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• The offset distance leads to an
overestimated interlock while the rota-
tion angle causes an underestimated in-
terlock.

• The relative interlock error is −5%–5%
with the offset distance smaller than
1.0 mm and the rotation angle less
than 10°.

• The proposed correction strategy effec-
tively reduced the relative interlock
error to 1%–3%.

• Larger errors of remaining bottom sheet
thickness were found around the joint
central area than around the rivet tip.
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This study systematically investigated the influences of cutting positions on the measurement accuracy of the
self-piercing riveted joint quality indicators. Evaluation and correction methods were proposed for the first
time to estimate and compensate the interlock error caused by improper cutting positions. It was found that
the measurement accuracy of the rivet head height was not influenced, but the accuracy of the interlock and
the remaining bottom sheet thickness were affected by the joint cutting position. A pure offset distance could
lead to an overestimated interlock while a solo rotation angle could result in an underestimated interlock. For
the studied joint configurations, the relative interlock errorwas found in the range of−5%–5%with the offset dis-
tance smaller than 1.0 mm and the rotation angle less than 10°. The offset distance and rotation angle can cause
larger errors on the remaining bottom sheet thickness around the joint central area than around the rivet tip.
Moreover, the proposed correction strategy for the interlock has been proved effective and the relative interlock
error could be reduced to 1%–3%.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

After many years' development, the self-piercing riveting (SPR) has
become a very reliable joining technique for thin-walled structures
[1]. Fig. 1 illustrates the four steps of the SPR process: firstly, the top
en access article under the CC BY-N
and bottom sheets are clamped together by the blank-holder and the
die to limit their relative movement during the joining process. Then,
the punch moves downward and presses the rivet into the sheets. The
rivet shank first pierces through the top sheet and then flares into the
bottom sheet. Finally, the punch and the blank-holder move backward
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Fig. 2. Three joint quality indicators measured on the cross-sectional profile of SPR joints.

Fig. 1. Schematic of the four steps during the self-pierce riveting process.
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and one SPR joint with a mechanical interlock between the bottom
sheet and the rivet shank is formed. The SPR is capable of connecting
similar and dissimilar materials [2], such as aluminium alloys, steels
and even compositematerials. It is not only suitable for two-layer stacks
but also can be extended to connect three or more layer substrates [3].
This joining process usually takes 1– 4 s, and can be easily monitored
by comparing the force-displacement curve of each joint with the refer-
enced one in practical applications [4]. The SPR joining system is very
convenient to be integrated into the automation production line. Due
to these advantages, the SPR technique has been widely employed in
many industrial sectors, especially in automotive industry.

During the SPR process, joining parameters that affect the deforma-
tion behaviours of the rivet and sheets would inevitably influence the
final joint quality [5]. The sheet parameters, such as the material, thick-
ness, number of layers and sequences, are very critical for the SPR joint
quality, and thus received a lot of attentions. Fratini et al. [6] studied the
possibility to join aluminium alloy AA6082-T6 and fiberglass composite
sheets using the SPR technique. Abe et al. [7] explored the rivetability of
high tensile strength steel and aluminium alloy AA5052-H34 sheets
with the conventional rivet and die. Ma et al. [8] experimentally studied
the influences of top sheet thickness on the SPR process. The results re-
vealed that a thicker top sheet could entrapmore rivet shank and signif-
icantly prevent the rivet shank flare along radial direction. Kam et al. [9]
studied the effects of sheet sequence on the quality of SPR joints with
vibration-damping steel and Al5052-H32 sheets. It was found that a
better joint quality was achieved when the vibration-damping steel
was used as the bottom sheet. In addition, the rivet parameters, such
as the material, rivet length, diameter, and rivet shank profile, are also
major factors affecting the joint quality, and attractedmany researchers'
interest. Hoang et al. [10] investigated the possibility of joining alumin-
ium alloy 6060 sheets with different aluminium alloy rivets (i.e. 6082-
T6, 7108-T5 and 7287-T6). Ma et al. [8] examined the effects of rivet
length on the joint quality. Van Hall et al. [11] found that the intentional
surface decarburization of the rivet can prevent the formation of frac-
tures along the rivet leg periphery, while maintaining sufficient column
strength to pierce through the sheetwithout buckling of the rivet shank.
Li et al. [12] explored the influences of the rivet shank geometry on the
joint quality. Moreover, die parameters, such as the diameter, depth and
pip height, also impose significant impacts on the joint quality [13]. This
has already become a research highlight of the SPR technique in the in-
dustrial and academic fields. Kam et al. [9] studied the effects of the die
type on the quality of SPR joints with vibration-damping steel and
Al5052-H32 sheets. It was found that the flat die showed a better per-
formance than the pip die. The interlock showed a decreasing trend
with the increment of die taper angle and die diameter. Pickin et al.
[14] experimentally investigated the influences of die depth and diam-
eter on the rivet shank flaring ratio in SPR joints. The influences of other
riveting parameters, such as the joining speed, clamping force and sur-
face conditions, on the joint quality were also reported by scholars.
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Using an electromagnetic self-piercing riveting (E-SPR) system and a
universal testing machine, Liang et al. [15] studied the influences of
the joining speed on the joint quality. Li [16] investigated the effects of
the friction coefficient between the top and bottom sheets on the SPR
process by modifying the surfaces of the top sheet with different im-
pression tools and garnet particles. Karim et al. [17] explored the effects
of the rivet coatings on the joint quality, and the results revealed that
the friction properties of the rivet coatings remarkably affected the
joint quality. Till now, the experimental SPR test is still the dominating
approach for the research of SPR technique, and has been widely
adopted in the design and quality optimization of new SPR joints. Com-
prehensive reviews about the research progresses of the SPR technique
can be found in [18] [19].

The SPR joint quality is usually evaluated by three quality indicators
measured on the joint cross-sectional profile as shown in Fig. 2: the rivet
head height (H1), the interlock (I), and theminimum remaining bottom
sheet thickness (Tmin). The H1 directly influences the cosmetic appear-
ance and corrosion resistance of the connected structure. According to
the study of [20], the H1 also determines the final position of the rivet
inserted into the substrates and therefore affects the final magnitudes
of the interlock and Tmin. The I is very critical for the mechanical
strengths [8] and failure behaviours of SPR joints. Too small interlock
might lead to pull-out failures of the rivet shank from the bottom
sheet [9]. The Tmin is also critical for the corrosion performance and
strengths of the SPR joint. Zhang et al. [21] reported that fatigue failure
may occurred on the bottom sheet if the Tmin was too small. The assess-
ment criteria for the three indicators varies based on the application re-
quirements in different industry sectors. For example, according to the
standard of a world‑leading car manufacturer [18], theH1 should be be-
tween 0.3 mm and − 0.5 mm. The interlock should be greater than
0.4 mm for joints with aluminium alloy bottom sheet and greater than
0.2 mm with a steel bottom sheet. The Tmin should be always greater
than 0.2 mm and fracture of the bottom sheet should be avoided [20].



