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INCREASING THE THERMAL ENDURANCE OF INJECTION
MOLDING PARTS

I'mymixosa /1. B. Bouuyk B. M.?
"XapkiBchbKkuii HaliOHAILHUI ABTOMOGLILHO-10PO:KHil yHiBepcHTeT
’IpuHinpoBcLKa Jep:KaBHA aKajieMisi GyIiBHHITBA Ta apXiTeKTypH

Annotation. The use of plasma coatings based on wear-resistant materials opens up wide
opportunities for improving the operational properties of parts. Currently, there are many
technologies for applying such coatings, among which special attention is paid to chemical vapor
deposition and the method of condensation of the material under ion bombardment conditions. For the
manufacture of molds intended for pressure casting of copper alloys, 4Kh5MFS and 5KhNM steels
were selected in this work. The maximum adhesion activity to the substrate and the effect on
increasing the thermal endurance of 4Kh5MFS and 5KhNM steels are achieved at a coating thickness
of 2-5 um, the application time varied from 12 to 30 minutes. The coating was applied to the surface
of the steel heated to 500 °C during ion bombardment. As a result of the analysis, the deposition of the
a-Ti phase was recorded. At the same time, micro-X-ray spectral analysis did not reveal deep
penetration of titanium into the substrate. After ion bombardment, the hardness of the surface layer
increases from 480-500 MPa to 1050 MPa. The fractal dimension of the surface of the 4 um-thick
titanium nitride coating applied to 4Kh5MFS steel increased from 1.856 to 1.914 compared to the
surface after heat treatment, and for 5KhNM steel after ion bombardment with titanium this parameter
increased from 1.829 to 1.897. This result indicates the relationship between the fractal structure and

the physical and mechanical characteristics of the coating.
Key words: plasma, fractal, structure, hardness, thermal endurance, mathematical model.

Introduction

To form a given structure and required
properties of the material, various methods of its
processing are used [1-3]. One of the most
advanced technologies for obtaining castings is
injection molding, which ensures high accuracy
of finished products, minimizes the need for
further machining, and significantly increases
the productivity of production processes.

However, despite its significant advantages,
the widespread adoption of this technology is
limited by the insufficient durability of the
molds and their high cost. Today, approximately
30 % of the cost of castings from copper-
containing alloys produced by injection molding
is accounted for by compensation for wear of
technological equipment [4].

Analysis of publications

However, despite its significant advantages,
the widespread adoption of this technology is
limited by the insufficient durability of the
molds and their high cost. Today, approximately
30 % of the cost of castings from copper-
containing alloys produced by injection molding
is accounted for by compensation for wear of
technological equipment [4].

As is known, the main cause of failure of
molds (in particular, matrices and liners that
perform shape-forming functions) during the
casting of copper alloys is thermal fatigue [5].
During operation, the working surfaces of the
molds are subjected to cyclic heating and coo-
ling, which causes significant volumetric chan-
ges in the material. This, in turn, causes the ap-
pearance and accumulation of internal stresses,
especially during sharp temperature drops. The
maximum values of stresses are reached in the
surface layer with a thickness of 100-200 A [6].

The use of plasma coatings based on wear-
resistant materials opens up significant prospects
for improving the performance characteristics of
products. Currently, there is a wide range of
methods for applying such coatings, among
which chemical vapor deposition and con-
densation of matter under ion bombardment
conditions occupy a special place [7-9].

Among the above methods, the most effective
is the condensation of the substance under
conditions of ion bombardment, since it provides
the possibility of precise control of the process
temperature (~300-800°C). This allows the
technology to be used for both high-speed steel
parts and products made of hard alloy materials,
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which significantly expands the scope of its use.
Due to its versatility and high efficiency, the
condensation of the substance under conditions
of ion bombardment is one of the leading
modern surface hardening technologies.

Purpose and statement of the task

The goal is to establish the regularities of the
effect of plasma coatings on the thermal
endurance of the material.

