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Abstract
Almost every complex engineering product
uses threaded fasteners. Their major
advantage over other joining methods is their
ease of assembly and disassembly. SEGNUT
Pty Ltd has an innovative self-named
threaded nut which specialises in ease of
disassembly. Their product prevents threaded
fasteners from becoming seized from
corrosion, thread damage, stripping or galling.
The most conventional method of tightening
threaded fasteners remains the ‘torque
method’, whereby the nut or bolt head is
rotated until a predetermined torque is
reached. Unless a direct tension indicating
technology is used, there is no way to tell if the
applied torque has produced the desired
tension in the joint. The discrepancies in
tension come from variations in friction at both
the thread and bearing surface. For novel
designs such as the Segnut, further analysis is
required to investigate the parameters
influencing friction.
This experimental study uses modified
conventional nuts to investigate the bearing
surface friction torque produced when the
nut-washer interface average stress and
distribution of stress is varied for nuts of
different hardness’ and surface
characteristics. This study found that a
reduced bearing surface outside diameter
increased the variation in friction such that it is
not recommended to use them in
unlubricated conditions. Increasing hardness
produced benefits in both the magnitude of
friction and its consistency. And evening out
the load distribution at the bearing surface
had little effect on the friction.
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1. Introduction
1.1. Threaded Fastener Background
The screw thread began standardisation in
Britain during the 1860’s. Since then, many
innovations have been produced to alleviate
some of the shortcomings present in the
traditional nut and bolt.
“Contrary to first impressions, the subject
[Fasteners] is one of the most interesting in the
entire field of mechanical design… the
number of innovations in the fastener field
over any period you might care to mention
has been tremendous” (Richard G.Budynas,
2015).
The purpose of using threaded fasteners is to
create a non-permanent joint. Nonpermanent joints have applications in almost
every industry involving complex engineered
products. These non-permanent joints must
maintain their clamping integrity whilst
withstanding a variety of large, often
oscillating load conditions; even when
exposed to the vast array of this planets
harshest environments. With the conclusion of
each use, the fastener should still allow for
disassembly. This, however, is not always the
case.
The goal when tightening a threaded fastener
is to develop a desired stretch (tension) in the
bolt. This results in the desired compression in
the joint, allowing it to take the design load
conditions. Shear load is taken by the
clamping friction between the joint surfaces
and axial load is shared by both the bolt and
joint depending on the relative stiffness’
(Richard G.Budynas, 2015). Thus, the loading
capacity of the joint is directly related to the
bolt tension. The most conventional method of
achieving this tension is via the ‘torque
method’, whereby the nut (or bolt head) is
rotated until a predetermined torque is
reached. The issue with this method is that
torque is measured and not tension, and thus
the actual tension is unknown.
Large Discrepancies in tension come from
variations in friction at both the thread and

the nut – washer interface (bearing surface).
Ideally, this friction would be low and very
consistent, preventing adhesive wear (galling)
and ensuring that the applied torque results in
the desired tension.
There are four main challenges that most
innovative products within the industry aim to
solve;
Self-Loosening
Unknown Tension
Thread Load Distribution
Nut Seizure
It appears paradoxical that two common
failure modes of a threaded fasteners are selfloosening and nut seizure (the inability to
loosen). However, nut seizure effects many
different industries and their maintenance
practices around the world.

1.2. Nut Seizure
A universal definition is difficult to find;
however a nut can be considered seized if the
tools used for its assembly are insufficient for its
disassembly. A nut can also be considered
seized if the torque required for removal results
in thread stripping or snapping of the bolt.

Figure 1 Seized Nuts

1.4. Motivation
The Segnut has three inner threaded segments
and an outer sleeve; as a result, it’s
significantly larger than a conventional nut.
Any reduction in the bearing surface outside
diameter of the Segnut would reduce its
overall size. This would reduce weight, cost,
and increase its ability to suit applications with
tight packaging. This reduction however
would not be supported by international
fastener standards and thus requires thorough
investigation and testing.

Figure 2 Cutting Edge Blade Replacement

An industry effected by seized nuts is that of
the resources industry, shown above, where
it’s common practice in to remove nuts with
an oxy cutter on ground engaging
equipment. This increases downtime, reduces
safety, and often damages the joint.

1.3. Segnut
The Segnut is a West Australian, Mandurah
based innovation that was dreamt up on a
long drive by inventor Brian Bradshaw. The
Segnut avoids nut seizure by circumventing
the thread. Removal of a Segnut does not
involve rotation back up the thread. Instead,
upon rotation of the outer sleeve, the inner
segments move radially away from the
thread, such that the nut pieces can then be
slid off the bolt by hand.

