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DESCRIPTION

FIELD

[0001] The invention relates to fasteners.

[0002] The invention will be described, by way of example, in connection with load indicating bolts and
monitoring tensile loads thereon. The invention is not limited to this example; e.g. other examples of the
invention may relate to monitoring tensile or compressive loads in members other than bolts. In particular,
some examples of the invention may relate to fasteners other than bolts.

[0003] "Member" as used herein takes in multi-component members as well as integrally formed
members. "Bolt" as used herein takes in bolts with heads, and bolts without heads. Bolts without heads are
known as “"stud bolts". "Integral” and variants of the term are used herein in their ordinary sense.
Accordingly two bodies may be integrated by welding but do not become an integral body by other
fastening methods (such as adhesive) that result in discrete mutually fastened (potentially integral) bodies.

BACKGROUND

[0004] In some applications it is important to know the load on a bolt, e.g. in applications such as pressure
boundary bolted joints (piping and pressure vessel gasketed, flanged, bolted joints).

[0005] A bolt that is overloaded can cause failure of joint components, whereas a bolt that is under-loaded
may be at risk of fatigue failure, may be indicative of adjacent bolts being overloaded and/or may result in
leakage between pieces clamped by the bolt. The load on a bolt can change over time as the nut loosens
or the bolt or other aspects of the structure creep. This is particularly the case with joints in vibrating
services and high temperature joints. Monitoring the residual bolt load during assembly ensures accurate
bolt load is applied and monitoring during operation enables proactive retightening of the bolts as required.

[0006] Bolt load monitoring methods tend to fall into two categories, contact measurement methods and
non-contact methods. Contact methods use a mechanical means of measuring the relative displacement of
two datums, such as a dial gauge or lever-mechanism.

[0007] To the inventor's knowledge, all non-contact methods (such as light wave measurement, ultrasonic
measurement and capacitive gap measurement) involve measurement tools that (relative to contact tools)
are more expensive, more reliant on datum condition to establish a repeatable reading and more
susceptible to damage and degradation at elevated temperature.

[0008] In the inventor's experience with commercially available bolt load measurement devices, accurate
load monitoring requires that each bolt is measured in its unloaded condition to determine an initial relative
disposition of the datums. That measurement is retained in a way that it can later be retrieved and
correlated with the bolt for subsequent load calculations. In the subsequent calculations, a measured
relative disposition of the datums whilst the bolt is under load is compared to the initial relative disposition
to determine the relative displacement of the datums associated with the load.

[0009] The inventor has recognized that taking an initial measurement, storing and retrieving the
information, and performing these calculations is laborious and another potential source of error.
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[0010] Various contact methods and devices therefor are disclosed in international patent publication no.
WO 2010/140002 A1. Figures 3, 5 and 4 of that publication are reproduced as Figures 1, 2 and 3 herein.
To the inventor's knowledge at the time of writing, the device disclosed in Figures 2 and 3 does not
correspond to any commercially available product. Whilst not well known, this arrangement goes some way
to addressing problems related to the location of the nut.

[0011] Figure 1 shows a bolt 1 carrying a pair of nuts 2. The bolt 1 is a stud bolt having a continuous
external thread along its entire length.

[0012] A strainable portion 3 of the bolt is bracketed by the nuts 2. When the nuts are tightened to
compress a structure (not shown, e.g. two mating flanges of a joint), load is applied to the bolt 1 via the
threading engagements of the bolts and the nuts. The portions of the bolts underlying the nuts and
including the relevant threaded portions constitute load receiving portions of the bolt 1.

[0013] The applied load places the bolt in tension, causing it to strain (or more specifically to extend).
"Strain"” as used herein refers to a change in a dimension expressed as a proportion of that dimension. It
does not imply damage or approaching breakage. Within the elastic range of the material, strain is directly
relatable to load via the elastic properties of the material.

[0014] The bolt 1 includes a bore, running along most of its length, in which a pin 4 is carried. The inner
end of the pin is threadingly engaged with the strainable portion 3. This threading engagement is at the
root of the pin. The other end of the pin is a free end adjacent the upper (as drawn) end of the bolt.

[0015] The free end of the pin and the upper end of the bolt are datums. When the bolt is stretched, the
pin (which remains unstressed) recedes into the bolt 1. This recession can be measured with a dial gauge
6 and indicates an amount by which the strainable portion is strained.

[0016] The amount of recession depends on the location of the nut. The location of the nut can vary,
depending on the thickness of the clamped structure. Calculations to correct for such variations are
laborious and a potential source of error.

[0017] In the device of Figures 2 and 3 only a lower (as drawn) end of the sleeve 8 is anchored in to the
bore of the strainable portion so that the top (as drawn) of the pin and the sleeve provide datums from
which measurements unaffected by the position of the nut may be taken.

[0018] Various non-contact methods and devices therefor are disclosed in UK patent application no. GB 2
372 826 A. Again, to the inventor's knowledge these devices do not correspond to any commercially
available products.

[0019] Figures 2 and 4 of UK patent application no. GB 2 372 826 A are reproduced as Figures 4 and 5
herein. A gauge pin 4 within a bolt is disclosed. The end surface 10 of the pin is prepared to reflect light in
a manner indicative of axial movement. The pin is potentially integral with the bolt and formed by
machining out surrounding material. A fibre optic probe 12 conveys light reflected from the pin to an
imaging spectrometer to obtain an indication of the axial movement.

[0020] The variant of Figure 2 of UK patent application no. GB 2 372 826 A (herein Figure 4) incorporates
a recess 14 dimensioned for a close sliding fit with the probe. This recess is said to engage with and align
the probe.
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[0021] The variant of Figure 4 of UK patent application no. GB 2 372 826 A (herein Figure 5) shows a bore
such that the gauge pin 4 is wholly within the strainable portion of the bolt. The bore is enlarged to define a
step 16 adjacent the end 10 of the gauge pin. Appreciable radial clearance between the probe and the
bore is illustrated. A compression spring 18 is loaded by a collar to bias the probe against the step to
fixedly locate the probe relative to the step.

[0022] In this art, a bore such as the bore of Figure 4 of UK patent application no. GB 2 372 826 A (herein
Figure 5) would typically, if not universally, be formed by drilling. Drilling, when performed carefully by a
skilled machinist using high quality tools and equipment, can be expected to produce a bore having an H10
tolerance at best, that is a bore the widest and narrowest locations of which fall within the H10 range. In
practice, the tolerance would likely be wider than H10 because there is no apparent reason to incur the
expense of maintaining a narrow tolerance.

[0023] To the inventor's knowledge, at the time of writing the use of contactless machining to form load
indicating fasteners was not publicly known. Contactless machining is an umbrella term taking in Electro-
Discharge Machining (EDM), Electro-Chemical Machining (ECM) and laser machining.

[0024] Sinker EDM entails a shaped electrode (tool) being held at a high voltage relative to a workpiece
and slowly moved towards the workpiece so that an arc is formed between the two. This arc has the effect
of eroding the workpiece into a shape complementary to the shape of the electrode. Typically the electrode
and relevant portions of the workpiece are bathed in a dielectric fluid and arcs form when the dielectric fluid
breaks down.

[0025] United States patent number US4847464 discloses the use of sinker EDM to form a spinneret
capillary. International patent publication number WO 2012/097187 discloses EDM disintegration to remove
residual tap, bolt or rivet materials. United States patent number US5391850 discloses driling small
diameter holes with high accuracy using fast-hole EDM.

[0026] Fast-hole EDM entails rotating and advancing a tubular electrode through which dielectric fluid is
pumped. Fast-hole EDM can be used to create through holes and blind holes. To create a through hole, an
electrode having a simple annular cross-section may be used. To create blind holes, more elaborate
electrodes are used to ensure material at and about the axis of rotation is removed. Examples of such
electrodes are described in United States patent number US3622734 A and European patent publication
number EP0634243.

