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ABSTRACT
This Bachelor thesis deals with the problem of occasional shaft thread fracture of EPX

vacuum pump. The theoretical part briefly introduces EPX vacuum pump and its operation
principle, describes the problem and the critical place and outlines possible causes of failure.
The experimental part deals with the investigation of possible causes and is focused mainly
with assembly method, shaft design and workmanship, tooling and material properties. The
investigation identified a few critical features in shaft design, manufacturing and usage which

should be corrected to improve the shaft thread strength.

KEYWORDS

Vacuum pump, shaft thread fracture, §17M40, segregation, undercut, torque

ABSTRAKT

Tato bakalafska prace se zabyva problémem obcasného zlomeni zavitu hiidele
vakuové pumpy EPX. Teoreticka ¢ast stru¢né predstavuje EPX vakuovou pumpu a princip
jejiho fungovani, popisuje problém a kritické misto a nastifiuje mozné pfi¢iny problému.
Experimentalni ¢ast se pak zabyva vySetrovanim moznych pfifin a je zaméfena zejména na
metody montaze, ndvrh htidele a jeji zpracovani, nastroje a vlastnosti materialu. VySetfovani
odhalilo nékolik kritickych mist jak v névrhu, tak vyrobé€ a pouziti hiidele, které by mély byt

odstranény, aby se zvysila pevnost zavitu htidele.

KLICOVA SLOVA

Vakuova pumpa, lom zavitu hiidele, 817M40, segregace, zapich, utahovaci moment
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1 Introduction

Vacuum pumps belong to a group of very sophisticated machines where requirements
for performance, reliability and lifetime are pushed to the limits to withstand broad
application conditions of many customers.

Within the effort to fulfill these requirements a broad portfolio of vacuum generating
principles was developed. Various vacuum equipment producers like Varian, Leybold,
Edwards, Pfeifer, Iwata, Vacuubrand and others produce pumps which are different in
appearance and technical details however they share the same basic principles.

Edwards developed a pump which is being produced solely by this company and has
currently no competitive counterpart produced by any other provider. The pump is called
EPX. This pump combines well known vacuum generating methods in a new fashion to
simplify both its assembly and operation. The pump utilizes single shaft design where all
main parts are mounted on a central shaft going through the pump. Such mechanical
arrangement is somewhat more demanding on quality of assembly parts and the assembly
process itself. In case one of main quality conditions is compromised this can lead to various
problems both in assembly and operation.

One of the problems which occasionally occur during assembly process of EPX pump
is fracture of the shaft in its narrowest place — top shaft thread neck. The thread and related
parts are responsible for fixing vacuum generating rotor which is attached to the shaft. Shaft
fractures generate unwanted production delays and extra cost involved in manpower and spare
parts required for rework.

Page 3



2  Principle objectives of the Bachelors thesis

In order to minimize the losses mentioned in Chapter 1 there was an investigation

conducted to identify potential causes for such fracture.

The main objective of the Bachelors thesis is to summarize the investigation. This
covers a list of possible causes for shaft thread fracture, investigation of available fractured

shaft samples and discussion over results.

The thesis is divided into a few chapters:

The theoretical part (Chapters 3 and 4) introduces briefly Edwards Company and EPX
pump and also outlines the principle of its operation. Then describes the place of interest and
critical spot where fracture occurs. Finally the part deals with possible causes which can
induce shaft fracture and gives brief rational behind each of them.

The practical part (Chapter 5) contains experimental results and collected findings for

possible causes outlined in Chapter 4.

Chapter 6 interprets and discusses the results found and outlines the causes of the

problem.
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3  Anintroduction to EPX pump

3.1 A brief history of @D WARDS

Edwards has come a long way since its foundation in 1919 when physicist F.D.
Edwards began importing vacuum equipment and established an equipment and service
business from his office in South London, England. Today the company specializes in
designing and production of vacuum equipment and abatement systems for usage in both
scientific and industrial sectors.

The company operations are spread in more than 30 countries worldwide now with
more than 4200 employees and +1 billion USD revenues.

In 2014 the company was acquired by a Swedish producer of compressor technique —
Atlas Copco — to create its new Vacuum solutions division.

Edwards is especially recognized for the following products [1]:
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3.2 EPXdry vacuum pump

The EPX pump and its predecessor IPX deserve to be added to the group above as
they combine known vacuum generating principles which put together in a smart arrangement
create a unique pump. No competitor is currently able to offer an alternative to this pump in
terms of form and performance thus making this product unique among all competition in
vacuum business to date.

The IPX pump was first offered to customers in 1998 and in 2002 the result of its
evolution — EPX — was launched (Figure 1).

Figure 1: EPX Pump and its relative size [1]

The EPX Series offers on-tool pumping in a very light small package and delivering
exceptionally clean vacuum. Using a unique, patented, single-shaft regenerative Holweck®
stage mechanism, EPX pumps are capable of evacuating from atmosphere to ultra-high
vacuum (UHV) level base pressure (10° mbar) and can operate continuously at all inlet
pressures as the pump can be aerated at full speed with no harm to it (contrary to
Turbomolecular pumps).

The EPX pump series supports clean and light duty semiconductor processing
applications such as ash/strip and implant end station applications.
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Typical applications include:

e Load lock

e Metrology

e Transfer Chambers
e Ashing/Striping

e PVD

The main motivation behind the development of the EPX series of dry (=no fluid in
vacuum space) pumps was to create a pump capable of reaching high vacuum, with
significant pumping speed and itself exhausting to atmospheric pressure. Typically high
vacuum (and beyond) is achieved in two (or more) pumping ‘stages’: primary (10° to 10%/107
mbar) and secondary pumps to (and beyond) high and ultra-high vacuum levels <10'° mbar.
As a single high vacuum mechanism the EPX would thus simplify system complexity and
minimize costs, services, maintenance and footprint.

EPX pumps achieve performance by means of a combination of molecular drag and
fluid dynamic mechanisms. They consist of inlet molecular drag stages of the Holweck
type [2] with an “in-series” multistage regenerative compressor as the backing stage, both of
which are mounted on the same shatft.

