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Effects of Thermal Preload Change and Preload
Relaxation of Bolted Joints as Base for Positive Long-
term Behaviour

Bolted joints are the primary method for joining components and transferring
forces, making their long-term reliability critical for product success and
lightweight design. However, design calculations often focus on the initial as-
sembly load and elastic preload change as a result of thermal or mechanical
loads, neglecting long-time effects due to preload relaxation. This paper pre-
sents experimental measurements of the preload relaxation behaviour focus-
sing on primary influence factors like temperature, initial preload, thread en-
gagement and head bearing diameter of steel bolts and clamped components
and nuts. A key finding is that during the first heating after tightening plastifi-
cation occurs, which is the reason for a much smaller preload at operating
temperature than calculated. Regular bolts with a smaller head bearing diam-
eter have significantly less preload due to the limiting surface pressure, which
can also be seen in surface measurements. Increasing the initial preload
doesn t necessarily result in a higher preload over time, because it will result
in higher plastification during the first hours of thermal expansion. Decreas-
ing the thread engagement is critical and can lead to severe preload losses.
An effective way to counter the preload loss is to retighten the bolted joint
connection after the first temperature exposure.

Keywords: Bolted joints, engineering design, preload relaxation, thermal-
and time behaviour, design of component and assembly process

Introduction to the time- and temperature-dependent behaviour of
lightweight bolted joints

Due to the high degree of standardization, extensive design guidelines like
the VDI 2230 (VDI 2015 (current edition)) and the advantage of high clamping
forces combined with the ability to disassemble the connection, bolted joint con-
nections are widely used in the industry. Applications are exceptionally diverse,
ranging from miniature bolts with diameters under @1 mm used in smartphone
up to large M72 bolts utilized in wind turbines. The systematic design of high-
duty bolted joints include parameters like mechanical loads (e.g. static and/or
dynamic axial, transverse, eccentric load application, torsion and bending mo-
ments), geometry of the connection (resilience, number of joint interfaces, length
of thread engagement), materials (e.g. property class of the bolt, yield strength
and thermal expansion coefficient), tribology (friction coefficients, coating, sur-
face treatment) and assembly conditions (e.g. torque-, angle- or yield-controlled
tightening). The primary design criterion although is the determination and
maintenance of a sufficiently high preload force to prevent a failure of the con-
nection like leaking, interface opening, self-loosening or increasing contact re-
sistance in busbars.
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Lightweight design concepts are gaining increasing importance across nu-
merous technical fields, including joining technology. The use of lightweight
materials like aluminium components combined with high-strength steel bolts
facilitate an efficient reduction in structural mass and therefore a reduction on
energy consumption of moving parts. On the other hand, it simultaneously in-
creases the requirements on joint design to ensure the functionality over the
planned lifetime. While the VDI 2230 guideline gives a good estimation of the
behaviour of bolted joint connections at around room temperature and can cal-
culate the elastic preload change due to different thermal expansion coefficients,
the preload loss due to the damage mechanism of preload relaxation isn’t cov-
ered yet. Particularly for lightweight materials such as aluminium, where creep
deformation must be anticipated at temperatures as low as 80 °C (homologous
temperature T /T, = 0,4), this damage mechanism has to be considered in the
design process.

Preload relaxation is the result of the superposed mechanisms seating, load
plastification and creeping, which can be seen in Figure 1. The applied preload
for the bolted joint connection ranges from Fp,in t0 Fppmax, determined by the
assembly method. All mechanism of the preload relaxation will lead to plastifi-
cation which occur after tightening and will lead to a preload loss.

