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ON S0z

Umut ince

Norm Fasteners Ar-Ge ve Miihendislik Direktorii

Norm Holding'in siirdiirilebilir gelecek vizyonuyla hareket eden bir ekip olarak, her gecen giin Ar-Ge ve inovasyon ala-
ninda ivme kazanan yatinmlarimizla sektdrdeki gelisimi desteklemeye odaklaniyoruz. Degerli is ortaklarimizla birlikte,
gelecege deger katma misyonumuzu siirdirmek adina kararli adimlarla ilerliyoruz.

Akademik gecmise sahip, uzman Ar-Ge ekibimiz ve giiclii is birliklerimizle birlikte, misterilerimizin talepleri dogrultu-
sunda katma degeri yiiksek cziimler gelistirmenin yani sira ulusal ve uluslararasi alanda sektgre dncilik eden calisma-
lar yiiritiyoruz. Her bir projemizde artan motivasyon ve azimle hedeflerimize dogru ilerlerken, teknolojik ilerlemelere
katkida bulunmayi ve sektdriimiizde birlikte giiclenerek ilerlemeyi bir sorumluluk olarak gériiyoruz.

2024 yilricerisinde gerceklestirdigimiz calismalarin meyvesini sizlerle paylasmaktan biiyik mutluluk ve gurur duyuyo-
ruz. Bu kitapcik ile birlikte, ortak hedeflerimiz dogrultusunda yiiriittigimiz Ar-Ge faaliyetlerinin sonuclarini siz degerli
is ortaklarimizla paylasarak gelecege deger katmaya devam etmekten memnuniyet duymaktayz.

FOREWORD

Umut ince

Norm Fasteners R&D and Engineering Director

Driven by a vision of a sustainable future of Norm Holding, we are a team focused on supporting the development of the
sector with our investments gaining momentum in R&D and innovation day by day. Together with our valued business
partners, we are moving forward with determined steps to continue our mission of adding value to the future.

With our R&D team of expert researchers with strong academic backgrounds, and strong partnerships, we develop high
added value solutions in line with the demands of our customers as well as we conduct pioneering work both nationally
and internationally. As we move towards our goals with increasing motivation and determination in each of our project,
we see it as a responsibility to contribute to technological advancements and grow stronger together in our industry.

We are thrilled and proud to share with you the fruits of our efforts in 2024. With this booklet, we are pleased to continue
adding value to the future by sharing the results of the R&D activities we carry out in line with our common goals with
you, our valued business partners.
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Abstract

Production of fasteners via cold forming requires high forming forces, which induce significant stresses in dies. The-
refore, die performance becomes a critical parameter of the fastener production process. Estimation of die life with
high accuracy allows to enhance production efficiency and reduce die-related expenditures. Generally, WC-Co hardme-
tals consisting of 4-30% Co content as a binder are highly preferred in cold forming operations. WC-Co metal-ceramic
composite materials offer high wear resistance against frictional forces, high compressive strength, and lower elastic
deformation to resist excessive contact pressures, which are primary requirements for cold-forming dies. In this study,
experimental investigations were conducted for the determination and comparison of fatigue performance at three dif-
ferent stress amplitudes, utilizing three-point bending fatigue testing with two different grades of WC-Co hardmetals.
After the experiments, Goodman-Haigh diagrams were obtained from the experimental results to be utilized in predictive
die-life calculations.

Keywords: WC-Co, Co ratio, Fatigue life, Cold forming.

1. Introduction

Tungsten carbide-cobalt materials are ceramic-matrix composite materials with high wear resistance, consisting of a
WC as a hard phase and Co as a soft binding phase. Low cobalt content in a hardmetal causes large gaps between WC
grains, resulting in a material with lower toughness and resistance to fatigue [1]. Various combinations are formed
depending on the content of the Co binder, and they are used in different industries according to the needs, ranging from
automotive parts production to the mining sector [1, 2]. Die materials used in the cold forming process require high
fracture toughness to prevent crack propagation, wear resistance, and high fatigue strength due to the high forming
forces that create significant stresses in the dies. [2]. As a consequence, die life has a direct and significant impact on
several factors, including mass production, production plans, costs, and customer satisfaction. In the studies conducted
in the literature on this subject, Tanrikulu et al. examined three-point bending fatigue tests on specimens of WC-20 wt.%
Co, which are often used in cold forging dies, with a loading ratio (R) of 0.1, and constructed Morrow-Haigh diagrams
to determine the fatigue life. Through comparison of three-point bending test results with production line dies, their
model accurately predicted fatigue life with a deviation of only 5.6 % [3]. The research conducted by Kliinser et al. in-
vestigated various grades with variations in WC grain size and Co binder content, ranging from 0.2 to 1.3 pmand 6 to 12
wt.%, respectively. They demonstrated that the fatigue crack growth behavior of a hardmetal alloy with an ultra-fine WC
grain size showed a dependency on the stress ratio. The threshold stress intensity factor range for fatigue crack growth

from inhomogeneities was found to vary with stress ratios, with values of 4.3, 6.2, and 9 MPa for R=0.1, -1, and -3,
respectively [4]. Ferreira et al. examined the mechanical behavior of WC-Co materials with different Co ratios (R=0.05
and R=0.5) and demonstrated the influence of Co content on ductility and brittleness [5]. Mikado et al. investigated the
fatigue strength of WC-Co materials using a three-point bending test with R=0.5 and analyzed S-N diagrams [6]. A study
by Torres et al. aimed to assess the fatigue behavior of a fine-grained WC-10 wt.% Co hardmetal. It specifically examined
the influence of mean stress on the fatigue limit of hardmetals, suggesting that this influence could be elucidated throu-
gh a Goodman-like relationship [7]. Li et al. examined the fatigue strengths of WC-Co samples with Co binder contents
ranging from 3 to 20 wt. % were compared based on their Co content. Having an in-depth knowledge of the mechanical
properties of WC-Co will enable companies to determine the most suitable composite structure for various types of
industrial processes [8]. Therefore, the fatigue performance of two different grades of WC-Co hardmetals was meticu-
lously investigated and compared in this study. Experimental investigations were conducted for the determination and
comparison of fatigue performances at three different stress amplitudes, utilizing three-point bending fatigue testing
with two different grades of WC-Co hardmetals. After the completion of experiments, Goodman-Haigh diagrams were
obtained from the experimental results.

2. Materials & Method

In this study, different grades of WC-Co materials that have Co contents of 19 and 26% were used in the experiments in
order to reveal the fatigue life performance of die inserts used in heading and upsetting operations. Referenced grades
were supplied from Boehlerit GmbH & Co.KG with corresponding product range numbers of GB40 and GB56, respecti-
vely. The chemical compositions, and mechanical and physical properties of these grades shared by the supplier are
given in Table 1. All the test samples were produced by sintering WC powder with Co binder using special molds and
HIPed to fabricate the test samples without machining.

Table 1. Properties of referenced grades.

Chemical Composition . Transverse . Thermal
. Hardness | Copressive Fracture Elastic .
[wt. %] Density Rupture Expansion
Grade HV30 Strength Toughness | Modulus -
[g/cm3] Strength n Coefficient
WC | Co | Other [MPa] [(MPa] ipa | Mmoo TGPl g kg
GB40 Balanced | 19| <0.2 13.60 950 4,000 2800 224 530 6
GB56 Balanced | 26 | <0.2 13.05 815 3,200 2700 224 490 6.5

Itis crucial to decrease the surface roughness of forming dies in order to prevent excessive frictional effects that could
cause high forming forces and, in return, lower the die life during cold forming. Therefore, prior to testing stage, the
surfaces of the test samples were grinded and polished to obtain surface conditions similar to forming dies. Surface
preparations were completed in two steps: (i) grinding of each surface with 220+ grid diamond disc under 40 N for 3
min. at 400 rpm, and (ii) polishing of each surface with 9 - 3 um diamond disc under 25 N for 5 min. at 400 rpm. Surface
preparation steps were carried out using Metkon Forcipol 102 grinding and polishing machine with Metkon Forcimat 102
automatic head. Following the microstructural observations, the surface roughness of grinded and polished surfaces of
samples was measured by Mitutoyo Surftest SJ 210 portable surface roughness measurement instrument in terms of Ra,
Rq, and Rz values. During the measurements, roughness values of the polished surfaces were measured with a straight
line pattern over a sampling length of 4.8 mm, in accordance with IS0 1997. Additionally, microstructural observations
were conducted on samples of both grades using Zeiss Axio Imager.M2m optical microscope on the polished surfaces.
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Fatigue life tests were carried out on prismatic test samples using a three-point bending test apparatus adapted to Zwick
Roell Amsler 250 FP 5100 high-frequency fatigue testing machine. Test samples were produced according to Type B as
givenin1S0 3327:2009, whose nominal dimensions are 20x6.5x5.25 mm [9]. Test samples and fatigue testing stage are
illustrated in Fig. 1a and Fig. 1b, respectively. Stress amplitudes in fatigue tests were determined as 750, 800, and 850
MPa in order to observe the fatigue behavior in a wide range of loading conditions. Stress ratios (R) were determined
using minimum stress (0 ) and maximum stress (O ) values in a cycle as given in Eq. 1. Mean stresses (0, ) and
stress amplitudes (O, ) were sequentially calculated by the formulas in Eq. 2 and Eq. 3 as given below.

Omi 1
R = min (1)
Omax
_ Omax + Omin (2)
=Ty
Omax — Omin
Go=—"" 5 o

Maximum and minimum loads in fatigue tests were calculated for corresponding maximum and minimum stress values
based on stress ratios of R=0.1 and R=0.2 by using Eq. 4 which is given in IS0 3327:2009 as;

. 3kFl1 "
bm = 2bh2

where R, is transverse rupture strength in MPa, Fis the force applied to the test piece in N, k is the correction factor to
compensate for the chamfer, (is the distance between supports, b is the width of test piece perpendicular to its height,
and h is the height of test piece parallel to the direction of application of the test force, respectively. k value was taken
as 1,as described in the standard for test samples having chamfer of 0,15 to 0,2 mm.

5,25:0,25

Grinded and
pn}i shed surfaces

[ ;',]

(a)

[
o
=
|

(b)

Fig. 1. (a) Dimensions of prismatic samples used in the testing stage and (b) testing fixtures used in fatigue tests and
sample positioning.

Calculated static and dynamic forces in fatigue tests corresponding to maximum, minimum, and mean stress values are
giveninTable 2. The endurance limit for fatigue tests was accepted as 5,000,000 cycles. The average fatigue performan-
ce of each set was determined from consistent 3 test results. S-N curves and Goodman-Haigh diagrams were obtained
and compared from test results of each grade in order to correlate test results with life cycles of forming dies during the
cold forming operations.

Table 2. Fatigue test parameters and corresponding static and dynamic loads.

. Str_e 59 Min.Stress | MaxStress, | Mean Stress, | Static Load | Dynamic Load

Stress Ratio ] ﬁ;"a"m‘:,‘:;' Omin(MPa] | Omax(MPal| OmMPal | L] | Ik
850 188.9 1,888.9 1,038.9 6.20 5.08

0.1 800 1778 1,177.8 977.8 5.84 478

750 166.7 1,666.7 916.7 5.47 448

850 425 2,125 1,215 1.61 5.08

0.2 800 400 2,000 1,200 117 478

750 375 1,875 1,125 6.12 448
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3. Results & Discussions Table3.R, R andR, values of test samples.

OM micrographs of both grades are shown in Fig 2a and 2b, respectively. WC powders in Co binder exhibited homogenous Grade R, (pm) R, (pm) R, (um)
distributions regardless of the amount of Co binder. However, the difference in the amount of Co binder depending on

grade was identified from the micrographs. WC powders with an average particle size of 6.6 pm were used during the GB40 0.036+0.010 00442005 0.255 £0.031
fabrication of GB40 samples. For GB56 samples, the average particle size of WC particles was found as 6.1 pm. GB54 0.046 +0.021 0.058 +0.026 0.275+0.098

Three-point bending fatigue test results of GB40 and GB56 insert materials are listed in Tables 4 and 5 in detail, respec-
tively. For both grades, fatigue test results showed a consistent manner with each other considering stress ratio, stress
amplitude, and hardness increase with Co content decrease.

Table &. Fatigue test results of GB40 samples.

. . Stress Average
Stress Ratio [R] Staﬂ::Nl.]uad Dyna[r::l';:]Luad Amplitude cg:ilﬁ, s;:o Cycles to
[MPa] Failure
6.20 5.08 850 268,396
438316+
o) 6.20 5.08 850 357,366 21,761
a 6.20 5.08 850 689,185
5.84 478 800 772,647
2,144,884 +
U] 1 1
5.84 478 800 662,006 2473,21
5.84 478 800 5,000,000
5.47 448 750 5.000.000
5.47 448 750 5.000.000 5,000,000
5.47 448 750 5.000.000
1.61 5.08 850 179,076
174,619 +
1.61 5.08 850 98,081 76119
7.61 5.08 850 246,101
(b) 1117 478 800 431,630
310,732+
0.2 1117 478 800 163,423 136,040
Surface roughness results obtained from grinded and polished samples are given in Table 3. According to the results, 6.12 448 750 463,139
it was seen that values exhibited convergent and even superior values compared to those of forming dies. Also, surface 6.72 448 750 811,459 700.656 £
roughness results were in well-conforming manner to surface conditions outlined in IS0 3327:2009, which is defined 672 448 750 82737 205,850
as not exceeding R_limit of 0,4 pm. These findings are evident that failure in fatigue tests is expected to originate from : : !

inner defects rather than surface conditions.
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Table 5. Fatigue test results of GB56 samples.

. . Stress Average
Stress Ratio [R] Sta;::NL]uad Dyna[r:i(l';:]Luad Amplitude Cg:ilﬁl sr:u Cycles to
[MPa] Failure
6.20 5.08 850 114,737
87,383+
6.20 5.08 850 45,603 36,755
6.20 5.08 850 101,808
5.84 478 800 208,056
127,365 +
01 |
5.84 478 800 65,142 73225
5.84 478 800 108,896
5.47 4.48 750 97,39
269,746 +
5.47 448 750 497,502 205725
5.47 4.48 750 214,342
7.61 5.08 850 22,276
25,083 +
7.61 5.08 850 34,365 8244
7.61 5.08 850 18,609
1.17 478 800 100,492
74,994 +
02 717 478 800 66,745 22536
1.17 478 800 57,744
6.72 448 750 122,389
123,889 +
6.72 4.48 750 70,831 53824
6.72 448 750 178,448

According to fatigue test parameters given in Table 2, maximum, minimum and mean stress levels considerably altered
as the stress ratio increased to R=0.2. Because of this reason, cycles to failure in R=0.2 were significantly decreased
compared to cycles acquired from R=0.1 tests. It is generally anticipated that WC-Co grades with higher binder content
exhibit greater toughness than grades with lower binder content, resulting in improved performance in resisting higher
forming loads during cold forming operations. Consequently, WC-Co grades with higher binder content demonstrate
increased resistance to cyclic loads, as evidenced by an extended cycle-to-failure capability. Additionally, lower binder
content leads to increased brittleness, so toughness decreases. However, in contrast to having a lower binder content
than the other grade, the results of GB40 grade were well above those obtained from GB56 grade, considering both
stress ratios and each stress amplitude. Despite GB56 tests, several tests on GB40 grade which were conducted at
various stress amplitudes and stress ratios resulted in run-out and reaching the endurance limit. These results were
attributed to the probability of the existence of <0.2 % other elements such as Cr and Mo in GB40 grade that improve the
material properties. As comparing the two referenced grades, GB40 results exhibited noticeable scattering in all test

sets, even higher in test sets of low mean stress-stress amplitudes. It is noteworthy to be said that inner defects and
their severeness become critical influencing criteria in terms of fatigue performance and eventual cycles to failure. For
any stress combinations lying within the limit areas of R=0.2 with stress amplitude of 750 MPa and R=0.1 with stress
amplitude of 800 MPa evidently showed the effect of the previous statement. Additionally, having slightly bigger sized
WC powders by GB40 was predicated as an accompanied factor to result in better fatigue performance than GB56 due to
lowering crack propagation rates. These outcomes would be further investigated and verified through elemental analy-
sis and examination of fracture surfaces. Also, test results would be confirmed in real-world applications for usage in
die life simulations and production trials of die inserts built by using GB40 and GB56 grades.

Following the testing stage, obtained test results were employed to draw Goodman-Haigh diagrams that would be utili-
zed in die life estimations of WC-Co die inserts. Respective diagrams for both GB40 and GB56 grades are illustrated in
Fig. 3 and Fig. 4. With the help of these diagrams, die lifes and safe stress limits could be estimated based on determined
areas separated by fitted lines of cycle-to-failure limits, also identifying the corresponding mean stress-stress amplitu-
de ranges in which the die insert could perform reliably.
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Fig. 3. Goodman-Haigh diagram of GB40 grade for R=0.1 and R=0.2.
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Fig. 4. Goodman-Haigh diagram of GB56 grade for R=0.1 and R=0.2.
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As the fatigue tests at R=-1 stress ratio could not be conducted for the three-point bend samples of hardmetals, the
transverse rupture strength of such hardmetals was utilized as static failure strength instead of the ultimate tensile
strength value in the Goodman-Haigh graph. In contrast to diagrams that are drawn for materials with infinite fatigue life,
diagrams for hardmetals help to define stress limits and corresponding fatigue life limits. Therefore, fitted lines based
on mean stress-stress amplitude values illustrate the most probable cycles until failure due to fatigue and life zones
placed on each fitted line are restricted with other lines that show a lower fatigue life. The Goodman-Haigh diagrams
were extended to include the compression zone, facilitating the adjustment of the acquired lines to the compression
characteristics of the material. With the utilization of the shrink-fitting process in cold forming dies, there is a need for a
comprehensive fatigue life map that takes into account the compressive stresses present in the core material of WC-Co
die inserts due to shrink-fitting. The compressive strength of the material represents the static failure strength on the
compression zone of the diagram, which was taken as 4,000 MPa and 3,200 MPa for GB40 and GB56, respectively. The
diagrams given in Fig. 3 and Fig. 4 would directly be used to predict the most probable fatigue lifes of GB40 and GB56 in
the case of being exposed to several means stress and stress amplitude combinations. Additionally, fatigue life limits for
the R=-1 stress ratio could be determined from where the fitted limit lines meet the stress amplitude axis and then S-N
diagrams would be drawn for each stress amplitude accordingly. Though the fatigue endurance limit of GB40 was found
as 1096 MPa directly from diagrams for zero mean stress condition, the determination of the fatigue endurance limit of
GB56 required further tests in lower mean stress-stress amplitude values rather than those reported above.

Conclusions

In the scope of this study, two different grades of WC-Co materials that sequentially have Co contents of 19 and 26%
were tested and investigated to understand the effects of Co content on the fatigue life of WC-Co die inserts, which are
highly preferred materials in heading and upsetting operations due to high resistance against frictional forces and high
contact pressures, superior compressive strength, and lower elastic deformation under forming forces. The following
conclusions can be extracted from the experimental results and Goodman-Haigh diagrams:

* Fatigue tests were conducted after reaching lower surface roughness values in order not to cause failure by the
surface defects, originating from inner flaws and defects.

* GB40 (WC-19 wt.% Co) grade exhibited better fatigue performance compared to GB56 (WC-26 wt.% Co) in cont-
rast to its increased sensitivity to brittleness due to less binder content and higher hardness.

* Superior test results obtained from GB4O grade were attributed to the probability of existence of <0.2 % other
elements such as Crand Mo. The addition of such elements in WC-Co grade is likely to improve the material proper-
ties including fatigue resistance.

e As the Co content decreased, the standard deviation for the same sets increased.

* Goodman-Haigh diagram of both GB40 and GB56 grades were drawn by utilizing experimental results. Die life
estimations and determination of safe stress limits could be made based on determined areas separated by fitted
lines of cycle-to-failure limits, also identifying the corresponding mean stress-stress amplitude ranges in which
the die insert could perform reliably.

o Stress amplitude values read for R=-1 stress ratio conditions when the respective limit lines cross the vertical
axis in Goodman-Haigh diagrams could be used to construct an S-N diagram of zero mean stress condition.

The aforementioned experimental outcomes would be further investigated and verified through elemental analysis, and
examination of fracture surfaces. Fatigue test results are planned to be confirmed in real-world applications for usage
in die life simulations and production trials of dies built by using GB40 and GB56 grade die inserts as a part of future
investigations.
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Abstract

Fasteners are subjected to repetitive and variable loads in the areas where they are used. This situation creates some
risks such as loosening or fracture of fasteners, result the failure of the joint. Locking chemicals applied on the bolt to
prevent loosening that may occur under assembly conditions are used extensively, especially in the automotive industry.
By using locking chemicals selected in accordance with the assembly area and fastener, it is aimed to prevent the lo-
osening of the assembly parts under vibration. There are commercial products that offer different properties that can
be used in the mass production of locking chemicals. Within the scope of the study, the performance of three different
commercial locking chemicals against loosening was investigated and used standard M8 bolts and nuts. In addition, the
M8 DIN 980 lock nut, which is used in joints that are at risk of loosening in vibrating areas, was also added to the studies.
Due to the effect of the coefficient of friction on the clamping load, all fasteners were coated with the same coating to
ensure equivalence in installation conditions. The vibration performances of the locking chemicals were investigated
with the Junker vibration test. The results were analyzed comparatively and the joint condition with the highest vibration
resistance was determined. As a result, it was observed that the use of locking chemicals and lock nuts increased the
loosening resistance.