Fig. 3. Quality evaluation procedures for SPR joints.
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Therefore, the accuracy of the captured joint cross-sectional profile
is very important for the joint quality evaluation. Fig. 3 illustrates the
procedures to experimentally get the cross-sectional profile of SPR
joints, including the specimen manufacture, specimen cutting, sec-
tioned surface polishing and cross-sectional profile inspection. Under
the ideal condition, the specimen is cut along the joint central plane,
and true values of the three quality indicators aremeasured on the cap-
tured cross-sectional profile. However, during the experimental tests,
many factors would affect the cutting position, such as the specimen
shape, the specimen clamping position and the wear of grinding
wheel. Thus, it is very difficult to experimentally cut the specimen
through the joint central plane. The misalignment between the cutting
plane and the joint central plane would inevitably affect the accuracy
of the captured joint cross-sectional profile, and bringmeasurement er-
rors to the three quality indicators. By standardizing the specimen size
and using specially designed fixtures during the riveting and cutting
processes, this misalignment could be effectively reduced and the influ-
ences on the joint quality indicators could also be minimized. However,
these special fixtures may become not workable under some situations.
For example, the SPR joints cut from the vehicle body-in-white (BIW)
(as shown in Fig. 4) usually have a nonstandard size/shape, and thus
can only be sectioned roughly based on the operator's experience.
Moreover, improper polishing operation for the sectioned surface may
further aggravate such misalignment. Consequently, the specimen
preparation, especially the improper cutting operation,will cause errors
to the captured joint cross-sectional profile and the three quality
indicators.

Recent years, finite element (FE) models of SPR process have been
successfully developed to predict the joint quality. For example,
Huang et al. [22] established a two-dimensional (2D) model of SPR
joints with aluminium alloy 6111-T4 top sheet and steel HSLA340 bot-
tom sheet. Both of the strain rate and temperature effects were consid-
ered. A reasonable agreement between the numerical and experimental
Fig. 4. SPR joints on the car body-in-white (BIW) structure.
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resultswas found by comparing the joint cross-sectional profiles. Hirsch
et al. [23] successfully developed a three-dimensional (3D) model to
predict the quality of SPR joints with fibre reinforced polymer and
metals sheets. Different from experimental SPR tests, the cutting opera-
tion carried out in the FE software would not affect the measurement
accuracy of the three quality indicators, because the simulated speci-
mens can be exactly cut along the joint central plane. However, experi-
mental SPR tests are still required for the calibration and validation of FE
models [24]. The errors from the specimen preparation stage during ex-
perimental SPR tests would therefore indirectly affect the prediction ac-
curacy of the developed SPR simulation model. Therefore, a better
understanding of the specimen preparation's (especially the specimen
cutting) influences on the joint cross-sectional profile and the quality
indicators will be also benefit for the development of FE models.

However, although the specimen preparation is so important for the
SPR joint quality evaluation and for the FE model development, to the
authors' knowledge, there is still no report devoted to this issue in the
public domain. The reliability of the joint quality evaluation result
would be doubtful without considering the impact of improper speci-
men cutting position on themeasurement accuracy of joint quality indi-
cators. It will be a big contribution for the practical applications of SPR
technique if effective approaches could be proposed to evaluate and
compensate the measurement errors of joint quality indicators caused
by the improper specimen cutting position. Therefore, in this study,
the improper cutting position induced distortions of joint cross-
sectional profiles were qualitatively compared and discussed. Then,
the influences of improper cutting positions on the measurement accu-
racy of the rivet head height (H1), interlock (I) and remaining bottom
sheet thickness were systematically investigated. A mathematic model
was developed to estimate the interlock errors under different cutting
conditions. The impacts of the cutting position on the remaining bottom
sheet thickness were also analysed and discussed in detail. To compen-
sate the interlock error caused by the improper cutting positions, a cor-
rection/compensation approach was proposed by measuring the offset
distance (Δh) and the rotation angle (θ1) between the cutting plane
and the joint central plane. Two graphical user interfaces (GUI) for the
interlock error estimation and correction were also developed to facili-
tate practical applications. Finally, experimental SPR tests were carried
out to estimate the interlock error levels for physical SPR joints and ver-
ify the performance of the proposed interlock error correction method.
The conclusions drawn from this studynot only give a clear understand-
ing of the specimen cutting position's impacts on the three joint quality
indicators, but also provide some useful guidelines for specimen cutting
in practical applications.
2. Improper specimen cutting

During the specimen preparation process, the improper polishing
operation for the sectioned surface may also affect the captured joint
cross-sectional profile and the joint quality. For clarity, in this study,
the error induced by the improper specimen polishing is also regarded
as the error caused by the specimen cutting.



Fig. 5. The ideal specimen cutting position and three improper cutting positions: (a) Correct position, (b) Pure offset, (c) Pure rotation and (d) Offset+Rotation.
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2.1. Types of improper cutting position

Under ideal conditions, as shown in Fig. 5(a), the SPR joint is ex-
actly cut along the joint central plane (Red line). The joint central
plane and the cutting plane (Blue line) coincide with each other. How-
ever, a misalignment always exists between these two planes in any
experimental SPR test. Gerstmann and Awiszus [25] reported the
slight misalignment between the two planes when measuring the
quality indicators of flat-clinch joints. According to the relative posi-
tions, the improper specimen cutting positions can be divided into
three types: (1) Pure offset in Fig. 5(b), the two planes are parallel
but with a offset distance (Δh); (2) Pure rotation in Fig. 5(c), the cut-
ting plane passes through the central line of the rivet head but had a
rotation angle (θ1) against the joint central plane; (3) Offset+Rotation
in Fig. 5(d), there is an offset distance (Δh) as well as a rotation angle
(θ1) between the two planes.

2.2. Influences on the joint cross-sectional profile

Taking the SPR joint with the 1.2 mm+ 2.0 mmAA5754 sheets and
the 6.0 mm long boron steel rivet as an example, the joint cross-
sectional profiles at different cutting positionswere captured using soft-
ware SolidWorks 2018. As shown in Fig. 6, a 3D joint model was first
created based on the experimentally observed joint cross-sectional pro-
file. Then, this 3Dmodel was virtually sectioned at different cutting po-
sitions, and all the corresponding joint cross-sectional profiles were
recorded. The accuracy of the tested joint profilewould not affect the re-
liability of the conclusionsmade in this section. Because all the analyses
were carried out based on the 3D joint model rather than the experi-
mentally tested joint. The joint appearances and cross-sectional profiles
with the pure offset distances (Δh) and pure rotation angles (θ1) are
given in Figs. 7 and 8 respectively.
Fig. 6. Procedures to get the joint cross-sectional p
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As shown in Fig. 7, when the Δh is smaller than 1.0 mm, it is not
easy to identify the occurrence of cutting offset by visually observing
the joint appearance and the cross-sectional profile. The rivet profile
(Purple region) kept almost the same when the Δh increased from
0.0 mm to 1.0 mm. In contrast, when the Δh becomes greater than
1.0 mm, the rivet profile changed a lot compared to that without
the cutting offset (Δh = 0 mm). The severe distortion of rivet profile
and the captured outside surface of bottom sheet (Zone 1) clearly in-
dicated the occurrence of cutting offset. For the joint quality, the Δh
showed no influence on the rivet head height (H1) because the rela-
tive positions between the upper surfaces of the rivet and top sheet
were not affected, but imposed significant influences on the remaining
bottom sheet thickness. The Δh also showed some impacts on the in-
terlock and this will be discussed later.

Compared with the cutting offset distance, the occurrence of cutting
rotation angle is easier to be visually identified from the joint appearance
but still difficult to be discovered from the joint cross-sectional profile as
shown in Fig. 8.When the θ1 is less than 10°, the joint cross-sectional pro-
file kept almost the same. When the θ1 becomes larger than 10°, obvious
changes of the remaining bottom sheet thickness were noticed. The
changes of rivet profile become evident when the θ1 increases to 20°
and 25°. It was also discovered that the θ1 imposed a larger influence on
the bottom half than on the upper half of the joint cross-sectional profile.
This is because the cutting plane passes through the central line of the
rivet head, and the points on the cutting plane have different distances
to the joint central plane. A larger distance resulted in a greater distortion
between the joint profiles captured on the joint central plane and on the
cutting plane. For the joint quality, the θ1 also showed no influence on the
rivet head height (H1) but imposed obvious influences on the interlock
and on the remaining bottom sheet thickness.

