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A B S T R A C T

This study investigates the effect of shot-peening on the bearing friction coefficient of 42CrMoV grade 14.9
screws. An experimental campaign was conducted on a tribological testing rig, investigating the combined
effects of shot peening treatments, lubrication conditions, and number of tightenings on the frictional
coefficient. A first set of tests was performed, considering the same shot-peening conditions as in a previous
study to highlight the role of different material. A second campaign was carried out, adjusting the process
parameters to enhance the tribological response. Small shots and high-impact energy are suitable for tightening
with lubricant, whereas, in dry conditions, larger shots and lower-impact energy lead to particularly low
friction coefficients that are well aligned to those achievable when using lubricants.
1. Introduction

High-strength threaded joints are of a paramount importance in
several machines, particularly in the transportation field where a high
strength-to-weight ratio is needed [1,2]. A proper preloading force of
the fastener is critical to ensure a reliable connection between parts.
This is especially relevant in dynamic load and under vibrations, which
can lead to joint failure [3,4].

In common engineering practice, the clamping force 𝐹 is related to
the tightening torque 𝑇 by Eq. (1) [5]:

𝑇 = 𝐹 𝐾 𝐷 (1)

where 𝐷 is the nominal diameter of the bolt and 𝐾 is a constant
named nut factor or torque coefficient, a constant provided by the bolt
manufacturer, as prescribed by international standards [6,7]. The nut
factor accounts for torque dissipations upon the preloading of threaded
joints due to friction phenomena. Motosh proposed a more detailed
formula, which is provided in Eq. (2) and isolates the different sources
of friction. In this formula, the tightening torque 𝑇 is the sum of three
different contributions: 𝑇𝑝, 𝑇𝑡 and 𝑇𝑏.

𝑇 = 𝑇𝑝 + 𝑇𝑡 + 𝑇𝑏 (2)

𝑇𝑝 is the pitch torque, i.e. the portion of the total torque determining
the clamping force, and can be calculated as shown in Eq. (3)

𝑇𝑝 =
𝑝
2𝜋

𝐹 (3)

∗ Corresponding author.
E-mail address: mattia.mele@unibo.it (M. Mele).

where 𝑝 is the pitch of the bolt.
𝑇𝑡 is the thread friction torque, the torque required to overcome the

friction between the threads of the screw and those of the nut. This
coefficient can be calculated using Eq. (4):

𝑇𝑡 =
𝜇𝑡𝑅𝑡
𝑐𝑜𝑠𝛽

𝐹 (4)

where 𝜇𝑡 is the friction coefficient between threads, 𝛽 is half of the
thread profile angle, and 𝑅𝑡 is the effective radius of threads. An
accurate definition and estimation of the radius 𝑅𝑡 must take the actual
distribution of pressure between male and female threads [8] into
account.

Finally, 𝑇𝑏 is the bearing torque, the torque required to overcome
the friction between the head of the bolt (or the nut) and the underlying
surface of the assembled parts. The value of 𝑇𝑏 can be calculated using
Eq. (5)

𝑇𝑏 = 𝜇𝑏𝑅𝑏𝐹 (5)

where 𝜇𝑏 is the friction coefficient between the surfaces in contact, and
𝑅𝑏 is the effective bearing radius. The actual value of 𝑅𝑏, as in the
case of 𝑅𝑡, depends on the specific pressure distribution at the interface
between the screw underhead and the part [9].
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ANOVA Analysis Of Variance
DOE Design Of Experiment
DOF Degrees Of Freedom
UTS Ultimate Tensile Strength

According to Zou et al. [9], the bearing torque accounts for al-
ost 50% of the total torque T, while 𝑇𝑝 is only 10% of T. This

utcome highlights the relevant role of the bearing friction, which
s universally regarded as the main influential factor affecting the
chievable clamping force obtained during assembly for a given tight-
ning torque [10]. Accordingly, a number of studies focused on the
ffect of different materials, substrates, and processing conditions on
he bearing torque [11–16]. The value of 𝑇𝑏 is highly affected by
ubrication, which contributes to lower the actual friction coefficient
t the bearing interface [17,18]. These studies are typically carried
ut by experimental tests that measure the input tightening torque,
he clamping force, and the thread [19] or the bearing friction torque.
he literature in this field highlights that the bearing torque may
ignificantly differ over multiple retightenings [20]. At each tightening
ycle, the interaction between the asperities of the two surfaces triggers

