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Cold expansion is a mechanical method for creating residual stresses. This method is a proven 
technique to increase the fatigue life, and checking the residual stress on it, is of particular importance. 
A cold expansion process is widely used to generate beneficial residual stresses into an annular region 
around the hole. In the present research work, AA 6016-T6 and AA 1100 aluminum alloys which are 
two strain rate sensitive materials, were subjected to cold expansion process with different mandrel 
velocities. In fact, the effect of mandrel velocity on the created residual stresses has been investigated. 
The constants of the Johnson-Cook material model have been determined for them and the process 
has been investigated, experimentally and numerically. The obtained results revealed that the values 
of the residual stresses created in the sheets depend on the velocity of the process especially at the 
edge of the sheets holes. By increasing the mandrel velocity from 5 to 500 mm/min, depending on the 
distance from the hole to the edge of the sheet, it is possible to enhance the hoop residual stress by 
37.3–41.2% in AA 1100 aluminum alloy and by 37.6–38.1% in AA 6016-T6 aluminum alloy. This research 
showed that in all cases, the radial residual stresses created around the holes are negative. Also, it was 
cleared that due to the existence of material constraints and the movement of the sheet material, the 
amount of hoop residual stress created in the mid-thickness is more than the exit face and in the exit 
face is also more than the entrance face, exactly unlike the size of their zones.
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In many cases, the holes created in the sheets for using of pins1, rivets2 and bolts3 are subjected to fatigue loading, 
which is more evident in the aerospace4 and automotive5 industries. This fatigue loading causes the sheet to 
failure in the holes location. To prevent this problem, solutions such as fastener interference fitting6,7, bolt 
clamping8 and Cold Expansion (CE)2,9,10 have been proposed, which are widely employed to avoid reducing the 
fatigue life of the sheets. In the CE process, a mandrel with a diameter slightly larger than the diameter of the 
sheet hole enters the sheet with the force of the press and exits from the other side, so as to create compressive 
residual stresses around the sheet hole and increase its fatigue life11. Based on this, the study of residual stress in 
such processes is of particular importance12–15. Residual stresses have a significant influence on the behavior of 
materials. Also, if a workpiece is to be produced in several stages, the residual stresses created in each stage will 
affect the next stages of production16. Residual stresses have a remarkable effect on the mechanical behavior of 
materials in which they are supported, as has been reported in a number of recent works. Residual stresses are 
important and decisive factors. For example, these factors can have damaging consequences when generated in 
components during the manufacturing process. On the other hand, residual stresses can improve the properties 
of structures (for example, in pre-stressed car windscreens)17. In the present study, the cold expansion process 
was carried out on AA 1100 aluminum and AA 6016-T6 aluminum alloys. The reason for choosing these 
two aluminums is their wide applications. AA 1100 aluminum alloy sheet is used in light weight structures18, 
transportation industry and train wagons19, aerospace20 and automotive industries21, low pressure panels, heat 
exchangers and general sheeting22. Also, AA 6016-T6 aluminum alloy is employed in aerospace, defense, marine 
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and weapon manufacturing industries23. These sheets are also used in the automotive industry24, making bicycle 
bodies, and motor boats25.

