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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.

2023 yiliicerisinde 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 2023. 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.



COMBINED MATERIAL MODEL

TO PREDICT FLOW CURVES OF
COLD FORGING RAW MATERIALS
HAVING HIGH STRAIN HARDENING
EXPONENT

Dogus ZEREN
Fatih KOCATURK
M. Burak TOPARLI



8 | NORM FASTENERS AR-GE MERKEZi YAYINLARI | 2023

NORM FASTENERS R&D CENTER PUBLICATIONS | 2023 | 9

The 26th International ESAFORM Conference on Material Forming - ESAFORM 2023

COMBINED MATERIAL MODEL TO PREDICT FLOW CURVES OF COLD FORGING RAW
MATERIALS HAVING HIGH STRAIN HARDENING EXPONENT

Dogus ZEREN'+", Fatih KOCATURK' and M. Burak TOPARLI'

'R&D Center, Norm Fasteners
“dogus.zeren@normfasteners.com

Abstract

In order to increase the accuracy of cold forging simulations, flow curves obtained by experimental compression tests
are used instead of the material models existing in the software library. The parameters of Ludwik material model were
determined with respect to the constructed experimental flow curves at different temperatures and strain rates. Then,
the flow curves were defined into the software by using these parameters. While Ludwik model can represent the ma-
terial flow curve with high accuracy at low plastic strain values, the error rate between the experimental flow curve and
the Ludwik model increases at high plastic strain values. Voce material models were known to predict the flow curve
of materials with high strain hardening exponents more accurately, especially at high temperature and strain values. In
this study, the performance of Ludwik material model was compared to four Voce material models given in the literature
and a more accurate combined material model was defined for each flow curve at different temperature and strain rates
for 42CrMoS4 material. AUl experimental flow curves were predicted with a minimum R? of 0.99 and the lowest mean
absolute error value with the new combined material model.

Keywords: Metal forming, Voce material model, flow curve prediction, finite element method

1. Introduction

The accuracy of cold forming process simulations using finite element analysis (FEA) software depends on the true
stress-plastic strain curves used. In cases where plastic deformation is high, the stress and strain distributions are not
uniform, thatis, they do not show a certain trend. For this reason, itis difficult to predict the flow curves of steel materials
with a high strain hardening exponent, where high plastic strain values are observed in the flow curves, using a single
material model. Defining the flow curves of such materials separately according to the deformation transitions increases
the accuracy of the prediction models. Plastic deformation transitions in flow curves can be listed as follows: i) the part
from the beginning of plastic deformation to the maximum compression stress value, ii) after the maximum compression
stress value, the material exhibits strain softening part until the actual rupture of the material. In the literature, there
are models such as Hollomon [1], Ludwigson [2], Ludwik 3], Swift [4] and Voce [5] that consider the work hardening
rate for material flow curve prediction. However, these models are insufficient to represent the hardening and softening
behavior of materials at high plastic strain values. Guo et al. [6] suggested a model that includes both the hardening
and softening phases by combining the Voce Model for Hardening [5] and a linear softening model (Voce Model with
Linear Softening). The developed model was able to predict the flow stress over a wide plastic strain range. Nguyen
[7] has proposed a combination of Voce hardening and Voce softening models. On the other hand, Rotpai et al. [8]
proposed a new piecewise model for flow curve prediction at room and elevated temperatures in order to minimize the

deviation between the predicted flow curves and the experimental flow curves. A Swift-Voce model to describe the large
deformation behavior of 7050-T7451 aluminum alloy under uniaxial stress, notched stress, and pure shear operations
was developed by Cao etal [9]. The combination of Swift model and the 4th order polynomial was also proposed in order
to describe the large deformation behavior of the Ti-6Al-4V alloy in the same study. In addition to predicting material
flow curves with mathematical models, there are also studies carried out to predict flow curves with machine learning
or regression models [10, 11]. An artificial neural network model was suggested by Kocatiirk et al. [10] to estimate
experimental flow curves of a medium carbon steel material at different temperatures and strain rate values, and the
flow curve predictions with high accuracy were obtained with this method. In another study, Aydin et al. [11] proposed
amodel that can obtain true stress-strain curve from experimental compression test data. Moreover, machine learning
models and various regression models were used to predict the flow curves for the intermediate temperature and strain
rate values where experimental flow curves are not available and promising flow curves were estimated. In this study,
flow curves at different temperatures and strain rates, which were constructed by using the compression test results
of a medium carbon alloy steel material, were employed. The parameters of Ludwik Model, Voce Model for Hardening
(71, Voce Model for Softening [5], Voce Model with Linear Softening [2] and Voce Model for Hardening and Softening
[5] were determined using the “curve_fit" function in the Scipy library on the Python programming language for every
temperature and strain rate values. Voce Model for Hardening and Softening best-predicted the flow curve up to maxi-
mum compression stress point while Voce model with linear softening and Ludwik Model best-predicted the part from
maximum compression stress to the maximum loading point. A new combined material model based on plastic strain
subintervals was proposed for the flow curves at different temperatures and strain rates.

2. Materials & Method

The flow curves were obtained from the experimental compression test results of 42CrMoS4 medium carbon alloy steel
material. To obtain the flow curves from the experimental compression test data of the materials, the model suggested
by Aydin et al. [11] was used. Compression tests were carried out at different temperatures and strain rates in accor-
dance with ASTM E9 standard [12]. Compression tests were performed with a ZWICK universal tensile/compression
testing machine for temperatures at 25, 100 and 200°C and strain rates of 0.001 and 0.275 s Before each compression
test, MoS, based lubricant was used for test plates in order to minimize the friction effects. A model was developed in
the Python programming language to compare the performance of the material models used to predict the experimental
flow curves obtained. In this model, the material models are defined firstly, then the model coefficients that give the
best prediction are determined with the curve fitting method according to the defined plastic strain intervals, and the
performances of the models are reported according to the coefficients obtained. The determined coefficients, R? and
mean absolute error (MAE) were used for the performance comparison of the obtained flow curves. Functions in the
Numpy library were used to calculate the performance criteria. The "curve_fit" function in the Scipy library was used to
find the model parameters according to the experimental flow curves. Finally, the Matplotlib library was used to plot the
resulting flow curves. The material models used to predict flow curves are defined below. In these models, o represents
the true stress, € the true plastic strain, n is the hardening exponent, and o, 3, K, A, B, C, D, k represent the material
coefficients, respectively.

Ludwik model [9]:

o= agy+ Ke" 0
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Voce hardening model [12]:
6= 0,(1—Ae F®)

Vaoce softening model [12]: v
o = oo(1 — Aef)
Voce linear softening model [8]: N
o= 00(1 - Ae'ﬁs) — ke (W
Voce hardening and softening model [3]:
o= gy +A(l—e B + C(1 —eP®) 6)

3. Comparison of Ludwik and Voce Models

In this section, the flow curve prediction performances of Ludwik and Voce material models in the true plastic strain
range of [0, 1.8], which is the whole plastic strain range for 42CrMoS4 material, were compared for 3 different tem-
peratures and 2 different strain rates. The results obtained are given in Table 1. In order to compare the models fairly,
the "curve_fit" function in the Scipy library is used with initial parameter values for all models. The Voce Hardening and
Softening model best predicted the flow curves at all temperatures and strain rate value of 0.001 s with a minimum R?
value of 0.97. For 25°Cand 0.275 5" strainrate, the Voce Linear Softening model best predicted the flow curve with 0.97
R?, while the Ludwik model best predicted the flow curves at 100 and 200 °C, 0.275 s™ strain rate with 0.65 and 0.78
R?, respectively. Flow curve predictions obtained at 100 °C and strain rate values of 0.001 and 0.275 s were shown in
Figure 1 for the plastic strain range of [0, 1.8].

43CrMoS4, T(*C) = 100 Strain Rate = 0.001 42CrMoS4. T (*C) = 100 Strain Rate = 0.275

Fig. 1. Flow curve predictions in the plastic strain range of [0, 1.8] for 100°C, 0.001 and 0.275 s strain rates.

Table 1. Model comparison for plastic strain range of [0, 1.8].

Temperature Strain PL. Str. )

°c) Rate Model Name Inverval R MAE

25 0.001 y .thLL‘.’dW'kS o 00-1.8 | 0900 | 1117751

25 0.001 V"J’Ewith I;”:f;ﬂfine“a”l“% 00-1.8 | 0440 | 2825240

25 0.001 Jening 0.0-1.8 0.980 446045
Softening

25 0.275 Ludwik 0.0-1.8 0.600 9942

25 0.275 Voce with Linear Softening 0.0-1.8 0.970 2822

100 0.001 oot oo e | 0018 | 0870 | 1019870

100 0.001 Voce with Hardenin an?l 00-18 0.390 2332653

100 0.001 ening 00-18 | 0970 | 438462
Softening

100 0.275 Ludwik 0.0-1.8 0.650 7555

100 0.275 Voce with Linear Softening 0.0-1.8 0.050 12002

200 0.001 Voce withLLliJ:e\z,g:(SUftenin 00-18 0.880 893179

200 0.001 Voce with Hardenin an?i 0.0-1.8 0.400 2079574

200 0.001 ening 0.0-1.8 0.970 370809
Softening

200 0.275 Ludwik 0.0-18 0.780 6440

200 0.275 Vace with Linear Softening 0.0-18 0.190 12061

In order to obtain closer results to the experimental flow curves for 42CrMoS4 material, and to identify models that
predict the hardening and softening phases during plastic deformation more accurately, the model predictions for the
lower plastic strain ranges were also compared. In order to determine the model that best predicts material behavior up
to the maximum compression stress value, the flow curve prediction performances of Ludwik and Voce material models
in the true plastic strain range [0, 0.6] were compared for 3 different temperatures and 2 different strain rates. Flow
curve predictions obtained at 100 °C and strain rate values of 0.001 and 0.275 s were shown in Figure 2 for the plastic
strain range of [0, 0.6]. The results obtained for the true plastic strain range of [0, 0.6] were tabulated in Table 2. The
Voce Hardening and Softening model best predicted the flow curves at all temperatures and strain rate values with a
minimum R? value of 0.999.
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42CrMoS4, T(C) = 100 Strain Rate = 0.091 42CrMosa, T (°C) = 100 Strain Rate = 0.275

In order to determine the model that can predict the hardening and softening behavior of 42CrMoS4 material more accu-
rately, model predictions were compared. For this purpose, the flow curve prediction performances of Ludwik and Voce
material models in the plastic strain range of [0.6, 1.8] were compared for three different temperatures and 2 different
strain rates. The results were given in Table 3. Flow curve predictions obtained at 100 °C and strain rate values of 0.001
and 0.275 s were shown in Figure 3 for the plastic strain range of [0.6, 1.8]. The Voce Linear Softening model with a
minimum R? of 0.78 obtained the best prediction for the flow curves with strain rate of 0.001 s and for all temperature
values. The Voce Linear Softening model also obtained the best prediction with 0.92 R? for the flow curve at 200 °C and
0.275 57 strain rate. The best predictions for both flow curves at 25 and 100 °C and 0.275 s strain rate were obtained
with the Ludwik model with 0.999 R2

True Saress (MPa)

() Y a o s o s .
Plasti Strain {mmim) Plast Stram imarinen) 42CrMosa, T (°C) = 100 Strain Rate = 0.001 42CrMMosa, T (°C) = 100 Strain Rate = 0.275

Fig. 2. Flow curve predictions in the plastic strain range of [0, 0.6] for 100 °C, 0.001 and 0.275 s strain rates. E— _
= e
Table 2. Model comparison for plastic strain range of [0, 0.6].
Temperature Strain PL. Str. )

(°c) Rate Model Name Inverval R MAE
% 0.001 \(f[fcee“;';?h'gfj;ﬁf;te;‘:‘g 00-06 | 0800 | 1121473
25 0.001 . 9 0.0-0.6 0.999 9083

Softening
25 0.275 Ludwk 00-06 | 0980 1642 : o SR T e

Voce with Linear Softening . L . . o s

25 0.275 Voce for Hardeni d 0.0-0.6 0.660 6054 Fig. 3. Flow curve predictions in the plastic strain range of [0.6, 1.8] for 100 °C, 0.001 and 0.275 ™ strain rates.
25 0275 oce fornarcening an 0006 | 0999 86

Softening
100 0.001 ‘C’;fewf';?h';‘fj;ﬁ:’;te;‘:“f 00-06 | 0780 | 922398
100 0.001 . 9 0.0-0.6 0.999 11076

Softening
100 0275 y .thLL‘.‘dW'kS o 00-06 | 0970 1474
100 0275 ‘f;ceewf'or H';‘fj;ni"n E;‘:‘dg 00-06 | 0.630 5177
100 0.275 . 9 0.0-0.6 0.999 87

Softening
200 0.001 o wih LT O g6 | 0750 | aagian
200 0.001 ening 0006 | 0999 | 22864

Softening
200 0275 e wih LT SO |06 | 0a0 | as
200 0.275 ening 0006 | 0999 42

Softening
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Table 3. Model comparison for plastic strain range of [0.6, 1.8]. 4201054, T (°0) = 100 Stain Rate = 0001
Temperature Strain PL. Str. )
°C) Rate Model Name Inverval R MAE
25 0.001 Voce with Linear Softening 0.6-1.8 0.850 117884
25 0.275 Ludwik 0.6-18 0.999 157 :
25 0.275 Voce for Hardening 06-18 | 0000 4152
25 0.275 Voce with Linear Softening 0.6-1.8 0.980 617
100 0.001 Vaoce for Hardening 0.6-1.8 0.000 334923
100 0.001 Voce with Linear Softening 0.6-1.8 0.810 165371
100 0.275 Ludwik 0618 | 0999 | 205 By
100 0.275 Voce for Hardening 0.6-1.8 0.000 3482 S = = iy
100 0.275 Voce with Linear Softening 0.6-1.8 0.930 900 s e
2[][] []0[]] vocevv(;;;tel'lfl(iirnHeaarf;nolfntgenin 06-] 8 0000 2987[]7 42CrMoS4, T (°C) = 100 Strain Rate = 0.275
200 0.001 Voce for Hardening and 9 0.6-18 0.780 159582
200 0.001 enng 0.6-18 0.000 298707
Softening

200 0.275 Vaoce for Hardening 0.6-1.8 0.000 2607
200 0.275 Voce with Linear Softening 0.6-1.8 0.920 134

True stress (MPa)

According to the flow curve prediction results, while the Voce Hardening and Softening model best predicted the material
behavior up to the maximum stress point, the Voce Linear Softening and Ludwik models best predicted the hardening and
softening behaviors observed after the maximum compression stress value. In order to determine the transition points
for these stages, analyzes were carried out to find the model that gives the best estimate in each interval by dividing the
whole plastic strain range into 9 equal parts with a true plastic strain range of 0.2. As a result, a new combined material

00 02 0.4 06 08 10 12 14 16 18

model was determined for each flow curve, which predicts the flow curves very close to the experimental data. The Pt s ey
performances of the combined models that give the best predictions at each determined subinterval of true plastic strain
range for the flow curves at each temperature and strain rate value were reported in Table 4. Flow curve predictions Fig. 4. Combined model flow curves of 42CrMoS4 in the plastic strain range of [0, 1.8] for 100 °C, 0.001 and 0.275

obtained with the combined model for strain rate values of 0.001 and 0.275 at 100 °C were shown in Figure 4. s strain rates.
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Table 4. Combined model performances for 42CrMoS4 material based on plastic strain range.