Figure 3 Segnut Images

2.0 Literature Review
2.1 Fastener Standards
The Segnut has various features that can be
found on, or provide the same function as, a
conventional nut. To increase product
confidence, minimise risk, and reduce
unnecessary design work, the relevant
standards are consulted for these features.
More specifically, these standards outline
minimum and maximum quantities for a range
of parameters, as well as (in most cases) the
design principles used to develop those
constraints.
For nuts, the relevant international standards
are; ISO 898-2 (Mechanical Properties), ISO
4032 (Geometry) (same as AS1112.1 in
Australia), ISO 16224 (Design Principles) and
ISO 16047 (Torque – Tension Testing).
For features dissimilar to a conventional nut,
the design is conducted from first principles,
determining internal, product specific
constraints. The bearing surface is a common
feature between the Segnut and a
conventional nut. However, the design
principles for the bearing surface are not
provided in ISO 16224 “Technical Aspects of
Nut Design”. Thus, there’s no explanation as to
how the minimum allowable bearing surface
area was determined. Refer to figures 4 and 5.

Figure 5 AS1112.1 Dimensions Top

It’s reasonable to assume that the outside
diameter of the bearing surface is largely
influenced by the across flats “s” size of the
nut. Referring to the image above, the
nominal bearing surface outside diameter
(OD) is the same size as the across flats.
However, the across flats of a conventional
nut is designed in conjunction with the
‘effective nut height’ to provide sufficient ‘nut
dilation resistance’. This nut dilation resistance
ensures the desirable ‘bolt breaking’ failure
mode, rather than ‘bolt thread stripping’ or,
even less desirable, ‘nut thread stripping’. Bolt
breaking is the desired failure mode as this is
quicker and easier to detect, enabling fast
corrective action. Therefore, the nominal
bearing surface OD is influenced by the
required nut dilation stiffness.
The Segnut’s dilation stiffness is provided by
the outer sleeve geometry, whilst the bearing
surface is defined by the inner segment
geometry. Thus, the Segnut bearing surface is
essentially decoupled from the required nut
dilation resistance, enabling a degree of
design freedom.

2.2 Bearing Surface, Thread Friction
and K-Value

Figure 4 AS1112.1 Dimensions Side1

1Referring

to AS1112.1, the maximum outer
diameter and minimum internal diameter are
specified as Dw and Da, respectively.

As previously mentioned, the most
conventional method of tightening threaded
fasteners is via the ‘Torque Method’, and this
torque stretches (tensions) the bolt according
to the thread and bearing surface friction. The
combined effect of the thread and bearing
surface friction is summarised in the K-Value;
an experimentally derived dimensionless

coefficient used to calculate Torque and
Tension as shown in the equation below. Note,
an increase in thread and bearing surface
friction results in an increase in K-Value, and
thus a reduced tension from the same applied
torque. This is problematic if the calculated KValue differs greatly from the actual K-Value,
as this results in bolts at the wrong tension and
consequential joint failures.

𝑻 = 𝒌𝑭𝒅
𝑻 : Torque (Nm)
𝒌 : K-Value
𝑭 : Tension (N)
𝒅 : Thread Nominal Diameter (m)
(ISO 16047, 2005)
It should be noted that there are direct
tensioning methods, resulting in significantly
increased accuracy, however these are
generally complicated and expensive for
most applications - hydraulic tensioning is the
most common.
There has been extensive research, both
numerically and experimentally, into
determining the effective radius of friction
torque under nuts and bolt heads. This radius is
a contentious issue as not only does the
pressure distribution on the bearing surface
depend on the thread load distribution, the
sliding speed is also different as you move
radially across the surface. To solve this issue,
Nassar et al. (2005), created four different
scenarios of contact pressure distribution and
subsequent equations to determine the
effective radius for each. The distributions
were; uniform, sinusoidal, exponentially
decreasing, and linearly decreasing. The
standard (ISO 16027) method of determining
effective radius is by assuming a uniform
distribution and using the mean radius
between the inside diameter (ID) and the OD,
refer to the following equation. This was later
found to be sufficiently accurate if “the ratio
of the maximum to minimum bearing radius is
relatively small” by Gong et al (2016) in their
numerical study.

𝝁𝒃 =

𝑻𝒃
𝟎. 𝟓𝑫𝒃 𝑭

𝑫𝒃 =

𝑫𝒐 +𝒅𝒉
𝟐

𝝁𝒃 : Bearing Surface Friction Coefficient
𝑻𝒃 : Bearing Surface Friction Torque
𝑫𝒃 : Effective Diameter
𝑭 : Tension
𝑫𝒐 : Bearing Surface OD
𝒅𝒉 : Bearing Surface ID
(ISO 16047, 2005)
It has been found that statically analysing
bolted joint connections significantly
underestimates the stresses involved during
tightening. During a numerical study (Paul
Copeland, 2006), the von mises stress on the
bearing surface was found to be 613Mpa for
their dynamic model and only 211Mpa for
their static model, stating that the large
difference was due to the rotational shear
forces produced in the dynamic model.

