Forces in Mechanics 14 (2024) 100258

Contents lists available at ScienceDirect
Forces in Mechanics

journal homepage: www.sciencedirect.com/journal/forces-in-mechanics

FORCES

= MECHANICS

Wired threaded inserts in joints with steel screws and aluminium nuts: A

parametric study on their effectiveness

Venanzio Giannella® ", Davide Romano °, Maurizio Greco ”, Raffaele Molitierno °,

Raffaele Sepe“, Enrico Armentani ©

& Department of Industrial Engineering, University of Salerno, Fisciano (SA), Italy
b MBDA Itdlia S.p.A., Bacoli (NA), Italy

b

¢ Department of Chemical, Materials and Production Engineering, University of Naples “Federico II”, Naples, Italy

ARTICLE INFO ABSTRACT

Keywords: The aim of this research was to investigate on bolted joints characterized by steel screws and aluminum nuts by

FEM means of numerical simulation. 2D and 3D CAD/FEM parametric models were developed in order to determine

;omt the preload distribution in joints with and without a Wired Threaded Inserts (WTI), so as to compare the trend of
ut

Wired threaded inserts
Parametric study

the stress distributions and the amount of load applied to each thread. The operating mechanisms and the
effectiveness of a WTI were investigated in a parametric study by means of which the most important factors of

the joint (materials, class, diameter, Engagement Ratio (ER), tolerance bands) were varied.

1. Introduction

In the last century, the use of light alloys in modern industry and its
applications increased significantly, in light of the possibility that de-
rives from reducing the weight of structures [1-2]. These are used in
numerous applications of technological interest, from the aerospace
sector to the consumer industry, such as, for example, in the production
of hardware components of electronic equipment. In some cases, light
alloy components are drilled and subsequently threaded to allow the
screwing of steel screws directly on them. This type of technological
application often leads to thread stripping problems, due to the low
strength and surface hardness of light alloys nuts (e.g. aluminium). At
the same time, the general trend that is pushing towards the downsizing
of components for reducing costs, weights and dimensions, coupled with
the aim of achieving continuously higher load-bearing capacity, poses
high criticalities in the design of joints with a steel screws on aluminium
nuts. In the 1970s, Alexander’s studies [3] investigated the phenomenon
of thread stripping in the absence of inserts. This occurs when the ma-
terial of the nut is relatively weak and at the same time the Engagement
Ratio (ER, the ratio between length of the engaged screw thread and
diameter of the screw) is low. A low ER can lead to an incorrect preload
distribution, exposing the thread, partially or entirely, to high stresses
that can lead to permanent plastic deformations or breakage of the nut
thread. Nowadays, the commonly used approach to solve this type of
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problem is to increase the ER value with respect to the value used in
applications with steel nuts, so as to achieve a better redistribution of the
preload. In this regard, Croccolo [4] has conducted a study in order to
assess how increasing the ER benefits stripping thread issues. On the
other hand, helical inserts with rhomboid section called threaded inserts
[5-6], interposed between nut and screw threads, can be an option to
cope with stripping and other phenomena related to the poor mechan-
ical properties of these alloys. These are used for different purposes,
mainly including the reduction of friction at the screw-insert interface
compared to the values measured at the screw-nut interface (without
threaded inserts). Furthermore, they allow the reduction of torsional
stresses in the tightening phase, in turn increasing the fatigue life of the
joint [4]. Threaded inserts are also used to improve the preload distri-
bution, i.e. to reduce the percentage of total preload acting on the initial
threads. From the available datasheets [5], it is clear that Wired
Threaded Inserts (WTIs) can reduce the preload from 50 % to 30 % on
the first thread. However, despite the high technological relevance and
the wide diffusion of threaded inserts, to date there are no further data
or analytical reports for the sizing of the joints that foresee their use. At
the same time, numerous predictive analytical models that allow to
evaluate stresses and preload distributions in the threading of joints
without WTIs are available. The first of these analytical models was
developed by Sopwith in 1948 [7] who obtained the load distribution
along the thread helix by analysing the strain distribution, in turn
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deducing that the distribution of load along the length of a nut was not
uniform due to the strains set up in the bolt and nut. This method can be
utilized for both the bolt and nut case and the turnbuckle case with
symmetrical triangular thread forms.