[0027] The inventor's investigations have entailed confidentially contacting numerous persons skilled in the
art of EDM, including many experienced machinists. This investigation has revealed that EDM and other
contactless methods are generally considered unsuitable for forming formations similar to the gauge pin of
UK patent application no. GB 2 372 826. Indeed the vast majority of the machinists contacted were
confident that EDM was not feasible for this purpose:

Most considered sinker EDM technology to be much too slow (i.e. expensive), e.g. forming a 25 mm long
pin by this method is generally considered to take more than 2 hours.

[0028] EDM disintegration is generally considered to be inaccurate, so much so that if applied to machining
out surrounding material to form a gauge pin, it is doubtful that any pin would be left at all.

[0029] Likewise fast-hole EDM is generally considered to be unsuitable for leaving an intact central pin.
When using a "through hole" electrode, the material from at and about the axis of rotation is typically a
misshapen unwanted by-product tapered by preferential erosion at its leading end. Typical "blind hole"
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methods destroy the material at and about the axis of rotation.

[0030] Forming the step 16 and end 10 (of the gauge pin 4) of UK patent application no. GB 2 372 826 A
(herein Figure 5) with any degree of accuracy presents some challenges. The present inventor considers
that it would not be commercially feasible to do so using conventional methods. Machining at the bottom of
a relatively long slender hole is required. This is problematic for most conventional methods. It means long
slender tools, which means higher speed, very small cuts and lots of small movements required. Micro-
milling is one option, but it is considered too slow (i.e. expensive) to be commercially feasible.

[0031] It is not admitted that any of the information in this patent specification is common general
knowledge, or that the person skilled in the art could be reasonably expected to ascertain or understand it,
regard it as relevant or combine it in any way at the priority date.

[0032] US 3850133 discloses a strain indicator. JP 59117906U discloses load measurement. US 4676109
load indication. EDM is discussed in "Wire EDM Fundamentals Revolutionizing Machining Wire Electrical
Discharge Machines", Carl Sommer et al, 21 April 2011 (2011-04-21), XP055457016.

SUMMARY

[0033] One aspect of the invention provides a fastener according to claim 1 and a method of forming the
fastener according to claim 16. Further embodiments are defined by claims 2 - 15 and 17-26.

BRIEF DESCRIPTION OF DRAWINGS

[0034] An embodiment of the apparatus will now be described by way of example only with reference to
the accompanying drawings in which:

Figure 1 is a partially cut away side view of a prior art bolt and measuring tool;

Figure 2 is a partially cut away side view of a prior art bolt;

Figure 3 is a partially cut away side view of the bolt of Figure 2 and a measuring tool;
Figure 4 is a partially cut away partial side view of another prior art bolt and measuring tool;
Figure 5 is a schematic cross-section view of a portion of another prior art bolt and measuring tool;
Figure 6 is a cross-section view of a portion of a bol;

Figure 7 is an end view of a bolt with a cross-section through an EDM electrode;

Figure 8 is a cross-section view of a portion of a bolt and electrode of Figure 7;

Figure 9 is an end view of a bolt with a cross-section through another EDM electrode;
Figure 10 is a section view of a stud bolt with an end cap;

Figure 11 is a cross-section view of a measuring portion of a tool;

Figure 12 is a cross-section view of an assembled measuring tool;
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Figure 13 is an exaggerated cross-section view of the interface between the datums and a misaligned
measurement tool;

Figure 14 is an exaggerated cross-section view of the interface between the datums and an aligned
measurement tool;

Figure 15 is an exaggerated cross-section view of a bolt and a misaligned measurement tool;
Figure 16 is a cross-section view of another tool engaged with a stud bolt;

Figure 17 is a cross-section view corresponding to the line 16-16 in Figure 16;

Figure 18 is an exaggerated cross-section view of a bent bolt;

Figure 19 is a cross-section view of the tool of Figure 12 engaged with the bolt of Figure 6;
Figure 20 is a partial view of the tool and bolt in Figure 19;

Figure 21 is a cross-section view of another tool engaged with a headed bolt; and

Figure 22 is a graph of bolt stress vs time.

DESCRIPTION OF EMBODIMENTS

[0035] Figure 6 illustrates a bolt 20 including a head 21, a shank 22 and a threaded portion 30. The shank
22 constitutes a strainable portion. When the bolt is tightened, and thus under load, the shank 22 will strain
appreciably whereas there will be much less deformation within the head 21 and any deformation within
the head 21 will be more complex.

[0036] The bolt 20 is a single integral body of material machined from a single block of steel.

[0037] A bore 23 opens from the end face of the head 21 and is coaxial with the head 21 and shank 22.
The bore 23 has a stepped profile. The outer end of the bore is internally threaded, forming a retaining
region 24. From this outer end the bore steps down to a reduced diameter before terminating at its inner
end 25. The inner end 25 is a planar face perpendicular to the axis of the bolt and, as will be described,
constitutes a datum, specifically the strainable portion datum 25.

[0038] A pin 26 sits within the shank 22, the pin typically being referred to as a gauge pin or reference pin
26. The reference pin 26 extends upwardly (as drawn) from its root 28 to its free end 27. The free end 27
is a planar face perpendicular to the axis of the bolt. The free end 27 constitutes a datum, specifically the
reference datum 27. In this example, when the bolt is unloaded the datums 25, 27 are in co-planar
alignment. Advantageously this alignment leads t{o the elongation of the relevant portion (i.e. the datum to
the root portion) of the strainable portion being the difference between the position of the strainable portion
datum 25 relative to the reference datum 27, and is typically directly proportional to the load in the bolt.

[0039] Other examples of the invention may take the form of a stud bolt akin to the bolt of Figure 1 in
which the head 21 of the bolt of Figure 6 is replaced by an externally threaded portion, forming the first
load receiving portion, as shown in Figure 10, co-operable with a nut (not shown). In these examples, by
locating the datum 25 within the strainable portion, rather than within or beyond the load receiving portion
underlying the nut as in Figures 1 to 3, complexities related to the location of the nut and the complex
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strain field in the region underlying the nut are avoided. This region is sometimes referred to as "dead
length".

[0040] The bore 23 and pin 26 are preferably formed by a series of machining operations including drilling,
reaming, tapping and EDM. Firstly, most of the bore 23 is drilled. The bore is then reamed to size.
Reaming typically produces about an H6 tolerance and a surface finish up to a maximum of Ra 2um AARH.
A maximum of Ra 2um AARH is the preferred surface finish regardless of how the bore is formed. Whilst
reaming is the preferred secondary bore forming operation, other processes such as honing, boring and/or
grinding may also be suitable.

[0041] The retaining region 24 is formed in the end portion by tapping to define a female thread about its
cylindrical wall. Following those operations, a portion 29 of material that is itself tubular is machined out to
define the reference pin 26. The datums 25, 27 are then formed in a single machining set up, by EDM in
this example.

[0042] Whilst EDM is employed in this example of the invention, other forms of contactless machining may
be employed in place of one or more of the described machining operations.

[0043] The removed material 29 is an annulus of removed material such that the pin 26 is cylindrical,
although other shapes are possible.

[0044] The annulus of material is preferably removed (fo define the pin 26) using a variant of fast-hole
EDM. An electrode that is cylindrical and tubular is axially advanced towards the workpiece. In contrast to
conventional thought in the field of EDM, the inventor has found this method to be commercially feasible.
By using a relatively thin-walled electrode, holding that electrode at a relatively lower voltage and reducing
the rate at which the electrode is advanced, commercially satisfactory results have been achieved.

[0045] Once supplied with this knowledge, persons of skill in the art have no difficulty implementing this
process. Indeed, the inventor confidentially reverted to a number of the machinists who suggested that
EDM was not suitable, and once supplied with this knowledge those machinists were in fact able to
produce a sample pin in a commercially acceptable timeframe.

