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Study of the Residual Strain in Lap Joints

Gang Li,* Guoqin Shi," and Nicholas C. Bellinger*
National Research Council Canada, Ottawa, Ontario K1A OR6, Canada

Both experiments and finite element analysis were carried out to study the residual strain (stress) in the riveted
lap joint for a better understanding of the fatigue life of fuselage lap joints. A force-controlled riveting process
was used to apply a constant load ramp to install the rivets. Strain variations on the joint surface were measured
using microstrain gauges during the riveting process. Because neutrons are known to penetrate through many
centimeters of aluminum alloys, neutron diffraction was used to provide a nondestructive technique to determine
strains at certain depths in the joint. Parallel to the experimental testing, a two-dimensional axisymmetric finite
element model was developed to simulate the riveting process. Both material and geometric nonlinearities, as well
as nonlinear contact boundary conditions, were used in this numerical model. Comparisons between the numerical
simulations and experimental results focused on the rivet driven head deformations and strain variations, and the
results showed that the current two-dimensional axisymmetric finite element model using the proper boundary
conditions can reliably be used to determine the residual strains (stresses) present in joints that were induced

during the riveting process.

Nomenclature
C = material parameter
D = rivet shank diameter
Dyax = maximum rivet shank diameter after riveting
d = spacing between lattice plane
dy = stress-free lattice spacing
E = Young’s modulus
m = material parameter
r = distance to fastener hole centre
e = normal strain
Efque = true strain
0 = diffracted neutrons’ angle
A = wavelength of the incident neutron beam
v = Poisson’s ratio
o = normal stress
owe = true stress beyond the initial yield stress
oy, = initial yield stress

I

IVETED fuselage lap joints have been widely used in the

aeronautical industry for many years. The fatigue and static
strength of joints are strongly influenced by the residual stress and
strain induced by the riveting process.'~> To understand joint in-
tegrity, it is necessary to study the localized conditions of residual
stress and strain at and around the rivet/hole interface generated
during the rivet installation process. Previous research that has been
carried out to determine the residual stress and strain in riveted lap
joints used theoretical, experimental, and numerical methods.!~!3
Because of the complexity associated with the riveting process, it is
difficult to develop a closed-form theoretical solution. Experimental
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testing and finite element methods have been used to determine the
stress state present in lap joints.

Riveting of fuselage lap joints using a quasi-static force-
controlled method have been carried out in the past'3~!7 to bet-
ter control the rivet installation and, thus, the consistency of the
conditions at and around the rivet/sheet hole interface.!~* Both mi-
crostrain gauges and neutron diffraction were used to understand
the strain variations in joints during and after the riveting process.
Because microstrain gauges are capable of capturing the strain vari-
ations on a lap joint surface during the riveting process, the vari-
ation in the load history can be determined.'®!"%16 The micro-
strain gauge method is convenient, cheap, and reliable; however, it
can only determine the strain variation at the surface. Because neu-
trons penetrate many centimeters through aluminum alloys, neutron
diffraction has been used as a nondestructive technique to measure
the internal strains present in aluminum components.'”'® However,
it is difficult to use neutron diffraction to measure in situ strain vari-
ations in joints during the riveting process, and, thus, this method
was used after the riveting process was completed. In addition to the
experimental tests, a two-dimensional axisymmetric finite element
(FE) model was developed to simulate the residual stress and strain
in joints induced by the riveting process.'>~!” Material and geometry
nonlinear properties, as well as the contact situations, were consid-
ered in the numerical simulation. The strain variations measured
from both microstrain gauges and neutron diffraction were used to
verify the numerical model. Once the FE model was validated, the
variations in the rivet driven head deformations, the in situ stress
and strain conditions at any position within the lap joint, as well as
the full-field stress and strain contours were extracted from the FE
results to obtain the residual stress and strain distributions that were
present in the riveted lap joint.

II.

The specimen configuration used in this study is shown in Fig. 1
and consisted of two 76.20 x 76.20 mm bare 2024-T3 Al alloy
sheets, each 2.03 mm thick, and one 2117-T4 Al alloy countersunk
type rivet, MS20426AD8-9 (Ref. 19). The rivet had a total length of
14.29 mm and shank diameter D of 6.35 mm. The mean inner sheet
hole diameter was 6.45 mm, and the rivet mean protruding height
above the inner sheet surface was 9.95 mm based on the optical mea-
surement results of 20 specimens.'* !¢ In the current study, three joint
specimens: one microstrain-gauged specimen and two nongauged
specimens, were tested using a 53.38-kN squeeze force. To avoid
both the thermal and inertial influence on the specimen, a small con-
stant loading ramp of 111.2 N/s was chosen for the riveting tests,
which is very slow compared to the actual rivet loading rates. After
the tests were completed, one riveted and one unriveted specimen

Experimental Details
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Fig. 2 Microstrain gauge arrangement on inner sheet surface before
riveting.