The simplified pump configuration is illustrated in Figure 2:

LF 18 o {01
Hfgb pressure A\fk‘a‘_‘wd:*w ;;u
regenerafive stages & ® @& @

i
i
5
Motor— - E T
f‘":/’!./ ..........
J_F_-"'
Integrated Ol filter~" l
b Centrifugal Ol pump

Figure 2: Simplified cross section of EPX pump [3]
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Both main mechanisms are placed on a rotor which rotates at a high speed. Gas flows
from inlet through low pressure drag stages, then beneath the rotor to high pressure
regenerative stages and finally to exhaust at atmospheric pressure. Rotor is placed on a single
shaft and held using 2 bearings construction. Oil is distributed to both bearings from an oil
reservoir using centrifugal pump.

3.2.1 Holweck drag stage

The Holweck stage (Figure 3) comprises a stator in which are machined a set of

parallel helical grooves forming a set of parallel pumping channels (Figure 4).

Figure 3: Holweck stage Figure 4: Helical grooves of Holweck stage

The rotor is simply a plane cylinder. A particular feature is that the helical grooves
occupy less than one turn so that the pressure distribution is the same in each channel. Since
there are no relatively high pressure sections adjacent to lower pressure sections, leakage
between channels is minimized and the mechanism is relatively efficient both in terms of
compression ratio achievable per unit length of channel and in terms of pumping speed. This
design feature enables the development of an axially compact machine but its limitation on
compression ratio does lie in the fact that the pumping channels are relatively short so that, for
the same peripheral speed, the compression ratios achievable are less than those for a
multiturn helix.

The compression ratios are maximized by effectively isolating the higher pressure
sections. This also minimizes back leakage and keeps speed efficiency high. Additionally this
means that, for practical dimensions and rotational frequencies, the exhaust pressure cannot
be more than a few mbar. Even so, useful compression ratios can be achieved for rotational
frequencies of 300 Hz and the machine can develop an exhaust pressure that is sufficiently
high for the fluid dynamic or regenerative compressor stage to operate.

A simple theory of the Holweck stage can be developed along similar lines to that
described by Helmer [4]. Gas transport is described by the Knudsen transitional flow
expression (Equation 1):
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Equation 1: Knudsen transitional flow expression

where:

kj, k; - the constants in the Knudsen transitional flow formula

C,. - the molecular channel conductance [m’s™]

C, - the viscous laminar channel conductance (at pressure P [Pa] and linear distance x [m])
u is the component of peripheral velocity [ms™] (~150 m/s at 300 Hz).

A is the cross-sectional area [m®]

L the total length of a channel [m]

This solves to yield Equation 2:

K~e(%L)

Equation 2: Knudsen formula solved

where:
K - the compression ratio channel exhaust to inlet
d - the depth of the channel [m)].

Equations 1 and 2 show that compression ratio is very sensitive to the channel area
which falls dramatically as the channel area is increased.

The inlet stage of EPX machine is primarily designed for volumetric capacity and
modest compression ratio; the depth of the channels is significant. Later stages are designed
with relatively shallow channels in order to maximize compression ratio so the Holweck
stages near the exhaust have channels of relatively small depth.

3.2.2 Regenerative stage

The regenerative stage of the pump, sometimes called a vortex or fluid dynamic pump
is illustrated in Figure 5.

Inlet

Outlet Stripper
: \ ) l Rotor

Section
through
Channel A-A

- Blade
—

Flow Gas
Channel Path

Path of typical
gas particle

Stator

Figure 5: Vortex pump principle scheme [5]
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The rotor comprises a disk on which a set of axially oriented vanes are
circumferentially arranged (Figure 6). As the disk spins, the vanes move at high speed
through a toroidal channel stator (Figure 7).

\"'\r nab
% \L‘.’L‘:"ﬁﬁj‘“
% \Lf e <ﬁﬁ‘ﬁ‘~""
;r

Figure 6: Oriented vanes on rotor Figure 7: Toroidal channels in stator

Through most of its length the toroidal channel cross section is circular and
significantly larger than the vanes. The inlet and outlet ports are separated by a portion of the
channel, referred to as the “stripper,” see Figure 5. Here the channel cross section changes to a
shape similar to and slightly larger than the vane cross section.

The motion of the vanes entrains, and induces a rotation in, the gas so that the gas
follows a helical path though the toroidal stator, passing through the rotor vanes and re-

entering them several times during one rotation as in Figure 5.

The circumferential rotation of the gas is thus regenerated a number of times during
each rotation—hence the reference to the device as a regenerative compressor.

3.2.3 Performance

EPX pump exists in two major configurations - EPX 180 and EPX 500. Performance

comparison of the two is summarized in Table 1:

Pump type EPX 180 EPX 500 |
Peak speed 180 m*h™" (50 Is™") at 2.107" mbar |500 m’h™" (140 Is™) at 2.10™ mbar
Ultimate vacuum <1 x 10 mbar <1 x 10 mbar
Compression ratio >1x 10’ >1x 10’
Noise <59 dB(A) <59 dB(A)
Power at ultimate 1.4 kW 1.6 kW
Weight 45.2 kg 454 kg

Table 1: Main performance parameters of EPX pump versions [6]
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The main difference between the two is a change in drag stage arrangement. EPX 500
is equipped with helical rotor (Figure 8) which serves as a booster and is responsible for high
pumping speeds. Its grooves are very deep and short which causes big volumes of gas are
pumped during operation.

Figure 8: Helical rotor

Holweck stage features a longer path thus increasing compression ratio. Cross
sections of both versions are shown in Figure 9. Regenerative stages remain the same.

Holweck Rotor

stages

3 Conventional 180 m*h-"
Drag Stages

Regenerative

-4
stages — 1 x 10 mbar

Stator

EPX180

Helical rotor

1 Helical Rotor

(Holweck) 3
Stage plus 4 ‘ 500 mhr
Conventional 6
Drag Stages 1x 10" mbar

EPX500

Figure 9: EPX 180 and EPX 500 pumping mechanisms cross sections [1]
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3.3 Rotor-shaft connection

The chapter explains the rotor-shaft interface and its arrangement and describes the
critical place.

As it was described in previous chapters vacuum in EPX pump is generated by
rotation of rotor which is fixed on a shaft in appropriately arranged stator. The rotation speed
of rotor is very high and in standard operation mode the frequency of rotation up to 300 Hz is
reached which means linear speed 150 m.s™.