Several researches have been carried out in the field of cold expansion process by researchers. Gattmah et 
al.26 experimentally and numerically investigated the cold tube drawing process on AISI 1010 steel tube. For this 
purpose, they used a fixed mandrel and studied the generated residual stresses. They considered two different 
reductions of areas of 16% and 23% and used X-ray diffraction (XRD) method to determine the hoop residual 
stresses inside the tube wall at five different orientations. They concluded that although the reduction of area 
strongly affects the residual stress compared to other process parameters, the friction coefficient has minimum 
effect on residual stresses. Also, the residual stress states inside the tube wall produced by cylindrical and conical 
plugs are completely different. In another study, Gattmah et al.27 investigated the residual stresses created in DIN 
17,100 St 37–2 steel tubes produced by floating plug drawing process. In their research, the influences of various 
tool parameters such as plug half angle, cone half angle of the die, fillet radius of the plug, and fillet radius of the 
die on the induced residual stresses were investigated using FEM. They found that there is a good convergence 
between the experimental and numerical findings with slight differences in the values. On the other hand, the 
FEM results revealed that the plug half angle at 0° and the cone half angle of the die at 9° induce the minimum 
residual stresses compared to other angles. Geng et al.28 focused on fatigue performance improvement in AZ31 
blank assisted by electromagnetic cold expansion process. According to their results, a good surface integrity and 
grain refinement around the hole for the workpiece treated by aforementioned operation was achieved. Pucillo 
et al.29 analyzed the CE process on the holes of the railway rails. These rails are made of R260 rail steel. They 
applied two levels of expansion to this steel and investigated the effect of this process on the resistance to fatigue 
crack growth of the metal. They revealed that when the diameter interference is 2%, the amount of resistance 
to fatigue crack growth enhances from 50 to 100% and when the diameter interference is 4%, this quantity 
increases to 200%. Faghih et al.30 conducted the CE process on the rolled AZ31B magnesium alloy at the level 
of 6%. Then, they compared the fatigue life of processed samples with the fatigue life of other specimens and 
found that the fatigue life of these samples was significantly improved. As an example, the endurance limit of the 
processed samples was equal to 150 MPa, while the endurance limit of other samples was equal to 80 MPa. This 
research also showed that carrying out the CE process can not only delay the formation of cracks, but also slow 
down its growth rate. In another study, Gattmah et al.31 developed a new measurement technique for residual 
stresses generated by the cold tube drawing process with a fixed mandrel. This new development of measurement 
technique that is built on the removing layer method is employed to measure the axial and the hoop residual 
stresses inside the tube wall for AISI 1010 steel. Additionally, they were performed an axisymmetric finite 
element model based on explicit dynamic analysis to predict the mentioned stresses within tube thickness. By 
conducting this study, it was cleared that the results are in good agreement and the new measurement technique 
is proved to be one of the appropriate methods to measure residual stresses inside the tube wall. Moreover, 
their findings showed that the residual stresses present inside the tube wall are completely different by different 
reduction of areas of R = 16% and 23%. Su et al.32 performed the CE process on 7075-T651 aluminum alloy plate 
and investigated its effects on this plate. It was cleared that carrying out this process causes a significant plastic 
deformation in the on 7075-T651 aluminum alloy plate, and as a result, its microstructure improves. Due to this 
microstructure improvement, the hardness of the plate also increases and therefore its fatigue behavior is also 
improved.

Based on the observations made, it can be said that no comprehensive research has been done on the cold 
expansion process and the calculation of the resulting residual stress. In the present study, AA 6016-T6 aluminum 
and AA 1100 aluminum alloys were subjected to cold expansion process. For this purpose, different mandrel 
velocities were employed. In these processes, radial and hoop stress values were determined experimentally using 
strain gauges. Afterwards, the conducted experiments were simulated and the accuracy of the simulations was 
ensured by comparing the results of the simulation and the experimental outcomes. The distribution of residual 
stresses around the holes of the sheets was determined for different mandrel velocities. Also, the distributions 
of stress in the circumferential or tangential directions and in the entrance face, the exit face, and mid-thickness 
were determined and compared, comprehensively. The novelty of this research can be summarized as bellows:

•	 Investigating the effects of the simultaneous entry of two identical mandrels into two adjacent holes from a 
plate and their passing through these holes at the same velocity but at several different velocity ranges, on the 
residual stresses created in the plate.

•	 Experimental determination of the Johnson-Cook parameters for AA 6016-T6 and AA 1100 aluminum al-
loys due to sensitivity of the material model to strain rate in the numerical simulation of the cold expansion 
process.

Materials and methods
Materials
The materials chosen for the CE process in current research are AA 6016-T6 and AA 1100 aluminum alloys. The 
chemical composition of these alloys are presented in the Table 1.

The dog-bone shaped tensile test specimens were cut and made from the two mentioned aluminum alloys to 
obtain the stress-strain graphs and tensile properties, according to ASTM E8 standard16. The dimensions of this 
standard samples is shown in Fig. 1.