To achieve the goal, it is necessary to:

1 investigate the coating on the surface of
steel heated to 500 °C during ion bombardment;

2 it will determine the maximum activity of
adhesion to the substrate and the effect on
increasing the thermal resistance of 4Kh5MFS
and 5SKHNM steels;

3 conduct an X-ray analysis of the coating in
the matrix material;

4 apply the theory of fractals to analyze the
surface of the titanium nitride coating and
investigate the influence of the fractal dimension
of the surface on the hardness.

Material and research methods

Since the surface layers of mold parts are
subjected to cyclic temperature loads, the level
of which is reduced (to t ~650 °C) due to the
protective properties of the plasma coating, they
operate under conditions similar to the process
of die casting of alloys with a low melting point
(aluminum, zinc). The mold material was
selected from semi-heat-resistant steels used for
die casting of the above alloys. The selection
was made taking into account the limited molyb-
denum content and the absence of tungsten due
to its scarcity. In addition, the steels must meet
the requirements for the substrate material for
titanium nitride coating.

For the manufacture of molds intended for
pressure casting of copper alloys, 4Kh5MFS
and 5KhNM steels were selected in this work
(Table 1).

Table 1 — Chemical composition of steels used for
the manufacture of injection molding molds

Steel Element content, %
WITH] zr | Mo | V | Ni
050- | 0.60— | 0.15- 1.40—
SXNM| 560 | 080 | 030 | — | 1.80
037 | 450 | 0.80— | 0.80
AXSMFS| 044 | 550 | 110 | 120 | ~

Coatings were applied to laboratory samples
and injection mold parts using ion bombardment
condensation. This method provides coatings

with high stability, minimal
excellent adhesion to the substrate.

The coating process was carried out on the
Bulat-10 installation (Fig. 1). The method of
condensation of a substance under ion bombard-
ment conditions includes two key stages:

1 cleaning, heating, and activating the sub-
strate surface by bombarding it with ions of the
material being deposited, accelerated to the
required energy level.

Coating deposition with simultaneous ion
bombardment of condensate, which contributes
to the formation of a coating with optimal
performance characteristics [10].

porosity, and

2

Fig. 1. Key units of the Bulat 10:1 installation —
camera; 2 — stand; 3 — vacuum pumping
system; 4 — L-shaped filter; 5 — vacuum-arc
plasma generators; 6 — viewing window; 7 —
manual control panel of the loading-
unloading system; 8 — horizontal feed table;
9 — cylinders with working gases; 10 — water
supply system; 11 — power supply and control
cabinet

The coating time is one of the important
technological parameters that needs to be
optimized. The deposition rate of titanium nitride
(TiN) on the "Bulat-10" installation is 10 um/h.

Given that the maximum adhesion activity to
the substrate and the effect on increasing the
thermal endurance of 4Kh5MFS and 5KhNM
steels are achieved at a coating thickness within
2-5 um, the application time varied from 12
to 30 minutes.

The hardening process of selected steel
grades was carried out at temperature regimes
that ensure the dissolution of most of the
carbides and the formation of highly alloyed
martensite (Table 2).
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Such heat treatment allows to preserve the
fine-grained structure of the material while
maintaining its sufficient toughness. After
hardening, the steels were subjected to high-
temperature tempering, which contributes to an
increase in impact toughness and endurance
limit. This process also provides additional
strengthening due to dispersion hardening [11],
accompanied by the formation of finely
dispersed carbides and achieving a hardness in
the range of 42-45 HRC.

When selecting the optimal coating parameters,
the pressure of the reaction gas in the installation
chamber, the temperature of the substrate
preheating, and the duration of deposition were
taken into account.

According to the developed thermal endurance
testing methodology, the main criterion for
assessing the optimal coating application
conditions is the number of thermal cycles that the
coated sample can withstand before failure.

Table 3 shows the parameters Influence of ion
bombardment temperature on the adhesion of the
coating to the substrate.

As is known, one of the key parameters of the
coating deposition process by the condensation
method of matter under ion bombardment
conditions is the pressure of the reaction gas [12].
The optimal value of this parameter in a vacuum

chamber is determined individually for each
specific case and depends on the composition of
the cathode, the characteristics of the equipment,
and the operating conditions of the coated parts [9,
13, 14].

