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Test and simulation studies were carried out to determine the behavior of EN AW 6082 alloy during extrusion. Samples with a
diameter of 21.65 mm and a length of 40 mm were prepared for the extrusion tests and Zwick / Roell Z400 mechanical tester was
used. In addition, the sticking phenomenon during the process was investigated. The technical drawing of the WC-Co die used in
the extrusion tests is given in Figure 2. The extrusion ratio of in this die is 0.494 (49.4%) and hydraulic forging grease was used as
lubricant.

Fig. 2 Technical drawing of the extrusion die.

After identifying the flow stress curves and sticking behavior of the EN AW 6082 alloy with material conditions H13 and T4, cold
forging station design was modeled in the Simufact.forming FE software and the prototype production was performed. In these
experiments Hyodong HNP 627 cold forging machine with a capacity of 300 tons was used. In the study, Zeiss Stemi 508 stereo-
zoom microscope was used for macroscopic examinations and surface roughness analyzes were performed on Ambios Technology
XP-2 high-resolution surface profilometer.

I1l.Results and discussions

The engineering stress-strain curves of the EN AW 6082-H13 and EN AW 6082-T4 are given in Figures 3 (a) and 3 (b), respectively. It
was found that EN AW 6082-H13 showed lower stress values and the yield stress of the H13 decreased with increasing temperatures.
Although the stress values of EN AW 6082-T4 decrease due to increase in temperature, it is not as high as H13. In particular, no
significant decrease in the yield stress of T4 was observed. In addition to these results, an increase in the stress values of H13 was
observed with an increase of the quasi-static strain rate by about 100 times at room temperature. However, the increase in strain
rates caused an adverse effect in T4 and decrease in stress value was occurred. The yield stress of H13 was found to be 140 MPa at
room temperature, 130.6 MPa at 100 °C and about 107 MPa at 200 °C. The yield stress value of T4 was determined to be 130 MPa.

Fig. 3 Stress-strain curves of EN AW 6082 alloy; (a) H13, (b) T4.
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The comparison of the experimental results with the simulations of EN AW 6082-H13 and EN AW 6082-T4 at different strain rates
at room temperature is given in Figure 4. Simulations and experiment results are in quite good agreement. It has been found
that the temperature in the sample rises to 150 °C at high strain rate (50 s-1). This temperature increase in the sample caused a
decrease in the force values for EN AW 6082-H13 due to increase in temperature is more dominant than the increase in strain rate.
However, there is no significant change in force values for T4 despite the increase in temperature and strain rate.
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Fig. 4 Simulation results and temperatures in the samples for EN AW 6082-H13 and T4; (T=20 °C)
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Figure 5 shows the surface condition on the samples after extrusion. Defects in the form of ripples were identified on the extrusion
surfaces for pretreated H13 and T4. After the tests it was seen that the material chips were accumulated in the shoulder region
of the extrusion die. Therefore, surface defects are estimated to be due to sticking phenomenon. On specimens of H13, surface
defects begin at the shoulder region and condense at the shaft, however the defects is found to be distributed over the entire
surface and more intense on T4 specimens. These findings are consistent with effective plastic strain values.

Stickmg

Effective plastic strain

Fig. 5 Material surface condition after extrusion and effective plastic strain distributions;
(a) EN AW 6082-H13 (b) EN AW 6082-T4

At the last stage of the work, aluminum bushes production trials were carried out. Figure 6 shows the cold forging station design
and station samples. Bushes are manufactured by deforming the workpiece in consecutive forging stations. Therefore, each station
has a different design and a different forming steps take place. The aluminum bushes were successfully manufactured with the
EN AW 6082 alloy with both H13 and T4 conditions without experiencing any forming failure or fracture.

STO ST1 ST2 ST3 ST4 STO ST1 ST2 ST3 ST4
(a) (b)

Fig. 6 Aluminum bushes (a) station design (b) station samples.
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The prototypes were examined macroscopically and surface condition of the EN AW 6082-H13 and EN AW 6082-T4 were compared.
According to Figure 7, it is observed that the final product surface qualities are different from each other and it was found that the
amount of facing on the surface of bushes produced with EN AW 6082-T4 alloy is higher than EN AW 6082-H13.

