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Abstract: Stress concentration on a bolt thread, resulting from its own special shape, poses a threat
to the fatigue strength of the bolt, which directly affects the safety and reliability of aircraft. In this
paper, deep rolling was applied to a bolt thread to improve its fatigue resistance. The properties
of the plastic deformation layer, including the surface morphology, microstructure, hardness, and
residual stress, as well as the fatigue life of the bolt, were characterized by means of SEM, white light
interferometer, EBSD, and fatigue tests. The results showed that the surface roughness of the bottom
of the thread was reduced to 0.255 µm, and a plastic deformation layer of about 300 µm in depth
was formed after rolling. A more compact streamlined fibrous microstructure, composed of refined
grains, with increased dislocation density and hardness and decreased tensile residual stress, was
formed in the plastic deformation layer. The fatigue life of the bolts after rolling increased by about
113%, evidencing the comprehensive result of these microstructure modifications.

Keywords: bolt thread; deep rolling; surface roughness; plastic deformation layer; fatigue life

1. Introduction

Joints, including all kinds of bolts, are widely used in the aviation industry, and their
reliability plays a critical role in the safety and reliability of the overall aircraft. Such bolts
are subjected to heavy alternating shear and bending loads during service, and fatigue
failure often occurs [1], especially at the threaded part of the bolt. There has been an ever-
growing demand for higher-strength bolt materials in recent years. The particularity of the
shape of the thread root often brings about stress concentration and, therefore, the fatigue
failure of the bolt, giving rise to the weak areas of the bolt [2]. As a result, improvements to
the fatigue strength of the thread are key to improving the fatigue performance of the bolt,
and the development of such strengthening methods is of great significance to ensure the
safety and reliability of aircraft.

Deep rolling has been proven to be an effective surface-strengthening method to
promote surface finish, hardness, and compressive residual stress, which are all closely
related to the improvement of fatigue performance [3–27]. For instance, ultrasonic rolling
was applied to a Ti-6Al-4V titanium alloy, and it was found that the hardness and residual
compressive stress increased by 34% and 142%, respectively [5]. Also, a certain degree
of plastic deformation was reported by Li et al. in the surface of materials after rolling,
which promoted grain refinement and improved the dislocation density of the surface-
modified layer [6]. A new type of ultrasonic rolling was developed by Cheng et al. to
strengthen the threaded specimen made by AerMet100 high-strength steel. After treatment,
the surface roughness of the material was reduced by 50%, and a higher compressive

Metals 2022, 12, 1224. https://doi.org/10.3390/met12071224 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12071224
https://doi.org/10.3390/met12071224
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-1943-6424
https://doi.org/10.3390/met12071224
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12071224?type=check_update&version=1


Metals 2022, 12, 1224 2 of 12

residual stress level and a deeper refined layer were obtained in contrast to the conventional
method [12]. Balasubramanian reported that higher work hardening and deeper residual
stress distributions on the surface of a nickel base superalloy were caused by the severe
deformation layer and grain refinement of the material after rolling [13]. The improvement
of surface properties after rolling is in favor of the strength and fatigue resistance of the
materials. It was reported by Lai et al. that the fatigue strength of 33Cr23Ni8Mn3N (23-8N)
austenitic steel increased by 38.3% after rolling [16]. Similarly, Liu et al. [18] found that
the tensile strength, yield strength, and fatigue life of A473M martensitic stainless steel
increased by 40%, 22%, and 184%, respectively, after rolling. However, despite the fact
that these studies focused on the improvement of microstructures and other mechanical
properties via rolling, there is a lack of comprehensive research connecting this with
surface morphology, microstructure, and mechanical properties so far. In addition, most
research on deep rolling has mainly been conducted on smooth and flat sample materials,
such as titanium alloy [4–7,11,14,23,27], aluminum alloy [20], superalloy [13,21,22], and
stainless steel [18], while there is less research on curved specimens with larger stress
concentrations, which is more widely used in practical applications [12]. In response to the
urgent need for higher fatigue life and reliability in bolt joints, a comprehensive study on
the fatigue properties of the threads of bolts after rolling is necessary. In this paper, deep
rolling was carried out on bolt threads made from 35Cr2Ni4MoA steel, and changes in
surface morphology, microstructure, hardness, and residual stress, as well as the fatigue
performance of the thread after rolling, were investigated. Microstructure changes along
the depth direction after rolling were further investigated. Finally, the corresponding
strengthening mechanism is discussed based on the results.