2.3 Adhesive Wear
There are five types of wear; Abrasive, Erosive,
Adhesive, Corrosive, and Fatigue. Adhesive
wear is of the most concern due to its
common occurrence in the fastener industry
and the drastic effect it has on the friction
coefficient of surface contacts.
Adhesive wear is a very serious form of wear
characterized by high wear rates and
unstable friction coefficient. Sliding contacts
can be rapidly destroyed and sliding motion
may be prevented by very large coefficients
of friction and seizure (Stachowiak, 2014).
Adhesive wear is common in fastener
applications and is often referred to as
‘galling’. Adhesion is not observed on objects
casually placed together due to the Earth’s
atmosphere and terrestrial organic matter
providing layers of surface contaminant such
as oxygen, water, and oil. The first
experimental observations of adhesion were
under high vacuum conditions, showing a
completely different tribological behaviour of
common materials. All metals apart from

noble metals are covered by an oxide film
when present in unreacted form in an
oxidising atmosphere. This film can be only a
few nanometres thick however it prevents true
contact between metals and hinders
adhesion. With metals in contact with metals,
adhesion is found to be related to their
cohesive binding energy (Buckley, 1982). This
strong adhesion observed between metals
can be explained by electron transfer
between contacting surfaces. The electrons
are not bound by a rigid structure and
providing that the distance between two
bodies in contact is sufficiently small, less than
a nanometre, they can move from one body
to another (Stachowiak, 2014). As an
example, the coefficient of friction of clean
(no oxide layer) iron surfaces is very high, up to
𝜇 = 3. However, the simple theory of adhesion
fails to predict such high values, and the
phenomenon of ‘asperity junction growth’ is
considered. Asperity junction growth is a
process that assumes very high normal loads
and involves frictional shear stress’ that
increase the asperity contact area, which
enables a larger tangential force to be
sustained. This tangential force and contact
area will grow until the maximum shear stress
(yield) of the material is reached. This
increases the friction coefficient, thus causing
a positive feedback loop that results in rapid
friction increase and seizure.
Bond strength at the interface is, with some
exceptions, stronger then the bond strength of
the cohesively weaker of the two materials.
The greatest adhesion occurs for a
combination of like materials, such as iron on
iron, however many other combinations of
unlike metals also show quite high adhesions
(Stachowiak, 2014). The ratio of adhesion
force to contact force can be very high,
around 20 in some cases, with the bonding
process occurring almost instantaneously. It
has been found experimentally that metals
with hexagonal close packed structure show
much less adhesion than other crystal
structures. High hardness, elastic moduli and
surface energy of the metal also suppress

adhesion. Alloys and composite materials are
usually superior to pure materials in terms of
adhesive wear resistance.

2.4 Load Distribution
The thread load distribution in a nut is nonuniform; this could affect the load distribution
on the bearing surface. In fact, there have
been recent studies involving changing the
bearing surface contact area to even out
thread load distribution (Brutti, 2017). Brutti
recently tested washers with an increased
internal diameter and found that they
reduced the stiffness of the first engaged
threads, evening out the load distribution.
It’s interesting to note that the distribution can
change for tension vs compression loading
conditions. Below are graphs of spring models
developed in the 80’s showing both tension
and compression thread load distributions
(Miller, 1983). The first graph represents the
conventional nut-bolt loading conditions and
shows the first threads taking most of the load.
The second graph is the turnbuckle (tension)
case and shows the first and last threads
taking the most load.

Figure 6 Compression Thread Distribution
(Miller, 1983)

2.7 Surface Finish, Roughness and
Texturing

Figure 7 Tension Thread Distribution (Miller, 1983)

2.5 Coatings and Lubrication
It is conventional practice during many
fastener installations to use an anti-seize
lubricant on the thread of the bolt. It’s
application to the nut-washer interface is not
as usual and therefore the unlubricated
condition is a common occurring worst-case
scenario. Silver Anti-Seize from Loctite is a
commonly used lubricant that contains
Graphite, Aluminium, petroleum hydrocarbons
and Calcium Oxide (Loctite Silver Grade AntiSeize Lubricant MSDS, 2003). It uses the
mechanism of solid lubrication and should be
used as a benchmark for any lubrication tests.

2.6 Speed, Temperature and Distance
The torque-tension relationship has been
experimentally proven to be affected by
tightening speed, as well as repeated
tightening and loosening (S.A. Nassar, 2007).
The effects of repeated tightening and
loosening are more significant at low
tightening speeds, less than 30 rpm.
It’s also been found that the tribological
properties of dry sliding surfaces are sensitive
to surface temperature (Zhang Yongzhen,
2008). In a numerical study involving high
tightening speeds and large rotation angles,
the potential for localised melting was
discovered (Nassar, 2008). This would have a
large effect on the rate of surface wear.