modification in the surface roughness, which affects the friction
oefficient at the interface [21,22]. As discussed by Croccolo et al. [23],
he evolution of 𝑇𝑏 over retightenings strongly depends on the involved
aterials and lubricating conditions. These potential variables result

n uncertainties regarding the actual clamping force obtained for the
redetermined tightening torque. Insufficient or excessive axial forces
ay be produced along the axis of the screw, which increases the risk

f failure of the threaded joint [4].
The frictional characteristics of the bearing are also profoundly

ffected by treatments of the surfaces in contact, as previously dis-
ussed in studies [24]. Shot-peening, in particular, has been found to
e a promising treatment for reducing the friction coefficient of steel
urfaces. This is due to the creation of dimples on the surface resulting
rom the impact of shots, which can reduce the actual contact area and
imit wear phenomena, in addition to the residual compressive stress
nd surface morphology [25–27].

However, research on the effects of shot-peening on multiple tight-
nings in threaded joints is still limited, with only one study conducted
y Croccolo et al. [28] on grade 13.9 36NiCrMo threaded joints. They
howed that shot-peening can reduce the influence of multiple tight-
nings on the bearing friction coefficient when lubricated. However,
ignificant variations in 𝜇𝑏 were still observed in dry conditions.

This study explores the effects of shot-peening on the tightening
orque of high resistant threaded joints, specifically 42CrMoV screws.

first experimental campaign replicates the shot-peening treatments
roposed by [28] to observe the influence of the material. A second
ampaign is conducted based on the results of the first tests, using
ifferent shot-peening conditions, with particular reference to shot size,
aterial, and Almen intensity, accounting for impact severity. These
rocess parameters are specifically selected to reduce bearing friction
oefficient and its variations in dry conditions.

. Materials and methods

.1. Screw design and manufacturing

The experimental tests were conducted on M10x1 bolts of grade
4.9, which were made of 42CrMoV alloy. These are high-resistant
ommercial screws intended for advanced applications in the automo-
ive field. The nominal pitch of the screw was 1 mm. A schematic
rawing of the screw used for testing is depicted in Fig. 1.

The dimensions of the screw underhead can be observed in Fig. 1.
2

pecifically, the external diameters measures 13.5 mm. The internal
Fig. 1. A sketch of the screw used for testing (dimensions are in mm).

diameter of the underhead, namely the diameter of the hole, is equal
to 11 mm. These identical dimensions also apply to the nut.

The bolts were manufactured, following a standard working cycle,
which involved cold forcing, quenching and tempering, turning, and
thread rolling. At the end of these treatments, the screw hardness was
measured and proved to be 47 HRC. The material Ultimate Tensile
Strength (UTS) ranges from 1400 MPa to 1450 MPa, and its yield
strength and minimum elongation at fracture are 1250 MPa and 11%,
respectively. The average roughness Ra at the underhead after turning
is 0.4 μm.

During shot-peening treatments, the thread was protected to prevent
any damage to its profile and, therefore, was not shot-peened.

2.2. Tightening tests

The tightening tests were conducted in accordance with interna-
tional standard ISO 16047 [29] using a Model 201 tribological test-
ing rig manufactured by TesT GmbH (Erkrath, Nordrhein-Westfalen,
Germany) and shown in Fig. 2.

Fig. 3 shows a scheme of the testing rig.
As it can be observed in Fig. 3, the screw is bolted on the bearing-

plate by means of a nut. The test-bearing-plate, which is labeled in
Fig. 2, is manufactured complying with the recommendations in [6]
with reference to type HH. It is made of carbon steel, with 56 to
58 HRC hardness and 0.3 to 0.4 μm Ra roughness. Plate thickness is
2.5 mm and it contains not-chamfered holes with 11 mm diameter. A
constraining device avoids the rotation of the nut. The bearing plate
is integral with the measuring head, which comprises an axial and a
ring torsional load cells. The axial load cell measures the axial force
𝐹 , while the torsional cell measures the torque 𝑇𝑏 transmitted at the
bearing. The screw is fastened by means of a spindle equipped with an
angular position sensor and another ring torsional load cell that allows
for measuring the tightening torque 𝑇 .

