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EXPERIMENTAL STUDY AND ASSESSMENT OF THE CAUSES FOR
VIBRATIONS IN MACHINING TECHNOLOGY SYSTEMS DURING FACE
MILLING OPERATION

Danimir Dimov — Student

Department Mechanical and Manufacturing Engineering,

University of Ruse “Angel Kanchev”, Ruse, Bulgaria

Phone.: 082 888 653

E-mail: ddimitrov@uni-rusel.bg
dhdimov88@gmail.com

Abstract: In order to reduce and limit the vibrations caused by physical forces in the processes of machining, the
stability of the technology system can be increased by placing additional supports and clamps to better fixate the
workpiece. The positions of such fixations must correspond to the system’s own natural frequencies of vibration and
oscillation shapes. The application of external forces with frequencies, approaching or equal to those of the system,
causes an unwanted phenomenon called resonance. Some workpieces, such as thin-walled beams, are especially
susceptible to these vibrations. To know which frequencies can cause mechanical disturbances in the process of
machining, we need information about the spectrum of frequencies which the specific tool and operation parameters
can induce upon the technology system. The purpose of this study is to determine the spectral characteristics for
specific cases of machining through experimentation and analysis.

Keywords: Technology, Machining, Metal cutting Milling, Vibrations, Resonance

INTRODUCTION

A distinct aspect of modern mechanical manufacturing, large or small scale, is the tendency of
apllying automation (Penchev M.S., |. Peeva. (1995), (Kostadinov Ch., 1. Peeva.)
(2017,2019,2020), digital technology and CNC machines. The high economic cost of equipment,
combined with the high productivity demand, require a certain efficacy of all processes. It is widely
accepted that physical stability is one of the main requirements to a manufacturing process’
efficacy. Each system component — machine, device, tool, workpiece, with its own mechanical
properties, has an effect on the total stability. (Angelov, Yu. A. 1999,2010), (Bozduganova, V.,M.
Todorov. (1993), (Enchev PT, YA Angelov. (2004). In the ever developing machining technologies,
a main problem concerning efficacy are vibrations of the technology system, caused by the forces of
machining. Every technology system has its own vibration frequencies, which depend on the
constructional features and mechanical properties of the materials. (Stoyanov Sv., St. Stoyanov.
(2011), Stoyanov, S. (2014,2017). External forces, applied with equal to the natural frequencies of
the system, can cause resonance. Resonance is related to the amplitude of oscillation of the
workpiece and affects the machining process negatively, leading to inconsistent surfaces and
dimensions. For that reason, the natural vibration frequencies and amplitudes of the workpiece (and
other elements of the system) must be determined, especially in cases of insufficient mechanical
stability. Scientific achievements and discoveries, combining fundamental mechanics with
computer software-aided modeling and simulation, make the quick application of engineering
solutions possible. (Bozduganova, V.,M. Todorov. (1993), (Draganov I. (2016), Draganov I., R.
Milkov, A. Pukhlev. (2018), Draganov I., N. Ferdinandov, D. Gospodinov, R. Radev, S. Mileva.
(2019), Velchev, D. (2003). Having obtained information about the vibration characteristics of the
system, the following steps can be undertaken in order to reduce vibrations: 1) Dissipation with the
help of vibration-absorbing devices, 2) Avoiding the application of external disturbances with
frequencies equal to the natural ones, through altering the machining parameters related to the
frequency of the tool striking the workpiece surface. That means how many times the edges of the
tool strike the worpiece for a given amount of time. 3) Increasing the stability of the technology
system. To increase the stability of the workpiece itself, additional fixations can be applied at the
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appropriate areas of deformation (maximum amplitude) in the process of oscillation. (Dimitrov D.,
I. Georgiev.( 2015), (Dimitrov D, N. Nikolov (2019). The latter two solutions aim to reduce the
possibility of causing resonance and stabilize the system in its critical areas. That demands
information about the frequency characteristics of any external disturbances and of the system itself.
Because the frequency spectrum of any technology system is strongly individual and specific, it
must be determined for each such system. Determination of the applied forces with a given
frequency in advance is only possible through calculations related to the number of cutting edges of
the tool and the revolutions per minute. Any other disturbances, which have an effect because of
their frequencies, are related to other parameters of the machining process, such as the formation
and break-off of chips, and are not analyzed at this point.

EXPOSITION
Description of the experiment and expected results

Apllying the forementioned solutions requires an understanding of the amplitude-frequency
characteristics of the specific machining process. As was already explained, that can only be
achieved through numerical analysis of the frequency of the incisions that the tool’s cutting edges
perform into the workpiece. Another step in determining these characteristics is analysis through
means of experimentation. The obtained data must be reliable and repeatable, so that it may be
significant.

The experiment aims to answer the following questions: 1) Is there any sort of repeatability in
the frequency spectrum of the technology system for every set of equal conditions, but different
instances, or is it variable and undetermined, and 2) What impact do the number of the tool’s cutting
teeth and machining parameters have on the frequency spectrum and could they be altered to reduce
vibrations.

The experimental set-up (Fig. 1) consists of a CNC machine, a test workpiece, an
accelerometer and a PC. The solid steel test workpiece is fixed to the machine’s work table and the
accelerometer is attached to it. The PC with the appropriate software allows us to vusialize the
measurements and data regarding the vibrations, detected with the accelerometer. The test
workpiece is fixed with two clamps in a holding device, which is attached to the work table. The
used tools are two different mill heads, which have respectively 7 and 8 cutting edges and external
diameters of respectively 80 and 100 milimeters. Seperate sets of tests were conducted with each
tool.

The expected results are that the frequency spectrum of vibration of the technology system is
repeatable and that it does not vary unexplainably, and that vibrations with certain frequencies are
related to the rpm and amount of cutting teeth of the tool.

Pos. 1 — Work table

Pos. 2 — Accelerometer, attached to test piece 3 and connected to PC 6
Pos. 3 — Solid steel test workpiece, fixed to the work table 1

Pos. 4 — CNC machine — 5-axis mill

Pos. 5 — Machining tool — mill head

Pos. 6 — PC with appropriate software loaded — Soundcard Scope (Soundcard Oscilloscope)

-11 -
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Fig. 1 — Experimental setup

Experimental conditions

The tests have been conducted in a certain order. The required information is about the
frequencies of vibration in the process of cutting (machining), and also in resting conditions, the so
called ‘dry run’. First, measurments were made at dry run at 250 rpm, than 500, 1000 and 2000
rpm. That means that the series of tests was conducted in the absence of contact between the tool
and the workpiece — no cutting is being executed, so no forces are transferred from the tool to the
workpiece. These frequencies of rotation fall into both rpm bands which the machine’s gearbox has.

The next set of test was conducted in the process of machining — the tool is in contact with the
workpiece and actual processes of cutting are applied. So at each of those four rotary frequencies
(250, 500, 100, 2000 rpm) 5 tests (measurments) were performed at dry run and 5 more in cutting
conditions. This series of tests was conducted using a 7-edge tool. Apart from them, the same sets
of 5 measurments were taken when using an 8-edge tool at 500 rpm. That allows us to compare the
vibration frequencies induced by each of those tools.

In order to grant repeatability and reliability of the results, all other conditions remained
constant or (some) were changed according to certain principles. The depth of cut in all instances
was a=0,4 mm. The work path of the tool was y=60 mm in length. The feed was related to the rpm
(frequency of rotation-s) in each case — at s=250 rpm, f=175 mm/min. At s=500 rpm, =350

-12 -
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mm/min. At s=1000 rpm, =700 mm/min. At s=2000 rpm, s=1400 mm/min. These values of feed
rates were calculated from the equation:

f=f,*xz*s, [mm/min]
where f — minute feed, f; — feed per tooth, z — number of teeth, s — rpm.
Feed per tooth was f,=0,1 mm for each case.

With the parameters feed per tooth and depth of cut kept constant for each instance, equal
conditions are insured. The only parameter used as a variable is the frequency of rotation.

Results and interpretation

As a result of the experiment and with the help of the mentioned software, the following
diagrams of the frequency spectra were created.

Fig. 2 — Comparison of frequency spectra at dry run

Fig. 2 shows the frequency spectrum of each of the 4 chosen rpm cases at dry run - 250, 500,
1000 and 2000 rpm. As expected, these 4 charts do not have significant differences. The maximum
amplitudes (vertical axis) are related to the same frequencies (horizontal axis) in all cases. The
peaks can be assumed equal in number aswell.

It can be concluded that the frequency spectrum in resting conditions does not change
unexpectedly. It cannot be predetermined accurately, but the revolutions per minute by themselves
do not have a significant effect upon it. In equal conditions the natural frequency range remains
constant enough for the purposes of machining.
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On Fig.3 we see a comparison between the frequencies of oscillation in working conditions —
actual forces of machining (cutting) apply. Again, in the same rpm range, the frequency spectra are

0.03- ’ 0065+
0.028- 0063
0.026- E
0.0243}
0.022]
0.02-

00553
0053
0,045
00187 008
00167 t 00353
00143 003}
00123 ; E
0012

0.0087

Frequency [Hz]

Fig. 3 — Comparison of frequency spectra in working conditions

very similar. The maximum amplitude peak is around 1040 Hz in all cases. Above that frequency a
subsidence of the vibrations follows. The other peaks are also similar.