In the present research work, Johnson-Cook material model is used for numerical simulations. Therefore, 
in addition to tensile properties, the parameters of this material model should be determined using tensile tests 
with appropriate conditions for both AA 6016-T6 and AA 1100 alloys. For this purpose, three groups of tensile 
tests were conducted. The first group was related to the simple tensile tests that were performed with the 15-Tons 
SANTAM machine to determine the material’s stress-strain diagrams at room temperature. The second category 
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was corresponded to the tensile tests that were conducted with the same machine at different high temperatures 
in order to determine the temperature-related parameter in the Johnson-Cook material model. In this case, an 
electrical furnace was installed on the SANTAM machine. Finally, the third group was the tensile tests that were 
performed at different velocities to determine the parameter related to the strain rate in the material model for 
both AA 6016-T6 and AA 1100 alloys.

Cold expansion process
To carry out the cold expansion processes, AA 6016-T6 and AA 1100 aluminum sheets were prepared. The 
dimensions of these workpiece are shown in Fig. 2. The thickness of the sheets, the diameter of the holes, and 
the distance between the centers of the holes are considered to 3 mm, 8 mm, and 20 mm, respectively. In order 
to validate the simulation results, the hoop and radial residual strains along two lines around the holes were 
experimentally measured. One of these lines is considered horizontally next to the one of the holes and the 
other line is vertically next to the other hole. These two lines, namely line 1 and line 2, are also shown in Fig. 2. 
To measure the strain on these lines, the rosette strain gauges with an angle of 45 degrees have been employed. 
These strain gauges are attached to line 1 and line 2 as shown in mentioned figure.

Two completely similar mandrels have been used to carry out the CE processes in current research. During 
the CEP, these two mandrels entered the sheet holes at the same time and passed through them at the same 
velocity, simultaneously. The material of mandrels is CK45 steel with hardness of Rockwell C 215, yield stress of 
470 MPa, ultimate tensile strength of 660 MPa, and Poisson ratio of 0.29. The relevant studies show that the better 
outcomes are obtained in the case of simultaneous insertion of two mandrels into the sheet holes compared to 
their sequential penetration. In the superior state, the sheet will be more resistant to fatigue loading. The reason 
for this observation is that at the same time, more residual stress is induced to the sheet. To investigate the effect 
of mandrel velocity on the residual stresses created in the sheet, the mandrels were passed through the holes at 
different velocities and the amounts of strain that the strain gauges showed in the hoop and radial direction on 
line 1 and line 2 were recorded. Then, the values of residual stresses were calculated based on these strains. The 
image of one of the two mandrels and its dimensions is shown in Fig. 3. The maximum diameter of mandrel is 
8.32 mm and realizes 4% of CE. This diametric interference is calculated using Eq. (1)33.

	
e =

d−D

D
× 100%� (1)

In Eq. (1), e is the diametric interference, and d and D are the maximum diameter of mandrel and the diameter 
of sheet hole, respectively.

Fig. 1.  Dog-bone shaped tensile test specimen according to ASTM E8.

 

Material Al Be Cu Mn Zn Si Fe Mg Ti

AA 6016-T6 Balance 0.0005 0.05 0.03 0.07 0.04 0.07 – –

AA 1100 Balance – 0.004 0.007 0.005 1.2 0.17 0.3 0.01

Table 1.  Chemical composition (wt%) of AA 6016-T6 and AA 1100 alloys used in present study.
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Numerical simulation of CE process
The numerical simulations of CE process were carried out using LS-Dyna hydro code. This simulator software 
can model many processes well, especially those that depend on the time. Due to the symmetries in the geometry 
and loading of the present problem, it is enough to model only a quarter of the problem parts. Mandrel and sheet 
models that are simulated as a quarter are shown in Fig. 4.