[0046] The pin and exterior of the shank are preferably aligned within the one or more (and preferably all)
of the following tolerances:

« Bolt alignment bore tolerance = total radial run-out relative to the reference pin to be within 1/200t of

reference pin length or more preferably within 1/600t of reference pin length;

* Pin alignment tolerance = coaxial to the bolt to within 1/60th of reference pin length; and

« End of pin alignment = concentric to the bolt alignment bore to within half the gap between the pin
and outer datum (this in conjunction with a similar tolerance applied to the measuring tool ensures
that of a bolt's two datums, each of the tool's datum two contacting portions contacts only its
respective target datum).

[0047] Experimentation has shown that these tolerances are not only achievable, but are practical, using
the described variant of fast-hole EDM.

[0048] In one example, the annular material could be removed (to define the pin) during the same EDM
operation during which the datums 25, 27 are formed. To form this shape, the electrode would have planar
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faces corresponding to the faces 25, 27 and a tubular extension corresponding to the removed material
29. More preferably, a tubular electrode is used to form the void 29 (as described above) and a separate
cylindrical electrode having a planar end face brought in to define the datums 25, 27.

[0049] The datums could be formed using sinker EDM, that is the separate cylindrical electrode could
correspond in diameter to the datum 25 so that a central portion of its end face is for the reference datum
27 and an outer annular portion of that face is for the strainable portion datum 25. Of course the surfaces
of the electrode(s) would be offset from the surfaces of the bolt 20 by a distance corresponding to the arc
distance.

[0050] Whilst conventional sinker EDM could be so employed and would be advantageous over many
other methods, the inventor has recognized the potential for relevant error in that the end face of the
electrode may well wear to some non-planar shape. In particular the electrode's central portion may erode
at a different rate to its outer annular portion. Such erosion would result in a change in the relative
disposition of the datums 25, 27 which (if left unchecked) would impact upon load measurement accuracy.
The inventor's experiments suggest that conventional sinker EDM could be expected to maintain the axial
disposition of the high point of one datum to the high point of the other datum within a tolerance of about

0.13mm at best. 0.13mm corresponds to about 1/200t of a 25mm reference length.

[0051] The inventor has recognized that this wear problem can be addressed, and very accurately aligned
datums can be achieved, by relatively moving at least a portion of the functional area of the electrode over,
to act on, both of the datums 25, 27. One implementation of this concept is illustrated in Figures 7, 8 and 9.

[0052] A cylindrical electrode 35 is placed parallel to but offset from the centerline 34 of datums 25 and 27.
The diameter of the electrode 35 is preferably smaller than the bore diameter but larger than half of the
bore diameter. The centerline 34 corresponds to the axis of pin 26, which also corresponds to the axis of
the bolt in this example. The electrode 35 could be a solid cylindrical electrode, the end portion of which is
bathed in a suitable dielectric. Alternatively, as suggested in Figure 9, a hollow electrode may be used.

[0053] Figure 9 shows an alternative form of electrode, being fluid cooled by galleries 37 running inside the
electrode 35. By passing fluid through the galleries the EDM can be performed without a bath, since the
fluid passes from the galleries to flush between the electrode and the surfaces being machined.

[0054] The advantageous relative movement is suggested by the arrows in Figures 7 and 8 and is the
combination of two or three distinct movements:

« the electrode 35 is rotated about its axis in one direction (clockwise as drawn in this example);

o the bolt 20 is rotated about its axis in the opposite direction (anti-clockwise as drawn in this
example); and

« the electrode 35 is optionally laterally stroked (i.e. moved in a direction perpendicular to the axis of
the bolt) or more specifically (in this example) stroked radially relative to the axis of the bolt.

[0055] As part of this movement, respective portions of the functional area repetitively pass over one of the
datums and then the other. Relative to other simpler movements, each of these respective portions
traverses a greater area of the datum surfaces.

[0056] This relative movement limits, or in preferred implementations substantially avoids, the adverse
consequences of machining tool wear. By way of example, if the end face of the machining tool were to
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wear to a concave shape, the remaining circular rim would continue to act on the workpiece to accurately
produce flat co-planar datums. On the other hand, if the end face were {o wear to a convex shape, the
stroke and diameter of the electrode can be adjusted so that substantially the same outer annular region
defines the outer datum 25 and a central portion of the inner datum 27, whereby the axial relative
disposition of the highest points of the datums can be very tightly controlled.

[0057] For the avoidance of doubt, "high point" and "highest point" and variants of those terms are used
herein in their ordinary sense in the context of machined components to refer to the points that would be
picked up by a contact measuring tool. These points are independent of the orientation of the workpiece.

[0058] Experimentation has shown that electrodes and bolts mutually wear each other, such that in
practice the electrode wears more uniformly than in conventional EDM processes, such that functional area
remains relatively planar. It is contemplated that some rounding would occur about the circular perimeter of
the functional area, although this has not be noticeable in the experimental results and is adequately
accounted for by routine corner treatment (e.g. chamfering or rounding) of the leading circular edge of the
measurement tool to clear any corresponding rounding of the corner connecting the outer datum 25 to the
cylindrical wall of the bore portion 23.

[0059] Each of the datum surfaces preferably has a maximum axial run-out of 1/1 00" of the distance from
the datum of the member to the root of the pin, regardless of how it is formed. This limits variations in
measurement associated with rotatable measurement tools. The described EDM process has been found
to produce a satisfactory axial run-out.

[0060] Beyond limiting the adverse effects of machining tool wear, the described relative motion offers the
further benefit in that the dielectric fluid is in continual motion. This improves the quality of the fluid in the
critical region in which arcing occurs, by more effectively flushing away eroded material and limiting the
formation of bubbles and other localized effects. In turn, a better surface finish is achieved which further
contributes to the accuracy of the initial disposition of the datums. In particular, rotation of the bolt is
thought to aid in the removal of the machined waste due to the centrifugal forces associated with this
rotation.

[0061] To emphasize, it is motion of the machining tool relative to the bolt that is most important. Aside
from the mentioned centrifugal forces, similar benefits could be obtained by holding one of the tool and the
bolt stationary and suitably modifying the motion of the other of the tool and the bolt.

[0062] By combining aspects of sinker EDM and fast-hole EDM methods as described, maintaining suitable
machine settings, selecting appropriate electrode dimensions, selecting suitable dielectric fluids and the
incorporation of an offset electrode with counter-rotation of the work-piece and the electrode for machining
the datum surfaces, it is possible to use EDM to produce a load-indicating bolt in a commercially viable
mass-production process (i.e. within 2 to 3 minutes per bolt for the entire EDM process). Once supplied
with the knowledge in this patent specification, persons of skill in the art will have no difficulty selecting and
controlling these parameters.

[0063] The separate annulus-forming and datum-forming machining operations can be completed using
the same EDM power supply and control system.

[0064] By forming both datums in a single machining set up the initial relative disposition of the datums 25,
27 is very tightly controlled. The manufacturing process can include checking the relative disposition of the
datums and re-machining if that disposition is outside of a predetermined tolerance, although often re-
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machining is not required. For practical purposes, process variation is eliminated.

[0065] The initial relative disposition can be controlled tightly enough that, for most purposes, there is no
need to know the history of the bolt, e.g. no need to measure the initial relative disposition or to track this
information. Thus the labour and potential for error associated with measuring, tracking and calculating the
unloaded relative disposition of the datums is eliminated. This is particularly advantageous in the context of
quality assurance activities entailing random inspection.

[0066] The described process can be automated and relatively straightforward, meaning that bolts may be
produced by a standard machine shop. There is no need for specialist calibration or a specialist fabricator.

