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Abstract: For the production of aluminum screws, an effective thermomechanical treatment is
necessary for enabling high strength combined with good formability. In this study, the influence
of pre-aging as initial heat treatment prior to following processing steps was investigated for the
precipitation hardenable 6056 aluminum alloy. The short-term low temperature pre-aged condition
was compared to a naturally aged one representing storage time in manufacturing. As reference, a
solution-annealed condition was used. After these initial heat treatments, conventional extrusion
and artificial aging followed prior to final thread rolling. The distribution of strain introduced by
these forming processes was numerically investigated using finite element simulation. The initial
heat treatment had a significant influence on the mechanical properties achievable after the complete
thermomechanical processing route. After extrusion and artificial aging, the highest hardness was
achieved by the pre-aged condition. Despite its high initial hardness, this condition exhibited the
best formability indicated by well-formed threads combined with the highest hardness achieved after
thread rolling. Therefore, pre-aging seems to be an advantageous heat treatment for integration in
the manufacturing process of screws due to its beneficial effect on the mechanical properties.

Keywords: aluminum alloy; thermomechanical treatment; pre-aging; natural aging; linear extrusion;
thread rolling; hardness

1. Introduction

Aluminum screws are a favored option for joining lightweight metal components in
the automotive and aerospace sector. When compared to conventional steel screws, the
application of aluminum provides significant advantages [1]. A low total weight of the
structural component can be maintained due to the low density of the aluminum alloy.
Further, as similar materials for the components being joined and the screws are paired,
galvanic corrosion is minimized [2]. The loss in clamping forces is reduced due to the
minimized difference of the thermal expansion coefficients of the clamped parts and there-
fore, high clamping forces are maintained even under long-term thermal loading [1,3,4].
Furthermore, the minimum installation depth can be reduced [1].

By using high-strength aluminum alloys of the 7xxx series, e.g., Al7075 or 7068, a yield
strength in the range of a conventional screw made of steel is achievable [1,4,5]. However,
when compared to steel, those aluminum alloys are significantly more expensive and their
high strength is accompanied by a loss in formability. Furthermore, aluminum alloys of the
7xxx series exhibit a higher susceptibility to stress corrosion cracking [6] when compared
to the lower-cost alloys of the 6xxx series, which exhibit lower strength.
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Therefore, it is necessary to develop an effective processing regime that enables
high strength and good formability for alloys of the 6xxx series for the cost and resource
efficient production of aluminum screws. One of the most used aluminum alloys for
screws is Al6056 (AlSi1MgCuMn) due to the good formability and the high strength
achievable by precipitation hardening. The order of the thermal and mechanical treatment
directly influences the mechanical properties achieved and therefore, the further formability.
Using thermal treatment solely, the highest hardness and strength can be realized by
artificial aging. However, in the case of prior natural aging of the 6056 alloy, the resulting
precipitates lead to significant loss in the hardening response during further artificial
aging [7,8]. As interim storage periods at room temperature are often unavoidable in the
industrial screw manufacturing process, e.g., due to transportation to different production
locations or washing between single processing steps, preventing naturally aging can be
important. An effective and common strategy to achieve an increased room temperature
stability of precipitation hardenable aluminum alloys is a pre-aging treatment. After
solution-annealing, the alloys are short term pre-aged at temperatures considerably lower
than artificial aging temperatures, which inhibits natural aging for a certain amount of
time [8–11]. Furthermore, pre-aging has a positive effect on the hardness and strength
achievable in the following processing [9,10].

In our own previous study [12], the influence of the initial heat treatment on the
artificial aging response after conventional linear extrusion was investigated with focus on
the precipitation kinetics. The beneficial influence of pre-aging of a 6056 aluminum alloy
was shown as natural aging was inhibited for two weeks and furthermore, the hardness
achieved after extrusion and artificial aging was significantly higher, when compared
to a condition, which was naturally aged prior to further processing. In the industrial
manufacturing process of aluminum screws, thread rolling is commonly the last processing
step. As formability by thread rolling is directly influenced by strength and hardness of the
material, this study was designed to answer the following questions: (1) “Does the higher
hardness achieved by pre-aging impede the forming of threads?” and (2) “Is the maximum
hardness achieved after thread rolling and the previous processing steps influenced by the
initial heat treatment of the aluminum alloy?”.