Determination of critical frequencies

Ctitical frequencies are those, which pose a risk of developing resonance when paired with
their equal counterparts from the natural frequency spectrum of the system. In other words, when an
external frequency becomes equal to one of the natural frequencies, the amplitudes of both
combine and cause a strong vibration with a high resulting amplitude. When the workpiece (or other
system components) vibrates that strongly, the process of machining is highly impaired.

When working with a given multi-toothed tool, as a result of the tool’s rotation, the teeth strike the
workpiece with a specific frequency. That frequency can be calculated as:

S*Z
f=2 [Hz) ()
where f — frequency,

s — revolutions per minute,

z — number of teeth of the tool

That is how we can determine the frequency of strikes of the teeth on the workpiece surface
for every chosen number of teeth and rpm.

Knowing that frequency, through consultation with the technology system’s natural
spectrum, resonance could be avoided. That can most easily be done through altering the externally
applied critical frequency, through changes in the two studied machining parameters — rpm and
number of teeth.
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On Fig.4 One can see a rise in the amplitude at frequency around 70 Hz when working with
an 8-tooth tool and 500 rpm. Through the equation (2) we can work out that at that rpm and number

of teeth, the frequency of striking is f = 299*8 — 66,7 Hz. The chart shows this very frequency has a
local maximum amplitude, although in the low range of up to 0,03.

’t

magnitude

O¥E
) j'

h

W )

Frequency [Hz]

Fig. 4 — Frequency spectrum of vibration when using an 8-tooth tool, 500 rpm

CONCLUSION

The carried out experimental study confirms the direct relationship between the generated
frequencies and applied external disturbances as a function of the periodic striking (incisions) of the
tool’s cutting edges, with its momentary rpm, onto the workpiece.

Changing the frequency of rotation (rpm) of the mill-head tool does not affect the resulting
frequency characteristic significantly, but only the amplitudes of certain frequencies.
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Abstract: A study of the susceptability to shrinkage and porosity of Al-Si alloy with a sub-eutectic composition
has been presented in the paper. The experiments were performed on casting test pieces produced in metal molds and
sand molds with different water content (fast cooling and slow cooling respectively). In this way, the different influence
of the cooling rate on the volume of the formed external shrinkage has been shown. The results revealed that, depending
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The results of shrinkage simulation experiments with specialized software, are also presented and analyzed in
the work.
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1. BnBeaenme

Enna ot ocobeHOCTHTE Ha JISSIPCKUTE TEXHOJOTHH € CBUBAaHETO Ha MeTajna. M3BecTHO e, ue ¢
M3MEHEHHME Ha TemIlepaTypaTa Ha MeTajla ce M3MEHsS HEroBus 00eM M JIMHEHHHUTE MY pa3MepH.
Cnen 3anuBaHe TeMIeparypaTa Ha MeTaja 3aloudBa Ja HaMallsiBa, KOETO BOJM JIO CBHUBaHE U
HamassiBaHe Ha obeMa Ha omimBkara. OCBeH TOBa MpHU 3aTBBbp/sABaHEe O0eMa JONBIHUTEIHO
HamansiBa ¢ 10 13%. IlociaenHoTo Boau 10 oOpa3yBaHe Ha BCMyKHAaTHHU U MOPHUCTOCT. B TakbB
CMHCBJI CBUBAaHETO C€ sIBSiBA €Ha OT Hal-BaXHUTE XapaKTEPUCTUKU 3a CIUIaBTa, ONpeaessia
pa3MepuTe Ha OTJIMBKAara, HeilHaTa IMJIBTHOCT, Bb3MOXHOCTTA 3a IOJy4yaBaHE Ha HAINPEKEHUS,
NyKHATUHU | Aepopmanun [1-3].

B cnenctBue Ha CBHMBAaHETO, B 3aBUCHMOCT OT BMJa Ha CIUIaBTa, popMaTa M HAuMHA Ha
3aIlrbJIBaHe ce HaOJtoJaBaT KyXMHM, HapWHU BCMyKHaTHMHM. Koratro ca maiku mo pasmep Te ce
HapuuaT nopu. Te3u AedexTu ce moiydyaBaT B MEpUOJa Ha KPUCTAIU3ALUA, KaTO pe3yiTar OT
($a30BOTO HpEBpbBIIAHE M OCOOCHOCTUTE Ha OXJaXJaHEe Ha OTJIMBKaTa. Te€OpUTHYECKH Te ca
0€3BB3/1yIlIHY, a IPAKTUYECKH Ca 3allbJIHEHHM C Ia30B€ OT OTJIMBKATa, OTJACIWINA CE B PE3ysTaT Ha
Bb3HUKHaANUA BakyyM. [loBbpxHOCTTa UM € rpy0a, ThbMHA, C HelpaBWiHaA (hopMa, KaTo 4eCTO MbTU
ce HaOJr01aBaT OTENHM JACHJIPUTH, 32 pa3iuKa OT ra30BUTE LIYIIU, YUSATO MOBBPXHOCT € I1aJIKa U
onectama [1,4]. BeMmyknaTuHuTe MoraT na ObJaT W BBHIIHM, M3pa3sBalll C€ B JIOKAIHO
“XJIpTBaHE” HA MMOBBPXHOCTTA HA OTJIMBKATA.

B 3aBucuMOCT OT MSCTOTO B OTJIMBKAaTa W OT XapakTepa Ha KpHCTalIM3alus BCMYKHATHHHUTE
Morar Ja ObAaT KOHICHTPHpaHW (BBHINHU WM BBTPEIIHU), WIH Pa3CessHA - T.H. MOPUCTOCT.
ITopute 0OMKHOBEHO He ce 3a0ens3BaT C MPOCTO OKO, HO KOraTo MOPHCTOCTTa € oOpa3yBaHa B
TOIUIMHEH IIEHTHP MpU TpyNUpaHe Ha rojsM Opoil mopu, TO Ta3u 30HA CTaBa BUAMMA.

BcMmykHaTHHATa M OPUCTOCTTa Ca HeXelaH e(eKT MpH IMOJyyaBaHETO Ha OTIMBKU [5-9], 3a
TOBa € HEOOXOAMMO J1a C€ U3IMOJI3BAT Pa3IMdyHU METOJH 3a OTCTPAHSIBAHETO WJIM MUHUMH3UPAHETO
UM T10 BpeMe Ha TEXHOJIOrnYHUs mporec. Te3n MeToau ca:
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e Meronx 3a eAHOBPEMEHHO 3aTBbP/SIBaHE (32 METAJIHM C MaJIKa CKIIOHHOCT KbM BCMYKHATHHHU,
JIETUpPaHM - ¢ IIMPOK MHTEPBAJI Ha 3aTBBPASBAHE M IPU MO-THbHKOCTEHHU OTJIMBKH). To3u
METO/I IeJIU Jia ce 00pa3yBaT Mopu, KOUTO Ja ObAAT U3BEIEHU KbM HaJIMBHATA CHCTEMA;

e Meron Ha HacOYEHO 3aTBbpAsBaHE (IIPHU CIIaBU MMl CKJIOHHOCT KbM OOpazyBaHe Ha
BCMYKHATUHU - YUCTH, CBTEKTUYHH WM OJU3KOCBTEKTHYHH CIUIaBH, C MAIBK MHTEPBAJ Ha
3arBbpAsBaHe). [Ipm TO3M MeTO[ KpHUCTanu3alusATa IPOTHYA IIOCTENEHHO OT Haii-
OTJaJIcueHUTE MecTa Ha opMara KbM IMOJIXPAHBAIIO YCTPOWCTBO HAPEYEHO MBPTBA IJIaBa,
KOETO M3CTHBA MOCIIETHO U CE OTCTPAHSIBA;

e [logaBane Ha TeueH MeTall MPe3 HAKOJIKO MUTATENS 32 €THOBPEMEHHO 3abJIBaHE HA BCUYKU
4acTH Ha OTJIMBKATa U OCHUTYpsBAHE IIPUTOK Ha METal B E€BEHTYaJHO BB3HUKHAIU
BCMYKHATHHU;

e AKO MMa THHKM W Jae0enu 4acTH, MOJaBaHETO Ja CE€ M3BBPINBA Ipe3 THHKUTE 3a Ja ce
CTUMYJIMpa €JHOBPEMEHHOTO 3aTBbP/IsIBAHE.

CkopocTTa Ha OXJIaXJaHE € eIUH OT MapaMeTpUTe, BIUSACIIA HAa CBUBAHETO, PECIEKTHBHO Ha
oOpa3yBaHeTO Ha BCMYKHaTHMHU W mopuctocT. Ilpu neene B msickuHM (opMH CKOpPOCTTa Ha
OXJIaXKJIaHE 3aBUCH OT BIAXXHOCTTA Ha ()OPMOBBUHATA CMEC, a MPH METATHHUTE - OT TeMIepaTypara
Ha (opmara. B HacTosmus eKCTepUMEHT ce M3CieBa BIMSIHUETO HAa TEeMIlepaTypaTta Ha gopmara
(merasiHa ¢opma) M BIaKHOCTTA Ha (OpMOBBYHATA cMec (MAChYHA (OpMa) MPH ETHAKBA
TeMIepaTtypa Ha 3ajJMBaHe BbPXY CKIOHHOCTTAa Ha anmymuHueBa cruiaB (AlSi) kbM oOpasyBane Ha
BCMYKHATHHH.