Keywords: Bolt, Lock Nut, Locking Chemical, Assembly, Junker vibration test

1. Introduction

Bolt-nut connections are one of the oldest and most frequently used joint methods. Bolt-nut connections, which are
preferred in many sectors including automotive and white goods, are exposed to loads and displacements at high cycle
numbers and for long periods. If the appropriate clamping load is not created during the tightening process, loosening
may occur at low cycle numbers. Even if there is no problem in the tightening process, it is exposed to dynamic and
static loads according to the conditions of the application area. As a result of the radial contraction of a bolt subjected to
dynamic loads and radial expansion of the nut with the amount of Poisson's ratio deformation, the bolt produces a radial
micro-slip at both the bolt-nut thread interface and the bearing surface during axial stress variation and the loosening
problem occurs over time (Figure 1) [1].

Especially in the critical design points, loosening of the joint must not occur. The introduction of robotic systems in mass
production factories in Industry 4.0 applications, is aimed to minimize the errors that may occur in the assembly area.

The performance of the joint is affected by the bolt-nut parts as well as the assembly conditions. The yield point, friction
coefficient, clamping length and moment of inertia of the fasteners are the main parameters of the fractures/loosening
that may occur in the connection. In the assembly area, proper tightening in accordance with the bolt-nut quality class
is of great importance. In a study conducted in 2010, it was stated that the coefficient of friction changes due to wear
during repeated tightening of the fastener and therefore, when tightened at a certain torque value, the clamping load
realized in the assembly decreases. Furthermore, if an axial load is also acting on a joint that is experiencing radial
slippage, it has been reported that lock nut can continue to self-loosen, leading to loosening [2].
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Figure 1. Sliding zones in nut-bolt threads under vibration

In another study conducted by NASA, vibration tests were carried out by simulating the rocket conditions of a bolt-nut
connection mechanism with a safety wire that would not lose its preload, considering the vibrations generated in a
rocket. As a result of the study, it was stated that radial movement caused by vibration and structural forces was the
main cause of loosening [3]. There are also studies in the literature on modeling the self-loosening behavior and thus
predicting the loosening behavior of bolted joints without a test. In a 2021 study, the self-loosening behavior of bolted
joints was investigated by numerically and experimentally. The numerical analysis showed that the existing analytical
model was unable to predict the experimental loosening behavior therefore the analytical model was modified with the
help of a finite element model. In this way, the prediction of self-loosening behavior was increased from 58.3% to 73%
[4]. In a study at Toyota Automotive Co., the self-loosening behavior of bolt-nut connections subjected to tensile load
was investigated and the loosening behavior was described with the fundamental material strength equations. As a
result of the study, it was suggested that the clamping load on the joint is removed as instant due to the tensile force,
and in the absence of this load, the bolt rotates counterclockwise due to the torque generated by the axial stress and
loosening occurs. However, it is said that this type of loosening rarely occurs in steel bolt-nut connections [5]. Inanother
study in 2022, a radial anti-loosening precision locked-nut was used and tested under three different target axial force
conditions. With this test, the stiffness of the assembly was measured. At the end of the study, the authors concluded that
the use of precision locked-nuts in fastener systems has improved assembly properties by providing stable design stiff-
ness under dynamic vibration. The authors tested parameters such as tightening-loosening torque, axial force ratio and
anti-loosening ratio of the nut in different vibration conditions and showed that the precision locked-nut improves the
dynamic stability of the system [6]. Ina 2021 review article, systems and methods to prevent loosening are listed. While
this study was carried out, methods were categorized under two headings; traditional methods and newly developed
methods. While, the authors have categorized the traditional methods evaluated and compared as anti-loosening struc-
tures in the form of a washer and nut, the new-style anti-loosening structures methods under three different headings.
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These are; changing the thread of the nut or bolt, changing the bearing surface of the nut or bolt head, and changing
the material type of the nut or bolt. At the end of the study, it was mentioned that the methods have advantages/disad-
vantages against each other and it was suggested that there is no single method that can solve all loosening problems
yet. The authors did not mention the use of locking chemicals in the anti-loosening method [7]. In 2021, another paper
investigated how to improve both the anti-loosening and fatigue strength of a bolt-nut connection at low cost. M12 pitch
1.75mm bolts and nuts were used in the study. Different nut lengths and standard pitch length of 1750 pm were given
different length (Ct) deviations and the fatigue and loosening performance of the connection was investigated. At the end
of the study, the authors reported that the joints with longer nuts and smaller pitch deviations had both improved fatigue
performance and increased loosening resistance [8]. A study in 2007 investigated the self-loosening performance of
Teflon and adhesive coatings. Two different adhesive coatings and two different Teflon coatings were studied and com-
pared with uncoated scenarios. The main objective of the study was to find a relationship between the self-loosening
resistance of the tested scenarios and the friction coefficients. Teflon coatings were found to reduce the coefficient of
friction, but not the loosening resistance of the joint. Adhesive coatings were said by the authors to increase the loose-
ning resistance of the assembly. However, it was reported that the adhesive coatings used lost their properties over time
under transverse loading [9].

Vibration loads are the major factor determining the loosening behavior of a bolt. Under certain conditions, tightened
bolts are observed to have a loosening problem. The sliding behavior of the bolt-nut connection and the transverse ro-
tation of the nut under transverse load is shown in Figure 2. When an external shear force acts on the joint, time-varying
forces in the form of tension and compression act on the parts tightened between the bolt head and the nut. The external
load is divided into three components due to the inclination angle of the threads and the flange angle. The first of these
components along the axis of the bolt, the other in the radial direction and the last one acts tangentially to the surfaces.
The force component acting along the bolt axis extends and deforms the shaft, while the radial force bends the thread
profile. The radial force creates a moment in the opposite direction to prevent warping from occurring [10, 11].
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Figure 2. Sliding behavior of bolted joint under vibration [10]

In addition to the appropriate bolt-nut joint, locking chemicals are also used to prevent loosening caused by both bolt-
nut and assembly area conditions in the joint areas and to increase the operating performance of the fittings in cases
where sealing is desired. Figure 3 shows the method of application of a commercial locking chemical. Each commercial
locking chemical has its own specific application which methods are specified by the manufacturer [9, 12].

Coating 20r 3P free
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Figure 3. Locking chemical distribution on the bolt [13]

As can be seen, there are many studies on resistance to loosening in the literature. However, there is no comparative
study that reveals the performance differences between newly locking chemicals. Moreaver, it is also unknown how
the locking chemicals perform compared to mechanical locking methods. In this study, bolts, standard nuts and lock
nuts with the same coating and constant coefficients of friction were used. In order to investigate the effect of locking
chemicals on vibration resistance, three different commercial locking chemicals were applied to the bolts and vibration
tests were performed. After clamped load was applied with a digital wrench, the bolts were subjected to vibration in the
transverse direction for a certain displacement and cycle duration with Junker tester. During the Junker vibration test,
cycle-based changes in the clamping load value were recorded so that the loosening rate data of the assembly combi-
nation were obtained and compared with each other. The combination giving the highest vibration resistance amang
the two different nuts and three different locking chemical applications used in the study was determined after the
comparative results.

2. Materials and methods

In order to compare the performance of locking chemicals, the loosening resistance of bolt-nut connections was evalu-
ated by the Junker vibration test. The bolts used for the test are M8x1,25 8.8 DIN 933 standard bolts produced by Norm
Fasteners. M8x1,25 8.8 DIN 934 standard hex nuts and DIN 980 lock nuts tightened hex nuts produced within Norm
Fasteners were also used for fastening. The bolts and nuts used in the tests were coated with a zinc-plated coating by
dip-spin method and then top-coated to ensure that their surface quality and roughness were the same. In this way, a
constant coefficient of friction in the range of 0.09-0.12 was obtained in the bolts and nuts. The clamping length ofthe
bolts was kept constant at 53 mm. This ensured that the internal threads of the nuts were in full contact with the applied
chemicals under assembly conditions. The test procedure to be followed throughout the study is shown in Table 1.
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Table 1. Test Procedure.

Locking Chemicals Bolt Nut Test Condition
Lock. Chem. 1 DIN933 DIN 934/ DIN 980 5z, 53 mm clamp
length
Lock. Chem. 2 DIN 933 DIN 934/ DIN 980 2000 cycle
Lock. Chem. 3 DIN 933 DIN 934 /DIN 980 0,7 mm displacement

Table 2. Technical Specification of Locking Chemicals.

Technical specifications of the locking chemicals used are shown in Table 2.

Locking Chemicals Active Substance Friction Coefficient Mic[r:(:]-n(i:rl:ule
Lock. Chem. 1 Toluen 0,16 +
Lock. Chem. 2 Acrylic 0,24 +
Lock. Chem. 3 Polyamide 03

Although the coefficient of friction of the bolted joint is constant through the coating of the bolts and nuts, the joints tigh-
tened to the same torque value do not reach the same clamping load due to the friction values of the locking chemicals
being compared and the prevailing torque values of the lock nuts. Since the clamping load is the main factor observed in
the loosening resistance, the bolted joint was tightened to reach a constant clamping load for comparison in all scenari-
os. Adigital wrench was used as a tightening tool. When calculating the constant clamping load, the minimum breaking
torque value of 33 Nm specified in the IS0 898-7 standard was taken as a reference [14]. The maximum safe clamping
load 10_ ;"0 kN was tightened for the scenario with the highest coefficient of friction (=0.3). When calculating this
value, the Equation 1 from IS0 16047 "Fasteners - Torque/clamp force testing" standard was used [15];

T/F-P/2m

i O (1)
0,577d2+0,5D)

Where T, F, P, d2 and Db are torque (Nm), clamping load (N), pitch (mm), basic pitch diameter of the thread and effective
bearing surface (mm) respectively.

Each locking chemical used in the tests was applied in the method and range recommended by its manufacturer. Bolts
with three different locking chemicals are shown in Figure 4. Locking Chemical 1, fastener adhesive, are microencap-
sulated, room temperature curing locking chemicals that improve the loosening resistance of threaded fasteners. The
adhesives are designed to be poured onto fasteners and dried. Locking Chemical 1 contains a microencapsulated epoxy
resin suspended in form. When the fastener is tightened, the microscopic capsules of the epoxy resin are reacted by the
force between the threads and the reactant components initiate a chemical reaction that locks the parts together. An
image of Locking Chemical 1 applied to the bolts used in the project s given in Figure 4 (a). Locking Chemical 2, like Lo-
cking Chemical 1, contains epoxy resin suspended in its own form. The microcapsules are released by compression and

shear stress during assembly and create a coating on the bolt threads (Figure 4 (b)). Locking Chemical 3, like Locking
Chemicals 1 and 2, is applied on the bolt threads to create resistance to vibration in the clamping area. The radial ten-
sion created by the elastic deformation of the product causes the locking chemical 3 to maintain the clamping position
through increased friction. Locking Chemical 3 has some differences compared to Locking Chemicals 1 and 2. Locking
Chemicals 1and 2 have an adhesive effect where the epoxy granules in their structure spread over the bolt threads after
torque is applied into the clamping area. The dispersed epoxy granules need to be cured at room temperature in the
assembly area. Locking Chemical 3 is a powder sprayed on bolt and nut threads and can be used in the assembly area
without the need for curing. This is because Locking Chemical 3 does not have epoxy granules in its structure like the
other chemicals, but it is a locking chemical that forms an elastic, wear-resistant blue polyamide coating on the threads
by spraying (Figure 4 (c)).

In this study conducted at Norm Fasteners R&D Center, tests were carried out in the Junker test machine with 1[]7‘,[”"(*D 9
kN preload, 500 rpm speed and 2000 cycle test parameters. At least 5 tests were performed for each group. The test

setup illustration and test machine of the Junker tester are shown in Figures 5 (a) and (b) respectively [16].
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Figure 4. Bolts with Locking Chemicals (a) 1, (b) 2 and (c) 3

Computer

(a)

Figure 5. (a) Test set-up illustration and (b) Junker tester
3. Results and discussion

In the first step of the study, vibration tests were performed using DIN 933 (standard hex bolt) bolts and DIN 934 (stan-
dard nut) and DIN 980 (lock nut) nuts without locking chemical for reference. The average test results for the tests
without locking chemicals are shown in Figure 6. Here the results are shown as a graph of clamping force versus cycle.
It was observed that after the operation with the standard nut, the initial clamping load decreased from 10 kN to 7.2
kN due to loosening in the transverse direction. When the results obtained after the vibration test with the lock nut are
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compared with the test with the standard nut, it is seen that the reduction in the clamping loads is quite limited and there
is no complete relaxation in 2000 cycles. Unlike standard nuts, while tightening, lock nuts are assembled encountering
a mechanical resistance on the bolt threads which is prevailing torque. The additional mechanical resistance creates
a structure that is resistant to loosening. Compared to standard nuts, the positive effect of the mechanical resistance
obtained with lock nuts on the loosening resistance can be seen.
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Figure 6. Average results of locking chemical-free vibration test with two different nuts.
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Figure 7. Average results of vibration test with Locking Chemical 1
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Figure 8. Average results of vibration test with Locking Chemical 2

After the reference test which has no locking chemical, Locking Chemical 1 was tested first. After the microcapsules in
the epoxy structure were tightened and dispersed on the bolt, they were left for 1 day as they needed to cure. The average
test results for the tests where Locking Chemical 1 was applied are shown in Figure 7. When the results with standard
nutand Locking Chemical 1 are examined, it is seen that the clamping load decreased up to 9.4 kN but never went below
thisvalue. If we look at the result of the lock nut, it is seen that the clamping load decreased up to 9.8 kN values but never
went below this value. There was also some difference between the average initial clamping load levels in the tests.
The results of the studies using Locking Chemical 2 are shown in Figure 8. Locking Chemical 2, like Locking Chemical
1,is a chemical that requires curing to achieve the desired mechanical properties. After the test with the standard nut
and Locking Chemical 2, it was seen that the clamping load loosened up to 9.5 kN, but on average, the clamping load
remained constant after 1000 cycles. When the vibration test with the lock nut and Locking Chemical 2 is examined, it is
seen that it does not go below the clamping load of 9.6 kN, similar to the results of the standard nut.
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Figure 9. Average results of vibration test with Locking Chemical 3

105 - Reference d T T T - —| - Reference
(a) - Lock. Chem. 1 104+ (b) -Lock. Chem. 1
100 Lock. Chem. 2 i Lock. Chem. 2
Lock. Chem. 3 102 11 Lock. Chem. 3
. s 1 llm
> 95 : z
g T 7 { ¥ 2 100 '
- o sk
8 - L 8 1
5 anm | g se<ﬂ )
w w
a a
85
s £ osq
[3) [}
8.0+ 04
75 1) 92
70 ; + + ; ; H 90 : : ; : : : : 1
0 250 500 750 1000 1250 1500 1750 2000 0 25 500 750 1000 1250 1500 1750 2000
Cycle Cycle

Figure 10. Vibration test results of (a) standard and (b) lock nuts with 3 different locking chemicals

After the applications of Locking Chemicals 1 and 2, which were cured and ready for use, the studies continued with Lo-
cking Chemical 3, which is a locking chemical that is ready for use directly after tightening. The test results with Locking
Chemical 3 are givenin Figure 9. It was observed that the clamping load value in the Locking Chemical 3 application with
the standard nut showed different results after 5 tests. In four tests, it was observed that it oscillated with a relatively
large amplitude between 9.5 - 8.8 kN, while in one test, the clamping load value decreased to 6.0 kN. Considering the
studies conducted with the standard nut, it was clearly observed that it exhibited more inconsistent loosening perfor-
mance than the cured Locking Chemicals 1 and 2 applications. When the results of the Locking Chemical 3 application
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with the lock nut were examined, it was observed that unlike the test results with the standard nut, the combination
of Lacking Chemical 3 and the lock nut showed both consistent results and the clamping load remained above 9.6 kN
throughout the cycles.

Table 3. Result of locking chemicals and lock nut performances

Locking Chemicals Nut Loosening Ratio %
No Chem. (ref) 934 29
No Chem. (ref) 980 2
Lock. Chem. 1 934 6
Lock. Chem. 2 934 5
Lock. Chem. 3 934 12
Lock. Chem. 1 980 2
Lock. Chem. 2 980 4
Lock. Chem. 3 980 4

4, Conclusions

Within the scope of the project, the resistance to loosening of three different locking chemicals, which are frequently
used with bolted joints in automotive, was investigated. The test results of standard nuts and lock nuts are shown in
Figures 10 (a) and (b) together with all locking chemicals for comparison. In addition, the performances of the locking
chemicals are tabulated in Table 3. When the results were analyzed;
* When standard nut without locking chemicals is used, the clamping loads decreased approximately 30% after
2000 cycles in vibration tests. Whereas the clamp load decreased by only 2% when the lock nut was used.
* When locking chemicals were used, the maximum loosening rate was approximately 5% for Locking Chemicals
1and 2, which contain microcapsules, provide locking with adhesive properties and therefore require curing time.
On the other hand, a 12% loss in the clamping load was realized with Locking Chemical 3, which provides only a
mechanical locking to improve the loosening resistance.
* Considering these results, locking chemicals applied to standard nuts have been shown to successfully improve
loosening resistance.
* When the tests with lock nut and locking chemicals together were examined, it was observed that the effect of
locking chemical applications on the loosening resistance did not provide a significant difference in the test condi-
tions compared to the standard nut applications. Although it was expected that the using of a lock nut and locking
chemicals together would have a positive effect on the loosening resistance, it was clearly seen that it gave similar
results to the scenarios with only used one of the solutions.
In short, it was observed that the use of only the lock nut provided as much loosening resistance as the standard nut

and locking chemical application. Interpretation of the performance of locking chemicals could only be done for the
installation scenarios with standard nuts where significant differences could be observed.
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Abstract

Inrecent years, ultra-high strength bolts have gained significant interest in the automotive industry in terms of comp-
lying with environmentally sustainable regulations, enabling the reduction of total vehicle weight by lessening the
required quantity of bolts and allowing the utilization of reduced-size bolts. Compared to quenching and tempering,
cold-formed bolts require precisely controlled heat treatments for isothermal bainitic transformation to achieve high
tensile strengths above 1200 MPa and good ductility. In this study, M10x150 hexagon flange bolts produced from low
alloy DIN 1.7225 (AISI 4140) steel were subjected to heat treatment cycles, including conventional austempering above
the martensite initial temperature Ms, at Ms, and low-temperature isothermal transformation below Ms. The bainite
morphology greatly was affected from the austempering temperature and austempering time. Tensile test results re-
vealed that higher transformation temperatures and holding times led to higher bainitic phase fraction in lower bainite
dominant dual isothermal martensite/lower bainite microstructure, resulting in relatively higher mechanical properties
in terms of yield strength, tensile strength, and elongation as 1332 + 3 MPa, 1506 + 4 MPa, and around 13,7 + 0,2%.
It was identified that partial decarburization in the thread zones of the bolts caused the erroneous elongation values.

1. Introduction

Different strength-graded fasteners from 4.8 up to 12.9 are crucial structural members that are intensively used to as-
semble components of main systems and subsystems, functioning to maintain structural integrity. In recent years, regu-
lations and related measures regarding sustainable future policies have been driving increasing attention to innovative
material technologies based on lightweightness, high performance, and endurance [1]. Ultra-high strength fasteners
are thus seen as corresponding products within the fasteners industry considering requirements of the sustainable
materials. Ultra-high strength fasteners are one of the pioneering components for weight reduction studies especially
within the automotive industry in order to accelerate the transformation to electric vehicles and enable energy-efficient
traveling in long distances by allowing usage of downsized assembled parts and reduced overall quantity of fastenersin
need [2]. However, manufacturing of ultra-high strength fasteners stands as a challenging process in terms of achieving
desirable mechanical properties with good ductility.

Fasteners are generally manufactured by cold forming process with subsequent heat treatment application using low
and medium carbon steels as a raw material. Quenching and tempering (Q&T) processing of cold-formed fasteners is
the most comman form of hardening and strengthening heat treatment in order to obtain strength grades of 8.8 or above,
having the final microstructure of tempered martensite. Although the tempered martensite phase offers the potential
for exceptional strength, its toughness severely diminishes at ultra-high strength levels, which causes brittleness and
reduction in deformation capability. Therefore, it possesses a significant challenge in achieving a combination of ult-
ra-high strength and high toughness [2]. In contrast to Q&T processes, it is necessary to apply of precisely controlled

isothermal heat treatments to cold-formed bolts that results in bainitic transformation as the bainite phase is characte-
rized by having better toughness compared the tempered martensite at equal strength levels [3]. Bainitic transformation
generally isothermally occurs at the temperatures above Ms, however, several studies reported even better mechanical
properties by forming mixed martensite/bainite phase than both tempered martensite and bainite because of prior aus-
tenite grain partitioning by athermal martensite and fine bainitic plate formation at low temperatures [4-6].

In this study, M10x150 hexagon flange bolts produced from low alloy DIN 1.7225 (AISI 4140) steel, which is widely used
asaraw material in cold forming process, were subjected to heat treatment cycles, including conventional austempering
above the martensite initial temperature Ms, at Ms, and low-temperature isothermal transformation below Ms in order to
investigate austempering temperature-holding time-mechanical property relations. Following the heat treatment stage,
the obtained properties were evaluated in the aspects of microstructural features, the volume fraction of bainite in
the microstructure, and mechanical performance in comparison with property grades given in standards and industrial
specifications for automotive.

2. Experimental Procedure
M10 bolts having 150 mm length were produced by cold forming process using five-staged bolt former machine and

final product form is given in Figure 1. The raw material for this study is AISI 4140 steel in the wire-drawn form, whose
chemical compositions are tabulated in Table 1.