Due to the weight of rotor-shaft assembly and high rotation speed the kinetic energy
accumulated in rotating parts is very high and can be compared with kinetic energy of
1100 kg heavy car going at 40 km.h™" speed.

3.3.1 Rotor related forces during pump operation

Not only kinetic energy but also appropriate axial and radial forces from rotor create
extra demand on the shaft and stiffness of the whole pump body. Radial forces are well
controlled by means of balancing and are on relatively low level unless external unbalance is
introduced during pump lifetime. Contrary to that axial forces can dynamically change during

different pump operation modes.

During operation, rotor interfaces with low pressure area (above rotor) and high
pressure area with pressure up to atmospheric in regeneration area (bellow rotor) (Figure 10).
Such pressure difference generates a lifting force which is constantly pushing the rotor
upwards during operation. Simplified calculation assuming zero pressure above rotor and
about 30 % of atmospheric pressure in average bellow rotor suggests the lifting force can
reach easily 1500 N.

Lifting force

Low pressure
area

OO0 0O oo |E
High pressure

Figure 10: The pressure difference is generating a lifting force [1]

3.3.2 Rotor - shaft fixing interface arrangement

The pump rotor is fixed to the shaft during pump assembly and stays at the same

position during pump lifetime unless service operation which requires rotor removal is
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performed. The whole assembly consists of 3 additional parts besides shaft and rotor — spring
guide, Belleville washer and a nut.

The mechanical arrangement of the interface is shown in Figure 11:

Shaft thread
Nut

Bell. washer
Shaft neck
Spring guide
Rotor

Shaft

Figure 11: Cross section of rotor-stator interface [1]

3.3.2.1 Spring guide

It is a machined metal part of circular shape with part of the surface sandblasted
(Figure 12). Its main function is to hold rotor in place against axial forces. It also serves as a
support for Belleville washer.

Figure 12: Spring guide

3.3.2.2 Belleville washer

Belleville washer (Figure 13) is a conical washer used for maintaining a uniform
tension load on a bolt. If it is not completely flattened out, it serves as a spring in the bolt
joint. It creates preload which is applied to the nut and prevents the nut from being loosen
during pump operation — this could cause unwanted mutual rotor-shaft rotations and in the
worst case the rotor to become loose.

Figure 13: Belleville washer
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3.3.2.3 The nut

The nut sits on top of the shaft where M10 thread is placed. It holds the Belleville
washer and creates the preload due to torque applied during assembly (45 N.m). The nut has a
left-handed thread due to clockwise rotor rotation (Figure 14).

Figure 14: The nut

3324 The shaft

Main shaft of the EPX pump is a centerpiece of the whole pump assembly. It features
a sophisticated shape and each part of the shaft has its own function (Figure 15).

e nlﬁﬂwnf-t-ﬁ.

Figure 15: The EPX shaft

The shaft is made from 817M40 BS970-3:1991 (EN24T) alloy steel which comes to
shaft supplier in properly sized round bars made by continuous casting method.
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4 Problem definition — Shaft fracture

The following chapter contains introduction to the problem and a list of possible

causes with reasoning for each cause.

4.1 Problem description

When EPX pump is being assembled the rotor is put on the shaft for the first time at
one part of the process, then spring guide and spring washer is added and the whole assembly
is secured with a nut (Figure 16). The torque used for nut tightening is 45 N.m.

Figure 16: Rotor being attached to the shaft - nut tightening

Occasionally a fracture of the shaft thread occurs during this step. This fault results in
with thread and nut separated from the rest of the shaft (Figure 17).

Figure 17: Examples of good and fractured shaft (other parts removed)

The fault occurs randomly, sometime in waves, which means it can be experienced a
few times a week during its peek occurrence and then it does not appear for months. There are
a few features of this fault which always occur when this fracture happens:

1) The shaft always cracks in the narrowest spot of it which means the undercut
between the thread and the rest of the shaft.

2) Although rotor is usually removed from shaft repeatedly during assembly so the
nut tightening occurs a few times before rotor is finally attached to the shaft the
crack always occurs during the first nut tightening step. It was NEVER
experienced in later stages.

3) This fault has NEVER been experienced in later stages of the assembly process
nor during long term pump operation.

The reject rate for this failure in 2015 was ~ 0.3 %.
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If the thread fracture occurs it renders the shaft to be unusable and results in rework
when pump needs to be disassembled and shaft to be exchanged. This procedure is costly in

terms of time, manpower and spares to be used.

4.2 Possible causes for shaft fracture

When investigating any issue it is necessary to summarize possible causes for the
problem. One of quality tools which can be used for this purpose is called Cause & Effect
Diagram (CED) [7].

The CED was developed by Kaoru Ishikawa, who pioneered quality management
processes in the Kawasaki shipyards, and in the process became one of the founding fathers of
modern management. It belongs to so called Seven basic tools of quality [8]. The CED is used
to explore all the potential or real causes (or inputs) that result in a single effect (or output).
Causes are arranged according to their level of importance or detail, resulting in a depiction of
relationships and hierarchy of events. This can help to search for root causes, identify areas
where there problems may be, and compare the relative importance of different causes.

The CED is also known as the fishbone diagram because it was drawn to resemble the

skeleton of a fish, with the main categories drawn as "bones" attached to the spine of the fish.

Causes in CED are frequently arranged into six major categories known as 6M (man,
methods, materials, machinery, management and measurement). However this is not a rule
and categories can be named freely to better describe the specific problem being solved.

One of possible evolutions how to construct CED diagram for the problem described

in this thesis is shown in Figure 18:

ASSEMBLY METHOD ] TOOLING
Wrong assembly
procedure Wrong tool
calibration
Assembly procedure not
understood

| Wrong material type }—b

> Sha

‘ Design of the neck l—»

Wirong heat ‘ Design of the thread l—»
treratment
Cdmensions. | "
Centerline segregation }—» Wrong underout
manufacturing "

Cracks in matenal due to

N >
incomect manufature

SHAFT DESIGN AND

SHAFT MATERIAL WORKMANSHIP

Figure 18: Cause & Effect diagram for EPX shaft fracture
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For this specific problem main categories were named as follows: Assembly method,
Tooling, Shaft material and Shaft design and Workmanship.