As the measuring head reads the axial load 𝐹 and the bearing torque
𝑇𝑏, the coefficient of friction 𝜇𝑏 can be calculated, according to Eq. (5),
as in Eq. (6).

𝜇𝑏 =
𝑇𝑏
𝑅𝑏𝐹

(6)

Fig. 4a and Fig. 4b provide representative plots depicting the rela-
tionship between the applied torque 𝑇 and, respectively, the bearing
coefficient of friction 𝜇𝑏 and the bearing torque 𝑇𝑏.

As illustrated in Fig. 4a, 𝜇𝑏 keeps steady after an initial transient
period. In this phase, an almost linear relation between 𝑇 and 𝑇𝑏 can
be observed in Fig. 4b. The 𝜇𝑏 value measured at the maximum torque
is utilized in the subsequent analyses. This coefficient is particularly
significant for this study since it is directly affected by the surface
treatment of the bolt underhead

As stated in Section 1, the lubricating conditions of the bearing
assembly have a significant impact on its tribological behavior. To
quantify this influence, all threaded joints were tested under both dry
and lubricated conditions. Prior to testing, all screws and nuts were
cleaned in a ultrasonic bath. For lubricated screws, a commercial MoS
2
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Fig. 2. Tribological testing rig used for testing.
Fig. 3. Working scheme of the testing rig.
lithium grease was applied to the entire screw. Three cycles of tight-
ening and loosening were performed at a rotational speed of 25 rpm
for each combination of surface treatment and lubrication to monitor
changes of 𝜇𝑏. In the case of lubricated screws, grease was applied at the
beginning of the trial only, i.e, was not replaced upon every tightening–
untightening cycle. A full-factorial Design Of Experiment (DOE) was
conducted to combine shot-peening treatment, bearing lubrication, and
the number of re-tightenings. Each experimental point was replicated
five times.

2.3. Preliminary yield tests

Preliminary destructive tests were performed to determine the tight-
ening torque 𝑇𝑦 required to yield the screws, under both dry and
lubricated conditions. Each test was replicated five times to ensure the
3

validity of the results. The tightening torque used for subsequent tests
(𝑇𝑡) was set at 0.75 𝑇𝑦, as suggested by Standard [29]. Fastening and
unfastening were performed at the same rotational speed of 25 rpm.

Fig. 5 displays representative torque/force curves obtained in the
preliminary destructive tests in dry and lubricated conditions. Positive
values of 𝑇 correspond to the tightening phase, whereas negative values
correspond to the unscrewing phase.

It is noteworthy that, during the first phase of tightening, the curve
exhibits an almost linear correlation between the axial force on the
screw and the tightening torque, as it is highlighted in the sketched
diagram. This region corresponds to the elastic deformation of the
material. Based on the results obtained from these preliminary tests,
the recommended tightening torque 𝑇𝑡 was set at 85 Nm under dry
conditions and 70 Nm when applying lubricant.
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Fig. 4. Representative curves of (a) the bearing coefficient of friction 𝜇𝑏 and (b) the bearing torque 𝑇𝑏 during tightening.
Fig. 5. Typical yield test curve. 𝑇 is positive for clockwise rotations (tightening) and negative for counterclockwise rotations (untightening).
3. Data analysis

The data collected by experimental data were analyzed through
statistical methods. Specifically, one-way and two-way ANOVA were
used to investigate the influence of the different experimental factors,
namely shot-peening treatments and lubrication, on the bearing friction
coefficient 𝜇𝑏.

One-way ANOVA clusters the experimental data into sets charac-
terized by the same level of the investigated factor. Then, a test is
performed on the null hypothesis that the investigated factor does not
affect the output and the observed differences for different factor levels
are only due to chance. Whether the null hypothesis is rejected, it is
possible to conclude that the influence of the investigated factor on
the output is statistically significant. Two-way ANOVA allows for the
extension of this analysis to investigate the effects of two variables [30].

The most common approach to quantify the significance of a vari-
able is the 𝑝-value. The 𝑝-value indicates the probability of failing
when asserting the input significantly affects the output. Thus, the
lower the 𝑝-value, the more evidence against the null hypotheses arise
from ANOVA. The threshold for this value is usually set equal to 0.05.
Therefore, if the 𝑝-value of an experimental factor is < 0.05, it is
4

possible to conclude that the investigated factor does significantly affect
the output variable [31].

