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This paper considers using ion-plasma spraying of mold surfaces. This makes it possible to replace scarce and
expensive tungsten-containing steels with other materials. 4X5M®C and 5XHM steel grades were chosen as
materials for copper alloy die-casting molds in this work. The choice of these steel grades is due to the fact that
these steels do not contain tungsten due to its sharply increased scarcity and limited molybdenum content, and they
also meet the requirements for the substrate material on which the titanium nitride coating is applied. Coatings were
applied to samples for laboratory tests and die-casting mold parts by the condensation method with ion
bombardment. Titanium nitride is applied at different partial nitrogen pressures — from 3-10° to 1 Pa to determine
the required nitrogen pressure, which ensures that the working surfaces of mold parts receive coatings with the best
performance characteristics. The coatings obtained at different nitrogen pressures differ in the amount and size of
the droplet phase. The largest amount of the droplet phase containing a-Ti is observed in coatings obtained at
nitrogen pressures of 3-10%, 3.10 Pa. An increase in nitrogen pressure (4-10™, 1 Pa) significantly reduces the level
of microdistortions of the crystal lattice in the coating, and its plasticity increases. In this regard, the coating's
brittleness is reduced at a sufficiently high hardness. The titanium nitride coating obtained at a nitrogen pressure of
1 Pa is the most effective in protecting the working surfaces of mold parts from destruction. Laboratory tests have
shown that the titanium nitride coating applied under optimal process parameters increases the corrosion resistance

of mold parts to which it is applied by 3 times and the scale resistance by 2—4 times.

INTRODUCTION

Various methods of material processing [1-3] are
used to obtain a given structure and properties.

One of the most progressive ways to produce castings
is through die-casting. This method makes it possible to
produce high-precision castings, virtually eliminates their
subsequent machining, and ensures high labor
productivity.

At the same time, the widespread introduction of die-
casting into production is constrained by the low stability
of molds and their relatively high cost.

At present, about 30% of the cost of castings from
alloys including copper produced by this casting method
is reimbursement for tooling wear [4].

It is known that during die casting of copper-based
alloys, thermal fatigue is the main cause of failure of dies
and liners, the main molding parts [5]. The working
surfaces of molds undergo volumetric changes at each
heating and cooling, which cause and amplify stresses at
a sharp change in temperature. The maximum stress
values are reached in a layer with a thickness of
100...200 A [6].

Firing cracks are formed under the influence of
alternating temperature stress. During operation, the
metal being poured flows into the cracks and accelerates
the destruction of the mold. Thus, the main
responsibility for the destruction of the molding surface
of mold parts lies with the thin surface layer. It has the
highest values of temperatures and stresses, and is also
exposed to the aggressive effects of liquid metal [10].
The inner layers are exposed to a temperature difference
of only 20...30 °C per cycle, and they are protected
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from the melt by the working surface, operating under
less aggressive conditions [6].

Therefore, the solution to the problem of increasing
the stability of molds can be achieved by affecting only
a thin surface layer in order to increase its resistance to
cyclic  temperature  stresses and  aggressive
environments. The presence of such layer will
significantly reduce the requirements for the base metal
from which the molds are made. This makes it possible
to replace scarce and expensive tungsten-containing
steels with other materials. Chemical, chemical-thermal,
and surface alloying methods were used to affect the
working surfaces of molds [6, 7].

These treatment methods allowed solving the
following problems: weakening the physical and
chemical interaction between the mold and the casting,
increasing wear resistance, and some others [7], which
only partially increases the mold resistance (by
20...30%) [6].

PROBLEM STATEMENT

At the same time, new steels such as 4X5B2C,
4X2B2M®C, and 4X4BM®C have been developed and
are being introduced top reduce the consumption of
acutely scarce high-tungsten steel 3X2B8®, which is
considered the main material for die-casting molds.
However, the durability of parts made from these
materials is low [6], and they also contain tungsten.