Since [7], numerous other studies have been conducted [8-32]. In
the literature currently available, the forecasting models of Yamamoto
[8] and Wang and Marshek [33-34] stand out. Wang and Marshek
developed a predictive model that takes into account of the nonlinear
behaviour of the nut material assuming a plastic behaviour without
strain hardening. They schematized the thread as a series of elements of
specific stiffness, placed in series and in parallel. The accuracy of the
analytical models of Yamamoto and Sopwith was studied by S. Lu [26],
who compared the numerical results obtained using the Finite Element
Method (FEM) with the results obtained using the models of Yamamoto
and Sopwith, ascertaining their accuracy in the elastic field. Nonethe-
less, in all cases none of the studies conducted analyses on the effec-
tiveness of WTIs, nor evaluated the influence of these in varying the
preload distribution on the threads.

To date, the major reference guideline for sizing threaded joints is
VDI 2230 [35], which presents various analytical reports for sizing joints
with and without threaded inserts. Nonetheless, the attention paid to the
technological aspects, to the sizing, and to the operating principles of the
joints with threaded inserts, is somewhat sparse and incomplete. In the
absence of predictive models for studying joints with WTIs in the
non-linear field, this work aimed to investigate how the preload distri-
bution varies and which are the factors that most influence it when WTIs
are used. The operating mechanisms and the effectiveness of WTIs were
investigated in a parametric FEM study where the most important fac-
tors of the joint (materials, class, diameter, Engagement Ratio (ER) of
screw, tolerance bands of nut) were varied.

2. Materials and Methods

This parametric study was conducted through FEM simulations by
varying the factors that typically affects the preload distribution in
threaded joints. Axisymmetric 2D and 3D FEM models were developed
and compared with the particular aim of calibrating and validating the
2D model, so as to eventually use it to conduct the parametric analysis.
Such validation procedure was developed also with the aim of
comparing the current results with those available in literature [4] as a
further element of validation. 2D model validation was essential in order
to reduce the computational burden for the consecutive parametric
analysis, hence to reduce runtimes. The CAD model was developed using
the PTC Creo Parametric software and then imported into ANSYS
Workbench to conduct numerous FEM analyses. Figs. 1-2 show geom-
etry and some figures of 2D and 3D models with/without the modelling
of the WTL. Fig. 3 reports a schematic of the boundary conditions.

Due to the impossibility of carrying out experimental tests, the
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calibration and validation of the models was performed by replicating
the results obtained with the 2D model reported in [4]. This allowed to
understand the variations between the two models both for cases with
and without a WTIL. The 2D model was based on the axial-symmetry of
the geometry around screw axis and neglects the continuous thread helix
approximating it to a discontinuous series of consecutive threads.
Similarly, two further FEM models were developed with the addition of
a WTL Both 2D and 3D models comprised a partially threaded-shank
screw without the head. The portion of threaded material (lower
flange) consisted of a cylindrical ashlar of material. At last, a support
was modelled (upper flange) which was used to simulate the contact
condition between the two screwed flanges. The thread-type is metric in
accordance with ISO 68 [36]. To simulate the most common real oper-
ating conditions, the tolerance bands for the thread of the nut and of the
screw were considered by considering the indications contained into the
ISO 965 [37]. A medium tolerance quality (the most frequent) was
chosen for the threaded holes. A class 6 was chosen for the screw,
whereas classes 6 and 7 were chosen for the threaded hole with ER < 2
and ER =2 respectively. Tolerance combination H/g (the most
frequent) was selected to warrant a sufficient overlap and clearance of
the coupling, following the recommendations of the ISO Standards.
Three different configurations were considered by changing ER from 1,
1.5 and 2. The main dimensions of screw and nut when the ER changes
were listed in Table 1. The nut is made of 2017 aluminum alloy, the
sleeve is made of 7075 aluminum alloy, whereas the screw is made of a
steel class 12.9.

Fig. 4 shows details of the FEM mesh for the 2D and 3D models. FEM
mesh of 2D model comprised 6-noded triangular elements (PLANE 183
in Ansys) with average mesh sizes set to 0.1 mm for screw/nut, 0.25 mm
for the sleeve and a refinement to 0.05 mm close to the threads. FEM
mesh of 3D model comprised 20-noded tetrahedral elements (SOLID 186
in Ansys) for which different mesh sizes were tested. The screw preload
was defined by using an axial force of 12.28 kN acting on the upper face
of the threaded-shank, according to literature data [4]. Material prop-
erties were defined as linear-elastic for the sleeve and elastic-plastic (by
means of a bilinear isotropic hardening model) for all the other parts.