[0067] In the finished member, both datums are defined by the same integral body of material. Thus the
errors inherent in multi component constructions are avoided. These avoided errors include both initial
production variations and longer term variations. In the longer term, connections such as threaded
connections and force fitted pins can work loose when subject to vibration and/or thermal cycling. For
example, with reference to Figure 1, if the threaded connection at the root of the pin were to work loose,
the measured degree of recession would be reduced which may lead to a false measurement and over
tightening of the bolt and in turn failure of the bolt. Also the labour costs of the assembly steps have been
avoided. For example, with reference to Figures 1 to 3, the costs and errors associated with threadingly
engaging a pin and inserting a sleeve are avoided.

[0068] Formation of the pin 26 and the strainable portion 22 by the same machining process and as part of
the same integral body also reduces errors associated with differential thermal expansion. For example,
even if the pin of Figure 1 were formed of nominally the same material as the shank, differences in the
fabrication techniques used to make these components can lead to different coefficients of expansion.
Such formation also ensures that the pin and the strainable portion have a similar tolerance for operating
conditions such as temperature and other environmental factors. Moreover, in at least preferred forms of
the member, the datums 25, 27 and the root 28 of the pin 26 are all within the strainable portion of the
member so as to most likely be at substantially the same temperature. This reduces the errors associated
with temperature differences.

[0069] The use of EDM allows the construction of finer features than other machining methods, e.g. the pin
26, annulus 29 and shank 22 may have outer diameters of 2.5 mm, 3.2 mm and 19 mm respectively.

[0070] The bolt may be pre-relaxed (by tightening on a solid steel cylinder and placing it in an oven) prior
to machining the gauge pin, such that the bolt has already had primary creep / relaxation prior to being
placed in service. The device will then still measure actual elastic elongation (since plastic elongation due
to creep / relaxation will be minimal). This is useful for high temperature joints. The process of pre-relaxing
the bolt can be used on any bolt, particularly those used in high temperature environments and the bolts
do not need to be load indicating bolts.

[0071] Tightening the bolt onto an item is one method of applying a load to the strainable portion in the
same direction as an in use loading of that portion. Other means of applying load in that direction are
possible.

[0072] Preferably the process for pre-relaxing the bolt is controlled based on the bolt material and the
intended application temperature and bolt stress level. An exemplary pre-relaxation process involves
stressing the bolt to a given bolt stress level which is in excess of the intended operating bolt stress but
sufficiently low so as to avoid excessive yield at temperature, and placing it in an oven at a temperature
that is hotter than the intended operating temperature, but lower than a temperature that will modify the
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material properties. The oven temperature is then maintained for a period of time, determined by previous
testing of similar bolt materials under similar conditions, such that the primary rate of creep / relaxation has
been exhausted and the bolt is now at a suitable secondary creep / relaxation rate such that a rate of
secondary creep / relaxation is negligible compared to an elastic strain of the strainable portion. Whilst the
oven might be held at a constant temperature, the characteristics of the heating might be varied to produce
other temperature profiles.

[0073] Controlling the process parameters such that at the end of the pre-relaxation period the creep /

relaxation rate is less than 4x10"7 m/m/hr has been found to be highly desirable. This rate of creep /
relaxation often corresponds to a nominal in service relaxation not more than 10% (based on a nominal
service of 5 years at 80% of a creep temperature and an initial stress of 50% of a yield stress). This
nominal service relaxation is sufficient for most purposes.

[0074] Achieving adequate pre-relaxation may require the bolt to be removed and retightened periodically,
depending on the material, the bolt stress, the oven temperature and the intended operating conditions.
For the avoidance of doubt, "heating for a period" and similar words as used herein take in the possibility of
heating for two or more separate sub-periods.

[0075] Preferred forms of the described process result in a selected secondary creep / relaxation rate that
is minimal by comparison to the expected bolt elastic elongation, ensuring that the load measurement
corresponds substantially to the elastic elongation, rather than the combined elastic-plastic elongation of
the bolt.

[0076] Creep is the elongation of the material under constant stress, relaxation is the loss of load under
constant deflection. Relaxation occurs at a much lower temperature than creep and is due to micro-
plasticity of the material. The microstructures of some materials will undergo more relaxation than others.
For example, alloys intended for very high temperature uses will likely be less responsive to the pre-
relaxation treatment disclosed herein, whereas cheaper more popular alloys can be pre-relaxed to a point
where in-use relaxation is at the secondary creep / relaxation strain rate. For such lower alloy materials,
imparting an initial creep strain into the bolt during the pre-relaxation treatment ensures that the strain rate
once it is placed into service will be significantly lower. This is particularly the case in services where the
creep rate will not be very high and relaxation is the primary cause of bolt load loss. So the pre-relaxation
process enables the use of low alloy and less expensive higher alloys in place of expensive high
temperature alloys for bolted joints that are operating at a temperature where creep is not significant but
relaxation causes loss of bolt load to the point where joint integrity is compromised. Bolt relaxation can
compromise joint integrity so that in a pressure boundary bolted joint there is leakage and, in a structural
type joint such as a compressor casing or similar, the bolt load loss is to the point that the bolt will be at risk
of fatigue and/or other parts of the structure will become over-stressed.

[0077] While in most cases the heating of the bolt would exceed a nominal creep temperature of the bolt
material and would be less than a maximum temperature limit set as the lower of the annealing
temperature for the material or the temperature that causes detrimental microstructural changes (such as
the precipitation of carbides to the grain boundaries in some material for example, i.e. adversely affecting
microstructural changes of the strainable portion of the bolt), the heating temperature may be in as broad a
range as from 80% of the creep temperature up to the maximum temperature limit. Preferably the heating
temperature is within 30% to 90% of a range defined from the creep temperature to the maximum
temperature that causes detrimental changes to the bolt material. Similarly while the load applied to the
bolt during the pre-relaxation process is preferably equivalent to between 50% of the yield stress in the
strainable portion of the bolt at ambient temperature and 100% of the yield stress at an operating
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temperature of the bolt, it is more preferably equivalent to at least 75% of the yield stress at ambient and
less than the yield at an operating temperature of the bolt. Heating close to the maximum temperature,
applying a load of at least 75% of yield at ambient temperature and reapplying the load as the bolt relaxes
all accelerate the pre-relaxation process. Therefore it is also desirable to remove and retighten periodically
to accelerate the accumulation of strain during the pre-relaxation treatment. It would be advantageous to
use a long oven to accommodate a full length of threaded bar used for stud bolts.

[0078] Figure 22 shows a graph of bolt stress vs time for a bolt that is assembled on a solid steel cylinder
and heated. The slope of the curve 100 is the creep / relaxation rate. The region 101 from zero time up to
the time indicated by the line 103 the relaxation rate is a primary creep / relaxation rate. After that time, the
creep / relaxation rate begins to approach a low rate, through which time the process is known as
secondary creep/relaxation, region 102. In some cases the pre-relaxation treatment is carried out to
exhaust the primary creep / relaxation, so the bolt is loaded and heated for the time indicated by the line
103. However it can be advantageous to use a slightly longer time pre-relaxation treatment time as
indicated by the line 104, going past what would be traditionally called the point of transition between
primary and secondary. The benefit of using the slightly longer pre-relaxation treatment time is that the bolt
material is to ensure that, for most purposes, the rate of secondary creep / relaxation will be negligible
compared to the bolt assembly elastic strain.

[0079] The datum 25 is defined by the strainable portion 22, i.e. it does not sit higher up within or above
the head 21 of the bolt or in the load receiving portion of the thread. Locating this datum in this region
removes the influence on the relative displacement of the datums 25, 27, of the complex stress and
deformation patterns within the head 21.