Temperature Strain PL. Str. )
°c) Rate Model Name Inverval R MAE
25 0.001 Voce for Hardening and Softening 0.0-0.8 0.999 L4344
25 0.001 Voce with Linear Softening 0.8-1.0 0.993 1080
25 0.001 Ludwik 1.0-1.8 0.999 709
25 0.275 Voce for Hardening and Softening 0.0-0.6 0.9999 86
25 0.275 Voce with Linear Softening 0.6-1.0 0.968 119
25 0.275 Ludwik 1.0-18 0.999 40
100 0.001 Voce for Hardening and Softening 0.0-08 0.999 16048
100 0.001 Voce with Linear Softening 0.8-1.0 0.963 3838
100 0.001 Ludwik 1.0-18 0.999 830
100 0.275 Voce for Hardening and Softening 0.0-08 0.9999 145
100 0.275 Voce with Linear Softening 0.8-1.0 0.981 17
100 0.275 Ludwik 1.0-18 0.999 41
200 0.001 Voce for Hardening and Softening 0.0-08 0.999 41638
200 0.001 Voce with Linear Softening 0.8-1.0 0.946 4050
200 0.001 Ludwik 1.0-18 0.999 1993
200 0.275 Vace for Hardening and Softening 0.0-08 0.999 63
200 0.275 Voce with Linear Softening 0.8-1.0 0.987 12
200 0.275 Ludwik 1.0-18 0.999 14
Conclusions

Within the scope of the study, flow curves obtained from experimental compression test results of medium carbon al-
loyed 42CrMoS4 steel were used. The coefficients of both material models were determined for different temperature
and strain rate values. In order to fit the curve with model equations, "curve_fit" function in the Scipy library has used on
Python programming language. The performances of different material models were also examined by dividing the total
plastic strain range into subintervals, and combined piecewise material models were proposed according to the true
plastic strain values for each temperature and strain rate value. Flow curve prediction performances of Ludwik material
model and four different Voce material models were compared. In the comparisons, the flow curve up to the maximum
compression stress point was best predicted by the Voce Hardening and Softening model, while the Ludwik and Voce
Linear Softening models best predicted the part after the maximum compression stress point to the breaking point. For
the flow curves at different temperatures and strain rates, the new combined material model depending on plastic strain
ranges were proposed by using Ludwik and four different Voce models. All experimental flow curves were predicted
with a minimum R? of 0.99 and lower absolute error values with the new combined material model while Ludwik model
predicted the flow curves with a maximum R? of 0.90.
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Ozet

Otomotiv sanayi de dahil olmak iizere baglanti elemani kullanilan sektorlerde karsilasilabilecek en Gnemli problemler-
den bir tanesi gevsemedir. Titresim testleri (Junker testi), baglanti elemanlarinin gevseme davranislarini belirlemek
icin yaygin olarak kullanilan bir test yntemidir. Bu test metodu sayesinde farkli civata-somun kombinasyonuyla olus-
turulan montaj kosullarinda gevseme direncine ydnelik testler gerceklestirilebilmektedir. Titresim testinin sonucunu
etkileyen en Gnemli parametreler arasinda uygulanan tork, kitleme yiiki ve siirtinme katsayisi sayilabilir. Bu calismada
baglanti elemanlarinin diisiik sikma torku altinda gevseme davranisina iliskin testler gerceklestirilmistir. M6x30 DIN933
civatalar kullanilarak cift somun, flansli somun ve fiberli somun kombinasyonlariyla farkli montaj kosullarinin gevse-
me davranislari incelenmistir. Oncelikle sirtiinme katsayilarini hesaplamak icin tork-kilitleme yiikii testleri yapilmisti.
Daha sonra her montaj kosulu icin tekrarli titresim testleri gerceklestirilmistir. Sonuclar, farkli somun kullanilan montaj
kosullarinda enine cevrimsel yiik altinda farkli gevseme davranisi elde edildigini gdstermektedir. Ayrica, montaj kosulla-
rinda ulasilan kilitleme yikiinde siirtinme katsayisinin etken oldugu ve titresim test sonuclarinda Gnemli bir rol oynadigi
goriilmistir. Yapilan testler kapsaminda gevseme direnci en yiiksek montaj kosulunun fiberli somun kullanilan secenek
oldugu ortaya konmustur.

Anahtar Kelimeler: Baglanti elemani; Civata; Gevseme; Somun; Titresim testi; Tork.

EXPERIMENTAL INVESTIGATION OF SELF-LOOSENING BEHAVIORS OF DIFFERENT
FASTENERS USED IN AS-SEMBLIES UNDER LOW TIGHTENING TORQUE

Abstract

Self-loosening is one of the problems that can be observed in industries including automotive in which fasteners are
used. Vibration test (Junker test) is one of the widely used testing methods to determine the self-loosening behavior of
fasteners. By using this method, self-loosening tests can be conducted on assemblies with different bolt and nut com-
binations. Some of the important test parameters for vibration tests are applied torque, final clamping load and friction
coefficient. In this study, vibration tests on the self-loosening behavior of fasteners under low applied tightening torque
were carried out. M6x30 DIN933 bolts with double nut, nut with flange and nut with fiber insert were investigated under
transverse cyclic load in order to compare the self-loosening behavior of the assemblies. Firstly, torque-clamp load

tests were done to calculate friction coefficients. After that, repeated vibration tests were conducted for each assembly
condition. The results show that assemblies with different nuts behave differently under transverse cyclic load. In ad-
dition, the obtained clamping load of each assembly was affected by the friction coefficient, which plays a major role in
the vibration tests. According to vibration tests, it was shown that resistance to loosening was highest for the assembly
condition with nut with fiber insert.

Keywords: Bolt; Fastener; Nut; Self-loosening; Torque; Vibration test.
1. Giris

Baglanti elemanlari otomotiv sanayi de dahil olmak iizere endistrinin bir cok alaninda kullamilmaktadir. Kargilasilan en
yaygin sorunlarin basinda baglanti elemanlarinin titresim altinda gevseme davranisi oldugu sylenebilir. Secilen civa-
ta-somun kombinasyonu, ulasilan kitleme yiiki, siirtinme katsayis, baglanti yapilan yizeyin kondiisyonu gibi bircok
etken baglanti elemanlarinin gevseme direncine etki edebilir. Gevseyen civata veya somunlar ani cdziilmeler nedeni ile
katastrofik sonuclar dogurabilir. Bu nedenle baglantilarin sikma torklari ve ulasiimak istenen kitleme yiikleri baglan-
tr isleminden dnce belirlenmelidir. Titresim altinda gevseme davranisi gosteren civata ve somunlari ilk inceleyenlerin
basinda Junker et al. [1] gelmektedir. Junker'e gdre civatanin enine yéniindeki hareketler gevseme davranisina neden
olmaktadir. Enine titresim altindaki baglant elemanlarinin gevsemesi ile ilgili bircok calisma yapilmistir. Housari ve
Nassar [2] gevseme davranisi icin matematiksel model olusturup deneysel calismalar ile karsilagtirmis ve sirtiinme
katsayisinin gevsemeye etkisini incelemistir. Siirtinme katsayisinin gevsemede cok etkili oldugu sonucuna varmistir.
ince et al. [3] farkl tipteki somunlarin gevseme direncini kargilastirmistir. Sanclemente ve Hess [4] gevseme direncinde
etkili olan kitleme yiikii, nominal cap ve yiizey siirtinmesi gibi parametreleri karsilastirarak gevseme seviyesini dlcen
istatistiksel model olusturmustur.

Bu calismada M6x30 DIN933 civatalar ile birlikte cift somun, flansli somun ve fiberli somun icin 2 Nm tork altinda Junker
titresim testleri gerceklestirilip civata somun kombinasyonlarinin titresim altindaki gevseme davranislari incelenmistir.

2. Deneysel Test Prosediirii

Bu calismada cift somun, flansli somun ve fiberli somun
olmak iizere toplam i farkli somun kullanilmistir. So-
munlar ve civatalara elektrolitik cinko nikel kaplama is-
lemi yapitmigtir. Ayni lotta iretilen civata ve somunlarin
ayni kosullarda kaplanmasi ile siirtiinme katsayilar da
ayni seviyeye getirilmistir. Testleri yapilan civata-somun
kombinasyonlarinin gdrselleri Sekil 1'de verilmistir. Test
edilecek numuneler test dizenegine civatanin donmesi
engellenerek somundan sikilacak sekilde 2 Nm'ye tork-
lanmigtir. Torklanan baglanti elemanlarinin olusturdugu  Sekil 1. M6x30 civatalar ile cift somun, flansli somun ve
kitleme yiikleri yiik sensori ile dlcilmistir. Her test kon- fiberli somun.

diisyonu icin 10'ar adet olmak {zere toplam 30 tork-kit-

leme yiikii testi ve titresim testi yapilmistir. Deneyin ilk bélimiinde, her civata-somun eslesmesi icin tork-kitleme yiiki
testleri yapilarak siirtiinme katsayilar hesaplanmigtir. Siirtinme katsayilari Denklem (1) ile hesaplanmigtir.
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burada y siirtiinme katsayisini, Ttorku, F kitleme yiikiing, P dis adimini, d, blim dairesi capini ve d, kafa altindaki efektif
cap! belirtmektedir.

Deneylerin ikinci kisminda Junker titresim testleri yapilmistir. Testler Vibration Master J160 titresim cihazinda gercek-
lestirilmistir. Bu cihaz Junker testi standardi DIN65151e [5] uygun olarak Vibration Master firmasi tarafindan dretil-
mistir. Test diizenegine torklanan civata ve somunlar cihaz iizerinde kitleme yiikii olusturmaktadir. Kitleme yiiki, yik
sensorii ile deney boyunca gercek zamanli olarak dlciilmektedir. Test sirasinda civataya dik yonde belirli bir mesafe ve
frekansta hareket verilmektedir. Tekrarlanan hareket, civata ve somun iizerinde gevseme davranisina neden olmaktadir
(Sekil 2). Civata ve somun gevsedikge kitleme yiikii de azalmaktadir. Titregim testlerinin genel amaci enine hareket veri-
len civatanin kitleme yiikiiniin proses boyunca azalma davranisini incelemektir.

Sekil 2. Titresim testinde gevsemeden tncesi (1) ve sonrasi (2) gérselleri.

3. Test Sonuclan

Cift somun ile gerceklestirilen tork-kitleme yiiki testlerinde iki somun da 2 Nm'ye torklanmis olup kitleme yiikil ikinci
somun torklandiktan sonra dlciilmistir. Yapilan 10 testin sonucunda ortalama kitleme yiikii 2,9 kN ve ortalama sirtiin-
me katsayisi 0,08 olarak hesaplanmistir.

Flansli somun ile gerceklestirilen tork-kitleme yiiki testlerinde flansli somun 2 Nm'ye torklanmis olup kitleme yiiki
somun torklandiktan sonra 6lcilmistir. Yapilan 10 testte ortalama kitleme yiikii 2,3 kN ve siirtinme katsayisi 0,11

olarak hesaplanmistir.

Fiberli somun ile gerceklestirilen tork-kitleme yiikii fiberli somun 2 Nm'ye torklanmis olup kitleme yiikii somun torklan-
diktan sonra 6lciilmistir. Yapilan 10 testte ortalama kitleme yiikii 2,0 kN ve siirtiinme katsayisi 0,14 olarak hesaplan-
mistir. Uc somun arasinda siirtiinme katsayisi en yiiksek olan civata-somun kombinasyonunun fiberli somun kullanilan
konfigiirasyon oldugu gorilmistir.

Deneylerin ikinci kisminda titresim testleri yapilmistir. Cift somun kullanilan konfigiirasyonun titresim testi sonucunda
cevrime bagli olarak kitleme yiikiindeki azalma egilimleri incelenmistir. Cikan sonuclara gdre, kitleme yiikii itk 100 cev-
rimde ilk 6lciilen yiikiin yaklasik %60'ina diismiistir. Bir civata disinda biitiin civatalarda tam gevseme gerceklesmistir.
1000 cevrim sonunda cdziilmeyen civatanin kitleme yikil ilk yikiinin %30'u seviyesinde élciilmistir. Flansli somun
kullanilan konfigiirasyonun gevseme direnci lciimleriile testlere devam edilmistir. Bes test sonucunda baglantinin 250
cevrime ulasamadan coziilme gorilmistir. Diger testlerde yer yer ani diisiisler gorilmis olup genel olarak lineere yakin
bir azalma gozlenmistir. Fiberli somun kullanilan konfigiirasyonun titresim testi sonuclariile testler sonlandiritmistir. Ya-
pilan 10 testin hicbirinde tam gevseme gerceklesmemistir. 1000 cevrimin sonunda civata-fiberli somun izerinde kalan
kitleme yiikii ortalama %82 olarak dlciilmiistir. Somun konfigiirasyonlari icin yapilan tiim titresim testlerinin ortalama
sonuclari Sekil 3'te verilmistir. Elde edilen sonuclar fiberli somunun dider iki konfigiirasyon ile karsilastinldiginda daha
iyi gevseme direnci oldugunu géistermektedir. Ozellikle uygulanan torkun diisiik olmasi nedeniyle cift somunlu ve flansl
somun kullanilarak elde edilen testlerde sacilim gérece fiberli somunlu konfigiirasyona gére daha fazla oldugu ortaya
cikanlmistir. Fiberli somun kullamilarak elde edilen sonuclar gevseme direnci acisindan hem daha iyi hem da uygulanan
diisiik tork miktarina ragmen daha kararli olarak elde edilmistir.

34
32 —— Gift Somun
3,0 —— Flangh Somun!

—— Fiberli Somun

Kitleme Yiikii [kN]

f T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

Cevrim

Sekil 3. Cift somun, flansli somun ve fiberli somunlarin titresim altinda gevseme-
lerinin karsilastirilmasi.
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4. Sonuc

Bu calismada cift somun, flansli somun ve fiberli somunun titresim altinda gevseme performanslari deneysel olarak
incelenmis ve kitleme yiki kaybina dayali karsilastirmali test sonuclari verilmistir. Tork-kitleme yiikii testleri siirtinme
kuvvetlerinin {ic kondisyon icin de farkli oldugunu gdstermektedir. Siirtiinme kuvveti cift somunda ortalama 0,08 he-
saplanirken, flansli somunda 0,11 ve fiberli somunda 0,14 olarak hesaplanmistir. Yapilan élciimlerde 2 Nm'ye torklanan
somun civata kombinasyonlarininilk kitleme yiikleri cift somun icin 2,9 kN, flansli somun icin 2,3 kN ve fiberli somun icin
2,0 kN olarak dlciilmiistir. Titresim testlerinde cift somun ve flansli somun ile yapilan testlerde fiberli somuna gére cok
daha hizli gevseme egilimi gdriilmistir. Fiberli somun testlerinde ise tamamen gevseme gériilmemis olup test sonunda
ilk yiiklemenin %82'sinin baglanti istinde kaldi§i gdrilmistir. Yiritilen titresim testleri sonucunda M6 civata ve fiberli
somun kombinasyonunun titresim altinda gevseme direncinin 2 Nm sikma torkunda cift somun ve flansli somuna gére
daha yiiksek oldugu gorilmistir. Uygulanan diisiik tork miktarina ragmen fiberli somun secenegi daha stabil bir dav-
ranis sergilemistir.