The small differences in the results obtained in literature [16] be-
tween 2D and 3D models suggested to use the 2D axisymmetric FEM
model to conduct such a parametric analysis. This choice was also driven
by the reduced computational burden and consequently by the required
runtimes. Once validated the 2D model, this was used to perform a
parametric analysis in such a way to study the effectiveness of the WTI in
the joint. Multiple parameters were varied for such analyses in such a
way to quantify their influence on the preload distribution and on the
stress in the nut. Such parameters were:

e materials of nut and WTI,
o diameter of screw and nut,
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Fig. 1. Schematics of the considered joints: (a) geometry used as comparison with literature [4], (b) geometry used subsequently.
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2D model without WTI 2D model with WTI

®) 3D model without WTI 3D model with WTI

Fig. 2. (a) 2D axisymmetric FEM model with/without WTL; (b) 3D FEM model with/without WTL
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Fig. 3. FEM boundary conditions.



V. Giannella et al.

Table 1
Threaded components dimensions.
ER Screw Nut
Pitch diameter Major diameter Pitch diameter Major diameter
[mm] [mm] [mm] [mm]
1.0 5.268 5.884 5.425 5.035
1.5 5.268 5.884 5.425 5.035
2.0 5.268 5.884 5.425 5.067

e ER value,
e tolerance class of the nut,
o steel class of the screw.

The applied preload, in accordance with the suggested value re-
ported in the in the ECSS guideline [38], was calculated considering a
coefficient of utilisation y of 0.65. As per the validation process, also for
the parametric analyses PLANE 183 elements were chosen since it was
found that the results were highly mesh-dependent, especially for the
threads area. Local mesh size was parameterized according to the thread
pitch (mesh sizes between 1/5th and 1/10th of the pitch, with a
refinement to 1/20th in the thread area). On average, models comprised
between 350k and 1000k nodes depending on joint and screw di-
mensions. Both during calibration and parametric analysis, the contacts
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were set as frictional with friction coefficient depending on the interface
couple materials, see Table 2. Such coefficients were defined according
to literature [35,39]. Material properties of all materials were listed in
Table 3.

M3, M6 and M10 screw sizes were considered since with these di-
mensions it was possible to keep ER almost constant when varying the
number of engaged threads. The dimensions of major and pitch diameter
for screw and minor and pitch diameter of nut were listed in Table 4.
Screw sizes and threaded hole sizes were shaped according to a collo-
cation in the middle of their tolerance bands, so as to reproduce the most
frequent condition. A class 6 was chosen for the screw and classes 4 and
6 were chosen for the threaded hole independently of ER. Tolerance
position combination H/g (the most frequently used) was selected.

A total of 432 different configurations were investigated in this
parametric study (around 75 hours of runtime).

3. Results
3.1. Validation of 2D/3D models
Fig. 5 shows the von Mises stress distributions for 2D and 3D FEM

models for ER equal to 1 and 2 with and without a WTL. It can be noticed
that the stresses calculated with the 2D model were very accurate and in
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Fig. 4. FEM meshes for the 2D and 3D models with/without WTIL.
Table 2
Friction coefficients.
Interface Steel - Steel Steel - Aluminium Steel - Bronze Bronze - Aluminium Aluminium - Aluminium
Friction coefficient [-] 0.16 0.19 0.21 0.25 0.21
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Table 3
Main material properties for all the considered materials.
Component ~ Material Young’s Yield Ultimate Elongation
modulusE  stress stress o, at rupture &,
[GPa] oy [MPa] [-]
[MPa]

WTI A2 steel 207 270 650 54
Bronze 115 260 470 20
Aluminium 72 165 275 10

Nut Aluminium 72 275 427 22
2017-T3
Aluminium 72 345 485 18
2024-T3
Aluminium 72 275 310 17
6061-T6
Aluminium 72 485 540 7
7075-T6
C40 steel 207 500 800 15

Screw 8.8 class 207 640 800 12
10.9 class 207 900 100 9
12.9 class 207 1080 1200 8

a sound agreement with those calculated with the 3D model, for both
cases with and without the WTL. For cases with ER = 1, stresses were on
a large area significantly higher than the yield strength of the nut ma-
terial (275 MPa), both for cases with and without the WTI. Moreover, it
is clear that the stresses in the threads for the configuration with ER = 1

Forces in Mechanics 14 (2024) 100258

and without WTI, replicate the failure mode verified in the experimental
tests reported in literature [4]. The results of the load distributions on
the engaged threads, normalized with respect to the total preload, were
shown in Fig. 6 wrt. the 3D model. Fig. 7 compares the same results
among the 2D and 3D models with/without WTI for three ER values.