[0080] Figure 10 shows the stud bolt of Figure 8 assembled with a first nut 42 engaging the first load
receiving portion 36 of the external thread 43 near the measuring access end 44 of the bolt. A second nut
45 is shown towards the opposite end of the bolt 20 in the stud bolt assembly 41 to enable load to be
applied and reacted by the first and second nuts. The second nut engages the thread 43 over a second
load receiving portion 46. The strainable portion 47 is the region of the bolt between the first and second
load receiving portions 36 and 46. The hole 48 from the measuring access end of the bolt includes the
bore portion 23 ending in a datum step 49 at its inner end. The threads of the end portion 24 of the hole 48
are multi-purpose. During ordinary use of the bolt in typical operating environments the threads co-operate
with a plug 50 which blocks access to the datums 25, 27 to shield them from debris that might otherwise
settle on the datums (and thus make accurate measurement impossible) or bind within the gap 29 to give a
false reading. The plug 50 also protects the datums from corrosion and other environmental degradation.
Potentially a desiccant or an inert gas may be sealed in by the plug as a further means of protection. The
plug 50 sits within the hole 48, as opposed to a cap that might sit over an external feature on the
measuring access end 44 of the bolt to cover and protect the bore 23. Other closures are possible.

[0081] In typical operating environments, to measure the load on a bolt the plug is removed and a
measuring tool screwed in its place. In more aggressive/hazardous environments, such as underwater, a
measurement tool may remain permanently engaged with the threads to protect the interior of the bolt, e.g.
to prevent the ingress of seawater, corrosion of the datum and reduced operational lifespan of the bolt load
measurement device.

[0082] Figure 11 illustrates the principal components of a measuring tool 60 which in and of themselves
constitute a tool. These principal components include an outer tubular datum contacting portion 61 for
making contact with the strain portion datum of the bolt, and another datum contacting portion 62 in the
form of a pin internally carried within the portion 61 for making contact with the reference datum on the end
of the reference pin of a bolt. The pin or measuring rod 62 is mounted to axially slide within the sleeve 61
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and a strain gauge 63 carrying diaphragm 64 is mounted to detect this movement. The sleeve 61 is
dimensioned to align and support the pin 62 to substantially eliminate error inducing lateral movement at
the pin 62.

[0083] As previously noted there is an axial distance from the highest point of the reference datum to the
highest point of the strain portion datum of less than 1/1000th of an axial distance from the reference
datum to the root of pin. Preferably however, each of the datum contacting portions preferably has a

maximum axial run-out of 1/1000t" of the distance from the reference datum of the member to the root of
the pin, regardless of how it is formed. This limits variations in measurement associated with rotatable
measuring tools.

[0084] The portion 61 has a disc-like head 65 from which a circular rim 66 axially projects. That rim is
spanned by the diaphragm 64 such that the diaphragm resists the pin 62 retracting into the tool. In doing
so the diaphragm 64 deforms so as to have a bell curve-like transverse cross-section. Strain gauges 63
mounted on the diaphragm detect this deformation. The diaphragm offers some resistance to this
deformation whereby the reference datum contacting portion or pin 62 is urged to remain in contact with
the reference datum 27 of a bolt being measured.

[0085] Similar diaphragms and strain gauges are known in the context of pressure measurement. By
drawing on technology from this non-analogous art, the present inventor has realised significant
efficiencies and increased accuracy of measurement. Desirably the strain gauge may operate on a voltage
low enough to suit explosive environments.

[0086] Desirably the tubular portion or sleeve 61 is dimensioned for a close sliding fit within the bore 23 of
a bolt and so as to seat against the reference datum 25 of the bolt without contacting the strain portion
datum 27 of the bolt. The pin or measuring rod 62 is dimensioned to seat on the reference datum 27
without contacting the strain portion datum 25. This close sliding fit means that the tubular probe is aligned
precisely by the tight tolerances between its outer shaft and hole in the bolt. This alignment leads to better
measurement accuracy over existing devices in which the alignment is made only using the contact
surfaces on the bolt head. The inventor has observed that when using such existing devices the read out
value changes by about 10% if you rotate the device or remove and replace the device. This is due to the
relatively small contact area used to align the device to the bolt. The described close sliding fit substantially
eliminates this variation (i.e. error). The engagement between the cylindrical exterior of the portion or
sleeve 61 and the cylindrical interior of the bore of a bolt to be measured is a translational sliding
engagement (as opposed to, say, a helical sliding engagement in a threaded connection). Of course
cylindricity is not essential. Profiles other than circular are possible.

[0087] Figure 12 shows a measuring tool 30 comprising the principal components shown in Figure 11 and
a retaining cap arrangement 80 to locate the measuring tool to the thread in the end of the hole of a bolt.
As in Figure 11, the measuring tool includes a pin or measuring rod 62 within a sleeve 61, the inner end of
the measuring rod 62 having a diaphragm contacting surface 71. The sleeve 61 has a probe portion 72
and, at one end, a flange portion 65. A diaphragm 64 is arranged across the flange portion 65. In use, the
diaphragm contacting surface 71 of the measuring rod pushes on the diaphragm 64. The other end, being
the external end, of the measuring rod 62 has a reference datum engaging surface 73 to engage the
reference datum of a bolt.

[0088] The measuring rod also includes a ridge 74 co-operable with a complementary formation within the
sleeve 61 to prevent the rod 62 from extending too far relative to the sleeve 61 so as to retain the rod 62 at
least partly within the sleeve 61.
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[0089] The sleeve 61 is held in a two piece housing (the retaining cap arrangement 80) comprising a body
81 and a cap 82. The outer surface 75 of the probe portion 72 of the sleeve is preferably a sliding fit inside
the bore 23 of the bolt to be measured. A thread or other form of retaining region 83 on the housing is
provided to enable the measuring tool 60 to be anchored to the bolt during measurement. A spring or other
resilient member 84 between the housing cap 82 and a cap 76 on the flange ensures that when the
measurement tool is engaged with a bolt, a strain portion datum engaging end 77 of the sleeve is pushed
with a controlled force onto the strain portion datum.

[0090] Deformation of the diaphragm 64 by the measuring rod 62 is measured by strain gauges 63
connected by wires 78 to a measurement display unit (not shown). Other arrangements are possible, such
as locating the signal conditioning components in the measurement tool and using a wireless link to a
measurement display unit.

[0091] A non-circular bore profile can be engaged by a measuring tool having a complementary non-
circular profile to substantially prevent rotation of the tool about the axis of the gauge pin, e.g. the tool may
have a keyway in which a key of the bore is received or vice-versa. The inclusion of features co-operable
to limit rotation of the tool relative to the member is another means of improving accuracy.

[0092] The measuring tool 60 is but one example of a mechanical load checking tool that may be
advantageously used in conjunction with the described members. In contrast to non-contact tools
mechanical load checking tools are characterised by having at least one dedicated datum contacting
portion for each of the datums. Mechanical load checking tools are often simpler, more robust, less
sensitive to temperature and of lower cost than other options.

[0093] The inventor has recognised that the tool taking its alignment from the bore is a significant advance
over existing arrangements in which alignment is taken from a surface transverse to the gauge pin, e.g.
over the variant of Figure 4 of UK patent application no. GB 2 372 826 A (herein Figure 5) in which the
probe is biased against the step to fixedly locate the probe relative to the step.

[0094] The significant advance arises because despite all reasonable manufacturing precautions being
taken, no surfaces are truly planar. Rather, nominally planar surfaces are in fact irregular albeit if only at a
microscopic level. These irregularities can result in misalignment of the tool and in turn to measurement
error. The larger a surface is, the more difficult it is to keep within a given flatness tolerance.

[0095] Figure 13 schematically illustrates an interface between a variant of the system incorporating a
sleeve portion 61 of reduced diameter or insufficient bore length so that the measuring tool does not take
its alignment from the wall of the bore 23, but rather from one of the datum surfaces, in this case from
surface 25. Surface irregularities are greatly exaggerated in the Figures. As suggested by the line L,
despite these irregularities the surfaces 25, 27 are nominally co-planar. Nonetheless, as will be apparent,
these irregularities result in the tool being cocked and in an erroneous measurement suggesting that the
datum 27 is proud of the datum 25.