When the cutting offset and cutting rotation happen at the same
time, a superimposed effect would be imposed on the joint cross-
rofiles virtually at different cutting positions.



Fig. 7. Joint appearances and cross-sectional profiles at different pure offset distances (Δh).

Fig. 8. Joint appearances and cross-sectional profiles at different pure rotation angles (θ1).
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sectional profile. The joint appearances and cross-sectional profiles at
such type of cutting positions would be a combination of Figs. 7 and 8,
and are not presented here to avoid repetition.
3. Evaluation of cutting position's effects on the joint quality
indicators

To better understand the relationships between the cutting position
and themeasurement errors of the joint quality indicators, influences of
the three types of improper cutting positions on the rivet head height
Fig. 9. Locations of the two boundaries for the rivet head height (H1) and the two
boundaries for the interlock (I).
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(H1), the interlock (I) and the remaining bottom sheet thickness were
analysed and discussed.

3.1. Error estimation of the rivet head height (H1)

As shown in Fig. 9, the rivet head height (H1) is the vertical distance
between the top surface of the rivet (Surface A) and the upper surface of
the top sheet (Surface B). During the experimental tests, the locations of
these two surfaces are not affected by the cutting position. Therefore,
the H1 observed on the cutting plane equals exactly to the true H1 on
the joint central plane, and will not be influenced by the Δh and θ1.

3.2. Error estimation of the interlock (I)

According to the definition, themagnitude of I is directly determined
by the locations of the inner interlock boundary (Point A) and the outer
interlock boundary (Point B), as shown in Fig. 9. The appearance of the
Δh and θ1 would affect the measured value of I by altering the locations
of the two interlock boundaries. Therefore, influences of the three types
of improper cutting positions on the I were analysed, and the corre-
sponding relative and absolute errors of interlock were estimated.

3.2.1. With only the offset distance (Δh)
As shown in Fig. 10, the inner and outer interlock boundaries are two

circles in the three-dimensional space (Circle A for the inner boundary
and Circle B for the outer boundary). The intersection points (i.e. Points
A and B) between the two circles and the joint central plane are the true



Fig. 10. Projections of the two interlock boundaries on the cutting plane with an offset distance (Δh).
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positions of the two interlock boundaries. When there is a Δh between
the joint central plane and the cutting plane, the observed positions of
the two interlock boundaries become the intersection points between
the two circles and the cutting plane (Point A1 and B1). The true inter-
lock boundaries on the central plane are projected onto the cutting
plane along the trajectories of the Circle A and B.

To evaluate the interlock error induced by the improper cutting po-
sition, as shown in Fig. 11, the measured interlock (Im) on the cutting
plane was firstly derived using the dimensions on the joint central
plane and the cutting plane. The Rin-true and Itrue denote the true radius
of the inner interlock boundary and the true interlock on the joint cen-
tral plane. Themagnitude of Rin-true is determined by the initial radius of
rivet shank and its degree of deformation during the riveting process
[7]. According to the geomatical relationships, the Im can be expressed
as a function of the Itrue, Rin-true and Δh:

Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2−Δh2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2−Δh2
q

ð1Þ

The relative error (δoffset) and absolute error (eoffset) of interlockwith
only the Δh can be calculated using Eqs. (2) and (3) respectively.
Substituting Eq. (1) into Eqs. (2) and (3) yields Eqs. (4) and (5). By ob-
serving the structures of Eqs. (4) and (5), it can be found that the δoffset
and eoffset are always equal to (Δh = 0) or greater than zero (Δh > 0).
This means the Im would be always greater than the Itrue due to the ex-
istence ofΔh. Meanwhile, it was found that themagnitudes of δoffset and
eoffset are not only affected by the Δh but also by the Rin-true and Itrue.
Fig. 11. Schematic of the interlock values on the joint central p
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δoffset ¼
Im−Itrue
Itrue

� 100% ð2Þ

eoffset ¼ Im−Itrue ð3Þ

δoffset ¼
Itrue þ 2Rin−trueffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rin−true þ Itrueð Þ2−Δh2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−true−Δh2

q −1

0
B@

1
CA� 100% ð4Þ

eoffset ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−true þ I2true−Δh2 þ 2 � Itrue � Rin−true

q

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−true þ I2true−Δh2 þ 2 � Itrue �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−ture−Δh2

qr
ð5Þ

Taking the SPR joints with ∅5.3 mm boron steel rivet and AA5754
sheets as an example, the influences of the Δh on the interlock were
demonstrated. According to the experimental results reported in
[26,27], for this type SPR joints, the Rin-true usually locates in the range
of 2.65 mm–4.0 mm and the Itrue generally belongs to the range of
0.0 mm–2.0 mm. Using Eqs. (4) and (5), surface diagrams of the eoffset
and δoffset at the offset distances 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm and
2.5 mm are presented Figs. 12 and 13 respectively. It can be seen that
both of the eoffset and δoffset showed an increasing tendency with the in-
crement ofΔh. For a fixedΔh, the eoffset showed an increasing trendwith
the increment of Itrue. In contrast, the δoffset demonstrated an opposite
trend and decreased with the increment of Itrue. Moreover, both of the
lane and on the cutting plane with an offset distance (Δh).



Fig. 12. Absolute error (eoffset) of interlock with different offset distances (Δh).
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eoffset and δoffset showed a decreasing tendencywith the increment of Rin-
true. This means that the Δh would impose a smaller influence on the
measurement accuracy of interlock if the interlock was formed at a po-
sition far from the joint axis. As shown in Fig. 12, the Rin-true showedvery
limited influence on the eoffset when the interlock was relatively small
(Itrue < 0.5 mm), but an obvious impact when the interlock had a
large value (Itrue > 1.0 mm). As shown in Fig. 13, the Rin-true always
had a significant influence on the δoffset, and imposed a greater influence
with a small interlock than with a large one. In addition, it can also be
found that both of the eoffset and δoffset could still maintain at a low
level when the Δh increased to 1.0 mm as shown in Figs. 12(b) and 13
(b). However, further increment of Δh resulted in unacceptable mea-
surement errors as presented in Figs. 12(c),(d) and 13(c),(d).
Fig. 14. Projections of the two interlock boundaries from the joint central plane to the
cutting plane with a rotation angle (θ1).
3.2.2. With only the rotation angle (θ1)

As shown in Fig. 14, the joint central plane and the cutting plane be-
come not parallel when there is a rotation angle (θ1). The two interlock
boundaries on the joint central plane (Points A and B) are projected
along the trajectories of Circle A and B onto two different planes
(Plane A and Plane B) paralleling to the central plane. The Δh1 denotes
the offset distance from the Plane A to the central plane, and can be
expressed as a function of the θ1 and the vertical distance (S1) between
Fig. 13. Relative error (δoffset) of interlock
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the inner interlock boundary (Point A) and the top surface of the rivet,
as shown in Eq. (6). The Δh2 denotes the offset distance between the
plane A and plane B. It can be expressed as a function of the θ1 and the
vertical distance (S2) between the two interlock boundaries (Points A
and B), as shown in Eq. (7).
with different offset distances (Δh).