Experimental results and their discussion

The steel surface after ion bombardment was
studied, as well as the microstructure and phase
composition of the coating formed under optimal
technological parameters. The coating was applied
to the steel surface heated to 500 °C during ion
bombardment. As a result of the analysis, the
precipitation of the o-Ti phase was recorded
(Fig. 2). At the same time, micro-X-ray spectral
analysis did not reveal deep penetration of titanium
into the substrate.

After ion bombardment, the hardness of the
surface layer increases from 480-500 MPa to 1050
MPa. The next stage of processing is the deposition
of the coating.

Comparison of the microstructure of the steel
surface after applying a titanium nitride coating
with a thickness of 4 um (Fig. 3a) and the surface
after heat treatment and grinding before placing the
part in the chamber of the Bulat-10 installation
(Fig. 3b) showed that the applied coating smoothes
micro-roughnesses that can serve as stress
concentrators.

Table 2 — Heat treatment modes of steels 5KhNM, 4Kh5MFS

Hardening Vacation
exposure
time,
Steel loading heating heating | cooling tempe- hour,
grades tempe- | temperature, | holding me- h?;%rgss, rature, including hargrg:ess
rature °C time dium ¢ °c heating the ¢
batch of
parts
5XNM 830-860 1-2 min 47-50 500-520 42-45
per 1 oil
700-750 mm of | cooling 45
4X5MFS 1050-1070 flow 55-61 560-580 42-45

Table 3 — The effect of ion bombardment temperature on the adhesion of the coating to the substrate K ,and
the durability of parts during operation

Steel K ,(in the numerator) and cycle stability (in the denominator) at temperature °C
grade without coating 200 300 400 500 700
AXSMES - 0,50 0,65 0,75 1 0,50
2000 2500 3500 7500 12000 5000
EXNM - 0,50 0,60 0,70 1 0,50
2000 2100 3400 7000 1100 4500

Note: The titanium nitride coating was applied at a nitrogen pressure of 1 Pa. The coating thickness is 5 um.
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Fig. 2. Surface of 5KhNM steel after bombar-
dment with titanium ions ( x1000): a — steel
surface after bombardment with titanium
ions; b — microdistribution of titanium on the
surface after ion

At the same time, some geometric defects of
the original surface are partially repeated in the
coating structure, which indicates the self-
similarity of the structure, i.e. its relation to fractals
[15]. The fractal (fractional) dimension D of the
working surface was calculated by the cellular
method (see, for example [16]) after coating with
titanium nitride with a thickness of 4 um
(Fig. 3b).

It is determined on the basis of the
logarithmic dependence In N (&), where N is the
number of cells with a size &, i covering the
studied structure:

InN(&)

D=—-lim——
E—=0 ind . (1)

The fractal dimension of the surface of a 4
um-thick titanium nitride coating for 4Kh5MFS
steel increased compared to the surface after heat
treatment from 1.856 to 1.914. Also, the fractal
dimension of the surface of 5KhNM steel after
bombardment with titanium ions increased from
1.829 to 1.897 (Fig. 2).

Fig. 3. a — surface of a 4 um thick titanium
nitride coating applied to 4Kh5MFS steel
( x 500); b — surface of 4Kh5MFS steel after
heat treatment and grinding ( x 500)

In addition, the fractal dimension contains
valuable information about the properties of the
material, which makes the fractal approach to
modeling the properties and structure of coatings
promising [17].

The results obtained allow us to formulate
requirements for surface preparation before
applying a plasma coating, which is important for
ensuring its adhesion, uniformity, and operational
efficiency.

Since the applied coating almost exactly
repeats the microrelief of the substrate, the
surface before its deposition must have a high
degree of smoothness, be mechanically and
chemically cleaned, and be free of foreign
inclusions, oxide or contaminated areas, as well
as defects such as cracks or pores. The study of
the microstructure of the applied coating and the
surface layer of the sample under the coating
(Fig. 4 a) was carried out in the characteristic
rays

Tiko(Fig. 4 a); N  o(Fig. 4 b); C k «(Fig. 4 c);
OK kq (Fig. 4 d).
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d

Fig. 4. Microstructures of the coating and surface layer of the sample before operation, photographed
in characteristic rays: a— Ti ko, b= N ko €= C ko d—0 k4, x3000
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Fig. 5. Distribution of elements along the transition zone coating and the sample matrix, background
level on Fe
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The results obtained indicate that during the
coating process, titanium and nitrogen are not
detected in the matrix material, and the
distribution of the base elements remains
unchanged. Thus, the structure of the original
metal from which the mold parts are made does
not change. X-ray analysis showed the presence
of residual compressive stress in the coating, the
value of which is 1800 MPa.