Depending on the surface roughness in the contact areas (between bolt and
clamped part, joint intersections, the clamped part and nut and engaged threads)
and load type, a time-dependent surface smothering takes places, which will lead
to a shortening and therefore to a preload loss in the first 10 hours (Duchard
2013) to 72 hours (Ba-Saleem 1991), which is described as seating. An estima-
tion of the loss due to seating for heavy steel-only bolted joint connections in
dependency of the surface roughness, number of joint interfaces and direction of
loading can be calculated with the VDI 2230 guideline. Due to the application
of an operating temperature an 2™ stage of seating can be observed as a result of
a thermal induced preload rise and thermal degradation of material properties.
The thermal induced preload depends not only on the combination of materials
(e.g. steel bolt with an thermal expansion coefficient of
ag; ~ 11107 K1 and aluminium part with a,; ~ 23 - 107® K1), but also
of the geometry of the connection. An increased clamping length will lead to a
bigger elongation of the aluminium part compared to the steel bolt and this re-
sults in an increase of preload on the one hand, but on the other hand there will
be additional roughness embedment in the contact areas. The higher preload also
affects the intensity of the creep simultaneously. As soon as the temperature
drops again to room temperature, the embedment can be seen as a preload loss.
Load plastification describes plastification due to irregular mechanical and/or
thermal loads, which can also occur because of insufficient material properties
or preload levels, which exceed the limiting surface pressure (Arz 2023).
Creeping of materials is a time-, load- and temperature-dependent transfor-
mation of elastic to plastic strain which occur in the crystal lattice. In bolted joint
connections we usually just have first and second stage creep, as the preload will
reduce according to the plastification and third stage won’t be reached.
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Figure 1. Damage mechanism of preload relaxation (Friedrich 2013)
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Literature Review

A comprehensive review of the existing literature (Peth 2022, Hubbertz
2020) shows that the preload relaxation behaviour in bolted joints, especially if
lightweight configurations incorporating aluminium or magnesium components
are used, depend on a complex interplay between thermal, mechanical and geo-
metrical parameters. Early research focussed on the seating (e.g. Thum et al.
(Thum 1940, Thum 1941) and self-loosening (e.g. Junker et al. (Junkers 1961,
Junkers 1965)) of steel bolted joint connections. With steel-only components
most of the relaxation will take place at the steel bolted joint as it is the compo-
nent with the highest stress in the force flow. By the time lightweight applica-
tions became more and more common, the variety of material used in bolted joint
connections increased accordingly. Lightweight materials like aluminium or
magnesium are much more sensitive against temperature due to the lower melt-
ing point. Many publications (Chang et al. (Chang 2007), Chen et al. (Chen
1997), DelJack et al. (DeJack 2010), Jaglinski et al. (Jaglinski 2007)) tested the
preload relaxation behaviour of aluminium diecasting alloys in real component
systems, but due to different geometric specifications and limited variation pa-
rameters the results aren’t comparable or transferrable to other systems. In addi-
tion, Scheiding (Scheiding 2001) investigated the usage characteristics of bolted
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joints containing magnesium components. Extensive series of experimental in-
vestigations were carried out in the doctoral thesis of Peth (Peth 2022). Influence
factors like preload, temperature, clamping length, diameter of the clamped
parts, thread engagement, roughness of the surface areas and materials (various
aluminium alloys as well as steel clamped parts and nuts) were systematically
investigated to also see their interdependences. The measurements were done by
tactile displacement method and therefore only at discrete times. Also, analytical
calculation methods were developed for example by Hubbertz (Hubbertz 2020)
and Kempf (Kempf 2022), which provide good results for the evaluated test set-
ups, but struggle with transferability to other component systems as shown in
Kempf et al. (Kempf 2025). Therefore, a new calculation method is developed
by Held (Held 2027) and will be released next year. Parts of the experimental
work will be shown in this publication.