2. Materials and Methods
2.1. Material and Processing Route

A commercial 6056 (AlSi1MgCuMn) aluminum wire with a diameter of 5.25 mm was
investigated in this study. The material was provided by EJOT GmbH & Co. KG (Bad
Berleburg, Germany) and is used in the industrial process for manufacturing screws. This
high-strength alloy is precipitation hardenable by natural as well as artificial aging and
exhibits a good formability, in general. Chemical composition and mechanical properties
of the initial wire as received are listed in Table 1.

Table 1. Chemical composition and initial properties of the used commercial 6056 (AlSi1MgCuMn) aluminum wire
as received.

Chemical Composition

Element Si Mg Cu Mn Zn Fe Zr Ti Cr Al
wt.-% 1.06 0.89 0.78 0.59 0.19 0.16 0.13 0.04 0.01 balance

Geometrical and mechanical properties in as-received condition
Yield strength
Rp0.2 in MPa

Ultimate tensile strength
Rm in MPa

Elongation
A100mm in %

173 ± 1 188 ± 2 6.3 ± 1.3

Three different processing routes were compared to systematically investigate the
initial heat treatment as factor influencing the hardness achieved and the remaining forma-
bility (see Table 2). A condition, which was naturally aged for 7 days at room temperature
and which represents material stored temporarily in the industrial manufacturing process,
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was compared to a pre-aged condition, which was annealed for 5 h at 80 ◦C. Prior to
the respective heat treatment, both conditions were solution annealed for 1 h at 530 ◦C
followed by quenching in water to room temperature. As a reference, a solution-annealed
condition using these parameters was investigated as well.

Table 2. Investigated processing routes of the used commercial 6056 aluminum wire.

Processing Step
Processing Route

A B C

1

solution-annealing
for 1 h at 530 ◦C,

water-quenching to
room temperature

solution-annealing for 1 h at 530 ◦C,
water-quenching to room

temperature and naturally aged
for 7 d at room temperature

solution-annealing for 1 h
at 530 ◦C, water-quenching to

room temperature and
pre-aged for 5 h at 80 ◦C

2 linear extrusion with ϕ = 1.2
3 artificial aging at 120 ◦C up to 6 h
4 thread-rolling

For this study, a linear extrusion process was used for plastic deformation in a labora-
tory scale. EJOT GmbH & Co. KG (Bad Berleburg, Germany) extruded the heat-treated
wire studs at room temperature. For comparability to the manufacturing process of screws,
a strain introduced of ϕ = 1.2 was chosen. The strain introduced was measured by the
reduction of the initial wire cross-section A0 to the wire cross-section after extrusion A1:

ϕ = ln
A0

A1
(1)

Following linear extrusion, the wire studs were artificially aged up to 6 h at 120 ◦C
for precipitation hardening. The influence of the three initial heat treatment conditions
compared followed by extrusion and artificial aging on the precipitation sequence and the
hardness achieved is described in detail in the own previous study [12].

For the investigation of the remaining formability dependent on the initial heat treat-
ment and the hardness achieved by artificial aging, the extruded and artificial aged wire
studs were thread rolled by EJOT GmbH & Co. KG (Bad Berleburg, Germany). The ge-
ometry of the thread rolling dies was adjusted to the diameter of the wire studs. For each
initial heat treatment condition, two artificial aging times, resulting in a first and second
hardness peak, respectively, for the aging time investigated, were chosen for following
thread rolling.