All of the above determines the importance of work
aimed at creating a surface layer that must have: low
thermal conductivity to reduce the temperature gradient
and increase heat resistance, good adhesive interaction
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with the base metal from which the molds are made,
which ensures the strength of its connection and
prevents delamination during operation, low adhesive
interaction with the casting metal, which significantly
reduces melt adhesion to the working surfaces, and
guarantees high wear and corrosion resistance.

The use of plasma coatings made of wear-resistant
materials opens up great opportunities. Currently, there
are various methods of applying such coatings,
including chemical deposition from a gas environment,
condensation with ion bombardment (CIB) [7-9, 12—
14]. Among these methods, preference should be given
to the CIB method, which allows for adjusting the
process temperature (~300...800 °C), and, therefore,
applying coatings to parts made of both high-speed
steels and hard alloys, making it a universal and leading
hardening technology.

The technology of hardening by deposition of the
coating material from the gas phase due to high
temperatures (> 1.000 °C) is successfully used to
increase the operational stability of carbide tools.

Currently, the CIP method has found application in
the automotive, aviation, and electrical industries to
protect machine parts and assemblies from abrasive,
erosive, corrosive, and other types of environmental
influences [7].

As for the use of this method for applying plasma
coatings to mold parts, this issue has not been studied.
At the same time, the CIB method is of considerable
interest for such purposes, since it makes it possible to
adjust the composition of the coating within a wide
range, which allows obtaining coatings with low

thermal conductivity, reducing the temperature
gradient, creating compressive stresses on the surface,
providing high strength characteristics, corrosion
resistance and scale resistance in this layer, and reliable
adhesion of the coating to the substrate.

In connection with the above, a scientifically sound
choice of mold material for subsequent CIB processing,
optimal coating composition and technical modes of
their application, which ensure increased mold
reliability and economic feasibility of the proposed
development, is an urgent problem.

MATERIALS AND METHODS
OF THE STUDY

Since the surface layers of mold parts are exposed to
a cyclically varying temperature load, the level of which
is reduced (to t ~ 650 °C) due to the protective effect of
the plasma coating, they are in the same temperature
conditions as when die-casting of low-melting point
alloys (aluminum, zinc). The material was chosen from
among semi-heat-resistant steels used in die-casting of
low-melting point alloys (aluminum, zinc).

From these steels, we selected those that do not
contain tungsten, given its sharply increased scarcity
and limited molybdenum content, and that also meet the
requirements for the substrate material to be coated with
titanium nitride.

In this work, 4X5SM®C and 5XHM steels were
chosen as materials for copper alloy die-casting molds
(Table 1).

Table 1
Chemical composition of steels used to produce die-casting molds
Steel Content of elements, %
C Cr Mo \Y Ni
5XHM 0.50...0.60 0.60...0.80 | 0.15...0.30 - 1.40...1.80
4X5MOC 0.37...0.44 450...550 | 0.80...1.10 | 0.80...1.20 -

Coatings were applied to samples for laboratory
research and die-casting mold parts using the method of
substance CIB. The coatings obtained by this method
are characterized by high stability of properties, low
porosity, and good adhesion to the substrate.

The coatings were applied using a “Bulat-3T” unit
(Fig. 1). The CIB method includes two main stages:

1. Cleaning, heating, and activation of the substrate
surface by ion bombardment of the material to be
deposited, accelerated to the required energy.

2. Deposition of the coating during continuous ion
bombardment of condensate in a mode that ensures the
formation of a coating with the required service
properties [10].

Coating time is also a technological parameter to be
optimized. The speed of TiN coating application at the
“Bulat-3T” unit is 10 um/h [9].