2. Meroauka HAa U3CJIEABAHETO

3a ;1a ce yCTaHOBH BIMSIHMETO Ha TemIiepaTypaTa Ha (popmara 3a HaCTOSIINS €KCIIEPUMEHT Ce
M3IIOJI3BAT IIECT MPOOHHM Tella ¢ eHaKkBa (hopMa, ChCTOSIIA Ce OT KOHYCHA M HWJIMHAPUYHA YaCT.
Pascrornenust meran ce u3/MBa B TpU METaTHH (POpMHU (KOKHIIHN ), IPEIBAPUTEITHO HATPSITH, BCSIKA JI0
pa3nuYHa TeMIleparypa, W B TpH TSChUYHU (OpMH, Kato Bcska (opMa € ¢  pa3IngHo
BJIaroChIbpkaHue Ha (popMoBbUHATA cMec (Dur.1).

‘ eJHaKBa TeMreparypa Ha 3anuBaHe 680°C

3aJIMBaAHC B KOKUJIN 3aJIMBAHC B IISICBYHU q)OpMI/I

@ur. 1 Cxema Ha poBeXJaHUTE ekcriepuMeHTH. CKOpOCTTa Ha TOIUIOOTBEXKIaHe (CKOPOCTTa Ha
OXJIAKJaHE) Ce YBENMYaBa B MPEACTABEHUTE OT JISIBO Ha JSICHO TIPOOH.

Cren xaTo mpoOHUTE Teja ce OXJIAAAT A0 CTaifHa TeMIepaTypa, Te ce U3BaXAaT OT GopMHTE
U C MIOMOIIITa Ha phbYHA HOXKOBKA C€ pa3zielili KOHYCUBUIHATA OT UIMIMHAPUYHATA UM JacT (Pur.2).
OT KOHyCOBHIHATa YacT ce MpaBM H3clelBaHE Ha o0emMa Ha BCMyKHAaTHHATa, a ICPEACTBOM
HWJIUHAPUYHATA - Ha Mopuctocrra. OCHOBHAaTa IeJI HAa EKCIEPUMEHTa € Haco4eHa KbM
U3CJIeBaHEeTO Ha 00eMa Ha BCMyKHAaTHHUTE M IUTBTHOCTTA Ha MPOOUTE.
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B 3aBucuMocCT OT cKOpocTTa Ha OXJaxaaHe (TemIiepaTypa Ha ¢opMara M BIQXKHOCTTAa Ha
¢dopmMoBBUHATA cMec) 00eMa Ha BCMyKHAaTUHUTE MPH €IHAKBA TEMIIEpaTypa Ha 3aIMBaHE CE OYaKBa
Ha ObJe pa3nuyHa. 3a [enTa TOW ce Oompenens, KaTo BCMyKHATHHATa C€ 3allbjiBa C TEYHOCT
[0J]aBaHa OT M3MEPHUTENICH LWIMHABDP (ChC CKajla M KpaHue), IbJICH C H30IpPONAHOJ, KOHTO ce
HakanBa BbB BCMyKHaTuHara O0e3 mpenuBane. OTynra ce pa3inmkaTa Ha HUBOTO HA TEYHOCTTA IO
ckanara. C enexrponHa Be3Ha (¢ Tounoct 0,005 g) u yHHBepcaieH 1ry0iep ce u3MepBaT MacuTe
pa3MepuTe Ha TenaTa, Clie/l KOETO Ce M3YHCIIABAT 00EMHTE U IUTbTHOCTUTE HM.

d| D2

| Dl

@ur. 2 @opma Ha IPOOHUTE TeNa - HUIMHIPUYHA U KOHYCOBH/IHA YacT.

B Ta6J'II/II_[I/I CC HAHACAT IMPCABAPUTCIHUTC U U3UYUCIICHUTC JaHHU 3a BCAKO OT HpO6HI/ITe TCIIa
CbOTBCTCTBAIIM HA METOJIa Ha JICCHC U CC IIPaBAT CbOTBCTHUTC aHAJIU3U.

Cwc cneuuanen codpryep (FLOW-3D CAST v5.1 u DS SOLIDWORKS) ce mpoexnaa
CUMYJIallis Ha EKCIIEPUMEHTA 3a Tpolleca Ha JieeHe B MeTanHH (opmu (Kokuiu). Etamure oT
Ch3/1aBaHe Ha MojeNa U napamerpute Ha cumynupanero ¢ FLOW-3D CAST vb.1 ca:

- cw3gaBane Ha CAD monen na npobuute tena: (1) 2D ckuna, (ii) “peBonBupane” Ha
ckurara, (iii) ce3maBane Ha 3D moen;

- Ch3JaBaHE Ha MpEXa OT KpallHU €JICMEHTH.

- 3aJjaBaHe HAa OCHOBHHUTE IapaMeTpH: BpEME Ha 3aJIMBaHE, HAJSATaHE, TeMIeparypa Ha
TEYHHUs METaJl, XUMUYCH ChCTaB, TeMIIepaTrypa Ha ¢opmara, JMaMeThp Ha HAIUBAaHE U
zp.

- cTapTHpaHe Ha CHMYJIAIHATA.

- pa3uuTaHe W CPaBHSIBAHE HA PE3yJITATUTE.

3. Pesyarartu m anaausmu

B Tabnuna 1 u Tabnuna 2 ca npeacTaBeHu pe3yiaTaTuTe OT U3MEPBAHUSITA CIIE]] TPOBEICHUTE
€KCIIEPUMEHTH.

CraBa sCHO, Y€ JaHHHWTE, CHETH OT IIbPBOHAYATHUTEC HW3MEPBAaHHUS HA JHUAMETPHUTE U
BHCOYMHUTE UMAT roJisiMa JUcIepcHOCT. ToBa ce IbIKM Ha HEPaBHOMEPHOTO X TbTBaHE HA MeTala
B rOpHATa YacT Ha OTJMBKATa, U HAa MEXaHWYHOTO pa3Jie/sTHC Ha KOHYCHATAa W IWJIMHIPHUYHATA
yactu. ToBa ce IBDKM Ha HEPAaBHOMEPHOTO XJIbTBAaHE HA METala B TOpPHATa 4YacT Ha OTJIMBKAaTa, U
Ha MEXaHWYHOTO pa3JeisiHe Ha KOHYyCHATa W IWIMHIPUYHATA YacTH. Te3W pa3IMKh HE OKa3Bar
CHILIECTBEHO BIIMSHHE MPU H3CJIEIBAHETO HAa BCMyKHATHHH, HO MPHU MOPUCTOCTTA ce€ HaOIIOgaBaT
TOJIeMH CKOKOBE B TOJydeHHUTe pe3yiararn. OdvakBa ce MPH IMO-TOJsIMa CKOPOCT Ha OXJIAXKTaHe
MOpUTE Ja ca C MO-TOJIIMa KOHIIGHTpAlMs W Ha MO-ToJiiMa JhJIOOYMHA B OTJIMBKAra, HO OT
MOJTYYCHUTE PE3YJITaTH CE BIDKIA, Y€ IUTBTHOCTUTE HA IMIMHIPUIHUTE MTPOOH, OTIIETH B METATHU
(dbopMu ¢ pa3nuyHa TEMIIEpaTypa ca C He3HAUMTEIHA Pa3IfKa B INIBTHOCTTA.

Tabmumna 1
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I'IpOﬁHO BJTAK - ﬂnammp BHCOYHHA Maca V”p' TanO Viem Wiem ILTBTHOCT o
mmo MM D d mm | | Hohfum ] | mg] | lew’] [em’1| % | pleem’] | mopucroer
D= | D= h=
2 n . 193,06 0,7 0 . .
2462|6847  105.81
D=2 | DI= h=106,
KOHY G 2,5 - 199,311 1.8 1 - -
4,58 [69,65 38
D= | D= h=
3.5 ; 205,21 2 1 . .
24,49(70,66 107,2
= H= m=
2 - 3,296 . - 2,8 0
15,14 18,31 |9.23
2.5 4= = e 43 2.19 22
LIIHHIED L - ) - - ,
17.25 18,40 | 943
d= H= m=
3,5 - 3.9 . ; 278 0,7
15,30 18,44 | 944
TaoOmuma 2
npobHo  Twowws, | JMaMeThp | BHcovMHa | Maca Vi, Ao Viom View | TUTHTHOCT %
TSUTO oC |D,d[mm]| H,hprm] | mlg] [em] [.;'m';] % plg/em’ ] | mopucroct
. | D= | D= h= ]
20 . 140,847 2.6 2 - .
22416779 101,93
. |D=2|Di=| h=103,
KOHYC 200 ) - 186,471 7.3 4 - -
2.59 |69,26] 65
. | D= | D= h= ]
400 . 186,26 7.6 4 . -
238 69 102,08
20° = = - 6,158 2,766 1.2
19,93 19,74 [17.,03 o ’ ’
LHHALP | 2007 - = m= 6,09 2,755 1.6
19,81 1976 |16.78 | T ’
400" - = = 6,195 2,773 1
19,97 19,78 |17.18 T T

T.e PasyJTaTuTe MO0 OTHOHMICHME Ha IUIBTHOCTTA Ha Hp06I/IT€ HE IIOKa3BaT OTUYCTJIMBa
TCHACHLIUA HA U3SMEMCHUC IIPU YBCIINMYBAHC HAa CKOPOCTTA HA OXJIAXKIAAHEC. BepOSITHO TOBa CC OBJIZKH
Ha HCAO0CTAaTb4UHAaTa TOYHOCT Ha OIPCACIIAHC Ha oOeMma. 3a ToBa ce npenopbrYBa U3CJICABAHCTO 3a

MOPHUCTOCT da CC U3BBPIIN C TNKHOMETHDP.