Many calculation tools are available to perform ANOVA tests. In this
study, the software STATA/SE 18.0 by StataCorp LLC ©was used.

4. Shot-peened threaded joints and experimental tests

4.1. Shot-peening parameters

Before the first experimental campaign the screws underwent two
distinct shot-peening treatments, whose process parameters are re-
ported in Table 1. In both treatments, a 200% coverage was ap-
plied [28]. Additionally, a set of non-treated bolts were included in the
experiment as a reference for comparison purposes.

4.2. Surface morphology

Fig. 6 shows a microscopic picture of the surface of screws of the
surfaces after shot-peening. The roughness Ra at the underhead surfaces
and the average size of observed dimples are summarized in Table 2.
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Fig. 6. Morphology of the surface of screws that were shot-peened with (a) Z100 10-12N, (b) UFS70 10-12N parameters and (c) example of underhead (Z100 10-12N).
Table 1
Details of the shot-peening cycles tested in the first experimental set.

Label Treatment Shots Shot diameter Coverage Intensity
(μm) (%) (Almen N)

A Z100 10-12N Ceramic 100 200% 10–12
B UFS70 10-12N Steel 40÷70 200% 10–12

Table 2
Surface roughness and dimple size of screws shot-peened with treatments A and B.

Label Treatment Ra Average dimple size
(μm) (μm)

A Z100 10–12N 1.3 ÷ 1.6 83.0 ± 8.9
B UFS70 10–12N 2.0 ÷ 2.1 60.8 ± 13.3

Table 3
Bearing friction coefficient (𝜇𝑏) at multiple tightening (Set 1).

Treatment Lubrication Tightening 1 Tightening 2 Tightening 3

Not peened Dry 0.150 ± 0.019 0.203 ± 0.026 0.289 ± 0.060
Greased 0.201 ± 0.003 0.185 ± 0.006 0.152 ± 0.007

Z100 10-12N Dry 0.118 ± 0.009 0.187 ± 0.043 0.242 ± 0.027
Greased 0.125 ± 0.010 0.127 ± 0.019 0.127 ± 0.016

UFS70 10-12N Dry 0.111 ± 0.008 0.145 ± 0.038 0.177 ± 0.063
Greased 0.116 ± 0.002 0.115 ± 0.018 0.099 ± 0.004

4.3. Tribological results and discussion

Table 3 presents the average values of the bearing coefficient of
friction (𝜇𝑏) for dry and greased screws in the first set. These values
are also depicted in the bar chart of Fig. 7.

It is evident from the results in Table 3 and Fig. 7 that both shot-
peening treatments result in a reduction of the bearing coefficient
of friction for all the investigated combinations of tightenings and
lubrication conditions. The influence of the shot-peening treatment was
also confirmed by a two-way ANOVA. Specifically, the average values
of 𝜇𝑏 over all the tightening cycles are summarized in Table 4.

The results in Table 4 demonstrate that the Z100 10-12N treatment
entails an average reduction of μb by 14.7% and 29.4% in dry and
5

Table 4
Average values of 𝜇𝑏 over multiple tightenings (Set 1).
Treatment Dry Lubricated

Not peened 0.214 0.179
Z100 10-12N 0.183 0.127
UFS70 10-12N 0.145 0.110

Table 5
𝑝-value of the number of tightening in one-way
ANOVA (Set 1).
Treatment Dry Lubricated

Not peened 1.05 × 10−3 5.78 × 10−8

Z100 10-12N 2.84 × 10−4 9.79 × 10−1

UFS70 10-12N 1.35 × 10−1 8.30 × 10−2

lubricated conditions, respectively. The benefits are even more evident
in the case of the UFS70 1012N peening, which leads to a decrease of
𝜇𝑏 by 32.5% in dry conditions and 38.5% when lubricant is applied.

The tool of ANOVA was utilized to investigate the effect of each
factor on the bearing coefficient of friction. The surface treatment
and lubrication were considered as external discrete factors, and a
single-way ANOVA was carried out for each combination of these
parameters to determine the significance of the number of tightenings.
The results of ANOVA in terms of 𝑝-values are summarized in Table 5.
The corresponding main effects plots are presented in Fig. 8 to highlight
the trend of the bearing coefficient in each case.