Studies have confirmed that the o-Ti content
in the coating gradually decreases in the
direction from the substrate to the outer surface.
During the ion bombardment process, an o-Ti
layer is formed on the surface, while in the
condensed coating, a minimal amount of droplet
phase containing a-Ti is observed. Due to this,
high adhesion of the coating to the substrate and
low adhesion to the processed material are
achieved, which is critically important for
ensuring the durability of the molds [18; 19].

In addition, residual compressive stresses
play an important role in increasing the
durability of molds. Since tensile stresses are the
main cause of failure during injection molding
[20], the presence of residual compressive
stresses in the coating.

Conclusions

As a result of the research conducted, it was
established:

1 the coating was applied to the steel surface
heated to 500 °C during ion bombardment. The
analysis showed the deposition of the a-Ti
phase. At the same time, micro-X-ray spectral
analysis did not reveal deep penetration of
titanium into the substrate. After ion
bombardment, the hardness of the surface layer
increases from 480-500 MPa to 1050 MPa;

2 the maximum adhesion activity to the
substrate and the effect on increasing the
thermal endurance of 4Kh5MFS and 5KhNM
steels are achieved with a coating thickness
within 2-5 pm, the application time varied from
12 to 30 minutes;

3 during the coating process, titanium and
nitrogen are not detected in the matrix material,
and the distribution of the base elements remains
unchanged. Thus, the structure of the original
metal from which the mold parts are made does
not change. X-ray analysis showed the presence
of residual compressive stress in the coating, the
value of which is 1800 MPa;

4 the fractal dimension of the surface of a 4
pm thick titanium nitride coating for 4KhSMFS
steel increased compared to the surface after
heat treatment from 1.856 to 1.914. Also, the

fractal dimension of the surface of 5KhNM steel
after bombardment with titanium ions increased
from 1.829 to 1.897. The increase in the
hardness of the surface layer from 480-500 MPa
to 1050 MPa indicates the possibility of the
existence of new connections between the
fractal structure and properties.
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IinBueHHsT TepMiYHOI BUTPUBAJIOCTI aeTajiei
npec-(hopM JUTTH Ml THCKOM

Anomauin. Ilocmanosxka npodnemu. 3acmocysanis
NIA3MOBUX ~ NOKpUMMIB, CMBOPEHUX Ha  OCHO8I
3HOCOCMIUKUX MAMepPIanis, 0ae WUpOKi MOINCIUBOCHE
Ol NOKPAWEHHsT eKCNIYamayiiuHux 61acmueocmell
demarneii, Wo NPayrmMs 6 YMOBAX IHMEHCUBHO20
SHOWYBAHHS. Ma mepMiunux Haeanmadicenv. Cepeo
HaUbiIbU NePCneKmMuGHUX Memooie ocobausy ysazy
NPUOLIAIOMY XIMIYHOMY OCAOJICEHHIO 3 2a306801 hazu
(CVD) ma memody konoencayii mamepiany 8 ymogax
ionHoeo b6ombapoyeanus. Lli memoou 0o0380a510mb
docsemu 8UCOKOI SAKOCMI NOKPUMMI6 i3 3a0aHuMu
napamempamu moswunu, Mmiynocmi ma aoeesii. Y
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YboMy  OOCHIOJNHCEHHI OYI0 BUKOPUCMAHO — CMATE
4XSMDC i SXHM ons eucomosnenus npec-gopm,
NPUBHAYEHUX OAsl UMM Ni0  MUCKOM MIOHUX
cnaagis. Bubip yux mamepianie o0brpynmosanui
IXHbOIO ~ GUCOKOIO ~ MEPMIYHOIO  8UMPUBANICMIO,
Miynicmio ma 3Hococmitikicmio. Mema ma 3adaui
oocnidycenna. Mema — ecmanosumu 3aKOHOMIPHOC-
mi naugy NIA3MOBUX NOKPUMMIE HA MepMOCMmili-
Kicmb mamepiany. [na 0ocacHeHHA Memu HeOOXiOHO:
1 Oocrioumu nokpumms Ha nosepxHi cmali,
Hazpimoi 0o 500 °C nio yac ionHozo 6ombapoysan-
HA, 2 GUHAUUMU MAKCUMATIbHY AKMUBHICMb 34en-
JIeHHst 3 NIOKIAOKo ma 6naué Ha NiOGUUEeHHs
mennogozo onopy cmanei 4X5SM®C ma 5XHM; 3
npoeecmu  peHmeeHi6CobKUll aHani3 NOKpumms 8
mamepiani mampuyi; 4  3acmocyeamu  meopiio
@paxmanie 051 aHAN3y NOBEPXHI NOKPUMMS HIMPU-