In order to model the 1/4 of the blank sheet and mandrel, 28,800 and 1920 elements with eight-node linear 
brick specifications were used, respectively. According to Fig. 2, the dimensions of 1/4 of the sheet model are 
50 × 85 mm, and the thickness of sheet is considered to 3 mm. In the LS-Dyna software, there is an option called 
“Bias” which can be used to produce meshes of different sizes in a part. Therefore, by using this option, the 
elements of the sheet that are near the holes are created fine and small in comparison with the regions far from 
the hole. That’s why the accuracy of the solution can be increased and the required processing time is reduced. 
The volume of each of the modeled parts can be easily determined with the help of LS-Dyna software. Based 
on this, the volume of the 1/4 of the blank sheet is 6299.91 mm3 and the volume of the 1/2 of the mandrel is 
1191.91 mm3. Therefore, the average sizes of sheet and mandrel elements are considered to, in turn, 0.2187 mm3 
and 0.6208 mm3. Of course, as you get closer to the hole of sheet, the size of the elements becomes smaller, and 

Fig. 3.  The mandrel employed in current study and its dimensions (in millimeter).

 

Fig. 2.  Rosette strain gauge attached on the line 1 and line 2 in prepared specimen (dimensions in mm).
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around the hole, the size of the element is approximately considered to 0.1247 mm3. The mandrel is eliminated 
as a rigid body and its elements are only allowed to move in the direction perpendicular to the sheet and along 
the sheet hole. Limiting the movement of sheet elements is also the definition of two planes of symmetry and 
the inclusion of a rigid wall below it to prevent it from moving downwards. This rigid wall has a hole created in 
front of the sheet hole.

The contact (interaction) type between the workpiece and the mandrel is defined as “contact_automatic_
surface_to_surface”. The friction coefficient between the mandrel and sheet which are made of steel and 
aluminum is considered as 0.334. The friction model considered in this simulation is the Coulomb friction model 
(τf=µσn), where τf and σn are the friction shear stress and the normal stress between the workpiece and the 
mandrel surfaces, respectively. The Johnson-Cook material model is employed to workpiece, whose parameters 
are experimentally obtained in the present research for the two used materials. The mandrel is also considered 
rigid and the rigid material model is considered for it. In the performed simulations, the mandrel was passed 
through the specimen at the same velocities as it passes through the sheet hole in the experiment. The results 
obtained from these simulations are presented in Sect “Cold expansion process results” and validated using 
experimental findings.

Results and discussions
Johnson-Cook material model parameters
The Johnson-Cook material model, regarding the influence of strain hardening, the strain rate of the material 
and the effect of its softening, is considered as one of the most widely employed models to determine the plastic 
behavior of the material during the numerical simulation process35. The general form of the Johnson-Cook 
material model is presented in Eq. (2)36. In this equation, A, B, C, n and m are the constants of the material, 
which are determined from the tensile tests.

	 σ = (A + B(ε̄)n) (1 + CLn ˙̄ε) (1− T ∗m)� (2)

Also, ε̄ and ˙̄εare, in turn the equivalent plastic strain and the plastic strain rate, and T ∗ is the homologous 
temperature. The last quantity is defined using Eq. (3).

	
T ∗ =

T − Troom

Tmelt − Troom
� (3)

where, Troom and Tmelt are the room temperature and melting temperature, and their values are considered to 
27◦C and 660℃, respectively. The true stress-strain curves of aluminum alloys used in present research are shown 
in Fig. 5. These curves, which are determined by performing the experiments mentioned in Sect “Materials”, can 
be directly used to determine A, B, and n constants. In fact, A is yield stress and by transferring the coordinate 
origin to the yield point on the stress-strain diagram and fitting an exponential curve on the plastic part of it, 
B and n can also be determined. Accordingly, A, B, and n for AA 6016-T6 are 291 MPa, 286 MPa and 0.63 and 
for AA 1100 are 78 MPa, 62 MPa and 0.42, respectively. As mentioned earlier, to determine the C- parameter, 
the tensile tests with different velocities were performed at room temperature (T ∗ = 0). Based on these practical 

Fig. 4.  The mandrel and sheet models in LS-Dyna.
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experiments, the amount of flow stress (σ) was determined at a specific equivalent plastic strain value (ε̄).This 
specific value is chosen equal to 0.05. So, the Eq. (2) can be written in following form (Eq. (4)):

	 σ = (A + B(0.05)n) (1 + CLn ˙̄ε)� (4)

The stress-strain curves at different strain rate and temperatures used to determine the Johnson-Cook constants 
are presented in Figs. 6 and 7, respectively.