For cases without WTI, large plasticization occurs over the entire nut
length for ER = 1, hence involving all the engaged threads. On the other
hand, for ER = 2 without WTI, only the first two threads are affected by
a slight localized plasticization, whereas the remaining ones tolerated
the preload remaining well below the yield strength. This behaviour can
be explained taking into account the force necessary to deform the
thread plastically. This is about 20 % of the total preload, according to
the model in [16]. This value varies slightly with the variation of the
number of engaged threads (for materials that do not have a strong work
hardening) whereas it is highly dependent on the thread size and the
material of the nut. Once this critical value is exceeded, the succeeding
tooth starts to deform plastically, the force acting on it settles on the
critical value, and the preload is distributed on the subsequent tooth.
This phenomenon can also be deduced from Fig. 6, where it is reported
the preload distribution among the threads at the preload increasing. As
a matter of fact, it can be noticed that increasing progressively the
preload, there is an asymptotic value of the percentage of total preload
acting on the threads, both with and WTIL.

For cases with WTI, it can be seen from Fig. 7 that, for ER = 1, there
were no appreciable variations in the preload distribution, whereas

Table 4
Threaded components dimensions (middle tolerance bands) in accordance with ISO 965.
Nominal diameter Pitch Screw (6 g) Nut (6H) Nut (4H)
[mm] [mm] Pitch diameter Major diameter Pitch diameter Major diameter Pitch diameter Major diameter
[mm] [mm] [mm] [mm] [mm] [mm]
3 0.5 2.618 2.902 2.726 2.530 2.706 2.504
1.0 5.268 5.884 5.425 5.035 5.396 4.992
10 1.5 8.928 9.850 9.116 8.526 9.082 8.472
ER = 1, without WTI ER = 1, with WTI
2D model 3D model
@
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Fig. 5. Comparison of 2D/3D von Mises stress fields [MPa] for different joint configurations.
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M6 screw with WTI
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Fig. 6. Load distribution along threads as a function of total preload (ER = 1, 3D model).
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Fig. 7. Preload distribution as a function of ER; comparison among 2D and 3D models.

higher variations were noticed for cases without WTL. On the other
hand, for cases with ER = 1.5 and 2, almost similar improvements were
observed on the first threads between cases with/without WTI. The same
holds true also with reference to the von Mises stresses shown in Fig. 5,
where larger variations were noticed for the case with ER = 2, rather
than for the case ER = 1. It is also worth noting that there is a “mini-
mum” ER over which benefits start to be appreciated (usually around ER

= 1.5). After exceeding such a minimum ER, further increments do not
contribute to a further unloading of the first threads.

The Pareto chart of the results obtained during this parametric
investigation was shown in Fig. 8. Y-axis reports the parameters grouped
and listed in a descending order in terms of importance (groups at top of
the chart are those having the highest impact on the calculations). From
a first statistical analysis, it was clear that the parameters that most

Pareto chart
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A = WTI material
B = nut material
C = screw class
D=ER i
E = screw dimension 1

Fig. 8. Pareto chart for all cases with WTL
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influence the results were, in order of importance:

. the material selected for nut and WTI,
. the engagement ratio ER,
3. the steel screw class.

N =

The size of the screw did not significantly affect the results.

Results of the parametric analyses were reported in the following
sections. All results were centred on the parameter L; /P, where L; rep-
resents the load on the i-th tooth whereas P represents the total preload
acting on the joint, hence %Li /P = 100%. Reducing such L; /P value for

the first teeth mean to a better redistribution of the load on all the other
threads. Larger reductions on first threads are therefore beneficial for
the life of the joint.