(strain/stress-free joint) were sent to Chalk River Laboratory of the
Steacie Institute for Molecular Science, National Research Council
Canada, to measure the residual strains in the riveted lap joint using
neutron diffraction.

A. Microstrain Gauge Measurement
In situ measurements of the strain variation in both the radial
and hoop (tangential) directions were obtained during the rivet-

ing process using the microstrain gauges.'*!® Figure 2 shows the
microstrain gauge arrangement on the joint inner sheet surface. By
defining the radial coordinate value of r to be zero at the joint
hole center, the strain gauge locations can be identified. Gauges
R1-R4 were located at r =7.85, 10.55, 13.35, and 16.15 mm,
whereas gauges H1-H4 were at positions r =7.88, 10.35, 12.86, and
15.38 mm. Gauges R1-R4 (micro-measurements EA-13-031EC-
350 with gauge factor of 2.09 £ 1.0%) were used to measure the
radial strain values and gauges H1-H4 (micro-measurements EA-
13-031DE-350 with gauge factor of 2.06 £ 1.0%) were used to mea-
sure the hoop direction strain values.

B. Neutron Diffraction Technique

The neutron diffraction technique was carried out at the Chalk
River Laboratory of the National Research Council Canada to mea-
sure the internal strains. At this laboratory, neutrons are generated
using a nuclear reactor and then directed toward the location of in-
terest on the specimen where they are diffracted from the lattice
planes of the crystallites that form the material. The angle 26, at
which the neutrons are diffracted, depends on the wavelength of the
incident neutron beam X and the spacing between the lattice planes
d through Bragg’s law in Eq. (1):

A = 2d sin(6) 1)

The lattice strain ¢ is the fractional change in the lattice spacing
d with reference to the stress-free lattice spacing dy in Eq. (2),

& =(d —do)/dy (@)

By aligning the specimen in the proper direction, the strain
in the x,y, and z directions can be determined. The normal
stress o in these directions can be estimated from these three
strain components.

The incident and diffracted neutron beams are shaped by slits
cut in the neutron-absorbing cadmium masks. The nominal volume
defined by the intersection of these rectangular cross-section beams
is called the instrumental gauge volume. Measurements were taken
along a scan line parallel to the y axis. The goal was to obtain
data close to the rivet/sheet and sheet/sheet interfaces. However,
fine spatial resolution required a commensurately small instrumen-
tal gauge volume. Aluminum sheet has a relatively small coherent
cross section for neutron measurements, imposing a lower limit of
approximately 1 mm? on the volume of the gauge to obtain data of
sufficient statistical quality for the number of data points provided in
the allotted time. Two gauge geometries were, therefore, required.
For the measurements of the x and y components of strain, the
gauge dimensions were 0.5 x 0.5 x 5 mm?® with the 5-mm dimen-
sion parallel to z and a diamond cross section in the x—y plane. For
the z (hoop) component, the dimensions were 1 x 1 x 1 mm?® with
a rectangular cross section in the x—z plane. The setup of a riveted
lap joint using neutron diffraction measurement is shown in Fig. 3.
Figure 4 shows the neutron diffraction measurement locations in the
joint. These were 5.7, 6.7, 7.7, 10, and 20 mm from the rivet center
for the outer sheet and 3.6, 4.6, 5.6, 10, and 20 mm from the rivet
center for the inner sheet.!”!8

III. FE Simulation

A. Material Parameters

The elastic—plastic properties for the material used in the FE mod-
eling were obtained from uniaxial tensile tests of 2.03-mm-thick
bare 2024-T3 Al alloy sheet.'*'® The material properties used for
the bare sheet were £ =72.4 GPa, v=0.33, and o, =310 MPa
(initial yield stress), whereas these used for the 2117-T4 Al alloy
rivet*? were E =71.7 GPa, v=0.33, and o, =172 MPa (initial
yield stress).