The amount of possible causes in general is usually very high so the prioritization
should be done utilizing scoring each cause by a group of experienced people and choosing
highest ranked causes to be investigated first.

Number of causes in the CED constructed for this thesis contains a relatively small
number of issues thus all of them can be discussed and investigated within the scope of this

thesis without prioritization.

The following chapters discuss each cause and possible failure mode which to be
investigated later in the thesis.

4.2.1 Assembly method

Assembly method category contains possible causes related to assembly procedure
documentation, its interpretation and implementation by operators.

4211 Wrong assembly procedure

Assembly procedure (sometimes called “Standard operating procedure™) is a basic
document describing exact step-by-step sequence of how to assemble parts together during
process. Generally it is not infrequent especially during early stages of production startup the
procedures are not 100% fool proof mainly due to the lack of experience with the product and
thus assembly procedures may require improvements during the product lifetime either to
improve correctness of the procedure or to upgrade the procedure to implement new technique

or measurement required.

Procedure correctness, simplicity and its suitability is to be investigated.

4.21.2 Assembly procedure not understood

Despite all the effort done to make assembly procedures as simple and clear as
possible misunderstanding of it can sometimes happen and the operators can interpret the
procedure in a different way than it is intended. The deviation may not be visible on a first
sight but can cause significant problems either during assembly, testing or product lifetime.

Understanding of current assembly instructions and product assembly sequence is to
be investigated.

4.2.1.3 Operator

Operators in general introduce a variation to the process. This source of variation
includes the operator’s physical and emotional status and level of skill, physical fitness, health
problems, emotional stability etc. An operator’s lack of understanding equipment and material
variations due to lack of training belongs also to this category.
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Occurrence of the problem per operator is to be investigated.

4.2.2 Tooling

Tooling used to connect rotor with shaft of EPX pump is quite simple as only
tightening of the nut by standard torque wrench is used. This torque wrench is set to 45 N.m
and regularly externally calibrated once a year. This period was set based on general
experience with this type of tooling.

Calibration validity and actual torque value set is to be investigated.

4.2.3 Shaft design and workmanship
The following chapter deals with the shaft design and quality of its manufacturing.

The main interest is put to the design and manufacturing of its critical place (undercut, “the

neck”).

The excerpt of critical place from shaft drawing and actual photo of the place is shown
in Figure 19:

M10x1.5-69 LEFT HAND

i
=

1.5 u/cuT ||

@11

78 +0.1 U/CUT

Figure 19: Excerpt from shaft drawing and machined shaft [1]

4231 Tensile stress calculation

When a bolt is tightened to clamp the parts together the neck and thread sustain a
tensile stress due to being stretched. An adequate clamping (preload) prevents relative motion
between parts of the joint. Measuring a bolt's clamp force is difficult, especially under
production assembly conditions. The preload generated by a bolt can be indirectly controlled
by regulating the applied torque. This method, known as a torque control, is by far the most
popular method of controlling a bolt's preload. There is a relationship between the torque
applied to a bolt and the resulting preload. The following procedure [9] gives guidance for
calculating such stress introduced to the thread and to the neck of the shaft thread (Figure 20).
The formulae used are applicable to metric and unified thread forms which have a thread
flank angle of 30° (for a basic terminology of thread see Figure 21).
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The calculation procedure distinguishes between thread and underhead friction.

Distribution of axial force

Root Crest Flank

1
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Flank Angle Pitch
Figure 20: Distribution of axial force [10] Figure 21: Description of metric thread main dimensions

[10]

Axial force F can be calculated using the following formula (Equation 3):

T

= [(0.159. P) + (0,577 . dy. up) + (Df . “TH)]

Equation 3: Calculation of axial force by torque given

where:

T Torque [N.m]

d; Pitch diameter of the thread [m]

P Pitch of the thread [m]

Hr Thread friction coefficient

Hu Undernut friction coefficient

Dy Effective frict. diameter of the nut [m]
F Preload force [N]

The calculated force F can be then used for calculating tensile stress either in the
thread (Equation 4) or in the neck (undercut) (Equation 5) using the following formulae:

- (<% - (<)
= \S % %= 2\ %

Equation 4: Tensile stress in thread Equation 5: Tensile stress in neck

where:

At Effective section of the thread [m”]
Ag Effective section of the neck [m’]
or Tensile stress in thread [MPa]

Ok Tensile stress in neck [MPa]

R, Yield strength [MPa]
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k Safety factor

Effective sections can be calculated using following formulae:

1T . (dz"" d3)2 . 1T . dKz

AT: 16 AK 4

Equation 6: Effective section of the thread Equation 7: Effective section of the neck

where:
ds; Minor diameter of the thread [m]
dg Shaft neck diameter [m]

The maximus stress in the material to be kept bellow yield stress value of selected
material divided by chosen safety factor. For R,=680 MPa and k=1.5 [11] maximum stress
allowed in this situation is 453 MPa.

A problem exists in that friction has a large influence on how much torque is
converted into preload. Besides the torque required for stretching the bolt, torque is also
required to overcome friction in the threads and under the nut face. Typically, only 10 % of
the torque is used to stretch the bolt. Of the remaining torque, typically 40 % is dissipated in
the threads and 50 % under the nut face [12]. Because friction is such an important factor in
the relationship between torque and preload, variations in friction have a significant influence
on the bolt's preload. Different bolt surface finishes have different friction values. For
example the torque required for a socket headed screw will not be the same as that one
required for the same size standard hexagon head bolt. The larger bearing face of the standard
hexagon bolt will result in an increased torque being required compared to a socket headed
screw. This is because more torque is being dissipated between the nut face and the joint

surface.

4.2.3.2 Design of the thread

Screw thread of the EPX shaft must withstand comparable tensile stress as the shaft
neck. General rules for screw thread load calculation are described in VDI 2230 directive [9].

The thread used on EPX shaft is a standard ISO M10x1.5-6g thread left-hand.

Calculation of tensile stress in the thread and suitability of the thread size chosen is to
be evaluated.
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4.2.3.3 Design of the thread neck

Thread neck is a place where fracture of shaft occurs. It is the narrowest place of the
whole shaft and the place where the highest load is concentrated when rotor is positioned on
the shaft and secured with a nut and a Belleville washer. The tensile stress induced by applied
45 N.m torque must stay under allowed level given by the material used for shaft manufacture

and a safety factor used.