The findings in Table 5 indicate that the number of tightenings has a
strong effect on 𝜇𝑏 for non-treated screws under dry conditions (𝑝-value
= 1.05 × 10−3). Fig. 8 shows that the initial value of 𝜇𝑏 is relatively
low, namely around 0.15. This can be explained considering the low
value of roughness on this surface (Ra = 0.4 μm). During the subsequent
untightenings and tightenings, spalling particles appear on the surface,
and their abrasive action tends to exacerbate wear. Consequently, there
is an observed increase in the coefficient of friction 𝜇𝑏, as highlighted
in Fig. 8. This finding is consistent with previous studies [32].

A similar trend is observed in Fig. 8 for screws subjected to Z100 10-
12N shot-peening and operating under dry conditions. In this scenario,
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Fig. 7. Bearing friction coefficient (𝜇𝑏) at multiple tightening in different lubrication conditions (Set 1). The error bars show the maximum and minimum values obtained within
experimental tests.
Fig. 8. Main effect plot of number of tightening vs 𝜇𝑏 (Set 1).
the 𝑝-value of 2.84 × 10−4 reported in Table 5 indicates a significant
impact of the number of tightenings on the friction coefficient [30,31].

Surprisingly, the results of the ANOVA suggest that screws treated
with UFS70 10-12N are not affected by the number of tightenings,
despite the increasing trend plotted in Fig. 8. However, it is worth
mentioning the increasing rate is much lower than that obtained for the
other treatments. This singularity may be due to the large scattering
of data around the mean value, as it is highlighted by the variation
intervals in Fig. 7. In addition, the mean values vary within a limited
range.

Therefore, even though treatments Z100 10-12N and UFS70 10-12N
lead to a beneficial overall reduction of the friction coefficient, there is
still variation in the coefficient of friction among multiple tightening
cycles. This is consistent with previous findings [28] for grade 13.9
36NiCrMo threaded joints. It can be concluded that material change
only does not allow to overcome the limitations identified in that study.

The increase in coefficient of friction can be explained considering
surface wear and spoiling induced by the three tightening–untightening
cycles, as highlighted in Fig. 9. This phenomenon is promoted by the
high roughness of the surface after shot peening, as reported in Table 1,
which causes severe wear of the bearing. Thus, high roughness is,
6

in turn, presumably related to the small size of the peening induced
dimples reported in the same table.

Regarding lubricated tests, it is evident from Table 5 that the 𝑝-value
resulting from one-way ANOVA is under the threshold value of 0.05.
This finding indicates that the number of tightening cycles remains
statistically significant for non-peened screws with lubrication.

Interestingly, the coefficient of friction at the first tightening ap-
pears to be higher than that observed in dry conditions. A possible
reason for this phenomenon is that during the first tightening, the
grease, which is manually applied on screws, must be spread to reach a
uniform height. Over the next tightening and untightening cycles, the
lubricant reaches the optimal height with a consequent decrease in the
coefficient of friction.

Conversely, for treated screws, the shot peening treatments result
in a nearly flat trend and 𝑝-values exceeding 0.05. Therefore, it can
be concluded that the number of tightening cycles does not affect the
bearing friction coefficient for treated screws.

This finding is consistent with previous research [28] and may be
due to a hydrostatic effect arising from lubricant being trapped in the
dimples left by shot-peening.

It can also be highlighted that the coefficient of friction at the first
tightening is approximately the same in dry and lubricated conditions.
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Fig. 9. Pictures of the screw underhead at the end of dry tightening cycles. (a) Non-peened, (b) Z100 10-12N and (c) UFS70 10-12N.
Table 6
Details of the shot-peening cycles tested in the second experimental set.

Label Treatment Shots Shot diameter Coverage Intensity Ra
(μm) (%) (Almen N) (μm)

C Z100 4N Ceramic 100 200% 4 0.5 ÷ 1.0
D S110 8.8N Steel 280 200% 8.8 0.5 ÷ 1.0

Table 7
Surface roughness and dimple size of screws shot-peened with treatments A and B.