2. Materials and Methods
2.1. Materials and Sample Preparation

The aircraft-used bolts tested in this study were made from 35Cr2Ni4MoA steel
(mass %: C~0.37, Mn~0.37, Si~0.41, Cr~1.75, Ni~4.1, Mo~0.20, S~0.006, P~0.006, and Fe is
balanced). This is a low alloy steel, treated by hardening and tempering, which combines
high strength and toughness, making it widely used in aerospace structural applications.
The thread of the ‘as-received’ bolt was fabricated by turning, and the cutting parameters
were set as follows: the rotating speed of the sample was 1500 r/min, the cutting depth
was 0.05 mm, and the feed speed was 0.003 mm/r. The dimension of the bolts is shown in
Figure 1a, and some of them were rolled for further tests. The apparatus of deep rolling
was an accessory equipped with the machine tool (KEDE, YDZ-40, China), as shown in
Figure 1b,c, and the parameters of the rolling used in this study are listed in Table 1.

Table 1. Parameters of deep rolling used in this study.

Parameters Value

Roller radius 0.9 mm
Feed rate 12 mm/min

Rolling quantity 0.1~0.12 mm
Rolling speed 550 r/min

2.2. Experimental Methods
2.2.1. Surface Topography Observation

Scanning electron microscopy (SEM) (FEI, QUANTA200 FEG, Netherlands) was used
to observe the surface morphology of the bottom of the bolt thread (hereafter referred to
as thread) after turning and rolling, and a ZYGO NexView 3D white light interferometry
surface topography instrument was used for surface roughness analysis and 3D surface
morphology characterization.
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Figure 1. The bolts (a), apparatus (b) and its innards (c) used for deep rolling in this study.

2.2.2. Microstructure Characterization

A scanning electron microscope and an optical microscope (OM) (Olympus, FV1200MPE,
Japan) were used to observe the cross-section microstructure of the thread after turning
and rolling. Samples were prepared by wire cutting in the direction perpendicular to the
thread, ensuring that at least one side of the sample contained the thread tooth area. The
thread tooth side of the sample was polished with sandpaper of different mesh sizes in
turn and mechanically polished to ‘scratch-free’. Then the surface was etched with 10%
HNO3-CH3CH2OH metallographic etching solution for 20 s and ultrasonically cleaned
with acetone.

Electron backscatter diffraction (EBSD) was used to analyze the microstructure of
the thread in depth after rolling. EBSD tests were carried out on the EBSD accessory of
the PHI710 Auger spectrometer. The acceleration voltage was 15 kV, the scanning range
was 30×30 µm, and the scanning step was 0.08 µm. Due to the sensitivity of the EBSD
tests on surface quality, the surface was also polished by an argon ion beam to remove the
deteriorated layer induced by polishing. Argon ion beam polishing was performed on a
Leica EM TIC 3X for 4 hours with an acceleration voltage of 5.5 kV and a current of 1.5 mA.
After EBSD tests, the kernel average misorientation (KAM) and inverse pole figure (IPF)
diagrams were constructed with the EBSD dataset in EDAX OIM software.