Many studies have been dedicated to the
effects of surface texturing on hydrodynamic
lubrication. It has been argued that, in cases
of full or mixed lubrication, the dimples on the
surfaces can act as micro-hydrodynamic
bearings as well as traps for wear debris
(Stachowiak, 2014). This could prove useful in
maintaining lubrication on the nut-washer
interface, as well as reducing friction change
caused by wear debris. Textures can be
produced by many different techniques such
as milling, shot blasting, photochemical
etching, or laser. The main problem with
texturing is finding the optimum surface
texture, as the common approach is a socalled ‘exhaustive search’, which is both
expensive and time consuming.
Real surfaces are difficult to define; however,
the surface roughness of components is
critical as it determines the ability of surfaces
to support load (Stachowiak, 2014). At least
two parameters are needed to describe
surface roughness, one describing a variation
in height and the other describing how height
varies in the plane of the surface (spatial
surface characteristics). Parameters
commonly describing Surface height
characteristics are the roughness average (Ra)
and the root mean square roughness (RMS or
‘Rq’). The averaging effect from ‘Rq’ better
describes the height of asperities. The second
parameter describing surface roughness is the
spatial characteristic. It is described by several
statistical functions, one of which is the
autocorrelation function (ACF). It has been
found that at very high or very low values of
‘Rq’ only light loads can be supported, and
that intermediate values allow for much
higher loads. It is important that as
manufactured surface conditions are
preserved to prevent any deviation in results
due to surface finish.

3.0 Experimental Design
3.1 Test Variables
Bearing Surface OD
As mentioned in the literature review, the
fastener standards don’t provide the design
principles for the bearing surface area.
However, for an M20 nut, product grade A, B,
or C, AS1112.1 provides the minimum OD and
maximum ID as 27.7 mm and 21.6 mm
respectively (AS1112.1, 2015). This results in a
minimum bearing surface area of 236 mm;
which is coincidentally very close to the M20
coarse thread stress area of 245mm (ISO 8982, 1992). Intuitively, this makes sense as this
ensures that the average bearing surface
stress is always less than or equal to the thread
stress. This theory however is conservative
when you factor in the hardness and,
therefore, strength difference between nuts
and bolts.
The proof stress for an M20 Class 8 nut is
920Mpa at 225.4kN, whereas for an equivalent
8.8 M20 bolt, the proof stress is 640Mpa at
147kN. This is to ensure bolt stripping failure
occurs before nut stripping; thus the nut
material is designed to be able to take a
higher stress. Accordingly, we can determine
the area that would result in the nut bearing
surface reaching proof stress at the same
tension as the bolt thread using the following
formula;
𝐴=
=

𝐹
𝜎
147000
920

= 159.8 𝑚𝑚
𝐵𝑒𝑎𝑟𝑖𝑛𝑔 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑂𝐷 ≈ 26𝑚𝑚

Thus, the minimum theoretical bearing surface
area would be 26mm. If this was reduced
further, the bearing surface would yield before
the bolt and increase the amount of nonrotational self-loosening that occurs after
tensioning (Eccles, 2010); a concern which

although outside the scope of this study
should be kept in mind.
The first test variable is therefore reducing the
bearing surface OD from 28.5mm to 26mm.
This will increase the average stress and the
potential for adhesive wear, thus potentially
increasing friction force. It will also reduce the
effective radius about which the friction force
acts. As a result, the friction torque will
comprise of a potentially increased force at a
reduced radius. Thus, providing that severe
adhesive wear is not present, the authors
hypothesis was that reducing the bearing
surface OD reduces the friction torque.

Figure 8 Reduced Bearing OD Test Sample

Hardness
Hardness testing is a convenient and nondestructive means of estimating the strength
properties of materials (Richard G.Budynas,
2015). “Many experiments in the 1950’s
showed that adhesive wear is directly
proportional to the distance traversed and the
normal load, and inversely proportional to the
hardness of the softer material” (Zeng, 2013).
Hardness is therefore a desirable second test
variable. Increasing the hardness should help
offset any negative effects of increasing the
stress from reducing the bearing surface OD.
Nuts are conveniently classed in terms of
hardness, thus both class 8 and 10 nuts will be
tested.

Figure 9 Class 10 Test Sample

Surface Discontinuities
The Segnut bearing surface has three radial
line surface discontinuities. These are a result
of the bearing surface being comprised of
three nut segments. To determine if this
feature has any frictional effects, M20 sample
nuts are wire cut to provide four 0.3mm line
discontinuities.

surface stress reaching proof stress at the
same tension are based on average stress. This
means that the uneven bearing surface load
distribution could cause the innermost part to
exceed proof stress, begin yielding, and
initiate adhesive wear. This theory can be
tested by removing the first three nut threads,
ensuring that the 30-degree compression
cone from the first engaged thread fully
encompasses the bearing surface.