Fig. 15. Schematic of the interlock values on the joint central plane and the cutting plane with a rotation angle (θ1).
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Δh1 ¼ S1⋅ tan θ1 ð6Þ

Δh2 ¼ S2⋅ tan θ1 ð7Þ

Fig. 15 shows the dimensions on the joint central plane and on the
cutting plane. According to the geometrical relationships, the Im can
be expressed as a function of the Rin-true, Itrue, Δh1 and Δh2, as shown
in Eq. (8). Substituting Eqs. (6) and (7) into (8) gives Eq. (9). It can be
seen that the Im is not only affected by the horizontal distance from
the interlock formation zone to the joint axis (i.e. Rin-true), but also influ-
enced by the vertical distance from the interlock formation zone to the
rivet head (i.e. S1 and S2). To evaluate the effects of the θ1 on the inter-
lock measurement accuracy, the relative error (δrotation) and absolute
error (erotation) of the interlock with only the θ1 are calculated using
Eqs. (10) and (11) respectively. Substituting Eq. (9) into Eqs. (10) and
(11) yields Eqs. (12) and (13). However, different from the δoffset and
eoffset, the sign of the δrotation and erotation cannot be determined by simply
comparing the structures of Eqs. (12) and (13).

Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− Δh1 þ Δh2ð Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−ture−Δh21

q
ð8Þ
Fig. 16. Absolute error (erotation) of interl
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Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− S1 þ S2ð Þ2⋅ tan θ12

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2−S21⋅ tan θ12
q

ð9Þ

δrotation ¼ Im−Itrue
Itrue

� 100% ð10Þ

erotation ¼ Im−Itrue ð11Þ

δrotation ¼
Itrue⋅ 2Rin−true þ Itrueð Þ−S2

2⋅ tan θ12

Itrue⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− S1 þ S2ð Þ2⋅ tan θ12

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2−S21⋅ tan θ12
q� �−1

0
BB@

1
CCA� 100%

ð12Þ

erotation ¼ Itrue⋅ 2Rin−true þ Itrueð Þ−S2
2⋅ tan θ12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rin−true þ Itrueð Þ2− S1 þ S2ð Þ2⋅ tan θ12
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2−S21⋅ tan θ12
q −Itrue

ð13Þ

To find out the effects of the θ1 on the interlock, the erotation and
δrotation at different rotation angles (5°, 10°, 15° and 20°) of SPR joints
with the ∅5.3 mm boron steel rivet and AA5754 sheets were plotted
in Figs. 16 and 17. The Rin-true and S1 were assumed to be fixed at
2.65 mm and 3.0 mm respectively. This would not affect the changing
ock with different rotation angles (θ1).



Fig. 17. Relative error (δrotation) of interlock with different rotation angles (θ1).
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trend of interlock with varying rotation angles. The Itrue and the S2
changed within the ranges of 0.0 mm–2.0 mm and 0.0 mm–4.0 mm. It
can be seen from Fig. 16 that the erotation was negative in most cases
and only had a positive value when the S2 was very close to zero. This
indicates that the Im is more likely smaller than the Itrue if only the θ1
existed between the joint central plane and the cutting plane. For a
fixed Itrue, the absolute value of erotation always demonstrated an increas-
ing trendwith the increment of S2. Thismeans the interlock formed by a
larger insertion angle would be less affected by the θ1 compared with
that formed by a larger insertion depth (Fig. 14). For a fixed S2, the ab-
solute value of erotationv always showed a decreasing trend with the in-
crement of Itrue. A faster changing speed of erotationv was found with a
larger S2. As shown in Fig. 17, similar changing trends of δrotation were
observed with the variations of S2 and Itrue. It is worth noting that the
largest absolute value of δrotation was found at a small Itrue but a large S2.
3.2.3. With the offset distance (Δh) and rotation angle (θ1)
In practical applications, the cutting offset and the cutting rotation

more likely occur at the same time. According to the rotation directions
of the cutting plane, there are two possible situations as shown in Fig. 18
(a) with a positive rotation angle (θ1 > 0) and in Fig. 18(b) with a neg-
ative rotation angle (θ1 < 0). The projected two interlock boundaries
(Points A1 and B1) move far away from the joint central plane when
the θ1 is positive, while move close to the joint central planewith a neg-
ative θ1. Fig. 19 shows the relationships between the Itrue and the Im at
the two situations. According to the geometrical relationships, the Im
Fig. 18. Projections of the two interlock boundaries from the joint central plane to th
and (b) θ1 < 0.
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can be calculated using Eq. (14) for the θ1 > 0 and Eq. (15) for the
θ1 < 0. The Δh1 and Δh2 can be calculated with Eq. (16). Substituting
Eq. (16) into Eqs. (14) and (15) yield a same equation Eq. (17). So the
Im under the two situations can be calculated using a uniform equation.
The relative error (δoff+rot) and absolute error (eoff+rot) of interlockwith
Δh as well as θ1 can be calculated using Eqs. (18) and (19) respectively.
The sign of δoff+rot and eoff+rotwill be positive if theΔh had a dominating
effect and be negative if the θ1 had a greater influence. Due to the mul-
tiple variables involved in Eq. (17), it is difficult to discuss the changing
trends of the δoff+rot and eoff+rot. Instead, the interaction effects ofΔh and
θ1 on the measurement accuracy of interlock were discussed in the fol-
lowing sections using experimental SPR joint data.

Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− Δhþ Δh1 þ Δh2ð Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2− Δhþ Δh1ð Þ2
q

ð14Þ

Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− Δh−Δh1−Δh2ð Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2− Δh−Δh1ð Þ2
q

ð15Þ

Δh1 ¼ S1⋅ tan θ1

Δh2 ¼ S2⋅ tan θ1

(
θ1>0ð Þ

Δh1 ¼ −S1⋅ tan θ1

Δh2 ¼ −S2⋅ tan θ1

(
θ1<0ð Þ

ð16Þ
e cutting plane with a offset distance (Δh) and a rotation angle (θ1): (a) θ1 > 0



Fig. 19. Schematics of the interlock on the joint central plane and on the measurement plane with a offset distance (Δh) and a rotation angle (θ1).
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Im ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true þ Itrueð Þ2− Δhþ S1⋅ tan θ1 þ S2⋅ tan θ1ð Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin−true

2− Δhþ S1⋅ tan θ1ð Þ2
q ð17Þ

δoffþrot ¼
Im−Itrue
Itrue

� 100% ð18Þ

eoffþrot ¼ Im−Itrue ð19Þ
Fig. 20. Schematics of (a) Points located on the upper and lower surfaces of the bottom sheet an
plane.
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3.3. Error estimation of the remaining bottom sheet thickness

As shown in Fig. 20(a), the remaining bottom sheet thickness on the
joint cross-sectional profile is directly determined by the infinite points
on the upper surface (Red) and lower surface (Black) of the bottom
sheet. The projection of these points from the joint central plane to
the cutting plane is very similar to that of the two interlock boundary
points in Fig. 10. Taking the points A and B in Fig. 20(a) as an example,
the projection trajectories (Circles A and B) of the two points are
shown in Fig. 20(b). When with the Δh or θ1, only part of these points
d (b) Projection of the boundary points A and B from the joint central plane to the cutting



Fig. 21. Schematic of the (a) Ideal and actual cutting positions, (b) the bottom sheet profile on the joint central plane and (c) the bottom sheet profile on the cutting plane with an offset
distance (Δh).
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can be projected from the joint central plane to the cutting plane. Mean-
while, the relative positions of these pointswould be affected during the
projection process, and become different from the original ones on the
joint central plane. This would lead to an unrealistic bottom sheet thick-
ness distribution. Therefore, influences of the three types of improper
cutting positions on the captured bottom sheet profile were analysed
and discussed qualitatively.