Calculation of the tensile stress in the neck is to be calculated and compared with the
design of the neck diameter and tolerancing.

4.2.3.4 Wrong thread dimensions

Aside from correct thread dimension design the manufacturing of the thread can
change overall strength property of the thread.

Investigation of designed thread with reference thread gage is to be carried out.

4.2.3.5 Wrong undercut manufacturing

An undercut allows threads to be cut on a component up to the end without the end
face of the screwing tool fouling the component. Design requirements are usually for a control
of the dimensions of the undercut to avoid weakening of the section and to reduce stress
concentration. Standard appearance of such undercut is shown in the following picture (Figure

22) [13].
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Thread Undercut
Figure 22: Shape of undercut
In case of EPX shaft the undercut creates “the neck” thus the narrowest point of the

shaft. When the undercut is not manufactured correctly or the thread is not ended correctly in
the undercut such place can serve as a crack initiator which can cause shaft fracture.

The manufacturing quality and radiuses are to be investigated.

4.2.3.6 Cracks in material due to incorrect manufacture

The manufacturing if done incorrectly with respect to the design or material can
introduce unwanted stress to the material which can result in microscopic cracks causing

weakening of the material thus decreasing the tensile strength of the material.

Occurrence of cracks in the thread root and undercut are to be investigated.

Page 21



4.2.4 Shaft material

Once the type of material is selected for parts manufacturing and successfully tested it
is important to keep the material properties and quality on the same level throughout the
pump manufacturing lifetime. If the material properties deteriorate it can have significant

consequences on the material behavior and can lead to unwanted faults or breakdowns.

4.2.41 Wrong material type and heat treatment

817M40 (EN24T) [14] steel is readily machineable and combines a good high tensile
steel strength with shock resistance, ductility and wear resistance. It is widely used
engineering steel with a tensile strength of 850/1000 MPa. It has reasonably good impact
properties at low temperatures, although it is also suitable for a wvariety of elevated
temperature applications. 817M40 is most suitable for the manufacture of parts such as heavy-
duty axles and shafts, gears, bolts and studs. 817M40 can be further surface-hardened
typically to 58-60 HRC by induction or nitride processes, producing components with
enhanced wear resistance [15].

Typical heat treatment to “T” condition includes Quenching, Tempering and Stress
relieve steps:

1. Hardening:

Heating uniformly to 820/850 °C until heated thoroughly. Quenched in oil.
2. Tempering:

Heated uniformly and thoroughly at the selected tempering temperature, up to 660 °C
and held at heat for two hours per inch of total thickness. Tempering between 250-375 °C is

not recommended as it can seriously reduce the steels impact value.
3. Stress Relieving:

Heated slowly to 650-670 °C, cooled in a furnace or in air.

Chemical and mechanical properties can be found in Table 2 and Table 3:

817M40 (EN24T) chemical composition

Carbon 0.36-0.44 %
Silicon 0.10-0.40 %
Manganese 0.45-0.70 %
Sulphur 0.040 % Max
Phosphorus 0.035 % Max
Chromium 1.00-1.40 %
Nickel 1.30-1.70%
Molybdenum 0.20-0.35 %

Table 2: Chemical composition of 817M40 steel

Page 22



817M40 (EN24T) - mechanical properties

Max Stress 850-1000 MPa
Yield Stress 680 MPa Min (up to 150 mm LRS)
0.2% Proof Stress 665 MPa Min (up to 150 mm LRS)
Elongation 13 % Min (9 % if cold drawn)
Impact KCV 50 Joules Min (up to 150 mm LRS)
Hardness 248-302 Brinnel (850-1000 MPa)

Table 3: Mechanical properties of 817M40 steel

Selected mechanical properties and metallographic samples to be investigated to check
the material was of correct type and its structure is in accordance with prescribed heat
treatment.

An investigation of fracture area is to be also carried out to check the type and

properties of the fracture and presence of inclusions and other anomalies.

4.24.2 Macrosegregation (Centerline segregation) [16]

Macrosegregation refers to variations in composition that occur in metal alloy castings
and range in scale from several millimeters to centimeters or even meters. The cause of
macrosegregation is relative movement or flow of segregated liquid and solid during
solidification. Most alloy elements have a lower solubility in the solid than in the liquid
phase, as shown by the partial equilibrium phase diagram in Figure 23. During solidification,
the solutes are therefore rejected into the liquid phase, leading to a continual enrichment of
the liquid and lower solute concentrations in the primary solid.

3

G

Liquidus

Temperature

Solidus

A Co B
Alloying element B, mass%

Figure 23: Phase diagram showing different solubility in solid and liquid phases

Due to the solidification direction towards the center of the casting the
macrosegregation is concentrated there and causes so called centerline segregation.

A sulfur print showing a typical centerline segregation pattern in a slab is shown in
Figure 24:
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Figure 24: Sulfur print showing centerline segregation (courtesy of IPSCO Inc.)

These compositional variations negatively impact the subsequent processing behavior
and properties of cast materials (strength) and can lead to rejection of cast components or
processed products. It is present in virtually all casting processes, including continuous, ingot,
and shape casting of steel, cast iron, aluminum and copper alloys, casting of single-crystal
super alloys, semisolid casting, and growth of semiconductor crystals.

The occurrence of centerline segregation is to be investigated. As the shaft is made

from continuously casted slab the shaft neck is positioned in the center of the slab after

manufacturing. If the segregation occurs it can deteriorate strength of the shaft neck.
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5 Investigations and findings

The following chapter deals with the investigations of the EPX shaft samples
described earlier and procedures related to shaft assembly. The structure of investigations
follows points defined by Ishikawa diagram (Chapter 4.2).

5.1 Assembly method

This chapter deals with the investigation of assembly related procedures.

5.1.1 Assembly procedure

The assembly procedure was investigated (cannot be shown due to confidentiality) and

the following can be concluded:

e the procedure is described in approved operational procedure;

e it follows the information flow needed for assembly and is placed in correct
stage of assembly process;

e the procedure correctly defines steps, the sequence of assembly and position of
critical components;

e details are explained using photographs which enhances procedure simplicity;

e procedure contains all the steps needed for proper assembly of the rotor to the
shaft;

e The procedure is mature as it is used unchanged since the EPX pump

introduction.

