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The effectiveness of thin plasma coatings with titanium nitride (TiN) applied by the method of condensation in
ion baths (IB) on the working surface of molds under the pressure of copper alloys (steel 4Kh5MFS and 5KhNM)
was investigated. It has been shown that coating with a thickness of up to 5 um significantly increases the durability
of molds: before the first regrinding by 1.5-2.5 times (3-5 thousand cycles versus 2 thousand without coating), and
the core life before failure by 5-6 times (not less than 12 thousand cycles). It has been established that after
removing the coating (when regrinding to a depth of >20 um), the drying function is preserved due to the diffusion
of titanium in the near-surface steel balls during thermal cycling. Titanium, which diffuses, creates dispersed
inclusions of a foldable structure (Ti-N and Ti-V-N) with a size of 2...10 um, which plays the role of the essential
phase, moving between the dislocation and the moving support of the thermal fatigue. The microhardness of the
surface ball after operation and regrinding increases up to 750...800 MPa (versus 450...480 MPa for uncoated
steel). The phenomenon of the mechanism of “self-adhesive” value for the structure of cerated diffusion of titanium
and the creation of non-metallic inclusions of optimal size has not been described before in the literature with ion-
plasma coatings and is still new approach to increasing the resource of molds for casting under the pressure of

aggressive copper alloys.

INTRODUCTION

In addition to the general requirements [1-7],
plasma coatings used to protect copper alloy die-casting
molds must meet specific requirements: low thermal
conductivity, the ability to withstand thermal changes in
an aggressive environment, and high corrosion and scale
resistance. Coatings made of refractory compounds,
primarily titanium nitride, best meet these requirements
[1, 2].

Titanium nitride was chosen as a protective coating
for a number of reasons:

— high resistance to destruction under significant
fluctuations in temperature and stress;

— maintaining high strength characteristics (modulus
of elasticity, microhardness) at elevated temperatures;

— low thermal conductivity;

—inertness to adhesion with copper alloys in the
range of 20...1000 °C;

— high resistance to high-temperature corrosion and
oxidation;

— availability and low shortage of consumables
(titanium, nitrogen).

The available literature has studied in detail the
properties of Ti-N coatings themselves and their impact
on wear resistance and service life before the first
regrinding. However, there is virtually no data on the
behavior of the near-surface layers of tool steel after
complete removal of the coating during operation and
multiple regrindings, nor on the possible diffusion of
titanium into the bulk of the metal and its role in the
continued performance of molds.

The aim of the work is to establish the reasons for a
five- to six-fold increase in the overall service life of
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press molds with thin plasma TiN coatings after the
protective effect of the coating itself has been
exhausted.

MATERIALS AND METHODS
OF THE STUDY

The objects of the study were the forming parts of
die casting molds for copper alloys made from
4Kh5MFS and 5KhNM steels, as well as specimens cut
from them. The specimens were cut from the forming
parts of the molds, which, after heat treatment according
to the conditions listed in Table 1 and grinding, were
coated using a Bulat-3T installation at a nitrogen partial
pressure of 1 Pa and a substrate temperature of 500 °C
with a titanium nitride coating no more than 5 um thick.
The specimens were examined before and after coating
application, as well as after use.

Coatings were applied to laboratory test samples and
injection mold components using ion bombardment
condensation. Coatings produced by this method are
characterized by high stability of properties, low
porosity, and good adhesion to the substrate.

The coating appears as a light, non-etching coating
A strip coated with nital has a smooth interface with the
steel. The coating is followed by a transition zone,
which appears as a highly etched layer 5...6 um thick.
X-ray  microanalysis, conducted after coating
application to determine the titanium distribution,
revealed that most of the titanium is contained within
the coating itself. Some Ti is present in the transition
zone. No titanium is detected in the matrix (Fig. 1).