(b)

Fig. 7 Macroscopic examination of bushes produced with EN AW 6082 (a) H13 (b) T4.

In addition, the roughness parameters are comparatively measured so that the surface qualities of the aluminum bushes produced
with EN AW 6082-H13 and EN AW 6082-T4 can be analytically evaluated. The values are given in Table 2 and the corresponding
curves are given in Figure 8. When comparing the surface roughness parameters for H13 and T4, values are compatible with
extrusion test results and macroscopic examinations. The Ra value for T4 is about 3-4 times greater than H13 and was measured

as 3.81pm.

Table 2. Surface roughness parameters of bushes produced with EN AW 6082-H13 and T4.

Pretreated Conditions

Surface Rougness Parameters (um)

Ra Rq Rt Rz
H13 0.99 1.26 8.99 6.80
T4 3.81 4.73 31.59 21.46
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Fig. 8 Surface roughness curves of bushes produced with EN AW 6082 (a) H13 (b) T4.
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Conclusions

In this study, the manufacturability of @23x36 aluminum bushes with pretreated EN AW 6082 (H13 and T4) was investigated. Flow
stress curves were determined by compressive tests. Also, material flow and sticking behavior were determined by extrusion tests
and roughness parameters were obtained with high resolution surface profilometer. The obtained results were compared with the
FE analysis and confirmed.

According to results:

= EN AW 6082-H13 has a higher sensitivity to temperature than T4. Compression test results at different temperatures showed
that, the yield stress of H13 was found to change between 140 MPa and 107 MPa. No significant change was observed in T4.

= Stress value of H13 increased with increasing strain rate. However, a decrease in T4 was observed.

= Compression simulations were carried out at the strain rates observed in cold forging machines (50 s-1) and the temperature in
the sample reached 150 °C. It was determined that the softening observed due to the temperature increase was more dominant
than strain hardening due to the high strain rate for H13 and the decrease in the force values was found. However, no significant
change was observed for T4.

= The surface defects is found to be distributed over the entire surface and more intense on T4 specimens after extrusion tests.

= #23x36 aluminum bushes was produced successfully in production trials with both H13 and T4.

= |t was calculated that Ra parameter of the cold forged H13 and T4 bushes as 0.99 pm and 3.81 pm, respectively.
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ABSTRACT

Cold forging, one of the oldest methods of production, is a metal forming process that is often preferred in today's
industry. In cold forging process, workpiece is formed by being exposed to press forces between twao dies or tools.
Moreover, high surface quality can be obtained and precise tolerances can be achieved in cold forging.
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The power of simulation applications has risen in the industry in the last decade due to their high predictive ability in all applied
disciplines, especially in metal forming operations. The most important factor forimproving product quality and cutting down costs
is to use simulation applications in cold forging. Furthermore, there is a huge usage area including the detection of a defective
product, material flow, tool stresses and post-mechanical features of the final part. In this paper, a crack problem on a round head
with 12-lobe socket bolt was investigated. The source of the problem was determined by running simulations and then the results
were compared to experimental results. Numerical simulations were prepared in the simufact.forming finite element software.
This study also shows how the simulation software can be used in cold forging operations effectively.

HEAD CRACKING

The cold forging operation includes severe plastic deformation which is applied by forging presses at high speeds. The workpiece
is formed at room temperature, however, forged material may be over the critical line of its fracture strength during deformation.
The M8x22 round head bolts were forged from the annealed 23MnB4 steel on a forging press of the maximum capacity of 70
tonnes in Norm Fasteners Co. The forging sequence of the bolts consists of 3 stations performing reduction, pre-heading and
upsetting operations as shown in fig. 1. The technical drawing of the moving part of the station 3 die system is shown

in fig. 2. The moving side includes a N10 punch, a round-headed die and a die holder.

8sT2 8T3

Work-piece ST1
Fig 1. Forging sequence of the bolt Fig 2. Technical drawing of the moving part

Cracks on head were seen at the 3th station as depicted in fig. 3. While this punch was forming the head, the material reached the
fracture limit and macro-cracking occurred. In the beginning, the cracking mechanism was investigated by running a simulation at
boundary conditions which are the same with as the real production conditions. It was seen that the crack formation on the head
was also predicted in the numerical model as shown in fig. 4.