Label Treatment Ra Average dimple size
(μm) (μm)

C Z100 4N 0.5 ÷ 1.0 77.3 ± 4.6
D S110 8.8N 0.5 ÷ 1.0 153.1 ± 15.4

5. Shot-peening parameters revisited and a new experimental
campaign

5.1. New shot-peening parameters

The parameters of the shot-peening treatment were redefined based
on the results presented in Section 4. Specifically, since the main
detrimental effects observed in the first experimental campaign were
attributed to a generally small dimensions of dimples, and, especially,
to the induced not negligible roughness, larger shots and lower impact
energies were used. As a result, the shot-peening treatments reported
in Table 6 were used. Treatment Z100 4N was derived from treat-
ment Z100 10-12N ( Table 1) by reducing the intensity of peening,
leaving shot material and diameter unchanged, whereas treatment
S110 8.8N was obtained by simultaneously increasing shot diameter
and decreasing intensity with reference to treatment UFS70 10-12N.
These parameters were adjusted in order to achieve a target roughness
ranging between 0.5 and 1 μm.

The second campaign was also arranged as a full-factorial DOE
with five replications, varying lubrication conditions and the number
of tightenings as in the first campaign. As a result, additional 60
tightening–untightening tests were carried out.

5.2. Morphology of the treated surface

Micrographic pictures of screws treated with shot peening Z100 4N
and S100 8.8N are shown in Fig. 10a and Fig. 10b, respectively. The
measured values of surface roughness and the average dimple size are
reported in Table 7.

The results in Table 7 shot peening parameters result in a different
texture of the treated surface. Specifically, the lower impact energy of
treatment C with respect to treatment A leads to a barely unchanged
dimple size. Nevertheless, a reduced dimple depth results in a lower
surface roughness, thus meeting the target. In the case of treatment D,
the higher diameter of shots allows for impact energy redistribution
on a larger surface, again reducing the depth of dimples. This is also
confirmed by the higher average size of dimples reported in Table 7.
7

Table 8
Bearing friction coefficient (𝜇𝑏) at multiple tightening (Set 2).

Treatment Lubrication Tightening 1 Tightening 2 Tightening 3

Not peened Dry 0.150 ± 0.019 0.203 ± 0.026 0.289 ± 0.060
Greased 0.201 ± 0.003 0.185 ± 0.006 0.152 ± 0.007

Z100 4N Dry 0.118 ± 0.005 0.119 ± 0.013 0.113 ± 0.010
Greased 0.149 ± 0.001 0.135 ± 0.005 0.129 ± 0.001

S110 8.8N Dry 0.132 ± 0.005 0.127 ± 0.009 0.120 ± 0.007
Greased 0.165 ± 0.013 0.139 ± 0.011 0.128 ± 0.015

Table 9
Average values of 𝜇𝑏 over multiple tightenings (Set 2).
Treatment Dry Lubricated

Not peened 0.214 0.179
Z100 10-12N 0.117 0.138
UFS70 10-12N 0.126 0.144

Table 10
𝑝-value of the number of tightening in one-way
ANOVA (Set 2).
Treatment Dry Lubricated

Not peened 1.05 × 10−3 5.78 × 10−8

Z100 4N 6.47 × 10−1 2.91 × 10−6

S110 8.8N 8.85 × 10−2 6.39 × 10−3

5.3. Tribological results and discussion with new shot-peening parameters

The average values of 𝜇𝑏 obtained in the framework of the second
experimental campaign are summarized in Table 8 and presented in
Fig. 11. The effectiveness of the shot peening treatments tagged as
C and D was also confirmed by a preliminary two-way ANOVA. The
results indicate that these treatments (detailed in Table 6) also reduce
the bearing friction coefficient, if compared to that of non-treated
screws, as confirmed by the average values in Table 9.

Specifically, the average coefficient of friction was reduced by
45.4% and 23.2% in dry and lubricated conditions, respectively, for
Z100 4N. As for S110 8.8N, the reduction was 41.0% and 19.7% under
dry and lubricated conditions, respectively. By observing Fig. 11, it can
be noticed that such an advantage is especially evident at the third
tightening in dry conditions.

To investigate the influence of multiple fastening cycles on the
screws belonging to each set, the results have been analyzed via
one-way ANOVA, as presented in Section 4.3. The 𝑝-values obtained
through these analyses are summarized in Table 10.

The results in Fig. 11 show that the new treatments lead to a sharp
reduction in the coefficient of friction at the first tightening cycle.
This result is consistent with the discussion in Section 4, as these
treatments were optimized to achieve a proper finishing of the surface
(see Fig. 10).