Methodology and experimental procedure

As described before only a sufficiently high preload level ensures the proper
functionality of any bolted joint and will be reduced during operation because of
the damage mechanism of preload relaxation. Unfortunately, we cannot measure
the current preload directly, but there are several measurement methods from
which the preload can be determined. The most common methods are shown in
Figure 2. The casiest way is to use a load cell in the load path (as an additional
clamped part) which allows a continuous measurement and isn’t affected by bolt
creep. Strain gauges inside the load cell can be calibrated with a reference force
to determine the preload. Also, these load cells can be used over a long time with
small signal drift. The problem is that the load cell changes the resilience of the
bolted joint connection which leads to a different preload relaxation behaviour.
Because every experiment needs a load cell, large-scale experiments over a long
period of time are impractical. Additionally, these load cells cost around 1.500
€. Ultrasonic bolted joint connections, which measure the elongation of the bolt,
are not suitable for a continuous measurement and will change their behaviour
if bolt creep occurs. For large-scale experiments the tactile displacement meas-
urement is the best option, as it is very cheap and the preparation of the specimen
1s not very time consuming or mechanically complex. The biggest problem is,
that a continuous measurement is not possible and can only be done at controlled
and stationary room temperature. Bolt creep can also only be seen if the bolted
joint is disassembled. Details of the usage for preload measurement with tactile
displacement method can be found in (Peth 2022). The best method to determine
the preload precisely over time is to attach strain gauges to the bolt and continu-
ously measure the change of resistance during the experiment.

All measurements of this paper are done with strain-gauge equipped bolts.
The method is developed in (Held 2027, Held 2025) and has proven reliable
under demanding exposure conditions such as elevated temperatures up to
T <150 °C combined with high mechanical loads (assembly load F); = 35 kN).
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Specialized strain gauges configured in a full Wheatstone bridge circuit (com-
prising four active gauges) to compensate for bending, temperature, and tor-
sional influences on the bridge output signal. Each arrangement consists of two
vertical and two horizontal strain gauges configured strictly to capture axial nor-
mal strain corresponding to the bolt load. These are hot-bonded onto the outer
bolt shank below the head, as shown in Figure 3.

Figure 2. Measurement methods to determine the preload; Picture of ultrasonic

measurement method from Jenne et al. (Jenne 2015)

Measurement method Tactile Strain
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Dlsplacement Gauge
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Hexagon head bolts of nominal size M10x90 and property class 10.9 with full-
length threading up to the bolt head were utilized. Because applying the strain gauges
requires a uniform surface with low roughness, the thread directly below the head was
turned down over a height of h = 17 mm to a diameter of @7.8 mm. A vertical bore
of @1.8 mm drilled through the bolt head onto the newly created surface provided
lead wire access. Preliminary tests revealed that the signal, despite using the full-
bridge configuration, contained a relevant thermal influence which adds to the strain-
induced resistance change. The thermal-induced resistance change led to a distinct
temperature drift on the order of several hundred Newtons, which was mechanically
non-existent. The reason for that was an unbalanced bridge due to manufacturing in-
homogeneities during manual application of the strain gauges such as non-uniform
adhesive layer thickness, angular misalignment between individual strain gauges or
intrinsic resistance tolerances of the gauges. Using an additional balancing resistor
made of Balco nickel-iron alloy (Ni-Fe) in the Wheatstone bridge was identified as
an effective countermeasure. Its core property is a strong resistance increase with ris-
ing temperatures, which has to be adjusted to compensate the bridge detuning and
temperature induced effects. Figure 3 illustrates the integration of this component into
the circuit (bottom left side) alongside its dampening effect on the unmounted bolt
signal during thermal exposure (bottom right side). To show the difference between