ST1 ST2 ST3

T

o

raok Infiation

B Craking point

Fig 3. Cracks on the head Fig 4. Cracks on the head in a simulation
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According to these results, the cause of cracking is linked to the improper pre-heading form in the 2nd forging station. As shown
in fig. 5, the diameter of the pre-heading form is slightly smaller than the diameter of the punch. The graph which shows the
distribution of damage in the fracture area was shown in fig. 6. As it can be seen, both curves are over the damage limit of the
steel,
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Fig 5. The 2nd forging station 02
0.1
P S Y O S R N A

Fig 6. The damage - stroke graph

SOLUTION

At the beginning of the forging process, it has been determined by simulation software that the crack initiation was triggered
from the corner of the socket. To eliminate a sharp corner evolution on the preform, the design of the 2nd station was completely
altered as depicted in fig. 7. The simulation was run again with the revised dies for verification. Fig. 8 shows the distribution of the
damage values on the head in the last situation. With the increase of the pre-head diameter, the amount of material contacting
the punch increases and the resulting stress spreads over a wider area. Thus, a sharp edge formation on the head was avoided and
the damage values decreased accordingly as shown in fig. 9. The damage values were decreased around 0.5 + 0.1% which is below
the fracture limit. According to these results, the die design of the bolt was revised and a production trial was conducted. As seen
in fig. 10, the crack evolution was completely eliminated.

$12,49

o
<
N~
fig 10. ™
N
SOLUTION % Fig 8. Simulation with the revised dies
In this paper, a crack problem on a round
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It was observed that the damage values Fig7. The revised 2nd station gj: ™ sl ]
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design. The production trial also proved ool

the final design and the crack formation

was completely avoided. Table 9. The damage - stroke graph
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ABSTRACT

Care should be taken in modeling the cold forging of fasteners through computer simulations. It has been shown
that pre-forming operations have a significant effect on predicting cracking based on mathematical damage models.
Pre-forming operations such as wire drawing and bar cropping should be included in the simulation model for highest
accuracy and best predictive results.
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Cold forging is a tough forming operation for mechanical component or fastener design that has limitations on the deformability
of the workpiece material and tool life. In contrast to warm- and hot-forging processes, the deforming forces in cold forging are
relatively high. Consequently, cold-forged material may have a tendency to crack due to the high deformation that exceeds the
material's ductility limit. Because it is hard to detect failed cold-forged products during production, fastener manufacturers can
suffer from high rates of wasted raw material and press energy. To eliminate this problem, the accuracy of predictive modeling on
fracture evolution during forging is crucial in order to decrease manufacturing and engineering costs. The effects of pre-forging
operations like wire drawing and bar cropping on computer simulations of fracture evolution are discussed in this article.

PRE-FORGING OPERATIONS

Cold-forging materials (low- and medium-carbon steel alloys) were bought as cails from suppliers as shown in Figure 1. After
the appropriate surface preparation (cleaning and phosphate coating), a wire-drawing operation was performed on each coil to
eliminate any deviation from the desired circular cross-sectional shape. The diameter of the wire is reduced to 0.25-0.35 mm.
Figure 2 shows the inside of a forging press.

T T
Bar cropp

< Stationary die block 3

Fig. 2 Forging-press components
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As depicted, basic press components are moving relative to the stationary die blocks, forging-die stations on these blocks, grippers
and the bar- cropping mechanism. The wire coil is attached to the press and fed automatically through the bar-cropping system by
therolls. Wire is then cropped to the predetermined workpiece length and passed off to the first gripper. The grippers are mechanical
components that transfer the workpiece and pre-forms between forging stations. During bar cropping, wire is constrained in a
die while another die shears the material (Fig. 3). Here, shear and tensional stresses are dominant, and deformation is ductile.
Engineers usually begin their forging simulations with the initial forging station. In most cases, this gives a sufficiently accurate
prediction on material flow and forging forces. However, this modeling strategy may be deceptive for engineers who want to
conduct failure analysis. An example of a fractured bolt that was taken from serial production is shown in Figure 4. As seen in the
picture, cracking initiated from the corners of the 12-lobe punch and propagated through the head of the bolt. The crack's shape
shows that this was caused by the forging operation. One can simply analyze this phenomenon using a finite-element simulation
and predict the location of the crack’s origin (Fig. 5). In some analyses the crack and its path may not be as obvious as that in Figure
5, however. In such a case, the simulation and fracture model may not predict the fracture evolution or exact fracture locus. At this
point, the modeling of pre-forging operations plays a critical role on prediction accuracy. The engineer should go back to the first
step of the forming operation and analyze it step by step.