2.2. Mechanical and Microstructural Characterization

Regarding the mechanical properties, the three processing routes are mainly compared
by the hardness achieved, as measuring the hardness is a fast and effective method due
to the correlation to the static strength. Vickers hardness in HV0.1 was measured with
20 indentations from edge to core on the metallographically polished wire cross-sections
for each condition using a Durascan 70 G5 automatic hardness tester (EMCO-TEST Prüf-
maschinen GmbH, Kuchl, Austria) and plots of hardness as a function of the artificial
aging time were generated. Further, the hardness achieved after thread rolling was de-
termined on the metallographically polished longitudinal section of the threaded parts
with 5 indentations on the thread root and 5 indentations on each thread flank of one
tooth using a microhardness tester Tukon 1102 (Buehler, ITW Test & Measurement GmbH,
Esslingen am Neckar, Germany). Additionally, the distribution of the Martens hardness
over the longitudinal area was determined by scanning a full section containing tooth and
thread root of the polished specimens using an instrumented hardness tester Fischersope
HM2000 XYm (Helmut Fischer GmbH, Sindelfingen, Germany) with 500 mN loading force
and 0.09 mm distance between the indents.
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After thread rolling, the threaded parts were optically analyzed using a stereo micro-
scope (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany). The focus of
these investigations was on the overall appearance of the surface of the rolled threads and
the teeth formed.

2.3. FE-Simulation

Accompanying the characterization of the material, finite element simulation of the
linear extrusion and the thread rolling processes were performed using the software
Simufact (Simufact Engineering GmbH, Hamburg, Germany). The aim was to predict the
strain introduced in the aluminum wire over the cross section by the different forming
steps. The thermal treatment and the resulting hardness was not a part of the simulation,
as this complex interrelation could not be represented numerically by the used method.

The material chart used of the aluminum alloy 6056 was deposited in the software.
The simulation has been carried out in two steps. The first step contained an axisymmetric
simulation of the extrusion process (70% reduction of cross section) to obtain input param-
eters for the rolling simulation. The procedure of a FE rolling simulation using flat rolling
dies is described in [13]. The dies have been determined as rigid bodies while the wire
stud has been defined as work piece. The initial mesh size was about 0.08 mm; a proper
remeshing procedure was defined to take care of locally high deformations. A Coulomb
friction model was used for the rolling simulation assuming an average friction coefficient
of µ = 0.4. A commercial material model for the alloy 6056 was used. This model was based
on flow curve data obtained at various temperatures from 20 ◦C to 240 ◦C at different strain
rates between 0.1 per second and 500 per second. To save calculation time, the rolling
simulation was stopped as soon as the final thread geometry was reached. In a practical
rolling process, a final calibration of the threaded part is carried out. Dies for extrusion and
thread rolling were modeled based on their CAD design created in SolidWorks (Dassault
Systèmes, Vélizy-Villacoublay, France).

3. Results
3.1. Process Simulation of Conventional Extrusion and Thread Rolling

The simulation results of the extrusion process are shown in Figure 1a. As expected,
the strain introduced by extrusion is highest close to the outer surface and reaches values
of about 2 in the case of 70% area reduction. The wire core area exhibits a typical strain of
about 1.2 after the same process. Therefore, the strain distribution becomes homogeneous
along the wire axis, while there is a strain reduction of about 40% from the rim to the core
of the wire.

This result is used as input data for the thread rolling simulations, as shown in
Figure 1b. As the overall surface is still untouched (indicated by an effective plastic strain
of about 2), material is removed from the core area inducing an increased local strain. These
areas of high strain in this initial phase will become the area of thread roots when the
thread is fully formed. In contrast, the area of low deformation will be moved to become
part of the thread flanks.

Nevertheless, very high strains are introduced during thread rolling; see Figure 2.
During thread rolling, the material forming the threads is moved from the wire surface
into its new positive, followed by a calibration due to the die surface. A higher hydrostatic
pressure is observed in the root area, from where the material is removed during processing.
Therefore, after the rolling process, this area shows the highest strain, with approximately
between 13 and 14. Even if the thread flank area exhibits a lower strain, values between
6 (thread tip) and 9 (central thread area) are achieved, which are still quite high. This
demonstrates that thread rolling will have a strong effect on the resulting microstructures
in both areas—flank and root.
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3.2. Hardness Prior to and after Thread Rolling