Figure 12 Uneven Thread Load Distribution
(Stanley Engineered Fastening, 2018)
Figure 10 Segnut Surface Discontinuities

Figure 13 Compression Cone
(Richard G.Budynas, 2015)

Figure 11 Surface Discontinuities Test Sample

Thread Cut-out
A conventional nut has an uneven thread
load distribution, most of the load is taken in
the first three threads. This load distribution
causes a stress raiser in the first thread,
negatively impacting the fatigue life of bolts,
refer to the figure 12.
The cone angle compression theory is used to
determine the stiffness of a joint under
compression, refer to figure 13. The cone
angle represents the cross-sectional area of
material in compression, and for steel is
assumed to be 30 degrees.
When this theory is applied to the uneven
thread load distribution, an uneven bearing
surface load distribution can be visualised,
refer to figure 14. This is significant because the
calculations made in the Bearing Surface OD
section about both thread and bearing

Figure 14 Bearing Surface Load Distribution

Figure 15 Thread Cut-out Sample

3.2 Objectives
1. Do the test variables correlate with an
increase or decrease in friction torque?
2. Do the test variables change the
consistency of friction?

3.3 Response Variable
The test response variable is the friction torque
generated during tightening at 75% proof
load of an 8.8 M20 Bolt (ISO 16047, 2005). This
corresponds with approximately 110kN of
tension.

3.4 Design of Experiment
To simultaneously test all four variables for their
main effects as well as their interaction
effects, a 24 full factorial test is implemented.
This involves each variable having a high (+1)
and a low level (-1), and every possible
variable level combination being tested
randomly. For four variables this corresponds
to 16 tests, however one replication is
introduced to obtain more information about
the variance of results. This replication also
allows for checking of the analysis assumptions
to ensure that there is ‘homogeneity of
variance’; or in other words, that the response
dispersion is uniform across the experimental
space (Full Factorial Example, 2018).
Five centre points (0) are used to check the
results for non-linearity as well as any potential
time dependency. Unfortunately, the only test
variable that is continuous and can have a
true centre value is the Bearing Surface OD.
Thus, this is the only variable for which
nonlinearity can be tested. It is set to 27.7 mm
to represent the minimum allowed by the
standards. The other test variables were set to
their lower levels.
To summarise there are 32 randomised tests,
with 5 equally spaced centre points, totalling
37 tests. A spare sample for each combination
of factors was manufactured in case any tests
needed to be repeated.

Variable
Bearing
Surface OD
Hardness
Surface
Discontinuities
Thread
Cut-out

-1

Levels
0

1

28.5 mm

27.7 mm

26 mm

Class
8

Class
8

None

None

None

None

Class
10
4
Lines
3
Threads

3.5 Apparatus and Test
The testing apparatus is comprised of;
Through-hole load cell to measure
tension
Strain gauges to measure bearing
surface friction torque,
Torque reaction arm to house strain
gauges
Thrust ball bearing to ensure all bearing
surface torque was sent to the strain
gauges
Reaction stand to interface with strain
gauges and mount torque converter
Mating surface with 21mm hole as per
fine series specified in ISO 16047,
Mating Surface grooved and flame
hardened to prevent washer spinning,
260mm 12.9 Bolt, enabled the same
bolt to be reused,
Plain Black M20 Washers
Three Logitech USB webcams to
record testing

The Ball Bearings are
within the 30-degree
compression cone;
thus, any bending of
the mating surface
or unconventional
load distribution will
not occur from the
addition of the
bearing.

Figure 16 Test Joint Compression Cone

Figure 17 Test Apparatus Section View

The test procedure involved cleaning each
sample and corresponding washer with
acetone to ensure unlubricated conditions at
the bearing surface. The nuts and washers
were supplied with a light oil, however the
coverage varied greatly between samples,
therefore removal of this oil was appropriate.
Good industry bolting practices always
lubricate the bolt threads, usually with an antiseize product, however the bearing surface is
often still neglected. This is surprising
considering that the bearing surface
contributes more friction than the thread (Q.
Zou, 2005). Thus, it is desirable to test these
variables in the worst-case-scenario. To
enable the reuse of the bolt between tests,
anti-seize was applied to the bolt threads and
great care was taken to ensure that this did

not contaminate the bearing surface during
assembly.
In order for all of the bearing surface torque to
be transmitted to the strain gauges, the
washer must be fixed rotationally relative to
the torque arm. Preliminary test runs involved
machining flats on each washer and a slot on
the mating surface for the washer to sit in,
these were successful however time
consuming and could potentially affect the
results due to modification of the washer.
Instead, radial grooves were cut into the
mating surface, which produces a similar
principle to that of a Nordlock washer.
However, for this to be effective the mating
surface must be harder than the washer to
ensure that the washer embeds into the