® e 06 e e e
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1 the regular full-bridge circuit with and without the balancing resistor, four bolts (two
2 compensated against thermal drift, two uncompensated) were heated up to 150 °C in
3 acontrolled environment (heating rate: 1 °C/min) where the temperature was held for
4 four hours and again cooled down to room temperature (cooling rate: 1 °C/min). The
5  uncompensated bridge shows an apparent force Fy;, of -900 N up to nearly -1400 N,
6  whereas the compensated bridge is in the range of F;, = £150 N, which mainly oc-
7 cur during temperature changes. Therefore, all measurements shown in this paper are
8  done with individually compensated strain gauge bolts.
9
Figure 3. Layout and connection diagram of the strain gauge bolted joints used in a
full-bridge configuration, showing the resulting advantages and disadvantages (top),
as well as the design and effect of the friction resistance implemented in the full-bridge
circuit to compensate for temperature drift (bottom) (Held 2027)
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16 types of bolts were used, both M 10 steel bolts with property class of 10.9 having
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full-length threading and an external hexagon drive. They differ regarding the
head bearing diameter, whereas the bolt similar to EN 1665 has a flange and
therefore bigger head bearing diameter of roughly 19,6 mm and the ISO 4017
only has a head bearing diameter of roughly 14,6 mm. The material of all
clamped parts and nut parts is a wrought aluminium alloy (EN AW-6082 T6511,
3.2315). The clamping length is [, = 2d (nominal diameter d = 10 mm), the
thread engagement varies between m, = 1,5d, 2d and 3d. The outer diameter
of the clamped part and nut part is always D, = 4d. The contact areas between
the bolt head and clamped part as well as the thread were lubricated with a high-
temperature MoS»-based paste. The bolted joints were tightened using a torque
wrench applied to the bolt drive. Using real-time strain gauge signals, the initial
preload was controlled precisely to target values of Fy, = 30 kN, 35 kN and
40 kN. Thermal exposure was conducted in a climate chamber capable of run-
ning defined temperature profiles. A relatively slow heating and cooling rate of
1 °C /min was strictly maintained, while the temperature level before and after
the exposure remained at T, = 20 °C. The investigation focusses on the evalua-
tion of the preload change during heating up to the exposure temperature T; as
well as the preload relaxation behaviour as a function of design parameters like
thread engagement, initial preload force and different head bearing diameters
which will cause different stresses in the head contact area. In addition, its in-
vestigated, if retightening of the bolted joint connection can lower the overall
preload loss.

Experimental results
General behaviour

Figure 4 shows a representative preload force curve obtained for a typically
lightweight joint configuration. The system explained above, a steel bolt com-
bined with a clamping part and nut made of aluminium, was investigated here in
addition to the usage of the three thread engagement lengths me = 1.5d, 2d, and
30d and to initial preload levels Fpo = 30 kN and 35 kN. The bolt type was EN
1665, the tests were performed with an exposure temperature of T; = 150 °C.
The specimens were heated from To = 20 °C to T1 = 150 °C, held at T; for
t1 =100 h, and subsequently cooled back to To. For each test condition, the mean
of three individual measurements is plotted together with the corresponding up-
per and lower deviations, which are indicated by shaded bands.
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Figure 4. Preload force of a lightweight bolted joint operated at T; = 150 °C as
a function of the thread engagement m. and the assembly preload level Fpo

preload level [kN]

= Fo=30kN-m,=1,5d -E=3 Fp=35kN-m,=1,5d

-+ Feo=30kN-m_,=2d E -2 Fpp=35kN-m,=2d
20F | =3 Fro=30kN-m,=3d £=2 Fpo=35kN-m,=3d

N
(0]
T

T Error range: LD/MEAN/UD based on N = 3 individual measurements
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1 1 1 1

0 10 20 30 40 50 60 70 80 90 100 110

£, 140

— 100

a 60 Temperature

g 20 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
= 0 10 20 30 40 50 60 70 8 90 100 110

time t, [h]

A key feature of the preload force curve shown above is that it closely re-
flects the actual behaviour of similar joint connections at elevated exposure tem-
peratures over time very well. This requires the explained measurement tech-
nique specifically adapted to these conditions. The initial rise in the preload level
(Phase 1) is clearly visible in each case; this is due to the different coefficients
of thermal expansion of the steel-bolt and the clamping components made of
aluminium. From there, all curves are shifting into a phase of continuous preload
decline, which generally decreases with increasing exposure time (Phase 2). Af-
ter finally reaching To again, a permanent loss of preload AFvreiax = Fpo - Fv (ta
=100 h) becomes apparent, which constitutes the actual problem ( ). This
loss is visibly greater than the increase in preload force in Phase 1. Overall, there
is a permanent loss of preload.