Tesekkiir
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Ozet

Araclarda tekerleklere verilen kamber acisini ayarlamakta kullamilan ekseni kacik kamber ayar civatalarinin yekpare
olarak dretilebilirligi kisitudir. Bunun sebebi, alti kdse kafa bélimiiniin saft ile ayni eksende olmasina karsin rondela
bélimindeki yiksek eksen kacikliginin soguk ddvme ydntemiyle elde edilmesinin cok zor olmasidir. Genellikle, drin
souk sekillendirme asamasinda ekseni kacik olan rondela kismi olmadan diretilmekte ve kafanin altinda bulunan alti
kise kademeye rondela cakilarak final iiriin formuna ulasilmaktadir. Uriiniin giincel iiretim yéntemi kullanildiginda, final
iiriine ulasmak icin gereken proses cokluguyla birlikte yiksek maliyetlere ulasilmaktadir. Ayrica, ilave proseslerden
dolay terminler uzamaktadir. Bu calismada, kamber ayar civatalarinin soguk dovme yéntemiyle yekpare olarak iretil-
me kabiliyeti incelenmistir. Oncelikle ilgili iriiniin yekpare diretimi ve ekseni kagik formlarin soguk divme yéntemiyle
iretilmesine yonelik literatiir taranmistir. Nihai driin formunun eldesi icin farkli varyasyonlarda istasyon tasarimlari
olusturulmus ve Simufact Forming sonlu elemanlar programi kullanilarak soguk dévme prosesinin simiilasyonlar ger-
ceklestirilmistir. Uriin iizerindeki hasar ihtimali, makine tonajt yeterlilidi ve istasyon kaliplarindaki gerilmeler gibi kritik
tasarim parametreleri kontrol edilmistir. Sonug olarak, yapilan tiim calismalar iiretim denemeleri yapilarak dogrulanmis,
kamber ayar civatasi yekpare olarak sojuk sekillendirme ile elde edilmistir.

Anahtar Kelimeler: Kalip Gerilme Analizi; Kamber Ayar Civatas; So§uk Dévme; Sonlu Elemanlar Analizi.

MONOLITHIC PRODUCTION OF CAM BOLT VIA COLD FORGING

Abstract

The eccentric cam bolts, which are used to adjust the camber angle given to the wheels in vehicles, have limited manu-
facturability as one piece. This is because, although the hexagonal head section is coaxial with the shaft, the high ec-
centricity in the washer section is very challenging to be obtained by the cold forging method. In the current production
methodology, the product is cold forged without the eccentric washer section. Then, the final product form is reached by
pressing the eccentric washer to the hexagonal section under the head. In the current production methad, high costs are
reached due to the multi-step processes required to obtain the final product. In addition, lead times are also higher due
to the number of additional operations. In this study, the ability of eccentric cam bolts to be produced as a single piece
by the cold forging method was investigated. The literature on the monolithic production of cam bolts and the production
of eccentric forms by the cold forging method was reviewed. Stage designs in different variations were created and
simulations of the cold forging process were carried out using Simufact Forming finite element software. Critical design
parameters such as the possibility of ductile damage, the adequacy of the machine tonnage and the stresses on the cold
forging dies we-re investigated. As a result, all the work carried out in this study was verified through production trials

and mo-nolithic cam bolt was obtained by using cold forging.

Keywords: Cam Bolt; Cold Forging; Finite Element Analysis; Tool Stress Analysis.

1. Giris (Introduction)

Otomobillerde, aracin yol ile temasini saglayan kisminin tekerlekleri olduu bilinmektedir. Aracin yol tutusunu artirmak
adina yapilan eylemlerden biri ise aracin tekerleklerine kamber acisi vermektir. Kamber acisi, arac lastiklerinin dikey
eksene olan acisini belirtmektedir. Pozitif kamber ve negatif kamber olmak iizere Sekil 1'de gdsterilmistir ve genellikle
arka tekerleklere verilen 1-2 derecelik negatif kamber acisinin viraj performansi acisindan tercih edildigi bilinmektedir.

() (+)

Sekil 1. Pozitif ve negatif kamber acis.

Sekil 2. Kamber civatasi tirleri.
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Otomobillerin iretim siireclerinde bu acinin istenen sekilde verilmesi adina, OEM firmalar tarafindan, "Kamber Ayar
Civatasi ing. Cam Bolt" olarak isimlendirilen ekseni kagik bir baglanti elemani kullaniimaktadir. Sekil 2'de farkli tip-
lerdeki kamber ayar civatalari verilmistir. Bu civatalar arasindan en yaygin olarak kullanilan formun eksen kacikliginin
rondelayla verildigi versiyon oldugu séylenebilir.

Arac tasarimlarina gére, rondelanin capinin ve eksen kacikliginin degiskenlik gostermesine karsin tasarimlarin biyiik bir
codunludu civatanin konvansiyonel tekniklerle soguk ddvilmesini mimkiin kilmamaktadir. Civatanin final formuna ka-
vusmast icin kafa altinda alti kdse formunda olan bir kademe olusturulmakta ve yuvasi ayni geometride olan rondela 6zel
bir makine yardimiyla soguk sekillendirme mamulii olan civatayla birlestirilmektedir. Bu yontemle iiretilen bir driinin
kafa alti gorseli Sekil 3'te verilmistir. Makine tedarikinin biyik bir ilk yatirim gerektirmesinin yaninda dénemsel olarak
rondela tedariki konusunda da sikinti yasanabilmekte ve bu iiriin gaminin iiretiminde disa bagimli kalinabilmektedir.
Satin alinan bu rondelalarin, istiindeki ayar isaretleri basta olmak iizere, tolerans disi temin edilme riski bulunmaktadir.
Soguk sekillendirilen parca izerinde rondelanin cakildii altikdse kademenin olusumunda kullanilan sivama bicaginin
disik cevrimlerde kinldigi da bilinmektedir [1]. Rondela kaliniginin kademe boyuyla dar bir tolerans icinde uyumlu
olmasi gerekliligi Gretim prosesini daha zorlu hale getirmektedir. Tim bu kalemler toplandiginda, iretim bandindaki
verimlilik kaybinin yaninda, proses maliyetleri de yiiksek degerlere varabilmektedir. Ek olarak belirli otomotiv firmalari-
nin bu civatalari yekpare olarak temin etme istegji, kamber ayar civatalarinin yekpare olarak soguk déviilmesine yonelik
yapilan calismanin motivasyonunu olusturmustur.

Sekil 3. Cakma prosesiyle tretilmis kamber civatasi numunesi.

Soguk dévmeyle dretim yontemi, diger konvansiyonel iiretim yontemleriyle kiyaslandiginda; dretim hizi, dar toleranslar-
da calisma kabiliyeti, 6n 1sitma benzeri ek enerji gereksinimine ihtiyac duymamasi gibi noktalarda avantajli konumdadir.
Avantajlarina karsin soguk ddvme ydnteminin, tiriin sekillendirilebilirlii ve kullanilan kalip cevrimleri goz edilerek farkl
tasarim parametreleri bulunmaktadir. Ozel iiriin formlarina olan talep, otomotiv endiistrisindeki gelismelere paralel
olarak, giin gectikce artmaktadir. Ozel iiriin gruplarinda sogjuk déviilebilirligi arastirma konusunu olan iriin gruplarin-
dan biri ekseni kagik iiriinlerdir. Uriinlerin dretilebilirliginin yaninda, iretim siirecindeki istasyon tasariminin yorulma

omriine de etkisi oldugu konusunda yapilan calismalar bulunmaktadir [2]. Proje kapsaminda secilen kamber ayar ci-
vatasi formunun soguk sekillendirme ile elde edilmesine dair akademik calismalarin kisitli olmasina karsin Uzakdogulu
aragtirmacilar tarafindan yapilmis calisma trnekleri bulunmaktadir. Kim ve digerleri (2013) kamber ayar civatasinin
soguk sekillendirme prosesini sonlu elemanlar programi kullanarak modelleyerek irin izerindeki sicaklik dagiliminin
degisimini incelemigtir [3]. Cho ve digerleri (2007) ise ayni formdaki civatalarin soguk sekillendirilmesi izerine caligma
yiiritmigtir [4].

Kamber ayar civatasinin sojuk dévme yontemiyle yekpare olarak retilmesi icin calisilacak forma referans olmasi adina,
elektrikli otomobil dreticilerinden birinin kullandigi, yiiksek eksen kacikligina ve yiiksek rondela capina sahip bir irin
secilmistir. Bahsi gecen formdaki drinlerin sojuk déviilmesine dair literatiir taramasi yapilip elde edilen bilgi birikimi
kullanilarak secilen driin icin istasyon tasarimi olusturulmustur. Calismalar yapilirken; rondela bélgesindeki siinek ha-
sar olusumu, firma biinyesindeki pres tonajinin yeterliligi, kalip iretim imkanlari, kalip sistemleri ve istasyon tasariminin
istasyonlar arasi transfer icin uygunlugu gibi tasarim parametreleri goz dniinde bulundurularak iiretim bandinda karsila-
silabilecek olasi problemlerin minimize edilmesi hedeflenmistir. Uriin icin olusturulan istasyon kaliplari iic boyutlu mo-
dellenerek Simufact Forming programina aktarilmistir. istasyon tasarimi ve gercek iiretim kosullarinda kullanilan kalip
sistemlerine uygun olarak proses similasyonu tamamlanip, similasyonda final iiriine istenen tasarim parametrelerinde
ulasmak adina ara istasyonlarda tekrarli olarak sekillenme simiilasyonlari yapilip optimum kalip formlari tespit edilmis-
tir. Sekillenme iizerindeki kusurlarin ve kritik istasyon kaliplarinda olusan yiiklerin sonlu elemanlar program iizerindeki
tespitinin ardindan retim denemelerine gecilerek olusturulan tasarimin denenmesi hedeflenmistir.

2. Ana Boliim (Main Section)

Bu bdlimde, M14 ovalama ve 38 mm rondela capina sahip bir kamber ayar civatasi secilmis, bu diriiniin yekpare ola-
rak iiretilmesi icin yapilan tasarimsal calisma adimlan anlatilmigtir. Uriin, rondela yaricap degerinin yaklasik iigte biri
oraninda eksen kacikligina sahip olmasi ve iiriindeki kacikligin gorece yiiksek olarak degerlendirilmesi sebebiyle tercih
edilmistir. Ele alinan diriin formu Sekil 4'te verilmistir.

l/—‘\l
@ O
Sekil 4. Belirlenen civata formu.

Uriin tasarimi yapilirken, driiniin dretim bandindaki sekillenme performansini ve montaj kosullarindaki uygunlugunu
etkileyebilecek kritik tasarim parametrelerine dikkat edilmistir. Bu parametreler, iriinin eksek kacikligi ve rondela capi-
nin biiyiikligi dikkate alindiginda; flans kisminda olusabilecek hasar (catlak) ihtimalinin incelenmesi, iriiniin iiretilmesi
icin gereken toplam tonajin kullanilan yatay pres kapasiteleri icerisinde olmasi ve kaliplarin statik dayanim sinirlari ice-
risinde yer almasiydi. Catlak olusumunun &niine gecmenin en Gnemli yollarinda birinin istasyonlar zerindeki birim sekil
degistirmeyi minimize edip daha genis captaki (bulk) malzemelerle caligitmasi oldugu bilinmektedir. Bu sebeple, yiksek
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ekstriizyon orani kullanarak hem malzemenin rondela kismindaki olasi catlak ihtimalinin disiiriilmesi hem de is parca-
sinin az peklestirilerek gerekli tonaj degerine ve kalip dayanimlarina olumlu etki sa§lamasi hedeflenmistir. Birim sekil
degistirmeyi minimize ederken kullanilan yontemlerden digeri de armudi istasyonundan baslayarak kafa bélgesindeki
kiitlenin eksenini kacirarak malzeme akisini optimize etmek olmustur. Tonajin istenen maksimum sinirda tutulmas icin
ise kalip sistem ve geometrilerine ydnelik calismalar iteratif olarak yapilmis, sekillenme uygunluklarina dikkat edilerek
finalize edilmistir.

incelenen iiriin formuigin, iteratiirde bulunan, kafa sisirme prosesi kullanilarak final iiriin formu elde edilen iiretim stra-
tejisi tercih edilmemistir. Sebep olarak ise, iriin hazirlik formunun istenildidi gibi sekillenmemesi ve ufak toleranslarda
transfer parmaklari arasinda is parcasinin kaymasi durumunda olusabilecek capak gibi sekillenme kusurlaridir. Bununla
birlikte, sisirilen is parcasinda olusabilecek catlak ihtimali de, kafadaki malzemenin gérece az olmasindan dolayi arta-
caktir. Bu goriisiin 1s1ginda, sivama prosesinin kullanildigi bir nciil istasyon tasarimi olusturulmustur.

2.1. Simiilasyon Calismalan

Olusturulan tasarimlar dogrultusunda; farkli alternatifler denenerek soduk sekillendirme acisindan en uygun istasyon
tasarimlari Simufact Forming sonlu elemanlar programi kullanilarak belirlenmistir. Nihai tasarimda, ilk i istasyonda
hazirlik yapitmis, dérdinci ve besinci istasyonda kafa formu olusturulmustur. Son olarak altinci istasyonda kesme yapi-
larak final iriin formuna ulasitmasi hedeflenmistir. Nihai istasyon tasarimi sonucunda kaliplar modellenmis ve simiilas-
yon calismalar tamamlanmistir. Simiilasyon calismalarindan elde edilen final form Sekil 6'da paylasilmistir.

Simiilasyon calismalari sonucunda, elde edilen yari mamuller ve final drin formu dizerinde bir kusur gériilmemesine
karsin proses icin gerekli olan ddvme yiikiinin calismada kullanilan dévme makinasinin maksimum kapasitesi olan 500
tondan fazla oldugu gorilmistir. Durum, kafa hazirlik istasyonundaki vurucu kalip formunun iteratif simiilasyonlarla
optimize edilmesi sonucu iyilestirilmistir. Revize vurucu formu kullanilarak elde edilen istasyon bazli tonaj degerleri
Sekil 5'te verilmistir. Uriin rondelasinda eksenel kagikligin yiiksek oldugu bélgedeki catlak olusma olasiliginin incelen-
mesi icin Cockroft-Latham siinek hasar parametresi kontrol edilmigtir. Denklem (1), is parcasi iizerindeki siinek hasari
Simufact Forming programiile hesaplamak icin kullamlmistir:

I Toplam Dovme Yuku : 485 Ton

154

200 +

150 4

100

Dovme Yukleri (Ton)

o
=]
1

5

3 4 5
Istasyon

Sekil 5. istasyon bazli tonaj degerleri.

Ef
ag .pl
0 (1)

Burada o efektif Von Mises gerilmesini, o maksimum asal gerilmeyi, €, "' efektif plastik gerinim oranini ve €, hasar
durumundaki efektif plastik gerinimi belirtmektedir.

is parcasi iizerinde olciilen siinek hasar paratmetresi degerinin kullanilan malzemenin catlama esik degerini asmadigi
belirlenmistir. Final iiriin dizerindeki Cockroft-Latham siinek hasar degeri dagilimi Sekil 6'da verilmistir.

® %

Kesme Oncesi Kesme Sonrasi

m

.

Sekil 6. Simiilasyondan alinan Cockroft-Latham hasar parametresi incelemesi.