é—

Figure 1. Final bolt form after the production.

Table 1. Chemical composition of AISI 4140 steel.

Element C Cr Mo Ni Mn Si Fe
wt (%) 0.4 1.1 0.23 <0.15 0.75 <0.2 bal.

Prior to the production of sample bolts, steel wire was subjected to spheroidization annealing in order to facilitate the
cold forming process by decreasing the hardness values into the desired range. Thereafter, surface of the wires was
coated with polymer to adjust the frictional effects to avoid excessive forming forces during cold forming. As a final
process after production by cold forming, bolts were subjected to heat treatment under two steps; austenization, and
conventional austempering. Austempering was applied to sample bolts for the isothermal bainitic transformations at the
temperatures above Ms, at Ms, and below Ms. During the processes, austenization process was first optimized in terms
of process time, thereafter austempering process was optimized to understand the effect of holding time on isothermal
transformation below Ms. Following these, austempering processes were applied at Ms and above Ms to obtain opti-
mum isothermal transformation. Process parameters regarding temperature and time are listed in Table 2. Relations
between temperatures and holding times within the salt bath were as T <T =Ms<T,<T and t <t,<t,<t <t respectively.T,
corresponds to austenization temperature. It was mainly aimed to obtain higher tensile strength above 1200 MPa, yield/
tensile strength ratio of minimum 0.80, and at least 10% elongation, which complies with property grades stated in
standards and industrial specifications.
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Table 2. Process parameter based on process numbers.

Austenization | Austempering Ni Mn
Stage Process - - - -
Temp. (°C) Time (min) Temp. (°C) Time (min)
Austenization Process #3 T, t, T, t
Time
Optimization Process #4 T, t, T, t.
Austempering Process #2 T, t T, t,
Optimization
(Below Ms) Process #1 T, t T, t,
. Process #5 T, t, T, t,
Austempering
Optimization (Ms Process #6 T, t, T, t,
and Above Ms)
Process #7 T, t, T, t,

Microstructural observations were conducted on specimens for each grade using Leica DM 2700 optical microscope
after metallographic preparations via grinding and polishing, and sequential etching with 3 vol% nital solution for 3-5'
and 10 vol% aqueous solution of sodium metabisulfite to control the microstructure and volume fraction of bainite. Uni-
axial tensile tests using special test fixtures with a loading rate of 0,166 mm/s were carried out on Zwick Roell Z400RED
universal testing machine at room temperature to determine the mechanical properties. Three tests from each process
were performed. Hardness measurements in HV , and HV, were sequentially carried out from the surface of the bolts
and core to determine hardness ranges and their conformity to desired values.

3. Results and Discussion

The micrographs taken from each process showed that bainite microstructure was formed at the temperatures below
Ms, Ms, and above Ms. The microstructures of bolts from Process #5 and Process #6 are sequentially given in Figure and
2and Figure 3 in order to illustrate the effectiveness of bainitic transformations depending on heat treatment processes.
It was identified that the amount of bainite decreased as the holding temperature below Ms decreased. It was attributed
to the formation of more prior martensite. It is known mechanism that larger amount of prior martensite leads to inhibi-
ting the transformation of residual austenite to bainite. Additionally, increasing holding time had a positive effect on the
transformation rate as the amount of lower bainite increased with increasing holding time.

Figure 2. Microstructure of Process #5 at 100x. ~ Figure 3. Microstructure of Process #6 at 100x.

The highest bainite content (blue zones) was achieved in Process #6 compared to other processes, which was confir-
med by examining micrographs of all processes. On the contrary, Process #5 provided the least bainite content than
other processes as the austempering temperature and time were selected as lower than the other applied processes.
Thus, higher austempering temperature and longer holding time facilitated the bainitic transformation and increased the
transformation ratio. Additionally, partially decarburized regions in the thread zones of the sample bolts were identified
in all processes except for Process #6. Decarburization issues were more prone to occur at high strength levels and
these issues were intended to be overcome during the austenization optimization studies for conducting highly cont-
rolled austempering process in terms of microstructural features and hardness homogeneity. Micrographs of partially
decarburized and non-decarburized zones in the threads of sample bolts are given in Figure 4 and Figure 5, respectively.

Figure 4. Decarburization in the thread zone at 5x. (Process #1)

Figure 5. No decarburization in the thread zone at 5x. (Process #7)

Mechanical properties of the sample bolts in terms of yield strength, tensile strength, elongation at fracture, average
hardness in the core, and hardness range in the surface are tabulated in Table 3 and Table 4, respectively. The me-
chanical strength of the bolts was inversely proportional to fracture at elongation i.e. ductility. The reason could be
incorporated with the decrease in the deformation capability of the material due to increased strength and hardness.
Higher strength properties with austempering lead to restriction of dislocation movements due to high dislocation den-
sity within the bainite and cause brittleness in the material structure. However, enhanced ductility-toughness allows to
ensure high performance and increased resistance to fracture under static and fatigue loading conditions. In some cases
in the literature, it is reported that increase in bainite amount in the microstructure generally increases the ratio of yield
strength to tensile strength, reduction of area, and fatigue endurance limit [7]. Additionally, yield strength and elonga-
tion values appeared in more susceptible properties depending on heat treatment parameters as they altered in wide
ranges. Therefore, the isothermal heat treatment process parameters and the amount of bainite in the microstructure
had a significant influence on these properties.
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Table 3. Mechanical properties of the sample bolts in terms of yield strength, tensile strength, elongation at fracture.

Process Nunber Yield Strength (MPa) Tensit:ditar)e ngth Elungatio(rlI:)t Fracture
Process #1 121117 1606 + 4 2061,
Process #2 1119 £40 1617£15 22405
Process #3 1075+ 21 1545 +21 20210
Process #4 120017 16262 17510
Process #5 902 +5 126722 21903
Process #6 1332+3 1506 £ 4 13,7+0,2
Process #7 1143 £11 1334+6 20£1,0

Table 4. Mechanical properties of the sample bolts in terms of average hardness in the core and hardness range in the
surface.

Process Nunber Core Hardness (HV) Hardness R?;\?; in Surface
Process #1 513+12,1 285- 517
Process #2 50278 260-506
Process #3 514+ 4.6 274 - h54
Process #4 524+35,2 284 - 503
Process #5 428+75 354-419
Process #6 48389 485- 520
Process #7 431£3,6 367 - 473

Mechanical test results showed that Process #6 provided the optimal results complying with the property grade of 15.8U
according to the standards and industrial specifications as the yield strength of at least 1200 MPa, tensile strength of
1500-1650 MPa, at least 9% elongation, and hardness of 455-515 HV. Although hardness deviations seen in Process
#6 resulted in the lowest range compared to other applied processes, deviation range exceeded the maximum allowable
hardness deviation of 30 HV as in the frame of IS0 898-1 [8]. This finding confirms that the best hardness homogeneity
was achieved in Process #6 in which isothermal temperature and holding time were selected as T, equal to Ms and
t,, respectively. The tensile strength results of all processes were determined as well-conforming with the required

strength level, however, the ratios of yield strength to tensile strength were found between 0.69-0.75 as not to meet
general requirements for ultra-high strength grades except Process #6 and #7. Nevertheless, the mechanical results of
Process #7 did not match the required properties in terms of insufficient yield and tensile strength values. Additionally,
itwas observed that relatively greater elongation values in contrast to higher hardness values in the core but excessively
lowered in the surface caused by decarburization near the surface of the threads due to adverse effects originating from
further softening of these zones. Considering the mechanical properties and microstructural features, increasing isot-
hermal transformation temperatures starting below Ms through Ms temperature had a positive effect on yield strength,
though passing over the temperatures above Ms caused a decrease in yield strength values. Low-temperature isother-
mal transformation below Ms during the austempering induced to decrease the bainitic transformation ratio and promote
the amount of retained austenite. On the other hand, increase in holding time within the salt bath negatively affected the
tensile strength values. Austenizing temperature and time were seen not having significant impact on the final microst-
ructure, as well as mechanical properties. These outcomes revealed that isothermal heat treatment parameters should
be carefully determined by combining optimal temperature and holding time in order to obtain the required mechanical
properties for the property grades of 12.9 and above.

4. Conclusion

In the scope of this study, the effects of austempering parameters on phase transformation-microstructure-mechanical
property relations of ultra-high strength bolts subjected to heat treatment cycles, including conventional austempering
above the martensite initial temperature Ms, at Ms, and low-temperature isothermal transformation below Ms were in-
vestigated. The following conclusions could be drawn from this study:
1. Process #6 exhibited the best mechanical properties complying with 15.8U property grade with the highest
bainite content in the microstructure. Therefore, austempering process parameters of T, equal to Ms as isother-
mal transformation temperature and holding time of t, process resulted in optimal properties compared to other
processes.
2. Higherstrength properties with austempering were attributed to high dislocation density within the bainite which
led to restriction of dislocation movements and caused brittleness.
3. Decarburization issues should be avoided during the austenization in order to provide similar microstructural
features and hardness homogeneity.
4. Partial decarburization in the thread areas of the bolts caused the improper elongation values due to the negative
effect caused by the further softening of these zones.
5. Increasing isothermal transformation temperatures starting below Ms through Ms temperature increased
the yield strength, though passing over the temperatures above Ms caused a decrease in yield strength values.
Low-temperature isothermal transformation below Ms during the austempering induced to decrease the bainitic
transformation ratio.
6. Increase in holding time within the salt bath negatively affected the tensile strength values.
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Abstract

Asequential wire drawing and annealing processes were applied to a medium carbon steel wire used for fastener produ-
ction in order to investigate for better formability compared to starting material as annealed without pre-wire drawing.
The sequential wire drawing process consisted of 14.3%, and 24.9% total cross sectional area reductions respectively.
The wire was subjected to spheroidizing annealing above the subcritical temperature of the material after each wire
drawing pass. According to hardness and compression test results, the material showed lower hardness values and
lower yield strength compared to the starting material. Scanning electron microscope (SEM) images were taken to in-
vestigate the microstructure after annealing and wire drawing. SEM images showed that spheroidizing was improved
after sequential wire drawing and annealing process. According to this study, it is expressed that the workability of
medium carbon steels for fastener production can be increased by sequential wire drawing and annealing by enhance-
ment of spheroidizing.

1. Introduction

Cold forging is one of the widely used production methods in fastener production. According to the application area,
fasteners are produced in different shapes, strength classes and sizes. The first step in the process is started with the
selection of raw materials suitable for these specifications. The raw materials used in this study procured from Norm
Fasteners are steels produced according to IS0 9002 certificate and consist of low and medium carbon steels produced
by hot rolling. The annealing process is frequently used processes to prepare the raw material for cold forming to reduce
the hardness of the material and increase the tool life. The type of annealing used in Norm Fasteners is spheroidizing.
During the annealing, the needlelike cementites in the pearlite phase achieve a spherical morphology which is resulted
in ductility. In spheroidizing, steels in the pearlitic structure are first subjected to the annealing process at a tempe-
rature below the subcritical temperature (Ac1) temperature (723 °C) and converted from ferrite-cementite lamellae
microstructure to spherical cementite particles dispersed in a continuous ferrite matrix with phase transformation [1].
After the annealing, the raw materials are subjected to surface treatment in order to minimize the frictional forces during
the cold forging stage. Then, wire drawing is applied to obtain the desired diameter of the raw material and increase the
circularity of the material. The process is done by pulling the wire through a die in a tapered form to plastically deform
the metal within the confinement of the die. The size reduction is dependent on the die geometry, the material properties
of the wire, the friction coefficient between the die and material [2]. During the wire drawing, the mechanical properties
of the steel is improved due to the microstructural changes with the plastic deformation [3, 4]. The improvement of
the properties is mainly related to the microstructural refinement occurred during the wire drawing [5-9]. During wire
drawing, decrease of the interlamellar thickness of the steel is attributed to the increase of the strength of the steel.

Hwang et al. suggested twinning-induced plasticity (TWIP) steels for high strength wire raw material applications for
fastener production. By using TWIP steels, fine twins occur during the plastic deformation and dislocation mobility is
reduced by the grain refinement and obtain high tensile properties [10].

In order to accelerate spheroidizing behavior of materials, various studies have been carried out. [11-14]. Joo etal. [12]
improved the spheroidization behavior of a medium carbon steel wire by increasing the pre-straining of the wire by a
non-circular drawing sequence.

In this study, hardness, microstructure and compression tests were compared in the process of reducing a #13.5 mm
cold forging wire to @11.7 (24.9% area reduction ratio) gradually after repeated wire drawing and annealing processes.
Thanks to sequential wire drawing and annealing processes, higher formability of the raw material will be achieved, and
it will be possible to produce fasteners with complex head geometries.

2. Experimental Procedure

42CrMo4 in@13.5 mm annealed steel wire was used in the study. The chemical composition of the raw material is shown
inTable 1. For the annealing process, Tenova Loi thermopress furnace was used. The wire drawing process was applied
to wire rod a wire drawing machine with deformation rate of 24 mm/min was used. In order to minimize the friction
between the wire drawing dies and the raw material, a surface treatment, which includes sand-blasting and polymer
coating steps, is applied to the raw material. For the raw material with a diameter of 13.5 mm, the following steps were
applied respectively so that the diameter was reduced to 11.7 mm:

i. Annealing of @13.5 mm raw material (sample 1)

ii. Surface treatment of annealed @13.5 mm raw material

iii. Wire drawing of @13.5 mm raw material to 812.5 mm (14.3% of cross sectional area reduction) (sample 2)

iv. Annealing of B12.5 mm raw material (sample 3)

v. Surface treatment of annealed #12.5 mm raw material

vi. Wire drawing of @12.5 mm raw material to @11.7 mm (total 24.9% of cross sectional area reduction) (sample 4)
vii. Annealing of @11.7 raw material (sample 5)

viii. Surface treatment of annealed #11.7 mm raw material ready for cold forming

Wire specimens were cut through cross-section for hardness measurements and microstructural examination. Then the
samples were grinded and polished before hardness measurements. In microstructural analysis, sanding with 240, 400,
600, 800, 1000 grits, respectively, and polishing with a diamond solution up to T pm were performed. Indentation tests
were carried out with Digi-load micro-hardness tester. The tests were performed 9.807N (HV10) 10 ms and repeated 5
times. Optical microscopic examinations were carried out with Zeiss Axio Imager M2M microscope. Scanning electron
microscope (SEM) images were taken in Quanta FEG in secondary electron and back-scattered electron mode. In order
to obtain the mechanical properties of the samples, compression tests were carried out on the prepared cylindrical
samples of these materials in ZWICK/ROELL universal tension/compression test device at room temperature according
to ASTM £9-89a “Standard Test Methods of Compression Testing of Metallic Materials at Room Temperature” standard.
The deformation rate was determined as 5 mm/min, which corresponds to the quasi-static strain rate.

Table 1. Chemical composition of the 42CrMo4 material.

C P S Mn Cr Si Ti Cu Ni Mo Al
0.42 0.02 | 0.015 0.9 1.2 0.2 0.05 0.15 0.15 0.3 0.05
0.38 max max 0.6 0.9 max max max max 0.15 0.015
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3. Results and Discussion

The measured hardness values for every five steps are summarized in Table 2. Also, the measured hardness values
were given in Figure 1 for annealed and wire drawn samples. Five hardness measurements were taken for each case.
AU hardness measurements were taken from the longitudinal wire section. According to the hardness measurement
results, there is an increased tendency in the hardness of the wire drawn samples and a decrease in the hardness after
annealing. In the first step, hardness reduction is about 17 HV (10%) and hardness reduction in the second step is about
21 HV (14%). After sequential wire drawing and annealing, there is a decrease of approximately 38 HV (~%23) raw
material hardness compared to the first annealed state of the material.

Table 2. Hardness measurements of the samples of five steps.

Sample Average Hardness Standard Deviation
1-013.5-Annealed 163 0.63
- H - 0,
2-012.5 Wire dravyn (14.3% Area 2104 10
reduction)
3-012.5-Annealed 146.6 1.35
- 1 - 0,
4-911.7 Wire dravyn (24.9% Area 1778 2 04
reduction)
5-011.7-Annealed 125.8 2.30
2204 170
= Annealed - @13.5 (Reference)
o] 01 Aonealed - 3117 (24.9% Wire D,
z s z
pEEmaners o) h
E‘W' §140-

g
3

& ' I

T T
14.3% Wire Drawn (@12.5) 24.9% Wire Drawn (©11.7)

3
S

T T T
@13.5-Annealed @12.5-Annealed @11.7-Annealed

(a) (b)
Figure 1. Hardness measurements: (a) wire drawn samples, (b) annealed samples.

SEMimages of wire drawn @12.5 (14.3%area reduction) and @11.7 (24.9% area reduction) samples are shown in Figure
2 (a) and (b), respectively. As indicated in Figure 2 (a) the ferrite grains in the microstructure are elongated in the direc-
tion of the wire drawing. However, there is no grain orientation in the wire drawn @11.7 sample (Figure 2 (b)). Compared
to the two wire-drawn samples each other, grain growth can be seen clearly.

Figure 2. SEM of the wire drawn samples: (a) 14.3% (813.5) and (b) 24.9% (811.7).

SEM images of annealed B13.5, @12.5 and @11.7 samples are shown in Figure 3 (a), (b) and (c), respectively. After
annealing, spheroidized Fe,C spheres (spheroidite) homogeneously dispersed in the ferrite matrix can be seen. The
microstructure of the starting material (annealed #13.5) clearly shows the randomly oriented pearlitic grains, which
include cementite in lamellae form and spheroidites. As the diameter reduction ratio increases with the wire drawing,
the lamellae form is in disappearing tendency after annealing. The lamellar cementite and pearlite grains were more ef-
fectively transformed into spheroidite cementite and wide ferrite grains, which is clearly seen in Figure 3 (c). As a result
of the annealing processes applied after each wire drawing step, grain growth is attributed more than in the first case.
The inclination to increase in grain size can be observed more clearly with SEM images. Moreover, the size of precipitated
spheroidite particles increasing can be observed. The spheroidization might be accelerated by the plastic deformation
since the morphological defects such as kinks, holes and fissures in the cementite can be initiated by higher plastic de-
formation with the wire drawing and led them to break up of large cementite plates into small spheroidite particles [15].
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Figure 3. SEM of the annealed samples: (a) B13.5, (b) 812.5and (c) @11.7 samples.

Compression test results of each sample are given in Figure 4. According to the results, a similar effect on the hardness
decrease with sequential wire drawing and annealing was also observed in the compression tests. Lower yield strength
(~350 MPa) in the annealed B11.7 sample was obtained than the starting material annealed 813.5 sample (~410 MPa)
and a 14.6% yield strength reduction occurred.

1000 T T T 1000 T T T
800 - 800 -
I I
2 60 | . 2 o0 | e
3 2
2 g
= =
@ 400 | g @ 400 g
o o
< <
w w —— ©13.5 Annealed (Reference)
20 | —— 14.3% Wire drawn (012.5) | | 20 | —— 0125 Annealed (14.3% Wire D.) | |
——— 24.9% Wire drawn (@11.7) —— 011.7 Annealed (24.9% Wire D.)
° L L L 0 I L L
0 0,05 0,1 0,15 02 0 0,05 0,1 0,15 02
Eng. Strain (mm/mm) Eng. Strain (mm/mm)
(a) (b)

Figure 4. Compression test results of (a) wire drawn and (b) annealed samples.

4. Conclusion

In this study, the effect of diameter reduction of raw materials with sequential wire drawing and annealing on the forma-
bility of a medium carbon steel raw material used for fastener production was investigated. The specimen subjected to
multiple wire drawing and annealing processes showed lower yield strength and lower hardness values. Compression
test results represent that the specimen subjected to multiple wire drawing and annealing process showed better for-
mability (cold workability). The SEM images showed that the grain size of the final material is greater than the starting
material. These images exhibited that spheroidization of lamellae cementite in the final material was greater than the
starting material. As a conclusion, the formability of medium carbon steels can be increased by sequential wire drawing
and annealing by improvement of spheroidization.
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Abstract

The life of trimming dies with different geometries and material properties was analyzed in this study. After a preliminary
numerical study of the stresses arising in the cold forging trimming dies using Simufact Forming®, an experimental test
setup was determined with different combinations. Combinations with different types of materials and finish coatings
were used in the initial installation. The aim was to observe the effect of using powder metallurgical material and na-
nolayer coating on trimming die life. The examined die set was used in the cold forging process of M16x90 bolts until
chipping or fracture was observed. Failure modes, surface morphologies and cycle data were evaluated. Based on the
cycle data obtained from the first cold forging trial, a second testing set was created to observe the effects of geometry,
material hardness and coating composition on trimming die performance. As a result, it has been determined that the
chipping resistance of the HSS material containing relatively high Co has competitive results with PM materials and that
the use of nanolayer coating increases the trimming die life by up to 57%.

1. Introduction

Cold forging is a preferred method for the production of fasteners due to its speed, ability to work within tight dimensi-
onal tolerances, and the lack of need for preheating. Despite these advantages, there are certain challenges associated
with using this manufacturing method. One of the most significant challenges identified in this study is the relatively
higher forces acting on the forging dies. The high forging load leads to high principal stresses on cold forging dies, which
can result in low cycle failures. This issue, which affects production efficiency in terms of both die consumption and
active production time, is a common subject of study in the literature. There are studies examining parameters affecting
die life under the headings of raw material surface treatment and annealing, optimal station design, and die design. In
order to reduce the load on critical dies, the high stress values can be minimised by improving the station design [1]. Itis
possible to increase the fatigue life of a die even when the forging load is not reduced, provided that the stress amplitude
is reduced. In cases where alterations to the die design and station design are not feasible, or where efficiency is a pri-
ority, preparation processes has been identified as a potential avenue for improvement. Annealing of the raw material,
surface treatment, wire drawing process affect the formability and die life [2-4].