Given that titanium nitride coatings with a thickness
of 2 to 5 pm have the highest adhesive activity to the
substrate and the greatest impact on increasing the
thermal endurance of 4X5M®C and 5XHM steels, the
coating time ranged from 12 to 30 min.
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Fig. 1. General arrangement drawing of “Bulat-3T”:
1 — focusing coil; 2 — cathode; 3 — ignition electrode;
4 — anode chamber; 5 — substrate; 6 — nitrogen trap;
7 — water trap; 8 — high-vacuum unit; 9 — heater;
10 — backing vacuum pump; 11 — gauge lamp;
12 — water cooling system

The selected steel grades were quenched at
temperatures that dissolve most of the carbides and
produce high-alloy martensite (Table 2). At the same
time, the steels retain fine grain and sufficient
toughness. After quenching, the steels are subjected to
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high-temperature tempering to obtain high values of
impact strength and endurance. This tempering
contributes to additional hardening due to dispersion

hardening [11], which is accompanied by the release of
fine carbides and a hardness of 42...45 HRC.

Table 2
Heat treatment modes of 5XHM and 4X5M®C steels
Quenching Tempering
L ] =2 - 8
S .E 15y S m — °
E g 5 5 < o 8£8| g
g 2 o2 | B| £ S 85| &
Steel grades £ g0 g £ = " RS g < c .
e &° = 8 o ﬁ 8o = 2 = §
2 o 2 15| s £ 235<| £
2 s = 8 s = k=R iE= 3
S 2 I = 2Es <
5XHM 830...860 §_ T o E 47...50 | 500...520 42...45
c 2o £
700...750 E g 3| 2 4.5
4XSMDC 1050...1070 G § 55...61 | 560...580 42...45

Note. Before being loaded into the heat treatment furnace, the manufactured parts are wrapped in asbestos paper
and covered with cast iron shavings or used carburizing material. The layer thickness is 35 mm. Quenching and

tempering are performed with a minimum time gap.

The reaction gas pressure in the unit chamber, the
heating temperature of the substrate to be coated, and
the deposition time were selected as the optimal coating
parameters.

In accordance with the developed thermal endurance
test methodology, the criterion for evaluating the
optimal coating parameters is the number of thermal
cycles that a sample with a deposited coating can
withstand before it breaks.

It is known that the most important parameter of the
condensation with ion bombardment is the reaction gas
pressure [12].

It should be noted that the optimal pressure of the
reaction gas in the vacuum chamber should be

composition of the cathode, unit model in which the
coating is applied, and the operating conditions of the
coated part [9, 13, 14].

Titanium nitride is applied at different partial
nitrogen pressures, ranging from 3-10° to 1 Pa (Table 3)
to determine the required nitrogen pressure, which
ensures that the working surfaces of mold parts receive
coatings with the best performance characteristics. This
range of nitrogen pressures was chosen based on
literature data on the performance of plasma-coated
parts and tools [13, 15].

After coating, the surface microstructure of the
obtained coatings and their microhardness were studied
(Table 4).

determined in each case and depends on the
Table 3
Influence of nitrogen partial pressure on coating characteristics
Nitrogen pressure, Pa 3107 3107 4107 1
Microhardness, GPa 22 26.0 23.0 18.0
Color of the coating gray yellowish-gray yellow brownish-golden
Table 4
Influence of nitrogen partial pressure on the thermal endurance of a coating
Pressure
Steel grade uncoated 3107 3107 410" 1
thermal endurance
4X5M@C 2,000 3,000 5,000 9,500 12,000
5XHM 2,000 3,500 5,000 9,000 11,500

Note. 5 um thick titanium nitride coating applied at substrate temperature 500°C.
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RESULTS AND DISCUSSION

The coatings obtained at different nitrogen pressures
differ in the amount and size of the droplet phase. The
largest amount of the droplet phase containing a-Ti is
observed in coatings obtained at nitrogen pressures of

310% 3.10%Pa (Fig. 2,ab). They are gray and
yellowish-gray in color. With an increase in nitrogen
pressure to 1 Pa, the coatings acquire a brownish-golden
color; the amount of the droplet phase on the surface
decreases markedly (see Fig. 2,d).