W3cnenBanero Ha obema Ha BCMyKHaTHMHaTa IOKa3Ba, Y€ MpHU JIEEHE B MICHYHH (HopMu
(®ur. 3,a), yBenuuyaBaHETO Ha BIAKHOCTTA Ha opmara (II0-BUCOKA CKOPOCT Ha OXJaXKAaHEe) BOAU

A0 yBCJINYaBaHC obemMa Ha BCMYKHaTHWHATa.
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(a) (6)

@ur. 3 U3smemeHnne Ha oOeMa Ha BCMyKHAaTHHATA MPU YBEIMYaBaHE CKOPOCTTA Ha
OXJIaXK/IaHEe MpH JieeHe B (a) machyHu U (0) MeTaaHu GopmH.

[Ipu excnepumenTute npoBereHn ¢ MeTanHu ¢dopmu (Pur. 3,0) ce ycraHoBsiBa, 4e C
yBeJIMYaBaHE HAa CKOPOCTTA Ha OXJIaXJIaHe (B Clydas HaMalsBaHE Ha TeMIleparypara Ha (opmara)
00eMbT Ha BCMyKHaTHHaTa HamansBa. (Tasu TeHneHuus e oOpaTHa Ha HaOIOAaBaIlaTa ce IpU
ISICKYHUTE, KBAETO 00EMBT Ha BCMyKHATHHATa CE yBelMuYaBa C yBeJIMYaBaHE Ha CKOPOCTTa Ha
OXJIAKJAaHE B pE3ylTaT Ha yBEIMYaBaHE BJIAroChIbp)KaHHETO HAa (OpMOBBYHATA cMec. To3u
(deHoMeH B suTepaTypaTa ce OOsCHSBAa C pas3jiMyHaTa CKOPOCT Ha M3MEHEHHE Ha TOIUIMHHOTO
pasmupeHue (CBHBaHE) B TEYHO M TBBAO CHCTOSHUE. [IpM HHUCKHM CKOPOCTHM Ha OXJaXKIaHE
(kepaMHYHU U TSICBYHH (POPMHU) CBUBAHETO B TEYHO CHCTOSHHE PacTe Mo-0bp30 (C yBenuuaBaHe
CKOpOCTTa Ha OXJIAXJAHE) M OIpEeAessl HapacTBAIius oO0eM Ha BCMYKHAaTHHATA, JIOKATO IpPHU IIO-
BUCOKHMTE CKOPOCTH Ha OXJaxkAaHe (MeTadHU (OpPMH) CBUBAHETO B TBBPJO ChCTOSHHUE PacTe MO-
OBp30 H crocoOCTBa 3a HAMsUISIBaHE Ha HeltHus ooem [1,4,5].

Cnen mnpoBexiaHe Ha KOMIIOTBPHUTE CHUMYJIAallMM ce HaOM0JaBaT 3aKOHOMEpPHH U
MOTBBPK/IABALLY CE OT EKCIIEpUMEHTUTE pe3yaratu (dur. 4).

(6)

®wur. 4 Pesynararu oT cuMyiMpaHe BpeMETO Ha 3aIlbJIBaHEe Ha (POPMHUTE TPHU pa3inyHa TeMIeparypa
Ha ¢opmara: (a) - 20°C ; (6) - 200 °C; () - 400°C.
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@wr. 5 ['a30B Mexyp, MoTy4aBal ce npu 3aiuBane Ha ¢popma ¢ remmneparypa 20 °C.

[Ipu Temmeparypa Ha ¢opmara 20°C, BpemeTo 3ambiBaHe € Haii-manko (Pur. 4). Tosa ce
IBJDKA Ha Tpolleca Ha KpHUCTaIM3alMs, KOWTO 3amoyBa mo-paHo. OOpasyBar ce AEHAPUTHU
KpPHUCTaJIM, KOETO BOJIM M IO HamMalsiBaHe Ha IUIbTHOCTTA. [lopanu nmpecuyaHeTo Ha MOTOLMTE IPU
3aJMBaHe U ObP30TO OXJIAXKJaHE, B JIOJIHATa LIMJIMHAPHYHA YacT ce 00pa3yBa ra3oB Mexyp, KOWTO ce
YCTaHOBSIBA U TIPH PEATHUTE eKcriepuMeHTH (Dur. 5).

w0z = e AT i Rexzrer e

(a) (8)

®ur. 6 3MeHeHHe Ha IUTBTHOCTTA HAa OTJIMBKATA B 3aBHCUMOCT OT TeMIIEpaTypara Ha
dopmara: (a) - 20°C ; (6) - 200 °C; () - 400°C.

M3cnenBanusiTa Ha MTBTHOCTTA HA OTIMBKATA, MIOKA3BT Y€ TS € Hall-HUCKA TP TeMIeparypa
Ha opmara 20°C (meuaputhu kpuctann). [Tpu 400°C meana e mo-IbJIro0 BpeMe B TEYHO ChCTOSTHHE,
KOETO BOJIM JI0 TIO-BHCOKA IIIBTHOCT. O6ema pacte choOpa3HO C BPEMETO.

e oy me [rvpe—

L

(a) (©) (B)

®ur. 7 Paznpenenenne Ha CBUBAaHETO U BCMyKHATUHATA B 3aBUCUMOCT OT TEMIIEpaTypaTa Ha
dopmara: (a) - 20°C ; (6) - 200 °C; (B) - 400°C.

VYcranossis ce (Pur. 7), ye npu Haif-cTyneHara popMa BCMyKHaTHHaTa € pasnpesesieHa 1mo
Is1aTa IUIOL] PABHOMEPHO, INOpajd BUCOKATa CKOPOCT Ha oxjaxkaaHe. CaMo MO BBbHIIHATa
nepudepus KpUCTamu3alusiaTsa € ¢ no-Bucoka ckopocT. Ilpu 200°C, u3cTuBaHETO Ha KOKHIJIATa U
TEUHHUS MeTaj CTaBa CPaBHUTEIHO €THOBPEMEHHO(XOMOreHHO), aokatro mnpu 400°C, mopaau

-23-



PROCEEDINGS OF UNIVERSITY OF RUSE - 2020, volume 59, book 2.2.

BHCOKaTa TEMIICpaTypa Ha KOKHWJIaTa HMMa HaJIM4u€ Ha JACHAPHUTHU 30HM Ha 3aCTHUBAHE, KOUTO
Cbhb3aaBaT yCJIOBU: 3a U 3a MCCTHU BCMYKHATUHH.

H3Boau:

1.

ObemMa Ha BCMyKHaTHHATa IpU pa3jinyHaTa CKOPOCT Ha OXJaxKJaHe He mpeBuiiasa 1% mpu
neeHe B nackyHa popma u 4,1% B MeTanHa;

2. YCTaHOBEHO € CBIISCTBEHOTO BIMSHME HA TemIieparypara Ha Qopmara u HeifHara
BJIQXKHOCT BBPXYy CKOPOCTTa Ha TOIUIOOTBEXKIAHE M CKIOHHOCTTa KbM OOpa3yBaHe Ha
BCMYKHATHHH U TOPUCTOCT.

3. TlotBBpaeHO €, ye mpH Mo-0aBHO TOIUIOOTBEXIaHEe (MACHYHU (OPMH) YBEIMYABAHETO Ha
CKOpOCTTa Ha OXJIaXJaHE BOJU /O YBEJIMYAaBaHE Ha BCMYKHATHMHATA, JOKATO IpH IIO-
WHTEH3WBHO TOIUIOOTBEXKAaHe (MeTanHu (Gopmu) e(eKThT OT yBelIMYaBaHE CKOPOCTTa Ha
OXJIXKJAHE € POTHUBOIIOJIOKEH.