Sekillenme acisindan iiriin formu iizerinde herhangi bir kusur gdrilmemesi ve soguk dévme siireci icin gereksinim duyu-
lan tonaj degjerinin pres kapasiteleri icine girmesi iizerine kritik istasyon kaliplari icin kalip analizi yapilmistir. istasyon
bazinda tonajin en yiiksek oldugu kafa hazirlik istasyonunun sabit kalibi iizerinde olusan gerilmelerin kullanilan malze-
melerin statik dayamim sinirlari icerisinde olma durumu incelenmistir. Kafa hazirlik istasyonu sabit kalibi malzemesi ola-
rak cekirdek icin yiksek kobalt orani iceren WC-Co, zarf ve kovan malzemesi olarak ise sicak is takim celigi secilmistir.
Yapilan incelemelerde kaliplarin maruz kaldigi yiiklerin secilen malzeme statik dayanim limitleriicinde oldugu ve erken
cevrimde kalip kirilmasi olmayacag tespit edilmistir.

2.2. Uretim Denemeleri

Sekillenme simiilasyonlarinda herhangi bir hata gériilmemesi ve kalip analizleri sonucunda olusan degerlerin kaliplarda
kullanilan malzemelerin statik dayanim sinirinin altinda olmasi sebebiyle iretim denemelerine gecilmistir. Kalip tasa-
rimlari yapilirken driiniin agirlk merkezinin alt kisimda olmasina zen gésterilmistir. Bu sayede, parmaklar arasinda is
parcas! iletilirken olusabilecek donme ihtimali azaltilmistir. Uretim denemeleri esnasinda, tasarim asamasinda dikkat
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edilen parametrelerden; tonaj sebebiyle emniyet civatasi kopmasi veya makine arizasi veya kafa ddvme istasyonunda
yiiksek kalip sarfiyati, rondela bélgesinde hasar olusumu ve istasyonlar arasi is parcasi tasinmasinda kayma prob-
lemlerinden herhangi biriyle karsilasilmamistir. Soduk sekillendirme prosesi sonunda elde edilen final iriin formu
Sekil 7'de verilmistir.

Sekil 7. Soguk sekillendirilmis final driin.

3. Sonuc (Conclusions)

Yapilan calismada, otomotiv sektdriinde kullanilan kamber ayar civatasinin yekpare olarak soguk sekillendirilebilir-
ligi incelenmistir. Sekil 4'te verilen Griin formunda kullanilmasi gereken istasyon tasarimi ve incelenmesi gereken
kritik tasarim parametreleri belirlenmistir. Uriin izerinde hasar olusma ihtimali, dévme yiiklerinin pres kapasitelerine
uygunlugu ve soguk sekillendirme kaliplari izerinde olusan gerilmelerin kontrolii sonlu elemanlar yénteminden fay-
dalanarak yapilmistrr. iteratif simiilasyonlar sonucu proses parametreleri optimize edilmistir. Yapilan tim galismalar
sonucunda istasyon tasarimlari belirlenmis ve kaliplar hazirlanmistir. Uretim denemeleri sonucunda da kamber ayar
civatasi yekpare olarak sojuk sekillendirme yontemiile elde edilmistir.
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Abstract

In this study, the influence of cooling mediums namely air, oil and LN, during the turning of 1.3343 high-speed steels
(HSS) were investigated. Surface roughness of workpieces and flank wear of cutting inserts were compared. The effects
of cooling mediums as well as feed rate and cutting length were investigated. Furthermore, SEM investigations and EDS
analyses were conducted on workpieces after machining with cryogenic cooling. Residual stress measurements with
XRD were also conducted on the samples machined with LN,. Based on the trials, it was shown that cryogenic cooling
excels other coolant mediums in terms of tool wear and surface roughness. Compressive residual stresses along the
machining direction were observed for the samples machined with all cooling mediums. There was no recast or white a-
yer observed at the surface of samples machined with all cooling mediums. Therefore, it was concluded that in addition
to being environmentally friendly i.e. no requirement for recycling as in oil-based cooling mediums, cryogenic cooling
offered advantages in terms of surface integrity of both cutting inserts and machined samples.

Cryogenic cooling, Liquid nitrogen, Turning, High-speed steel, Tool wear, Surface roughness, SEM, Residual stress

1. Introduction

Machinability and tool life are highly influenced by heat generation and thermal conductivity, especially for high-stren-
gth steel materials. [1] In order to reduce heat generation and wear on inserts, air and oil cooling methods are widely
used. However, air cooling can be insufficient regarding the cooling of inserts and workpieces, particularly for the ma-
chining of hard materials. Therefore, premature tool damage can be observed. The oil cooling is not environmentally
friendly and may cause health problems on long exposures. The recycling of oil or water-based coolants can be both
problematic and costly. Cryogenic cooling, on the other hand, can be a solution to these problems. The air we breathe
consists of 79% nitrogen, which makes it naturally recycled after it is used. [2]

In the literature, there are different studies on cryogenic cooling-assisted machining. Potta [3] conducted experiments
on 17-4 PH stainless steel comparing air, oil and cryogenic cooling. As a result, thanks to cryogenic cooling, both wear
reduction on tools and better surface roughness on workpieces were achieved. Agrawal et al. [4] investigated the mac-
hinability of Ti-6Al-4V material with cryogenic cooling and stated that tool life was improved by 200% and 80% relative
to dry and wet turning, respectively. In addition, 71% and 64% decrease in surface roughness values relative to dry and
wet cooling methods were reported. Ayed et al. [5] measured cutting forces during cryogenic turning for different flow
rates and observed an increase in forces concerning flow rate.

The aim of this study is to investigate the influence of cooling mediums namely air, oil and LN, during the turning of
1.3343 high-speed steel, used in different areas including cold forging punches. The surface roughness of workpieces
and flank wear of cutting inserts with different cutting parameters such as feed rate and cutting length were compared.

Residual stress measurements and SEM investigations coupled with EDS analyses were also conducted to observe the
effects of cooling mediums and process parameters.

2. Experimental Procedure
In the experiments, cylindrical workpieces are used. The material for the workpieces was chosen to be 1.3343 high-spe-
ed steel (HSS), used in cold forging punches. The chemical composition of 1.3343 steelis given in Table 1. After the trials

with different cutting tools, the CBN insert was chosen for the experiments. Rockwell hardness tests were made before
the experiments and the hardness of the workpieces was determined to be 60.4 + 0.5 HRC.

Table 1. Chemical composition of 1.3343 steel workpiece.

C Cr Mo v w

1.3343 HSS 0.90 4.1 5.0 1.9 6.4

Before the trials, all of the cutting inserts were photographed (Figure 1) separately. The flank wear values were mea-
sured on macroscope images (Figure 2). Mitutoyo - $J-210 surface roughness device was used for surface roughness
measurements. Residual stress measurements via X-ray Diffraction were conducted by Stresstech X300. After the pro-
duction trials of 1.3343 hardened steel materials were completed (after the samples were processed 7100 m), residual
stresses at the workpiece surfaces were measured to analyse the effect of different cooling mediums and different
processing parameters. Measurements were taken at 0° and 90° with respect to machining direction. SEM and EDS
analyses were carried out by using FEI Quanta 250 FEG.

Figure 1. Macroscopic image of CBN insert.

The turning process parameters used in the experiments are given in Table 2. For each parameter set, trials were carried
out with 3 different cooling mediums: air, oil and LN,. The cutting lengths of 1400, 4300 and 7100 m and feed rates of
0.05and 0.1 mm/rev were determined and related measurements on the cutting tools and machined parts were carried
out at these levels. A total of 18 sets of trials were conducted by using 1.3343 high-speed steel samples.
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3. Results and Discussions
3.1. Macroscopic Examinations

In Figure 3 (a) and (b), images of cutting tools were given for each parameter set with the corresponding cooling me-
dium as well as feed rates and cutting lengths. After macroscopic examinations of the flank wear, an increase in wear
was observed for higher cutting lengths. In terms of insert wear, cryogenic cooling with LN, enabled the least tool
wear compared to air and oil cooling mediums. In addition, there was no insert failure for cryogenic cooling, however,
there were insert tip fractures for air and oil cooling mediums.

Figure 2. (a) Flank, (b) nose and (c) top view of an insert after cutting operation.

Vc: 200 m/min, f: 0.05 mmirev
1400 m 7100 m
Table 2. Process parameters for turning operations.
Cooling Cutting Speed Feed - f Cutting Depth | Cutting Length Air Cooling
Medium - Ve (m/min) (mm/rev) (mm) (m)
Parameters-1 Air 200 0.05 0.1 1400
Parameters-2 Air 200 0.05 0.1 4300 0Oil Cooling
Parameters-3 Air 200 0.05 0.1 7100
Parameters-4 Air 200 0.1 0.1 1400
. Cryogenic
Parameters-5 Air 200 0.1 0.1 4300 Cooling
Parameters-6 Air 200 0.1 0.1 7100
@
Parameters-7 oil 200 0.05 0.1 1400
Parameters-8 oil 200 0.05 0.1 4300 Ve: 200 m/min, f: 0.1 mm/rev
7100 m
Parameters-9 0il 200 0.05 0.1 7100
Parameters-10 0il 200 0.1 0.1 1400 Air Cooling
Parameters-11 0il 200 0.1 0.1 4300
Parameters-12 0il 200 0.1 0.1 7100
Parameters-13 LN2 200 0.05 0.1 1400 QilConmg
Parameters-14 LN2 200 0.05 0.1 4300
Parameters-15 LN2 200 0.05 0.1 7100 )
Cryog_enlc
Parameters-16 LN2 200 0.1 01 1400 S .
Parameters-17 LN2 200 0.1 0.1 4300 ®
Parameters-18 LN2 200 0.1 0.1 7100 Figure 3. Macroscope images of inserts for a feed rate of (a) 0.05 and (b) 0.1 mm/rev for

all cutting lengths and cooling mediums
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3.2. Flank Wear and Surface Roughness

In Figure 4 (a) and (b), the surface roughness R_ and R values of the workpieces with a cutting speed of 200 m/min and
feed rate of 0.05 mm/rev parameters are given. As can be expected, an increase in cutting length leads to an increase in
surface roughness for all cooling mediums. The insert failed after 4300 m cutting length for the air cooling, therefore,
the surface roughness values were not reported for that specific condition.

In Figure 4 (c), the comparison of flank wear of the inserts is given. Failure of the cutting insert was observed in air
cooling before reaching 7100 m, as stated. The flank wear was the minimum for the cryogenic cooling for all cutting
lengths. With oil cooling, no insert failure was observed, however, the flank wear was higher compared to cryogenic
cooling, particularly for the cutting length of 7100 m.
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Figure &. (a) R , (b) R values of the workpiece and (c) Flank wear of cutting tool with
parameters of cutting speed: 200 m/min and feed: 0.05mm/rev

In Figure 5 (a) and (b), the surface roughness R_and R values of the workpieces with a cutting speed of 200 m/min and
feed rate of 0.1 mm/rev parameters are given. Compared to trials with a feed rate of 0.05 mm/rev, insert failures were
observed for air and oil cooling conditions after the cutting length of 4100 m. As the cutting length is increased, the
surface roughness values tend to increase, as can be expected. The surface roughness values were lower for cryogenic
cooling. In Figure 5 (c), the comparison of flank wear of the inserts is given. Failures of the cutting tools were observed in
air and oil cooling conditions before reaching 7100 m, as stated. The flank wear was the minimum for the LN, cryogenic
cooling for all cutting lengths.
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In Figure 6 (a) and (b), the effect of feed rate on the surface roughness values of the workpieces machined with cr-
yogenic cooling is given. The surface roughness values obtained with 0.1 mm/rev were higher for the cutting length of
4300 mand 7100 m. However, R, and R values were similar at 1400 m. In Figure 6 (c), the flank wear of the inserts was
compared for the feed rates of 0.05 mm/rev and 0.1 mm/rev. The wear observed for both conditions under cryogenic
cooling was similar to each other.

As shown in the surface roughness measurements and flank wear comparisons, cryogenic cooling offered both better
surface roughness values and lower insert wear compared to air and oil cooling mediums. This can lead to a decrease in
unit cost per part and increase productivity. Considering the trials with 0.1 mm/rev feed rate, an increase in productivity
can be achieved by decreasing the cycle time per part for the turning operation of a specific application. Having said that,
the surface roughness values tend to increase with higher feed rate. Therefore, depending on the expectations from the
turning operation process parameters can be chosen accordingly.
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Figure 6. (a) R, (b) R values of the workpiece and (c) Flank wear of cutting tools that use
the cryogenic cooling method.

3.3. Residual Stress Measurements

In Figure 7(a), residual stress fields after turning with different cooling mediums of 1.3343 steel are given at 200 m/
min cutting speed, 0.1 mm/rev feed rate and 0.1 mm depth of cut. Depending on the direction, the residual stress fields
changed significantly from compressive to tensile. In the direction of machining labeled as 0°, the residual stresses were
compressive and the maximum compressive residual stresses were obtained for oil cooling. As given in Figure 7(h),
when the feed rate was 0.05 mm/rev, the residual stress fields become more compressive reaching -800 MPa with very
close to zero residual stresses perpendicular to the machining direction, i.e. 90° for cryogenic cooling. Therefore, it was
shown that decrease in feed rate from 0.1 to 0.05 mm/rev induces more compressive residual stresses at the machined
part surface which enables higher fatigue performance by delaying or inhibiting crack initiation and propagation.
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Figure 7. Residual stress measurement (a) different coolant effect, (b) different parameter effect.

3.4. SEM and EDS Analyses

After the turning trials were completed, SEM images were obtained from the surfaces of workpieces for detailed investi-
gations. In particular, SEM images and EDS studies were carried out for the inspection of recast or white layer formation.
First, the surfaces were examined before turning, which are given in Figure 8. Main alloying elements including W, Cr, V
and Mo were seen in the microstructure, which was shown by EDS analyses (Figure 9).
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Electron Image 1

Spectrom 1

Spectrum 2

-
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Element Wt% Atomic %
C 3.96 21.03
v 2.64 331
Cr 3.69 4.52
R — e Bn| BB
. . . . . . Mo 18.12 12.04
Figure 8. SEM images of 1.3343 steel with different magnifications. w was| 987
Total 100.00 100.00

Figure 9. EDS analysis of 1.3343 steel.

Within the scope of SEM investigations, the samples were examined in detail after 7100 m of cutting length at cutting
speed of 200 m/min, feed rate of 0.1 mm/rev and cutting depth of 0.1 mm. In the examinations, no recast layer, white
layer or any other structure was found after air, oil and cryogenic cooling (Figure 10).
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(b)

-
(c)

Figure 10. SEM images on different magnifications for (a) air cooling, (b) il cooling and (c) cryogenic
cooling methods.

Investigations related to the recast layer and white layer were detailed with EDS analyses. No significant composition
difference between the surface and the base material was found in all cooling mediums (Figure 11). Therefore, it was
revealed that no traces of recast or white layer was found by using SEM images and EDS analyses.
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Figure 11. EDS analysis after (a) air cooling, (b) oil cooling and (c) cryogenic cooling.
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4, Conclusions

In this study, cryogenic cooling with LN, was compared with air and oil cooling mediums for turning of 1.3343 samples. It
was proven that cryogenic cooling showed a significant improvement in terms of flank wear with respect to the process
parameters. Some of the inserts failed during trials with air and oil cooling mediums. However, no insert failure was
encountered in any of the trials with cryogenic cooling.

In terms of surface roughness, machining with cryogenic cooling helps to obtain a better surface finish, especially for
more severe cutting conditions. Depending on the production route, a better surface finish after the turning operation
can contribute to an increase in productivity such as by decreasing the cycle time per part for the subsequent final
polishing operation.