2.2.3. Microhardness Test

Microvickers hardness tester (Future-Tech FM-810, Japan) was used for the hardness
tests. For each measurement, a load of 0.49 N was applied, and the pressure was held for
10 s. Measurements were made at intervals of 40 µm along the depth direction, starting at a
location very close to the surface, and carried out seven times at the same depth.
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2.2.4. Residual Stress Test

Residual stress tests were performed using an X-ray stress analyzer (Xsress3000, Finland).
Considering the special shape of the thread, the tilt method was chosen to eliminate the
effect of the curved surface on the results. The collimator diameter was 0.8 mm. The axial
and tangential residual stresses on the surface of the thread were measured respectively,
and six random areas were tested.

2.2.5. Fatigue Test

The fatigue test was carried out using the MTS fatigue testing machine. The test adopts
cyclic axial loading, a stress ratio of R = 0.1, a tightening force of bolt installation of 20 N·m,
and an initial load of 9.78 kN ± 8 kN. After each cycle of 300,000 times, if the bolt does not
break, the test continues to increase the load by 20% until it breaks. The test included the
five received bolts and the five rolled bolts.

3. Results and Discussion
3.1. Surface Topography Observation

Surface morphology is one of the important factors that affects the fatigue life of
threads. A comparison of the surface morphology between the thread after turning (the
final process of the as-received bolt) and after rolling, under OM and SEM, is given in
Figure 2. It can be observed from Figure 2a,b that there are obvious cutting traces on
the surface of the thread after turning, and most of these cutting traces are in the shape
of grooves. Large stress concentrations are most likely to occur at these grooves under
the alternating load, which facilitates the initiation and propagation of fatigue cracks on
the surface of the thread, leading to early fatigue failure. After rolling, the surface of the
thread became much smoother with the disappearance of the original unfavorable grooves,
as shown in Figure 2d,e. The surface roughness (Sa) of the two samples was calculated
based on the flattened three-dimensional topography after turning and rolling, measuring
0.997 µm and 0.255 µm for the thread after turning and rolling, respectively. The decrease
in surface roughness was due to the plastic flow under the action of external pressure
during rolling, which can be concluded as a ‘peak-cutting and trough-filling’ effect. As a
result, the surface became smoother, which helps to reduce the stress concentration level
and delay the initiation of fatigue cracks [10,11,17].

3.2. Microstructure Characterization

The maximum degree of plastic deformation is formed on the surface of the material
after rolling, and it gradually decreases with depth [12]. Figure 3 shows the cross-section
metallographic structure of the threads on the as-received and rolled bolts via OM and SEM.
The surface microstructure of the thread on the as-received bolt remains the same after
turning, as shown in Figure 3a–c. It is composed of tempered sorbite, with alloy carbides
distributed at the grain boundaries, which contributes to high strength and hardness.
In contrast, it is obvious from Figure 3e that plastic flow occurred on the surface of the
thread after rolling, and a streamlined fibrous microstructure was formed along the thread
direction with a depth of about 80 µm. The grains in this region are elongated and twisted
along the deformation direction under the rolling force; hence, the surface microstructure
is refined, as shown in Figure 3f. The refinement of the surface microstructure can help
delay the initiation of cracks as they tend to initiate from the surface of the material. In the
meanwhile, the compact high-strength layer formed on the surface of the thread is also
beneficial for improving the mechanical properties of the bolt thread [19].
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as-received bolt at 200× and 500×. (c,d) SEM image of the as-received bolt at 1 k× and 3 k×. (e,f)
OM image of the rolled bolt at 200× and 500×. (g,h) SEM image of the rolled bolt at 1 k× and 3 k×.