3.3.1. With only the offset distance (Δh)
Fig. 21 shows the true bottom sheet profile on the joint central plane

and the captured one on the cutting plane with the Δh. It can be seen
that only the bottom sheet profile in the green region of Fig. 21
(b)was projected onto the cutting plane as shown in Fig. 21(c). The bot-
tom sheet profile in the yellow region of Fig. 21(b) could not be
projected onto the cutting plane and thus the thickness data in this re-
gionwas not accessible on the cutting plane. Thewidth of the yellow re-
gion is two times of the Δh, which means the amount of missing
thickness data increase with the increment of the Δh.

It can also be found that the shape of the green region in Fig. 21
(b) is quite different from that of the blue region in Fig. 21(c). During
the projection process, the green region was stretched along the hor-
izontal direction in order to cover the larger blue region. Fig. 22 shows
the projection trajectories of these boundary points from the green re-
gion to the blue region. The radius of the projection trajectory is dif-
ferent for each point and equals to the distance from the projected
point to the original point O. Due to the different trajectory radiuses,
a large distortion occurred around the joint central region while a lim-
ited distortion was found around the rivet tip. For example, the green
Fig. 22. Projection trajectories of the boundary points from the joint
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region between points A1 and B1 was stretched to a wider blue region
between the points A3 and B3. While the green region between points
D1 and E1 was stretched to an almost same width blue region between
the points D3 and E3. According to the projection pattern, the bottom
sheet thickness along the vertical direction in the green region of
Fig. 21(b) can be exactly measured on the cutting plane but with a po-
sition shift (≤ Δh). While the measured thickness along the direction
perpendicular to the bottom sheet surface would be greater than the
true values in the green region. Because of the different distortion
levels on the blue region, the bottom sheet thickness measured
around the joint central area would have a higher measurement
error than that measured around the rivet tip. In other words, the
measurement error of bottom sheet thickness demonstrates a de-
creasing trend from the joint centre to the rivet tip, as presented in
Fig. 21(c).

Taking the SPR joint with the 1.2 mm+ 2.0 mmAA5754 sheets and
the 6.0 mm long boron steel rivet as an example, the virtually captured
bottom sheet profileswith offset distances 0.0mm, 0.5mm, 1.0mmand
1.5 mm are compared in Fig. 23. It can be seen that the Δh showed very
limited influences on the bottom sheet profile when the Δh had a small
value (e.g. 0.5 mm), as shown in Fig. 23(a). The captured bottom sheet
profile withΔh=0.5mmwas still very close to that from the joint cen-
tral plane (Δh = 0.0 mm). So the measurement error of bottom sheet
thicknesswouldmaintain at a very low level. However, when theΔh in-
creased to larger values (e.g. 1.0 mm and 1.5 mm), as shown in Fig. 23
(b), the inspected bottom sheet profiles became quite different from
that on the joint central plane, especially around joint central area.
Because of the high-level measurement error, the real quality of the
central plane to the cutting plane with an offset distance (Δh).



Fig. 23. Virtually captured bottom sheet profiles on the cutting plane with different offset distances (Δh): (a) 0.0 mm and 0.5 mm, and (b) 0.0 mm, 1.0 mm and 1.5 mm.
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deformed bottom sheet could not be reflected by the measured bottom
sheet thickness on the cutting plane. Therefore, it is necessary to control
theΔhwithin a small range in order to accurately evaluate the quality of
the deformed bottom sheet.
3.3.2. With only the rotation angle (θ1)
Fig. 24 shows the captured bottom sheet profiles on the joint central

plane and on the cutting plane with the θ1. Similar to the Δh, the θ1
would also lead to thickness data missing of the bottom sheet as well
as distorted bottom sheet profile on the cutting plane. As presented in
Fig. 24(b), the width of this thickness data missing region (Yellow re-
gion) is determined not only by the θ1 but also the relative distance be-
tween the rivet head and the bottom sheet. Increments of the θ1 or the
relative distance could result in more missing data of the bottom sheet
thickness. Only the green region in Fig. 24(b) was projected to the
blue region in Fig. 24(c) on the cutting plane. Fig. 25 shows the projec-
tion trajectories of these boundary points from the green region to the
blue region. Due to the existence of θ1, the boundary points on the
green region were projected to different planes paralleling to the joint
central plane. Different from with only the Δh, it can be seen that the
boundary points located on the same vertical line in the green region
(e.g. points B1 and B2) were projected to different vertical lines (e.g.
points B3 and B4). As a result, the measured bottom sheet thickness
along the vertical direction on the cutting plane in Fig. 24(c) would be
slightly larger than the true value on the joint central plane shown in
Fig. 24(b). The measured bottom sheet thickness along the direction
perpendicular to the bottom sheet surface would be more likely larger
than the true value.

Taking the SPR joint with 1.2 mm + 2.0 mm AA5754 sheets and
6.0 mm long boron steel rivet as an example, the virtually captured bot-
tom sheet profiles with rotation angles 0°, 5°, 10°, 15° and 20° are com-
pared in Fig. 26. As shown in Fig. 26(a), the captured bottom sheet
profile on the cutting plane with θ1 = 5° was almost the same with
that on the joint central plane (θ1 = 0°). However, obviously different
bottom sheet profiles were observed when the θ1 increased to larger
values (i.e. 10°, 15° and 20°) as shown in Fig. 26(b). It can be seen that
the θ1 imposed a larger influence on the lower boundary (Zone1) than
the upper boundary (Zone2) of the bottom sheet. Therefore, it is very
Fig. 24. Schematic of the (a) Ideal and actual cutting positions, (b) the bottom sheet profile on t
angle (θ1).
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important to control the θ1 within a small range to accurately evaluate
the quality of the deformed bottom sheet.
3.3.3. With the offset distance (Δh) and rotation angle (θ1)
When the cutting offset and the cutting rotation occurred at the

same time, the effects of theΔh and θ1 would be superimposed to affect
the bottom sheet profile. It is worth noting that the rotation direction of
the cutting plane would impose different influences on the bottom
sheet profile, as shown in Fig. 27. When with a positive rotation angle
(θ1 > 0), a larger part of the bottom sheet profile (Yellow region) on
the joint central plane cannot be projected onto the cuttingplane as pre-
sented in Fig. 27(a). This would lead to a larger measurement error of
bottom sheet thickness than with only a Δh or only a θ1. In contrast,
when with a negative rotation angle (θ1 < 0) as presented in Fig. 27
(b), the missing thickness data caused by the Δh would reduce to a
smaller amount (Yellow region). This effectively reduces the distortion
degree of the captured bottom sheet profile and improves themeasure-
ment accuracy of bottom sheet thickness. Previously, the bottom sheet
profiles of SPR joint with AA5754 sheets and 6.0 mm long rivet with
varying Δh and θ1 have been compared in Figs. 23 and 26 respectively.
With both of the Δh and θ1, the captured bottom sheet profile would
be determined by the relative magnitudes of the Δh and θ1. Due to the
plentiful combinations of the Δh and θ1, the bottom sheet profiles of
this SPR joint at different cutting positions were not presented here.