3.2. Comparison among different materials

The difference between the load amount per tooth L; with respect to
the total preload P is shown in the following Figs. 9-10 for different
materials of nut and WTI. As stated before, negative value indicates a
decrease in the load acting on the thread, i.e. an improvement. From
results of Fig. 9, it is clear that the aluminum WTI contribute to the
greatest reductions of the loads acting on the first threads, compared to
A2 steel and bronze. This is more significant especially in cases with ER
> 1. Indeed, the effectiveness of a WTI does not depend on its material in
case with ER = 1. Besides, the variation of the preload distribution does
not change when the WTI material changes regardless of the materials
used for the nut. It is also clear from Fig. 9 that the load reduction on the
first threads is higher for nut materials with a high yield stress (such as
C40 steel and 7075 aluminum alloy). However, the aluminum WTI

Forces in Mechanics 14 (2024) 100258

works better than those in bronze or steel for all the considered cases.
3.3. Comparison among different screw diameters

Fig. 10 shows the variations of the preload distribution as a function
of screw diameter and WTI material. For all cases, it is observed that
there is no correlation between the screw diameter and the variation in
the preload distribution when a WTI is used. This can also be inferred
from the Pareto charts reported in Fig. 8.

3.4. Comparison among different screw diameters

Fig. 11 shows the variation of the preload distribution for three ER
values as a function of material for nut and WTI. As expectable, it can be
said that, as the ER increases, higher benefits can be achieved. There are
improvements in the variation of the preload distribution (i.e. an in-
crease in the effectiveness of the WTI) for all cases with ER > 1.5. For
example, in all cases analyzed with ER =2 and aluminum WTI, the
maximum effectiveness is greater with that achieved with bronze or
steel WTIs. Cases with ER = 1 are those that show a minor variation in
the preload distribution, regardless of the configuration taken into
consideration. These outcomes are in agreement with those already re-
ported in Figs. 9, 10. Under the same ER, the variation of the preload
distribution is greater in cases with C40 steel nut compared to cases with
6061 aluminum alloy nuts.

3.5. Comparison among different screw classes

Fig. 12 shows the trends of the variation of the preload distribution
as the class of the screw changes for different configurations of screw
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Fig. 9. Variation of the preload distribution as a function of nut material (black boxes) and WTI material (red boxes).
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Fig. 11. Variation of the preload distribution for three ER values as a function of nut material (black boxes) and WTI material (red boxes).

diameter and material of the nut. It can be noticed that the results are
almost similar to those reported with reference to the variation of the
screw diameter, see Fig. 10. In both cases (12.9 and 8.8 classes), there is
a higher effectiveness of a WTI on a nut material such as C40 steel. For
the 6061 aluminum alloy with class 8.8, it is observed that the WTI al-
lows for an increase in the variation of the preload distribution for the
case with ER = 1, whereas no appreciable variations are reported for ER
= 2. At the same time, for the case with C40 steel and 8.8 class, a
reduction in the effectiveness of the WTI is observed for cases with ER =
2 whereas, once again, negligible variations can be noticed for ER = 1.

3.6. Variation of the nut tolerance bands

The influence of the nut threads tolerance band was analyzed for
cases without WTI, in such a way to evaluate the influences of this
parameter on the preload distribution. It can be observed from Fig. 13
that this does not considerably influence the preload distribution, both
in the elastic and in the elastic-plastic fields. Results of Fig. 13 were
calculated considering AA6061 as material of the nut. Even lower var-
iations were calculated by considering C40 steel and were not reported
here for brevity.
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4. Conclusions

A parametric study on the effectiveness of wired threaded inserts in
joints characterized by a steel screw and an aluminium nut was pre-
sented in this document. To this aim, 2D and 3D numerical simulations
were developed and the results cross-compared with those available in
literature. The error committed using 2D axis-symmetric models instead
of fully 3D models is negligible for all configurations with/without
considering a WTI. The operating mechanisms and the effectiveness of a
WTI were investigated in a parametric study by means of which the most
important factors of the joint (materials, class, diameter, Engagement
Ratio, tolerance bands) were varied.

The effectiveness of using a WTI for reducing the preload distribution
is not a constant, as declared by many manufacturers. For all cases, the
WTT has proved to be beneficial in the reduction of the stresses especially
at the root of nut threads. A ER value around 1.5 was calculated as the
“minimum” value above which benefits in using a WTI are noticed, this
especially with nuts consisting of alloys with low yield stress used in

combination with class 12.9 steel screws. The WTI effectiveness does not
vary with the screw diameter. In general, with other factors being equal,
the effectiveness of an aluminum WTI is greater than that achieved with
bronze or A2 steel. For all cases, the variation of the nut tolerance class
from 6H to 4H did not lead significant variations in the preload
distribution.
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