4. CuMmynanusTa Ha eKCIIEpUMEHTa IT0Ka3Ba aHAJIOTUYHH PE3yITaTH.
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Abstract: Electric cars make up only a tiny fraction of the automobiles sold worldwide. However, this number is
increasing steadily. In the future electric cars might be the only way of transport, although some people think electric
transport can preserve vehicles with internal combustion engines. Also, some experts say we might even see a "revival"
of such engines. This paper examines all the specifications of electric automobiles, according to different factors such
as as price, performance, etc. Some advantages and disadvanatges of electric cars are also compared. An attempt is
made to answer the questions as to when and how they will take over the sales and how this is going to affect cars with
internal combustion engines.
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INTODUCTION

An electric vehicle (EV) is a vehicle that uses one or more electric motors or traction motors for
propulsion (Wikipedia, 2020). An electric car may be powered through a collector system by
electricity from off-vehicle sources, or may be self-contained with a battery, solar panels, fuel cells
or an electric generator to convert fuel to electricity, for example an engine in hybrid cars. EVs
include, but are not limited to road and rail vehicles, surface and underwater vessels, electric aircraft
and electric spacecraft and their importance and usage has been increasing in the recent years.

This paper will focus on battery electric cars and hybrids in terms of several important features and
factors such as sales and performance in order to assess the possible impact such vehicles might
have on the future of internal combustion transport. Also, I will consider some specific examples
about currently used EVs.

EXPOSITION

1. The importance of electric vehicles is growing globally. There are several factors that can be used
to assess the future impact such automobiles might have on the utilization of currently used fuels
and technologies such as the internal combustion engine and conventional fuel types. The factors |
take into consideration are: sales figures and sales trends for EVSs; prices; range; performance;
comfort and running costs. | consider each of them separately in order to formulate and evaluate
future predictions about the application of the predominant present-day technology.

1.1. Sales

Electric cars make up only a tiny fraction of the automobiles sold worldwide. However, this number
is increasing steadily. In the future electric cars might be the only way of transport. In the past few
years sales have been increasing and are expect to continue to grow in the future. For example, as
of early December 2015, the Nissan Leaf with 200 000 units sold worldwide, was the world’s top-
selling highway-capable all-electric car of all time, followed by the Tesla Model S with global
deliveries of about 100 000 units. In 2016 the sales of EVs was only 2% of all cars sold around the
globe. Leaf global sales achieved the 300000 unit milestone in January 2018.

The calculated rise in sales in 2019 as compared to 2018 was 60%, although this growth was
unnoticeable. The lift off point of sales is predicted to begin in 2022. If sales continue to grow in
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such rates, by 2030 EVs would account for 22% of new vehicle sales and by 2040 they will account
for 35%.

The Rise of Electric Cars

By 2022 electric vehicles will cost the same as their internal-
combustion counterparts. That’s the point of liftoff for sales.

B Projected annual sales Cumulative sales

500 million vehicles Electric vehicles would
account for 35% of all

new vehicle sales.
400 \\/

irces: Data compiled by Bloomberg New Energy Finance, Marklines Bloomberg u

Fig.1 The Rise of Electric Cars
1.2. Prices
Generally, electric vehicles (EV’s) are more expensive to buy in comparison to vehicles with
internal combustion engines (I.C.E). Although this is likely going to change, the present day
technology available will not allow this to happen soon. For a simple example (Table 1), the
Hyundai Kona is compared in terms of price as a normal car with an ICE and as fully electric
battery EV (BEV). (data collected from data collected from www.edmunds.com) (MSRP- List price)

Table.1
ICE Electric
MSRP $ 23425 | $ 38 365
Tax Incentives None $ -8000
Total $23425| $ 30 365

The main reasons for the higher prices are the batteries. The Li-lon battery technology has
started to look outdated. These batteries cost on average a third of the whole price of an EV. The
primary causes of this are the high prices of production of such batteries and the difficulty they
impose on their transportation because of their high weight.

Table 2 lists some of the most popular electric cars and compares their list prices. The tax
incentive amount is also taken into consideration.

Table.2 - Average prices and tax incentives calculated by using data from www.electrek.co

Car Average MSRP |Average tax incentive
Chevrolet Bolt $ 41079 | $ -8 500
Audi e-tron $ 77 841 | $ -7 049
Hyundai Ioniq $ 39180 | $ -2 000
Chrysler Pacifica EV $ 50515 | $ -5 000

-26 -


http://www.edmunds.com/

PROCEEDINGS OF UNIVERSITY OF RUSE - 2020, volume 59, book 2.2.

Jaguar I-Pace $ 81752 | $ -7 380
Kia Niro $ 42893 | $ -3 000
Nissan Leaf $ 42693 | $ -6 000
Toyota Prius Hybrid $ 32118 | $ -3 500
Mitsubishi Outlander PHEV | $ 41692 | $ -4 160
Volkswagen e-Golf $ 39999 | $ -3 870
Teslk Model S $ 91 155 | $ -7 425
Tesla Model 3 $ 50990 | $ -3 900
Tesla Model Y $ 55000 | $ -4 150
BMW i3 $ 46 050 | $ -3 490
Porsche Taycan Turbo S | $ 210800 | $ -14 820

1.3. Performance

This is one of the most interesting characteristics of EV’s. On the whole, electric cars have
very high acceleration because of the high torque figure from the start line. However their top speed
is not very impressive. The reasons for this are several. Firstly, electric motors apply torque by
using electricity stored in batteries. Having all the energy stored inside the car lets them have great
amount of torque very quickly, but in exchange, the motors and circuits have considerable power
limits. Figure 2 (Vaught, 2017) shows a graph of power and torque parameters for an electric car. It
is noticeable how the engine makes makes a significant amount of torque quickly, and then loses it
as it hits a power cap. Another limitation is that EVs have only 1 gear.

CF: SAE Smoothiag: 5
Hk Nm
oo lufttryk 1013mb  Vagt 1645.0 Date malt 15.5.2015 9:10:50 1560
Lufttemp 20.0c¢ Total udv 3.600 Acctime 10.2 sec
Humidity 88 % EOF

540 | 431.3Hk/4095Rpm 963.9Nm/2499Rpm 1224

480 1088

3 H
(591-y) anbaog

.....

1000 1650 2300 2950 3600 4250 4900 5550 6200 6850 7500

(fig.2) (fig.3)

The fastest accelerating electric vehicle at present is Tesla Model S Performance which
accelerates from 0-100 kilometres per hour in 2.5 seconds. However, when it hits the power cap
mentioned above it is able to reach a top speed of only 261 km/h and this also makes it the EV with
the highest top speed. It is powered by a 100 kWh battery and has a power output of 580 kW (778
hp) and 1140 NM of torque.

In 2022 it is expected that Tesla will release the quickest vehicle ever build, called the Tesla
Roadster, with an sublime acceleration of 2.1 seconds from 0-100 km/h. It is also predicted to have
a top speed of 410 km/h. It estimated to be powered by a 200 kWh battery and it is said that it will
have a power output of 1000 kW (1341 hp) and 1200 NM of torque. (https://ev-
database.org/compare/quickest-acceleration-electric-vehicle)
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Petrol motors, in comparison, apply torque by exploding a mixture of gasoline and air.
Although fuel can be added as quickly as needed, the air has to be pulled in as the engine rotates.
This means that a petrol engine cannot produce torque quickly, but makes more and more power as
it spins faster. Figure 3 (Vaught, 2017) shows a graph of power and torque for a gasoline engine; it
is worth noticing that the power just keeps climbing as the motor spins up.

If we compare individual vehicles according to their performance we can notice that the
2015 Porsche 918 Spyder is the fastest accelerating vehicle ever produced, with acceleration from
0-100 km/h of 2.1 seconds which, importantly, it is powered by both an ICE and 2 electric motors
that combined make 893 hp. In comparison, the quickest ICE car is the Porsche 911 Turbo S, with
an acceleration of 2.2 second, which is surprisingly quicker than the quickest EV. It can achieve
such acceleration because its drivetrain is made out of a 640 hp, 3.7 litre twin-turbo flat-six cylinder
engine, an eight speed dual-clutch transmission and a very intelligent AWD (all-wheel-drive)
system. At the same time, the ICE vehicle with the highest top speed is the Koenigsegg Agera RS.
It can reach a top speed of 447 km/h using its 5 litre twin-turbo V8 engine which produces 1341 hp.

1.4. Range and efficiency

In the past 10 years, range has been a very big issue for electric transport. Although today
most electric cars can easily go at least 300 km with one charge, it is still very far from the figure
for cars with 1.C.E. For example my personal vehicle, which has 1.9 litre four cylinder diesel
engine can achieve a range of around 1300 kilometres on highway only driving.

The risk of running out of electricity has given rise to the phrase 'range anxiety'. As with any
new technology, our understanding of it has not yet developed, and the unknown element of electric
cars has turned many drivers off of the idea of buying one. But this needn't be the case, especially in
the year 2020, as electric cars are not only becoming more common on roads, they're also becoming
much more realistic alternatives to traditional petrol or diesel cars. The best models will offer up to
500 kilometres of range per charge, which is not far off what you' expect from a tank of petrol.

In Table 3 a summary of a real world test that was conducted by ‘carwow’ is given
(https://www.carwow.co.uk/)

Description of the experiment: The cars were charged to 100% battery and were left
overnight to make the test realistic. In the morning all of them had over 95% charge. All cars were
driven in a very similar way to make the test fair. All vehicles are set into their most energy
efficient setting. The air conditioning was set to 20° C. The driver’s phones were connected to the
infotainment system of their cars. Ambient temperature was a minimum of 7° C and a maximum of
10° C. The cars were always driven with the speed limit on the road that they were driven on.

