cryogenic gas is now
held in the tube’s inner space until the optimal cryogenic hardening depth has
been achieved at the tube’s inner surface. The first gate is now opened while
the gas gets pumped out by the first gate’s vacuum pump through an outlet
pipe into the nature. Another pipe on the same side of the tube will then pump
warm air into the tube to loosen the joints.
Predicted Advantages:
• Extremely rapid hardening
• Potentially money-saving due to ability to rapidly begin processing the
next tube and thereby produce more tubes in less time.
• Controllable hardening rate by controlling saturation level of cryogenic
gas
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• Minimal risk of cryogenic fluid leakage
• Effective use of cryogenic fluid by applying gas form, which is up to 1000
less dense (and thereby up to 1000 less expensive) than liquid form.
Predicted Disadvantages:
• Expensive cryogenic liquid
• Explosion risk & suffocation risk if something goes wrong
• Requires regular checking of the Cryogenic Hardening equipment for microdeformations (etc) to guarantee safety of future use.

Figure 16: The tube in black, the joint in blue, and the interaction between
them. The interface between them gets tightened during cooling and opened
(separated by air due to expansion of joint) during heating. Source: The authors
of the report

A.2

Vibratory Finishing

How vibratory finishing can be used to polish the inner surface:
1) Put the tube horizontally 2) Insert the abrasive substance into the inner space of the tube 3) Vibrate the tube longitudinally while slowly rotating
it around the symmetry axis. The vibrating can be accomplished by either
(straight, large-surfaced, 2-dimensional) vibrating pads applied to the ends of
the tube, or by acoustic stimulation through the ends of the tube (with appropriate frequency & amplitude chosen to maximize the abrasion rate per power
input - the optimum can be found by trial & error in experimental stage of
development).
Predicted Advantages (rel. to shot peening):
• Fast
• Cheap
• Simultaneous smoothening & hardening
• Directs crack propagation into being parallel to the tube length (which
enables the tube to remain functional even after multiple cracks along
the tube’s entire length, due to external machine components pressing together the slender tube fragments to forcefully retain the original geometry
of the tube)
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• Highly flexible finishing time (by choosing wheel’s rotational speed)
Predicted Disadvantages (rel to shot peening):
• The manufacturing equipment for this technique will be highly specialized
for one particular inner diameter and cannot be used for any other inner
diameter of tube
Acoustic stimulation may be perfectly compatible due to the frequency being
outside the range of human hearing, or it could be a problem if the optimal
frequency is within the human hearing range. If the latter is the case, then this
part of the process could be covered with an acoustically insulating covering
that’s lifted when the process is finished (and the base under the lid could be
designed to geometrically fit the lid and to also be made of acoustically insulating
material). I would recommend the acoustically insulating material to be porous,
because porosity absorbs all forms of mechanical vibration, including sound.

A.3

Frictional Transformation

Advantages:
• Probably a lot faster & cheaper than LSP
• Will smoothen & harden at the same time (at least according to my theoretical prediction)
• Will direct the crack propagation into being parallel to the rod (rather
than transverse), the tube will tolerate greater degree of cracking while
still remaining functional (because the ends of the tube will be compressed
by a different mechanical component, so that the elongated tube sections
will be prevented from separating from each other, and the tube might be
in this case functional even if it has multiple cracks all the way from one
end to the other)
• Highly flexible parameters. The time it takes to finish it depends on how
fast you spin the wheel (and max spinning velocity depends on materials
you use for the wheel)
Disadvantages:
• The manufacturing equipment for this technique will be highly specialized
for one particular inner diameter and cannot be used for any other inner
diameter of tube
Method: See picture below (figure 17). Note that the wheel is shaped like
elongated ellipsoid.
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Figure 17: The tube is in grey at the periphery. The wheel is the white ellipsoids.
The shaft & electronics are in black. The axial support is also in black and
connects the shaft & electronics Source: The authors of the report