The procedure contains all the information and is sufficient for proper assembly.

5.1.2 Assembly procedure not understood

Assembly process is carried out by 3 operators who alternate in the position according
to production demand. All 3 operators were interviewed and their understanding of the
procedure was checked.

All of them demonstrated good understanding and adherence to the assembly
procedure.

5.1.3 Operator

The time spent on the shaft/rotor assembly position is estimated to be split between
operators in ratio 75:20:5. Two faults discussed in this thesis are split between two operators.
Distribution of the faults before was not recorded thus cannot be evaluated.

As it was shown above the assembly procedure is correct and its understanding by
operators was confirmed. For that reason it is believed the occurrence of rejects is distributed
evenly among all three operators although this cannot be 100 % proven at this moment.
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5.2 Tooling
The nut is tightened on the shaft using torque control method.

Calibrated torque wrenches are used to carry out this step. 3 pieces of the wrench with
valid calibration (valid for 1 year and expiring May 2016) are available at the assembly line
(Figure 25). In order to evaluate the reliability and the precision of the torque set in these
wrenches all of them were checked using TruCheck Plus torque tester.

@i @ wiin
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Figure 25: Torque wrenches and TruCheck Plus

The following Table 4 shows the values of torque found for wrenches used. Target
value is 45 N.m:

Torque wrench number ‘ Torque found (N.m) ‘
1 453
2 44.0
3 45.7

Table 4: Torque values for wrenches used

It confirms that wrenches are set properly with minor spread which can be neglected.

5.3 The shaft thread and neck design

The following chapters deal with the thread and neck design especially with respect to
the preload for a given torque.

5.3.1 Calculation of the preload force

The following Table 5 summarizes variables, units and absolute numbers used for
calculation of the preload force F.

The calculation was carried out using Equation 3:
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i Value

T Torque N.m 45 Applied

d, Pitch diameter of the thread m 0.009026 ;
Minor diameter of the VTS En (S

ds thread m 0.00816 metric screw threads

: standard ISO 724

P Pitch of the thread m 0.0015

dx Shaft neck diameter m 0.0079 Lower tolerance

ur Thread friction coefficient 0.12-0.18 From [17]

Ly Undernut friction coefficient 0.1-0.18 From [17]

D¢ Effective frict. diameter nut m 0.0155

Table 5: Variables and their values used for preload force F calculation

The friction coefficients can be found in various literature sources like [18]. However,
the spread in their values is significant and varies largely from source to source. The friction
coefficient values used in this calculation are the lowest found for steel-steel combination not
lubricated which means that the highest possible torque was transferred into a bolt preload.
Lubrication decreases the friction so the load to the bolt can increase by 10 % (calculated
using friction coefficients in [17] ).

The calculated preload forces F' for mutual combinations of friction coefficients are
summarized in the following Table 6:

Preload force F
[N]

Table 6: Preload force F for given friction coefficients

5.3.2 Design of the shaft thread

As mentioned in Chapter 4.2.3.2, the thread used in case of EPX shaft is a standard
M10x1.5-6g left-hand thread. When using preload force calculated above and Equation 4
combined with Equation 6, which was used for the calculation of effective section of the
thread (47 = 5.8 x 10° m?), the following tensile stresses in thread or for given friction
coefficients can be calculated (Table 7):

Tensile stress ot
[MPa]

0.12
0.18

KT

Table 7: Tensile stress in the shaft thread
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The calculated tensile stress values in the thread or are below the maximum stress
allowed for the shaft material (453 MPa, see Chapter 4.2.3.1) but for the combination of
lowest friction coefficients where the calculated stress is about 4% above the maximum.

The size of the thread was designed at the limit of material performance for the chosen

safety factor.

5.3.3 Design of the neck

As visible from Figure 19 the diameter of the shaft neck can be anywhere between 7.9-
8.1 mm. Using lower tolerance value 7.9 mm and combining Equation 5 with Equation 7
which was used for calculation of effective section of the neck (g = 4.9 x 10 m?), the
following tensile stress in the neck ox for given friction coefficient combinations can be
calculated (Table 8):

Tensile stress ok

[MPa]
0.12 560
Hr 0.18 470 357

Table 8: Tensile stress in the shaft neck

The calculated tensile stress values in the neck ok are for some combinations of
friction coefficients significantly higher than the maximum stress allowed for the shaft
material (453 MPa, see Chapter 4.2.3.1). In the worst case the calculated stress can be higher
by 24% which consumes most of the safety margin created by the safety factor used for
calculation and makes a significant risk of shaft neck fracture especially when other
unfavorable conditions are present.

The size of the undercut seems to be underdesigned for the given material and for

some combinations of considered friction coefficients.

5.4 Shaft samples investigated

The sample set of the EPX shafts which was investigated consisted of 4 shafts with the
following parameters:

1) Shaft thread broken during tightening before reaching 45 N.m torque. Only thread was
left, the rest of the shaft was provided back to a supplier.

2) Shaft thread broken during tightening before reaching 45 N.m torque. The whole shaft
was left for investigation.

3) Shaft thread which withstood intentional attempt for shaft fracture by application of
torque ~ 100 N.m.

4) Shaft thread before any nut assembly and tightening - not used.

The main interest was focused on the samples 1 and 2 to find the cause of the fracture.
Samples 3 and 4 were added for comparison and further material investigations. Where
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applicable the threads were cut off well under the neck section for easier manipulation and
investigation. The pictures of the threads available can be found in Table 9 below:

Sample 1 Sample 2 Sample 3 Sample 4

Table 9: Investigated samples overview

The following chapters describe the investigation and evaluation of these samples.

5.4.1 Thread dimensions

The dimensions of the sample threads were evaluated using good and fault reference
thread gage for given thread 10x1.5 6g. The gages are shown in the picture (Figure 26):

Figure 26: Good and faulty reference thread gages

The following table summarizes the results found = possibility to mount the gage to
the thread (Table 10).