(Table.3)

Car Claimed | Real world | Percentage of

range range claimed range
Jaguar I-Pace 470 km 359 km 76%
Nissan Leaf 385 km 334 km 87%
Mercedes-Benz EQC | 417 km 312 km 75%
Audi e-tron 410 km 332 km 81%
Kia e-Niro 454 km 410 km 90%
Tesla Model 3 LR 560 km 435 km 78%

EVs convert over 77% of the electrical energy from the grid to power at the wheels. Conventional
gasoline vehicles only convert about 12%-30% of the energy stored in gasoline to power at the
wheels. This is the reason why electric vehicles are more efficient than gasoline/diesel powered
cars.
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1.5. Comfort

Most EV’s lack in this area. They usually have stiffer suspension and bigger tyres to
compensate the high weight. However this plus the low centre gravity gives these cars very good
handling in the turns. However, one of the first things drivers notice when switching to an electric
car is the quietness of the vehicle, which creates a comfortable, relaxing driving experience.
Batteries in EVs are often found in the floor of the car, which provides excellent balance and weight
distribution. This means handling around corners and curves is effortless and reliable.

1.6. Running costs

While the price of an EV may be higher than comparable petrol or diesel cars, the cost of
running one is significantly cheaper particularly over the full lifetime of the vehicle. From tax
incentives and special government grants to enhanced fuel efficiency, the lower cost of electricity
and reduced maintenance requirements, you could spend far less on an electric vehicle than you do
on your current car. Fully electric cars are designed to be as efficient as possible and there are
generally 3 main components powering the vehicle; the on-board charger, inverter and motor. This
means there is far less wear and tear on the car and little stress on the motor, with fewer moving
parts susceptible to damage. All this means you’ll rarely have to have your EV serviced and the
running and repair costs are minimal.

1.6.1 Cost of charging at public stations

The cost of charging your electric car at a public charge point depends on the charge point
network and the location of the charge point. Many local authorities offer a pay per session
approach to on-street chargers. Occasionally they can be free to use if you have access to a network
subscription. Public charge point costs also vary depending on the power rating and whether it's
slow (lamppost charging), fast (Car parks) or Rapid (Motorway service stations).

Rapid charge points are typically found at motorway service stations and can also be free for
certain drivers but are generally seen as one of the more expensive options. In essence, because they
offer a faster charge (drivers can typically charge an electric car to 80% in 20-40 mins) and greater
convenience, they tend to come at a premium. Pod Point rapid chargers cost 23p/kWh at Lidl and
24p/kWh at Tesco, which is about £6-7 for 30 minutes of charging (about 160 kilometres of range).

1.6.2 Cost of charging at home

Charging your electric car at home is the main charging option for most EV owners. It's
important to be on the best home energy tariff to keep this cost as low as possible, because the cost
of charging will be included in your normal electricity bill. The cost of installing a home charge
point is around £1,000. For instance, if you travel 13,000 kilometres per year in your car, this might
equate to around 2800 kWh of additional electricity on your yearly bill if 1 kWh equals 5.6
kilometres. If we take a price of 20 pence per kWh, you will spend about 465 pound sterling on
electricity. The data is in prices for the United Kingdom.

2. The future: Evaluation of the possible effect of EVs on ICEs
2.1 Goals and problems of electric vehicles

The main goal of the switch to electric vehicles is to reduce air pollution. Transportation is the
largest source of greenhouse-gas emissions in the US and fourth largest globally, so there is no way
to achieve the reductions necessary to avoid dangerous levels of global warming without major
shifts to cleaner vehicles and mass transit system.  The problem is that the steady decline in the
cost of lithium-ion batteries, which power EVs and account for as stated before a third of their total
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cost, is likely to slow in the next few years as they approach limits set by the cost of raw materials.
Current li-ion battery packs are estimated to cost from around 175 to 300 US dollars per kilowatt-
hour. If a typical midrange EV has a 60 kWh battery pack, the battery pack will have a price
between 10 500 to 18 000 US dollars. By 2025 the price is projected to reach 100 $/kWh

Current data shows that and increasing number of world leading manufacturers around the
world are moving into EVs. For example. Audi, Jaguar, Mercedes-Benz, and Tesla have all
introduced battery-powered SUVs to cater for consumers’ tastes for larger vehicles. As well as
those. Many other manufactures have introduced EVs into their product range.

An important MIT  study (Temple, 2019) notes that achieving deep reductions in
transportation emissions will require a parallel overhaul of the electricity systems used to charge
EVs. Currently, US carbon emissions per mile for a battery electric vehicle are on average only
about 45% less than those from a gas-fuelled vehicle of comparable size. However, EVs in some
US regions, notably including coal states like West Virginia, could generate nearly the same level
of emissions as standard vehicles over their lives. In parts of India and China with particularly dirty
electricity systems, EVs may even generate more emissions than gas-fueled vehicles, says Emre
Gencer, a research scientist who worked on the study.

The MIT study projects that the share of electric vehicles will rise in any scenario, reaching
35% of the global vehicle fleet by 2040 as prices slowly decline, even with no additional climate
polices. But a strong set of additional regulations, including a global carbon tax set high enough to
prevent 2 °C of warming, would push that figure to 50% by 2050.

2.2. Why are internal combustion engines far from dead?

The internal combustion engine is still incredibly relevant today, and can still use further
improvements in order to reduce global emissions. One advantage of petrol over batteries is energy
density. For example 3.8 litres of petrol it would have the equivalent of 33.8 kWh of energy in that
volume. This means the battery of the first-generation Nissan Leaf has less energy stored that 3.8
litres of gasoline.

Batteries have improved since then. Nowadays, the best energy density lithium-ion battery
cell stored 684 wh/l, which means it would take a volume of 70 litres to conserve the same energy
of 33.8 kWh of 3.8 litres of petrol. Simply explained, by volume petrol is 13 times more energy
dense that the best li-ion batteries. Yes, electric vehicles consume less energy that a petrol vehicle,
but the volume and weight of batteries is still an area in which manufactures need to improve.

CONCLUSION

Electric vehicles are still very far from taking over cars with internal combustion engines. As
disclosed, EVs are predicted to reach 35% of all new vehicles sales by 2040 and to be at the level of
ICE vehicles, electric cars are expected to reach 50% of new vehicles sales by 2050. But that is still
20-30 years from now and a lot can change. Some production limitations might be found which
would delay the overtake.

On the other hand some new technologies might be discovered which could mean a sooner
increase electric vehicle sales.

A definite answer to the question if electric vehicles will take over cannot be given, because
all data and information for the future are only expectations and predictions.
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INTRODUCTION

The plastics industry began in the early 1900s when the first synthetic plastic was created by
Leo Hendrik Baekeland in the U.S. Since the industry began, annual global plastic production has
exploded from some 1.5 million metric tons in 1950 to 359 billion metric tons in 2018. The
cumulative production of plastic has already surpassed eight billion metric tons worldwide, with
further increases expected in the coming decades.

*

400
359
348
2 300
= 200
= 1
3 100 .
& 50 561 60 55 57 58 57 58 59 58 60 -4 61.8
P — g —— e ey
s 274
1.5
0
N A b o ] “ 4’ T [ 4 P !
\“_C*-\' \qb ol VQQ- H'JDQ }QQ Q\\ ) :0\ 1\,\ VQ\ H:Q\ jji\ HP\\?' H:O\\ —'S\

Fig.1 Production of plastics worldwide from 1950 to 2018 (in million metric tons)*

We talk about "plastic™ as though it's a single material, but there are in fact many different
plastics. What they have in common is that they're plastic, which means they are soft and easy to
turn into many different forms during manufacture. Plastics are synthetic (human-made) materials,
made from polymers, which are long molecules built around chains of carbon atoms, typically with
hydrogen, oxygen, sulfur, and nitrogen filling in the spaces. You can think of a polymer as a big
molecule made by repeating a small bit called a monomer over and over again; "poly"” means many,
so "polymer™ is simply short for "many monomers." If you think of how a long coal train is made
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from many trucks coupled together, that's what polymers are like. The trucks are the monomers and
the entire train, made from lots of identical trucks, is the polymer. Where a coal train might have a
couple of dozen trucks, a polymer could be built from hundreds or even thousands of monomers. In
other words, polymers typically have very large and heavy molecules.

Plastic recycling is the process of recovering scrap or waste plastic and reprocessing the
material into useful products. Since the majority of plastic is non-biodegradable.

3D printing, also called additive manufacturing, is a family of processes that produces
objects by adding material in layers that correspond to successive cross-sections of a 3D model.
Plastics and metal alloys are the most commonly used materials for 3D printing, but it can work on
nearly anything—from concrete to living tissue.