Extended influence of the preload

Figure S shows the extended influence of different assembly preload levels
Fpo on the thermally induced increase in preload AFvw at the beginning of the
test and on the subsequent preload relaxation process for a thread engagement
length of me = 1.5d and an exposure temperature of T1 = 150 °C. Initially, AFvw
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<@>
N X~
EN AW-6082
m.=1,5,2,3d

5>

Feo = 30, 35 kN



0 NO O h~hW

11
12
13
14
15
16
17
18
19
20
21
22
23

2026-7454-AJTE-MEC — 15 SEP 2026

shows an inverse relationship with the assembly preload, with the measured
increase becoming smaller as the initial preload increases.

Figure 5. Influence of the initial preload on the residual preload force at a
thread engagement length of me = 1.5d and a thermal load of T; = 120 °C
45
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Values of approximately 4 kN, 3 kN, and 2 kN are obtained for Fpo = 30 kN,
35 kN and 40 kN, respectively. After completion of the heating phase, all curves
are showing a pronounced decrease in preload. Considering only the 100 h ex-
posure period at Ty, the largest decrease is observed for Fpo = 40 kN, with AFy
= -12 kN. This value considerably exceeds the decreases measured for Fpp = 35
kN (-4.5 kN) and Fpo = 30 kN (-1.5 kN). Consequently, by the end of the expo-
sure period, the preload associated with the highest assembly preload is already
slightly lower than that associated with the initially lowest assembly preload. For
comparable lightweight joints, this indicates that the initial benefit of a higher
assembly preload can be lost within a relatively short period due to the pro-
nounced stress- and temperature-dependent preload relaxation. As a result, a
higher initial preload may ultimately lead to a lower preload under operating
conditions and thus directly compromise the functionality of the joint.

After cooling to room temperature again, the residual preload values for Fpo
=40 kN and Fpo = 30 kN are nearly identical, amounting to 20.7 and 21.2 kN,
respectively. Thus, the specimen initially preloaded to Fpo = 30 kN retains ap-
proximately 0.5 kN more preload than that initially preloaded to Fpo = 40 kN. In
contrast, an assembly preload of Fpo = 35 kN results in the highest residual pre-
load of 23.1 kN, approximately 2 kN above the other two configurations. These

,,
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results demonstrate that high utilization of the joint components through in-
creased assembly preload, although generally desirable, can result in substan-
tially different in-service behaviour in comparable lightweight joints. Due to the
associated preload relaxation, this behaviour can compromise the overall func-
tion of the joint within a relatively short period of time.

Influence of the head bearing geometry

Figure 6 shows the influence of the bearing geometry under the bolt head
on the preload behaviour. The flange-head geometry used in the previous exper-
iments (EN 1665, bearing diameter dw ~ 19.6 mm) is compared with a conven-
tional hexagon-head geometry (ISO 4017, dw = 14.6 mm) for thread engagement
lengths of me = 1.5d, 2d and 3d. The aim is to determine whether the 66 %
smaller bearing area (for a hole diameter of d, = 11 mm) and the resulting higher
bearing pressure led to a significant deviation from the behaviour previously ob-
served for the flange-head bolts.

A notable initial observation is the substantially lower thermally induced
increase in preload AFvy for the hexagon-head bolts. Irrespective of the thread
engagement length, AFva, remains comparatively low at approximately 4-5 %.
In contrast, the flange-head bolts are showing considerably greater differences
between the individual thread engagement lengths, with increases of 11 %, 13
%, and 16 % for me = 1.5d, 2d and 3d, corresponding to values approximately
two to three times higher than those obtained for the hexagon-head bolts.

Furthermore, the preload curves of the hexagon-head bolts are much more
closely spaced and exhibit similar rates of decrease. This indicates that the dom-
inant mechanism responsible for preload loss shifts from the engaged thread re-
gion toward the bearing area under the bolt head. After final cooling to To, the
residual preload forces of the hexagon-head bolt configurations are also similar,
and the previously observed benefit of a greater thread engagement length (cf.
Figure 4) is no longer apparent. In contrast, the larger flange bearing area results
in distinct preload loss rates during exposure at elevated temperature depending
on me. After removal of the thermal load, these differences result in clearly dis-
tinguishable residual preload levels.