[0096] Figure 14 is a schematic similar to the schematic of Figure 13 but for an engagement E between
the wall of the bore 23 and the tool. The engagement E, a radial clearance toleranced for a running or
sliding fit, ensures that the axis of the tool is parallel to the axis of the gauge or reference pin 26 and in turn
a respective high point of the each of the datums 25, 27 is picked up, leading to a more repeatable
measurement. The axis of the tool is thus held perpendicular to the (nominally) planar datums using a
repeatable method.
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[0097] Moreover, the engagement E means that the datums 25, 27 are released from the tool-aligning
function that they might otherwise serve and therefore may be smaller than would otherwise be required.
Because the datums are smaller, surface irregularities can be minimised or, put another way, a tighter
flatness tolerance can be maintained. This contributes to the accuracy of the measurement.

[0098] By checking the relative disposition of the high points during manufacturing and if necessary re-
machining, the initial alignment of datums can be very tightly controlled using relatively low cost
manufacturing techniques. The initial alignment is controlled to within suitable tolerances so that tools can
be calibrated with standard calibration blocks.

[0099] By way of example, satisfactory accuracy for many applications can be achieved using a 25 mm
root-to-datum dimension and an initial alignment tolerance between the datums (or more specifically the
high point of the datum 25 and the high point of the datum 27 as discussed above) within 12.5um. More
accurate applications may require a tolerance of half this value. The axial distance between the high points

of the datums 25, 27 is less than 1/1000t" of the length of the reference pin, preferably less than 1/2000t

(i.,e. 12.5um for a 25 mm long reference pin) and in more accurate applications, less than 1/4000t of the
length of the reference pin.

[0100] These tolerances are readily achievable using the described low cost manufacturing techniques. In
contrast, achieving similar results would be much more difficult (i.e. much more expensive) using
arrangements as in Figure 4 of UK patent application no. GB 2372 826 A (herein Figure 5) and Figure 13.
It would be much more difficult because achieving the same accuracy would require the cumulative errors
across the entire datum surface under the measurement probe and relating to flatness, parallelism,
perpendicular and co-planar to be held all within the same overall tolerance, which is much more difficult
due to the possible combinations of error accumulation. In addition, the non-contact method of
measurement of GB 2 372 826 is inherently more sensitive to surface condition than the present contact
measurement method.

[0101] Similar comments apply in respect of the arrangement of Figure 2 of UK patent application no. GB 2
372 826 A (herein Figure 4). Whist that arrangement includes a close sliding fit within a bore that would
assist with concentrically aligning the end of the tool with the datum, that bore is much too short to limit
angular misalignment, i.e. to limit misalignment of the type illustrated in Figure 13.

[0102] The advantageous engagement E arises from a combination of the fit (relating to the radial
clearance) and the length of the engagement. Figure 15 is an exaggerated schematic of misalignment of a
measuring tool 60 resulting from a loose fit. Measurements would vary as the tool is rotated or otherwise
manipulated. Likewise, even a very tight fit in a short bore such as the bore of Figure 2 of UK patent
application no. GB 2 372 826 A (herein figure 4) would allow for tool misalignment and in turn to
appreciable variations in measurement as the tool 60 is rotated or otherwise manipulated within the hole
48.

[0103] If a sliding fit is used, accuracy sufficient for most purposes can be achieved whilst the length of the
bore portion is reduced to 1.5 times or even equal to the bore diameter, particularly if a short bushing is
also provided in the hole axially spaced from the bore portion to assist with alignment of the probe portion
of the measurement tool. So the ratio of bore portion length to diameter is preferably at least 1:1, more
preferably at least 1.5:1, at least 2:1 or at least 3:1. Where a ratio of 1.5:1 or less is used, preferably the fit
between the bore of the bolt and a probe portion of a measuring tool is a sliding fit to ensure misalignment
iS minimised.
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[0104] The fit between the bore of the bolt and a probe portion of a measuring tool is preferably at loosest
substantially an RC 6, i.e. at loosest a medium running fit. The (ANSI) RC 6 fit falls between the 1SO Free
Running and Easy Running fits, all three of which require an H9 hole tolerance at loosest. An H9 bore will
form a suitable fit with tools of nominally the same diameter and formed to ISO e8 or better (e.g. 8, 7, e7,
g6 or g7, the tolerances for ANSI RC 5 and RC4 and ISO Easy Running or Sliding fits). The H9 tolerance is
preferably applied as an H9® tolerance, i.e. HS with the envelope specification to simultaneously limit wavy
or otherwise bent bores as well as the bore diameter.

[0105] To account for non-cylindrical bores (such as a cylindrical bore extended by a keyway), the square
root of the bore's cross-sectional area is a suitable substitute for the diameter in the above calculations.
For the avoidance of doubt, in this context and in similar contexts herein, references to a bore's diameter
and/or cross-sectional area are in respect of the bore's relevant measuring tool engaging portion(s).

[0106] Figure 16 shows a system 90 including a stud bolt 20 and a tool 60. The measuring tool 60 includes
a key 91, and the bolt 20 includes a complementary keyway 92, to rotationally orient the tool relative to the
bolt. Figure 17 is a perpendicular cross-section as indicated by the arrows 16-16 in Figure 16. No retaining
region is shown in Figure 16 and the measuring tool 30 can be manually held in place, although use of a
retaining region able to hold the measuring tool in place and/or to retain a plug or cap is preferable. In this
example, the key 91 and keyway 92 are axially spaced from the engaging portions of the bore 23 and tool
(sleeve 61 of the probe portion).

[0107] Whilst the tool-engaging portion of the bore preferably has a substantially uniform profile, it is also
contemplated that the bore may vary in profile along its axial length. By way of example a bore may be
formed with a pair of guide rings axially spaced from each other by a relieved portion of greater diameter.
Likewise, the engaging tool could be formed with a pair of guide rings axially spaced from each other along
the sleeve portion to engage the bore whereby the engagement is a discontinuous engagement. In either
case the lengthwise axial separation of the outer most portions of the rings can be substituted for the
length in the above calculations. Of course the ends of a single cylindrical engagement region are two
locations spaced by an axial length.

[0108] Likewise, whilst a substantially conformal fit between the tool and the bore is preferred, other forms
of engagement are possible. By way of the example, the wall of the bore may include inwardly directed
splines defining separate lines of contact with a cylindrical tool exterior.

[0109] The components of Figure 11 when coupled to suitable data acquisition equipment to read the
strain gauge could be used as a load monitoring tool by simply handling the head of the portion 61 to insert
it into the bore 23. The data acquisition equipment may include a standard instrument (gauge meter) for
measurement of the bolt load (single channel hand-held device or, in the case of multiple bolts being
measured simultaneously, a multi-channel data-logger). The data acquisition equipment may simply record
the read out value from the strain gauge, but preferably includes (or is linked to) a display to display that
value.

[0110] Simply handling the head of the portion 61 may entail some error depending on how hard the
operator pushes the tool in place. Accordingly the tool 60 preferably includes a housing 80 and a spring
arrangement 84 as shown in Figure 12 which serve to control the force by which the key components 61,
62 are inwardly urged. The housing 80 encloses the head of the portion 61 and the diaphragm 64. In some
variants the enclosure may be a sealing enclosure to suit operation in aggressive (e.g. underwater) and/or
hazardous (e.g. explosive) environments. The housing includes an externally threaded tubular boss 83
through which the portions 61, 62 project from the housing 80.
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[0111] The externally threaded tubular boss threadingly engages the threads of the retaining region 24 at
the end of the hole in the bolt to mount the measuring tool 60. The housing 80 is configured for simple
hand manipulation to screw the tool in and out. The tool 60 is easily removable and can be easily moved
from bolt to bolt rather than being an integrated part of a bolt. The tool 60 is also convenient in that it can
easily be calibrated in the field using a calibration block.