After the first regrinding, after 3,000 presses, a large
number of small, randomly distributed inclusions
(Figs. 2, 3) measuring 2...4 um are observed in the
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working surface. These inclusions have a pinkish and After 12 thousand pressings, a small number of
lilac tint and sharply blackened edges, as illustrated well  inclusions measuring 8...10 um, located along the grain
in Fig. 4. boundaries, are observed in the working surface.

The influence of partial pressure of nitrogen on the thermal endurance of the coating

Pressure, Pa
Steel grade | uncovered | 3-10° | 3102 | 410! | 1
thermal endurance
4Kh5MFS 2000 3000 5000 9500 12000
5KhNM 2000 3500 5000 9000 11500

Fig. 1. Microdistribution of titanium in the coating, Fig. 2. Microdistribution of titanium in inclusions
transition zone and surface layer before operation formed during operation (after removal of a surface
layer 20 um thick), x2000

Fig. 3. Microstructure of the working surface after operation for 3 thousand press-ins (20 um layer removed):
a— not etched, x500; b — etched with nital, x500

x6000
Fig. 4. Inclusions in the surface layers of mold parts formed during operation

RESULTS AND DISCUSSION Microspectral analysis carried out on the Cambscan

When comparing the microstructure of the working installation of one of the typical inclusions on the

surface after operation for 3 and 12 thousand pressings working surface of a samplg cut .from a part made of
(see Figs. 3 5p) it should be noted that thF:ere isga 4KhSMFS steel after operation, in reflected electrons

significant increase in the grain size and the size of (Fig. 6,b) and in the characteristic rays Tika, Cra, F€xa,

inclusions, accompanied by a reduction in their number. Ska, MO, Via, Nia showed the presence of titanium,
nitrogen, and vanadium in the composition (see Fig. 6).
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Fig. 5. Microstructure of the working surface after operation for 12 thousand press-ins (~ 80 um layer removed):
a— not etched, x500; b — etched with nital, x500

g
Fig. 6. Inclusion at the working surface of the sample: a — in reflected electrons; in characteristic rays:
b — Tika; € — Cria; d — Féka; € — Sika; f— MOka; 9 — Vka; h — Na
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Fig. 7. Distribution of elements along a line intersecting
a typical inclusion. Steel 4Kh5MFS

Studies of inclusions formed during operation in the
working surfaces of 5KhNM steel revealed the presence
of titanium and nitrogen. No other elements were
detected. Fig. 8 shows the distribution of elements
contained in a 10 pm inclusion (SKhNM steel).

The formation of inclusions of complex composition
in the working surfaces of press mold parts during
operation is of interest, since such inclusions have not
been described in works devoted to ion-plasma coatings.

It can be assumed that titanium deposited on
working surfaces under the coating during ion
bombardment diffuses from the surface into the depth of
the metal during thermal cycles during operation.

In order to verify the validity of this assumption, we
will estimate the distance from the surface to which
titanium can diffuse during the operation of the press
mold, before its first regrinding (it is 4000 cycles) using
the formula [1]:

X =/Dor, @

where X is the distance traveled; Do — diffusion
coefficient; T — time.

When calculating the diffusion time, we take into
account only the warm-up time (0.5 cycle), i.e. if one
cycle has a duration of 30 s, then the diffusion time is:

202

Tike

M T

I
B0 E
N Ti i
6000 | i
| !
o 4000 E
B i E
E‘ S e S T
g N
g
2 VKo
3 L
st ———
W“l ; |
2000 “ e |
| My
|
0 30 &0 a0

Fig. 8. Distribution of elements along a line intersecting
a typical inclusion. Steel 5KhNM

1) before the first regrinding
T =4oo-30% =6-10* s;

7=12000- 30% -18-10% s.

2) the operating time of the press molds for
12 thousand pressings

D, 1 =6.4-107° cm?/s;

x=+6.4-6-108.10° =6.2.102 cm=620 wn,

before the first regrinding

x=46.4-18-10"2.10* =10.7-102 cm=1070 pm
for 12 thousand cycles.

Considering that thermal cycling accelerates the
diffusion process [8, 9], the true penetration depth will
be greater.