Fig. 6.  Stress-strain curves at different strain rate for (a) AA 1100 and (b) AA 6016-T6 alloys.

 

Fig. 5.  True stress-strain curves of AA 1100 and AA 6016-T6 aluminum alloys.
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The points obtained from the tensile tests and the straight lines fitted to them are shown in Fig. 8. Now, it is 
possible to obtain the value of C parameter by determining the slope of these lines. Based on this, the values of 
this parameter were determined to be 0.021 for AA 1100 and 0.007 for AA 6016-T6.

Similar to what was observed for the strain rate, to determine the m- parameter, it is better to rewrite Eq. (2) 
as Eq. (5):

	 σ = (A + B(0.05)n) (1− T ∗m)� (5)

According to Eq. (5), the values of flow stress at different temperatures were determined from the tensile test, and 
using the obtained values, the amount of Ln (1− σ/ (A + B(0.05)n)) was calculated. These values are shown in 
terms of Ln (T ∗) for aluminum alloys in Fig. 9. Now, a straight line can be fitted on this data, and the slope of this 
line is actually the same as m. With this regard, m values for AA 1100 and AA 6016-T6 aluminum alloys were 
computed to 1.17 and 1.29, respectively. The values of Johnson-Cook material model parameters for aluminum 
alloys used in the present research work are given in Table 2.

Cold expansion process results
Figure 10 shows a blank specimen and a cold expanded sheet after process performance for AA 1100 and AA 
6016-T6 aluminum alloys. The mandrel velocity is considered to 5 mm/min in cold expansion process for both 
of these samples. All blank samples are similar and only their material is different. The FE results were taken 
along Line 1 and Line 2 are shown in Fig. 11. This figure demonstrates the contours of x-stress (stress in the 
longitudinal direction) for AA 1100 alloy and contours of y-stress (stress in the transverse direction) for AA 
6016-T6 alloy.

Due to the fact that the thickness of the sheets is much lower than their length and width, it can be said 
that the condition of plane stress prevails. Also, according to Fig. 11, it can be concluded that x-direction and 
y-direction correspond to, in turn, the longitudinal and transverse directions. Therefore, it can be said that:

Line 1:
For this line, x-direction is radial direction (σr) and y-direction is hoop direction (σh). So:

	
σr =

E

1− ν2
(εx + νεy) and σh =

E

1− ν2
(εy + νεx)� (6)

Line 2:
For this line, x-direction is hoop direction (σh) and y-direction is radial direction (σr). So:

	
σr =

E

1− ν2
(εy + νεx) and σh =

E

1− ν2
(εx + νεy)� (7)

The values of εxand εycan be read directly from the strain gauges for both lines. The hoop and radial residual 
stress diagrams for AA 1100 aluminum alloy along line 1 and line 2 are shown in Figs. 12 and 13, respectively. 
These diagrams have been obtained from practical experiment and numerical simulation.

Fig. 7.  Stress-strain curves at different temperature for (a) AA 1100 and (b) AA 6016-T6 alloys.
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Fig. 9.  Values of quantity Ln (1− σ/ (A + B(0.05)n)) in terms of Ln (T ∗) for (a) AA 1100 and (b) AA 6016-
T6 aluminum alloys.

 

Fig. 8.  The amount of flow stress obtained from tensile tests in terms of the logarithmic value of the 
dimensionless strain rate for (a) AA 1100 and (b) AA 6016-T6 alloys at ε̄= 0.05.
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Fig. 11.  A view of (a) contours of x-stress (stress in the longitudinal direction) for AA 1100 alloy and (b) 
contours of y-stress (stress in the transverse direction) for AA 6016-T6 alloy.

 

Fig. 10.  A view of (a) blank sample and a cold expanded sheet after process performance for (b) AA1100 and 
(c) AA 6016-T6 alloys.