In the literature, a significant portion of studies on cold forging dies focus on stationary dies. These studies generally
address the interference fit optimization of dies made from WC-Co material, which has high compressive strength, the
die manufacturing parameters affecting life, and the structural design of the die [5-7]. In contrast, studies focusing on
the efficiency improvement of trimming dies are relatively few. Kocatiirk et al. conducted a die-life analysis of hexagonal
trimming dies with different edge radius and cutting widths [8]. Trimming process was modelled using Simufact Forming
software and outputs of FEA simulations compared with production trials to validate. The results showed that cutting
width and stopping distance had a significantimpact on peak trimming load, while edge radius was found to be effective

in reducing peak damage value. In accordence with the findings of Kocatiirk and colleagues, many studies have shown
that the dominant parameters affecting the life of trimming dies are stopping distance and edge radius [9-13]. However,
there are processes where, despite performing the shearing operation, the stopping distance and edge radius parame-
ters should not be influenced to achieve product dimensional requirement. In this condition, there is a need to optimize
the parameters in the design conditions of the die.

In this study, the effects of geometry, material, and coating on the life of a trimming die used in a different operation from
those in the literature were investigated. The results provide experimental data on parameter effects that are difficult to
predict with finite element programs for the specified process.

2. Experimental Procedure

In this study, the fourth station moving die used for the cold forming of an M16x70 bolt was examined. Due to the high
ratio of the wrench size to the flange diameter and the low head thickness of the forged product, it is produced using
the trimming process. Station design to be used for the cold forging process is given in Figure 1(a). As shown in station
design, reduction processis conducted in stage 1. Furthermore, head section of the part is prepared for hexagonal shape
in stage 2. In the fourth station, the hexagonal head shape and flange angle are formed using the trimming die discussed
in this study. Finally, in the fifth station, excess material is cut off to produce the final product. The trimming die used in
the fourth station is shown in Figure 1(b).

(I

(a)

(b)
Figure 1. (a) Stage design, (b) Trimming die geometry.
At the beginning of the study, forming simulations were performed using Simufact Forming to modify the test set, and

then the principal stresses occurring in the die were examined. Since the FEA results were predicted to be inefficient for
the parameters to be tested, the study was designed to test different die types on the production line. In the two-stage
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planned study, the second test set was created based on the data obtained from the first test set. Five dies were produced
for each die type to be tested. First test set, including material and coating variables, is shown in Table 3. The chemical
composition of the die materials is shown in Table 1 and Table 2.

Table 1. Chemical composition of the 1.3247 material (%wt)

C Si Mn Cr Mo v Co
1.05 - - 35 9 0.9 1.5
1.15 0.07 0.4 45 10 1.3 8.5

Table 2. Chemical composition of powder metallurgical materials (%wt)

c Si Mn Cr Mo v W
PM-1 1.28 - - 5 6,40 4,20 3,10
PM-2 1.40 0.4 0.4 41 3.5 3.7 -
Table 3. Experimental Set - 1
No Material Coating Type Materi(zaI:;Ig)r dness
1 PM-1 TIALCN 60-62
2 PM-1 ALCN 60-62
3 PM-2 TIALCN 62-64
4 PM-2 ALCrN 62-64
5 CWS TIALCN 60-62
6 CWS ALCrN 60-62
7 1.3247 TIALCN 60-62
8 1.3247 ACrN 60-62

In the test set created in the first stage, the aim was to determine the optimum material and understand the effect of
nanolayer coating on die life. With the use of powder metallurgy material, the goal was to enhance the chipping resis-
tance due to increased toughness, while minimizing the loss of wear resistance compared to high-speed steel material.
Also, cold work steel (CWS) is evaluated for further chipping resistance. The coating given as TIALCN in Table 3 is a
nanolayered, multi-layer PVD coating. This type of coating was compared with the commonly used AICrN coating in
trimming dies to examine the cost/performance ratio. After monitoring the performance of the die types in Table 3 on
the production line, dies will be produced using the determined material for the combinations in Table 4, and production
trials will be conducted.

Table 4. Experimental Set - 2

No Coating Type Material Hardness (HRC)
1 TiSiN 60-62
2 AICrN 64-66
3 TiSiN 60-62
4 ACTN 04-66
5 Polished 64-66

In the second test set, the effects of coating usage, coating composition, and hardness on die life and cost were exami-
ned. Additionally, the dies were subjected to heat treatment to be manufactured at different hardness values, aiming to
observe the dominance of wear and chipping mechanisms relative to each other.

3. Results and Discussion
3.1 FEA Studies
In the die analysis conducted to determine the ability of making inferences based on the obtained data that can be exa-

mined by FEA, it was observed that compressive stresses close to the static limit of the material were found at the edges
of the hexagonal form. However, no tensile stresses approaching critical levels were observed (Figure 2).

Moo princpal stress (MPs] M prncipal stress [WPa]

i ..

Figure 2. Principal stresses occuring on the die.
3.2 First Experimental Set

The average die life of the dies tested, with five samples of each die type, are given in Table 5. It was observed that
all dies, except those made from 1.3247 material, failed due to chipping. Real-time inspections on the production line
showed that the dies primarily wore out - the wrench size increased - and then chipped. One of the chipped dies is shown
in Figure 3.
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Table 5. Results of first cold forging trials

. . Material Hard- Die Life .
No Material Coating Type ness (HRC) (Cycle) Failure Mode
1 PM-1 TIAICN 60-62 12600
Chipping
2 PM-1 ACTN 60-62 9340
3 PM-2 TIAICN 62-64 11900
Chipping
4 PM-2 ACTN 62-64 8520
5 CWS TIAICN 60-62 2500
Wear
6 CWS ACrN 60-62 1100
: (b)
5 1.3247 TIAICN 60-62 16180 Chipping,
6 1.3247 ACTN 60-62 10300 Fracture
(c)
Figure 4. 1.3247 die sample (fractured): (a) fracture area, (b) fracture surface, (c) revision.
Figure 3. Chipped sample. 3.3 Second Experimental Set
The obtained results showed that the use of nanolayer coating improved die life by up to 57%. However, the TIALCN coa- Results of secondary cold forging trials shown in Table 6.
ting was not used in the secondary test set due to its cost increase outweighing the improvement. The cause of multiple
failure modes experienced under conditions using 1.3247 material was investigated. Examination of the crack in Figure Table 6. Results of second cold forging trials
4(a) and the fracture surface in Figure 4(b) revealed that the crack initiation area was not on the forming surface of the
die. This finding leaded to a geometric modification for the secondary test samples (Figure 4(c)). No Coating Type Materi?I:;Ig;dness Die Life (Cycle)
8 ALCrN 60-62 13900
9 AICrN 64-66 22900
10 TiSiN 60-62 10400
1 TiSiN 64-66 9950
(a) 12 Polished 64-66 12400




62 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2024

NORM FASTENERS R&D CENTER PUBLICATIONS | 2024 | 63

In the second cold forging trial, all dies were failed due to chipping. Due to the geometric revision, the die life of die
type number 8 increased by 34%. According to the results in Table 4, the uncoated polished dies had a 45% shorter life
compared to the ALCrN coated ones.

4, Conclusion and Discussion

In this study, the effect of material, coating, and geometry on the die life of a reference trimming die used for the shea-
ring process were investigated. The data obtained from two test sets with different parameters can be summarized as
follows:
* The use of nano-coatings has been found to increase die life excessively. However, as the high cost of coating
outweighs the increase in tool life, its use in mass production conditions may reduce financial efficiency.
* Due to its relatively high Co content, the 1.3247 material performed better chipping resistance compared to PM
materials. However, cold work steel should not be preferred for trimming dies subjected to high wear because of
its low wear resistance.
* |n the operating conditions of the trimming die examined in this study, wear is observed first, followed by fai-
lure due to chipping. As wear increases, the surface profile deteriorates and roughness increases, triggering the
chipping mechanism. It is believed that by increasing material hardness, the wear process can be prolonged and
chipping delayed, thereby extending die life.
* In the FEA analysis, no high tensile stresses were observed at the corner points of the hexagon; however, in cold
forging trials, the dies fractured from these points. Under operating conditions, the multi-axial loads acting on
the die created stress concentrations in the corners at the back of the die. It was found that this problem could be
solved by chamfering the area.
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Ozet

Otomotiv alt sistemlerinde kullanilan sgkiilmeyen baglanti elemanlari, diisiik maliyet ve tedarik kolayligi gibi avantajlar
sunmasina ragmen belirsiz servis kosullari ve itk montaj sirasinda olusabilecek hatalara miidahale edilememesi gibi
dezavantajlar nedeniyle tercih edilebilirligini kaybetmektedir. Bu calismada, bahsi gecen dezavantajlara cdziim olarak
debriyaj sisteminde yer alan baski montaj bélgesine montajlanan percin ve tahdit yiziginin dis acar civata ile ikame
edilmesi konu alinmistir. Titresim ve cok eksenli kuvvetlerin etkisi altinda calisan debriyaj sistemlerinde, dis acar civata
kullanimi konusunda literatiirde ve endiistride yeterli bilgi ve deneyim bulunmamaktadir. Parca sayisini azaltarak montaj
siirecini kolaylastirmak amaciyla, percin yerine kullanitmak iizere dis acar civata tasarimlari gelistirilmis ve numune
iretimleri yapitmistir. Bu calisma kapsaminda, baski plakas| montaj noktasi icin dzel olarak tasarlanip iiretilen dis acar
civatalarin debriyaj sistemindeki karsi parcaya dis agma uygunlugu test edilmistir. Siyirma/sikma tork orani gibi driin
performansini ifade eden parametreler hesaplanmistir. Calismanin devaminda Dinamometre performans testi ve bilgi-
sayar destekli miihendislik program ile mekanik analizler gerceklestirilerek bulgular raporlanmistir. Gerceklestirilen
sistem testlerinde, simiile edilen calisma ortamdaki civatanin gevseme davranisi ve sok testlerindeki dayanimi detayli
bir sekilde analiz edilmistir.

Anahtar Kelimeler: Dis acar civata, Siyirma torku, Debriyaj sistemleri, Dinamometre testi, Bilgisayar destekli miihen-
dislik programi.

1. Giris

Giiniimiiz otomotiv endistrisinde, arac alt sistemlerinin giivenilirligi ve verimlilii, optimum arac performansina ulasmak
icin kritik bir Gneme sahiptir. Bu alt sistemler arasinda, baglanti elemanlarinin secimi, hem yapisal biitinlik hem de sis-
tem verimliligi saglamak icin 6nemli bir rol oynamaktadir. Percin gibi sékiilmeyen baglanti elemanlari, diisik maliyetleri,
tedarik kolayligi ve giiclii, kalici baglantilar saglama yetenekleri nedeniyle yaygin bir sekilde kullanilmaktadir. Ancak, bu
avantajlarina ragmen, sokiilemeyen baglanti elemanlar; belirsiz servis kosullari ya da ilk montaj sirasinda olusabilecek
hatalari diizeltememe gibi zorluklar nedeniyle bazi uygulamalarda tercih edilmemektedir. Bu zorluklarin belirgin bir se-
kilde goriildigi alanlardan biri de arac debriyaj sistemleridir (Sekil 1).

Debriyaj sistemi, motor giiciinii vites kutusuna ileterek aracin hareketini baslatan ve durdurulmasini ya da vites de-
gistirilmesini sadlayan bir aktarma organidir. Motor ile sanziman arasinda yer alan bu sistem, dzellikle ilk harekette
titresimsiz bir gecis saglarken, vites degisimlerinde gic iletimini gecici olarak keser. Ayrica asir torka karsi sanzimani
koruma gdrevini istlenir. Kuru siirtinmeli debriyaj, otomabillerde yaygin olarak kullanilir ve tork iletimi, disk yiizeyle-
rindeki sirtinme kuvvetiyle gerceklesir. Kuru siirtinmeli debriyajda kavrama ayrim islemi, siriciinin debriyaj pedalini
kullanmasiyla baslar. Kavramayi ayirmak icin pedala basildiginda, mekanik ya da hidrolik bir aktiiatdr araciligiyla baski
iinitesindeki diyafram yayina eksenel bir kuvvet uygulanir [1]. Bu kuvvet, diyafram parmaklarinin eksenel hareketine

neden olur ve baski plakasi, mesnet lamalari yardimiyla geri cekilerek disk komplesindeki tork iletimi kesilir. Pedaldan
ayagin cekilmesiyle, aktiator tarafindan eksenel kuvvet serbest birakilir ve disk grubu baski plakasi ile volan arasinda
stkiarak balatalar izerinden kavrama saglanir. Boylece, sanziman miline tork iletimi tekrar baglar [2]. Diskteki helezon
yaylar, motor titresimlerini ve asiri torklari soniimleyerek sanzimanin zarar grmesini engeller [1].

Metal bir gévdeden olusan debriyaj baskisi volana civata yardimi ile montajlanir. Motor devri volana aktarilir.

Sekil 1. Baski Komplesi Alt Bilesenleri [3]

Kafes (1), tahdit percini (2), mesnet lamalari (3), mesnet lamasi tespit percini (4), fulcrum ring (5), diyafram yay (6) ve
baski plakas (7) olusmaktadir. Debriyaj araca baglanirken, diyafram yay (6), kafes (1) ve fulcrum ring (5) arasina tn
gerilmis halde baglanir. Tork iletimi esnasinda, diyafram yay aynaya basmaktadir. Debriyaj pedalina basiimasiyla birlikte
baski rulmaninin diyafram yayi esnemeye zorlamasiyla birlikte ayna (7) ile disk temasi kesilir boylece ayirma gercek-
lesir [3].

Ayna esneklik modilii diisiik mesnet lamasi ile debriyaj kafesine baglidir. Ayna genellikle iyi asinma ve 151 tasinim ézel-
liklerine sahip olan gri dékme demirden yapilmaktadir. Kavrama icin gerekli siirtiinme yiizeyleri ayna ile diskteki balata
arasinda saglanir. Debriyajin en dnemli parcalarindan diyafram yay, debriyaj kafesi icinde bulunur. Diyafram yay, kafes-
teki yuvaya yerlestirilmis olup serbest halde bulunmaktadir [3].

Bu sistemlerde geleneksel olarak kullamilan percinler, kalici baglanti saglamada etkili olsa da montaj veya servis so-
runlarina yonelik kolaylik sunmamaktadir. Bu durum, daha pratik ve giivenilir baglanti teknolojilerinin arastinimasinin
oniinii agmistir. Geleneksel sokiilebilir baglanti elemanlari olan civatalarda ise karsilasilabilecek gevseme problemleri,
kesme yiiklerine karsi performans diisiisleri, montaj bolgesine dis acma operasyonlari veya somun kullanma ihtiyaclari
nedeniyle dis acar civatalar gelistirilmis ve dzellikle otomotiv sektdrinde giderek fazla kullanilmaya baslanmistir. Mon-
taj bélgesine kendi disini acmasi nedeniyle hem operasyon azaltma hem de kendi olusturdugu dislerdeki temas alani sa-
yesinde gelismis gevseme direnci ve kesme mukavemetine sahip dis acar civatalar sektérde arastirma konusu olmustur.

Bu baglamda, parca sayisini azaltmak, montaj siirecini kolaylastirmak ve servis kolayligi sajlamak hedefiyle gelistiril-
mis dis acar civatalar, arac alt sistemlerinde umut verici bir alternatif olarak ortaya cikmaktadir. Ancak, bu teknolojinin
debriyaj sistemleri gibi kritik otomotiv bilesenlerinde kullanimi heniiz yeterince arastinlmamistir. Meveut calismalar
daha cok geleneksel baglanti elemanlari ve uygulamalarina yonelik olup otomotiv alt sistemlerinde karsilasilan zorlu
kosullar altindaki performanslarina yénelik Snemli bir bilgi ve tecriibe eksikligi meveuttur. Ornegjin, literatiirde gercek-
lestirilen calismada otomobil on tampon orta braketinin nimerik analizleri gerceklestirilmis olup mekanik degerlendir-
mesi yapitmistir. Calisma, analizi gerceklestirilen braket parcasi icin kaliteyi iyilestiren parametrelerin belirlenmesini
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ve bu parametreler arasindan en etkili olanlarini ortaya koymayr hedeflemislerdir [4]. Baska bir calismada ise, binek
araclar icin koltuk kizak baglanti braketi tasarimi ve iriin regilasyon testlerini gerceklestirmistir. Calisma sonucunda
analizler test ile dogrulanmis olup topografya iyilestirme calismalari gerceklestirilerek gelistirilen braket parcasinda
%20 agirlik azaltimi saglanmigtir [5]. Gorildugd gibi arac sistemlerinde kullamilan baglanti elemani aligmalari gele-
neksel driinlere yoneliktir. Dis acar civatalarin dis acma performansina yonelik calismalar da mevcuttur. Bir calisma,
dis acar civatalarin dis acma performansinin, montajlanacak is parcasinin malzeme dzellikleri ve delik capr ile iliskisini
analitik olarak incelemistir [6]. Yine dis acar civatalarla ilgili bagka bir calismada, dis acar civatalari sonlu elemanlar
modeli kurarak dis acma performansini analitik olarak incelemis, dis acma prosesi boyunca gerceklesen malzeme akisi
ve dis acma torklarini deneysel sonuglar ile kiyaslamiglardir [7]. Son olarak dis acar civatalarla ilgili gerceklestirilen
baska bir calismada, bu civatalarin dis acma torklari dikkate alinarak montaj torkunun belirlenmesi icin deneysel calis-
malar yiritiilmis, calisma sonucunda siyirma torku testleri verilerine gre tasarim gerceklestirilmistir [8]. Gorildugi
gibi dis acar civatalarin gercek bir sistemde nasil performans gésterecegine yonelik bir calisma yok ya da cok kisitldr.

Tahdit yiiziginin operasyonel siireclerde yarattigi sinirlamalar, bu parcanin sistemden cikarilmasini gerekli kilmak-
tadir. Ayrica percin varyasyonlarinin baski plakasinda catlamalara yol acmasi sistemin dayanikliligi izerinde olumsuz
etkiler yaratmaktadir. Bunun yani sira, sokiilemez baglantilarin tercih edilmesi, hatali montaj durumlarinda operasyonel
siirecleri zorlastirarak maliyetlerin artmasina neden olmaktadir. Bu calisma, séz konusu sorunlari ele alarak debriyaj
sisteminin baski montaj bélgesindeki percinlerin yerine dis acar civatalarin kullanitmasinin montaj operasyonu ve
sistem performansi iizerine etkisini incelemeyi amaclamaktadir. Arastirmada, bu uygulama icin 6zel olarak tasarlanip
gelistirilen dis acar civatalarin prototip iretimleri gerceklestirilmis ve montajlanabilirlik degerlendirmeleri yapitmistir.
Tasarimin uygunlugunu belirlemek icin siyirma ve sikma tork oranlari gibi parametreler incelenmis; dinamometre per-
formans testleri ve bilgisayar destekli miihendislik (CAE) analizleri ile gergek calisma kosullan simiile edilmistir. Ayrica,
civatalarin gevseme davranislari ve sok testlerindeki dayanimi detayli bir sekilde analiz edilmis ve elde edilen sonuclar
test verileriyle karsilastintmistrr.

2. Malzeme ve Yontem

2.1 Geometrik ve Kavramsal Tasarim

Calisma kapsaminda, agir vasita debriyaj sisteminde, percin ve tahdit yiiziiginin civata baglantisi ile ikame edilebilirli-
gine yonelik tasarim calismasi yapilmistir. Sekil 2'de, debriyaj sistemine ait baski montajinin 3D modeli gdsterilmektedir.

Sekil 3'te ise baglanti noktalarinin gériintiileri verilmistir. Sekil 3'te T numarali kisim baski plakasindaki tahdit yiziikli
tarafi, 2 numarali kisim ise kafes tarafindaki percini gdstermektedir.

Sekil 2. Debriyaj Sistemine Ait Baski Montajinin 3D Modeli

Sekil 3. Tahdit Yiizigi ve Percin Kullanilan Baski Modeli

Percin baglantilarinin yerine ikame olarak tasarlanan civata baglantilarinda, baglanti noktasindaki kritik tasarim pa-
rametreleri dikkate ainmigtir. Bu parametreler; baglantiya etki eden tork ve kuvvet degerleri, montaj yapilacak karsi
parcanin sertlik ve malzeme zellikleri, karsi parcanin et kalinligi ve baglanti parcasi dlcilerini sinirlayan alt parcalarin
tolerans degerleri gibi unsurlari icermektedir. Parca ve proses cesitliligini artirmamak ve montaj ile demontaj islemle-
rini kolaylastirmak amaciyla dis acar civatalarin her iki montaj noktasinda kullanimi dncelikli olarak degerlendirilmistir.
Mevcutta kullanilan tahdit yiiziigii ve percin yerine her iki montaj noktasinda da dis acar civatalarin kullanimi denenmis-
tir. ilgili parcanin dis acar civatalar ile montajlanmis hali Sekil 4'te gosterilmektedir.