Based on diffusing titanium, compounds of regular
shape are formed, evenly distributed in planes parallel
to the coating.

Let's examine how the hardness and microhardness
of parts change after heat treatment and grinding, after
coating application, and after 5,000 cycles in a mold.
The samples after use had a 20-um-thick surface layer
removed as a result of mechanical processing.
Measurements were taken directly from the edge of the
sample at intervals of 10 um (Fig. 9).

Microhardness value (1000 MPa) is observed for the
surface layer of the sample; with a titanium nitride
coating, the microhardness at a distance of 10 um from

ISSN 1562-6016. Problems of Atomic Science and Technology. 2026. N21(161)



the edge of the sample is 800 MPa (see Fig. 9). This
region corresponds to the transition zone, which,
according to the results of the electron microprobe
analysis (see Fig. 8), contains titanium, which explains
its increased microhardness (II). At a distance of 20 pm
from the edge of the sample, the microhardness is
450...480 MPa and does not differ from the
microhardness of the uncoated sample (curve 1). This
serves as further confirmation of the absence of titanium
or titanium-based compounds in the matrix of the
samples, both with and without a titanium nitride
coating before operation. The sample after operation for
5,000 cycles, from which a 20 um surface layer was
removed during regrinding, has a microhardness of the
working surface of 750 MPa (curve 111). At a distance of
100...120 pm, the microhardness of the samples after
operation is 720...750 MPa. The increase in hardness in
this region can be explained by the presence of
inclusions of a complex Ti-V-N composition at this
distance from the working surface.

Thus, at the beginning of service, the coating itself
assumes the protective function. It resists destruction
under significant temperature and stress fluctuations due
to its high compressive stress and low thermal
conductivity. It also exhibits low adhesion to molten
brass, good adhesion to the steels used to make the mold
components, and resistance to high-temperature
corrosion and oxidation.
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Fig. 9. Change in microhardness:
| — sample of 4Kh5MFS steel without coating;
Il — sample of 4Kh5MFS steel with coating;
111 — sample of 4Kh5MFS steel with coating after
5 thousand operating cycles — 20 um layer removed

Thanks to these properties of the plasma coating,
mold parts can be used for 3,000...5,000 cycles after
application before the first regrinding (as noted
previously, without the coating, they fail after 2,000
cycles). After regrinding, inclusions of complex
composition were found in the surface layers of the
mold parts. The formation of these inclusions can be
explained as follows. Titanium, deposited on the
working surfaces under the coating, diffuses into the
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metal during operation. Inclusions form from the
diffusing titanium. The presence of vanadium in the
inclusions can be explained by:

1) increased diffusion activity of vanadium [10];

2) increased activity when reacting with nitrogen,
which is part of the steel [11];

3) the affinity of its electron structure with nitrogen
[12].

The formation of titanium-based inclusions in the
working surfaces of mold components is one of the
primary strengthening mechanisms. Thus, to increase
resistance to plastic deformation, which leads to the
formation of microcracks, it is necessary to reduce the
mobility of dislocations capable of displacement
[13-15].

During operation, grain size increases, accompanied
by coagulation of inclusions located along their
boundaries (see Fig. 5). Inclusion sizes increase to
8...10 um, after which cracks appear on the working
surfaces of mold parts, leading to mold failure. During
this time, plasma-coated parts can withstand at least
12,000 press-fits, which is six times longer than parts
made from the same steels without coating.

The obtained results correspond to the data of works
[16-20], where it is shown that non-metallic inclusions
in steel play a strengthening role until, they reach sizes
of about 8...10 um, since they reduce the mobility of
dislocations capable of moving, increasing the thermal
endurance of steel.

When reaching critical sizes, non-metallic inclusions
cause the accumulation of dislocations, the development
of dislocation networks and boundaries, which leads to
weakening and the emergence of microcracks [21, 22].