0y mumany ma Oocnioumu 6niue @pakxmanbHoi

po3mipHOCmi nosepxHi Ha meeplicms. Mamepianu
ma memoouku O0ocnioxcennn. Hanecenns noxpum-
msl 30IUCHIOBANIOCA HA NOBEPXHIO CAT, po3iepimy 00
500 °C nio wac ionnoeo 6ombapoyseanmus. ILlet

DedcUM CRpusas YMBOPEHHIO BUCOKOAKICHOI adzesil

MidC RIOKIAOKOI0 MA NOKPUMMAM, WO € 8ANCIUBUM
Gakmopom 01 mepminy exkcnayamayii OmpumaHux
nokpummis. Makcumanvua aoeesitina axKmueHicmy
nokpummié 00 niOKIaoKu ma iXHill NO3UMUBHUL
6NIUB HA MepMIYHY sumpugaricmes cmanei 4X5SMOC
i SXHM 6ynu oocsenymi 34 mosujuHu NOKpUmmsi 8
medxcax 2-5 mxm. Ilpoyec HamecenmHs noOKpummsi
mpusas 6i0 12 0o 30 xeunun, wjo 3abe3neyygano on-
mumanbHe CRIBBIOHOULEHHS MIdC AKICINIO NOKPUMMSL
ma sumpamamu 4acy Ha tozo ¢opmysanns. I1io uac
aHanizy cmpykmypu noxpummis 6yn10 3a@ikcosano
ocaocenns gpazu o-Ti, AKa 6UHAYAEMbCA BUCOKOK
meepdicmio ma mepmiunoio cmabinouicmio. OOnax y
npoyeci  MIKpOpeHm2eHOCNeKmpanibHo20 ananizy
6y10 8u3HaueHo, Wo 21Ub0Ke NPOHUKHEHHS MUMAHY
6 MNiOKIAOKy He 8i00ya0cs, Wo C8iOYUmMb Hpo
KOHMPOAbOBAHULL Npoyec (OpMYEaHHs NOKPUMNISL
6e3 nebaxcanux ougysiinux npoyecis. Pesynomamu
odocnioxncenv ma ix 06206openns. Ilicis nposedenns
ioHHo20 OombapoysanHsa Oyn0 3aqhikcosano 3HAUHE
RIOBUWEHHSL  HCOPCMKOCMI  NOBEPXHEB020  WAD).
Cnouamky yeil nokasnuk cmanogus 480-500 Mlla, a
nicia 0bpobnenns 6in 30invwiuscs 0o 1050 Mlla.
Take nioguwyeHHs1 HCOPCMKOCI CHPUSE 30LTbULEHHIO
onopy mamepiany 00 MeXaHiuHO20 3HOULY8AHHA mda
NOKPAWeHHI0  eKCHIyamayiiHux — XapaxKmepucmux
npec-popm y peanvHux upobnuuux ymosax. JJocuio-
JHCEHHSL PparkmanvHoi cmpyKmypu noeepxui nOKpum-
mie noKasano, wo PPaKmaibia posMIPHICIb Nogep-
XHI NOKpummsi 3 HIMpuody Mumawy 3a8moeuiku 4
MKM, Haneceno2o Ha cmanb 4XSMOC, 36invuunacs 3
1,856 0o 1,914 na e6iominy 6i0 nosepxHi nicis
mepmoobpodaenns. [ns cmani SXHM nicns ionnozo
bombapoysanHss mumaHom yeu napamemp 30inb-