Sekil 4. Tahdit yiiziiksiiz Dis Acar Civata kullanilan Baski Modeli

2.2. Bilgisayar Destekli Sayisal Analiz

Debriyaj sistemindeki boyutsal dlciler ve teknik gereksinimler goz dninde bulundurularak, baski montajinda dis acar
civata kullaniminin sisteme olan etkileri, bilgisayar destekli sayisal analiz yontemleriyle simiile edilmistir. Bu kapsamda,
civatalar iizerindeki yikleme kosullarini deerlendirmek icin gerilme, moment ve toplam deformasyon analizleri detayli
bir sekilde gerceklestirilmis ve elde edilen veriler sistem performansini degerlendirmek amaciyla incelenmistir.
Debriyaj sisteminde 3200 Nm'lik bir tork Gngériilmis ve bu dedere 1.5 emniyet katsayisi uyqulanarak 4800 Nm'lik bir
maksimum tork degeri hesaplanmistir. Analiz, sistemin yalnizca dértte bir parcasi icin gerceklestirildiginden, bu dog-
rultuda tork parametresi 1200 Nm olarak belirlenmistir. Gerceklestirilen analizde civatalara montaj sonrasi iizerinde
gerceklesmesi beklenen kuvvet uygulanmistir. Uygulanan kuvvet Sekil 5'te goriildigi gibidir. Sekil 5'te bilesene belirli
bir noktada uygulanan donme kuvveti gériilmektedir. Uygulanan moment degeri 1200 Nm olarak belirtilmistir.
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Sekil 5. Bilgisayar Destekli Analizde Uygulanan Moment
2.3 Civata On Testleri

Bu calismada, M10x20 altikdse flansli dis acar civatanin dis acma performansini degerlendirmek amaciyla deneysel
testler gerceklestirilmistir. Performansi incelenen dis acar civata, Norm Civata firmasi tarafindan patentli olan ve Nor-
mest® adiyla bilinen dértlii lobular kesite sahip bir iiriindiir. Testlerde, montaj noktasina uygun olarak StW 24 malzeme-
den, 6 mm levha kalinligina ve 130 HV sertlige sahip karsi parcalar kullanilmigtir (Sekil 6).

(150)

Sekil 6. Test Levhasi ve Baglanti Parcalari

Testlerde civatalarin fonksiyonelligi onaylanarak, baglanti iizerindeki “prevailing” tork degeri tespit edilmis, calisilmasi
gereken yiizey sertligi, delik capi gibi degerler kesinlestirilmistir. Ddkme demir parca icin olasi dis acar civata kullani-
mini denetlemek adina ek test gerceklestirilmistir. Deneyler, 9.20 mm, 9.30 mm ve 9.40 mm olmak iizere iic farkli delik
capinda gerceklestirilmistir. Test icin diretilen baglanti parcasinin 3D gérseli Sekil 7'de sunulmustur.

Sekil 7. Dis acar civata tercih edilen driin

2.4, Baski Montaji Performans Testi

Sistem, maksimum 3500 Nm tork iretebilecek kapasiteye sahiptir ve bu giic, 1000 devir/dakika (rpm) motor hiziyla
salanmaktadir. Arac, maksimum 60 ton yiik tasima kapasitesine sahip olup, bu yiik altinda dahi 12° e§ime kadar olan
rampalarda calisabilmektedir. Bu veriler, dinamometre cihazina sistemin sinir kosullari olarak tanimlanmistir. Sinir ko-
sullar, cihazin araca veya sisteme uygun bir test ortami saglayabilmesi icin temel referans degerler olarak kullanitmak-
tadir. Bdylece, dinamometre testleri sirasinda sistemin gercek calisma kosullarina en yakin performansi sergilemesi
saglanir. Ozellikle agir yiik tagima kapasitesi ve edim kosullarina dayaniklilik, cihazin sistem iizerindeki simiilasyonunun
gercekci ve giivenilir olmasini garanti eder.

3. Sonuclar

Sonuc olarak, debriyaj sistemindeki boyutsal dlciler ve teknik gereksinimler dikkate alinarak yapilan bilgisayar des-
tekli sayisal analizler, baski montajinda dis acar civata kullaniminin sisteme olan etkilerini kapsam bir sekilde simiile
etmistir. Bu analizler sonucunda, civatalar iizerindeki yiikleme kosullarini degerlendirmek icin yapilan gerilme kuvveti,
moment ve toplam deformasyon analizleri, elde edilen verilerle birlikte sistem performansini degerlendirmeye olanak
saglamistir. Toplam deformasyon analizi sonucu, Sekil 8'de gdsterilmis olup, analize ait sayisal veriler ise Tablo 1'de yer
almaktadir. Analizde, model izerindeki deformasyon miktarlari renk dlcegi ile ifade edilmektedir.
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Sekil 8. Toplam Deformasyon Analizi Sonucu

Gorseldeki kirmizi bolgeler, en fazla deformasyona ugrayan alanlar temsil eder ve bu alanin deformasyon miktari
0,49682 mm olarak belirlenmistir. Diger taraftan, mavi bolgeler minimum deformasyonu, yani 0 mm'yi ifade etmektedir.
Skaladan goriildiigi izere, deformasyonun en yiiksek oldugu bélge kirmizi renk ile isaretlenmistir. Bu bélgeler, analizde
kritik bélgeler olarak degerlendirilmelidir, ciinkii bu alanlarda deformasyonun yiiksek olmasi, yapinin dayanikliligi ve
performansi acisindan 6nemli bir risk olusturabilir.
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Tablo 1. Toplam Deformasyon Analizi Sonucu Sayisal Verileri

Time [s] Minimum [mm] Maximum [mm] Average [mm]
02 0.0 031186 0.24049
0.4 0.0 0.3531 0.25969
0.6 0.0 0.39598 0.2794
0.9 0.0 0.47196 031618
1.0 0.0 0.49682 0.3284

Tablo 2. Toplam Gerilme Analizi Sonucu Sayisal Verileri

Time (s) Minimum (MPa) Maximum (MPa) Average (MPa)
0.2 2.0984e-003 18.016 57711
0.4 3.8894e-003 146.79 11.181
0.6 5.5879e-003 226.67 16.663
0.9 8.3604e-003 343.46 25211
1.0 9.1635e-003 384.23 28.04

Sistem iizerindeki toplam gerilme analizi sonucu Sekil 9'da gériilmektedir. Gorselde, maksimum gerilme degeri 384,23
MPa olarak belirlenmis ve bu nokta kirmizi ile isaretlenmis. Analizden elde edilen sayisal veriler Tablo 2'de goriilmek-
tedir. Bu bdlgede, yapinin gerilme konsantrasyonu en yiksektir. Minimum gerilme ise 0,0091635 MPa ile mavi tonlarda,
yapinin diger bolgelerinde gdzlemlenmistir.
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Sekil 9. Toplam Gerilme Analizi Sonucu

Yiiksek gerilmenin bulundugu bu alan, genellikle baglanti noktalari, keskin kdse veya geometrik sinirlamalarin neden
oldugu bélgelerde ortaya cikar. Eger maksimum gerilme bélgesindeki gerilme degeri, kullanilan malzemenin akma da-
yanimini asarsa, bu bélgede plastik deformasyon veya olasi bir kiritma riski bulunabilir. Bu durumda, tasarimin yeniden
gbzden gecirilmesi, malzemenin degistirilmesi veya ilgili bélgede yiikii azaltacak tasarim degisiklikleri yapilmasi gere-
kebilir.

Civatalarin Uzerindeki Gerilme Analizi Sonucu Sekil 10'daki gibidir.
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Sekil 10. Civatalarin Uzerindeki Gerilme Analizi Sonucu

Tablo 3'te goriintilenen analiz sonuclarina gére, maksimum Von-Mises gerilmesi 373,95 MPa olarak belirlenmistir, bu da
civatanin izerinde en fazla gerilmenin yogunlastigi bélgeyi gésterir. Minimum deger ise 0,084762 MPa olup, bazi bélge-
lerde yiiklemenin olmadigini veya cok diisiik oldugunu belirtir. Analiz, sol taraftaki civatanin daha yogun bir yiiklenme ve
gerilme yasadiini, sag taraftaki civatada ise daha diisiik yiik birikimi oldugunu ortaya koymaktadir. Maksimum gerilme
noktasi, analizde kirmizi renkle isaretlenmis olup, bu bélge civatanin kesit degisim yerinde yogunlasmistir. Geometrik
diizensizlikler nedeniyle bu tiir bélgelerde gerilme yigilmalar sikca gériilir. Sonuc olarak, bu analiz, civatanin kritik
bir bdlgesinde yiiksek gerilme oldugunu géstermektedir. Daha giivenli bir tasarim icin malzeme, geometri ve yiikleme
kosullarinin optimize edilmesi Gnemlidir. Von-Mises gerilmesinin azaltilmasi, civata mrii ve giivenligi acisindan kritik
bir faktdrdir.
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Tablo 3. Civatalarin Uzerindeki Gerilme Analizi Sonucu Sayisal Verileri

Time [s] Minimum [MPa] Maximum [MPa] Average [MPa]
02 1.7728e-002 62.168 8.868
0.4 3.6063e-002 124.32 18.082
0.6 5.4316e-002 199.24 27.98
0.9 7.6954e-002 327.25 42.822
1.0 8.4762e-002 373.95 48.079

Belirtilen siir kosullar altinda gerceklestirilen montaj testinde, civatalarin fonksiyonelligi dogrulanmis ve baglanti
iizerindeki direnc sikma torku degeri belirlenmistir. Ayrica calisilmasi gereken yiizey sertligi ve delik capi gibi para-
metreler kesinlestirilmistir. Uriin performansini ifade eden siyirma/sikma tork orani gibi parametreler hesaplanmistir.
Test sonuclarina gére, levha kalinligi da dikkate alinarak, 9.30 mm capinda ve siyirma torkunun sikma torkuna oraninin
3.5 oldugu kosullarda calisilabilecegi tespit edilmistir. Testlerden elde edilen Tork-Aci grafigi Sekil 11'de sunulmustur.
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Sekil 11. Tork - Aci Grafigi

Dis acar civata montaji yapilmis test levhalarinin gérselleri ise Sekil 12'de goriilmektedir.

T B v

e K ke

Sekil 12. Dis Acar Civatanin Montajlandigi (a) Test Levhast, (b) Debriyaj Sistemi

Sekil 3'te yer alan 1 numarali montaj bélgesindeki karsi parcanin dokme demir malzemeden olmasi nedeniyle, bu bél-
gede kilitleme kimyasali ile birlikte standart metrik civata kullanimi tercih edilmistir. Dis acar civatalar, dékme demirin
ufalanma egilimi ve gorece yilksek sertlik degerleri nedeniyle bu kosullarda uygun bulunmamaktadir. Dis acar civata
denemesi yapilan dékme demir iiriin Sekil 13'teki gibidir.

Sekil 13. Dis acar civata denemesi yapilan dékme demir iiriin

Aracin 1. viteste gerceklestirilen dinamometre test cihazindan alinan siirtiinme katsayisi-cycle grafigi, Sekil 14'te
gosterilmektedir. Bu grafikte, dzellikle 300 cevirim (cycle) sonrasindaki veriler dikkate alinmaktadir, ciinkii bu nok-
tada malzeme tam temas haline ulasarak, ideal calisma kosullarina uygun bir duruma gelmistir. Bu asama, malzeme-
nin calisma performansini degderlendirmek ve uzun vadeli dayanikligini analiz etmek icin kritik bir zaman araliidir.
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Sekil 14. Siirtiinme Katsayisi Grafigi

Grafikte, bir sistemin siirtinme katsayisinin test sayisina bagli olarak nasil degistigi gdsterilmektedir. Baslangicta siir-
tiinme katsayisi yaklasik 0.200 seviyesindedir ve testlerin ilk asamalarinda belirgin bir arti egilimi sergilemektedir.
Ozellikle 300. cycle kadar olan siirecte, siirtiinme katsayisindaki bu artis, yiizeylerin birbirine uyum sagjlamasi ya da
temas kosullarinin iyilesmesiyle aciklanabilir. Bu dénemde siirtinme katsayisi hizli bir sekilde yiikselmektedir. 300.
cycle itibaren, siirtinme katsayisinin yaklasik 0.350 seviyesine ulastidi ve bu dederden sonra daha stabil bir seyir iz-
ledigi gérilmektedir. Bu durum, sistemin kararli bir siirtinme davranisi sergilemeye basladigini ve yiizeyler arasindaki
etkilesimin artik oturdugunu gdstermektedir.

Son olarak, grafik toplamda 1000 cycle boyunca siirtiinme katsayisindaki degisimleri detayli bir sekilde sunmaktadir.
Kararli bolgeye gecis, sistemin malzeme secimi ve yiizey performansinin uzun vadeli dayanikliigini degerlendirme aci-
sindan 8nemli bir bulgu sunar. Bu tiir analizler, mekanik sistemlerin giivenilirliini artirmak ve calisma kosullarina uygun
malzeme kullanimini dogrulamak icin kritik bir role sahiptir.

10.9 dayanim sinifindaki bir civata icin dayanim gerilmesi 900 N/mm? olarak belirlenmigtir. Ancak, civatanin maruz ka-
lacag maksimum gerilme degeri 373.95 N/mm?®dir. Bu durumu degerlendirmek icin kullanilan giivenlik faktdri ( & eem)
hesaplanabilir. Hesaplama su sekilde yapilir:

Ceem=0eD/S ; (] )

(900 N/ mm?) /(373.95 N/imm?)= 2.40

Sonuc olarak, giivenlik faktdri 1.72 olarak bulunur. Bu, civatanin maruz kalacagi maksimum gerilmenin yaklasik 1.72
katina kadar giivenle dayanabilecegini gdsterir. Bu hesaplama, civatanin giivenli bir sekilde kullanilabilirligini ve daya-
nikliigini degerlendirirken Gnemli bir parametre olarak kullanilir.

4. Degerlendirme ve Tartisma

Prototip driindeki debriyaj parcalarindan celik malzemeye sahip olan kafes parcasinda dis acar civata kullaniminin
performans acisindan uygun oldugu belirlenmis ve sistem testlerinde herhangi bir sorunla karsilasilmamistir. Yapilan
analizler ve testler, incelenen driinlerin celik malzeme kafes alt parcasinda dis acar civatanin giivenli bir sekilde kulla-
nilabilecegini géstermektedir.

Ancak dékme demir malzeme Baski plakasinda, yiksek dis agma torku ve dékme demirin kirilgan yapisi nedeniyle mon-
taj parcasinin ufalanarak malzeme kopmasi gézlemlenmistir. Dis acar civatalar, dékme demirin yiiksek sertlik degerleri
ve ufalanma egiliminden dolayi bu kosullarda uygun bulunmamaktadir. Bu nedenle dékme demir montaj parcalarinda
kendinden dis acar civatalar tavsiye edilmemektedir. Sekil 2'deki 1 numarali montaj bdlgesinde, karsi parcanin dékme
demir olmasi nedeniyle, kilitleme kimyasali kullanimi iizerinde calisilmaktadir.

Tesekkiir

Yazarlar, bu bilimsel arastirmanin her asamasina sagladiklari katkilar ve desteklerinden dolayi Norm Fasteners Civata ve
Donmez Debriyaj firmalarina tesekkiir eder.
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Ozet

Cakma civatalar, kaynak civatalarina alternatif olarak otomotiv sektdrii basta olmak iizere bircok endiistriyel alanda
kullanilan, mekanik kilitleme saglayarak calisan bir badlanti elemani olarak ne cikmaktadir. Kaynak civatalarinin mon-
tajinda, kaynak bélgesindeki 1sil girdi sonucu olugan i¢ gerilmeler, sac metaldeki carpilmalar, proses sirasinda civata
dislerine ciruf sicrama durumu ve kaynak ekipmani gereksinimi gibi dezavantajlar bulunmaktadir. Cakma civatalarin
siralanan dezavantajlarin istesinden gelmesi sebebiyle her gecen giin kullanimi artis gostermektedir.

Cakma civatalarin incelenen temel performans parametreleri, civatanin kullanim yerine bagli olarak, sac metal - cakma
civata baglantisininradyal ve eksenel yiiklere karsi gdsterdidi direnctir. Bu parametrelerin lciilmesiamaciyla literatiirde
tork dayanimi ve itme dayanim testleri mevcuttur. Calisma kapsaminda belirlenen bir cakma civatanin sac metale mon-
taj islemi ve ardindan performans testleri deneysel olarak gerceklestirilmistir. Ardindan montaj islemi ve performans
testleri Simufact Forming sonlu elemanlari programi ile modellenerek deneysel veriye yakinsayan simiilasyon modelinin
elde edilmesi amaclanmistir. Simiilasyon modelindeki degiskenlerin simiilasyon sonucuna etkileri incelenirken ayni za-
manda test cihazindaki kompliyans parametresinin sonuclara olan etkisi g6z 6niinde bulundurulmus, dikkate alinmadigi
takdirde karsilagilacak fark raporlanmitir. iteratif simiilasyon calismalari sonucunda nihai olarak simiilasyon modeli
ile test verisinin birbirine yakinsadigi gdzlemlenmistir. Calisma sonucunda herhangi bir cakma civatanin mukavemeti
bilinen sac metal malzemesine cakilmasi islemindeki kritik deder olan cakma kuvvetinin ve performans degerlerinin
simiilasyon ortaminda hassas bir sekilde ve dogrulukla dngdrilebilmesi mimkiin olmustur.

Anahtar Kelimeler: Cakma civata, sayisal benzetim, kompliyans
1. Giris

Piyasada, dzellikle otomotiv endiistrisinde, sac metallerle birlikte kaynak civatalari siklikla kullanilmaktadir. Kaynak
civatalarinin kullanim amaci, baglanti elamanlarindan bir tanesinin kaynak islemi ile sabit hale getirilip digerinin mon-
tajini kolaylastirmaktir. Sac metale kaynaklanan bu tip civatalarin en bilyiik dezavantaji, kaynaklanan bélgede yiksek
isil girdi sebebiyle olusan ic gerilmeler ve proses sirasinda civata dislerine ciruf sicrama ihtimalidir. Bu ve buna benzer
dezavantajlar sebebiyle ginimiizde kaynak civatalarina alternatif olarak sac metaller ile birlikte otomotiv basta olmak
iizere cesitli endistriyel alanlarda cakma civatalar kullanitmaktadir. Literatiirdeki tanimina gére kendi kendine sabitle-
nen baglanti elemanlari olarak cakma civata, saft capi baglanti elemaninin bas kismindan daha kiiciik olan bir sac metale
baglanti icin uygun bir c6ziim sunmaktadir. Cakma civatalari temel olarak sac metalde dnceden acilan belirli captaki
deliklere yerlestirilmektedir[1].

Bahsedilen uygulama uygun bir pres araciligi ile civata kafasina kuvvet uygulanmasi seklinde gerceklestirilmektedir.
Pres ile civata kafasina uygulanilan kuvvet sonucunda plaka malzemesi cakma civata geometrisindeki acikliklara plas-

tik sekillenerek dolmaktadir. Sac metaldeki bu plastik sekillenme sayesinde mekanik kilitleme saglayan bir baglanti
saglanmis olmaktadir. Bir sac metale sabitlenen baglanti elemanlarinin tasariminda, bu elemanlarin diizgiin bir sekilde
monte edildiginde ana malzeme icinde donmesini 6nleyecek tasarim dzellikleri bulunmaktadir. Ornegin, tork dayanimini
artirmak icin tirtikli sabitleme halkasi gibi ozellikler, dner kuvvetlere karsi dayammi iyilestirirken itme dayanimini da
artirmaktadir. Bu nedenle, kendi kendine sabitlenen baglanti elemanlar monte edildikleri sasi, panel, braket veya diger
bilesenlerin kalici bir parcas haline gelmektedir [1].

Kendi kendine sabitlenen baglanti elemanlari konusunda literatiirde bulunan bir calismada bu tip bir baglanti elemani ta-
sarimi gerceklestirilmistir. Bu tasarimda tasarim unsurlarinin yiikseklii, capi, ve derinligi gibi parametreler kontrol fak-
torleri olarak belirlenmistir. Tasarimin ardindan Taguchi Yéntemi'nin ortogonal dizilim tablosu ve sonlu elemanlar analizi
(FEA) kullanilarak yapilan simiilasyonlarda, baglanti elemaninin sac metal malzemeye yerlesmesi esnasinda malzeme
doluluk oranini en cok etkileyen parametrelerin sirasiyla lob yiksekligi, oluk yiiksekligi, lob capi ve oluk derinligi oldu-
gu tespit edilmistir. Maksimum sekillendirme yiikii izerinde en etkili parametrenin oluk yiksekligi oldugu belirlenmis,
ancak bu yiiki minimize eden kombinasyonun baglanti elemaninin islevselligi acisindan yeterli olmadigi gorilmistir.
Optimum tasarim kombinasyonu olarak 2 mm oluk yiiksekligi, 23 mm lob capi, 1.5 mm lob yiiksekligi ve 0.25 mm oluk
derinlii secilmis ve bu tasarimin yiiksek tork direnci ve birlesme giiciini sagladigi sonucuna ulasitmistir [2].