EXPOSURE
Types of Plastic

*Common plastics

Polyamides (PA) or (nylons)

Polycarbonate (PC)

Polyester (PES)

Polyethylene (PE)

High-density polyethylene (HDPE)

Low-density polyethylene (LDPE)

Polyethylene terephthalate (PET)

Polypropylene (PP)

Polystyrene (PS)

High impact polystyrene (HIPS)

Polyurethanes (PU)

Polyvinyl chloride (PVC)

Polyvinylidene chloride (PVDC)

Acrylonitrile butadiene styrene (ABS)
Polycarbonate+Acrylonitrile Butadiene Styrene (PC+ABS)
Polyethylene+Acrylonitrile Butadiene Styrene (PE+

*Specialist plastics/ High-performance plastics
Polyepoxide (epoxy)

Polymethyl methacrylate (PMMA) (acrylic)
Polytetrafluoroethylene (PTFE), or Teflon
Phenolics or phenol formaldehyde (PF)
Melamine formaldehyde (MF)
Urea-formaldehyde (UF)

Polyetheretherketone (PEEK)
Maleimide/bismaleimide

Polyetherimide (PEI) (Ultem)
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Polyimide

Plastarch material
Polylactic acid (PLA)
Furan

Silicone poly

Polysulfone
Polydiketoenamine (PDK).

*Types of 3D printing .

The reasons there are different types of 3D printers and printing processes, it all comes
down to the following six considerations:

APrinter cost

APrint quality

APrint speed

APrinter capability

APracticality

AUser expectations

1) Stereolithography (SLA) Technology
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Diagram of SLA printing process

Fig.2 Stereolithography (SLA) Technology

SLA is a fast prototyping process. Those who use this technology are serious about accuracy
and precision. It can produce objects from 3D CAD data (computer-generated) files in just a few
hours. This is a 3D printing process that’s popular for its fine details and exactness. Machines that
use this technology produce unique models, patterns, prototypes, and various production parts. They
do this by converting liquid photopolymers (a special type of plastic) into solid 3D objects, one

-34 -



PROCEEDINGS OF UNIVERSITY OF RUSE - 2020, volume 59, book 2.2.

layer at a time. The plastic is first heated to turn it into a semi-liquid form, and then it hardens on
contact. The printer constructs each of these layers using an ultra violet laser, directed by X and Y
scanning mirrors. Just before each print cycle, a recoater blade moves across the surface to ensure
each thin layer of resin spreads evenly across the object. The print cycle continues in this way,
building 3D objects from the bottom up.

2) Digital Light Processing (DLP) Technology

Pnotopolymer

Light Source

Fig.3 Digital Light Processing (DLP) Technology

DLP is the oldest of the 3D printing technologies, created by a man called Larry Hornbeck
back in 1987. It’s similar to SLA (see above), given that it also works with photopolymers. The
liquid plastic resin used by the printer goes into a translucent resin container. There is, however, one
major difference between the two, which is the source of light. While SLA uses ultra violet light,
DLP uses a more traditional light source, usually arc lamps. This process results in pretty
impressive printing speeds. When there’s plenty of light, the resin is quick to harden (we’re talking
seconds). Compared to SLA 3D printing, DLP achieves quicker print times for most parts. The
reason it’s faster is because it exposes entire layers at once. With SLA printing, a laser has to draw
out each of these layers, and this takes time.
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3) Fused Deposition Modeling (FDM) Technology
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Fused Deposition Modeling (FDM) Technology

FDM is a 3D printing process developed by Scott Crump, and then implemented by
Stratasys Ltd., in the 1980s. It uses production grade thermal plastic materials to print its 3D
objects. It’s popular for producing functional prototypes, concept models, and manufacturing aids.
It’s a technology that can create accurate details and boasts an exceptional strength to weight ratio.
Before the FDM printing process begins, the user has to slice the 3D CAD data (the 3D model) into
multiple layers using special software. The sliced CAD data goes to the printer which then builds
the object layer at a time on the build platform. It does this simply by heating and then extruding the
thermoplastic filament through the nozzle and onto the base. The printer can also extrude various
support materials as well as the thermoplastic. For example, as a way to support upper layers, the
printer can add special support material underneath, which then dissolves after the printing process.
As with all 3D printers, the time it takes to print all depends on the objects size and its complexity.

4) Selective Laser Sintering (SLS) Technology
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Fig. 4 Selective Laser Sintering (SLS) Technology
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An American businessman, inventor, and teacher named Dr. Carl Deckard developed and
patented SLS technology in the mid-1980s. It’s a 3D printing technique that uses high power CO2
lasers to fuse particles together. The laser sinters powdered metal materials (though it can utilize
other materials too, like white nylon powder, ceramics and even glass). Here’s how it works:The
build platform, or bed, lowers incrementally with each successive laser scan. It’s a process that
repeats one layer at a time until it reaches the object’s height. There is un-sintered support from
other powders during the build process that surround and protect the model. This means the 3D
objects don’t need other support structures during the build. Someone will remove the un-sintered
powders manually after printing. SLS produces durable, high precision parts, and it can use a wide
range of materials. It’s a perfect technology for fully-functional, end-use parts and prototypes. SLS
is quite similar to SLA technology with regards to speed and quality. The main difference is with
the materials, as SLS uses powdered substances, whereas SLA uses liquid resins. It’s this wide
variety of available materials that makes SLA technology so popular for printing customized
objects.

5) Selective Laser Melting (SLM) Technology
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Fig. 5 Selective Laser Melting (SLM) Technology

SLM made its debut appearance back in 1995. It was part of a German research project at
the Fraunhofer Institute ILT, located in the country’s most western city of Aachen. Like SLA (see
above), SLM also uses a high-powered laser beam to form 3D parts. During the printing process,
the laser beam melts and fuses various metallic powders together. The simple way to look at this is
to break down the basic process like thus:

Powdered material + heat + precision + layered structure = a perfect 3D object.

As the laser beam hits a thin layer of the material, it selectively joins or welds the particles together.
After one complete print cycle, the printer adds a new layer of powered material to the previous
one. The object then lowers by the precise amount of the thickness of a single layer. When the print
process is complete, someone will manually remove the unused powder from the object. The main
difference between SLM and SLS is that SLM completely melts the powder, whereas SLS only
partly melts it (sinters). In general, SLM end products tend to be stronger as they have fewer or no
voids. A common use for SLM printing is with 3D parts that have complex structures, geometries
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and thin walls. The aerospace industry uses SLM 3D printing in some of its pioneering projects.
These are typically those which focus on precise, durable, lightweight parts. It’s a costly
technology, though, and so not practical or popular with home users for that reason. SLM is quite
widespread now among the aerospace and medical orthopedics industries. Those who invest in
SLM 3D printers include researchers, universities, and metal powder developers. There are others
too, who are keen to explore the full range and future potential of metal additive manufacturing in
particular.

6) Electron Beam Melting (EBM) Technology
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Fig.6 Electron Beam Melting (EBM) Technology

A Swedish company called Arcam AB founded EBM® in 1997. This is a 3D printing
technology similar to SLM (see above), in that it uses a powder bed fusion technique. The
difference between the two is the power source. The SLM approach above uses high-powered laser
in a chamber of noble, or inert gas. EBM, on the other hand, uses a powerful electron beam in a
vacuum. Aside from the power source, the remaining processes between the two are quite similar.
EBM’s main use is to 3D print metal parts. Its main characteristics are its ability to achieve complex
geometries with freedom of design. EBM also produces parts that are incredibly strong and dense in
their makeup.

Some of EBM’s other features are:

Doesn’t need extra auxiliary equipment for the 3D printing process
Has increased efficiency using raw materials

Lessens lead times resulting in parts getting to market faster
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Can create fully functional, durable parts on demand for wide-ranging industries

The printing process starts like most others in that the user has to first create a 3D model, or
computer-generated digital file.

7) Laminated Object Manufacturing (LOM) Technology

LOM

Fig. 7 Laminated Object Manufacturing (LOM) Technology

A Californian company called Helisys Inc. (now Cubic Technologies), first developed LOM
as an effective and affordable method of 3D printing. A US design engineer called Michael
Feygin—a pioneer in 3D printed technologies—originally patented LOM.

LOM is a rapid prototyping system that works by fusing or laminating layers of plastic or
paper using both heat and pressure. A computer-controlled blade or laser cuts the object to the
desired shape. Once each printed layer is complete, the platform moves down by about 1/16th of an
inch, ready for the next layer. The printer then pulls a new sheet of material across the substrate
where it’s adhered by a heated roller. This basic process continues over and over until the 3D part is
complete. It might not be the most popular method of 3D printing today, but LOM remains one of
the fastest nonetheless. It’s also perhaps the most affordable method for creating 3D prototypes. The
reason for this is because of the low cost of materials used (papers and plastics). It’s also a process
that can create fairly large 3D printed objects. Those who continue to use LOM printers today
include architects, artists, and product developers.

8) Binder Jetting (BJ) Technology

The Massachusetts Institute of Technology (MIT) first invented BJ 3D printing. You may
also hear this technology referred to in other names, including:

Powder bed printing
Inkjet 3D printing
Drop-on-powder

BJ is a 3D printing process that uses two types of materials to build objects: a powder-based
material (usually gypsum) and a bonding agent. As the name suggests, the “bonding” agent acts as a
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strong adhesive to attach (bond) the powder layers together. The printer nozzles extrude the binder
in liquid form similar to a regular 2D inkjet printer. After completing each layer, the build plate
lowers slightly to allow for the next one. This process repeats until the object reaches its required
height.