Considering the residual stress measurements, compressive residual stress fields were observed in the direction of
machining for all cooling mediums. The most compressive residual stresses were obtained at the surface of the sample
machined with oil cooling. Decrease in feed rate leads to more compressive residual stresses for both directions parallel
and perpendicular to the machining direction for cryogenic cooling. Compressive residual stress fields can act against
crack initiation and propagation leading to better fatigue resistance.

As aresult of detailed SEM and EDS analyses, no recast or white layer was found on the surfaces of the machined samp-
les with air, oil and cryogenic cooling.

Inaddition to the underlined advantages, cryogenic cooling offers more sustainable production particularly compared to
oil cooling. Since there is no need for a recycling process as for oil-based coolants, cryogenic cooling can be considered
more environmentally friendly.
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Abstract

Fastening products such as high-strength bolts are crucial assembly parts for the automotive industry. In the re-
cent years, environmentally sustainable regulations have led to increasing demand for high-strength bolts in the
industry to reduce vehicle weight by lessening the number of fasteners used in the assembly lines. In this study, the
static and fatigue properties of the high-strength bolts which were subjected to post-heat treatment combined with
varying tempering temperatures and durations were investigated to achieve better durability and higher mechanical
properties with desirable ductility. Obtained properties in terms of microstructural, mechanical and fatigue were
evaluated. According to the results, it is observed that better mechanical properties are up to 13,6% and 11,6% for
yield strength and tensile strength, but deterioration in elongation was around 47,4% compared to 12.9 grade. Additi-
onally, bolts having higher static strength exhibited significantly lower fatigue performance for some load conditions
considering the life cycles acquired from 12.9 grade.

1. Introduction

Fasteners are one of the most important parts for assembling the components in the main systems and subsystems
that are designed in major industries such as automotive, aviation, construction, white goods, etc. Suitable grade and
mechanical properties of fasteners are determined considering the assembly conditions in order to maintain the stru-
ctural integrity. In the recent years, trends especially in the automotive industry have been encouraging the weight
reduction as the transformation to electrical vehicles accelerates and efforts addressed to travelling long distances
using less electric energy. Therefore, bolts having higher grades than standard grades described in IS0 898-1 are in
demand to ensure reduced size and also reduced quantity of used fasteners in the system for weight reduction purpo-
ses [1, 2. On the other hand, OEMs steadily work on developing smaller engine blocks without sacrificing engine
power [3]. Therefore, the necessity of high-strength bolts can clearly come in sight to prevent the adverse conditions
and protect the engine block assembly [4]. In addition to these, the usage of high-strength fasteners enables to
increase production efficiency in terms of labor savings and more rapid assembly operations [5]. However, there are
some issues that restrict the mass production of high-strength bolts.

Fasteners are generally manufactured by cold forming process with post-heat treatment application using low and
medium carbon steels as a raw material. Depending on the property grade, additional alloying elements such as B,
Mn, and Crare needed to enhance the strengthening and hardenability of the carbon steels. Especially, boron addition
for solid solution allows higher hardenability even at low concentrations, but it raises the tendency to form detrimen-
tal compounds such as boron oxide, nitride, and carborites that cause an instability in the quenching process [6].

Therefore, several studies in the literature focused on boron-free steels, mostly 42CrMod, for reaching higher stren-
gth properties due to increased carbide formation and finer grain structure obtained by heat treatment [6-8]. Thus,
42CrMo4 stands in good candidate for manufacturing high-strength bolts with tensile strength up to 1600 MPa [9].

In this study, high-strength bolts with 1400 MPa tensile strength and 12.9 grade bolts produced from 42CrMo4 were
heat-treaded using different temperature-time combinations as to form tempered martensite microstructure at fi-
nal. Thereafter, the obtained properties were evaluated in the aspects of microstructural features, mechanical, and
fatigue performance. It was witnessed that significant deterioration in fatigue performance and ductility for higher
strength grade compared to 12.9 grade, while the strength values increased.

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 material used as raw material for this study is 42CrMo4 steel in the

wire-drawn form, whose chemical compositions are shown in Table 1.

Table 1. Chemical composition of 42CrMo4 steel.

Element C Cr Mo Ni Mn Si Fe
wt (%) 0.40 1.1 0.23 <0.15 0.75 <0.2 balance

Figure 1. Final bolt form after the production.

Prior to production, spheroidization annealing was applied to steel wires to facilitate the cold forming process by dec-
reasing the hardness values into desired range. Thereafter, surface of the wires were coated with polymer to adjust
the frictional effects during cold forming process. As a final process, bolts were subjected to heat treatment under
three steps; austenization, quenching, and tempering. Both specimen batches were first austenized and quenched.
Following that, high-strength bolts were tempered at different temperatures and durations in order to reach at least
10% elongation without decarburization.

Microstructural observations were conducted on specimens of both grades using Zeiss Axio Imager.M2m optical
microscope after metallographic preparations via grounding and polishing, and etching with 4 vol% nital-distilled
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water solution for 3-5 s to control the final microstructure and decarburization. Uniaxial 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
for each grade bolts at room temperature to determine the mechanical properties. Three tests from each grade were
performed. Additionally, fatigue tests of both grade bolts were carried out on Zwick Roell Amsler 250 HFP 5100
high-frequency fatigue machine at constant mean load and alternating load amplitudes. Mean load value used in
fatigue tests was 39,41 kN. Load amplitudes were determined according to the mean load value as not to exceed yield
strength of 1080 MPa for 12.9 grade. Five tests from both grades at each load amplitude were performed. Fatigue test
parameters are given in Table 3 in detail.

Table 2. Fatigue test parameters.

Mean Load, kN Cyclic Load, kN Corresponding % of Mean Load
7,88 20
591 15
39,41
3,94 10
1,97 5

3. Results and Discussion

The microstructures of specimens of both grades exhibit transformation to tempered martensite which consists of
lath-type structure. Also, it is seen that heat treatment process is successfully completed for all specimens without
decarburization. The micrograph of the specimen with tensile strength of 1400 MPa is illustrated in Figure 2.

Figure 2. Tempered martensite microstructure without decarburization taken from higher grade bolt.

Mechanical properties of bolts with high-tensile strength are given in Figures 3, 4, and 5 for ultimate tensile strength,
yield strength, and elongation at fracture depending on tempering time, respectively. The mechanical strength of the
bolts were inversely proportional to fracture at elongation i.e. ductility. The heat treatment process parameters had
significant influence on these properties. Therefore, the appropriate combination of temperature-time in tempering
process is determined in order to obtain adequate ductility with tensile strength of 1400 MPa or above. Obtained me-
chanical properties for both grade bolts are listed in Table 4 for comparison the mechanical properties. According to
the results, it was observed that as the tempering temperature decreased, better mechanical properties up to 13,6%
and 11.6% for yield strength and tensile strength were obtained. However, fracture at elongation was decreased
around 47.4% compared to 12.9 grade.
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Figure 3. Ultimate tensile strength-tempering process relations.
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Figure 4. Yield strength-tempering process relations.



58 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2023

NORM FASTENERS R&D CENTER PUBLICATIONS | 2023 | 59

20.0 T

_ 1754 i f % -
A TI(C) |
® T2(°C)
® T3(°C)

5.0 T v T T T
t 12 3

Tempering Time / min

Elongation at Fracture (%
i - -
(=] 8] w
o (4] (=1
1 I 1
I

5
w
1

1

Figure 5. Elongation at fracture-tempering process relations.

Table 4. Mechanical properties of both grades.

Property / Grade 12.9 Higher grade
Yield Strength, MPa 1127 £3 1280 +8
Tensile Strength, MPa 1263 + 1 1409+ 4
Elongation at Fracture 20,9+05 11+0,7

Averaged fatigue test results at constant mean load of both grades are listed in Table 5. The endurance limit in fatigue
tests was determined as 1.000.000 cycles. Results showed that life cycles substantially increased as the cyclic load
decreased. Another important output from fatigue tests was that life cycles of higher grade bolts at cyclic load of
5,91 kN significantly decrease to half of the life cycles obtained from 12.9 grade. Also, it was seen that life cycles
of higher grade bolts exhibited lower resistance to fatigue loads compared to 12.9 grade bolts. The reason could be
incorporated with the decrease in deformation capability of the material due to increased strength and hardness.
Higher strength properties could lead to restriction of dislocation movements and a brittleness in the material struc-
ture. Life cycle decrease seenin higher grade tests could be explained by deterioration of ductility and deformability.
Though higher grade bolts showed good performance under static loads, their resistance against fatigue loads was
lower than 12.9 grade bolts. S-N diagrams of both grade bolts given in Figure 5 and 6, respectively. Considering that
fasteners especially used in the automotive industry, which are exposed to repetitive, variable and uncertain loads, it
is clear that bolts with low fatigue life are not desirable.

Table 5. Fatigue test results of both grades.

Cycles
Mean Load, kN Cyclic Load, kN Difference (%)
12.9 UTS 21400 MPa
7,88 45.669 42.993 -5,9
591 254,083 121.148 -52,4
39,41
3,94 573.241 614.298 +1,2
1,97 >1.000.000 21.000.000 -
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Figure 6. S-N diagram of 12.9 grade bolts.
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Figure 7. S-N diagram of bolts having 1400 MPa tensile strength.
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Abstract

In this study, the effect of the number of wire-EDM passes on the surface integrity of WC-Co hardmetals was investiga-
ted. As-received doughnut-shaped WC-25 wt%Co samples were wire EDM'ed with one, two, three and five passes. The
resulting surface conditions were investigated in terms of macroscopic and microscopic examinations. Surface rou-
ghness and hardness measurements were carried out. Detailed SEM investigations were coupled with EDS analyses.
Based on the experimental findings, a detailed cutting strategy was offered for WC-Co hardmetals depending on the
expectations of surface conditions, production route, cost and productivity. If there is at least one subsequent process
including material removal, wire-EDM with one pass is suggested to decrease cost and increase productivity. However,
heat-affected zone (HAZ), recast layer and lower surface hardness region should be removed at subsequent production
steps. If there are no production steps to remove HAZ, recast layer and lower surface hardness region, the number of
wire-EDM passes should be maximised.

Keywords: WC-Co hardmetals; wire-EDM; surface integrity; cutting strategy; recast layer

1. Introduction

WC-Co metal-ceramic composite materials are one of the important engineering materials used in various applications
in manufacturing [1]. Tungsten Carbide (WC) particles are sintered with cobalt (Co) binder to have both high wear re-
sistance and high toughness. Owing to studies concentrating on the effects of WC particle size and cobalt content on the
final performance of materials, the demand for this material type to be used in different applications has been increasing
[2]. Knives, mandrels, punches, drawing and forming dies and inserts are some of the tools made of WC-Co hardmetals
and are widely used in different metal shaping processes such as forging and machining [3].

Considering various forms, the manufacturing of final products made of WC-Co is carried out in multiple steps to obtain
geometrical shapes within tolerances and desired surface conditions. For instance, the production route starts with
rough machining or roughening to obtain an approximate geometry from pre-shaped solid or hollow cylindrical raw ma-
terials for cold forging dies made of WC-Co. After roughening, further steps including fine machining, grinding and polis-
hing are employed depending on the final shape and expected surface conditions. Since WC-Co metal matrix composite
materials are very hard, required cutting forces are very demanding. Due to high hardness, tool wear and tool cost are

higher and production time is longer compared to machining of conventional steels. Since the machining of hardmetals
differs from other materials in terms of operation parameters, a different term, i.e. hard machining, is often used [4].

Owing to the high material removal rate, Electro Discharging Machining (EDM) is one of the widely preferred methods
for machining of WC-Co hardmetals. However, different artefacts such as surface cracks, heat-affected zone (HAZ),
recast layer, additional surface roughness and tensile residual stresses can be introduced during processing. Based
on the literature review on the machining of WC-Co hardmetals, it was concluded that the issues related to the EDM of
WC-Co could be attributed to differences in physical properties such as melting and evaporation temperatures, thermal
expansion and contraction coefficient and electrical conductivity [5]. EDM is based on high-voltage electrical current
passing through an electrode and workpiece. Considering the principle of EDM, where the dielectric fluid enables cur-
rent to be passed to the workpiece after ionization temperature is reached. The resulting spark removes material from
the workpiece so that cutting is carried out. Due to high local temperatures originating from high-voltage sparks, mic-
rostructural modifications are introduced during EDM. One of the widely-known features is the recast layer which is a
pm-sized layer observed at the surface of the materials. Due to EDM, tensile residual stresses are formed with other
inherently-introduced features such as binder depletion and thermal grain cracking lowering the performance of EDM'ed
WC-Co hardmetals [6]. It was underlined that ultrasonic vibration of the tool in die sinking-EDM led to a decrease in the
thickness of the HAZ and recast layer [7].

Considering the studies focusing on the EDM of WC-Co hardmetals, most of the attention was directed to the effect of
EDM parameters, such as applied intensity, pulse time, wire feed rate etc. For example, the effect of pulse time on various
WC-Co grades was investigated [8]. It was concluded that an increase in pulse time led to machining instability. The
effect of peak current and pulse duration was explored for WC-25wt% Co [9]. At high peak current and pulse duration,
EDM-affected layers with cracks were claimed to be observed. The effect of pulse duration, dielectric level, current,
flushing pressure and different dielectric fluids on the material removal rate of WC-10wt% Co samples were investigated
[10]. Increase in pulse duration, current and flushing pressure were found to lead higher material removal rate. The
effects of pulse intensity, pulse duration, duty cycle and open-circuit voltage were examined in order to have low surface
roughness, low electrode wear and high material removal rate for WC-6wt%Co samples [11]. It was suggested that low
intensity and low pulse duration should be preferred for low surface roughness. On the other hand, high intensity, duty
cycle and open-circuit voltage values with low pulse duration should be chosen for high material removal rate. High
intensity as well as low open-circuit voltage and pulse values were offered for low electrode wear. A study focused on
determining the most influential factors for surface roughness, electrode wear and material removal rate [12]. It was
observed that intensity was the most influential factor for all cases within the limits studied in the study. A review study
on the EDM of WC-Co hardmetals was carried out to tabulate the EDM process parameters with respect to achieved
material removal rate, electrode wear, tool wear rate and surface roughness [5]. Another review study was conducted
on the EDM of WC-Co hardmetals [13]. Process parameters such as spark gap, gap voltage, peak current, pulse duration,
pulse interval and pulse intensity were discussed. These literature reviews summarized the studies concentrating on
EDM process parameters for WC-Co hardmetals.

Multi-pass EDM cutting is one of the procedures that can be applied to reduce or eliminate the effects of single wire-EDM
cutting artefacts such as high surface roughness, recast layer and HAZ as well as tensile residual stresses. Initial rough
wire-EDM cutting can be followed by one or more fine trim cuttings to achieve desired surface conditions. The process of
the multi-pass wire-EDM procedure was explained in detail in [14]. Experimental and statistical analyses were carried
out for gamma titanium aluminide material. In this study, one and two passes were used and a selection procedure based
on productivity and expected surface roughness was offered. Another study focussed on the effects of multi-pass wi-
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re-EDM cutting for Ti-6AL-4V alloy [15]. Rough cutting followed by two additional trim cuttings with different coated EDM
wires were investigated. For all wire types, a reduction in surface roughness and recast layer thickness was observed
after multi-pass wire-EDM. ANOVA and Taguchi analyses were conducted to determine the influence of process para-
meters including multi-pass wire-EDM of WC-5.3wt%Co [16]. Investigations on fracture and fatigue behaviour of wire
EDM’ed WC-10wt%Co hardmetals were carried out [17]. Multi-pass wire-EDM'ed samples were compared with samples
processes with mechanical grinding and polishing. It was revealed that fatigue sensitivity of the wire-EDM'ed specimens
was obtained as higher compared to reference cutting due to tensile residual stresses after EDM. However, there was no
specific information regarding the details of multi-pass wire-EDM. The wear and adhesion performance of samples after
dry blasting and TiN coating applied to samples produced with different EDM passes were investigated [18]. WC-10wt%-
Cosamples were prepared with one, four, five and seven numbers of wire-EDM passes and it was concluded that applying
multi-pass wire-EDM up to 5 passes could create fine TiN crystals. However, it was stated that due to the longer process
duration of the multi-pass wire-EDM process, it would not be cost-effective. A review study on the EDM of WC and WC-Co
suggested multi-pass EDM process with lower depth of cut [19]. However, there was no further information regarding
the multi-pass wire-EDM process. In addition, the effect of number of wire-EDM pass on breaking strength obtained by
four-point bending test was investigated [20]. It was found that the post-cuts were necessary only to improve surface
roughness. It was also stated that decrease in the number of post-cuts would decrease the cost of manufacturing.