wuecs 3 1,829 0o 1,897. 36invwenns @paxmanvroi
PO3MIDHOCIE  CGIOYUMb NPO 3MiHY MIKpOpenvedy
nOGepxHi, Wo Modxce Oymu noe’s3aH0 3 NOKPAUEH-
HAM MexaHiunux eénacmugocmeu nokpumms. Taxum
YUHOM, OMPUMAHI pe3yIbmamu  niomeepodlCcyoms
ICHYBAMHSL B3AEMO36 A3KY MIJIC QPAKMATLHOIO CHPYK-
Mypoio NOKpumms ma 1020 Qi3uKo-mexaniyHumu
Xapaxkmepucmukamy, wo O0de MONCAUsicms 0/
nooanvuux 0ocioxcens y yitl eanysi. Bucnosku. 11io
yac npoeedenux 00CniodxHceHsb OY10 BUSHAUEHO maKe:
1 noxpumms Hanocunu Ha NOGEPXHIO cMaAi, Hazpimy
0o 500 °C, nio uyac ionnozo bombapoysanHs. Ananiz
nokazae ocadoicennss aszu o-Ti. Boonouac mixkpo-
PEHMEEHOCNEeKMPANbHULL AHANI3 He BUSBUE 2TUDOKO2O0
NPOHUKHEHHs MUmaxy 6 niokaaoky. Ilicns iownozo
bombapoysanHs meeplicmb NOGEPXHEEO20 WLAPY
soimvwunacs 3 480-500 Mlla oo 1050 Mlla;
2 makcumanvbha aoee3iiina aKmugHicmbs 00 OCHOBU
ma enau8 Ha NiO8UeHHS MmepMOCmitiIkocmi cmanel
4XSMOC i S5XHM oocsearomves 3a  moGuuhu
NOKPUMMS 8 MeXHcax 2—5 MKM, 4ac HaHeCeHHs 8apito-
emwcs 6i0 12 0o 30 xs; 3 nio yac npoyecy HaHecenHs
NOKpUmMmMsA Mumau i a3om He UsA6NEHi 6 mamepiaii
mampuyi, a po3nodin 6az08ux eiemMenmis 3aIUUA-
embvcs He3MinHUM. Takum YuHoM, cmpyKmypa euxio-
HO20 Memany, 3 AK020 6UcomogieHi demani ghopmu,
He 3MiHIoEmbCA. Penwmeenigcokuil ananiz noxasae
HAABHICMb Y NOKPUMMI 3ATUWKOB0I HANPY2U CIMUCKY,
senuuuna sxoi cmanosums 1800 Mlila; 4 ¢pax-
ManbHa pO3MIPHICIb NOBEPXHI NOKPUMMS HIMPUoy
mumany moguuror 4 mxm ona cmani 4X5MPC
30LIBWULACL HA 8IOMIHY 80 NOGEPXHI NICA MepMO-
obpobnenus 3 1,856 0o 1,914. Taxoxc ¢ppaxmanvua
posmipricme nogepxui cmani SXHM nicia 6ombap-
oyeanHsa ionamu mumany 30inewunace 3 1,829 oo
1,897. Ilioguwenns meepoocmi no8epxueso2o wapy
6i0 480-500 Mlla oo 1050 Mlla exazye na modic-
JIUBICMY ICHYBAHHS HOBUX 38 SI3Ki6 MidC (pak mab-
HOI0O CIPYKMYpPOI0 Ma 61ACMU80CMAMIU.

Knouosi cnoea: niasma, ¢paxkman, cmpykmypa,
meepoicmb, MePMOCMIUKICIb, MAMeMamuina Mmo-
deb.
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