During rolling, a large number of crystal defects were generated under severe plastic
deformation, accompanied by dislocation multiplication and annihilation. Therefore, a
high density of dislocation aggregated at the surface of the thread [5,25]. As the depth
from the surface increases, the density of the dislocation decays, corresponding to a smaller
plastic deformation level until it is consistent with the undeformed region. Considering
that the resolutions of OM and SEM are not large enough to observe the submicron scale
defects, EBSD was applied to characterize the microstructure change in the plastic defor-
mation region. In addition, this was expected to measure the exact depth of the overall
plastic deformation region by the change in dislocation density, which is a reflection of
the strengthening effect on the bolt thread. Figure 4a–f show the distribution of KAM at
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different distances from the surface of the thread. KAM is defined as the local average
orientation difference within the grain, and it has been proven to be positively associated
with the dislocation density in the scanning area [28,29]. In other words, a greater KAM
value means a higher dislocation density and vice versa. Due to the severe lattice distortion
resulting from the plastic deformation, the Kikuchi patterns at some points are too poor
to be resolved, which are represented by black points, especially in Figure 4a–c. Such a
phenomenon can be seen to be alleviated in Figure 4d,e. A frequency distribution histogram
is given in Figure 4g to reveal these differences in the dislocation density more intuitively. It
can be found that there are a bulk of points with a KAM value greater than 1 (represented by
yellow points in the KAM map) in the superficial layer after rolling, while the KAM value
of the interior region is basically less than 1 (represented by blue and green points in the
KAM map), indicating that a large number of dislocation multiplication took place in the
plastic deformation region after rolling. Also, it can be observed that the KAM distribution
in the depth area 300 µm from the surface is very close to that in the undeformed region.
Therefore, it can be inferred that the depth of the plastic deformation region reaches about
300 µm after rolling.
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Figure 5a–f show the IPFs at different distances from the surface, and the grain sizes
in these areas were counted and can be seen in the attached histograms. Areas within
100 µm from the surface are mainly composed of fine grains, with diameters ranging
from a minimum of 0.4 µm to around 1.2 µm, and the proportion of these fine grains
gradually decreases in deeper areas, which is obviously different from the undeformed
region. After rolling, the grains in the superficial layer were elongated and twisted, and
some of these original grains were refined into several small grains. It should be noted that
the depth of the streamlined fibrous microstructure observed in the OM images is about
80 µm, and this is close to the depth of the fine grain region, which is around 100 µm. The
mechanism for grain refining can be explained as follows. The dislocations became denser
as the strain increased during rolling; they are generated, rearranged, and annihilated via
dislocation movements under plastic deformation to reduce the system’s energy. Some
of these dislocations tangled with each other and formed cellular structures, which then
developed into sub-grains. When the strain kept increasing, the sub-grains turned into new
grains with small or big angle grain boundaries [25,30,31]. As a result, the original grains
are divided into several small grains or sub-grains under plastic deformation, thereby
refining the grains. Grain and sub-grain boundaries (identified by the criterion that the
misorientation angle is smaller than 3◦) are marked by black and red lines in the IPFs. There
are both grains and sub-grains that compose these fine grains, which can be recognized
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near the grain boundaries of the original grains. Grain and sub-grain boundary lengths
and fractions were also counted (Figure 5g,h). Both the grain and sub-grain boundary
length peak in an area close to the surface as a result of the grain refinement. The effect of
plastic deformation on grain refining fades with the increase in depth; hence, the grain size
and grain and sub-grain boundary lengths in the interior areas gradually decrease with
depth and become close to the undeformed region. In addition, the pole figure depicted in
Figure 5i,j, corresponding to the areas in Figure 5a,f, indicates that no texture is formed,
whether after turning or after rolling.
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During the process of cyclic fatigue loading, the slipping of dislocations plays a key
role in the fatigue crack nucleation in metal materials [10]. Microstructure modifications of
the surface material induced from rolling, including the formation of a compact streamlined
fibrous microstructure, increases the dislocation density, and the elongation and refining of
grains will help to hinder the slipping of dislocations, thereby delaying the nucleation of
fatigue cracks [4,23] and improving the fatigue performance of the bolt thread.
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3.3. Microhardness Test