The ANOVA results show that for both treatments C and D, the
𝑝-value in dry conditions is higher than 0.05, indicating that the
number of tightenings no longer affects the bearing friction coefficient
of screws, thus taking advantage of the improved parameters. This
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Fig. 10. Morphology of the surface of screws shot-peened with (a) Z100 4N and (b) S110 8.8N and (c) example of underhead (S110 8.8N).
Fig. 11. Bearing friction coefficient (𝜇𝑏) at multiple tightening in different lubrication conditions (Set 2). The error bars show the maximum and minimum values obtained within
experimental tests.
outcome is also highlighted by the main effect plots of Fig. 12, which
show a nearly-constant trend of 𝜇𝑏 over fastening cycles. Therefore, the
actual coefficient of friction, and, in turn, the achievable axial preload
are made well predictable than for non-treated screws.

This result is of primary relevance, as it demonstrates that shot
peening treatments C and D, whose optimized parameters are sum-
marized in Table 6, make it possible to overcome the main limitation
of the previously investigated ones (tagged as A and B in Table 1).
Such an improvement is surely related the lower roughness of the
surfaces, as reported in Table 7, as an effect of the adoption of larger
shots and lower impact intensity. This reduced roughness and improved
surface texture leads to a reduction of wear phenomena affecting the
underhead surface. This outcome is also confirmed by the observation
of the underhead surfaces, shown in Fig. 13.

By comparing Figs. 9 and 13, it can be pointed out that the modified
shot-peening treatments dramatically reduce damaging of the bearing
surface. On the other hand, 𝜇 significantly depends on the number of
8

𝑏

tightenings when lubrication is applied, as shown in both Table 10 and
Fig. 12.

In this case, the coefficient in lubricated conditions appears to be
higher than that in dry conditions. As far as the first tightening is
concerned, the same considerations presented in Section 4 can be ap-
plied. On the other hand, the differences at the second and third cycles
range between 0.01 and 0.02, making them statistically insignificant,
especially considering the scattering of data.

Consistently with the outcome of the first campaign, the friction
coefficient exhibits a decreasing trend, following lubricant spread over
the surface that is also promoted by the peening-induced dimples. The
achievable friction values upon the three re-tightenings are all very
close to those of the campaign involving treatments A and B. It is worth
highlighting that the decreasing trend of μb over tightenings yields a
generally beneficial increase of the preload force that can prevent screw
self-loosening [33,34].



Tribology International 188 (2023) 108874D. Croccolo et al.
Fig. 12. Main effect plot of number of tightening vs 𝜇𝑏 (Set 2).
Fig. 13. Pictures of the screw underhead at the end of dry tightening cycles. (a) Non-peened, (b) Z100 4N and (c) S110 8.8N.
6. Conclusions

In this study, the effect of shot peening on the bearing coefficient
of high strength threaded joints was investigated. The experimental
results confirm that shot peening can significantly reduce the average
coefficient of friction over multiple fastening cycles. The results demon-
strate that shot peening treatments Z100 10-12N and UFS70 10-12N
can be applied to a new material with similar outcomes. Specifically, it
has been found that the bearing coefficient of friction becomes stable
over multiple tightening cycles in the case of lubrication, whereas
it still varies in the case of dry fastening, even if an increase rate
reduction can be observed. This is due to the too high roughness of
the treated surfaces. The application of treatments Z100 4N and S110
8.8N demonstrated that a decrease of surface roughness and dimple
depth can be achieved by reducing the impact energy and increasing
the diameter of shots used for shot peening. As a consequence, these
treatments make the bearing friction coefficient steady at multiple
tightening cycles. A slight decrease of this coefficient is introduced in
the case of lubrication, probably due to the spreading of the lubricant
over tightenings that is again promoted by the beneficial surface tex-
ture. On the whole, it can be asserted that, to have a repeatable preload
for a given tightening torque, relatively small shots and high impact
energy can be used in case of lubrication. On the other hand, shot-
peening treatments with lower energy impact and higher shots size are
highly preferable for dry threaded joints. These optimized parameters
have the capability of yielding particularly low friction coefficients,
in the range between 0.1 and 0.15 upon three tightenings, which are
well aligned to those achievable when using lubricants. This outcome
suggests that a proper optimization of peening parameters can lead to
a new trend involving reduction of lubricant use with positive effects
on eco-sustainability.
9
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