Fig. 2. Surface microstructure of titanium nitride coatings obtained at different
reaction gas pressures: 3-10° Pa (a); 3102 Pa (b); 4-10™Pa (c); 1 Pa (d)

The highest microhardness is obtained at nitrogen
pressures of 3-107° 3-10%Pa (up to 26 hPa). With
increasing pressure, the microhardness decreases and at
a pressure of 1 Pa it is 18 hPa. Laboratory tests on the
thermal endurance of samples with coatings applied at
different nitrogen pressures showed that the samples
with titanium nitride coating obtained at a pressure of
1 Pa can withstand the greatest number of cycles. It
should be noted that the samples coated at nitrogen
pressures of 3-10° and 3-10? Pa show significant melt
adhesion, which decreases markedly with increasing
pressure and is practically absent starting from 1 Pa. At
pressures of 3-107°, 3-107 Pa, along with the highest
microhardness, an increase in the width of diffraction
maxima (333) is also observed near the coatings, which
characterizes the microdistortion of the crystal lattice of
the chemical compounds that make up the coatings.

This is probably due to the introduction of nitrogen
atoms whose diameter is larger than the diameter of the
sphere inscribed in the titanium lattice [16]. High
hardness and a high level of microdistortions lead to an
increase in coating brittleness, which causes rapid
destruction under the influence of alternating stresses
and technical shocks.

The presence of a significant amount of the droplet
phase on the surface intensifies the fracture process.

Increasing the nitrogen pressure (4-107, 1 Pa)
significantly reduces the level of microdistortions of the
crystal lattice in the coating, and increases its plasticity
[8]. In this regard, the brittleness of the coating
decreases at a sufficiently high hardness.
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The titanium nitride coating obtained at a nitrogen
pressure of 1 Pa most effectively protects the working
surfaces of mold parts from destruction (see Table 4).

Another important parameter that significantly
affects the stability of plasma-coated parts is the
temperature of the working surface during ion
bombardment, since the energy of ions during
bombardment is much higher than the energy of ions
during coating condensation [9].

According to the technical data, the temperature of
the substrate surface in the chamber of the “Bulat-3T”
unit during ion bombardment varied from 300 to
800 °C.

The temperature was monitored using a witness
sample with a chromium-aluminum thermocouple built
into it, which measures the temperature of the
deposition surface.

lon bombardment has the most favorable effect on
the substrate made of 4X5M®C and 5XHM steels at a
temperature of 500 °C, which corresponds to the best
adhesion of the coating to the substrate and,
accordingly, the highest durability of parts with such a
coating during operation.

At lower temperatures, there is a tendency to
decrease the adhesion of the coating, which is
accompanied by peeling of the coating during operation
and a significant decrease in durability.

This phenomenon is especially noticeable when the
heating temperature of the surface to which the coating
is applied exceeds the tempering temperature of the
steel due to the hardening of the latter.

Coatings applied to the working surfaces of mold
parts to increase their durability must reliably protect
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mold parts from external factors, i.e., have low adhesion
activity to the casting material, high scale and corrosion
resistance, and at the same time provide the greatest
strength of the coating-substrate bond.

To determine the adhesion activity of the coating to
the casting material, the interaction between the studied
inserts made of 4X5M®C and 5XHM steels with a
4-um titanium nitride coating and copper, lead, and zinc
melts was determined by the droplet method, since these
metals are brasses.

The obtained values of the wetting edge angles
(Table 5) indicate a slight adhesive interaction of the
titanium nitride coating applied at the optimal mode with
copper, lead, and zinc.

Thus, the coating significantly reduces the adhesive
interaction of steels used as mold material with brass
melt.

Table 5
Wetting the titanium nitride coating with melt
Melt Atmosphere 0°
Cy vacuum 134
Pb vacuum 138
Zn vacuum 130

As the coating thickness increases, the substrate
should be more reliably protected from external factors
due to increased hardness, temperature resistance
against oxidation and corrosion. But at the same time,
the probability of the appearance of such dangerous
defects as macro- and micropores, microcracks, which
can lead to the destruction of the coating, increases in
the volume of the coating. Therefore, the coating
thickness is a parameter to be optimized in each specific
case [9, 17-19].