[0112] The spring arrangement 84 is a compression spring arrangement acting between a roof of the
housing 80 and the annular rim of the portion 61 to downwardly drive that portion relative to the housing.
When the housing 80 is screwed into the bolt 20, the portion 61 abuts the datum 25, so that it cannot move
inwardly. As the housing is further screwed in, the head 65 of the portion 61 relatively moves within the
housing 80 to compress the spring arrangement 84. The housing 80 is screwed in until it abuts a stop (the
end face of the bolt 20 in this case). The spring arrangement may be a helical compression spring.
Alternatively it may be a series of wave springs to provide a more uniform distribution of pressure on the
portion 61.

[0113] The measuring tool 60 may also be left in place as part of an automatic load maintaining system
including a mechanism for varying load (e.g. for turning a nut or bolt head) responsive to the strain gauge.
Of course sensors other than strain gauges are also possible. A Linear Variable Differential Transformer is
another example of a sensor that may be employed. The materials of construction for the measurement
device can be non-conductive (thermally) and external cooling/heating may be applied, making it capable
of measuring bolt load at a wide range of temperatures either intermittently or continuously. The portions
61, 62 can be constructed from steel or, in the case of a high temperature gauge, a thermally insulating
ceramic material.

[0114] When the bolt is tightened, the pin 26 remains unstressed whereas the strainable portion 47 is
loaded and stretches. The relative displacement of the datums 25, 27 when the bolt is so loaded
corresponds to the amount by which the material between the strain portion datum 25 and the root 28 has
extended. Thus the lengthwise dimension from the datum 25 to the root 28 is an important dimension. By
knowing this length and the elastic properties (e.g. Young's Modulus) of the bolt material, the load can be
determined based on the measured relative displacement and in turn data processing equipment
associated with the measuring tool 60 can be calibrated to provide an output indicative of the load. If the
datums of an unloaded bolt are co-planar (or preferably the planes passing through the high points on the

datums are separated by less than 1/2000t of the axial length of the pin, each plane being perpendicular
to the major axis of the bore), this important dimension (between the strain portion datum 25 and the root
28) corresponds to the length of the gauge (reference) pin 26.

[0115] Longer datum to root dimensions produce a proportionately larger relative displacement between
the datums 25, 27 for a given strain. Thus, when a bolt is to be subject to pure tension, a longer datum to
root dimension will produce more accurate results. 12 mm is considered a practical minimum for many
applications.

[0116] On the other hand, longer datum to root dimensions are more difficult to manufacture and can lead
to inaccuracy if a bolt is subject to bending. 75 mm is considered a practical maximum required for many
applications. Figure 18 is an exaggerated schematic view illustrating how bending can lead to misalignment
of the datums of similar effect to the misalignment contemplated in Figure 15.

[0117] The transfer function that gives load as a function of the relative displacement of the datums varies
based on the important root to datum length, the cross-sectional area of the strainable portion, and the
material properties. Thus a set of bolts that were formed of differing materials but otherwise identical would
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require differently calibrated measuring tools to measure their output.

[0118] Accordingly it is proposed that bolts of differing material be shaped differently to permit checking
with a common tool (i.e. without modification of, recalibration of, or changing settings on, the tool). In a
simple form, the initial relative disposition of the datums 25, 27 could be varied, e.g. by lengthening the pin
26, so that the datums of differing bolts move o a common relative disposition when a critical load is
reached. This would permit a simple check of whether the critical load has been reached with a common
tool.

[0119] More preferably the critical length from the datum 25 to the datum 27 is varied so that the transfer
function that gives load as a function of relative displacement is consistent across a set of bolts formed of
dissimilar materials. This configuration allows a common tool to measure (i.e. to provide an accurate
numerical output of) the load on each of the bolts.

[0120] The pin 26 is relatively thin so as to minimise the reduction in the functional cross-sectional area of
the strainable portion 47. Since it is inextensible, workable variants of the bolt 20 may have longer or
shorter pins 26, although it is preferred that the end of the pin 27 is within the strainable portion, and most
preferably that datum 27 is co-planar with a datum 25 (or at least that a measuring tool measures the
relative disposition as less than a maximum tolerance value) when the bolt is not loaded. As discussed
above, that maximum tolerance value is preferably 12.5 ym for a 25 mm long pin 26. The thin pin 26 is
safely housed within the bolt 20 and thus shielded from damage.

[0121] Of course the shape of the tool 60 is complementary to the shape of the bolt 20. The described
geometry of the datums 25, 27 results in the measuring rod portion 62 likewise being safely housed within
the sleeve portion 61 along at least most of its length. Thus it too is shielded from damage.

[0122] Figure 19 shows a system 90 including a bolt type of fastener 20 having a head 21 and a shank 22,
with the measurement tool 60 engaged, ready for measurement of the elongation and therefore the load.
The first load engaging region 36 is now the bolt head 21. The gauge length, the reference pin 26, the root
28, reference datum 27 and strain portion datum 25 are again all located within the shank 22 and therefore
within the strainable portion 47 of the fastener.

[0123] Figure 20 is a partial section of the system of Figure 19 around the shank 22 and strainable portion
of the fastener, showing the engagement of the outer surface 75 of the probe portion of sleeve 61 of the
measuring tool inside the bore 23 of the fastener or bolt 20, with the strain portion engaging end 77 of the
sleeve 61 contacting the strain portion datum 25 and the reference datum engaging surface 73 of the
measuring rod 62 contacting the reference datum 27 on the end of the gauge or reference pin 26.

[0124] Figure 21 shows a system 90 including a headed bolt 20 in which the retaining region 24 takes the
form of an externally threaded tubular boss. As in various other members disclosed herein, the region 24
co-operates with, to retain, a protective cap and/or the measuring tool 60. Threads of the region are
external to the hole 48. The retaining region 24 on the bolt 20 in this example is now a male thread and a
female thread is now provided inside the housing body 81 of the measuring tool 60. This arrangement can
be preferable for example on smaller diameter bolts or on bolts utilising a keyway as in Figures 16 and 17.

[0125] Preferred forms of the system made up of fastener 20 and measurement tool 60 are capable of
sustained measurement at elevated temperatures, due to the combination of an integral pin that is identical
to the bolt, minimal measurement contact surfaces and the ability to build the measurement device out of
non-conductive materials (such as ceramic). The bolt material properties may be modified by pre-
conditioning prior to installation of the measurement device in order to eliminate measurement drift
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associated with creep or relaxation of the components, which is an inherent problem with the load
indicating bolts currently in use.

[0126] Due to the improved accuracy arising from the elimination of multiple components in the
measurement system (e.g. relative to the bolt of Figure 2 the elimination of a separable pin and sleeve)
and improvements to the measurement device misalignment, a more sensitive gauge can be employed.
This allows the use of a shorter dimension from the datum 25 to the root 28, which is advantageous in
reducing temperature and bolt bending effects on the measurement. By way of example, a root to datum
measurement of about 25 mm is contemplated, whereas about 50 mm is thought to be a practical
minimum for the corresponding dimension in the bolt of Figure 1. Bolts in the vicinity of 012 mm up to @
200 mm or so are contemplated.

[0127] In the preceding discussion various examples of the invention are disclosed. The invention is not
limited to these examples. Rather the invention is defined by the following claims.
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Patentkrav

1.