Despite some studies mentioning multi-pass wire-EDM of WC-Co hardmetals, a systematic study is needed to explore
the resulting changes due to the multi-pass wire-EDM and to suggest cutting strategies that can be implemented on the
production floor. In addition, most of the studies in the open literature are concentrating on low Co-content hardmetals,
i.e. up to 10wt%. In this study, the effect of wire-EDM passes on surface integrity was investigated for WC-25wt%Co
hardmetals. Detailed macro and microstructural examinations were carried out after one, two, three and five passes.
After macroscopic examinations, surface roughness and hardness measurements were conducted. Detailed investigati-
ons including EDS analysis and microstructural examinations by SEM images were carried out to investigate the surface
integrity. Finally, a cutting strategy was offered for wire-EDM cutting of WC-Co hardmetals in terms of surface integrity
and production efficiency. Since the final performance of WC-Co hardmetals is directly related to surface integrity, the
cutting strategy offered in this study presents the most cost-effective wire-EDM production step, depending on the
complete production route without any sacrifice from surface integrity.

2. Sample preparation

In this study, doughnut-shaped WC-Co samples were employed. As received samples were produced from WC and Co
powders by milling, powder pressing, preforming and sintering. The inner and outer diameters of the as-received samples
were 13.30 mm and 30.80 mm, respectively. The as-received sample was cut into four pieces so that each sample had a
thickness of 5.50 mm. The cobalt content of the samples was 25 wt% and the grain size of WC particles was higher than 6
ym. The mechanical and physical properties of WC-Co samples used in this study was given in Tab. 1.

After obtaining four samples with the same geometry, the inner hole size was increased to 14.20 mm by using SPM z-Cut

Table 1. Elemental, physical and mechanical properties of WC-Co material used in this study.

- Transverse
. Elasticity Fracture
. Co Density e Rupture
Material Content (%) (g/em?) Grain Size Modulus Strength Toughness
v (6Pa) W (Mparmf2)
(MPa)
WC-Co Extra coarse
hardmetal 25 13.15 (6 pm) 450 2700 21

wire-EDM. 0.25 mm-thick brass wires were employed for cutting. For each sample, desired final hole diameter was
obtained by one, two, three and five passes. The wire-EDM process has various parameters to control and wire-EDM
machines have software and hardware to optimise these parameters and their complex interactions depending on the
samples to be cut. Parameter optimization requires a substantial amount of work and is well beyond the scope of this
work. Therefore, the wire-EDM parameters were automatically defined and controlled by the wire-EDM machine used in
this study depending on the number of passes.

After wire-EDM cutting, each sample was further cut into two pieces to obtain semi-doughnut-shaped samples for each
configuration. Then, one of the half pieces of each set was polished for further optical investigations. Since, semi-dough-
nut-shaped samples were obtained from full doughnut-shaped samples by wire-EDM, both one and five passes regions
can be seen simultaneously in Fig. 1.

Ceoriat |
One pass region I One pass region

Five passes region

Figure 1. Wire-EDM'ed and polished semi-doughnut-shaped sample after five EDM passes. The Dough-
nut-shaped sample was cut into two halves by wire-EDM. Therefore, one pass (thickness) and five passes
(inner-hole) regions can be seen simultaneously.

3. Methods

Macroscopic examinations were initially carried out for all samples. Surface roughness measurements were carried out
by Mitutoyo Surftest SJ-400. For each configuration, measurements were repeated three times and standard deviations
were obtained. Micro hardness measurements were carried out by employing KB 30S and tests were repeated five times.
The SEM images were obtained by Carl Zeiss 300VP. Only as wire-EDM'ed samples were used and detailed surface ima-
ges were recorded from different locations of samples with different wire-EDM passes. EDS analyses were also carried
out to investigate the elemental composition of the recast layer formed after wire-EDM.
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4. Results & Discussions
4.1. Macroscopic Examinations

Macroscopic examinations were carried out for wire-EDM'ed and polished samples (Fig. 2). Optical investigations re-
vealed critical information regarding the effect of pass. First of all, after a rough polishing, i.e. cleaning the samples
from residues of the wire-EDM process, a yellowish recast layer was observed very clearly at the processed surface
of the samples with one and two passes. For the wire-EDM'ed sample after three passes, a yellowish recast layer was
still observed. Based on macroscopic examinations, the five-passes sample was almost free from the yellowish recast
layer. Therefore, as the number of EDM passes was increased, the yellowish layer formed during wire-EDM faded away.

Figure 2. Surface appearance of wire-EDM'ed and polished samples after (a) one, (b) two, (c) three and
(d) five passes.

4.2, Surface Roughness

According to surface roughness measurements, it was revealed that both R_and R values were significantly affected by
the number of passes. Fig. 3 shows the average R_and R values with corresponding standard deviations for the as-rece-
ived sample as well as one, two, three and five passes samples. First of all, the average surface roughness values of the
as-received sample were measured as .04 and 12.30 for R_and R , respectively. The average surface roughness values
afterone pass, i.e.R_andR , wereincreased to 4.07 and 22.56 ym, respectively. The percent increase after one pass was
99.and 83%for R and R values compared to the as-received sample. Therefore, it was revealed that surface roughness
significantly increased for the one-pass sample. When the two-passes sample was investigated, R_and R values were
decreased to 3.35 and 18.38 ym compared to the one-pass sample, however, surface roughness values were still higher
compared to the as-received sample. For the three-passes sample, surface roughness values were obtained as 0.83 and
586 pmforR and R respectively. Therefore, after three passes, the surfaces started to be smoother compared to the
initial conditions of the as-received sample. The percent decreases in R _and R values of the three-passes sample were
about 59 and 52%, respectively. Considering macroscopic examinations given in Fig. 1, the dramatic surface roughness

change from two passes to three can also be incorporated with the change in colour of the recast layer. Finally, R_and
R, values were obtained as 0.42 and 3.32 pm, after five passes. The percent decrease in R_and R from three passes
to five passes was about 49 and 43%. The total surface roughness improvements from the as-received sample to the
five-passes sample were around 79 and 73%for R and R , respectively. Based on the surface roughness measurements,
it was shown that for the one and two-passes samples, the surface roughness values were increased compared to the
as-received sample. However, after three passes, the surface roughness values started to decrease leading to a better
surface finish. When the number of passes was five, significant improvements in terms of R and R were achieved.
Therefore, to improve the surface integrity after wire-EDM, the number of passes should be increased to at least three,
based on the set-up used in this study. If the number of passes is lower, surface roughness should be decreased with a
subsequent process such as polishing. As known, high surface roughness increases the probability of crack initiation le-
ading to a lower performance for fatigue. Therefore, surface roughness should be decreased for better surface integrity,
particularly against fatigue failures.
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Figure 3. (a) R, and (b) R surface roughness measurements of wire-EDM'ed samples.

4.3.Hardness 1000

Micro-hardness measurements were obtained from o

wire-EDM'ed surfaces. The as-received sample hadan 2

average hardness of 834 HV as can be seenin Fig. 4. 2 &0

The one-pass sample showed a significant reduction ,§_

of 44% in hardness. The main reason for the hardness % 400 f////

decrease was associated with the recast layer after :E_‘E /

wire-EDM. Since WC-Co materials are very hard, it was 200

shown that the recast layer has lower hardness com-

pared to the base material. As the number of passes o Baes . Y . s
increased, the surface hardness also increased. For Number of pass

the five-passes sample, surface hardness was obtai-

ned very close to that of the as-received samples. As

shown in this study, processing with a low wire-EDM Figure 4. Surface micro-hardness measurements of
pass causes a decrease in the hardness of WC-Co ma- wire-EDM'ed samples.
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terials. Therefore, premature failures can be observed due to hardness decrease at the surface of the material. As a
result, performance loss can be expected as a result of lower hardness values for applications such as cold forging dies,
where surface hardness is very important to increase wear resistance.

4.4. SEM and EDS Analysis

Detailed microstructural examinations were carried out by using SEM for the as wire-EDM'ed samples without any polis-
hing. After one pass, the so-called recast layer (the yellowish layer for macro examination) was observed at the proces-
sed surface (Fig. 5). The average thickness of the layer was about 12 um. In addition to the recast layer, the heat-affected
zone (HAZ), as seen in welding operations, was also observed. The thickness of the HAZ was about 20 pm. Therefore,
the average thickness of the wire-EDM-affected zone for the one-pass sample was about 35 pm. Similar to the HAZ seen
in this study, a so-called "damaged layer" was observed in the literature [9]. When the as wire-EDM’ed sample with two
passes was investigated, the average thickness of the recast layer was obtained as 8 pm. No significant HAZ was obser-
ved compared to the sample with one pass. For the three-passes sample, the recast layer was still observed with an ave-
rage thickness of 5 pm. And similar to the two-passes sample, no significant HAZ was observed. As for the five-passes
sample, there were still local recast layers observed at particular locations and there were some regions with no recast
layer. Therefore, SEM image analysis revealed that after one pass, a significant recast layer and HAZ were obtained. With
the increase in the number of passes, the thickness of the recast layer was decreased with no significant heat-affected
region. After five passes, the recast layer started to be diminished, however, there were some locations with very thin
and local recast layers. The main mechanism for the formation of the recast layer and HAZ can be interrelated with the
sudden temperature increase and decrease during wire-EDM cutting. Due to the heating and cooling cycle taking over
a very short period, cracking was also observed at HAZ, which is also similar to HAZ cracking observed in welding (Fig.
6). This subsurface cracked region is very detrimental to the service life of the parts that are particularly working under
loading. Therefore, the recast layer and HAZ should be removed for better surface integrity.

T

Figure 5. Cross-sectional SEM images of samples with (a)
one, (b) two, (c) three and (d) five wire-EDM passes.

Figure 6. Cracking (shown with arrows) observed at
heat-affected zone (HAZ) for one-pass sample.

Along with SEM images, EDS analyses were also conducted to understand the effect of the EDM passes and the mec-
hanism of formation of the recast layer. As shown in Fig. 7, four areas and one spot EDS analyses were conducted on
the one-pass sample. The initial area scan (named as Selected Area 1) was selected so that elemental analysis was
obtained at the recast layer. Based on EDS analysis on Selected Area 1, significant amounts of Cu and Zn were observed
at the recast layer. Since EDM cuttings were conducted with 0.25 mm thick brass (an alloy of Cu and Zn) wires, it was
revealed that the recast layer was formed due to the deposition of brass alloy on the cutting surface during wire-EDM
cutting. Therefore, it can be concluded that the colour of the formed layer after wire-EDM cuttings, known as the recast
layer, originated from the brass wire used in the wire-EDM processes (Fig. 1). The recast layer consisting of mostly Cu
and Zn was also the main reason for hardness decrease as obtained in Fig. 4. In addition to Cuand Zn, there were Wand C
peaks due to WC phase in the base material. Considering initial particle morphology and high temperatures during EDM
cutting, it can be inferred that WC particles are melted and solidified in a very short time scale and formed the recast
layers with Cuand Zn. Moreover, there was no Co peak recorded from Selected Area 1. The main reason can be attributed
to the lower melting and evaporation temperatures of cobalt compared to WC [8]. During wire-EDM, it was stated that
cobalt could reach the evaporation temperature before melting of WC particles. Therefore, a cobalt-free region can be
formed during wire-EDM.

Another area from the recast layer, named as Selected Area 2, was analysed. Similar elements were observed as compa-
red to Selected Area 1. An additional area was investigated from the HAZ, named as Selected Area 3. The weight percent
of Cuand Zn decreased significantly compared to Selected Area 1 and Selected Area 2. On the other hand, the percent of
W was increased and significant Co content was obtained. Therefore, it can be inferred that residues of wire in terms of
elements were very slight at the HAZ. The final area labelled as Selected Area 4 from the HAZ was analysed and similar
elemental composition was obtained compared to Selected Area 3. The point analysis labelled as “EDS Spot 1" was con-
ducted at the cracked region at the HAZ. Elemental analysis showed significant Cu and Zn content in addition to W and C,
i.e. very close to the elemental distribution observed at the recast layer with very slight Co content.
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Figure 7. (a) EDS locations of one-pass sample. Intensity and percentage of
elemental results of locations as depicted in
(a): (b) Selected Area 1, (c) Selected Area 2, (d) Selected Area 3, (e) Selected
Area 4 and (f) EDS Spot.

4.5. Wire-EDM Cutting Strategies for WC-Co Hardmetals

In order to determine the wire-EDM cutting strategy of WC-Co hardmetals for a particular application, the production
route should be taken into account. Depending on the processes after wire-EDM cutting and desired surface conditions,
the number of EDM passes should be determined. In addition, due to tight tolerances expected from particularly tools
and inserts made of WC-Co hardmetals, the amount of material to be removed at each step should be projected before
production. Moreover, considering the running costs and productivity, parameters such as material removal rate and
wire consumption should also be taken into account. The flowchart of the cutting strategies of WC-Co hardmetals offered
in this study is given in Fig. 8.

First of all, cracking, recast layer and heat-affected zone (HAZ) observed after one pass should be removed for better
surface integrity. Therefore, if there is no further production step in terms of material removal for the wire-EDM'ed sur-
face such as grinding, the number of passes should be maximised. As shown in this study, there were local recast layer
zones and residues after five passes. Therefore, after wire-EDM cutting with @ maximum number of passes, polishing is
suggested to be applied to ensure that all residues of the recast layer are removed. In addition, surface hardness was
affected by the number of EDM passes. Decrease in surface hardness was observed for the samples with lower passes.
To recover the surface hardness of WC-Co hardmetals, the number of EDM passes should be maximised.

Increasing the number of passes enhances surface integrity, as proven in this study. However, as higher number of pas-
ses is employed in serial production, increase in wire-EDM processing time per part and increase in running costs such
as wire consumption are inevitable. Therefore, the cost of the wire-EDM process, i.e. the cost of the production will be
higher and the productivity will be lower. Therefore, if the production steps after wire-EDM cutting include grinding, i.e.
material removal is possible, wire-EDM cutting can be conducted with one pass. However, in the subsequent processes,
material removal should be conducted so that the recast layer and HAZ are completely removed from the wire-EDM'ed
surface. The thickness of this area was proven to be about 35 pm for the material-EDM set-up used in this study. In addi-
tion, surface hardness decrease should be avoided due to one pass. Therefore, while creating a production plan, material
removal at each production step should be considered and after wire-EDM cutting with one pass, enough material should
be grinded and polished to obtain the final dimensions of the machined part. Hereby, the final surface can be obtained
without recast layer, HAZ and lower surface hardness region.