10
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Figure 6. Influence of the head bearing geometry (EN 1665, ISO 4017) on the
residual preload force as a function of the thread engagement at a thermal load
of T1 =120 °C
120
115
110
105
100 =
95 S e
90 -
85
80
75

== en1665-m,=1,5d -==3- 1SO 4017 -m,=1,5d
= en1665-m,=2d -E=3- 1SO 4017 -m,=2d
= en1665-m,=3d -B=3 1SO 4017 -m,=3d

normalized preload level Fp/F, [%]

Error range: LD/MEAN/UD based on N = 3 individual measurements
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90

& 140

100 \

- 60 Temperature

Q

g 20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

= 0 10 20 30 40 50 60 70 80 90 100 110
time t, [h]

Figure 7 additionally compares the experimentally determined values of the
thermally induced preload increase AFvw for both bolt geometries with the value
calculated according to VDI 2230 (green bar). The calculation specified in VDI
2230 does not account for geometric parameters such as thread engagement
length or the bearing geometry under the bolt head. The time tmax at which the
maximum preload force is reached is indicated also.

It is initially apparent that, for the EN 1665 bolts, the maximum preload is
reached after completion of the actual heating period of theat = 100 min (AT =
100 °C at a heating rate of 1 °C/min) in all test configurations. In contrast, the
ISO 4017 bolts show the opposite behaviour, with only the test at me = 3d reach-
ing its maximum preload at a time corresponding to theat.

The thermally induced preload increases AFvw calculated according to VDI
2230 is, on average, reached by only one of the investigated test configurations
(EN 1665 at me = 3d). All other results obtained with EN 1665 bolts remain
moderately below the calculated value, whereas substantially lower values are
observed for the ISO 4017 bolts. This indicates that plastic deformation of the
lightweight joint components - primarily within the clamped component and at
the nut thread contact and, to a lesser extent, within the bolt (cf. Peth 2022), can
already occur to such an extent during heating that any further increase in pre-
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load is getting limited despite the continuously increasing temperature. The ex-
tent of this plastic deformation depends on both the bolt-head geometry and the
thread engagement length in the nut.

For ISO 4017 bolts, the difference between me = 1.5d and 3d is approxi-
mately 15 % and thus less than half the corresponding difference observed for
EN 1665 bolts (approximately 35 %). The substantially lower dependence on
thread engagement length for ISO 4017 supports the hypothesis discussed above
that, due to the smaller bearing area of this bolt type, a major portion of the

plastic deformation occurs at the surface of the clamped component beneath the
bolt head.

Figure 7. Comparison of the thermally induced preload change AFyu for 1SO
4017 and EN 1665 bolted joint geometries at thread engagements me = 1.5d, 2d

and 3d with the value calcu-lated in accordance to VDI 2230
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Figure 8 shows comparative surface profile measurements, restricted to the
region relevant to the present analysis. The profiles extend from the unloaded
surface and the onset of the contact region on the left to the transition into the
chamfered drilling hole on the right, which is indicated by the steep drop in the
profile curves.

On the left side of both profiles, the unloaded regions of the specimen sur-
faces are clearly visible, showing the slight waviness resulting from the machin-
ing process during production. The blue profile (EN 1665) begins to deviate from
this characteristic surface pattern earlier, which can be attributed to the larger
bearing area of the flange-head bolt. This is followed by a slight but continuous
decrease towards the clearance hole at an approximately constant rate. The ob-
served profile corresponds well to the internally bearing geometry of the bolt,
with a maximum plastic deformation of approximately 15 um.

Figure 8. Plastification of the clamping surface on the head side depending on
the screw head geometry for a thread engagement m. = 3d
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In contrast, the red profile (ISO 4017) follows the unloaded surface pattern
over a longer distance before showing a sudden and strong drop, indicating sub-
stantial local plastic deformation. Its maximum value reaches approximately 42
pum and is therefore almost three times more than measured for the EN 1665
configuration (approximately 15 um). This result confirms the hypothesis that
the smaller bearing area of the ISO 4017 bolt leads to substantially greater plastic
deformation of the clamped component beneath the bolt head.