As discussed above, the appearances of the Δh and θ1 would affect
the captured bottom sheet profile on the cutting plane. As a result, the
measurement accuracy of the Tmin would be inevitably influenced. De-
pending on the formation position, the measured Tmin may have differ-
ent error levels. If the Tmin was formed around the joint central area, it
may have a very large error because of the missing thickness data (Yel-
low region in Fig. 27) and the large bottom sheet profile distortion
around the joint central area. In contrast, if the Tmin was formed around
the rivet tip, itmore likely has a limited error due to theminor distortion
of the bottom sheet profile around the rivet tip.
he joint central plane and (c) the bottom sheet profile on the cutting plane with a rotation



Fig. 25. Projection trajectories of the boundary points from the joint central plane to the cutting plane with a rotation angle (θ1).

Fig. 26. Virtually captured bottom sheet profiles on the cutting plane with different rotation angles (θ1): (a) 0° and 5°, and (b) 0°, 10°, 15°, 20°.
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4. Correction of cutting position's effects on the joint quality
indicators

Under the conditions when the SPR joints were not or could not be
sectioned through the joint centre plane (e.g. Joints cut from the car
BIW), it is important and necessary to correct/compensate the errors
Fig. 27. Schematic of the bottom sheet profiles on the joint central plane and o
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of joint quality indicators induced by the improper cutting position. As
previously discussed, the rivet head height (H1) is not affected by the
cutting position and thus does not need any correction. In addition, be-
cause the bottom sheet profile is determined by an infinite number of
points on the upper and lower surfaces of the deformed bottom sheet,
it is very difficult to correct the error of the remaining bottom sheet
n the cutting plane with an offset distance (Δh) and a rotation angle (θ1).



Fig. 28. Flow chart for the interlock error correction in practical applications.
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thickness. First of all, the missing thickness data in the yellow region of
the joint central plane (as shown in Fig. 27) cannot be recovered from
the captured joint profile on the cutting plane; Secondly, it is possible
but requires a hugeworkload to eliminate the distortion of the captured
bottom sheet profile from the cutting plane. Therefore, the correction of
the bottom sheet thickness was not discussed in this study.

For the interlock, its value is only determined by the positions of the
inner and outer interlock boundaries. Therefore, it is relatively easy to
correct the interlock error induced by the improper cutting position. Ac-
cording to the geometrical relationships shown in Fig. 19, the Itrue can be
expressed as a function of six dimensions measured on the sectioned
Fig. 29. Strategies to obtain the six parameters (Δh, θ1,
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joint specimen, as shown in Eq. (20). The similar strategy was also uti-
lized by Gerstmann and Awiszus [25] to compensate the interlock
error caused by the improper cutting position of flat-clinch joints, but
only the offset distance was considered in their study. The Rin is the
measured radius of the inner interlock boundary on the cutting plane.
Fig. 28 shows the procedures to correct the interlock error in practical
applications: First, the Δh and θ1 were measured from the sectioned
specimen; Then, the joint cross-sectional profile was captured, and the
S1, S2, Rin and Im were measured; Finally, all the six measured parame-
ters were entered into Eq. (20) to calculate the Itrue.

Itrue ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin þ Imð Þ2 þ Δhþ S1 � tanθ1 þ S2 � tanθ1ð Þ2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin

2 þ Δhþ S1 � tanθ1ð Þ2
q

ð20Þ

In practical applications,measurement of the six parameters (i.e.Δh,
θ1, S1, S2, Rin and Im) is very critical for the correction result of interlock.
There are two ways to get the value of Δh: (1) Directly measure the di-
ameter of the rivet head (Dh) and the remaining rivet head thickness
perpendicular to the sectioned surface (l1) on the specimen as shown
in Fig. 29(a), and then calculate the Δh using Eq. (21); (2) Measure
the diameter of the rivet head (Dh) and the width of the rivet head
(Dh-m) on the captured joint cross-sectional profile as presented in
Fig. 29(b), and then calculate the Δh using Eq. (22). Similarly, there
are also two approaches to obtain the θ1: (1) Directly measure the in-
cluded angle (α) between the top surface of rivet head and the joint sec-
tioned surface as shown in Fig. 29(c), and then calculate the θ1 using
Eq. (23); (2) Measure the height of the captured joint cross-sectional
profile from direction A (l2) and the height of the captured joint cross-
sectional profile from the direction B (l3) as shown in Fig. 29(d), and
then calculate the θ1 using Eq. (24).

Δh ¼ l1−
Dh

2
ð21Þ

Δh ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dh

2 þ Dh−m
2

q
ð22Þ

θ1 ¼ α−
π
2

ð23Þ
S1, S2, Rin and Im) for the interlock error correction.



Fig. 30. Developed graphical user interfaces (GUI) for (a) Interlock error estimation and (b) Interlock error correction.

Table 1
Joint configurations and experiment results.

Joint no. Thickness (mm) Rivet (Boron steel) Die Experiment results

Top sheet/Tt (AA5754) Bottom sheet/Tb (AA5754) S1 (mm) S2 (mm) Rin-true (mm) Itrue (mm)

1-1 1.2 1.0 C5.3*5.0
(280 ± 30HV10)

Pip die 2.60 0.71 3.47 0.45
1-2 1.2 1.2 2.60 0.87 3.18 0.50
1-3 1.2 1.5 2.72 0.97 3.11 0.54
1-4 1.2 2.0 2.54 1.24 2.86 0.66
1-5 1.0 1.5 2.34 1.16 2.99 0.61
1-6 1.5 1.5 2.95 0.86 3.19 0.42
2-1 1.5 1.2 C5.3*6.0

(280 ± 30HV10)
Pip die 2.76 1.06 3.16 0.74

2-2 1.5 1.5 2.52 0.98 3.37 0.84
2-3 1.5 2.0 2.57 1.10 3.18 0.92
2-4 1.2 2.0 2.44 1.66 3.06 0.97
2-5 1.8 2.0 2.92 0.98 3.23 0.68
2-6 2.5 2.0 3.45 0.56 3.60 0.38
3-1 1.2 2.0 C5.3*6.0

(280 ± 30HV10)
Flat die 2.68 2.11 2.84 0.93

3-2 1.8 2.0 3.16 1.61 2.94 0.78
3-3 2.5 2.0 3.65 0.74 3.28 0.49
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θ1 ¼ arccos
l2
l3

� �
ð24Þ
Fig. 31. Specimen size of the SPR joint (in mm).
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For the S1, S2, Rin and Im, the observation directions (A or B) would
not affect the measured values of the Rin and Im but would influence
the values of the S1 and S2. When observing the joint cross-sectional
profile along the direction vertical to the joint central plane (Direction
A), the positions of interlock boundaries along the vertical direction
would not be affected by the Δh and θ1. In other word, the measured
S1 and S2 will be exactly equal to the values on the joint central plane.
In contrast, when observing the joint cross-sectional profile along the
direction vertical to the cutting plane (Direction B), the positions of in-
terlock boundaries would be affected by the Δh and θ1. As a result, the
measured S1 and S2 became slightly larger than the values on the joint
central plane. Therefore, it is suggested to measure these four parame-
ters on the joint cross-sectional profile captured along the direction A.
Moreover, it is also worth noticing that, comparedwith the joint profile
captured from the direction A, the joint profile captured from the direc-
tion B was slightly stretched along the vertical direction, as shown in



Fig. 32. Dimensions of the (a) semi-tubular rivets and (b) dies (in mm).
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Fig. 29(d). This leads to a larger distortion of the captured joint cross-
sectional profile, and would affect the quality evaluation of the de-
formed bottom sheet. Therefore, it is recommended to inspect the
joint cross-sectional profile along the direction A and then evaluate
the joint quality.
5. Assessment of the proposed estimation and correction methods

Using the proposed approach, the cutting position's influences on
the measurement accuracy of interlock in real SPR joints were esti-
mated. The effectiveness of the developed interlock error correction
method was also verified.
Fig. 33. Structure of the
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5.1. Development of graphical user interface (GUI)

For an easier use in practical applications, two graphical user inter-
faces (GUI) for the interlock error estimation and correctionwere devel-
oped using the App Designer in MATLAB R2018a, as shown in Fig. 30. In
the GUI for interlock error correction, the initial interlock errors of the
sectioned SPR joint were also calculated. The two GUIs were used in
the following sections.