Befeestelseselement (20), der omfatter:
et forste og et andet belastningsmodtagende afsnit (36, 46);
et deformerbart afsnit (47) mellem det ferste og det andet
belastningsmodtagende afsnit;
et aflangt afsnit (26), der indbefatter et referencemeerke (27);
et deformationsafsnitsmaerke (25) beliggende pa det deformerbare afsnit;
idet deformationsafsnitsmeerkets aksiale forskydning i forhold il
referencemeerket er proportional med en belastning pa
befeestelseselementet; og
et hul (48) fra en malingsadgangsende (44) af befeestelseselementet i retning
af reference- og deformationsafsnitsmaerkerne for at give et malingsveerktej
(60) adgang til reference- og deformationsafsnitsmeerkerne for at kontrollere
belastningen;
kendetegnet ved, at:
nar belastningen er nul, er den aksiale afstand fra det hgjeste punkt af
referencemeerket 27 til det hgjeste punkt af
deformationsafsnitsmaerket (25) mindre end 1/1000. del af en aksial
afstand fra referencemaerket (27) til en rod (28) af det aflange afsnit
(26);
hullet (48) indbefatter en boregang (23), som har et tveersnitsareal og
en tolerance pa ikke mere end H9; og som indbefatter et eller flere
vaerktgjsindgribende afsnit for at danne et indgreb for at ensrette
veerkigjet;
idet det eller de veerktgjsindgribende afsnit er udformet til at ga i
indgreb med vaerktgjet pa mindst to steder, der er adskilt af en aksial

leengde, som er mindst lig med kvadratroden af tveersnitsarealet.

Befaestelseselement ifelge krav 1, hvor, nar befeestelseselementet er ubelastet, er
en aksial afstand fra det hejeste punkt af referencemeerket (27) til det hgjeste punkt
af deformationsafsnitsmaerket (25) mindre end 1/2000. del af den aksiale afstand

fra referencemaerket (27) til roden (28) af det aflange afsnit (26).
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Befaestelseselement ifelge krav 1, hvor, nar befaestelseselementet er ubelastet, er
en aksial afstand fra det hgjeste punkt af referencemeerket (27) til det hejeste punkt
af deformationsafsnitsmaerket (25) mindre end 1/4000. del af den aksiale afstand

fra referencemaerket (27) til roden (28) af det aflange afsnit (26).

Befeestelseselement ifelge et hvilket som helst af de foregéende krav, hvor det
aflange afsnit (26) er dannet sammenhengende med det deformerbare afsnit (47);
og

hvor referencemaerket (27) er en fri ende af det aflange afsnit (26).

Befeestelseselement ifglge et hvilket som helst af de foregaende krav, hvor
boregangen (23) har en radial rundigbstolerance i forhold til det aflange afsnit (26)
pa mindre end 1/200. del af den aksiale afstand fra referencemeerket (27) til roden
(28) af det aflange afsnit (26).

Befeestelseselement ifelge et hvilket som helst af de foregéende krav, hvor det
eller de veerktgjsindgribende afsnit (23) har en eller flere tolerancer, der ikke er
bredere end HIE.

Befaestelseselement ifglge et hvilket som helst af kravene 1 til 5, hvor det eller de
veerktejsindgribende afsnit (23) har en eller flere tolerancer, der ikke er bredere
end ca. H6.

Befeestelseselement ifglge et hvilket som helst af de foregaende krav, hvor den

aksiale leengde er lig med mindst 1,5 gange kvadratroden af tvaersnitsarealet.

System, der indbefatter befaestelseselementet (20) ifglge et hvilket som helst af de
foregadende krav og et malingsvaerktgj (60),
hvor indgrebet (E) mellem malingsveerktejet og boregangen (23) er en Izbepasning,

nar det er Igsest.

System ifslge krav 9, hvor indgrebet (E) er i det vaesentlige en RC 6-lsbepasning,

nar det er I@sest.
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System ifglge krav 9, hvor indgrebet (E) er i det veesentlige en glidepasning, nar

det er lgsest.

System ifslge krav 9 eller krav 11, hvor indgrebet (E) er en teet glidepasning.

System ifglge et hvilket som helst af kravene 9 til 12, hvor veerktgjet (60) er

udformet til at frembringe en udleesningsveerdi.

System ifglge et hvilket som helst af kravene 9 til 13, hvor befaestelseselementet
(20) og veerktgjet (60) indbefatter funktioner, der kan samarbejde for at begraense

veerktsjets rotation i forhold til befeestelseselementet.

System ifslge et hvilket som helst af kravene 9 til 14, kendetegnet ved, at:
veerktejet indbefatter et eller flere afsnit (72), der er formet til at ga i indgreb
med boregangen for at ensrette veerkigjet;
idet indgrebet (E) er pa mindst to steder (75) pa det ene eller flere afsnit (72),
idet de mindst to steder (75) er adskilt af en aksial leengde, der er mindst lig

med kvadratroden af tveersnitsarealet.

Fremgangsmade til dannelse af befaestelseselementet (20) ifelge et hvilket som
helst af kravene 1 il 8;

hvilken fremgangsmade indbefatter at fijerne materiale ved kontaktles
bearbejdning for at definere maerkerne (25, 27), kendetegnet ved, at:

den kontaktlgse bearbejdning er gnistbearbejdning (EDM) under anvendelse af en
hul elektrode (35).

Fremgangsmade ifglge krav 16, hvor den kontaktlzse bearbejdning indbefatter
beveegelse af et bearbejdningsvaerktgj (35) i forhold til befaestelseselementet (20);
idet bearbejdningsveerktejet (35) har et funktionelt omrade, der virker for at
danne meaerkerne (25, 27);
idet beveegelsen er beveegelse af mindst et afsnit af det funktionelle omrade
over for at virke pad begge maerkerne for at begreense den relevante

procesvariation, der er forbundet med slitage pa bearbejdningsveerktzjet;
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idet den relevante procesvariation er variation af en aksial placering af et

hgjeste punkt af maerket i forhold til det hejeste punkt af det andet maerke.

Fremgangsmade ifglge krav 17, hvor beveegelsen indbefatter rotation af
befeestelseselementet (20) i forhold til bearbejdningsveerktgjet (35), mens

veerktojet forskydes sideleens i forhold til det aflange afsnit.

Fremgangsmade ifglge krav 17, hvor bevesgelsen indbefatter rotation af
bearbejdningsveerktgjet (35) i forhold til befaestelseselementet (20), mens

veerktejet forskydes sideleens i forhold til det aflange afsnit (26).

Fremgangsmade ifglge et hvilket som helst af kravene 17 til 19, hvor bevaegelsen

indbefatter relativ sidelaens vandring.

Fremgangsmade ifglge et hvilket som helst af kravene 17 til 20, der indbefatter
kontaktlzs bearbejdning for at definere et tomrum (29), der omgiver det aflange
afsnit (26).

Fremgangsmade ifglge et hvilket som helst af kravene 16 til 21, hvor den hule
elektrode (35) indbefatter kanaler (37), gennem hvilke der ledes fluid for at skylle

mellem elektroden (35) og en overflade (25, 27), der bearbejdes.

Fremgangsmade ifglge et hvilket som helst af kravene 16 til 22;
hvilkken fremgangsmade indbefatter fijernelsen af materiale for at definere

meerkerne (25, 27) i en enkelt bearbejdningsopsaetning.

Fremgangsmade ifglge et hvilket som helst af kravene 16 til 23, der endvidere
indbefatter, inden fjernelsen af materiale for at definere meerkerne (25, 27):
fiernelse af materiale for at definere et forstadie for boregangen; og
en efterfelgende operation for at definere boregangen (23), hvilken operation
er mere ngjagtig end fjernelsen af materiale for at definere et forstadie for

boregangen.
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Fremgangsmade ifelge et hvilket som helst af kravene 23 eller 24, der endvidere
indbefatter trinnene, som gar ud pa at patrykke en belastning pa, og i et tidsrum at
opvarme, en leengde af barre, der anvendes til befaestelseselementet (20), inden

fiernelsen af materiale for at definere maerkerne (25, 27).

Fremgangsmade ifelge krav 25, der indbefatter at patrykke belastningen og at
opvarme i tidsrummet, indtii det deformerbare afsnits krybnings-

/relaksationshastighed i tidsrummets afslutning er mindre end 4x10*-7 m/m/h.
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