Figure 6 shows the contour map of the hardness of the threads along the depth
direction. The hardness of the thread after turning ranges from 420 to 460 HV unevenly,
indicating that the microstructure of the surface of the thread was not affected by the turning
process. In contrast, the hardness of the thread after rolling was significantly increased,
which peaks at the surface of the thread and decreases gradually with depth. In addition,
the transverse distribution of the hardness of the rolled thread became more uniform.
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The enhancement of near-surface hardness after rolling the thread is mainly due
to dislocation multiplication and microstructure refinement [19,24]. The strength of the
material can be predicted by considering the contributions from the dislocation density
and grain size with plastic deformation, as shown in the following equation [26,32]:

σf = σ0 + kd−1/2
f p + αGbρ1/2 (1)

where σf is the strength, σ0 is a constant stress called friction stress, k is the Hall–Petch
constant, dfp is the mean free path of dislocations, α is a constant, G is the shear modulus,
b is the modulus of the Burgers vector, and ρ is the dislocation density. According to the
equation, the hardness of the material increases with the increase of dislocation density and
the decrease of grain size. Severe plastic deformation caused by rolling results in a high
dislocation density and a large number of fine grains in the near-surface region, as can be
seen in Figures 4 and 5. These microstructure modifications help to hinder the dislocation
motion and therefore improve the hardness of the material.

3.4. Residual Stress Test

Axial and tangential residual stresses are measured at six points along the surface of the
threads after turning and rolling, respectively, as shown in Figure 7. After turning, tensile
residual stress is induced at the surface of the thread, the average of which was 553.4 MPa
and 893.2 MPa for the axial and tangential residual stresses, respectively. Compared with
the turned thread, the axial and tangential stresses at the surface of the thread after rolling
were significantly reduced by 40% and 29%, respectively, with the stress distributed more
evenly with the reduction in the standard deviation. The fibrous microstructure was formed
in the surface layer of the rolled thread due to plastic deformation, which is shown in
Figure 3d–f. During rolling, the tensile stress was introduced in the elastic deformation
zone adjacent to the fibrous microstructure. After the removal of the external load, the
recovery of the elastic deformation resulted from the introduction of compressive residual
stress in the fibrous microstructure. However, based on the measurement, the original
state of the tensile residual stress was too high to be relaxed by deep rolling. Research
has shown that residual stress is strongly affected by turning conditions and material
properties [12,33–35]. To be specific, the tensile residual stress becomes higher with a higher
cutting speed and feeding rate. In addition, the hard machinability of hard materials also
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induces higher tensile residual stress. As a result, the high tensile residual stress on the
surface of the thread after turning is difficult to avoid.
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It is known that the existence of compressive residual stress in the thread will decel-
erate the propagation of fatigue cracks, while the existence of tensile residual stress will
aggravate the initiation and propagation of cracks. At the same time, the superposition
of negative residual stress and applied stress will reduce the actual tensile stress level in
the surface area of the material [36]. The tensile residual stress of the thread significantly
decreased after rolling, which is of benefit to the fatigue behavior of bolt threads.

3.5. Fatigue Test

Figure 8 shows the loading method and results of the fatigue test. All bolts in the
fatigue tests were fractured at the thread, as shown in Figure 8b; hence, the mechanical
properties of the thread have a great impact on the fatigue life of the bolt. It can be found
from Figure 8c that the fatigue life of both the as-received bolts and the rolled bolts reached
300,000 cycles under a light load of 9.78 ± 8 kN. As the fatigue load was further increased
to 11.73 ± 9.6 kN, two of the five as-received bolts were broken, and the rest of them were
only maintained for a short time under the load of 14.08 ± 11.52 kN. In contrast, the five
rolled bolts were broken under a heavy load of 20.28 ± 16.59 KN, and the average fatigue
life of the rolled bolts had significantly improved by about 113%.
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Microstructure modifications were observed in the previous sections, including a
decrease in the surface roughness of the thread, the refining and strengthening of the
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microstructure, and the reduction of the surface tensile residual stress. All of these have a
positive impact on delaying the initiation and propagation of fatigue cracks in the thread.