5.2. Experiment design

Ø5.3mmboron steel rivets (Hardness: 280± 30HV10) and alumin-
ium alloy AA5754 sheets were used throughout the experiment. Fifteen
SPR joints with different configurations were made as listed in Table 1.
The top sheet thickness (Tt), bottom sheet thickness (Tb), rivet length
(L1) and die type varied from joint to joint. Li et al. [26] reported that
the rivet to sheet edge distance could affect the joint quality by altering
the sheet distortion levels. To avoid this phenomenon, the specimen
size used in this study is 40 mm × 40 mm as presented in Fig. 31.
Fig. 32 illustrates the dimensions of the rivets and dies used in the ex-
perimental SPR tests. The intrinsic variability of the SPR process inevita-
bly brings many variations into the joining process and thus affects the
final laboratory test results. To minimise such effects, repeated trials
were usually performed when evaluating the SPR joint quality [27].
However, this study focused on the measurement error for the individ-
ual joint, and thus only one sample was made for each joint configura-
tion. All the fifteen joints were manufactured using a servo SPR
system manufactured by Tucker GmbH, as shown in Fig. 33. This rivet-
ing system is displacement controlled rather than pressure controlled,
and therefore the rivet head heigh (H1) was set to 0.0 mm for all the
joints. The riveting speed is 300 mm/s, and the clamping force of the
blank-holder is approx. 6.0kN.

All the specimens were sectioned using an abrasive-wheel cutting
machine. To ensure the cutting plane is as close as possible to the joint
centre plane, the specially designed fixtures for the 40 mm × 40 mm
specimen were used during the riveting and the cutting processes.
Usage of fixtures was also reported during the fabrication and cutting
processes of SPR joints in [26]. The cross-sectional profile for each
joint was captured using an optical microscope after the surface
Tucker SPR system.



Fig. 34. Joint cross-sectional profiles from experimental SPR tests.

Fig. 35. Procedures to virtually cut the SPR joint at different cutting positions and capture the corresponding cross-sectional profiles.

Table 2
Ten cutting positions of the dummy joint 2–4.

Position no. Offset distance Δh (mm) Rotation angle θ1 (°)

P0 0.0 0.0
P1 0.5 5.0
P2 0.5 10.0
P3 0.5 15
P4 1.0 5.0
P5 1.0 10
P6 1.0 15
P7 1.5 5.0
P8 1.5 10
P9 1.5 15
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polishing. The experimentally captured fifteen joint sectional profiles
are shown in Fig. 34, and all of them were assumed to be the true
joint profiles on the joint central plane. The necessary dimensions, in-
cluding the S1, S2, Rin-true and Itrue, were measured and recorded in
Table 1. Then, the interlock errors for each SPR joint were estimated if
these joints were improperly sectioned at different cutting positions.

To verify the performance of the proposed interlock correction
method, each SPR joint should be sectioned at different cutting posi-
tions. However, because every experimentally fabricated SPR joint is
unique, it is very difficult to experimentally cut one SPR joint at different
cutting positions (e.g. Ten positions) and observe the cross-sectional
profiles. In order to overcome this difficulty, an alternative approach
was proposed as shown in Fig. 35. Firstly, a 2D geometry of the experi-
mentally captured joint cross-sectional profile was extracted and used
to establish a 3D dummy SPR joint in SolidWorks 2018. Then, this
dummy jointwas sectioned at different cutting positions, and the corre-
sponding joint cross-sectional profiles were recorded. Finally, the inter-
lock error at each cutting positionwas accessed and compensated using
the proposed error correction method. The developed dummy model
may be not exactly the same to the experimentally tested one, while
this would not affect the performance assessment of the proposed
17
interlock error correction method. In this study, taking the joint 2–4 as
an example, the performance of the proposed interlock correction
method was evaluated. The dummy joint 2–4 was sectioned at ten dif-
ferent cutting positions as listed in Table 2 and the necessary data (i.e.
S1, S2, Im and Rin) was collected from the captured joint cross-sectional
profiles. The P0 is the referenced cutting position (Δh = 0 mm, θ1 =



Fig. 36. Estimation of interlock errors caused by the offset distance (Δh) under the (a) ideal condition and (b) practical condition.

Fig. 37. Estimated (a) Absolute error eoffset and (b) Relative error δoffset of the tested SPR joints with different offset distances (Δh).

Fig. 38. Estimation of interlock errors caused by the rotation angle (θ1) under the (a) ideal condition and (b) practical condition.
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Fig. 39. Estimated (a) Absolute error erotation and (b) Relative error δrotation of the 15 SPR joints with different rotation angles (θ1).

Fig. 40. Relative error (δoff+rot) of interlock in the 15 SPR joints with varying offset distance (Δh) and rotation angle (θ1).
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0). Finally, the measured interlock from the rest nine positions was
corrected and compared with the interlock at the position P0.

5.3. Results and discussions

5.3.1. Interlock error with only the offset distance (Δh)
Based on the proposed approach, as shown in Fig. 36(a), the Rin_true

and Itrue from the joint central plane should be used to evaluate the in-
fluences of the Δh on the measurement errors of the interlock. Under
this ideal condition, a Δhwas introduced into the Rin-true and Itrue to cal-
culate the Im by Eq. (1). Then, the δoffset and eoffset were estimated with
the Itrue and the Im. However, in practice, the Rin_true and Itrue cannot
be experimentally measured even with the assistance of specially de-
signed fixtures [25]. To verify the effectiveness of the proposed assess-
ment method under practical conditions, as shown in Fig. 36(b), an
initial error was considered by introducing an initial offset distance
(Δh0). The calculated initiallymeasured radius of inner interlock bound-
ary (Rin0) and the initially measured interlock (Im0) were regarded as
the experimentally measured values. Rin0 can be obtained by Eq. (25)
according to the geometrical relationships shown in Fig. 19. Then, a
Δh was introduced into the Rin0 and Im0, and the corresponding δoffset
and eoffset were evaluated using the calculated Im0 and the Im.

Rin0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
in−true− Δhþ S1⋅ tan θ1ð Þ2

q
ð25Þ

Fig. 37 shows the calculated δoffset and eoffset under the ideal condition
(Solid lines) and the practical condition (Dash lines) for the 15 SPR
joints in Table 1. For simplicity, the Δh0 and Δhwere set to same values
in this study. It can be seen that, when the Δh equalled to 0.5 mm and
1.0 mm, the δoffset and eoffset under the two conditions were almost the
same (Black and red lines). The calculated δoffset and eoffset under the
practical conditionwere still very close to that under the ideal condition
with the Δh increasing to 1.5 mm (Blue lines). However, when the Δh
further increased to 2.0mm, the δoffset and eoffset under the practical con-
dition became much larger than that under the ideal condition (Green
lines). Therefore, it is reasonable to believe that the error level of inter-
lock can be estimated directly using the experimentally measured Rin
and Im as long as the Δh was smaller than 1.5 mm. The eoffset fluctuated
around 0.01mm, 0.025mmand 0.07mm for the Δh=0.5mm, 1.0 mm
Fig. 41. Cross-sectional profiles of the dummy jo
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and 1.5 mm respectively. This means the measured interlock was al-
ways larger than the true interlock when only with the Δh. The δoffset
fluctuated around 1%, 5% and 10% for the Δh = 0.5 mm, 1.0 mm and
1.5 mm respectively. This indicated that the measured interlock can
still maintain a very high accuracy if the Δh was smaller than 1.0 mm.