CONCLUSIONS

1. Thin (<5pum) plasma-sprayed TiN coating
applied by the CIB method provides initial protection of
molds due to low thermal conductivity, high thermal
resistance and low adhesion to molten copper,
increasing the durability before the first regrinding by
1.5-2.5 times.

2. After complete removal of the coating during
regrinding, the service life of the molds increases by
5-6 times compared to parts without a coating due to
diffusion hardening of the surface layers.

3. During thermal cycling operation, titanium
diffuses from the transition zone into the steel to a depth
of 100...120 pm, forming dispersed inclusions of Ti-N
and Ti-V-N measuring 2...10 pm.

4. The resulting inclusions perform a strengthening
function, increasing microhardness to 750...800 MPa
and significantly slowing down the development of
thermal fatigue.

5. When inclusions reach critical sizes of §...10 um
and coagulate along grain boundaries, softening and the
initiation of fire cracks occur.

6. The identified effect of controlled diffusion
alloying with titanium with the formation of optimally
sized strengthening inclusions is a new, previously
undescribed mechanism for extending the service life of
press molds after the protective effect of the coating
itself has been exhausted.
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JA®Y3INHUN EQ@EKT IJTASMOBHUX IIOKPUTTIB Ti-N Y IIPEC-®OPMAX JUTTSI
g THCKOM MIJITHUX CIIJIABIB

B.A. Hlapaczos, /1.b. I'nywikoea, A.B. Cyminos, B.M. Bonuyk

JocnimkeHo epeKTUBHICTh TOHKHX IJIa3MOBHX MOKPHTTIB 13 Hitpuay tutany (TiN), HaneceHux metomom KIb
Ha Po0oUi MOBepxHi mpec-GopM JUTTS Mmig THCKOM MigHuX cruiaBiB (ctami 4X5SM®PC ta 5XHM). Ilokasano, mo
MOKPHUTTS TOBIIMHOO 0 5 MKM 3HAYHO IMIJBHIIYE CTIHKICTh mpec-hopM: n0 mepiioi nepenutihoku B 1,5-2,5 pazu
(3-5 Tuc. nuKiB poTH 2 THC. 0€3 MOKPUTTS), & 3arallbHUM Pecypec M0 BHXOMy 3 Jaay — B 5—6 pasiB (He MeHIie
12 tuc. nukiiB). BeraHoBieHO, M0 micis 3HATTS MOKPHUTTS (IpU TepenntipoBkax Ha rMOuMHY >20 MKM) 3axucHa
¢yHK1is 30epiraeThes 3aBIsKH qudy3ii THTaHY B IIPUITOBEPXHEBI MIApH CTaNI B MPOIECi TepMOIMKIyBaHHs. TuTaH,
mo TUQYHIYE, YTBOPIOE AMCIEpCHI BKItodeHHs ckinamaHoro ckiany (Ti-N Tta Ti-V-N) posmipom 2...10 MkM, ski
BHUKOHYIOTB POJIb 3MIITHIOBATBHOI a3y, MEPENIKOKAIOYH PYXY AUCIOKAIIH Ta MiIBUIIYIOYH OIip TePMiuHiil BTOMI.
MiKkpoTBepIiCTh MPHUIIOBEPXHEBOTO MIAPY IICH eKCIDTyaTarii Ta nepennrigoBku 3poctae 1o 750...800 MIla (mpotu
450...480 MIla y crami 0e3 MOKpUTTS). BUsABIEHUI MeXaHI3M «CaMOBIIHOBIIOBAHOTO» 3MIIIHEHHS BHACIIIOK
KepoBaHOi qudy3ii THTaHy Ta yTBOPEHHS HEMETAJICBUX BKIIOYEHb ONTUMAIBFHOTO PO3MIpY paHillie B JiTeparypi 3
10HHO-TITA3MOBUX MOKPHUTTIB HE OMHCYBABCS 1 € HOBUM IIJXOJ0M [0 MiABHUIICHHS PEeCypcy Hpec-QpopM Ui JIUTTS
i1 THCKOM arpecHBHUX MiJHUX CIUIaBiB.
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