Curve fitting expressions for both the sheet and rivet were used
when the true stress was beyond the initial yield stress, which was
determined using Eq. (3)

Otrue = C(Slrue)m 3)



LI, SHI, AND BELLINGER 1147

Rivet flush head side

//Neun—on beams

— &

Data measurement path

Fig. 3 Setup of riveted lap joint for neutron diffraction measurement.
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Fig. 4 Schematic of gauge location, dimension, and orientation for 0, hoop strain ¢; and ©, radial and clamping strains ¢y and ¢, in riveted lap joint

using neutron diffraction technique.

where oy S the true stress, &y is the true strain, and C and m are
material parameters.

The hardening parameters used for the sheet were C =
765.67 MPa and m=0.14 when &, <&y, <0.02 (¢, was the
initial yield strain), C=744.62 MPa and m =0.164 when
0.02 < gyye <0.10, and the slope of the linear hardening curve was
1.034 GPa when &, > 0.10. The hardening parameters used for the
rivet were C = 544 MPa and m = 0.23 when 0.02 < g <0.10 and
C =551 MPa and m =0.15 when 0.10 < gy, < 1.0.

A tabular listing of the stress and plastic strain values were input
into a table provided by MSC.Patran interface, which used linear in-
terpolation for values between the points to implement the hardening
behavior of the model. Isotropic hardening behavior was assumed
for both the rivet and sheet materials.

B. FE Modeling
A two-dimensional FE model (FEM) was used to study the
residual stress and strain distributions induced by the riveting
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Fig. 5 Schematic diagram of two-dimensional axisymmetric FE model with three deformable contact bodies, three rigid contact bodies, and the

FEM mesh and boundary conditions of set 2 for simulation of lap joint.

process.'>~!7 MSC.Patran and MSC.Marc were used to carry out
the analysis. Different mesh sizes were examined to determine the
convergence of the rivet deformation and the maximum rivet shank
diameter deformation ratio of Dy, /D, where D is the rivet shank
diameter before riveting and D, is the maximum rivet shank di-
ameter after riveting. A very fine mesh was chosen from this study
with a total of 5410 nodes and 5099 elements of four-node axisym-
metric elements with reduced integration. The mesh for the sheets
extended to five rivet shank diameters (5 D) from the joint symmet-
ric axis x as shown in Fig. 5. The squeeze force was applied to the
rigid pusher, which compressed the rivet driven head edge. A coef-
ficient of friction of 0.2 was chosen between all contact bodies and
friction was modeled using a coulomb model.3~!113.15-17

Two different sets of boundary conditions were used in the two-
dimensional axisymmetric FEM':

For set 1, radial displacement U, = 0 was applied at the rivet axis
and the far ends of the sheets. A vertical displacement U, =0 was
applied at the two corner points of the outer side edge. One rigid set
supported the rivet bottom and one rigid pusher was used to squeeze
the rivet driven head.

For set 2, the third rigid body was introduced to support the exter-
nal surface of the outer sheet on the basis of the boundary conditions
in set 1, as shown in Fig. 5.

The outer sheet surface did not touch the bottom rigid set during
the riveting process if the FEM used the boundary conditions in

set 1, which was only an idealized case. To simulate more accurately
actual testing conditions and to improve set 1, the joint outer sheet
touched the third rigid body located at the joint bottom during the
riveting process in set 2.

IV. Results and Discussion

The following results were analyzed based on the FEM coordinate
frame, where x is in the sheet thickness direction, y is in the radial
direction, and z is in the hoop direction.

Very little difference was found for the rivet deformations ob-
tained from the numerical model using the displacement boundary
conditions from sets 1 and 2. Variations in the rivet driven head
compressive displacement vs the squeeze force during the riveting
process are presented in Fig. 6. It can be seen from Fig. 6 that the
experimental results and the FE predictions agreed very well. The
rivet diameter deformation ratio of Dy,,«/ D was 1.70 for both the ex-
perimental and numerical results.'*~!7 Figure 7 shows the unriveted
and riveted specimens.!*13

A. Comparison of Microstrain Gauge Results with FEM Predictions
for Sheet Strain Variations During the Riveting Process

Comparisons of the strain variations obtained from the experi-
mental tests and FEM for the radial and hoop directions are presented
in Figs. 8 and 9, respectively. Note from Figs. 8 and 9 that during
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Fig. 6 Comparison of rivet driven head displacement during entire
riveting period using 53.38-kN rivet squeeze force determined by exper-
imental test and FE method using displacement boundary conditions of
set 1 or 2: [, FE, F = —53.38 kN and m, experiment, F = —53.38 kN.