grooves (and doesn’t just flatten them). This
was achieved by flame hardening the surface
and applying a ‘Cherry Red’ hardening
compound. The washer and mating surface
were marked at the start of each test, and
then checked for rotation whilst under full
tension.
A 25:1 torque converter is used to aid in the
hand tightening of all tested samples. The
speed of tightening is not controlled during
testing, and due to the strain gauge displays
intermittently turning themselves off, the
tightening was also non-continuous. Refer to
Figure 18. This can potentially increase the
friction and wear due to ‘stick-slip’, as static
friction is larger than sliding friction.

Variable

Type

Input Torque
Tension
Bearing Surface Torque
Grip Length
Lubrication Condition
Bearing Surface OD
Hardness
Surface Discontinuities
Thread Cut-out
Tightening Speed
Ambient Temperature
Contact Temperature
Test Duration

Measured
Measured
Response
Controlled
Controlled
Tested
Tested
Tested
Tested
Uncontrolled
Measured
Uncontrolled
Uncontrolled

¾” Breaker Bar

Torque Converter

Test Sample

Strain Gauge Display

Load Cell Display

Figure 18 Full Apparatus Setup

3.6 Calibration
A Calibration plate was machined up such
that a ¾” drive torque sensor could be directly
fitted into the torque arm. This enabled a
known torque to be applied to the strain
gauges. Multiple increasing and decreasing
torques were applied by hand and recorded
on camera. The resulting data was linear and
appeared to have minimal offset, refer to the
graph below.

Two calibration tests were conducted to
provide confidence in the test results; one for
the load cell, and another for the strain
gauges.
The load cell was taken to the UWA Civil and
Mechanical Engineering building on 7th May
to be tested on their 100kN Instron machine.
The display was found to show loads that were
significantly different to that applied, however
the results showed great linearity, refer to the
graph below. A linear fit was found, and the
equation used to determine the ‘actual’ force
being applied to the load cell.

Figure 19 Instron

Figure 20 Calibration Plate
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4.0 Results and Discussion
4.1 Sample Visual Inspection
Upon visual inspection of the samples, it can
be immediately distinguished that the outer
diameter of the bearing surface suffers the
most coating removal and adhesive wear
(refer to Figure 22). This is at odds with the
initial assumption that the peak stress is at the
innermost part of the bearing surface and that
this would cause any wear or coating removal
to localise there. The resulting wear pattern
however could be attributed to the 32%
increase in sliding distance at the bearing
surface OD relative to the bearing surface ID
as adhesive wear has been shown to be
directly proportional to distance traversed
(Zeng, 2013)
Even some unmodified nuts showed galling,
emphasising the large variations in friction
associated with unlubricated sliding contact.

4.2 Data Validation
The run sequence and lag plots are used to
determine if the results show any time
dependency.
The red data points in the Run Sequence Plot
represent the centre points, they show a slight
downward time dependency, however the
overall test results appear flat as desired. Both
plots appear sufficiently noisy.
The Normal Distribution Plot shows some nonnormality. Conducting an Anderson-Darling
normality test, the P-Value is 0.0231, this is
below 0.05 and thus the null hypothesis is
rejected. Therefore, the data is not sufficiently
normal. This will need to be addressed before
a theoretical model can be constructed.
The Friction torque histogram appears to be
right skewed. This is most likely due to the
nature of galling; such that significantly higher
friction is more likely to result than very low
friction.

4.3 Mean Effects

Figure 22 Standard Nut Tested

The mean effects plot compares all the tests
that occurred with one variable in its low level
against all of the other tests that occurred with
the same variable at its high level. For
example, the bearing surface OD mean
effects plot, shown in red, averages all the 16
tests that were conducted with 28.5mm nuts
and compares them with the other 16 tests
that were conducted with 26mm nuts. This
excludes any interaction effects and
determines if the factor alone is significant
enough to affect the average of all the tests.
Referring to the plots, it should be noted that
the graph’s y axis is truncated and starts at
190Nm, which is slightly below the lowest test
result, which was 192Nm. For context, the
highest result was 376Nm, which is almost
double the minimum.