5.3.2. Interlock error with only the rotation angle (θ1)
When only with the θ1, the measurement errors of interlock under

the ideal and practical conditions for the 15 SPR joints were also calcu-
lated and compared. As shown in Fig. 38(a), under the ideal condition, a
θ1 was introduced to calculate the Im. Then, the Itrue and the Im were
used to evaluate the δrotation and erotation. While under the practical con-
dition, the Rin_true and Itrue cannot be experimentally measured. As
shown in Fig. 38(b), an initial error was considered by introducing an
initial rotation angle (θ0). Then, the calculated Rin0 and Im0 were used
to calculate the Im. Finally, the Im0 and the Im were used to calculate
the δrotation and erotation under the practical condition.

Fig. 39 shows the evaluated δrotation and erotation under the ideal con-
dition (Solid lines) and the practical condition (Dash lines) for the 15
SPR joints. For simplicity, the θ0 and θ1 were set to the same values in
this study. It is obvious that the calculated δrotation and erotation under
the two conditions were almost the same when the θ1 equalled to 5°,
10° and 15° (Black, red and blue lines). While when the θ1 increased
to 20°, the calculated erotation and δrotation under the practical condition
were still very close to that under the ideal condition in most SPR joints
(Green lines). Therefore, it is reasonable to believe that the error level of
interlock can be estimated directly using the experimentally measured
Rin and Im as long as the θ1 was smaller than 15°. The erotation fluctuated
around−0.01mm,−0.02mm and− 0.05 mm for θ1 = 5°, 10° and 15°
respectively. The δrotation fluctuated around −1%, −4% and − 10% for
θ1 = 5°, 10° and 15° respectively. This suggested that the measured in-
terlock with only the θ1 was always smaller than the true interlock.
Meanwhile, the interlock error could be maintained at a low level if
the θ1 was controlled smaller than 10° in practical applications.

5.3.3. Interlock error with the offset distance (Δh) and rotation angle (θ1)
When the Δh and θ1 vary within the ranges of 0.0 mm–1.5 mm and

0°–20°, the contour graphs of the relative error (δoff+rot) of interlock for
the 15 tested SPR joints were calculated and recorded in Fig. 40. By
int 2–4 at the ten different cutting positions.



Fig. 42. Comparison of the (a) interlock and (b) relative error at the ten cutting positions of the dummy joint 2–4.
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comparing the 15 contour graphs, similar changing patterns of the
δoff+rotwere found. TheΔh and θ1 imposed opposite effects on the inter-
lock within the studied ranges. The appearance of θ1 compensated part
of the interlock error caused by theΔh. As a result, the δoff+rot still main-
tained at low levels when the effects of the Δh and θ1 on the interlock
were roughly counteracted.

However, in most instances, the influences of the Δh and θ1 on the
interlock were not at the same level. The θ1 played a leading role on
top left portion of the figures and the δoff+rot always had a negative
value. Gradient densities of this region in the 15 contour figures were
slightly different: SPR joints with the interlock formation position far
away from the rivet head (i.e. large S1 and S2) but close to the joint
axis (i.e. small Rin_true) were more sensitive to the θ1 and had a higher
gradient density. In contrast, the Δh showed a dominant influence on
the bottom right portion of these figures and the δoff+rot always had a
positive value. The gradient densities of this region were almost the
same in all the 15 joints. This is because the impacts of Δh on the inter-
lock is only influenced by the Rin_true and Itrue. The Rin_true and Itrue in the
15 joints changed within relatively small ranges as listed in Table 1, and
therefore resulted in similar gradient densities of δoff+rot. It was also
found that the accuracy of interlockwas just slightly affected by the im-
proper cutting position (δoff+rot ≈ − 5%–5%.) if the Δh and θ1 could be
controlled smaller than 1.0 mm and 10° respectively. Although a posi-
tive θ1 could compensate the interlock error caused by the Δh, it
would lead tomoremissing data of the bottom sheet profile and further
worsen the measurement accuracy of the remaining bottom sheet
thickness.

5.3.4. Correction of interlock error
Fig. 41 shows the captured cross-sectional profiles of the dummy

joint 2–4 at the ten different cutting positions in Table 2. When the Δh
was greater than 1.0 mm or the θ1 was larger than 10°, it can be seen
that the joint cross-sectional profiles (i.e. P3, P6–P9) already became
very different from the referenced one (i.e. P0). Fig. 42(a) compares
the measured interlock values before and after correction. Before cor-
rection, the absolute error of the interlock was very obvious in P1–P9,
and even reached to around−0.15 mm at the positions P3, P6 and P9.
In contrast, after correction using the proposed interlock error correc-
tion approach, the absolute error of interlock was effectively reduced
to a very small value (Less than 0.03 mm). The interlock at all of the
nine positions became almost the same to the referenced P0. It can be
seen from Fig. 42(b) that the relative error of interlock reduced to
approx. 1%–3% at all of the nine improper cutting positions. The correc-
tion results indicated that no matter how large the interlock error in-
duced by the improper cutting position is, the proposed correction
method could always effectively compensate it to a very low level.
21
Therefore, the developed interlock error correction method was proved
effective and would be very helpful when the SPR joints were not prop-
erly sectioned in practical applications, such as SPR joints with irregular
shapes extracted from the car BIW structures.

6. Conclusions

In this paper, the influences of the improper joint cutting positions
on the SPR joint quality indicators were investigated and discussed.
Error evaluation and correction methods for the joint interlock were
proposed to minimise the impact of the improper cutting position on
its measurement accuracy. Two graphical user interfaces (GUI) were
also developed to simplify practical applications. The main conclusions
are drawn below:

(1) The offset distance (Δh) and rotation angle (θ1) between the
cutting plane and the joint central plane could significantly influ-
ence themeasurement accuracy of the interlock and the remain-
ing bottom sheet thickness, but no impact on themeasured rivet
head height (H1).

(2) The Δh and θ1 imposed opposite influences on the interlock:
the measured interlock (Im) was always larger than the true
interlock (Itrue) with only the existence of Δh, while the Im was
always smaller than the Itrue with only the existence of θ1. The
interlock error induced by the improper cutting position could
still be very small when the effects of the Δh and θ1 on the inter-
lock were roughly counteracted.

(3) Under the studied joint configurations, the relative error of the
interlock could be controlled to approx. -5%–5% if the Δh and θ1
were smaller than 1.0 mm and 10°. The proposed interlock error
correction method showed a very good performance, and effec-
tively reduced the relative error of interlock to around 1%–3%.

(4) The Δh and θ1 could lead to missing data of the remaining bottom
sheet thickness around the joint central area. Only part of the bot-
tom sheet profile can be projected from the joint central plane to
the cutting plane. The amount of missing data increased rapidly
with the increment of the Δh and θ1. Distortion occurred on the
measured bottom sheet profile during the projection process,
and resulted in a higher measurement error of the remaining bot-
tom sheet thickness in the region close to the joint axis than in the
region close to the rivet tip. It is difficult to quantitatively evaluate
and correct themeasurement error of the remaining bottom sheet
thickness caused by the improper cutting position.

(5) The developed graphical user interface (GUI) facilitates the mea-
surement error evaluation and correction of the interlock in prac-
tical applications.
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