Recast layer, heat-affected zone (HAZ) and lower surface
hardness region should be removed with lower production
cost and higher productivity.

Is there any
process after wire-
EDM inchuding
material removal?

No

‘Number of wire-EDM passes
should be maximized to remove
One pass wire-EDM process recast layer, heat-affected zone
(HAZ) and lower surface hardness

region.

|

Recast layer, heat-affected zone
(HAZ) and lower surface hardness
region should be removed at
subsequent process(es).

Maximum surface integrity of WC-Co
hardmetals with lower production cost
and higher productivity.

Figure 8. Flowchart of the wire-EDM cutting strategy of WC-Co hardmetals for maximum surface
integrity with lower production cost and higher productivity.
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Interms of surface roughness, an increase in the number of EDM passes leads to a better surface finish. As shown in this
study, an average Ra of 0.42 pm can be obtained with wire-EDM cutting with five passes. Depending on the application,
better surface quality can even be achieved by combining multi-pass wire-EDM with applying subsequent processes
such as polishing. For some complex-shaped parts, grinding and polishing could be very difficult to apply. In these cases,
the number of passes can be maximised to achieve desired surface conditions. However, depending on the expectations
from the surface quality, an increase in the number of passes may not be sufficient.

5. Conclusions
Based on this study, the following conclusions can be drawn:

1. Ayellowish recast layer was found on the surfaces of wire-EDM’ed samples. As the number of passes increased,
the thickness of the recast layer decreased, i.e. yellowish recast layer faded away as the number of passes inc-
reased.

2. Surface roughness values were observed to be decreased with increase in number of passes from one to five.
However, after one and two passes, the surface roughness values were higher compared to the as-received con-
dition.

3. Surface micro-hardness values after one pass decreased significantly due to the recast layer. Increase in the
number of passes led to increase in micro-hardness reaching the as-received sample hardness value.

4. The effect of the number of passes on the surface integrity of processed materials was very significant. The he-
at-affected zone (HAZ) with micro-cracks observed after one pass can cause premature failures during service
conditions. The tendency of observation of the recast layer decreased with increase in the number of passes.
Considering the set-up used in this study, there were some recast layer zones even after five passes.

5. Depending on the expectations from surface integrity, the production route should be determined including the
number of wire-EDM passes. Surface quality, running costs, productivity should be taken into account and de-
pending on each case, production planning should be made. The cutting strategy offered in this study can be
implemented for the production of any parts made of WC-Co hardmetals including wire-EDM.
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Ozet

Yiiksek sicaklik basarimlari, korozyon direncleri ve iistiin mekanik tzellikleri nedeniyle paslanmaz celikler, imalat
sektdriinde oldukca fazla kullanilmaktadir. Paslanmaz celik baglanti elemanlarina olan ihtiyac ve talep de giinden
giine artmaktadir. Denizcilik sektdriinde oldukca yaygin olan paslanmaz celik baglanti elemanlari, giinimizde arac-
larin degisken ortamlara ve tuz gibi korozyon acisindan riskli ortamlara maruz kaldigi géz oniinde bulunduruldu-
gunda otomotiv sektdriinde de oldukca ilgi gormeye baslamistir. Paslanmaz celikler, icerdikleri yiiksek oranda krom
sayesinde, yiizeylerinde olusan krom oksit tabakasi vasitasiyla korozyon direnci saglarlar. Ancak yizeydeki krom
oksit tabakas soguk sekillendirme gibi deformasyonla iiretim yapilan durumlarda zarar gériir ve korozyona acik hale
gelirler. Paslanmaz celiklerin yiiksek korozyon dayanimini tekrar kazanabilmesi icin pasivasyon islemi yapitmaktadir.
Bu calismada, M10x25 DIN912 paslanmaz celik civatalarin pasivasyon islemi dncesi ve sonrasi korozyon dayanim-
larr incelenmistir. Ayrica orta karbonlu celik civatalara korozyon direnci icin uygulanan iki farkl ticari cinko lamelli
kaplama da paslanmaz celiklere uygulanabilirligi ve korozyon basarimlarinin incelenmesi adina uygulanmistir. IS0
9227 standardina gore tuz piiskiirtme testleri gerceklestirilmistir. Toplamda dort farkli paslanmaz celik konfigiiras-
yonunun denemesi tamamlanmis ve sonuclar karsilastirilarak degerlendirilmistir. Sonuc olarak, soguk sekillendirme
ile dretilen paslanmaz celik civatalar icin pasivasyon isleminin beklenen korozyon direncinin elde edilmesinde kritik
birislem oldugu ortaya konmustur.

Anahtar Kelimeler: Civata, Soguk sekillendirme, Paslanmaz celik, Korozyon

1. Girig

Paslanmaz celikler otomotiv, saglik, havacilik, denizcilik gibi bircok sektgrde iistiin korozyon direncleri ve mekanik
dzellikleri nedeniyle kullanitmaktadir. Hammaddenin daha bulunabilir ve maliyetlerinin diismesiyle giinimiizde daha
sik kullanilmaya baslanmistir. Sektordeki bu kullanim artiindan paslanmaz celik civalar da etkilenmistir. Ostenitik
paslanmaz celikler, en sik kullanilan paslanmaz celik alasimlanidir [1, 2]. Soguk sekillendirme ile dretilen paslanmaz
celik baglanti elemanlarinin Gretiminde de form verilebilirlik, is sertlesmesi kabiliyetleri, bulunabilir ve maliyetlerinin
gbrece uygun olmasi sebebiyle siklikla tercih edilen paslanmaz celik sinifi dstenitik paslanmaz celiklerdir. Paslan-
maz celik civalar IS0 3506-1 standardi altinda siniflandinlmistir. Bu siniflandirmaya gére A sinifi civatalar dstenitik
paslanmaz celikleri ifade etmektedir. Sayryla belirtilen kisim ise mekanik sinifini belirtmektedir ve bu degerin on kati
cekme dayanimini ifade etmektedir [3].

Paslanmaz celiklerin icerisinde bulunmas gereken en az % 10,5 oranindaki krom ve diger alasim elementleri olan
nikel, molibdenyum gibi elementler korozyon direncini saglar. Paslanmaz celigin korozyon direnci, yizeyinde celik
oksijene maruz kaldiginda dogal olarak olusan ince bir krom oksit tabakasinin varligindan kaynaklanmaktadir. Bu
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Sekil 1. Civatalar icin paslanmaz celik kaliteleri ve dzellik siniflari tanimlama sistemi [3].

katman, oksijen ve diger asindirict maddelerin celide nifuz etmesini ve alttaki metale ulasmasini engelleyen bir ba-
riyer gorevi goriir. Soduk ddvme sonrasi bu krom oksit tabakasinda hasar olusumu veya kontamine olma durumu, bu
oksit tabakasinin korozyon direncini diisirmesine sebebiyet verebilmektedir [4]. Bunun niine gecebilmek icin pas-
lanmaz celik baglanti elemanlarina pasivasyon islemi uygulanmaktadir. Pasivasyon islemi ASTM tarafindan A 967-05
belgesinde standardize edilmistir [5].

Paslanmaz celikler her ne kadar korozyona dayanikli olsa da, tamamen korozyona dayanikli degildir. Gerilmeli koroz-
yon, erozyon, galvanik korozyon, oksidasyon, cukurcuk korozyonu gibi krozyon tipleri paslanmaz celiklerde karsi-
lasilan korozyon tirleridir. Celik baglanti elemanlarinin korozyon 6zelliklerinin belirlenmesine ygnelik calismalar ve
testler mevcuttur. Tuz piiskiirtme testleri sert ortam kosullarini simiile etmesi sayesinde belirli bir standarda gére
yapildigindan 6tiiri sonuclarin tekrarlanabilirligi ve hizli sonuc alinabilmesi acisindan dnemli bir test metodudur.
Paslanmaz celik baglanti elemanlari zorlu ortamlarda kullanilabildiginden 6tiirii uygulanan tuz piskiirme testleri de
korozyon direnci agisindan bilgi vericidir. Tuz piskiirtme testleri IS0 9227 ile standardize edilmigtir [6].

Paslanmaz celik diretiminin artmasi ve paslanmaz celikten iretilen civatalarin yayginlasmasiyla beraber mekanik ve
kimyasal dzellikler acisindan bir bilgi ve tecriibe acii olusmustur. Bu nedenle, literatiirde paslanmaz celik civatalar

—— 7

1 Dagilm kulesi
2 Atomizer

3 Kapak

4 Test kabini

5 Test numunesi

6 Toplama cihazi
7 Sicaklik kantrolii

Sekil 2. Tuz piiskiirtme kabini tasariminin sematik diyagrami [6].
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ile alakali akademik calismalar giinden giine artmaktadir. 2007 yilinda yapilmis bir calismada 304 paslanmaz celik-
lerin magnezyum klorit cozeltisi damlatilarak cukurcuk korozyonu olusumu incelenmis ve bu sayede deniz atmosferi
altinda paslanmaz celiklerin korozyona ugrama mekanizmalarini arastirmislardir. Damla capi azaldikca korozyon
olusma olasilidi ve olusan cukurcuk korozyonlarinin caplarinin da diismekte oldugu bildirilmis ve ayrica kloriir cd-
zeltilerinin damlaciklari altinda olusan cukurcuklarin sig bir tip oldugu, cukurun tercihen yatay yonde ilerledigini be-
Lirtilmigtir [7]. Bir baska calismada, standart ve Hollo-Bolt paslanmaz celik civatalarin sabit genlikte bir yiik altinda
yorulma performanst incelenmistir [8]. Diger bir calismada ise 304 paslanmaz gelik malzemeden soguk sekillendi-
rilmesi zor bir formun iiretim denemeleri gerceklestirilmis. Hammaddenin 200 °C dereceye isitilarak yapilan iretim
denemelerinde yiiksek is sertlesmesi gdsteren paslanmaz celigin islenebildigini ortaya koymuslardir [9]. 2023 yilin-
da yayinlanmis bir baska makalede ise, martenzitik ve dstenitik olmak iizere iki farkli paslanmaz celik civatanin iki
farkl kaplama uygulanarak torklama testleri gerceklestirilmis ve kaplama tiplerinin paslanmaz celiklerde torklama
iizerindeki etkisi arastinlmistir. Calisma sonunda kaplamalarin torklama dizerindeki etkisi belirlenmis ve istenilen
stirtinme katsayr araliinin yakalanabilmesi adina kaplama uygulamalarinin gerekli oldugu yorumu yapilmigtir [10].

Bu calismada Norm Fasteners biinyesinde dretilmis M10x25 DIN912 A2-70 sinifi paslanmaz celik inbus civatalarin
korozyon dzellikleri arastirilmistir. Civatalar dogrudan dretildidi gibi, pasivasyon islemi gerceklestirilmis ve ticari iki
farkli cinko lamelli kaplama ile kaplanmis olacak sekilde toplamda dort farkli kosulda IS0 9227 standardina gére tuz
piiskiirtme testi gerceklestirilmistir. Tuz piiskirtme testleri sayesinde hem pasivasyonsuz hem pasivasyonlu, hem de
farkli kaplama tiplerine sahip baglanti elemanlarinin korozyon direncleri belirlenmistir.

2. Materyal ve Metot
Norm Fasteners Ar-Ge Merkezi'nde gerceklestirilen calisma kapsaminda, test icin kullamilan M10x25 DIN912 pas-

lanmaz celik civatalar Norm Fasteners biinyesinde dretilmistir. A2-70 sinifi iretilen civatalarin dretiminde 304Cu
hammadde kullanitmistir. Kullanilan hammaddenin kimyasal kompozisyonu Tablo 1'de verilmistir.

Table 1. 304Cu hammadde kimyasal kompozisyonu.

Element C Si Mn P S Cr Ni Cu
Oran
0.017 0.25 0.77 0.035 0.001 18.15 8.06 3.51
(wiw)

Testlerde kullanilacak M10x25 DIN912 A2-70 paslanmaz test civatalarinin diretilmis son halleri Sekil 4'te gdsteril-
mistir. Soguk dgvme ile Gretimi tamamlanan civatalar tarak kaliplari kullanilarak dis acilmistir. Ardindan, test icin
hazirlanan numuneler yag gibi iiretimden kaynaklanan kontaminasyonlardan arindirilmistir.

Korozyon direncini artirmak adina diretimi yapilmis olan M10x25 DIN912 civatalara ASTM A-967 standardina uygun
olacak sekilde pasivasyon islemi yapilmistir. Krom, paslanmaz celigin yizeyinde, alttaki metali korozyondan koru-
yan pasif bir oksit tabakasi olusturur. Bu oksit tabakas, alttaki metali korozyona maruz birakabilecek soguk ddvme,
talasli imalat gibi islemler sirasinda hasar gorebilir veya kirlenebilir. Bu durumlarda, oksit tabakasini eski haline

Sekil 3. Uretilmis M10x25 DIN912 A2-70 paslanmaz test civatalari.

getirmek ve paslanmaz celigin uzun siireli korozyon direncini sadlamak icin pasivasyon yapilmaktadir. Pasivasyon
tipik olarak paslanmaz celigin nitrik asit cozeltisine veya sitrik asit cdzeltisine daldintmasini icerir. Pasivasyon islemi
ayrica paslanmaz celiin yiizeyinde bulunabilecek, kirleticileri veya serbest demir iyonlarini da giderir. Pasivasyon
isleminde dncelikle kir ve yagdan arindintmistir. Yiizeydeki pas tabakasinin giderilmesi islemi gerceklestirilmistir.
Ardindan yiizeydeki metalik tozlarin ve yaglarin tamamen giderilmesi saglanmistir. Nitrik asit cdzeltisine alinan mal-
zemeler burada pasivasyon islemine tabi tutulmustur. Son olarak durulama ve kurutma islemleri ile pasivasyon islemi
tamamlanmistrr.

Geleneksel karbonlu celiklerde yiizey kalitesinin iyilestirilmesi, sirtinme katsayilarinin istenilen aralikta ayarlan-
mas ve korozyon direnci kazandirilmast icin yapilan kaplama islemleri sektdrde paslanmaz celiklere de uygulanabil-
mektedir. Kaplama uygulanmadan dnce, iyi bir yapisma saglamak icin civatanin yiizeyi hazirlanir ve cesitli teknikler
kullanilarak cinko lamelli kaplama uygulanabilir. Yaygin bir yontem, kaplamanin civatanin tim yizeylerine esit sekil-
de uygulanmasini saglayan bir kaplama malzemesi banyosuna civatalar batirmaktir. Alternatif olarak kaplama, 6zel
donanim kullanilarak civatanin yiizeyine piiskirtilebilir. Kaplama uygulandiktan sonra korozyona karsi dayanikli ve
etkili bir bariyer olusturmasi icin kiirleme islemi uygulanmas gerekir. Bu calismada, sektérde siklikla kullanilan iki
farkl ticari cinko lamelli kaplama iiriinii ile civatalar kaplanarak korozyon direnci acisindan pasivasyon islemi ile
karsilastirmali olarak incelenmistir. Kaplamalarin uygulama parametreleri Tablo 2'de gdsterilmistir. Her iki kaplama
islemi sonrasinda kaplamali Grnekler Sekiller 6 (a) ve (b)'de goriilmektedir.

Table 2. Test Prosediiril.