Figure 23 Assumed Pressure Distribution
(Use of Washers and Flange Heads, 2018)
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The Bearing Surface OD does not appear to
significantly change the bearing surface
friction torque, only increasing the torque by a
minor amount. The hardness however appears
to have the biggest effect, resulting in a
reduction in friction for increased hardness, as
per the literature. The surface discontinuities
plot shows a small increase in friction torque,
and the thread cut-out showed an
insignificant reduction.
The box and whisker plots of the mean effects
display any changes in friction consistency.
The Bearing Surface OD box plot shows a
significant increase in spread and thus a
reduction in friction consistency. This is
confirmed by an undesirable 23% increase in
the standard deviation for the reduced
bearing surface. The hardness box plot shows
a decrease in spread however there appears
to be a significant data point not contained
within the box and whiskers. The surface
discontinuities box plot shows a slight
decrease in spread, interestingly this appears
to have come from a lack of low friction
results. The Thread cut-out box plot shows a
decrease in quantile size but an increase in
whisker size. The standard deviation however
remained the same.

4.4 Interaction Effects
The interaction effects plots ideally show any
specific effects that occur between two
variables. Parallel lines show no interaction.
This leaves the three graphs; Bearing OD vs
Hardness, Hardness vs Surface Discontinuities,
and Hardness vs Thread Cut-out as the only
interactions which demonstrate any significant
effects. Therefore, not only is Hardness the
most significant mean effect but it is also
involved in all three of the interaction effects.
The Bearing Surface OD vs Hardness plot is
quite interesting as it illustrates that reducing
the OD has two different effects depending
on hardness. The ‘soft’ class 8 nuts increase in
friction torque when their bearing surface is
reduced; conversely the harder class 10 nuts
slightly reduce in friction torque. The reduction
in torque can be explained by the reduced

radius in the absence of adhesive wear.
Whereas the increase in torque can be due to
the increased susceptibility to adhesive wear,
and the resulting drastic increase in friction.
The Hardness vs Surface Discontinuities plot
shows that the friction reducing effects of
increasing hardness are decreased by the
presence of surface discontinuities. This was
an unexpected result and should be
investigated further.
The Hardness vs Thread Cut-out plot showed
that the thread cut-outs slightly reduced the
friction torque for the ‘soft’ class 8 nuts but
had less of an effect on the harder class 10
nuts. The evening out of the stress distribution
should have helped reduce the peak stress
and thus the initiation of galling, which
explains the result for class 8 nuts. The class 10
nuts are most likely less effected by the peak
stress due to their increased strength and thus
less effected by the thread Cut-out. However,
it should be noted that the nut wear patterns
cause this theory to be questioned as the
‘peak stress’ location was not the location of
wear for any of the samples.

4.5 Box – Cox Transformation
As mentioned previously, the normal
probability distribution shows that the data
contains significant non-normality and the
histogram shows some skewness. An analysis
of variance and the construction of a
theoretical model requires that the data
sufficiently represents a normal distribution
(Box-Cox Normality Plot, 2018). To test the
response variable’s normality, an AndersonDarling Normality Test is conducted. The
resulting P-Value is 0.0231, which is less than
0.05 and thus the null hypothesis that the data
is normal is rejected.
To obtain a normal distribution, the response
variable data must be transformed. This is
done using the Box-Cox transformation;

(𝑌 𝛾 − 1)
𝑇(𝑌) =
𝛾

The data is transformed for various 𝛾 values
ranging between -5 and 5, and each is tested
for normality. The resulting P-Values are
plotted in a Box – Cox Normality Plot to
determine the optimum value for gamma.
Referring to the normality plot, (-1.5) or (-2)
values of gamma appear to result in the
highest normality. The data was transformed
using (-1.5). The resulting P-Value was 0.569,
which is greater than 0.05, and thus the null
hypothesis for normality could be accepted.

No Multicollinearity

-

This testing measures the reaction torque
continuously and has been normalised using a
Box-Cox transformation. Multicollinearity will
not be a problem since each variable is very
independent. Homoscedasticity however, also
referred to as homogeneity of variance,
assumes that the variance of error is constant
between variables.

Box-Cox Normality Plot
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4.6 Analysis of Variance
An analysis of variance, also referred to as an
ANOVA, was conducted using a free trial of
IBM SPSS. Conducting an ANOVA allows the
statistical significance of each mean and
interaction effect to be quantified. It also
conducts the multilinear regression required to
develop a theoretical model. There are four
main types of ANOVA, one-way, two-way,
MANOVA, and Factorial ANOVA. Since this
test has more than two independent variables
and only one dependent variable, a Factorial
ANOVA is conducted.
The Factorial ANOVA contains multiple
assumptions (Statistics Solutions, 2018);
Continuous Dependent Variable,
Normality
Homoscedasticity