Possible Possible
Not possible | Not possible with Possible Possible with
difficulties difficulties

Not possible | Not possible | Not possible | Not possible | Not possible [ Not possible

Possible Possible Possible Possible Possible Possible

Table 10: The evaluation of shaft threads with reference gages and a nut

Note: 10 unused shafts and 5 shafts mounted in pumps were randomly selected for comparison. Mounting of
gage to samples 1 and 2 could have been influenced by a bad grip of tested part.
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It is shown that unused shaft threads can accommodate good reference gages. The
threads already used for nut mounting could also accommodate the good reference gage but
with difficulty esp. at lower part of the thread where the stress is always the highest. This can
serve as an evidence of some plastic deformation in the thread after assembly torque
application. However while precisely manufactured gage have difficulties with used threads
the nut used in production fits all tested population well which shows the deformation after
mounting is very small.

5.4.2 Undercut shape

As described in Chapter 4.2.3.5 the correct manufacturing of undercut is important for
cracking initiation prevention.

EPX shaft is designed with undercut 1.5 which refers to the pitch of M10 thread.
According to the design rules [13] the radii which are most important in preventing stress
concentration should be 0.75 mm.

The profiles found for each sample are shown in Table 11:

Sample 1 Sample 2

Left side on the neck Right side of the neck

Sample 3 Sample 4

1mm 1mm

Table 11: Undercut shape investigation on studied samples
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The undercut of the sample 1 could not be evaluated as the rest of the shaft was
returned to the supplier.

Sample 2 was difficult to evaluate due to the neck fracture and related parts
deformation however no sharp edges or shapes were visible and the corner on the right side of

the neck was rounded (undercut radius was present).

In order to evaluate the shape of undercut auxiliary circles with required diameter
1.5 mm are shown in pictures. It was visible in both samples 3 and 4 which showed that the
shape of the undercut deviated from the shape prescribed by drawing on the shaft side (red
circle) while thread side appeared to be matching proper shape (green circle). All visible

corners were round and there were no sharp edges.

Random selection of 5 shafts from current production showed similar issue as in
Samples 3 and 4 which suggest this can be a standard feature throughout the whole EPX shaft

population which comes from the shaft supplier.

Closer investigation of Sample 2 shaft revealed cracks in undercut radius which
confirms smaller radii can weaken the material in this region (Figure 27).

Figure 27: Comparison of undercut of EPX shaft

Summing up, the shape of the undercut on samples is different from what is defined in
the shaft drawing (Figure 19) and can be considered a potential factor to the shaft fracture.

5.4.3 Cracks in material due to incorrect manufacturing

All samples were inspected in order to find possible cracks from manufacturing which
could initiate shaft fracture.

Samples 3 and 4 showed no cracks both in undercut and in thread roots. Sample 3
thread showed some scratches which could have been accounted for overloading the thread
during testing. Sample 4 showed only very small defects in shafts thread which were visible
under electron microscope only (Table 12).
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Sample 3 Sample 4

X40  500um VSB TUO X40  500pum VSB TUO

Sample 3 Sample 4

X500 | 50pm ‘. | VSBTUO L% ixepo | | vsBTUO

Table 12: Details of shaft threads of Samples 3 and 4

Samples 1 and 2 showed however big cracks in thread roots. Especially first turn root
on both samples showed significant crack. This can be related to the load distribution among
thread turns and shows the material was weakened there. Pictures also show that the whole
thread was stretched and behaved like a test specimen in static tensile test (Table 13).

Sample 1 Sample 1 (detail)

Table 13: Cracks in thread root of Sample 1
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5.4.4 Shaft material investigation

Material used for shaft manufacturing has been described in Chapter 4.2.4. In order to
check the designed properties of the material the following testing was done:

Tensile testing
Metallographic analysis
Fractography

5441 Tensile testing

First test specimen per sample was made from the center of the shaft rest. The purpose
of this arrangement was to investigate the material properties from the shaft center where
segregation centerline could influence the material properties.

Second test specimen per sample was made from the same shaft piece but its position

was close to surface. The approximate positions of samples are shown in the following picture
(Figure 28):

bk

o 1[0 )b
ulh

o )

\

Figure 28: Tensile testing specimen approximate position in shaft samples

The results from the testing are described in Table 14. The data from material
certificates from August 2014 and August 2015 supplied by the supplier are added to the table
for comparison of material stability over time.

The results show a spread between the sample properties in tensile R, yield strength
R, and proof strength R,0.2 parameters and also in elongation at fracture 45 which can
indicate problems with raw material properties stability. While Sample 4 and material from
August 2015 appear to be very close to the lower limit for tensile strength R,,, the yield
strength R, and proof strength R,0.2 are significantly above specified values. The lowest
value of R,0.2 was measured in Sample 2 which was fractured thread.

None of the material samples is considered to be outside material specification
described in Chapter 4.2.4 (considering there is no available information on the measurement
repeatability).
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18.7

902 - 732 19.3 63.8 - -

933 - 768 18.7 59.6 - -

922 - 764 21.3 63.8 - -

844 - 808 13.3 55.6 - -

4 side 849 - 809 14.7 63.8 - -
Aug 2014 972 947 - 18.0 - 96 285
Aug 2015 856 824 - 19.0 - 86 255

R

[MPa]

[MPa]

R.

R, 0.

2

AS [%]

YAV

Impact
KV [J]

Brinnel

hardness
[HB]

Table 14: Tensile testing properties of the shaft material samples

R, and R, values are in some cases significantly higher than specification (680 MPa
and 665 MPa respectively) which builds in additional safety by increasing maximum tensile
stress level the thread and the neck can withstand.

54.4.2

Samples 2, 3 and 4 were evaluated for presence on non-metallic inclusions and the

Metallographic analysis

presence of segregation and for microstructure to evaluate heat treatment (quenching and
tempering).

Investigation of polished specimen revealed that Sample 2 suffered from significant
presence of various non-metallic inclusions. The pictures in Table 15 below show Sample 2
and Sample 3. A significant difference can be seen as Sample 2 contains significant amount of
sulphide inclusions (1), oxide inclusions (2) and a small piece of carbonitride of Niobium or
Titanium (3). Contrary to that Sample 3 contains significantly less of sulphide inclusions but
bigger oxide inclusion.

Sample 2 Sample 3

i ——
= & i

Table 15: Non-metallic inclusions - comparison of Samples 2 and 3
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The presence of sulphide inclusions contributes to a presence of segregation line as
described in Chapter 4.2.4.2. Such segregation could cause significant material strength
deterioration which could contribute to the fracture of Sample 2 while Sample 3 survived
even higher loading. The effect could have been local only as tensile testing of Sample 2 did
not show any significant difference in material properties between center and side.