To determine the optimal thickness of the coating,
which ensures its strong adhesion to the working surface
of parts made of steel grades 4X5M®C and 5XHM, the
dependence of the strength of the connection of the
coating with the substrate on the thickness of the
coating was investigated (Fig. 3). Coatings with a
thickness of 2...5 pum have the best adhesion. When the
coating is more than 5 um thick, its scaly peeling occurs
(Fig. 4). In the process of operating parts of molds with
a coating thickness of 1 um, its destruction occurs
within several hours of operation.

Corrosion resistance tests were performed on
samples made of 4X5SM®C and 5XHM steels with and
without titanium nitride coating. The tests were carried
out in water at a temperature of 20 °C for t = 1,000 h.
The corrosion rate at the beginning of interaction with
the aqueous medium (first 24 h) is high for both studied
materials, although it is noticeable that the corrosion
rate of coated samples increases more slowly. This
dependence occurs in the first 24 h. Then a significant
decrease in the corrosion rate is observed. Subsequently,
the wvalue of the corrosion rate stabilizes and
subsequently slowly decreases (Figs. 5, 6).
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The highest rate of corrosion destruction occurs in
the first 12 h, and at this time the titanium nitride
coating has its protective effect against corrosion. These
results apply to samples with a coating thickness of
more than 3 um. In samples with a coating thickness of
1...2 um, coating delamination and rapid corrosion
development were observed 30 h after the start of the
test.

When determining the scale resistance of coated
materials, its protective properties can be judged by
weight.

We determined the scale resistance of 4X5M®C and
5XHM steels after uncoated heat treatment and after
titanium nitride coating. The results shown in Fig. 6

indicate a strong effect of titanium nitride coating on the
oxidation resistance of 4X5M®C and 5XHM steels:
after 10 h of operation, the weight gain of coated
samples is three times less than that of uncoated
samples.

The effect of coating thickness on the oxidizability
of 4X5M®C and 5XHM steels was also studied
(Table 6). It can be seen that at a coating thickness of
3 um, the oxidation resistance of the selected steel
grades increases significantly, and a continuous increase
in this effect is observed up to a thickness of 6 pm.
Further increase of the coating thickness leads to a
decrease in the oxidation resistance of the steels.

Table 6

Influence of titanium nitride coating thickness on the oxidation of samples from 4X5M®C and 5XHM steels
(t =850 °C, T= 20 h, continuous heating in the air)

. Average weight gain of the sample, g/m?, at the coating thickness, pm
Material
1 2 3 4 5 6
4X5MDC 160 140 110 120 140 220
5XHM 190 150 135 140 160 250
The research has shown that mold parts with plasma 2. E.l. Tsyvirko, A.A. Pedash. Grinding the

coating applied to their working surfaces have
maximum resistance when the coating is deposited at a
substrate temperature of 500 °C and a partial nitrogen
pressure of 1 Pa.

Laboratory tests have shown that the titanium nitride
coating applied under optimal technological parameters
provides a 3-fold increase in the corrosion resistance of
mold parts on which it is applied, and a 2-4-fold
increase in scale resistance.

CONCLUSIONS

Summarizing the results obtained, it can be
concluded that the maximum durability of mold parts
with plasma coatings is achieved when the working
surface is heated during ion bombardment to high
temperatures, but not higher than the tempering
temperature of the mold material to ensure good
adhesion of the coating to the substrate and with
subsequent condensation on this heated surface of the
coating with a minimum content of the droplet phase to
prevent the coating from sticking to the casting material.