2
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The opposite is heteroscedasticity, which is the
presence of conditional variance, whereby
the variance of a random variable is driven by
the values of one or other variables.
The normalised data was tested for
heteroscedasticity using the SPSS software. The
data failed Levene’s Test and White’s Test, but
passed the Breusch-Pagan Test and the F Test.
Further transformations are required to reduce
the heteroscedasticity of the data and this
was found to be outside the scope of the
project. Thus, the ANOVA may not be able to
build a theoretical model but can still provide
insight for investigating the significance of
each effect. The ANOVA outputs the Partial
Eta Squared for each effect. This is the
proportion of variance accounted for by that
effect (SPSS Tutorials, 2018).
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The ANOVA Pareto plot displays the most
significant effects. As expected, the Hardness
has the largest influence on the bearing
surface friction torque. Unexpected however,
is that a three-way interaction is the second
largest influence – and it doesn’t involve
hardness. This was not foreseen as only twoway interactions were graphed. The previously
discussed two-way effects are also at the
significant end of the pareto plot.
The Thread Cut-out and Bearing Surface OD
isolated effects can be safely ignored, whilst
the Surface Discontinuities might require
further investigation, contributing
approximately 7%.

Percent
TH – Thread Cutout

4.7 High vs Low Friction
It should be noted that the factorial analysis is
concerned with one specific data point from
each test, 75% proof as per ISO 16047.
However, it’s of interest to investigate the
entire tightening process. The following graph
shows the torque-tension from the beginning
to M20 8.8 proof load (147kN) for the highest
and lowest friction torque tests.
Interestingly, the lowest friction test appears to
follow a linear relationship while the two
highest friction tests both appear to be
nonlinear and potentially contain two linear
functions with an inflection point around 8090kN. This inflection point is assumed to be
where galling and adhesive wear began to
effect the friction. It should be noted that
these friction coefficients were already
significantly higher before the inflection point.
This contradicts the idea that most of friction
variation came from the onset of galling and
adhesive wear.
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4.8 Centre Points
The centre points were used previously to
ensure that no extraneous effects had caused
time dependency in the data. However, the
centre points can also be used to determine if
any nonlinearity exists in the variables.
Unfortunately, the centre points only
represented a true centre point for the
Bearing Surface OD, and thus it is the only
factor that can be tested. Referring to the
graph on the right, the Bearing Surface OD
appears to have some nonlinearity, with the
centrepoint having the lowest friction torque.
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4.9 Summary

5.3

The objectives were to determine if and how
each variable affects bearing surface friction
torque.
Bearing Surface OD: Reduced consistency of
friction torque, negligible change in
magnitude, however a potential nonlinear
relationship exists.
Hardness: Significant reduction of friction
torque as well as an increased consistency,
both positive outcomes. It was the most
significant factor.
Surface Discontinuities: Slight increase in
friction torque and an increase in consistency.
It has an interaction effect with hardness and
should be considered in future tests.
Thread Cut-out: Negligible change in friction
torque and consistency. Found insignificant in
the ANOVA.

5.0

Recommendations
5.1

Practical Applications

It’s recommended that any nuts
manufactured with a reduced bearing
surface must not be installed unlubricated. The
increased scatter in friction torque will result in
undesirable scatter in tension and an
increased chance of joint failure.

5.2

Design Insight

The hardness of the bearing surface should be
increased where possible, both reducing
friction and scatter. The bearing surface OD
should not be reduced if the application is
likely to result in unlubricated installation. This is
significant because it means that potentially
other avenues need to be investigated for
reducing the Segnut’s size.
The surface discontinuities slightly increase the
friction at the bearing surface and should be
minimised where possible. The even load
distribution on the bearing surface provided
by the thread cut-out did not affect the
friction torque. Any pursuits for even thread
load distribution should not be conducted
with bearing surface friction reduction goals in
mind.

Field of Nut Tribology

The wear pattern on the nuts differed
significantly from the theoretical stress
distribution. This could imply that the
theoretical stress distribution is incorrect, or
that the distribution of stress is an insignificant
factor in bearing surface wear.
The plots of friction torque vs tension show the
onset of galling and the rapid increase in
friction; however, they also show that the plots
start with a high friction. This begs the question
whether galling is occurring between the
asperities from the very beginning and the
friction increases sharply when the wear
becomes bulk deformation. Or whether it’s
the high initial friction which causes coating
and oxidation layer removal, resulting in metal
on metal adhesive contact, and then the
resulting increase in friction. Either way, these
nonlinear characteristics were not present in
the low friction results that didn’t show visible
signs of galling.

5.4

Future Work

Reduced bearing surface OD tests should be
conducted under varying lubricated and
coated conditions. Surface discontinuities
should also be tested as the minor negative
effects could be negated by the reduction in
overall friction.
If a specially coated nut with a reduced
bearing surface OD resulted in reduced
friction and increased consistency, when
compared to a conventional nut, that
product would much more viable. Also, a
coating solution is much safer as applying
lubrication can easily be forgotten.
Future tests should also involve varying the
properties of the washer, this testing used the
same washer throughout.

under Various Fastening Conditions.
Tribology Transactions.
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