The hardness achieved as a function of the artificial aging time after the three process-
ing routes is shown in Figure 3. Within the investigated aging time, all three processing
conditions exhibit a first and a second hardness peak. For the processing routes B and C,
the profile of the hardness is quite similar, although the naturally aged condition (route A)
exhibits a significantly lower hardness. The highest hardness is achieved with route C
by pre-aging prior to extrusion. When compared to the other two processing routes, for
route C, the hardness is enhanced by 8%. Although the level of hardness achieved is
almost the same for the routes A and B, for route A, distinct differences are noticeable. The
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solution-annealed condition reaches the first and second hardness peak after the shortest
artificial aging time but the hardness remains mostly below the naturally aged and entirely
below the pre-aged condition.
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route. The first and second hardness peak for the investigated maximum aging time is marked for
each condition by a larger symbol. By pre-aging prior to linear extrusion, the highest hardness is
achieved, when compared to the other processing routes.

In Figure 4, the hardness across half of the wire section, displayed as a function of the
distance from the wire surface, is shown for the three different processing routes and the
two artificial aging times chosen for each route. In general, independent of the processing
route and the artificial aging time, with an increased distance from the surface, the hardness
decreases. For a distance from the wire surface of 1.2 mm, the hardness is decreased by
approximately 8%. Longer aging times lead to an increased hardness. The difference
between the hardness achieved for both artificial aging times is most pronounced for
processing route A. The increase in artificial aging time from 30 to 180 min leads to an
overall increase in hardness of 6%, which shows in an almost parallel shift of the hardness
curve to higher values (see Figure 4a). For processing route C (initially pre-aged), the
hardness increase due to a longer aging is lower (approximately 3%) and the parallel shift
of the hardness curve is not quite as strongly pronounced, when compared to processing
route A. For the initially naturally aged condition (processing route B), the increase in
hardness due to an increased artificially aging time is minor and the hardness curves for
both aging times overlap. However, there is a pronounced difference for the core hardness
when comparing both aging times, which is only observed for the naturally aged condition.
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For all processing routes and artificial aging times, the hardness decreases with the increasing distance
from the surface.

For each of the three processing routes, the two artificial aging times resulting in a
first and second hardness peak, respectively, were chosen for the further thread rolling
process. Table 3 gives an overview of the hardness achieved prior to and after thread rolling
for the chosen processing conditions. These results are further graphically presented in
Figure 5. In general, the hardness is significantly enhanced after thread rolling, especially
at the thread root. However, distinct differences between the hardness achieved for the
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three compared processing routes are noticeable. The highest hardness after thread rolling
is achieved by processing route C; although the percentage increase in hardness with
13–16% is slightly lower when compared to processing route A with 13–20%. Prior to
thread rolling, processing via route B results in a hardness similar to that one of route A.
However, the average percentage increase in hardness after thread rolling for processing
via route B is with 8% minor, when compared to the other processing routes. In general,
within the experimental range of this study, the artificial aging time prior to thread rolling
seems not to be an influencing factor for the hardness achieved after thread rolling. The
hardness is dependent on the processing route and therefore, in particular, on the initial
heat treatment condition.

Table 3. Vickers hardness of different stages along the investigated processing routes of the aluminum wire alloy 6056.

Processing Route Artificial Aging
Time in Min

Hardness in HV0.1

Prior to
Thread Rolling

after Thread Rolling

Thread Root Thread Flank

A
(solution-annealed, extruded)

30 143 ± 4 171 ± 2 168 ± 4
180 152 ± 3 172 ± 4 172 ± 3

B
(naturally aged, extruded)

120 149 ± 8 160 ± 7 159 ± 4
300 150 ± 5 164 ± 4 163 ± 3

C
(pre-aged, extruded)