In the case of titanium nitride coating on the “Bulat-
3T” unit on the working surfaces of mold parts made of
economically alloyed steels, the best adhesion of the
coating to the substrate, its minimal interaction with the
brass melt, and a significant increase in the thermal
endurance of the substrate material are achieved at a
temperature of 500 °C and condensation of the coating
at a partial pressure of nitrogen of 1 Pa.
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PO3POBKA OIITUMAJIBHUX TEXHOJIOTTYHUX ITAPAMETPIB OCAI’KEHHSA
IIJTIABMOBHUX IOKPUTTIB

JLb. I'nywxosa, B.M. Bonuyk, C.B. /lemuenxo, ILM. Ilonancexkuii

Po3risHyTa MOXIMBICTH 3aCTOCYBaHHS 10HHO-IUIA3MOBOTO HAIMJICHHS MOBEpXHI mpec-(opm. Lle ymoxmusiioe
3aMiHy JIeQiIUTHUX AOPOTHX BOJNb(PaMOBMICHMUX CTaleid IHIIMMH MaTepianamu. Sk marepianu mis npec-popm
JIMTTSI TMiJ TUCKOM MIJIHUX CIIaBiB oOpaHi y wiit po6oti crani 4XSM®C ta SXHM. Bubip nanux mapok crajiei
00yMOBJICHUH THM, IO LI CTaJi HE MICTATH BOJIb(ppamy, 3Ba)Kalouu Ha HOTo pi3ko 3pociy Ae]ilUTHICTD, 1 3MiCT
MoJIi6/1IeHy 0OMEXEHUI, a TAKOXK 33J0BOJILHSIOTH BUMOTaM JI0 MaTepiajily MiIKIaJKH, Ha Ky HAHOCHTHCS ITOKPHTTS
HITpUY TUTaHy. HaHeceHHs MOKPUTTIB Ha 3pa3Ku ISl J1aDOPaTOPHUX JOCIIKEHb Ta JeTali mpec-popM JUTTS Mif
THUCKOM 3/iHCHIOBAIIOCS METOJIOM KOHJEHCallli peYOBUHM B yMOBax 10HHOro OomOapayBanHsi. Jljiss BU3HAYECHHS
HEOOXiTHOTO THCKY a3oTy, 1[0 3abe3neuye OTpHMaHHA POOOUYMX IOBEPXOHb JAeTalied mpec-popM IOKPHUTTIB 3
HaWKpalyMH eKCIUTyaTallifHIMI XapaKTepHCTUKaMH, HITPUA TUTaHY HAaHOCUTHCS MPU PI3HUX MapIiiadbHUX THCKaX
asory — Bix 3-10° 1o 1 ITa. TIOKpUTTS, OTPUMaHi NIPK PI3HMX THCKAX a30Ty, BiAPI3HAIOTECS KITBKICTIO T4 PO3MIPOM
kpamnHHO1 (asu. Haiibinpiia kijgpkicth kpaneiabHOi (asu, mo mictuth o-Ti, CIOCTEpIra€ThCst y MOKPHUTTIB,
OTpUMAHHX IpH THCKax asory 3-1073, 3-10Ila. 36inbmenns trcky azory (4-107%, 1 [1a) 3HAYHO 3MEHIIYE piBEHH
MIKPOCIIOTBOPEHb KPHUCTAJIIYHUX IPaT y IMOKPHUTTI, 3pOcTa€ HOTro IIAaCTHUYHICTh. Y 3B'I3KY 3 MM 3HHXKYETHCS
KPHUXKICTh MOKPHUTTS TPH JIOCUTh BHUCOKIH Horo TBeprocti. Otpumane npu THcKy azory | Ila mokpurrsa HiTpumy
TUTaHy HaHOUTbIIe e(pEeKTHBHO 3axHImae poOOYi MOBEpXHI NeTaieil mpec-GpopM Big pyHHyBaHHS. SIK TOKa3amd
71abopaTopHi BUIIPOOYBaHHS, HAaHECEHE IPU ONTHMAIBHHX TEXHOJOTIYHMX IapaMeTpax ITOKPUTTS HITpUIy TUTaHy
3a0e3nevye MiZBUILEHHS! KOPO3iHHOT CTIHKOCTI AeTaieit npec-hopM y 3 pasu, OKaTMHOCTIHKICTh — y 2—4 pa3u.
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