A.4

Laser Shock Peening

I was thinking of the hardening on the tube’s inner surface. If we’re going to use
laser peening, then the angle between the beam and the surface will be very small
so that the beam will tend to be reflected more than absorbed/transmitted. To
solve the problem, we can use an angled mirror that moves along the tube’s
symmetry axis (by being attached to behind the other side of the tube) and let
this mirror reflect the laser beam to make it land perpendicularly to the inner
surface of the tube. This mirror can use the tube’s interior at a mechanical
support to maintain stable position during the irradiation, and it needs to be
neither large or heavy. It can be composed of a small glass plate covered with
a silver layer, and its attachment through the exit allows it to rotate around
the tube’s rotation axis so that the laser beam can be distributed over all the
cross-section angles of the tube. Flowing water can be used as the confinement
layer inside the tube.

Figure 18: Conceptual set up for the LSP to induce stresses on the inside
of tubes. A: Laser, B: Lens, C: Mirror/reflective surface, D: Rotating shaft
attached to the mirror and lens. Source: The authors of the report
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Predicted Advantages:
• Much smoother surface than shot peening
• High flexibility of parameters
• Cheaper operation than shot peening
Predicted Disadvantages:
• Complicated to optimize parameters due to large number of parameters
• More expensive equipment than shot peening
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Appendix B

Keywor
ds

Product Backlog

User Story

Priority
(MoSCoW)

Methods to create compressive stresses
in high strength steel
Methods
As a team we need to get all relevant specific info on the material(s) and
the used methods under investigation and the working conditions in order
to analyze and reach conclusion on solution

M

Notes

Working conditions: max 200C, water of diffrent pH, abrasive
environment, 500 MPa, bending moment/deformation, rock types (and
salts)

Meeting link

https://connect.sunet.se/rf3xexdtvj45/

General

As a team member I will read about the different methods and how they
depend on the microstructure of the material in order to decide which
method is most suitable to our material.

M

As a team member I will contact relevant companies in order to find out if
they can conduct the methods that we have decided are the most
promising.

C

As a team member, I want to find out cost effectiveness of the suitable
methods, so I can compare the methods based on that parameter.
As a team member, I want to find out the most common minerals that are
mined, so that the chronic damage on the tools in the working condition
can be considered.
Surface

Laser
peening

As a team member, I will find a suitable method in order to keep the
surface of the rods as smooth as possible after processing.

C
W
M

As a team member I want to have full understanding of laser peening in
order to compare it to other methods

M
Shot
peening

As a team member I want to have full understanding of shot peening in
order to compare it to other methods

M
42

Cold Rolling As a team member I want to have full understanding of cold rolling in
order to compare it to other methods

C
Case
Hardening

As a team member I want to have full understanding of case hardening in
order to compare it to other methods (in order to use it as a reference to
other methods?)

Frictional
As a team member I want to have full understanding of frictional
transformatio transformation in order to compare it to other methods
n

Cavitation
peening

S

M

As a team member I want to have full understanding of cavitation peening
in order to compare it to other methods

M
Vacuum
blasting

As a team member I want to have full understanding of vacuum blasting
in order to compare it to other methods

W
Ultrasonic
peening

As a team member I want to have full understanding of ultrasonic peening
in order to compare it to other methods

M
Induction
hardening

As a team member I want to have full understanding of induction
hardening in order to compare it to other methods

S
Cryogenic
treatment

As a team member I want to have full understanding of cryogenic
treatment in order to compare it to other methods

S
New
methods

Expanded
litterture
review
alterantive
methods

As a team member i will search for other methods to induce stresses so i
can propose them to Epiroc.