Impact of repeated tightening processes
Figure 9 shows the influence of repeated retightening to Fpo after defined
exposure periods for thread engagement lengths of me = 1.5d and 2d. After initial

tightening to Fpo, the joints were exposed to T1 = 120 °C for t; = 50 h and sub-
sequently cooled back to To. Before the end of a holding time of approximately
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1 h, the joints were retightened to Fpo. This procedure was repeated five times,
resulting in a total exposure time of tira = 250 h.

The previously observed effect that the initial thermally induced increase in
preload AFvw decreases with increasing thread engagement length is also evident
in these tests. This behaviour results from plastic deformation occurring simul-
taneously in the nut thread region, which limits the thermally induced increase
in preload. During the first hours of exposure, the preload loss amounts to ap-
proximately 5 % for me = 1.5d and is therefore slightly but noticeably higher
than the approximately 3 % observed for me = 2d.

With an increasing number of retightening cycles, however, the behaviour
of the two configurations becomes progressively more similar, as the difference
in AFvw decreases with each heating cycle. This indicates that the plastic defor-
mation described above occurs predominantly during the initial cycle. Although
the preload relaxation rate under thermal exposure remains higher for me = 1.5d
than for me = 2d even during the final cycles, the absolute preload losses decrease

progressively. In the last cycle, the losses amount to approximately 1 % for me
=2d and 2 % for me = 1.5d.

Figure 9. Effect of repeated retightening operations on the residual preload
force as a function of the thread engagement at an exposure temperature of T4

=120 °C
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The results therefore show that retightening the joint to its initial preload
after thermal exposure has a beneficial effect on subsequent preload relaxation
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behaviour. Considering the additional effort involved relative to the resulting
benefit, one or two retightening operations appear to be sufficient.

Summary and conclusion

The experimental investigations in this publication demonstrate that preload
relaxation leads to significant losses during thermal exposure, which must al-
ready be considered during the design process. It is shown that joint design ac-
cording to VDI 2230 guideline is insufficient if lightweight materials are ex-
posed to elevated temperatures. The standard should be expanded to include fac-
tors that have high impact on the preload relaxation.

Furthermore, the degradation of lightweight material properties at elevated
temperatures necessitates a re-evaluation of the recommended assembly preload
level. High initial preloads induce severe relaxation losses and become particu-
larly critical at reduced thread engagement lengths. For instance, joints assem-
bled with an initial preload of Fpo = 40 kN exhibited a lower residual preload at
the end of the test duration than those tightened to Fpop = 30 kN. Reducing the
thread engagement length resulted in preload losses of approximately 5 % to 15
%, even under low additional thermal forces and moderate exposure tempera-
tures of 120 °C. It was also demonstrated that altering the bolt head bearing area
fundamentally changes the systems behaviour. With less head bearing surface
the influence of a reduced thread engagement cannot be seen anymore. In tactile
profilometry (standardized stylus measurements) we could see the higher plas-
tification in the contact area for the bolted joint with smaller bearing surface
area. This geometry change leads to a shift where preload relaxation took place.
Retightening the joint after the initial cycle proved to be an effective mitigating
measure. The localized deformation, strain hardening and surface smoothening
that occur during the first heating cycle effectively reduced the preload loss in
the following thermal cycles.

The huge amount of influence factors of preload relaxation makes it hard to
find an easy way to estimate the preload loss of a specific bolted joint connec-
tion. The measurement method which is used in this paper gives good hints about
the point of time when the preload loss happens. The rate of preload relaxation,
which can be seen best with direct measurement methods, gives a good estima-
tion of the influence of design changes. With all gained experiment data, an easy-
to-use calculation method could be developed to estimate the preload loss. This
will be the objective of future research work.
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  T /   T  m ≈ 0 , 4


    F  P m i n
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    𝛼  S t ≈ 11 ⋅  10  − 6     K  − 1
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    D  A = 4 d


    F  M = 30   k N ,   35   k N


    k N


  1   ° C / m i n


    T 0 = 20   ° C


    T 1