120 159 ± 4 185 ± 4 178 ± 3
300 163 ± 5 185 ± 2 182 ± 4J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 9 of 17 
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Figure 5. Vickers Hardness achieved for the three different processing routes dependent on the
artificial aging time prior to and after thread rolling: (a) comparison between thread root and thread
flank for each condition and (b) percentage increase in hardness by thread rolling. The highest
hardness and percentage increase after thread rolling is achieved by processing route C.
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The distribution of Martens hardness over the longitudinal section of the threaded
parts after thread rolling processed by the three different routes and artificial aging times
chosen is shown in Figure 6. Each colored square stands for one indent and the local
hardness. When the hardness is under 950 HM, the square is marked white, whereas a
purple colored square displays a hardness over 1850 HM. Due to the spacing between single
indents of 0.09 mm, in this graphically representation, the thread teeth seem somewhat
deformed missing a pronounced thread tip. However, to ensure the hardness measured is
not influenced by indents being to close together, the grid of measuring points for scanning
was not scaled down.
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Figure 6. Distribution of Martens hardness over the metallographically polished longitudinal section
of the differently processed threaded parts after thread rolling. Schematic contours of thread teeth
marked with dashed line in pink. Processing route and initial heat treatment: (a,b) processing route
A (initially solution-annealed), (c,d) processing route B (initially naturally aged), (e,f) processing
route C (initially pre-aged). Artificial aging time: (a–c) local hardness maximum and (d–f) global
peak-hardness achieved. In general, the hardness of the thread root is significantly higher than of
the thread flank. The highest overall hardness is achieved by processing route C (pre-aging as initial
heat treatment).
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The white, upper figure areas with low hardness are acrylic resin used for mounting
the specimens. Further, the white area near the tip of the tooth and near the inner region
of the stud processed after route A and aged for 30 min are mostly preparation or mea-
surement artifacts (see Figure 5a). In accordance with the results of the Vickers hardness
measurements shown in Figure 4, the threaded parts processed by route B (initial natural
aging) exhibits the lowest hardness, when compared to the other routes. The highest
hardness is achieved for the pre-aged conditions processed by route C. The scans clearly
show the hardness distribution across the wire section. In general, the thread root exhibits
the highest hardness regardless of the processing route.

3.3. Surface of the Thread Rolled Parts

The stereo micrographs of the different processed and thread rolled parts are shown
in Figures 6 and 7. It is obvious, that for all threaded parts, independent of the processing
route, the threads are not completely formed after the thread rolling process. The closing
fold, which is a result from the material pile up during thread rolling to form the teeth,
is clearly visible and forms a circumferential crack near the top of the teeth (see Figure 7).
In general, the surface of the rolled threads is considerably rough and at the thread root
distinct scaling of the material has occurred, which is shown in the micrographs with higher
magnification in Figure 8. For the thread rolled studs processed by route C (initial pre-
aging), this effect is significantly less pronounced, when compared to the other processing
routes. For route A and B, the scaled material appears almost like flakes lying on top of the
surface. Material abrasion on the surface of the thread root, like pittings or voids, is not
noticeable. Comparing the two artificial aging times for the respective processing routes,
for the surface appearance, no distinct differences can be seen.

To investigate the rolled threads in more detail, the longitudinal section was analyzed
by optical microscopy. As there was no distinct difference between the processing routes
noticeable regarding the appearance of the closing fold, Figure 9 shows exemplarily a
threaded part processed by route A and artificially aged for 180 min. The closing fold
appears as a crack ranging through almost the half of the tooth. At the tip of the tooth,
where the fold ends, the opening is delta-shaped. In this micrograph, the scaling at the
thread root is also clearly noticeable.
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(a,b) processing route A (initially solution-annealed), (c,d) processing route B (initially naturally aged), (e,f) processing 
route C (initially pre-aged). Artificial aging time: (a–c) local hardness maximum and (d–f) global peak-hardness achieved. 
Independent of the processing route, for all threaded parts, the threads are not fully formed and the closing fold near the 
top of the teeth is still open. 

Figure 7. Stereo micrographs of the different processed and thread rolled parts. Processing route and initial heat treatment:
(a,b) processing route A (initially solution-annealed), (c,d) processing route B (initially naturally aged), (e,f) processing
route C (initially pre-aged). Artificial aging time: (a–c) local hardness maximum and (d–f) global peak-hardness achieved.
Independent of the processing route, for all threaded parts, the threads are not fully formed and the closing fold near the
top of the teeth is still open.