Kaplama Program siiresi Kiirleme Siiresi Kiirleme Sicakligi
Kaplama 1 3 dakika 1 saat 180°C
Kaplama 2 5 dakika 1.5 saat 250°C




84 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2023

NORM FASTENERS R&D CENTER PUBLICATIONS | 2023 | 85

Sekil 6. (a) Kaplama 1ve (b) Kaplama 2 uygulanmis test civatalari.

Ostenitik paslanmaz celik civatalarin iiretimleri tamamlandiktan sonra korozyon testleri gerceklestirilmistir. Koroz-
yon testi olarak tuz piiskiirtme testi IS0 9227 standardina gére uygulanmistir. Tuz piiskiirtme testi, pas ve korozyo-
na karsi direnclerini degerlendirmek icin civatalar ve diger metaller izerinde gerceklestirilen bir korozyon testidir.
Her bir varyasyon icin 5'er numune kullanilmistir. Test, civatalarin kontrolli bir ortamda belirli bir siire boyunca tuz
piiskiirtme sisine maruz birakilmasiyla gerceklestirilmistir. Test tipik olarak kontrolli bir tuzlu su sisi olusturabilen
dzel bir odada gerceklestirilir. Oda, test kosullarini korumak icin bir sicaklik ve nem kontrol sistemi ile donatilmistir.
Civatalar test odasinda iizerlerine dnceden belirlenmis bir oranda tuzlu su sisi piskiirtilmistir. Test sirasinda, pas
veya cukurlasma gibi korozyon belirtileri olup olmadigini kontrol etmek icin civatalar periyodik olarak incelenmis-
tir. Testler 24 saatlik periyotlarla gerceklestirilmistir. Testler tamamlandiktan sonra, temizlenip korozyon belirtileri
acisindan degerlendirilmistir. Sonuclar, civatalarin istenen korozyon direnci seviyesini karsilayip karsilamadigini be-
lirlemek icin endistri standartlariyla karsilastinlmistir. Testlerde Liebisch 42016101 modeline sahip tuz piiskiirtme
kabini kullamlmigtir (Sekil 7).

3. Bulgular ve Tartisma

Calismada, iretimleri tamamlanmis M10x25 DIN912 A2-70 paslanmaz celik civata numunelerinin tuz piiskiirtme
testleri gerceklestirilmistir. itk asamada dogrudan iiretilmis herhangi bir islem yapilmamis civatalar tuz piiskiirtme
testine tabii tutulmustur. Numunelerde 48 saat sonunda civatalarin saft, kafa ve soket bélgelerinde kirmizi oksitlen-
me tabakasi (demir oksit) goriilmistiir. Sekil 8'de teste ait test raporu ve test sonu civatalarin gorselleri paylasilmis-
tir. Malzemede herhangi bir kaplama olmadigjr icin beklendii iizere beyaz oksidasyon gériilmemistir. islem gérmemis
numunelerin tuz testi sonuclari paslanmaz celikler icin gérece diisik korozyon direnci gsterdigi gérilmektedir.

Pasivasyon islemi uygulanmis olan civatalarin korozyon direncini belirlemek amaciyla tuz piskiirtme testi gercekles-

Sekil 5. Liebisch Model: 42016101 tuz piiskiirtme testi kabini.

tirilmistir. Teste ait rapor ve test sonu civata gérselleri Sekil 9'da gdsterilmistir. Yapilan testlerde 1128 saat sonunda
beyaz oksit tabakas goriilmistir. 1152 saat sonrasinda dzellikle kafa kisminda kirmizi oksit tabakasi goritmistir.
Pasivasyon uygulanmamis civatalara yapilan testlere gore (48 saat) kirmizi oksit goriilme siiresi 24 kat artmigtir.
Korozyon direnci konusunda pasivasyon isleminin kritik Gneme sahip oldugu gérilmistir.

Sekil 10'da Kaplama 1 uygulanmis civatalarin tuz piskiirtme testi sonuclar goriilmektedir. Test sonucuna gére 192
saat sonunda beyaz oksit tabakasi gorilmistiir. Beyaz oksidasyon, kaplama malzemesinin iceriginde yiiksek oranda
bulunan krom ve aliminyum elementlerinin oksitlenmesinden kaynaklanmaktadir. 504 saatlik test siirecinde sonun-
da kirmizi oksit gorilmemistir.

JEST RESULT & OBSERVATIONS

White oxidation was observed at

Red oxidation was observed at 48 hrs

Test duration 48 hrs
Kurmuza oksit (Demir oksit)

Sekil 6. Pasivasyon islemi yapilmamis civatalarin tuz piiskiirtme testi sonucu.
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Sekil 11'de ise Kaplama 2 uygulanmis civatalarin tuz piiskiirtme testi sonuclar gériilmektedir. Test sonucuna gére
288 saat sonunda beyaz oksidasyon goriilmistiir. Test sonunda Kaplama 2 uygulanmis civatalarda da Kaplama 1
uygulanmis civatalara benzer olarak kirmizi oksit 594 saatlik test sonucunda gérilmemistir. Yapilan tim testlerin
ardindan tim malzemelerin tuz piiskiirtme test sonuclari Tablo 3'te birlikte verilmistir. Pasivasyon isleminin yapilan
kaplamalardan daha etkili bir korozyon direnci sajladidi acikca gérilmektedir. Kaplama 2'nin Kaplama 1'e gére 1.5
kat daha iyi bir korozyon direnci sadladidini da test sonuclari gdstermistir.

TEST RESULT & OBSERVATIONS

White oxidation was observed at 1128 hrs
3ed oxidation was observed at 1152 hrs
Test duration 1152 hre

Sekil 7. Pasivasyon islemi yapilmis civatalarin tuz piskiirtme testi sonucu.

TEST R T RVATION:

White oxidation was observed at 192 hrs

Red oxidation was observed at

Test duration S04 hrs

Sekil 8. Kaplama 1 uygulanmis civatalarin tuz piiskiirtme testi sonucu.

JEST RESULT & OBSERVATIONS

White oxidation was observed at 288 hrs
Red oxidation was observed at =
Test duration 504 hrs

Sekil 9. Kaplama 2 uygulanmis yapitmis civatalarin tuz piiskiirtme testi sonucu.

Table 3. Tim malzemelerin tuz piiskiirtme testi sonuclari.

Tuz Testi Sonucu Kirmizi Pas Tuz Testi Sonucu Beyaz Pas
Malzeme
(saat) (saat)
Pasivasyonsuz civata 48
Pasivasyonlu civata 1152 1128
Kaplama 1 uygulanmis civata - 192
Kaplama 2 uygulanmis civata - 288

4. Sonuclar

Calisma kapsaminda giinimiizde kullanimi git gide artmakta olan paslanmaz celik civatalarin korozyon direncleri tuz
piiskiirtme testi ile incelenmistir. Calismada paslanmaz celiklere uygulanan pasivasyon isleminin korozyon direnci-
ne etkisinin incelenmesinin yani sira sektdrde kullanilan cinko lamelli iki ticari kaplama uygulamasinin da korozyon
direncine etkisi incelenmistir. Oncelikle pasivasyon islemi yapilmadan iiretimden direkt alinan numunelerine tuz piis-
kiirtme testi uygulanmistir ve 48 saat sonunda beyaz pas olusmadan dogrudan kirmizi pas olustugu gériilmistir. Bu
durum malzemenin yiizeyindeki koruyucu krom oksit tabakasi eksikligini gostermistir. Ardindan pasivasyonlu test
civatalari tuz piiskiirtme testi uygulanmistir. Pasivasyonlu civatalarda 1128 saat sonunda beyaz pas olusmus olup
1152 saat sonunda ise kirmizi pas olusmustur. Beyaz pas olusumu pasivasyon isleminin dogru sekilde yapildigini
gostermektedir. Pasivasyonsuz citalarla karsilastirildiginda korozyon direncinde 24 kat artis olmustur. Bu sonu pas-
lanmaz celik civatalarda pasivasyon isleminin korozyon direnci acisindan kritik rol oynadigini ortaya koymaktadir.
Paslanmaz civatalara uygulanabilen ticari cinko lamelli kaplama tiirleri ayrica korozyon direncleri acisindan kiyas-
lanmistir. Sekttrde siklikla kullanilan iki farkl kaplama gesidi (Kaplama 1 ve Kaplama 2) test civatalarina uygulanmig
ve tuz piiskiirtme testleri gerceklestirilmistir. Yapilan test sonucunda Kaplama 2 uygulanmis civatalar Kaplama 1
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uygulanmislara gére 1.5 kat yiiksek korozyon direnci gostermistir. Ancak pasivasyon isleminin sagladigi korozyon
direnciyle kiyaslandidinda kaplama islemleri oldukca diisik kalmakta oldugu gérilmistir. Pasivasyonlu civatalar,
Kaplama 2 uygulanmis civatalara gore yaklasik 4 kat daha iyi korozyon direnci sergilemislerdir. Kaplama isleminin
maliyetleri ve uygulama zorluklari g6z 6niinde bulunduruldugunda pasivasyon islemiyle karsilastirildiginda korozyon
direnci ézelinde anlamli bir artig saglamadigi ortaya cikmistir.
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Abstract

In this study, the aim was to develop a numerical model to estimate the realistic die life under production line conditions
of axially symmetric cold forging dies used in fastener production and maximize the die life. The study determined that
Morrow's equation which is commonly used in determining die life in the cold forming industry, causes high scattering
in production line trials. Hence, the study revised the fatigue strength coefficient (o')) and fatigue strength exponent (b)
of the relevant equation using production line and numerical simulation data from four different cold forging dies. The
revised model has been found to be compatible with the production line data. Using a D-Optimal experimental design in
a selected axisymmetric head forging die, 3D modeling and numerical studies were carried out for various levels of four
different cold forging die manufacturing parameters to determine die life values. In the study, a D-Optimal experiment
design was conducted using Design Expert. Design studies were performed in Catia and material flow and tool life analy-
ses were carried out using Simufact.forming software. The data obtained from these numerical studies were utilized
in modeling studies conducted in Mathematica software. The study evaluated the models created from ten different
data groups based on Rmmg and RZIestmg' Optimization studies were also discussed, using Random Search, Differential
Evolution, Nelder Mead and Simulated Annealing methods. The results of the five different scenarios in four different
algorithms were obtained for second-order trigonometric multiple nonlinear (SOTN) and second-order logarithmic mul-
tiple nonlinear (SOLN) models. Considering the manufacturing precision of cold forging dies in the optimization studies,
the maximum die life for the SOLN model was determined as 497,299 in the study.

Keywords: cold forging, fastener, modeling, optimization
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Abstract

In recent years, additive manufacturing of metallic materials has become one of the most interested manufacturing
method in terms of beneficial capabilities over free-form modelling, rapid prototyping, and less material waste. The-
refore, it enables to create complicated components for various applications in different industries. For the fastener
industry, cold forming operation is an efficient and proven method for mass production, on the contrary, additive
manufacturing can be implemented in production of stainless steel fasteners, which have certain restrictions for
cold forming considering high forging load requirements and decreased performance of forming dies. In the scope of
this study, M5 stainless steel bolts produced from 316L powder by additive manufacturing were compared to AN3-4A
steel bolts and M5 8.8 grade steel bolts produced by 23MnB4 carbon steel based on the performance during tighte-
ning process. Hence, breaking torque tests were carried out. According to the results, additively manufactured bolts
reached the highest breaking torque values in 60° orientation compared to other orientations. Additionally, those
bolts exhibited lower breaking torque performance than that of both AN3-4A steel bolts and 8.8 grade steel bolts.
Thereafter, fracture surfaces of tested bolts were examined using SEM in order to understand the failure at lower
breaking torques. It was seen that fracture initiated in the lack-of-fusion zones and partially melted zones due to
higher stress concentration as a result of torsion.

Keywords: Metal additive manufacturing, stainless steel, steel, bolt, breaking torque
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Abstract

The cold forming of fasteners requires high forging forces, which cause significant stresses in the dies. WC-Co materials
are preferred for use in die materials in the production of fasteners through cold forging, due to their high strength,
wear resistance, high hardness, and low elastic deformation characteristics. Precise estimation of die life is critical for
enhancing production efficiency and reducing die-related expenditures especially in the cold forging processes. The aim
of this study was to reveal the fatigue behavior of WC-Co materials with a Co content of 26%, which are commonly used
in forging dies. Experimental investigations were to determine and compare the fatigue performance at three different
stress amplitudes using three-point bending fatigue testing of WC-%26 wt Co. To investigate the fatigue behavior under
a wide range of loading conditions, three stress amplitudes of 750, 800, and 850 MPa carresponding to 25%, 27%, and
28.3% of compressive strength of WC-%26 wt Co. were selected for fatigue testing. Maximum and minimum stress valu-
eswere calculated for stress ratio of R0.1 and R0.2. Loading frequency in fatigue testing was set to 72.45 Hz. The fatigue
performance of each set was determined from the mean of at least three test results. After completing the experiments
Goodman-Haigh diagrams were obtained from the experimental results.

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

Finite element solution of any mathematical model requires discrete finite elements(FE) or mesh, and accuracy of
finite element analysis(FEA) significantly depends on it.. Increasing the element count, in most cases, improves the
accuracy of FEA, but it yields to a higher computational power. Altering the order of shape functions or elements
degrees of freedom(DOF) is another approach to achieve decent accuracy with less element count, but, it is crucial
to choose right element type in order to get real-like physical results. In this study, FE with various DOF are examined
for deformation process of hexagon weld nut. FE analysis are conducted on Simufact.Forming for mesh types with
increasing DOF; tetrahedral(134), tetrahedral(157) and tetrahedral(247), in order to investigate the effect of ele-
ment type on cold forging simulation. Results are compared with hexahedral mesh, which is recommended element
type by Simufact, for effective plastic strain, contact pressure, geometrical accuracy and required forging power. It
is found that for equal element count, geometry is almost same for all tetrahedral types and they are similar to hexa-
hedral mesh. Tetrahedral(134) results found to be disproportionalin the sense of plastic strain and contact pressure,
compared to reference mesh and should be avoided for current case. Tetrahedral(157) and tetrahedral(247) yield
to similar results but the latter can compute quadruply faster and its results are more similar to hexahedral mesh.
Correlation between DOF and FEM accuracy is observed. It is suggested that for such plastic deformation problem,
elements with high DOF is found to be more convenient.

Keywords: Finite Element Analysis, Degree of Freedom, Cold Forging Simulation, Mesh Type
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Abstract

Due to changing industry needs and increasing costs, reduced process steps and assembly time are essential.
Self-threading nuts are the products that develops for this purpose. A standard nutis threaded into a round hole, then as-
sembled with a counterpart threaded with a tapping, and assembled at the relevant location. The threading processes of
the two parts are carried out separately, causing input costs and loss of time. Self-threading nuts are used in assemblies
by creating thread on counterpart with the thread structure they have. Thanks to this feature, they eliminate the need for
tapping threads separately, making the installation process faster and more straightforward. In this study, the threading
performance of four lobular, patent pending, self-threading nuts were investigated. The nuts were manufactured with
cold forging and threads were formed with tapping. Heat treatment was applied to obtain required mechanical proper-
ties. Counterpart to be threaded was selected as aluminum with a hardness of 110 HV. Two sets of counterparts were
manufactured. The first group was manufactured with machining, while the second group was manufactured with cast-
ing. These two groups were further divided into two in terms of taper angle. Based on the experimental results, it was
revealed the quality of formed threads was directly correlated with porosity level of the casted aluminum counterparts.
It was seen that machined counterparts were able to withstand higher torque than casted parts. Furthermore, in terms
of thread quality and threading performance, the diameter of the counterpart was found to be another critical factor.
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