Popular materials used in BJ printing include:
Ceramics

Metals

Sand

Plastics

It’s not possible to get super high-resolution or overly rugged 3D objects with BJ printing,
but there are other advantages. For example, these printers allow you to print parts in full color. To
do this, you simply add color pigments to the binder, which typically include black, white, cyan,
yellow, and magenta. This technology is still advancing, so expect more great things to come in the
future. At the time of writing, some applications of BJ 3D printing include rapid prototyping, and
various uses in the aerospace, automotive, and medical industries.

9) Material Jetting (MJ) Polyjet and Wax Casting Technology

You will also hear Material Jetting referred to as wax casting. Unlike other 3D printing
technologies, there isn’t a single inventor for MJ. In fact, up until recent times it’s been more of a
technique than an actual printing process. It’s something jewelers have used for centuries. Wax
casting has been a traditional process where the user produces high-quality, customizable jewelry.
The reason it gets a mention here is because of the introduction of 3D printing. Thanks to the arrival
of this technology, wax casting is now an automated process. Today, MJ 3D printers produce high-
resolution parts, mainly for the dental and Jewelry industries, For jewelers who want to experiment
with various casts—as most jewelers do—MJ is now their leading 3D technology. At the time of
writing, there are a few high-quality professional wax 3D printers on the market. Here’s how they
work: Once the 3D model (CAD file) is uploaded to the printer, it’s all systems go. The printer adds
molten (heated) wax to the aluminum build platform in controlled layers. It achieves this using
nozzles that sweep evenly across the build area. As soon as the heated material lands on the build
plate it begins to cool down and solidify (UV light helps to cure the layers). As the 3D part builds
up, a gel-like material helps to support the printing process of more complex geometries. Like all
support materials in 3D printing, it’s easy to remove it afterward, either by hand or by using
powerful water jets. Once the part is complete you can use it right away, no further post-curing
necessary.

There are also Polyjet MJ 3D printers, which use photopolymer-resins rather than synthetic waxes.
Polyjet technology also offers very good resolution. Unlike digital wax printers, people use Polyjet
devices to create parts for a wide range of industries.
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INTRODUCTION

Mechanical Engineering as a process and technology overall has evolved during the years. In
the early centuries, people used forging and casting to form their metals in different shapes. Later
they discovered new ways to process the metal and they started building machines. By that the work
improved significantly and the process was faster and much more precise. Those machines changed
in time and the productivity increased. More and more features were invented and the technology of
metal forming evolved. Nowadays there are various methods to get the desired shape of a metal
part. One of the newest methods to create a detail is by metal 3D printing. With the help of a
specific software and a printer of that kind, engineers can achieve almost any form and level of
detail which is required.

EXPOSITION

3D printing is relatively new to the machine engineering industry. The usual materials used to
print 3D objects are polymers due to the ease of manufacturing. In the last few years this method
has evolved rapidly and this kind of development was introduced to the metalworking industry. One
of the main advantages of 3D printing is design freedom. With the use of technology various forms
can be created out of a single metal or metal alloys. It is scientifically shown that under certain
conditions the final 3D printed stainless steels are up to three times stronger than steels made by
conventional techniques and yet still ductile. Unfortunately due to the flexibility this method is still
expensive, which is why some companies still prefer to use the CNC processing to create most of
their details. Another limitation to additive manufacturing is the size of the part. The maximum
build size of most 3D printers is around 200mm?®. However, technology evolves and many car
companies, for example, opt for 3D printed details for their vehicles. The printers used are usually
larger and more efficient. Every metal 3D printed part requires some form of post processing. This
includes power removal, heat treatment or post machining which adds cost and time of production.

The additive manufacturing process is not simple. There is a lot of preparation required before
the actual detail creation.
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The first stage of the process is creating a 3D model with the use of CAD (Computer-aided
design) software (Fig.1). All additive manufacturing parts should first be visualised as a software
model that fully describes their external geometry. The output, however, must be a 3D solid or
surface representation.
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The next step is converting the model to a file which can be read by the processing machine.
The usual format of those files is .STL (Fig. 2). This is a file format native to the stereolithography
CAD software created by 3D Systems. STL has several backronyms such as "Standard Triangle
Language™ and "Standard Tessellation Language". Nowadays nearly every CAD system can output
such a file format. This file describes the external closed surfaces of the original CAD model and
forms the basis for calculation of the slices.

Fig. 2. STL model example.

Step Ne3 is transferring the final file to the machine and manipulation. To properly do the
detail, there is a set up that needs to be done before the beginning of the actual creation. The file
needs to be adjusted so that the model is the correct size, position, and orientation for building.

After that there is a machine set up process which includes layer thickness, material
constraints, energy source, timings, etc. Engineers need to specify the metal used for the detail and
properly set the printer to work.

When the settings are done, the machine can now start the building process. Only one
operator is needed to monitor the machine. His task is to keep an eye on the process and assure no
errors have taken place like running out of material, power or software glitches.
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When the actual creating process is done, the parts need to be removed. This often requires
interaction with the machine. The operator should ensure that the machine is stopped and there are
no moving parts. The next thing which has to be checked is if the temperatures are low enough so
there are no injuries during the contact between the detail and the person.

After the details are taken out of the printer, they should be carefully examined before they
are ready for use. As previously said some parts may need additional heat treatment or at least
cleaning up before application.

The last and final step is application. Some parts may now be ready (Fig. 3). However, they
may also require additional treatment before they are acceptable for use. Smoothing, priming and
painting may be needed to reach the desired surface texture and finish. Treatments may be difficult
and even time-consuming if the finishing requirements are very demanding. Some details may need
to be assembled together with other mechanical or electronic components.

Fig. 3. 3D details after the b-ui'l"d‘ing process.

Additive manufacturing can be used in many branches. For example 3D printing finds
application in the automobile industry. Mercedes-Benz revealed first metal 3D Printed truck part
(Mercedes-Benz 1883). Ford produced the largest ever 3D printed metal automotive part. It has
been installed in the “Hoonitruck”, a 1977 Ford F-150 with a twin-turbo 3.5-litre V6 EcoBoost
engine owned by Ken Block, star of popular YouTube series, Gymkhana (FordPerformance 2019).
Bugatti made their Divo model with 44 3D printed parts. They used 3D printed titanium brake
calipers for their vehicle with dimensions: 410 x 210 x 136 mm. (Bugatti 2019)  Additive
manufacturing is used even in Aerospace technologies. A leading metal 3D printing company in the
Additive Manufacturing market, called InssTek (InssTek 2016), builds rocket fuel tanks and rocket
nozzles. Moreover, they repair Jet engine air seals and compressor blades for the turbines using
titanium alloy (Ti-6Al-4V).

In medicine 3D printers are used to create artificial joints using special materials.
Additive manufacturing has potential to be used in every industry. Everything is possible
using suitable material and a 3D printer. Engineers are able to combine materials to reach the

desired strength and reliability of the detail. Here are some of the preferred materials and their
positive and negative sides. (Varotsis n.d.)
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Table 1. Some of the metals used for 3D printing.

Material

Good mechanical & thermal properties

Low density

Alumini I - o
i ke s g Good electrical conductivity

O ® ® @

Low hardness

@ High wear resistance

Stainless steel & tool steel ® Great hardness

® Good ductility and weldability

Corrosion resistance

Excellent strength-to-weight ratio

Titanium alloys .
Low thermal expansion

® ® ® ©®

Biocompatible

®

Excellent wear & corrosion resistanc

® Great properties at elevated

temperatures
Cobalt-Chrome superalloys

@ Very high hardness

®

Biocompatible

Excellent mechanical properties

High corrosion resistance

Nickel Il I |
RSkt wigsewioys nconel) Temperature resistant up to 1200°C

® ® ®

Used in extreme environments

® Used in jewellery making

Precious metals X .
® Not widely available

Additive manufacturing has a lot in common with the CNC (Computer Numerical Control)
machining technology. CNC is another computer-based technology that is used to manufacture
products. The main difference is that it subtracts material rather than adding it on layers. CNC
machines require a block of material that must be at least as big as the detail that is needed. In terms
of speed CNC machining is much faster than the additive manufacturing but while 3D printing
makes the part in one stage, CNC may often require repositioning or relocating the detail, which is
also time consuming. Both methods handle well in terms of accuracy but the precision of CNC
machines is dependent on the diameter of the rotary cutting tools and the exact position of the
block. In any case the machines should be programmed before the building process begins. If there
is some kind of a problem CNC machines are more likely to cause damage and even expose human
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safety on risk. Despite those facts, people still prefer the CNC machining because it is the cheaper
way to create a detail, without sacrificing reliability or strength. (Gibson, Rosen and Stucker 2010)

Fig. 4. Detail pocessing using the CNC method.

A company called SpaceCAD (SpaceCAD 1996), based in Bulgaria uses both methods to
create their products. They work with companies such as Siemens and they offer lessons for both
Additive manufacturing and CNC machining.

CONCLUSION

3D printing machines are slowly making their way into homes, businesses, disaster sites, and
even outer space. Additive manufacturing has the potential to prevail in the production of goods,
from food to medical supplies, to great coral reefs. The popularity of 3D printing increases as it is
the safer method to create parts. In the near future people may realise how useful this technology
can be and they will strive to use it into their daily lives.
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