J. Manuf. Mater. Process. 2021, 5, 116 12 of 16J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 8. Stereo micrographs of the different processed and thread rolled parts. Processing route and initial heat treatment: 
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All thread rolled studs show scaling at the thread root, but this effect is significantly less pronounced for the studs pro-
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Figure 8. Stereo micrographs of the different processed and thread rolled parts. Processing route and initial heat treatment:
(a,b) processing route A (initially solution-annealed), (c,d) processing route B (initially naturally aged), (e,f) processing
route C (initially pre-aged). Artificial aging time: (a–c) local hardness maximum and (d–f) global peak-hardness achieved.
All thread rolled studs show scaling at the thread root, but this effect is significantly less pronounced for the studs processed
by route C, when compared to the other processing routes.



J. Manuf. Mater. Process. 2021, 5, 116 13 of 16J. Manuf. Mater. Process. 2021, 5, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 9. Optical micrograph of a longitudinal section of a threaded part processed by route A. The 
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visible and has a crack-like appearance. Further, the thread root exhibits distinct scaling. 
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4.1. Simulation 

The first step of FE simulation—to obtain input parameters for the rolling simula-
tion—was to determine the properties of the wire stud after extrusion. Due to the pressure 
localization at the surface area, a strain gradient between the surface and the core of the 
stud was created showing a typical maximum strain of approximately 2 at the rim while 
the core area is almost not affected. Similar effects were described in [14], where a reduc-
tion of 11% was evaluated be FE methods. High residual stresses in the surface area are a 
direct result of this kind of processing.  

By further FE simulation, it was possible to calculate the strain distribution and ge-
ometry formation due to thread rolling. As was already observed in [13], a very high strain 
is introduced in this kind of processes because of very high local pressures. These effects 
have also been confirmed in a study on metric screws in [15]. A local plastic strain of about 
10 has been observed in that study using an initial mesh size of 0.1 mm. Due to their ge-
ometry, thread rolling of metric screws requires less deformation compared to the screw 
geometry used in this study, which is suitable for thread forming into plastics. Hsia et al. 
[15] observed lower plastics strains if the mesh has been chosen to be too coarse. The ma-
terial forming the thread flanks is moved from the rim of the wire stud to its intended 
position. As each thread flank is built from two sides, a closing fold is generated which 
can be easily seen in the micrographs. This fold can be closed using an extended calibra-
tion rolling which had not been applied here. The simulation well describes the different 
phases of thread generation that coincide with experimental observations. The highest 
amount of deformation is taking place in the thread root area. To avoid scales in this area, 
a good formability of the material is needed. 
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The hardness achievable by artificial aging of the extruded aluminum wire studs is 
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routes, the highest hardness is achieved by pre-aging, as the metastable Guinier–Preston 

Figure 9. Optical micrograph of a longitudinal section of a threaded part processed by route A. The thread teeth are not
fully formed and as a result, the closing fold at the tip of the tooth is clearly visible and has a crack-like appearance. Further,
the thread root exhibits distinct scaling.

4. Discussion
4.1. Simulation

The first step of FE simulation—to obtain input parameters for the rolling simulation—
was to determine the properties of the wire stud after extrusion. Due to the pressure
localization at the surface area, a strain gradient between the surface and the core of the
stud was created showing a typical maximum strain of approximately 2 at the rim while
the core area is almost not affected. Similar effects were described in [14], where a reduction
of 11% was evaluated be FE methods. High residual stresses in the surface area are a direct
result of this kind of processing.

By further FE simulation, it was possible to calculate the strain distribution and
geometry formation due to thread rolling. As was already observed in [13], a very high
strain is introduced in this kind of processes because of very high local pressures. These
effects have also been confirmed in a study on metric screws in [15]. A local plastic strain
of about 10 has been observed in that study using an initial mesh size of 0.1 mm. Due
to their geometry, thread rolling of metric screws requires less deformation compared to
the screw geometry used in this study, which is suitable for thread forming into plastics.
Hsia et al. [15] observed lower plastics strains if the mesh has been chosen to be too coarse.
The material forming the thread flanks is moved from the rim of the wire stud to its
intended position. As each thread flank is built from two sides, a closing fold is generated
which can be easily seen in the micrographs. This fold can be closed using an extended
calibration rolling which had not been applied here. The simulation well describes the
different phases of thread generation that coincide with experimental observations. The
highest amount of deformation is taking place in the thread root area. To avoid scales in
this area, a good formability of the material is needed.
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4.2. Evolution of Hardness Dependent on Processing Route