a) Photographs of joint before riveting and after riveting using 53.38-kN
squeeze force

b) FEM prediction of rivet driven head shape riveted at 53.38-kN
squeeze force

Fig. 7 Rivet driven head shape obtained from experiment and FEM
analysis.
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the riveting process compressive strains were present in the radial
direction, whereas tensile strains were present in the hoop/tangential
direction. Comparisons between the strain variation trends showed
good agreement between the FEM and experimental results for all
of the strain pairs except for a small portion during the entire rivet-
ing period. The numerical simulation resulted in excellent predic-
tions for the hoop strain but was less accurate for the radial strain.
Figures 8 and 9 show that the numerical model that used the bound-
ary condition in set 2 gave more accurate results than the boundary
condition in set 1. A total of six contact bodies were used in set 2
whereas five contact bodies were used in set 1. The three rigid con-
tact bodies were two rigid sets and one rigid pusher, whereas the
three deformable contact bodies were the two sheets and one rivet.
In the case of set 1, the radial displacement of the sheets near the
rivet was larger than that for set 2 because its movement was only
constrained by the countersunk head. The large plastic deformation
in the rivet driven head side led to certain sheet bending; thus, rela-
tively large radial strains occurred, whereas the sheet bending could
be effectively decreased or avoided in set 2 conditions. The radial
strains on the inner sheet surface from set 2 conditions should be
less than those of set 1. From the experimental point of view, the
boundary conditions of set 2 were more accurate than those of set 1.

The discrepancy in the radial strain between the microstrain gauge
results and FEM predictions are also found elsewhere'®!! and can
be explained as follows: 1) The constitutive models for the sheet and
rivet used in the FEM could be inaccurate. 2) The material properties
and surface were assumed perfect in the FEM, which is unrealistic.
3) The friction model used for the contact interface in the FEM could
be inaccurate. 4) Numerical errors were present in the FEMs. 5) The
errors were associated with the strain gauge, for example, gauge
reliability and gauge bond condition. The experimental uncertainty
in strain measurements could be very high.?°

B. Comparison of Neutron Diffraction Measurements
with FEM Predictions

Comparisons between the strain distributions in the radial, hoop,
and clamping directions from the neutron diffraction technique and
the FEM using the boundary conditions in set 2 are presented in
Figs. 10 and 11 for the outer sheet and the inner sheet, respectively.
Upper and lower bounds for the strain values obtained from the
neutron diffraction technique are also presented in Figs. 10 and 11.
Note that the depths for the data point for &, (or ¢,) and ¢, inside
the outer sheet were different due to the measurement adjustment
of the gauge center. A reasonable agreement was achieved between
the neutron diffraction results and the numerical predictions.
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Fig. 8 Comparison of radial strain variations in gauges R1-R4 on inner sheet surface during riveting process under 53.38-kN squeeze force obtained
from microstrain gauge and two-dimensional FEM results: m, microstrain gauge result; O, FEM prediction using BC set 1; and A, FEM prediction

using BC set 2.
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Fig. 9 Comparison of hoop strain variations in gauges H1-H4 on inner sheet surface during riveting process under 53.38-kN squeeze force obtained
from microstrain gauge and two-dimensional FEM results: m, microstrain gauge result; O, FEM prediction using BC set 1; and A, FEM prediction

using BC set 2.
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The discrepancy in the results could be caused by the following:
1) The gauge used for the neutron diffraction measurement had a
specific volume, instead of a point, and, thus, the strain data were
averaged,'” '8 whereas the strain values determined from the numer-
ical results were obtained from nodes (point values). 2) Differences
in the gauge locations existed between the neutron diffraction tech-
nique and the numerical model. 3) Errors could have been present
during the experiment and joint manufacturing, as well as in the
numerical analysis, for example, materials properties.

V. Summary

The following conclusions can be drawn from this study:

1) A two-dimensional axisymmetric FEM was developed and
used to carry out a nonlinear analysis to simulate the residual
stress/strain resulting from the riveting process used to manufac-
ture fuselage lap joints.

2) Experimental studies of the riveting process were performed,
and the strain variations were measured using microstrain gauges.

3) The neutron diffraction technique was used to measure the
residual strains inside the skins of the riveted lap joint, which cannot
be determined using strain gauges.

4) The radial and hoop strains obtained from either the in situ
strain gauges or the neutron diffraction technique compared rea-
sonably well with the FE results. Therefore, the residual stresses
could be obtained using the developed two-dimensional FEM for
any location within a lap joint or at any loading.
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