M

As a team member, i want to Investigate different methods to
test/measure compressive stresses, so i can interprate results from the
labs.
As a team member, i want to write laboratory proceedings on the chosen
method(s), so i can perform the necessary tests.
As a team member, I want to perform the laboratory tests according to the
proceedings in order to get a analyzable result

As a team member, I will write a short lab sumary of the tests in order to
present and interpret the results
As a team member, I want to find out the depth of the compressive stress
profile of the different methods in order to decide on what stress
measurement techniques are possible to use

Surface
finnish

M
S
S
S
M

As a team member, I want to compare the time taken by each process to
achieve relatively sufficient compressive stress level

M

As a team member, I want to compare the geometrical limitations of each
method and conclude about their feasibility for the application

M

As a team member, I want to further investigate vibratory finnishing, to
decrease surface roughness in the rods

S

As a team member, I want to further investigate the blasting media, to
decrease surface roughness in the rods

M

Compressive stresses
Types

As a team member, I want to investigate what different types of
compressive stresses there are to find out how they affect the lifespan of
the material

M

As a team member, I want to read up on the mechanisms of compressive
stress, so I can sufficiently understand the positive and negative aspects
it can have on steel.

M

As a team member, I will find out how the temperature affects the
compressive stresses to propose a safe working temperature range
without compromising the treatment

Crack
As a team member I want to know how compressive stresses affect crack
(Initiation/pro propagation and initation in the material in order to minimize their effects
pagation)

M

M

As a team member I want to know how temperature affects crack
propagation and initiation in the material in order to minimize them

C

As a team member, I will investigate the maximum residual stress the
material can have in order to avoid crack initiation

M

Crack
initiation

As a team member I want to know where crack initiation takes place in
the material in order to minimize the crack initiation

w

Relaxation

As a team member, I want to find out the mechanisms behind different
relaxation types in order to find out how they can be prevented

C

As a team member, I will try to find information about the steels'
recrystallisation temperatures in order to analyze if the working
conditions is enough to relax the stresses.

W

Low alloy, high strength steel
Fatigue

As a team member, I want to understand the mechanisms behind fatigue
in order to prevent it

S
Corrosion
fatigue +
corrosion

As a team member I want to know how different parameters affects
corrosion fatigue and corrosion on the material in order to understand the
mechanisms behind corrosion fatigue

S

Composition As a team member I want to know which of the three given compositions
gives the most optimal increase in hardness and depth as a result of
applying the hardening method(s) that we will have determined

W

As a team member, I'll investigate why the material contains the 6
components and the actual percentage of the composition to understand
the properties of the alloy.

W

Geometry

Grains

As a team member I want to know about the phases in the different
compositions in order to analyze their mechanical properties

W

As a team member I want to know the geometry of the rods in order to
know what methods of inducing stresses can be used

M

As a team member I want to know the dependency of material's
expansion tendency on grain properties in order to find an optimal
distribution of expansion tendency throughout the material

Passive
layers

As a team member I want to understand the mechanism behind formation
of passive layers in order to how they can affect the material's properties

Abrasion

As a team member, I want to investigate how hard the untreated alloy(s)
is in order to find out the abrasion rate on the tools

C
W

S

Report
Intro

literature
review

As a team member i want to sufficently summarize the prupose and
objective of the project to fullfill the overall project goals.

M

As a team member, I want to summarize the suitable method(s), so i can
sufficiently describe it in the report.

M

As a team member, I want to summarize the mechanisms of compressive
stress, so i can sufficiently describe how our methods suits the purpose
in the report .

M

Methodology As a team member, I want to describe each step in the laboration to
enable independent reviewers to confirm our conclusions

Results

Discussion

Conclusion
Mid term
report

M

As a team member, I want to specify the general project management
strategy used in the project to inspire the reader to achieve the same
productivity as ourselves

M

As a team member, I want to describe how we obtained all our input
knowledge for the project in order to show the reader how to
independently gather input knowledge for a project

M

As a team member, I want to present which of the method(s) examined
that will fit the working conditions best, so the purpose of the project is
fullfilled

M

As a team member, I want to present the durability of the drilling rod
before and after the chosen engineering treatment to enable the reader to
see the difference

M

As a team member i want to compare and interpret the labresults
presented in results, so that the suitability of the method can be
demonstrated.

M

As a team member, I want to specify the chosen method to directly
answer the question that the project goal asked for

M

As a team member, I want to create a mid term report and a presentation
of dito, to present the work done.

M

As a team member, I want to write a critical revew on another team's
presentation, to present the work done.
As a team member, I will write a critical review report, so I can complete
the opponent task

M
M
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