Fatigue cracks often initiate in the defects introduced during casting and machining,
such as inclusions, pores, cutting traces, scratches, etc. [37,38]. These micro defects have
little effect on the static strength of the material, but the local stress concentration in these
defects under the fatigue load tends to accelerate the initiation and propagation of fatigue
cracks and eventually leads to fatigue fracture failure. To be specific, the relationship
between the effective stress concentration coefficient and the fatigue limit under cyclic
stress is shown as follows:

K f = σ−1/σH
−1 (2)

where σ−1 is the fatigue limit of the smooth sample, σH
−1 is the fatigue limit of the specimen

with stress concentration, and Kf is the effective stress concentration coefficient, also known
as the notch coefficient. A large number of cutting traces can be found on the surface of the
thread after turning, which are potential sources of fatigue crack initiation. After rolling, the
surface defects, such as sharp grooves on the surface of the thread, are almost completely
eliminated, and the surface roughness decreased. Reduction of surface roughness usually
contributes to an enhancement of fatigue behavior owing to the low stress concentration
effect [12,17,25,39].

On the other hand, dislocation slip is an important process of fatigue crack nucleation
in crystalline materials, based on the mechanism of fatigue crack initiation. Therefore, the
essence of improving fatigue life is to create obstacles that prevent dislocation motion [40].
A large number of dislocations were generated in the surface layer of the thread after rolling,
and the interaction between these dislocations prevents the dislocation from slipping, thus
inhibiting fatigue-crack initiation. In the meanwhile, original grains in the surface layer
were split into a large number of fine grains, and the ratio between grain and sub-grain
boundaries greatly increased, which is also a great obstacle to dislocation motion [4,23].
In addition, the increase in surface hardness resulting from the compact and refined
microstructure also facilitates the slip resistance of dislocations.

Finally, the tensile residual stress on the surface of the thread, introduced by turning,
was reduced after rolling. The triaxial-tensile stress state is extremely dangerous for
subsurface defects, where the majority of fatigue initiations take place. Therefore, crack
initiation can be delayed by reducing the effective tensile residual stress on the material
surface, which will help to improve the fatigue life of the bolts [41].

In this paper, the EBSD test was utilized to accurately characterize the depth of a
plastic deformation layer. We are hopeful that this can be used to optimize rolling process-
ing parameters. Based on the opposing theory between strengthening and damage, the
substantial improvement of fatigue performance at the optimal rolling process parameters
is the result of the combined action under the effect of strengthening and damage [42]. The
strengthening effect mainly benefits from the plastic deformation of metal, including the
improvement of the surface finish, the formation of a compact and refined microstructure,
and the introduction of compressive residual stress; hence, this can be characterized by the
depth of the plastic deformation layer. The damage effect mainly refers to microcracks and
structural damage introduced by excessive rolling, which was not observed in this study.

4. Conclusions

In this paper, the effect of deep rolling on the surface properties of a bolt thread made
from 35Cr2Ni4MoA steel was studied systematically, and the relationship between surface
property improvements and fatigue life was discussed in detail. Conclusions can be drawn
as follows:

(1) Under the effect of the plastic deformation induced by rolling, the surface roughness
of the bolt thread is reduced, and the microstructure at the surface of the thread is
refined and strengthened. Meanwhile, the surface hardness of the thread increases,
and the tensile residual stress relaxes.
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(2) The fatigue life of the bolts after rolling was increased by 113% compared with the
as-received bolts. This is attributed to the beneficial changes in the surface properties
of the bolt thread after rolling, which enhanced its resistance to the initiation and
propagation of fatigue cracks.

This work provides an effective method for the further study of the relationship
between different rolling parameters and the fatigue performances of bolts so as to lay a
solid theoretical foundation for practical engineering application.
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