The hardness achievable by artificial aging of the extruded aluminum wire studs is
significantly influenced by the initial heat treatment. In accordance to the literature [9,10],
pre-aging (route C) has a positive effect. When compared to the other two processing
routes, the highest hardness is achieved by pre-aging, as the metastable Guinier–Preston
(GP) Zones formed during pre-aging enable an easier transformation to the strengthening
phase β” by artificial aging [16–19]. In contrast, naturally aging of the alloy, which was
conducted in processing route B, leads to the formation of stable Mg-Si co-clusters, which
impede the formation of the strengthening phase and as a result, the hardening response
during artificial aging is significantly lowered [7–9].

The distribution of hardness over the cross section of the artificially aged wire studs
is mostly a result of the strain distribution introduced by extrusion. The experimental
data shown in Figure 4 correspond well with the simulation results shown in Figure 1a.
The areas of highest strain, which are close to the surface, exhibit the highest hardness.
Towards the wire core, hardness decreases due to the lesser amount of strain hardening
and lower dislocation density. These findings are in good accordance with [20]. However,
the processing route plays a dominant role for the overall hardness achievable and route C,
employing initial pre-aging, is seen as most beneficial for achieving high hardness.

For the threaded parts, as indicated by simulations, a correlation between the strain
and the local hardness is also expected due to strain hardening at least for lower degrees of
deformation. Due to the high degree of deformation, a constant high hardness is achieved
at the thread flank and the thread root after the rolling process, while the hardness in the
center of the threaded parts is less, as it is demonstrated in Figures 5 and 6. Further, the
previous processing route significantly influences the hardness achievable after thread
rolling. The pre-aged condition has not only the highest initial hardness, but furthermore,
also exhibits a strong hardness increase due to rolling process, as is shown in Figure 5b.
This indicates that a sufficient reserve for strain hardening is still present in the stage prior
to thread rolling, which allows for the best forming properties in the rolling process despite
the highest initial hardness of the pre-aged condition (route C). The thread geometry was
well reproduced and the amount of scale in the most critical areas was lowest of the three
variants (see Figure 8). Therefore, it seems that pre-ageing has a positive effect on the
formability as well.

The overall hardness achieved in the threaded parts is mainly influenced by the ther-
momechanical route used prior to thread rolling, where route C seems to be most beneficial.
Therefore, pre-aging is an effective strategy to inhibit natural aging and to enhance the
hardening response during artificial aging. Furthermore, using this initial heat treatment, a
high hardness is achieved after artificial aging while a good formability due to a sufficient
strain hardening capacity is still maintained, which is an important requirement for fur-
ther processing. Summarized, a processing route using initial pre-aging enables excellent
mechanical properties and seems to be a promising strategy to be integrated into the
industrial multistage forming process for manufacturing aluminum screws. However, for
a successful implementation of this complex thermomechanical processing, the underlying
mechanisms must be understood, so further research is necessary especially with focus on
the relationship between heat treatment parameters, formability and strength.

5. Conclusions

In this study, the influence of the thermomechanical processing route on hardness
and formability was investigated for a 6056 aluminum alloy. The focus was on an initial
pre-aging treatment combined with artificial aging following conventional extrusion prior
to final thread rolling. Conclusions can be drawn as follows:

• Using a conventional 6056 aluminum alloy, it is possible to achieve an exceptional high
hardness in a thread-formed product using a thermo-mechanical route containing a
pre-aging treatment. The maximum hardness, which is obtained after thread rolling,
depends on the initial combination of heat treatment and extrusion.
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• Pre-ageing seems to be an appropriate process to achieve a high hardness after extru-
sion, which cannot be obtained by natural ageing. Followed by artificial ageing of
the extruded parts, the differences of pre-aged and naturally aged parts become even
more pronounced.

• The hardness increase by thread rolling of a pre-aged condition is higher, when com-
pared to a naturally aged condition. Furthermore, threaded parts made of pre-aged
conditions exhibit much less scale at the thread roots where the highest deformation
is observed due to a better formability.
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