Kendi kendine sabitlenen baglanti elemanlarinin calisma kosullari altinda giivenilirligini denetlemek icin c test uygula-
nabilmektedir: tork dayanim testi, itme dayanim testi ve cekme dayanim testi [1]. itme dayanimi testi cakilmis olan civa-
taya eksenel yonde, cakma islemi sirasinda uygulanan kuvvetin ters yoniinde bir yiik uygulanarak gerceklestirilmektedir.
Test sirasinda civata, yerlestirildigi delikten cikana kadar kuvvet artinlmaktadir. itme dayanimi testi sonucunda elde
edilen maksimum kuvvet degeri, civata-panel baglantisinin itme dayanimi dayanimini ifade etmektedir. Tork dayanimi
testi civata-panel baglantisinin dayanabilecedi maksimum tork degerini belirlemek amaciyla gerceklestirilen bu testte,
civataya belirli bir aparat araciligiyla tork uygulanmaktadir [1]. Test sirasinda dlciilen en yiiksek tork degeri, baglantinin
tork dayanimi dayanimini temsil etmektedir. Plaka malzemesi ile cakma civata arasinda plastik sekillenme ile sajlanan
bu baglantidan bahsedilen performans degerleri farkli baglanti kosullarina gére hesaplanmaktadir.

Bu baglamda, cakma civata iretimini gerceklestiren firmalar tarafindan cakma isleminin ve performans testlerinin dog-
ru bir sekilde nasil gerceklestirilmesi gerektigine dair calismalar gerceklestirilmistir. Sekil 1 a, b ve c'de sirasiyla cakma,
cikartma ve tork direnci testlerinin sematik gdsterimleri gdriilebilmektedir. Mevcut calismalar bahsi gecen baglantinin
testlerinin gerceklestirilmesine yonelik olup bu testlerin bilgisayar ortaminda paket programlar aracilig ile sayisal ben-
zetimi konusunda ciddi bir bilgi ve deneyim eksikligi bulunmaktadir. Bu dogrultuda dogrulanmis bir simiilasyon modeli
gelistirilmesi, farkli civata ve sac metal kombinasyanlari ile gerceklestirilen baglantilarin performans degerlerinin test-
lere ihtiyac duymadan bilgisayar ortaminda tahminlenmesinin dniinii acmaktadir.
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Applied Torque

(a) (b) (c)
Sekil 1. Performans testleri (a) itme dayanimi Testi, (b) Tork dayanimi Testi, (c) Cakma islemi [4]

Bu calisma, cakma civata baglantilarinin cakma kuvveti ve performans degerlerinin sonlu elemanlar yontemi kullanarak
incelenmesini konu almakta ve en verimli modeldeki sinir kosullarinin elde edilmesini amaclamaktadir. Calismada, tn-
celikle referans bir cakma civata belirlenip bu civatanin cakilacagi sac metal panelile birlikte deneysel testler gercek-
lestirilmis, ardindan sonlu elemanlar calismasinin sonuclari deneysel test verileriyle kiyaslanmistrr.

2. Materyal ve Metot
2.1 Testlerin Gerceklestirilmesi

Cakma civatalarin performans verilerini denetlemek amaciyla sonlu elemanlar modelleri gelistirilmesi kapsaminda
dncelikle testler gerceklestirilmistir. Test verilenin 1siginda similasyon modelleri kurgulanmis ve kalibre edilmistir. Bu
dogrultuda cakma islemi, tork dayamimi ve itme dayanimi testlerinin gerceklestirilmesinde kullaniimak izere gerekli
ekipmanlar belirlenmis ve temin edilmistir. Cakma islemi ve test siireclerinde kullamlan ekipmanlar su sekilde sira-
lanmaktadir: cakma islemi icin kullanilan referans cakma civata, civatanin montajinin yapildigi sac metal panel, cakma
isleminde paneli desteklemek amaciyla kullanilan alt kalip, itme dayanimi testinde paneli destekleme islevini iistlenen
alt kalip ve tork dayanimi testi icin dzel olarak tasarlanmis, civataya bir saft araciligiyla tork uygulanmasini saglayan
aparat. Bahsi gecen tiim test ekipmanlari, Sekil 1'de gdsterilmektedir.

Sekil 2. Testlerde kullanilan ekipmanlar

Referans cakma civata iiriinii olarak Norm Holding patentli cakma civatasi olan 10.9 kalitedeki M12x47 FastiNorm®
secilmistir. Panel malzemesinin belirlenmesi ve boyutlandintmasinda ise dikkate alinan temel parametreler; civatalarin
panel iizerinde cakilacagr deliklerin sayisi, delik caplari ve delik merkezleri arasindaki mesafedir. Panel boyutlarinin
belirlenmesinde delikler arasindaki mesafe, cakma prosesi sirasinda olusabilecek deformasyon riskini minimize etmek

amaciyla 8nemli bir kriter olarak degerlendirilmistir. Delik merkezlerinin birbirine cok yakin olmasi durumunda, cakma
islemi sirasinda bir deligin yanindaki diger delik deformasyona maruz kalabilmektedir. Bu nedenle delikler arasindaki
minimum mesafe, tavsiye edildigi izere 2d+1 (d: delik capi) formiiliiyle hesaplanmig ve en az 27 mm olarak belirlen-
migtir. Ancak, cakma iglemi sirasinda panelin altinda kullanilacak alt kalibin (alt kalip) boyutlari gz Gniine alinarak
delikler arasindaki mesafe 40 mm olarak tasarlanmistir. Sac metal panel iistiinde civatanin yerlesecedi deliklerin capi
ise referans olarak secilen cakma civatanin unsurlarinin capi gézetilerek 13mm olarak belirlenmistir.

Panel seciminde dikkate alinan diger bir Gnemli unsur ise sertlik degeridir. Cakma islemi sirasinda civatanin unsurlarin-
da deformasyon olusmamasi icin panel sertliginin, civata sertliginden daha diisiik olmasi gerekmektedir. Panel sertlik
degerinin belirlenmesinde, piyasada bulunan cakma civata diriinlerinin teknik veri dokiimanlari ve otomotiv firmalarinin
sartnameleri referans alinmistir. Bu dokiimanlarin incelenmesi sonucunda, tiim ireticiler tarafindan panel sertligi icin
147 HV veya daha diigiik degerlerin uygun oldugu belirtilmigtir [3]. Panel malzemesinin sertlii ve diger dzellikleri, bah-
sedilen kriterler dogrultusunda 5 mm et kalinligina, 200 HV sertlik degerine ve C45 celik malzeme dzelliklerine sahip
olacak sekilde belirlenmistir. Sekil 3'te kullanilan sac metal panelin teknik resmi gérilebilmektedir.

Sekil 3. Cakma civatalarin cakilacagi sac metalin teknik resmi

Cakma testi, ilerleme kontrollil bir ytintem kullanilarak gerceklestirilmistir. ilerleme kontrolli testin tercih edilmesinin
temel nedeni, test sirasinda civatanin kafa altinin panelin st yiizeyine temas ettigi noktada islemi sonlandirmaktir. Test
programinin hazirlanmasi asamasinda, ilerleme verisi test cihazina manuel olarak girilmistir. Cakma testi ve test tamam-
landiktan sonra elde edilen panel ve civata durumu Sekil 4 ve Sekil 5'te sunulmaktadir.

Sekil 4. Cakma testi diizenegi
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Sekil 5. Civatalarin sac metal panele cakildiktan sonraki goriintisi

Sekil 4'te gosterilen test dizenedi kullanilarak toplamda 5 cakma testi gerceklestirilmistir. Civatanin sac metal panele
dogru bir sekilde yerlestirilebilmesi icin uygulanan yiikiin, test cihazinin iist cenesinin ilerleme mesafesine bagli olarak
degisimi Sekil 6'da sunulmustur. Sekil 6'daki grafikte, "Test 1" adiyla gsterilen egri dikkate alinmamis ve dier testlerin
ortalamalari alinarak bir ortalama egri olusturulmustur. Cakma kuvveti, grafikte goriilen ortalama test sonucunun son
strok degerindeki kuvvet olarak tanimlanmistir. Bu dogrultuda, cakma kuvveti, 3,67 mm strok degerinde 116,80 kN ola-
rak belirlenmistir.
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Sekil 6. Cakma testi sonuclari

Cakma testlerinin tamamlanmasinin ardindan, kurgulandigi izere cakilan civatalara itme dayanimi testi yapilmasi ama-
ciyla testler icin gerekli diizenek kurulmustur. itme dayanimi testlerinde, cakma testlerinde kullanilan ayni test diizenegi
tercih edilmistir. Bu dogrultuda, Sekil 7'de gdsterildigi sekilde testler gerceklestirilmistir. itme dayanimi testi 5 farkl
baglantiya uygulanmistir.

Sekil 7. itme dayanimi testi diizenegi

Cakma civatalarinda, beklenen durum, civatanin minimum deformasyon ile panel malzemesini deforme etmesidir. itme
dayanimi testi sonrasinda civatanin unsurlarindaki deformasyon seviyesi kontrol edilmis ve deformasyonun istenilen
seviyede kaldigi belirlenmistir.

itme dayanimi test sonuclar, eksenel bast yiikiiniin test cihazinin iist cenesinin ilerleme mesafesine bagli olarak degji-
simini géstermektedir ve bu degisim Sekil 8'de sunulmaktadir. Kirmizi egri, yapilan 5 testten 4'iniin ortalamasini yan-
sitmaktadir; "Test 5" ortalamaya dahil edilmemistir. itme dayanimi degeri, civatanin hangi kuvvet ile cakildigi delikten
cikacagini ifade eden kuvvet degeri olarak tanimlanmakta olup, bu deder "Ortalama” isimli edriden okunmustur. Egrinin
maksimum kuvvet degeri, itme dayanimi degjeri olarak kabul edilmistir ve bu deger 0,32 mm ilerleme degeri icin 12,44

kN olarak belirlenmistir.
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Sekil 8. itme dayanimi testi sonuclar

Cakma ve itme dayanimi testleri tamamlandiktan sonra, calisma kapsamindaki son test olan tork dayanimi testi gercek-
lestirilmistir. Literatirde tanimlandigi sekilde, bu test, civatanin panel izerine sabitlenmesinin ardindan, civatanin saft

kismina tork uygulanarak yapilmistir. Bahsedilen torkun uygulanmasinda, yiiksek hassasiyetli bir cihaz olan Atlas Copco
ST Wrench kullamlmistir.



88 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2024

NORM FASTENERS R&D CENTER PUBLICATIONS | 2024 | 89

Test dncesinde, civatanin cakildigi panel, bir mengene araciligiyla sikistinilarak sabitlenmis ve ardindan test aparati ci-
vataya yerlestirilmigtir (Sekil 9). Diger testlerde oldugu gibi, Tork dayanimi testi de 5 numune izerinde gergeklestirilmis
olup, test sonuclari uygulanan torkun, sikicinin taradigi aciya bagli olarak degisimi seklinde Sekil 10'da sunulmustur.

Sekil 9. Tork dayanimi testi
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Sekil 10. Tork dayanimi testi sonuclari
2.3 Sonlu Elemanlar Analizi Calismalari

Cakma, itme dayanimi ve tork dayanimi testleri gerceklestirildikten sonra, simiilasyon calismalari baslatilmistir. Cak-
ma prosesinin simiilasyonu, calismanin en kritik asamasi olup, elde edilen veriler dogrultusunda itme dayanimi ve tork
dayanimi simiilasyonlarina ydn verilecektir. Cakma isleminin simiilasyonunun dogru bir sekilde yapilabilmesi icin kritik
faktdrler arasinda, malzeme modelinin dogru bir sekilde tanimlanmas, civatanin geometrisinin dlcimlerle uyumlu se-
kilde modellenmesi, siirtiinme modelinin belirlenmesi ve simiilasyon modelinin titizlikle hazirlanmasi yer almaktadir.

Simiilasyon calismalarinda kullanilan malzeme modeli, deneysel olarak gerceklestirilen testler sonucunda elde edilen
verilere dayanmaktadir. Panel malzemesinin akis 6zellikleri, sabit strain rate (0,001 1/s) ve degisken sicaklk degerleri
altinda belirlenmistir. Sicaklik araliklar olarak 25°C, 50°C, 100°C, 150°C ve 200°C degerleri belirlenmis ve bu sicak-
Liklar altinda malzemenin akis egrileri cikarilmistir. Elde edilen akis egrileri, Sekil 11'de gérsel olarak sunulmaktadir.

—25°C
——50°C
—100°C|
——150°C
——200°C|

Flow Stress (MPa)

0 1 2 3 4
Effective Plastic Strain

Sekil 11. Sac metal malzemesi icin olusturulan akis egrileri

Malzeme modelinin olusturulmasinin ardindan testlerde kullanilan geometriler modellenmistir. Calisma kapsaminda
gerceklestirilen tiim simiilasyonlarda kati modeller, civata geometrisi dikkate alinarak, 90 derece simetrik olacak se-
kilde modellenmistir. Gerceklestirilen similasyon, plastik sekillenme siirecini modelleyen bir calismadir ve bu siirecte
sekillenen yapi, is parcasi olarak tanimlanan sac metal panel malzemesidir. Simiilasyonda, alt kalip ve cakma civata rijit
elemanlar olarak, panelise is parcasi olarak tanimlanmistir. Panel geometrisinin cevresine, ic cap élciisii panelin dis cap
dlgiisiine esit olan rijit bir halka (ring) yerlegtirilmistir. Bu halkanin amaci, cakma islemi sirasinda meydana gelen defor-
masyon esnasinda panel malzemesinin radyal yondeki deformasyonunu sinirlandirmaktir. Tiim geometriler, simiilasyon
ortaminda Sekil 11'de gérildigi sekilde konumlandinlmistir. is parcasi olan panel malzemesine ait ag yapisi, yiiksek
dogruluk elde etmek amaciyla hexahedral eleman tipi kullanilarak olusturulmustur. Bu ag ag yapisi da Sekil 11'de detayli
olarak gdsterilmektedir.

Sekil 11. Cakma simiilasyonu dncesi yerlesim ve ag yapis
Belirtilen sinir kosullarinda gerceklestirilen simiilasyonlarda Sekil 12'deki Kuvvet-ilerleme degerleri elde edilmistir.

Gerceklestirilen simiilasyonun sonuclan degerlendirildiginde, cakma isleminin baslangic asamasinda ve tirtir bo-
yunca ilerleyen grafigin itk kisminda, simiilasyon sonuclarinin tutarli ve yakinsak oldugu gérilmektedir. Ancak,
civatanin kafa alti uzvunun panel malzemesiyle temas ettigi ve kuvvetlerin daha keskin bir sekilde artis gdster-
digi ikinci kisimda, simiilasyon sonuclarinin test verilerinden belirgin sekilde sapma gdsterdigi tespit edilmistir.
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Sekil 12. Gerceklestirilen simiilasyon sonuclarr ile test sonuclarinin karsilastirmasi

Simiilasyon verilerindeki bu farkin, civatanin rijit olarak modellenmesinden kaynaklandigi degerlendirilmistir. Bu dog-
rultuda civata, elastoplastik olarak modellenip simiilasyon tekrar edilmistir. S6z konusu diizenleme sonrasindaki sonug-

larin deneysel test verileri ile karsilastiritmasi Sekil 13'te sunulmaktadir.

—— Test
200 —— Simulasyon (Rijit Model)
—— Similasyon (Elastik Model)
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Sekil 13. Rijit ve elastoplastik civata ile gerceklestirilen simiilasyonun test sonuclari ile karsilastirilmasi

Sonuclardan da gdriilebilecegi gibi civatanin deforme edilebilir olup olmamasinin sonuclara belirgin bir etkisi yoktur.
ilave olarak elastoplastik modellenmis civata ile calismak simiilasyon siiresini oldukca uzatmaktadir. Bu kosullar altinda
calismalara rijit civata modeli ile devam edilmistir. Similasyon sonuclari ile test sonuclarinin 6zellikle kafa alti uzvun
panele temasinin baslamasindan sonrasini ifade eden grafigin ikinci kisimda iraksamasi problemini cozmek icin farkl
cdziim yollari degerlendirilmistir. Bu sebeple test kosullari ve test cihazi ele alinmis, burada bir hata meydana gelip
gelmedigi sorgulanmistir.

Mekanik testler sirasinda deformasyonun gézlendigi parcalar yalnizca test numuneleri degildir. Bir test makinesi kuvvet
uygulandiginda, tim sistem -cerceve, yik hiicresi, tutucular, baglantilar ve numune- belirli bir dereceye kadar elas-
tik deformasyona ugramaktadir. Diger bir deyisle test esnasinda test cihazi sabit katsayili lineer bir yay gibi davranir.
Test yazilimi yer degistirmeyi 6lcerken, ham yer degistirme verisini alir, bu da dlcilen yer degistirmenin aslinda toplam
sistem deformasyonunun toplami oldugu anlamina gelmektedir. Sadece numunenin yer degistirmesini belirlemek icin,

makinenin kompliyans degeri (yiik cercevesi, yiik hiicresi ve tutucularin neden oldugu deformasyonlar) bu dlgimden
cikaritmalidir. Yer degistirmeyi 6lcmek icin ekstansometre kullanimi, daha dogru bir coziimdiir ciinkii dlcimler dogru-
dan numuneden alinmaktadir. Proje kapsaminda gerceklestirilen test kosullarinda ekstansometre kullanilamamistir.
Ekstansometreler kullanilamadiginda, daha dogru yer degistirme dlciimleri elde etmek icin kompliyans yapilmis 6lcim
degerleri kullanitmalidir. Bu baglamda bahsedilen islemin testler esnasinda kullanilan test cihazinda ve sonuclarda ger-
ceklestirilmesine karar verilmistir.

Oncelikle test cihazinin ceneleri birbirlerine temas edecek sekilde yerlestirilmis ve test cihazi belirli bir yiike kadar basi
yoniinde calistinlmistir. Bu halde yapilan test sonucunda Sekil 14'de gdriilen kuvvet-yer degistirme grafigi elde edilmis-
tir. Bu grafik bize belirli yiik altinda makinenin bilesenlerinin yer degistirme miktarini vermektedir. Ardindan bu egriye
lineer fit uygulanmis ve egimi alinmistir.
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Sekil 14. Ceneleri bos sekilde basilmis test cihazindan alinan egri

Test sonuclarinin yer degistirme verilerine yapilan islemler su sekildedir:
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8, 8, ve &, sirasiyla numunenin deformasyonu, makinenin test sonrasinda verdidi toplam deformasyon ve test cihazinin
kendi bilesenlerinin deformasyonudur.

Kompliyans uygulamasi ile elde edilen deformasyon sonuclarini ve simiilasyon verilerini iceren grafik, Sekil 15'de su-
nulmaktadr. Grafik incelendiginde, kompliyans uygulamasinin test verilerinin dzellikle ikinci kismindaki egimi belirgin
bir sekilde degistirdigi gozlemlenmistir. Bu asamada egimin artmasiyla birlikte, test sonuclarinin simiilasyon verileriyle
gnemli 8lcide uyumlu ve yakinsak bir hale geldigi tespit edilmistir.
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Sekil 15. Kompliyans uygulanmis test sonuclari ile simiilasyon verilerinin karsilastirmas

Elde edilen sonuclar degerlendirildiginde, test verilerinin son strok degerine karsilik gelen kuvvet degeri ile simiilasyon
sonuclarinin tam anlamiyla istenilen diizeyde drtiismedigi gérilmektedir. Bu grafiklerden elde edilen en 6nemli para-
metre, test verisindeki son strok degerine karsilik gelen cakma kuvvetidir.

Simiilasyon verilerinin test sonuclarina daha fazla yakinsamasini sajlamak amaciyla sirtinme modeli yeniden ele
alinmis ve kombine bir sirtinme modeli kurgulanmistir. Bu yeni siirtinme modeli ile elde edilen nihai sonuclar Sekil
16'da sunulmaktadir. Bu asamada, cakma simiilasyonunun test verileriyle Gnemli 6lciide uyum sagladigi ifade edilebilir.
Gerceklestirilen cakma testlerinde, 3,67 mm strok degerine karsilik gelen cakma kuvveti 116,80 kN olarak 6lcilmistir.
Simiilasyon sonuclarinda ise ayni strok degerinde 126 kN cakma kuvveti elde edilmistir.
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Sekil 16. Final simiilasyonu ile test sonuclarinin karsilastirilmasi

Cakma simiilasyonunun basariyla tamamlanmasinin ardindan, itme dayanimi testi simiilasyonu kurgulanmistir. Cakma
simiilasyonunda elde edilen veriler, dorudan itme dayanimi simiilasyonuna aktarilmistir. Bu asamada, cakma simii-
lasyonundan farkli olarak yalnizca uygulanan kuvvetin yonii tersine cevrilmis, dider tim simiilasyon parametreleri ve
ayarlari sabit tutulmustur.

itme dayanimi simiilasyonundan elde edilen sonuclarin test verileri ile kargilagtirmasi Sekil 17'de sunulmaktadir. Test
sonuclarina gbre 12,44 kN olarak tlciilen itme dayanimi degeri, simiilasyon sonuglarinda 11,82 kN olarak elde edilmis-
tir. Sekil 17'de gbrildugi izere, simiilasyon verileri test sonuclarinin ortalamasi ile bilyik dlciide drtismekte ve kesikli
cizgi ile gdsterilen bireysel test sonuclarinin sinirlar icinde kalmaktadr.
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Sekil 17. itme dayanimi simiilasyonu ile test verilerinin kagilastirimasi

Calismanin son asamasinda Tork dayanimi testinin simiilasyonu gerceklestirilmistir. Simiilasyonun tamamlanmasinin
ardindan, test sonuclari ve simiilasyon verileri Sekil 18'de sunulan grafikte karsilastinitmistir. Grafikte gériildigi dzere,
maksimum deger olan Tork dayanimi degeri test sonuclarinda 133,85 Nm olarak dlcilmis, similasyon sonuclarinda
ise bu deder 136,46 Nm olarak elde edilmistir. Bu sonuclar, simiilasyon verilerinin Tork dayanimi degerine basariyla
yakinsadigini gostermektedir.
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Sekil 18. Tork dayanimi testlerinin sonuclari ile simiilasyon sonuclarinin karsilastirmasi

3. Sonuclar

Bu calisma kapsaminda elde edilmesi hedeflenen en dnemli cikti, herhangi bir cakma civatanin belirli sertlik ve mu-
kavemet degerlerine sahip panel malzemesine cakilmasi sirasinda kritik dneme sahip cakma kuvvetinin yani sira itme
dayanimi ve tork dayanimi gibi performans parametrelerinin simiilasyon ortaminda hassasiyet ve dogrulukla dngori-
lebilmesidir. Calisma, ileride gerceklestirilecek arastirmalara rehberlik edecek nitelikte olup, cakma isleminin belirli
kosullar altinda modellenmesine dair kapsamli bir yontem sunmaktadir.