 

Material A (MPa) B (MPa) C n m

AA 1100 78 62 0.021 0.42 1.17

AA 6016-T6 291 286 0.007 0.63 1.29

Table 2.  Parameters of Johnson-Cook material model for AA 1100 and AA 6016-T6 alloys.
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The comparison of experimental and numerical outcomes demonstrates that there is a good agreement 
between these results and therefore it can be concluded that the findings obtained from the simulation of the 
CE process on AA 1100 aluminum alloy are correct and reliable. An important point that can be seen in Figs. 12 
and 13 is that in all cases, with the increase in the velocity of the mandrel or the velocity of the CE, the values 
of the residual stresses increase both on line 1 and on line 2. This issue is especially true in the case of hoop 
residual stresses that are created at the edge of the sheet hole. Along line 1, by increasing the velocity of the 
mandrel, the hoop stress created at the edge of the hole can be enhanced (in terms of absolute value) from − 36.4 
to −51.4 MPa, which is a significant value. The negative sign indicates that the stress is compressive. Also, along 
line 2, by increasing the velocity of the mandrel, the mentioned stress increases from − 41 MPa to -56.3 MPa. 
Therefore, it can be concluded that by increasing the velocity of the mandrel from 5 to 500 mm/min, the value of 
hoop residual stress in the longitudinal (line 1) and transverse (line 2) directions are enhanced about 41.2% and 
37.3%, respectively. As it can be seen, by increasing the velocity of the mandrel, the values of the residual stress 
created in the sheet increases. The amount of this increase is significant at the edge of the hole in comparison 
with other region. Considering that the fatigue failure starts from the surface of the workpiece, it is possible to 
understand the importance of the amount of stress created on the surface of the hole or its edge. The hoop and 
radial residual stress curves for AA 6016-T6 aluminum alloy along line 1 and line 2 are presented in Figs. 14 and 
15, respectively. According to these figures, there is a good agreement between the numerical and experimental 
outcomes and therefore the modeling has been done, correctly. By doing the research that was carried out before 
this study, it was found that if the mandrels enter the holes at the same time, better results are obtained.

Figures 14 and 15 indicate that in AA 6016-T6 aluminum alloy, by intensification in the mandrel velocity, 
the values of the residual stress in the specimen increases, especially near the edge of the hole. Accordingly, 
by increasing the mandrel velocity from 5 mm/min to 500 mm/min, the hoop residual stress enhances about 
38.1% and 37.6% along the longitudinal direction (line 1) and the transverse direction (line 2), respectively. 
The obtained results showed that carrying out the CE process causes significant amounts of residual stress to be 
created around the sheet hole. In addition, if the velocity of the process increases, the values of these residual 
stresses will increase, and the amount of this enhancement will be higher at the edge of the holes compared to 
other area. Therefore, it is better to carry out the cold expansion process in materials that are sensitive to the 
strain rate, at a faster rate, so that larger compressive residual stresses are created at the edge of the holes. In this 

Fig. 12.  Residual stress diagrams for AA 1100 aluminum alloy along line 1, (a) hoop residual stress and (b) 
radial residual stress.
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case, it is possible to increase the sheet’s resistance to fatigue failure. Because the failure caused by the fatigue 
loadings starts from the edge of the hole, making them resistant to the fatigue loads can increases the life of the 
part, significantly.

Error percentage of numerical results compared to experimental findings for AA 1100 and AA 6016-T6 
aluminum alloys are presented in Tables 3 and 4, respectively. These tables show that there are random errors 
between the obtained numerical and experimental results. The source of these errors can be attributed to 
measurements noise, modeling assumption, numerical methods, calibration, bias, environmental condition and 
human factors.