MODELING PRE-FORGING OPERATIONS

Finite-element simulation software packages, such as the Lematrie, Cockroft-Latham, Oyane and Johnson-Cook damage models,
use different types of fracture and damage models. Most of the models use plastic effective strain for the damage calculation. At
this point, calculation of exact values of generated plastic effective strain becomes important. When an engineer starts with the
first forging step in a numerical model, he or she simply ignores the residual strain that comes from the wire-drawing operation.
As shown in Figure 6, wire drawing generates moderate plastic strains on the surface of the workpiece material. Taking this into
account, we see that the calculated damage value will be significantly affected by these surface strains, thus leading to better
predictive capability. The next step that should be included in the simulation is bar cropping, which includes the drawn wire, the
cropping die and the stationary die (Fig. 7). This analysis was carried out in Simufact forming finite-element software.

Fracture

\

I
=
-

Fig. 3 Bar-cropping operation Fig. 4 Fracture on cold-forged
bolt

Crack initiation

Fig. 5 Damage distribution of cold-forged bolt
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Wire drawing die

Workpiece

Fig. 6 Effective plastic-strain distribution on workpiece after the wire-drawing process
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Fig.7 Bar-cropping model

Damage distribution after the cropping operation is shown in Figure 8. There are two important findings from this model. The
firstis that on the cropped surface the maximum damage value is about 0.35 at the center of the workpiece and decreases to zero
through the surface (Figs. 8 and 9). Similarly, the maximum effective plastic strain was generated on the center of the workpiece,
and it is about 0.5. The second finding is that the geometrical deviation of the workpiece from a perfect cylindrical shape was
determined as shown in Figure 9. This occurs due to ductile deformation during cropping. Including this geometrical deviation to
the first forging station is also important to determine surface planarity of the bolt during forging. In most fracture cases in bolt
cold forging, about 90% cracking is observed on the head of the bolt due to the forming of flanges or punch sockets. Here, crack
evolution may be the result of a material defect or severe plastic deformation during forging. To investigate the damage on the
head section of a pre-form bolt, an extrusion simulation was conducted using a workpiece taken from a bar-cropping model (along
with the pre-forging madel). The result of this simulation was then compared to the results of the extrusion model, in which the
workpiece was simply drawn and taken to the model from CAD directly (without the pre- forging model). Figures 10 and 11 show
the damage distribution on the extruded workpiece for simulations carried out with cropped and CAD workpieces. As shown in
Figure 10, the average damage value on the head section is about 0.3, although the damage value of the same location without
the pre-forging model is about zero (Fig. 11). The variations of damage value through the center to the surface on extruded parts
are shown in Figure 12. Though the damage distribution tendency is similar for both models, the difference of generated damage
on the head between these models is huge. This graph proves that an engineer who wants to conduct a failure analysis on a failed
bolt and uses a simulation model without pre-forging models will underestimate the critical damage value on the fracture area and
cannot gain reliable insight from simulation.
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Fig. 12 Comparison of damage on simulations with and without pre-forging model

CONCLUSION

The accuracy of finite-element simulations depends on many variables, including material properties, geometrical accuracy of CAD
models, finite-element type and distribution. Even if all parameters in a metal-forming simulation were defined to the software
properly, however, the model may not give any reliable data. An engineer could come across this type of problem during the failure
analysis of fractured products. This article shows that pre-forming operations have a significant effect on predicting cracking
based on mathematical damage models. Metal-forming operations like wire drawing and bar cropping should be included in the
forging simulation model for high accuracy even though this requires more computational time.
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