Tesekkiir

Yazarlar, bu bilimsel arastirmanin her asamasina sagladiklari katki ve desteklerinden 6tiiri Norm Holding firmalarina
tesekkir eder.
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Abstract

As world's sustainability becomes the most influential topic, aluminum and its alloys are becoming the preferred ma-
terial of the automotive industry because they allow vehicle weight to be reduced without compromising safety. Thus,
aluminum has taken its place in the global industry as an alternative material that can be used instead of steel. The main
drawback of forming aluminum at room temperature is galling. This phenomenon in cold forming of aluminum not only
affects the quality of the produced parts but also the lifespan of production tools. This paper reviews the galling of alu-
minum alloys during bulk and sheet cold forming processes along with friction conditions. The available testing methods
in order to simulate the actual cold forming process are introduced. Effect of process parameters such as lubrication,
tool surface finish and tool coatings are discussed in detail.

Keywords: Galling, Aluminum alloys, Cold forming

SOGUK SEKILLENDIRME PROSESLERINDE ALUMINYUMUN YAPISMA ASINMASI
UZERINE BIR INCELEME

Ozet

Siirdiiriilebilirlik dinyanin en etkili konusu haline gelirken, aliminyum ve alasimlari, giivenlikten 8diin vermeden arac
agirliginin azaltilmasina olanak sagladigi icin otomotiv sektdriniin tercih edilen malzemesi haline gelmektedir. Boylece
aliminyum celik yerine kullanilabilecek alternatif bir malzeme olarak kiiresel endiistride yerini almaktadir. Aliminyumun
oda sicakliinda sekillendirilmesinin ana dezavantaji adhesiv asinmadir. Aliminyumun soguk sekillendirilmesindeki bu
olay, yalnizca iretilen parcalarin kalitesini degil, ayni zamanda dretim takimlarinin 8mriinii de etkiler. Bu calismada,
siirtiinme kosullariyla birlikte kiitlesel ve sac soguk sekillendirme islemleri sirasinda aliminyum alasimlarinin adhesiv
asinmasini incelemektedir. Gercek soguk sekillendirme siirecini simiile etmek icin mevcut test yontemleri tanitiimakta-
dir. Yaglama, takim yiizey kalitesi ve takim kaplamalari gibi proses parametrelerinin etkisi detayli olarak tartisilmaktadir.

Anahtar Kelimeler: Yapisma asinmasi, Aliminyum alasimlari, Soguk sekillendirme

1. Introduction

Human activities throughout the centuries impacted the world that we live in. Among these, global warming became ane
of the most influential topic in recent years where carbon dioxide (CO,) content in the atmosphere increased by 50% in
less than 200 years ago. Naturally, countries took precautions to prevent the emission of more C0, into the atmosphere
and released stringent legislative regulations. These precautions motivated companies to push their limits for innovative
ideas to find carbon free alternatives for already existing applications. In this sense, automotive industry has focused on
electric vehicles to overcome these regulations and contribute to world's sustainability. A report from the mobility of the
future study by MIT Energy Initiative [1] revealed that an average CO, emission for petrol car is at least 350 gr where it
decreases for hybrid cars around 260 gr per mile. Best carbon emissions are observed for fully battery-electric vehicles
with only 200 gr. This shows that we can significantly decrease the carbon emission by only changing the type of fuel.
However, electric cars have their own downsides and the biggest problem to be solved in these vehicles is the driving
range. The simplest solution for such problem is to reduce overall weight of the car. This has two significant effects:
firstly, many forces acting on a vehicle are directly related to its weight. A decrease in mass diminishes required driving
force and thus yields to reduced energy consumption. Secondly, a lighter car is considered safer due to its lower inertia,
meaning that it needs a shorter distance to halt than its heavier alternative [2].

The weight reduction is generally related to the material change and especially in lightweight cars; aluminum alloy is
the main material choice [3-5]. Aluminum alloys possess a desirable combination of characteristics, including extended
durability, low weight, high strength-to-weight ratio, malleability and exceptional resistance to corrosion. Additionally,
95-98% of aluminum can be recycled repeatedly with a high quality, which is another important criterion for sustaina-
bility [8]. Due to these desirable properties, many lightweight car designs and parts, in Figure 1, are introduced with
already existing or improved aluminum alloys [7-8].

Figure 1. Aluminum alloy applications for light-weight cars[9]

Wrought alloys are classified into a two specific groups. First one is the non heat treatable alloys in which solid solution,
strain hardening and dispersion hardening are the main methods to get required strength enhancements. This group
consists of 1xxx, 3xxx, 4xxxand 5xxx series alloys. Other group is heat treatable alloys and their strengthening mechanis-
ms are solution heat treatment and controlled aging. This group includes 2xxx, some of 4xxx, 6xxx and 7xxx series alloys
[10]. Within aluminum alloys, 6xxx group have been widely researched due to its favourable properties such as heat
treatability, robustness and weldability. When all 6xxx series aluminum alloys compared, it can be seen that the 6082
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alloy within this series is the most common one due to its attractive properties such as higher mechanical properties,
excellent corrosion resistance and convenience for T6 aging [11]. Wrought aluminum designation system with major
alloying elements and their features is givenin Table 1.

Table 1. Wrought alloy designation system [10]

Alloy Series Major Alloying Element Features
Txxx Pure aluminum, 99% Electrical conductivity
2xxx Copper Increased strength
3xxx Manganese Food safe
Lxxx Silicon Lower melting point
XXX Magnesium High corrosion resistance
6xxx Magnesium and Silicon Heat-treatable
Txxx Zinc High Strength

Metal forming is broadly used in automotive industry to manufacture parts with various size and shapes by plastically
deforming the materials. This plastic deformation can be categorized into two group as bulk deformation and sheet
metalworking with their own sub-groups [12]. Among the bulk deformation tecniques, forging is the most common metal
forming technique, which uses compression forces in order to shape the work piece material between dies. Traditional
forging is classified as hot, warm and cold forging according to application temperature. Cold forging is performed at
temperatures below the recrystallization temperature of the work piece material, generally at room temperature, while
hot forging is performed at temperatures above it. Warm forging is carried out at the temperatures between hot and cold
forging application temperatures. The mentioned forging techniques have advantages and disadvantages compared
with each other. In order to produce machine parts with hot forging, the work piece must be heated up to a certain tem-
perature and this heating causes additional energy consumption. On the other hand, forging loads required to plastically
deform the material decreases significantly and risk of damage in the work piece minimizes with the heating of the mate-
rial. Better mechanical properties in the final product can be obtained with the cold forging thanks to the phenomenan of
strain hardening. In addition, cold forging is a net-shape-forming technique, so generally there is no additional process
required to obtain final shape of the product. In addition, this technique is suitable for mass production [13,14]. Due to
these favourable properties, many vehicle parts such as nuts, bolts, bushes, joints and many more are manufactured by
this forming method.

Despite its beneficial mechanical features, cold forming of aluminum is a challenging process due to its complicated
nature. For instance, aluminum has tendency of sticking to tools during a cold forming process that can decrease the
overall quality of the manufactured part. The work piece material that sticks to the tool surface undergoes hardening
through oxidation, work hardening and grain refinement during the operation. Subsequently, it scratches the softer work
piece material throughout the rest of the forming, which is commonly known as galling [15]. An example is shown in
Figure 2. As a result of galling, surface finish of the manufactured parts deteriorates [16,17] and even in some severe
cases, it can abrade the tool itself. There are many effecting factors on galling such as temperature, surface roughness,
lubrication, sliding distance and contact pressure [18,19].

Figure 2. Cylinder that galled on removal from a conforming cylinder [20]

In literature, the majority of the studies related with cold forming of aluminum alloys are focused on the galling and the
friction conditions between work piece and cold forming tool. In this review, the examination of the galling phenomenon
in aluminum alloys is presented within the context of bulk and sheet cold forming processes, along with considerations
of friction conditions. Various testing methods designed to simulate the cold forming process are also presented. Furt-
hermore, the review delves into a detailed discussion of the effect of process parameters, including lubrication, tool
surface finish and tool coatings.

Heinrichs and Jacobson (2009) investigated the effect of surface parameters on the tendency of galling during forming
of aluminum using tool steelin laboratory tests. In this study, the parameters were selected as tool material, tool surface
roughness and work piece surface preparation. AA6082 (1.2 %Siand 0.8 Mg), aluminum alloy, was used as a work piece
material and samples were prepared by two different pre-treatments. First, aluminum samples were soft annealed, lub-
ricated and extruded to 100 mm long cylinders with a diameter of 10 mm. Then, in order to obtain different surface qua-
lity, extruded cylindrical rods were separated into two equal groups. First group was soft-annealed and lubricated again
whilst second group was only pickled. After these preparations, hardness of the soft-annealed and pickled samples were
measured as 35 HV and 60 HV, respectively. To simulate the galling and the friction conditions between the work piece
and the tool during cold forming, a load-scanner equipment was used in the sliding-contact tests. Brief illustration of
their test setup is illustrated in Figure 3. Principle of the test was as follows, tool steel slides over the aluminum samples
and deforms the contact surface. This sliding motion was performed in two different parts as single and multiple strokes.
Then, contact surfaces were investigated by using scanning electron microscopy. The procedure was followed for both
pickled and lubricated surfaces. Current testing method is proved to be an effective way to examine galling of various
tool steels and is used in other studies as well [21,22]. Authors concluded that lubrication significantly effects galling.
Experiments revealed that unlubricated surfaces were susceptible to galling even in the smoothest tool surfaces and it
cannot be avoided. Similar outcome was obtained for the cases where lubrication wears off and maximum friction coeffi-
cientincreases immediately. Another finding was about the occurrence of galling. It can be observed in both smooth and
rough surfaces as thin layer and/or lumped together where aluminum transfer (galling) was not necessarily a function
of high friction coefficient. Around the scratches in rough tool surfaces galling occured in which aluminum deposits in
and over these surface impurities. Thus, author suggested that in the forming process of aluminum, tool materials with
smooth surfaces and proper lubrication were key parameters in terms of alleviating the adhesive wear [23].
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Figure 3. Sketch showing the test set up [23]

Heinrichs and Jacobson (2010) investigated the effect of coating on the AA6082 aluminum's tendency of galling during
cold forming. Various coatings, namely diamond like carbon (DLC), titanium aluminum nitride (TiAIN), titanium nitride
(TiN) and titanium carbonitride (TiCN), were applied on 8 tool samples by using physical vapor deposition (PVD) tech-
nique as single layer or as multilayer combinations and compared with the uncoated tool. Briefly, these coatings are
widely used in industrial applications for their superior characterictics such as high hardness, low friction, chemical
inertness and self-lubrication. Due to these qualifications, they are widely used in forming and machining of metal parts
[24-28] and special attention is given to it in this study. Coatings like TiN, TiCN, and TiAIN are generally used for tool life
and performance purposes by decreasing the friction between work piece- tool contact in the literature. Technical data
about the applied coatings in the paper are given in Table 2.

Table 2. Main alloying elements and hardness of the tested tool steels [29]

Tool steel Steel type Hardness
Grade A 5Cr-Mo-V 50
Grade B 5Cr-Mo-V 55
Grade C 9V 4.5Cr-Mo-W 60

Influence of different coatings were examined by comparing results of the tests with uncoated tool. H13 was selected as
tool material and two sets of tools were prepared in which the first group has higher roughness while other tools have
smoother surface. Regarded surface roughnesses of the tools are given in Table 3.

Table 3. Roughness parameters of the rougher surfaces (white light interferometry) [29]

Mean Ra (nm) Mean Rt (nm) Mean Rq (nm)
Grade A 280 2900 350
Grade B 210 3200 340
Grade C 250 2900 310

The AA6082 samples were prepared with two different pre-treatment same as the authors previous study [23] and tests
were carried out by using a load scanning rig. Conducted tests revealed that there is a significant difference betwe-
en pre-lubricated and unlubricated pickled aluminum samples in the sense of friction performance. The effect of tool
roughness was minimal in pre-lubricated aluminum rods and in some cases coating performance was same with the
uncoated tools. On the other hand, some of the DLC coatings in unlubricated and pickled aluminum samples yielded to
maximum performance in comparison by keeping low friction for more than 200 strokes. For the same conditions, other
coatings and uncoated tools could keep low friction for less than 10 strokes. The occurence of galling under high loads
was also different in pre-lubricated samples where aluminum deposition observed as large bulky flakes on top of the
tool rod where it was more integrated with the surface in pickled ones. In any circumstances the lubrication was found
as the most important factor in terms of galling and friction conditions. Authors also highlighted that there is no clear
correlation between hardness of the coating and the aluminum’s galling tendency. Coatings with a higher hardness than
aluminum oxide could or could not mitigate aluminum adhesion which leads to a unreliable outcomes. Even in combina-
tion of hard coating with a smooth surface could fail to prevent galling which shows that the chemical adherence is also
animportant parameter [29].

In order to examine the effect of tool defects on occurrence of galling, Heinrichs and Jacobson (2011) conducted another
study. They used two layered DLC coated tools, first layer was Me-Doped and the second layer was hydrated DLC. Cont-
rolled defects with various sizes on the tool surfcaes were created with Berkovich, Vickers and spherical diamond tips.
Inorder to create less controlled defects SiC grinding paper was also used. Illustration of these surface defects are given
in Figure 4. They followed same experimental procedures with their previous studies where sliding-contact test wih a
load scanner equipment was used for investigating the galling and the friction conditions. AA6082 and AISI H13 were
selected as work piece and tool material, respectively. The aluminum samples were not lubricated to get worst contact
conditions possible. The tool materials were prepared with six different depts, scaling from nano to micro scale and one
sample was left polished for comparison. Results of the sliding- contact test revealed that the effect of surface irregula-
rities was negligible in the sense of friction coefficient at the first stroke. But, scanning electron microscope (SEM) ima-
ge of the tool surface showed that aluminum was deposited inside dents which could excite galling in following strokes.
Authors examined the transferred aluminum to tool by using electron spectroscopy for chemical analysis (ESCA) and
found that transferred aluminum was mostly in the form of aluminum oxide and could not cover the whole tool surface.
This could be achieved only if aluminium was transferred gradually while sliding, with each thin film being extensively
oxidized before the subsequent film was transferred. One interesting finding was the hardness increment of deposited
aluminum. Before experiment, hardness of the aluminum sample was 60 HV. After first stroke, it increased to 65 HV and
after multiple strokes it became 95 HV. Authors explained this occurrence by mechanical entrapment of aluminum inside
the dent. In first stroke, aluminum deposited into the dent in a blotchy manner. Then, rod slided back along the path and
removed the tip of deposited aluminum while remaining metal was trapped inside the dent. This removing process highly
sheared the top surface of trapped aluminum in which the metal was plastically deformed and authors believe that this
repetitive passage could harden the aluminum. Even though these dented areas increased the friction locally, they had
insignificant effect on the overall friction. In brief, the results of the study emphasized that the adherence of aluminum
on the tool surface initially occurs around the scratches, and with a good surface finish of the tool, it can be avoided.
However, this initial adherence didn't have a significant effect on tool life compared to overal surface finish [30].
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Figure 4. Image of (a) nanoindentation with depth 160 nm (optical microscopy), (b) microindentation with depth
5.6 'm (SEM) and (c) scratches from 240 grit paper on the surface of a coated tool rod. [30]

Le Mercier etal. (2017) investigated the galling of Al6082-T6 aluminum alloy during cold forging process. Upsetting-sli-
ding test (UST) was used for replicating metal-metal interface interactions, such as sliding velocity, contact pressure
and temperature tb evaluate the amount of deposited aluminum to tool surface. Schematic representation of the test
set-up isillustrated in Figure 5 and the tested configuration is given in Table 4. Three trials were conducted for each test
configuration in which a single tool and unworn aluminum sample surface was used. Cylindrical aluminum samples were
lubricated with molybedenum disulphide. Combination of SEM and surface profilometry was used for surface analysis.
This combined method was used and proved by Nosar [31] to be an efficient way of comprehending the mechanisms for
controlling the transfer of materials. The main idea of this method came from the nature of topographical distinction
between ground and polished surfaces. Surface topography image of the latter for steel tool consists of peaks with hard
phase particles on nanoscale whereas grounded surfaces are characterized with macroscale scratches caused by abra-
sive particles such as SiC. Nosar [31] found that the optical surface profilometer alone was not adequate to define polis-
hed surface topography due to this difference and emphasized the importance of SEM addition to profilometer analysis
for correctly identifying surfaces. Le Mercier performed this combined method to characterize topographies and make
a quantitative analysis about galling. According to findings of the study, it was revealed that galling was observed in
every test conditions and its regime was depend on the sliding velocity. At sliding velocities of 100 and 200 mm/s, the
coefficient of linear regression was almost the same, indicating the same galling mechanism. At lower sliding velacities,
suchas 20 mm/s, a different linear regression coefficient was obtained, suggesting a different mechanism. Furthermore,
anoteworthy relationship between wear volumes and the friction ratio has been emphasized which underscores the sig-
nificance of considering a parameter that represents friction in adhesive wear models. The wear volumes exhibit similar
trends as those noted in the friction ratio [17].

Normal displacement

Workpiece

- (AA-6082-T6)

Tool
(X38CrMoV5-3)

*~ Friction track

Figure 5. (a) Upsetting sliding test device, (b) Schematic diagram of the test [17]

Table 4. Tested configurations [17]

Tool/Test configuration 1 2 3 4 5 0 7 8 9 10
Sliding velocity (mm.s-1) 20| 20 | 20 | 100 | 100 | 100 | 200 | 200 | 200 | 200
Normal displacement (Mm) 30 | 60 | 100 | 30 | 60 | 100 | 30 | 40 | 60 | 100

Pujante (2013) conducted an experimental study on AA2017 aluminum balls with temperature ranging from 30-450°C
to examine the effect of temperature on wear behaviour. They used ball-on-disc sliding test with H13 tool steel where
AA2017 ball was securely affixed within a holder connected to an oscillating electro-mechanical drive. This drive exerted
pressure against a fixed tool steel disc, which was in turn positioned atop a heating block. The applied load was kept
constant during each test and the coefficient of friction was measured. Tests were conducted for three set of tool samp-
les with varying surface roughnesses and orientations. All experiments were conducted at 30°C, 150°C, 250°C, 350°C
and 450°C. Backscattered electron imaging and confocal microscopy were used to monitor groove depths and other
wear induced formations for 10s and 300s duration which corresponded to 250 and 7500 sliding cycles respectively.
In 250 cycle, groove depths were measured to be similar in all temperatures which was around 2-3pm. From 30-250°C
tool abrasion was not observed and there were thin layer of aluminum alongside with lumps up to 30 pm due to metal-
lurgical junction between metal- metal contact. But they were all removed later with repetitive sliding motion. However,
at higher temperatures (350-450°C) tool abrasion was apparent. At those temperatures, deposited aluminum was con-
verted into aluminum oxide and assisted abrasive wear mechanicsm on tool surface. In 7500 cycle, grooves were more
deeper around 10pm without any material transfer, lumps of aluminum were detected but later abraded, for just above
the room temperature. After 2500 cycle, coefficient of friction was stabilized. In between 150-250°C, material transfer
was more pronounced and lumps that formed during the initial stages of the tests became a sites for nucleation growth
and accelerated further material transfer. At the highest temperatures, 350-450°C, case groove depths were measured
as 20pm which is the highest depth in all cases. Abrasion was so severe that it even removed material from tool steel.
Authors didn't focus on the material loss from the tool but they reminded that H13 metal could operate around these
temperatures without any disturbances caused by softening. So, this material loss could not be explained by thermal
softening of the tool steel. In overall, conducted experiments demonstrated that temperature had significant effect on
the wear behavior and it is an important parameter for forging process of aluminum. Authors also examined the effect
of surface finish in some extend, but they concluded that its effect was negligible due to low surface roughness [32].