All the diagrams presented for the radial residual stress demonstrated that this stress type is always 
compressive or zero. The radial residual stress starts from zero at the edge of the hole and reaches zero at a 
distance from the hole again. Liu et al. used a 3D finite element models to analyze the mandrel force, residual 
stress distribution and fatigue life of 7075 aluminum alloy after cold expansion operation2. Like what was seen 
in this study, they found that the radial residual stress is always compressive or zero and its value at edge of the 
hole is zero. Also, the radial residual stress reaches its maximum value at a short distance from the hole and 
then gradually returns to zero. This trend of variation can be seen in both the longitudinal and the transverse 
directions for AA 1100 and AA 6016-T6 aluminum alloys. On the other hand, in all cases, the value of hoop 
residual stress is compressive at the edge of the hole and then it reaches its maximum value in compressive zone 
as it moves away from the hole. After that, this stress reaches zero and enters the tensile zone. In this zone, it 
reaches a maximum value with increasing distance from the edge of the hole and then gradually decreases. The 
hoop residual stress diagrams along line 1 for the entrance face, mid-thickness and the exit face, in AA 1100 
aluminum alloy and AA 6016-T6 aluminum alloy are shown in Fig. 16. This Figure indicated that in both alloys, 
near the hole, the hoop residual stress created in the mid-thickness sheet is higher than the entrance and exit 
faces. Also, these figures revealed that the stress values in the exit face are higher than the entrance face. The 
reasons for the lower residual stress created in the entrance face compared to the mid-thickness and exit faces 
are related to the direction and manner of movement of the mandrel. When the mandrel enters and moves in 
the hole of the sheets, the material of the workpieces also moves with it towards the inside of the sheet. This issue 
causes the amount of residual stress created in the entrance sheet to decrease. When the mandrel moves inside 
the hole of the sheets and moves its material with itself, it actually causes the constraints around the mandrel to 
change and therefore, the amount of CE created is not the same and uniforms along the thickness of the sheets. 
In thickness direction, wherever the amount of material is greater, the value of induced CE is also greater, and 

Fig. 13.  Residual stress diagrams for AA 1100 aluminum alloy along line 2, (a) hoop residual stress and (b) 
radial residual stress.
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therefore, the amounts of residual stresses are bigger. So, the induced residual stress in the mid-thickness of 
the sheet is greater than the entrance face and the exit face. Nigrelli and Pasta37 developed a three-dimensional 
finite-element simulation for a split-sleeve cold expansion process in order to determine the residual stress field 
around an expanded hole. By using this study, they realized that the magnitude of compressive hoop residual 
stresses on the entrance and the exit faces are lower than the stresses on the mid-thickness. Also, Yucan et al.38 
investigated on the cold expansion technology of connection holes in aircraft structures. They finite element 

Fig. 14.  Residual stress diagrams for AA 6016-T6 aluminum alloy along line 1, (a) hoop residual stress and (b) 
radial residual stress.
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results show that during the hole cold expansion process, the residual compressive stress of the hole edge exhibits 
grades across the thickness with the least amount of residual compressive stress at the tool entrance face, the 
largest amount of residual compressive stress in the mid-bore, and good residual compressive stress at the tool 
exit face. As mentioned before, fatigue failure often starts from the surface of the hole, and therefore, the amount 
of stress on the surface of the hole is of special importance. In AA 1100 aluminum alloy, the hoop residual stress 
values created on the surface of the hole in the entrance face, exit face and the mid-thickness of the thickness 