Sample 4 showed also sulphide inclusions in amount between Sample 2 and 3.

Samples after etching (Table 16) showed a fine sorbite structure of quenched and
tempered steel which indicated the heat treatment was done correctly according the prescribed

parameters.

Segregation (1) was again visible especially in Samples 2 and 4.

Sample 2 (mag. 50x) Sample 3 (mag. 50x)

: %
(4 & R

it

Table 16: Samples 2, 3 and 4 showing microstructure after etching

5443 Fractography

Fractured threads from Samples 1 and 2 were investigated using scanning electron

microscopy.
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The pictures in Table 17 show the morphology of fracture area of Sample 1 only as
both samples were comparable in appearance and properties.

Sample 1 overview Sample 1 detail

VSB TUO hiah e b VSB TUO

X5,000 ;‘-pa_‘g /=~ VMSB,TUO

Table 17: Sample 1 fracture evaluation

Top left picture shows the overview of the whole fracture area.

Top right picture shows a detail of fracture where significant sliding areas can be
recognized on the right side of the picture. Such area originated from sliding both pieces of
shaft on top of each other at a terminal phase of the fracture process.

Bottom left picture shows detail of big dimples associated probably with non-metallic
inclusions which could cause deterioration of material properties thus shaft fracture.
Bottom right picture shows a detail of fracture which was classified as transgranular

ductile fracture with dimple morphology. The dimples are very fine and uniform which shows
the heat treatment was done correctly.
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6 Summary and discussion

The following chapter contains summary of the investigation findings and discusses
the results.

6.1 Summary

Based on the investigation presented in Chapter 5 the following summary can be made:

1) The assembly procedure was found up to date, correct and clear, containing all steps
needed for proper assembly.

2) Operators demonstrated good understanding and adherence to the assembly procedure.

3) Reject occurrence was distributed at least between 2 out of 3 operators. Older records are
not available, thus higher occurrence of rejects with one operator cannot be confirmed nor
rejected.

4) Tooling used for assembly possesses a valid calibration and checking of torque set did not
show a significant deviation from set value 45 N.m.

5) The size of the thread was designed at the limit of material performance which makes a
risk for a potential failure.

6) The thread neck due to its diameter showed that its design is even more critical than in
case of the thread. The most unfavorable combination of friction coefficients showed the
torque used can overload the thread neck almost by 25%.

7) Manufacturing dimensions of the thread are correct. It is slightly deformed during
assembly by nut tightening however it does not create a problem with further assembly
steps.

8) The undercut shape is not obeyed on samples which were not broken. As the same shape
was seen also on other standard production shafts it is believed that this feature can
increase susceptibility for shaft fracture occurrence which was demonstrated by a crack on
Sample 2 which lay in undercut radius.

9) No cracks were seen both in the neck and the thread on non-fractured samples. However
both fractured samples showed a significant crack in the first thread root from undercut
which indicated the thread was weakened and thus overloaded.

10) Tensile testing showed fluctuation in material properties from sample to sample. Also
certificates supplied by supplier showed changes of material properties in time. All
samples fulfil the specifications (although Sample 4 is at the lower limit of the
specification) but stability could be improved.

11) Metallographic analysis showed good microstructure of the material thus good heat
treatment.

12) All samples suffer from non-metallic inclusions, especially the centerline segregation of
sulphide inclusions. This segregation is the most visible in fractured Sample 2 where it
creates significant line which could influence locally the material strength.
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13) Fractography investigation classified the fracture as transgranular ductile fracture with

dimple morphology. The dimples are very fine and uniform which confirms the heat

treatment was done correctly.

Closer fracture area investigation revealed a presence of non-metallic inclusions.

6.2 Conclusion and recommendations

Based on the finding summarized in Chapter 6.1 the following can be concluded:

1) There was no single and unambiguous cause for shaft fracture found. The fault

mechanism rather consists of synergic effect of 2 or more smaller issues which

probably could not cause the shaft fracture individually but their combination

could result in the fault occurrence.

2) In order to prevent shaft fracture and make the critical arrangement more robust

the following recommendations could be made (arranged based on implementation

simplicity):

a.

The tightening torque decrease — this would be the easiest solution
how to improve robustness. For the combination of lowest friction
coefficients and safety factor 1.5 the new torque value should be about
35 N.m. However a review with a designer must precede this step.
More to that the reliability and spread in preload force can be improved
by implementing angle-driven tightening.

Keeping the thread and washer free of lubricants - lubrication
decreases friction significantly thus higher preload forces can be
accidentally achieved (3) which is critical for the shaft neck.
Improvement of material strength — the use of material with a higher
R, value. Comparable materials to the currently used 817M40 are
prescribed in BS EN 10277-5:2008 norm which supersedes old norm
BS 970-3:1991 where 817M40 is defined. The new materials like
1.6582 or 34CrNiMo6 with minimum defined R, value 800 MPa.
Increase of shaft thread diameter from M10 to M12 — this could
lead to the increase of shaft neck diameter thus the improvement in
allowed maximum stress by 60%. The change would require also
change in the nut size, while the rest of the parts could stay the same.
Improvement of undercut manufacturing — improvement and
increase of radii to a required level should improve robustness under

current conditions.
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7 Experimental

The tensile testing was carried out by Materidlovy a metalurgicky vyzkum s.r.o in
Vitkovice using available shaft rests from the samples 2, 3 and 4. The usable part of each
shaft was used to prepare test specimens with a diameter of 3 mm, measured length of 15 mm.
The specimens were tested on MTS Landmark 100 kN at a speed of 0.4 mm/min, deformation

was recorded using extensometer.

The undercut shapes of discussed samples were investigated using QuickScope QS-
LZB machine by Mitutoyo.

Macroscopic pictures were made using laser scanning microscope Olympus LEXT
4100.

Metallography investigation was performed on tensile specimen heads using inverse
metallographic microscope Olympus IX 70. Polished samples were used for non-metallic
inclusions evaluation; etched samples were evaluated for microstructure (etching by Nital 2%
- solution of nitric acid in ethyl alcohol).

Fractography was investigated using scanning electron microscope JEOL JSM-
6490LV with secondary electrons imaging.
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