Pruncu et al. (2018) investigated the material transfer mechanism from AL6082 Té alloy to tool steel under upset-
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ting-sliding tests. The test set-up is shown in Figure 4. The tests were performed with various contactor penetration
depths ranging from 0.04 to 0.18 mm and two different sliding velocities as 10 mm/s and 60 mm/s, respectively. Samp-
les were separated into two groups, with one of the groups being lubricated with MoS, to prevent early damage. The
results of lubricated and unlubricated samples were compared. Additionally, a new contactor was used for each test. The
amount of transfered aluminum on contactor was assessed by measuring the initial and final thicknesses of the sample.
In order to do that, maximum 10-point height method was used within the study. The results of the study revealed that,
the amount of transferred material tended to increase with increasing plastic deformation. At high plastic deformation
levels, the transferred material almost covered whole contact surface of the contactor. Even for low plastic deformation
levels, aluminum adherence to contactor surface was observed. The transfer mechanism was explained as the initiation
of aluminum adherence to the tool and the delamination of aluminum particles. As the deformation continued, the initial
interactions between aluminum and the tool at the microscopic level gradually shifted towards interactions between alu-
minum to aluminum. The results of the study also highligted that, as the amount of transferred aluminum increased, the
coefficient of friction was also increased. When the tests were performed with MoS, lubricant, the effect of transferred
aluminum on coefficient of friction was low since metal to metal contact was minimized with the use of lubricant [33].

lubricant

fixed stand

contact zone

tangential load F
Sliding
velocity V,

Zone IlI
Zone Il

normal load F

contactor

e penetration depth Ah

specimen
fastening

a) b)

Zone |

Figure 6. (a) Schematic view of the upsetting-sliding test and (b) zones of analysis considered for the
contactor surface [33]

Vidales et al. (2023) studied the wear behavior of AL5754 with a focus on surface roughness and tool geometry. The
authors also investigated the effect of coating and lubrication on the wear behavior. Experiments conducted in two parts:
in the first part, effect of surface roughness and geometry of tools was studied while in the second part, performance of
coating with various lubricants was examined. To analyze the effect of surface roughness, a modified version of scratch
test was used in which aluminum ball was rubbed on the unworn surface of tools. Schematic diagram of scracth test is
illlustrated in Figure 7 and test parameters are given in Table 5. The tool surfaces were prepared with different surface
finishes as polished, machined and sand blasted. In order to investigate the wear and friction behavior of coated balls,
ball-on-disc test with a tribometer was used. Tests were performed both with and without lubricants to reveal the effect
of lubrication. The balls were manufactured with WC/Co and coated with twa different bi-layered DLC coatings. The tests
parameters and lubricant details are given in Table 6 and Table 7, respectively. Ball-on-disc tests with lubricants were
carried out with the submerged system in Lubricant. This was not an accurate simulation of the industrial operations. To
simulate the real process and to verify the lab results, semi-industrial tests was also conducted. During these tests, two
different punch geometries, straight or back-tapered were used. Additionally, within the study, used industrial punching
tools provided by a company, was also investigated with field emission scanning electron microscopy (FE-SEM), energy
dispersive X-ray (EDX) and infinite focus microscopy to reveal failure modes. These punching tools were used for the
trimming of Al5754 parts. Through the surface investigation of industrial tools, the authors observed that the most vi-
sible damage was the galling on the side faces of the tools. The minimum aluminum adherence was observed with the

polished tools, while highest adherence was observed with the machined tools. Although sand blasted tools had highest
roughness within all tools, they showed less adherence than machined tools because of the anisotropy in surface rou-
ghness. Coating irregularities, such as micro-droplets, found to be adhesion provoker where thin aluminum layer was
observed on polished tool with low friction coating. The results of the study also indicated that, the applied bi-layered
DLC coatings showed similar behavior in terms of friction without lubrication during lab tests. When the lubricants were
applied to the system, friction decreased regardless of the type of lubricant used. The best results in terms of galling was
obtained with the use of back-tapered and polished punching tools coated with a-C:H/Cr DLC. In brief, tool surface rou-
ghness had an important effect on aluminum adhesion and with the combination of suitable tool geometry and coating,
aluminum adherence could be reduced significantly [34].

Figure 7. Scratch test schematic diagram. [34]

Table 5. Experimental parameters of modified scratch test [34]

Ball #2.5 mm 99% Al

Load N
Length 10 mm
Speed 20 mm/min
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Table 6. Friction test parameters [34]

Spherical Indenter @10 mm-coated WC/Co balls
Disc @40 mm x 3 mm of aluminum 5754
Load 10N
Test environment Dry & Lubricated
Total distance 85.5m
Speed 95 mm/s

Table 7. Lubricant characteristics [34]

Lubricant Formulation Viscosity (IS0 40°C) Weld Load (kg)
LuB1 Mineral Oil + Ester additives 130 ¢St 180
LUB2 Mineral Oil + Ester additives 150 ¢St 760
LUB3 Ester Base + Additives 110 ¢St 320

Inliterature, many experimental studies were performed to understand the effecting factors on aluminum adherence and
friction conditions. However, there are a few studies related with the numerical approach to predict these phenomenon
[35-37]. Given that cost of tools in metal forming processes can account for as much as 30% of the overall production
cost [38] and considering that wear, galling, and friction conditions significantly shorten the lifespan of these tools, it
becomes crucial to investigate numerical approaches for predictive purposes [39,40].

Asimple example can be given for numerical investigation of maximum contact pressure on die-blank interfaces. Finite
element modeling can be utilized to model contact pressure distribution over these parts and its response might yield to
a favorable result to comprehend tool wear [41,42]. Similarly, coupling the friction models into finite element analysis
is a favored method for evaluating friction [43,44] to increase die life in cold forming process. In this sense, there are
several numerical studies related to galling of aluminum alloys. For instance, a methodology on predicting the galling
onset was proposed by Filali for AA6082-T4 aluminum alloy in cold forming. Strip reduction test (STR) was utilized to
investigate lubrication and onset occurence of galling, then, obtained results were compared with finite element results.
Ductile failure and adhesive wear mechanisms were related to each other in order to predict galling. First adhesion of
soft material to harder surface was taken as the beginning of galling and authors assumed that this material transfer
was achieved for a critical damage value at the contact region. Since adhesion wear is related to friction at the surfaces,
they suggested that the damage model used for such problem must include the effect of shear stresses. For instance,
classical damage models such as Lemaitre's and Gurson-Tvergaard-Needleman (GTN) could only predict galling under
extreme contact conditions where excessive tensile stresses are observed. Because these methods only consider tensi-

le stress at the contact area and required critical damage values could be achieved only under such extreme contact con-
ditions which is not appliable to common forming processes. Friction model was derived from wark piece-tool contact
and it was controlled by the lubricant. Wilson's lubrication model was implemented for normalized thin-film thickness, z,
to determine this contact conditions and modify the finite element model accordingly. Three seperate contact conditions
were considered. If the contact was within a thick Lubricant film, shearing of lubrication film was chosen as the main ca-
use of friction stress and it was written as a function of lubrication viscosity. For thinner films, a shear stress factor was
utilized to include the effect of surface roughness. In the thinnest case, two types of regimes were defined: mixed and
boundary lubrication for direct and partial contact. Friction stresses were subsequently taken into account with para-
meters such as adhesion coefficient, fractional area of contact, contact pressures and strain rate. Comparison between
purposed model and experiments showed general agreement with some deviations. Model had some errors in the sense
of starting location of galling where it always predicted the location to be further than its experimental equivalent. Also,
local adhesion of aluminum was found to be smaller than it was expected. Authors related these problems to mesh effect
and Wilson model where it might overestimated ploughing friction stress. But in overall, their model was able to predict
the onset of galling for both lubricated-unlubricated cases, and strip rupture due to traction [45].

2. Conclusion

The demand for aluminum and its alloys in the automotive industry is increasing day by day due to regulations aimed
at reducing greenhouse gas emissions and improvements in electric vehicles. For both purposes, aluminum stands out
as a lighter but durable material that can be used instead of steel. Despite its beneficial features, forming of aluminum
at room temperatures is a challenging process due to complicated nature of the material. Aluminum has tendency of
sticking to tools during cold forming processes that can decrease the overall quality of the manufactured part. Friction
conditions and other forming parameters are crucial in order to delay the onset of the sticking. Many researchers have
focused on the galling phenomenon that occurs during the forming of aluminum and its alloys and investigated the para-
meters that affect it. As a result of all the studies carried out, although galling cannot be completely prevented, critical
and necessary conditions have been introduced to delay it. The effect of proper lubrication and coating is highlighted
as a conclusion of studies. Also, DLC coatings gets attention of researchers and promise good results depending on the
application. In addition to experimental studies, numerical studies are also presented to predict the galling onset before
production and to reduce the trial and error.
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Ozet

Civatalarin calisma kosullarinda hasara ujramasinin temel sebebi genellikle, uygulanan yikiin statik dayanim sinirin
iistiine bir gerilme yaratmasindan ziyade yorulma kaynakl etkenlerin baskin oldugu durumlardir. Soguk sekillendirme
yontemi ile imal edilen civatalarin, ayni lot icerisinde Gretilmis belirli adet civata drneklemi test edilse dahi, yorulma
testi sonuclarinda bir sacilim ortaya cikmaktadir. Bu belirsiz durum farkli sektorlerde, dzellikle emniyet parcalarinda,
giivenlik riski dojurmaktadir. Sacilim oranini net olarak tahminleyebilecek bir mihendislik yaklasimi da bulunmamak-
tadir. Ayni 6zelliklere sahip civatalar icin belirli standardizasyon ve mihendislik denklemleri kullanilarak o civata tipi
ve yikleme kosuluna ait yorulma émirlerine ytnelik cikarimlar yapilabilmektedir. Buna karsin, civatanin servis verdigi
cihaz lzerinde yapilan periyodik bakimlarda yahut ilk montaj asamasinda civatanin yorulma émriine dair bir cikarim
tekil olarak yapilamamaktadir. Tekil olarak yorulma testi yapilabilmekte ancak test sonucu tahribatla sonuclanmakta-
dir. Civataya herhangi bir hasar vermeden, tekil olarak yorulma dmriini tahmin edebilen bir yontem ya da cihaz lite-
ratiirde giincel olarak bulunmamaktadir. Bu calismada, civatalarin titresim dlciimlerine karsi davranisinin tahribatsiz
olarak dlcilip verilerin miihendislik denklemleri kullanilarak islenip yorulma 6mriiniin tekil olarak tahmin edilebilirligi
incelenmistir. Calisma kapsaminda, civatalar iizerinde titresim dlciimleri; shaker, ivmedlcer ve strain gage gibi kompo-
nentler vasitasiyla gerceklestirilip 6lciimil yapilan civatalar yorulma testlerine tabi tutulmustur. Titresim 6lcimleriyle
yorulma cevrimleri arasindaki iliski; dogal frekans degerleri, frekans tepki fonksiyonlari, giic spektrum yogunluklari
vb. parametrelerin yorulma mirleriyle uyumu kontrol edilerek raporlanmistir. Yapilan calisma, titresim davranislariyla
yorulma dmrii arasinda bir korelasyon tespit ettigi takdirde, sadece yorulma émriinii tahminlemek icin degil, katlanma
vb. sekillenme kusurlarinin bir kalite - kontrol ydntemi olarak hasarsiz tespit edilebilirligine yonelik arastirma alani
olusturmak adina da dnem tagimaktadr.

Anahtar Kelimeler: Civata yorulmasi, titresim, dogal frekans, baglanti parcasi.

Abstract

The primary cause of bolt failure under operational conditions is typically fatigue-related factors, rather than the applied
load exceeding the static strength limit. Even when a certain number of cold-forged bolts manufactured in the same
batch are subjected to fatigue testing, the results exhibit considerable scatter. The present state of uncertainty shows

a potential security risk in a number of industrial sectors, with particular implications for the safety components. The
lack of a clear engineering approach to predict the scattering rate makes it difficult to identify the fatigue behaviour of a
single component. For bolts with comparable properties, standardisations and engineering equations can be employed
to infer the fatigue life according to the bolt type and loading condition. Conversely, the fatigue life of the bolt cannot be
inferred individually during periodic maintenance on the assembly area or during the initial assembly phase. Individual
fatigue tests can be performed, but the results are inevitably accompanied by bolt failure. There is currently no meth-
od or device in the literature that can predict the individual fatigue life without any damage to the bolt. In this study,
the vibration measurements of bolts were processed using engineering equations in order to investigate the individual
predictability of fatigue life. Within the scope of the study, vibration measurements on bolts were carried out using
components such as a shaker, accelerometer and strain gage, and fatigue tests of measured bolts are performed. The
relationship between the aforementioned measurements and the fatigue life cycles of the bolts was then evaluated, with
particular focus on the compatibility of parameters such as natural frequency values, frequency response functions
and power spectrum densities with fatigue life. Should a correlation between vibration behaviour and fatigue life be
identified, the study would be of significant value not only in terms of predicting fatigue life but also in establishing a
research area for the non-destructive detection of deformation defects such as folding, etc. as a quality control method.

Keywords: Bolt fatigue, vibration, natural frequency, fastener.



WEAR PROPERTIES OF TUNGSTEN
CARBIDE COBALT (WC-C0)
HARDMETAL MATERIALS AFTER
BORIDING PROCESS

Kiibra OZTURK
Bahad[r UYULGAN
Umut INCE

NORM FASTENERS R&D CENTER PUBLICATIONS | 2024 | 119

50. Avrupa Isil islem ve Yiizey Miihendisliji Konferansi ve Isil islem ve Yiizey islemleri Dernegi, ECHT 2024 - A3TS

WEAR PROPERTIES OF TUNGSTEN CARBIDE COBALT (WC-C0) HARDMETAL
MATERIALS AFTER BORIDING PROCESS

Kiibra Oztiirk'22*, Bahadir Uyulgan'*, Umut ince?:
"1Department of Metallurgical and Materials Engineering, Dokuz Eylul University, izmir, Turkey

2R&D Center, Norm izmir Civata San. ve Tic. A.S., AOSB, izmir, Turkey
*kubra.ozturk@normfasteners.com, *hahadir.uyulgan@deu.edu.tr, ‘umut.ince@normfasteners.com

Abstract

The performance of die systems utilized in fastener production through the cold forming method is directly tied to sur-
face characteristics, significantly impacting production costs. Metal-ceramic composite materials with varying WC-Co
content are widely used in cold forming process. The crucial features influencing the effective and enduring use of the-
se dies materials at the desired performance levels are wear resistance and fatigue resistance. The boriding process
enhances surface properties by diffusing boron atoms into the surface of the material at high temperatures, creating a
high-hardness boron layer at surface. This study aims to investigate the effect of pack-boriding treatment on the wear
properties of WC-Co material with a 19% Co content used in die inserts. Two sets of samples were subjected to pack-bo-
riding with EKABOR-2 boron powder at 1000°C and 950°C for 4 hours. After pack boriding process, pin-on-plate wear
test were conducted to samples under dry and oily conditions. The borided samples were characterized using optical
microscopy and X-ray diffraction (XRD). X-ray diffraction analysis confirmed the effectiveness of the boriding process by
identifying peaks associated with CoB, Co,B, and W,CoB, phases in the borided layer of the samples. The results were
compared for each set of values, confirming that the boride layer significantly improved wear properties on the sample
surfaces.

Keyword: Cold forming, WC-Co, Pack Boriding, Wear.
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CORRELATION ANALYSIS FOR PREDICTING COLD FORGING PUNCH FATIGUE LIFE IN
FASTENER PRODUCTION

Abstract

Fastener production presents unique challenges in metal forming, particularly concerning the durability of cold forging
dies subjected to high stresses. Cold forging at room temperature increases the forming difficulty due to work hardening
after each operation. Hence, prior simulation analysis is crucial for assessing product accuracy and tool life before mass
production. At Norm Fasteners, design and simulation studies are conducted before manufacturing to ensure quality.
This study aims to correlate punch forming simulations using Simufact Forming software with real-world tool life data to
calibrate and enhance the accuracy of cold forging punch analyses. The study examines cold forging punches utilized in
the past two years, selecting those with low tool life based on total product quantity and average tool life. Simufact For-
ming simulations analyze the accuracy of product forms and conduct die analysis for punches involved in forging socket
forms. Maximum tensile and compressive stresses from die analyses are compared with punch tool life data obtained
from production. Analysis reveals a correlation between tool life and compressive stress, offering a predictive metric for
punch life. The correlation between simulation results and real-world tool life data provides valuable insights for pre-
dicting cold forging punch life in fastener production, enhancing efficiency and reliability in manufacturing processes.
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Abstract

Cold forming dies constitute the foundation of the entire cold forming process; thus, enhancing their life is essential to
increase process efficiency in cold forming. Boriding heat treatment improves the mechanical and wear properties of
materials by diffusing boron atoms into the surface of the materials. This study aims to investigate the effect of pack-bo-
riding treatment on the fatigue life of WC-Co material with a 19% Co content used in die inserts. Three sets of samples
were subjected to pack-boriding with EKABOR-2 boron powder at 1000°C, 950°C, and 900°C for 4 hours in each tem-
perature condition. After boriding heat treatment, three-point bending fatigue testing were conducted on the samples.
Goodman-Haigh diagrams were obtained from the experimental results to be utilized in predictive die life calculations
for respective boriding condition. For comparison, samples without boriding heat treatment were used as a reference.
X-ray diffraction analysis confirmed the effectiveness of the boriding process by identifying peaks associated with CoB,
Co,B, and W,CoB, phases in the borided layer of the samples. Following the fatigue tests, the fracture surfaces of the
samples were examined using scanning electron microscopy (SEM) to reveal the microstructural changes induced by
the boriding heat treatment.

Keyword: Cold forming, WC-Co, Pack Boriding, Fatigue life
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Abstract

In today's technology finite element simulations are used in variety of industrial applications in order to identify the
potential areas of failure in the both production part and tools, thereby reducing the trial-and-error period during
production. Thanks to these simulations, engineers can investigate complex structures under different conditions,
such as varying loads and temperatures with different material properties, allowing for a comprehensive understan-
ding of their behavior.

Wheel nuts are fasteners used in the industry, especially to connect the rims of motor vehicles and trailers to the hub
flanges. Although wheel nut production can be carried out by many manufacturing methods, as in other fasteners, in
terms of speed and cost, it is preferred to produce it by cold forging method. The aim of this study is to examine the

difficulties experienced in the production of wheel nuts, which are very difficult and costly to produce by cold forging
method due to their geometry, and to design and analyze the optimum dies using the finite element method. As the
method to be used, it is planned to determine the appropriate design with the support of the finite element program
(Simufact forming).

Keywords: Fasteners, cold forging, tooling design, finite element simulations
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Abstract

Finite element analysis (FEA) is an effective and commonly used numerical technique that has evolved into an essen-
tial tool for modelling and simulating various problems. It is widely used in many engineering processes due to the
significant advantages it offers. Among these advantages, the most significant are reducing trial-and-error process,
which in turn reducing production time and material usage. As in other industries, FEA is applied in fastener production.
Generally, the forging process of billet material in closed dies in investigated in order to determine the material flow,
contact conditions and flow defects. Besides of this, FEA can be used for many applications regarding the production
and assembly of fasteners.

In this study, FEA was performed as a case study in order to investigate material flow during cold forging process of
a fastener, to determine the hardness distribution, to simulate the riveting process and the compression process of
the fastener. For cold forging analysis, low carbon steel was used as billet material and to obtain the final form of the
fastener, the billet was forged in multi-stations. During the forging process, the hardness of the billet was increased due
to deformation hardening and with the use of FEA, the hardness distribution within the billet at each stations were inves-
tigated. After cold forging analysis, the riveting analysis was performed to investigate whether cracks will occur in the
product during riveting. As a final step, compression tests were carried out to check whether there would be permanent
deformation in the part under a certain load.

Keywords: Cold forging, fastener production, finite element analysis
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Abstract

Self clinching nuts are the nuts that are mounted onto a sheet metal by pressing. After this process, the nuts become
an integral part of the metal. The nut is mounted onto the sheet metal through plastic deformation of either the sheet
metal or the nut itself during the pressing. By using this type of nuts, in addition to achieving stronger connections,
more environmentally friendly alternatives to welded fasteners can be obtained. Self clinchning nuts are becoming
increasingly popular in automotive industry for various purposes such as to facilitate the mounting of bolts to sheet
metal.

The nuts in question should be able to withstand push-out to prevent the nut from being pushed out of the sheet metal
under the influence of external forces, and to resist torque to stay securely aligned with the sheet metal. Generally, in
the case of using self-clinching nuts, the mounting conditions such as material and the thickness of the sheet metal,
the diameter of the hole on the sheet metal are specified. The expected performance criteria for the specified condi-
tions are also defined. In fastener industry, when responding to customer demands, it is critical that the product not
only be formed according to technical drawing, but also meets the expected performance criteria.

In this study, finite element models are developed to simulate the performance tests of self-clinching nuts in order to
determine whether the nuts will satisfy the expected the performance criteria.

Keywords: Self-clinching nuts, Finite element models, Push-out tests, Torque-out tests
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Abstract

The cold forging process involves shaping cylindrical materials by forging them across multiple stations within a series
of dies. Various issues can arise during cold forging, primarily due to high loads in the stations, inappropriate material
choices, and increased stress on tooling components caused by design factors. These issues can be mitigated through
finite element analysis (FEA) conducted during the design phase, thereby preventing time and financial losses while
enhancing production efficiency. The importance of engineering-based optimizations to maintain financial competitive-
ness and improve efficiency is growing steadily.

This study investigates a novel spacer system, developed using finite element analysis, to address spacer consumption
issues observed in the production of long-length bushes. A major cause of spacer problems, particularly at backward
extrusion stations, is the high tonnage applied to the fixed die side, which transfers excessive stress to the extension
gjector. This stress often exceeds the resistance limits of the spacer, leading to failure. Using finite element analysis,
high-speed steel was initially selected as the spacer material but was found inadequate in terms of strength. Conse-
quently, a new spacer structure was designed.

The new spacer system incorporates a combined structure of high-speed steel and carbide material, utilizing a shrink-fit
approach to transfer stress from the spacer to the carbide material. This design significantly improved the mechanical
limits of the spacer system, ensuring that the stresses from the backward extrusion ejector remained within safe limits.
The analysis highlighted the importance of considering shrink-fit rates and material compatibility for optimal perfor-
mance of the designed spacer system.
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