Fig. 15.  Residual stress diagrams for AA 6016-T6 aluminum alloy along line 2, (a) hoop residual stress and (b) 
radial residual stress.
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are equal to 51.4 MPa, 71.5 MPa and 86.7 MPa, respectively. Also, these values for AA 6016-T6 aluminum alloy 
are computed to −215.3 MPa, −290.9 MPa and −315.2 MPa respectively. Figure 16 indicated that the size of the 
zone where the compressive hoop residual stress occurs in the entrance face is greater than this size in the exit 
face. Also, the mentioned size in the exit side is more than this size in the mid-thickness. For example, the size of 
the compressive hoop residual stress in AA 6016-T6 aluminum alloy along line 1 is 3.1 mm, 2.7 mm, and 2.4 mm 
for the entrance, exit, and mid-thickness faces, respectively. The cause of this phenomenon is the presence of 
more material in the mid-thickness sheet compared to the other two faces and the presence of more material in 
the exit sheet than the entrance sheet, which was transferred to it along with the mandrel. In general, the sheet 
material act as a constraint, which increases the amount of residual stress created in the sheets, and on the other 
hand, reduces the size of the zone where the compressive hoop residual stress is created. Due to the fact that the 
residual stress created in the entrance face is relatively low, therefore, the failure phenomenon starts from this 
face. Thus, sometimes to eliminate this defect, the CE process is done twice, and the second time the process is 
done in reverse and the mandrel enters from the other side of the sheet. So, the face that was the entrance face 
in the first time will be the exit face in the second time. The current research showed that in the CE process, the 
entrance face is the weakest in direction of thickness. Figures 12, 13, 14 and 15 also demonstrated that near the 
edge of the holes, the amount of hoop residual stress created in the sheet and consequently, the resistance of the 
sheet in the transverse direction is lower than the longitudinal direction. So, when the fatigue load is applied to 
such a sheet, the fatigue failure starts from the entrance face and continues in the transverse direction. This has 
been confirmed, experimentally.

Conclusions
In the present research work, the hoop and radial residual stresses that arise in the cold expansion (CE) process 
have been investigated. The effects of the mandrel velocity in this process on the stresses created in two materials, 
namely AA 6016-T6 and AA 1100 aluminum alloys, have been studied, experimentally and numerically. The 
main results obtained from present research can be summarized as follows:

	1.	� 1. For the special conditions that existed in the current study and among the velocities that were considered 
in this research, the most appropriate value of mandrel velocity is 500 mm/min to perform the cold expan-
sion process on AA 1100 and AA 6016-T6 aluminum alloys because it produces the most useful residual 
stresses.

	2.	� 2. The values of the residual stresses created in sheets made of AA 1100 and AA 6016-T6 aluminum alloys in 
the CE process depend on the velocity of the process. By increasing the velocity of the mandrel, it is possible 
to reach higher values of the residual stresses in the hoop and radial directions of the sheet hole.

	3.	� 3. At the edge of the sheet’s holes, by intensifying the velocity of the mandrel from 5 mm/min to 500 mm/
min, it is conceivable to enhance the hoop residual stress in the longitudinal and transverse directions about 
41.2% and 37.3% in AA 1100, and 38.1% and 37.6% in AA 6016-T6 aluminum alloys, respectively.

	4.	� 4. Due to the existence of material constraints and the movement of the sheet material with the mandrel, the 
amount of hoop residual stress created in the mid-thickness is more than the exit face and in the exit face 
is also more than the entrance face. For example at the edge of the hole in AA 1100 aluminum alloy, these 
stresses are −86.7 MPa, −71.5 MPa and −51.4 MPa, respectively. Also, these values for AA 6016-T6 alumi-
num alloy are, in turn, −315.2 MPa, −290.9 MPa and − 215.3 MPa.

	5.	� 5. Unlike the amounts of the hoop stresses at the hole edge, because of the existence of material constraints 
and the movement of the sheet material with the mandrel, the size of the compressive residual stress zone 
created in the mid-thickness is more than the this zone size of exit face and in the exit face is also greater than 
the entrance face.

Line 1 Line 2

Hoop Radial Hoop Radial

5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min

4.4 3.2 5.9 6.9 −6.7 −5.1 −4.4 1.45 3.6 −12.2 3.5 7.9

Table 4.  Error percentage of numerical results compared to experimental findings for AA 6016-T6 alloy.

 

Line 1 Line 2

Hoop Radial Hoop Radial

5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min 5 mm/min 50 mm/min 500 mm/min

−10.0 −2.0 6.2 10.2 7.2 9.4 3.9 4.6 2.8 −17.8 2.0 3.0

Table 3.  Error percentage of numerical results compared to experimental findings for AA 1100 alloy.
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Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 20 May 2024; Accepted: 29 October 2024

Fig. 16.  The hoop residual stress diagrams along line 1 for the entrance face, mid-thickness and the exit face, 
for (a) AA 1100 aluminum alloy and (b) AA 6016-T6 aluminum alloy.
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