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OF COMPOSITE SATURATING CHARGES

Abstract. The article discusses the formation of the structure of protective diffusion
layers using composite saturating charges on structural materials with different carbon content.
A thermodynamic analysis of the gas phase at saturation has been carried out. The composition
of the gas phase has been determined. Gaseous products interact with elements of the powder
system (Al, Mo, Cr) and are transformed into the gas phase (CrH, CrOH, CrCl, CrCl, CrCls,
CrOH, CrOCl,, Crl, Crly, Crls, MoCI, MoCl,, MoCls, MoCl,, MoOCI, MoOClI,, Mol, Mol,, Mols,
Moly). Using 3D modeling of microstructures, it was possible to more fully establish the nature of
the distribution of phases and inclusions in the diffusion layer. The relationship between the 3D
microstructure of the material and its physical and mechanical properties made it possible to
carry out modeling to obtain the optimal composition of the developed composite charge for
saturation. Diffuse layers are formed on the surface of structural materials, which contain Mo2C
and o phases - the Cr, Al, Mo phase, the inclusion of Fe;:Mog, (Fe, Cr, Al, Mo)»Cg. Carbides of
three types were found: hexagonal chromium carbide Cr;Cs and carbides Mo,C, Cry3C, FesMo;C
u Fe,M0,C. The physical, mechanical and operational properties of structural materials with
protective diffusion coatings have been investigated. At tests in the conditions of sliding friction
the best wear resistance among the considered diffusion coverings has vanadium, titanium and
borized. Their wear resistance is 1.8 - 2.3 times greater than that of coatings obtained under
isothermal conditions.

Keywords: diffusion, molybdenum, modeling, microstructure, phase, microhardness,
residual stresses, wear resistance.

Introduction and statement of the problem. The modern development of mechanical
engineering is closely related to the widespread use of new structural materials. The performance
properties of parts can be enhanced by modifying the surface layers. One of the ways to achieve
the modification of the structure and phase composition of parts operating under conditions of
metallurgical production is saturation of the surface with metals during chemical-thermal
treatment. Chemical heat treatment is an effective method of affecting the working surfaces of
machine parts. After it is carried out, high-quality diffuse layers are obtained on the operating
surfaces, which then turn into the base material, which is positive in terms of strength and
stability. In this case, the treatment provides the formation of layers with a carbide structure based
on chromium, molybdenum, vanadium, titanium.

Analysis of recent publications. The idea of creating a diffusion zone with a specific
chemical composition on their surface attracts the attention of specialists primarily due to its
rationality. It is on the surface of products that cracks originate - precursors of destruction,
maximum stress arises as a reaction to operational loads, phenomena of intense wear are observed
during friction against the product, they are combined [1-4].

The authors of [1] proposed a chemical-thermal treatment (CTT) scheme that does not
provide for hermetic sealing of the container, its evacuation or filling with argon, as well as the
excitation of mechanical vibrations of the container and the product. In addition, a saturating
medium is used, it experiences an exothermic reaction when heated and ignited. As such a
medium, coal powder was chosen, it plays the role of a source of atomic carbon, a micro-arcing
medium and has a significant thermal effect during combustion.

To strengthen the working surfaces of parts of friction pairs, a new complex method of
hardening the surfaces of machine parts has been developed [6], which consists of chemical
deposition and diffusion Cr-Ti. A composite structure of a reinforced layer of significant
thickness and rigidity is formed, provides high wear resistance of parts, strengthened by this
method.

For high-wear parts of machines, a combination of two or more methods of chemical heat
treatment is promising as methods of chemical-thermal treatment [7, 8]. Such a complex
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treatment in combination with certain modes makes it possible to obtain strengthened surface
diffuse layers of significant hardness and low brittleness, and to work well under severe operating
conditions [9]. The use of several methods of technological impact on the treated surface allows
you to select the optimal modes to ensure the advantages of the above methods.

In the literature [10, 11] there are combinations of several CTT methods, which can be
performed both sequentially and simultaneously. Such an approach to the application of chemical
treatment methods, as well as the type and modes of processing, makes it possible to obtain
strengthened surface layers of the required characteristics.

Researchers who used hardening of machine parts and tools by methods of chemical-
thermal treatment by saturating the surface layers with two or more components note such
positive qualities that reinforcement objects acquire [8-11]. Most scientists point to the
acquisition of the simultaneous properties of high hardness and plasticity, which is impossible
with one-component diffusion saturation.

A particularly valuable (promising) CTT method is the joint diffuse saturation of the
surface with chromium and titanium, which will make it possible to obtain reinforced layers of
both high hardness and corrosion resistance. Research is being carried out [12] on the application
of two-component coatings (chromium and titanium) and additionally by one-component
(chromium) method of CTO. The authors, after examining samples coated with chromium and
titanium carbides (Cr;Cs, CryCs, TiC) with a total thickness of 12 - 18 microns, came to the
following conclusions. Coatings consisting of carbides of stoichiometric composition Cr;C; have
increased brittleness. Simultaneous diffuse saturation of steel surfaces with chromium and
titanium is accompanied by the formation of titanium carbides in the coating next to chromium
carbides, which provides a significant increase in the hardness of the carbide layer.

The purpose of this work is obtaining diffusion coatings from composite saturating
powder media, to study the structure, phase, chemical composition and properties of the resulting
protective coatings.

Research materials and methods

Chemical-thermal treatment was carried out on samples of technical iron, steels 20, 45,
U8 in an open-type container in the operating temperature range 950 — 1200 °C isothermal
holding time of 2-2.5 hours. Mixtures of powders of the following materials were used for the
charge: chromium oxide - Cr,0O;, oxide alumina - Al,Os;, molybdenum oxide, ammonium
chloride, iodine, dispersion of 60-120 um.

Surface preparation of the samples included successive steps of grinding, polishing and
degreasing in acetone. Initiation of the saturation process was performed by preheating in a
furnace to the temperature of the beginning of spontaneous combustion (heating rate - 0,5 °C/s).
The temperature of the composite saturating charge was monitored by a chromel-alumel
thermocouple in a protective cover inserted directly into the volume of the charge and connected
to a potentiometer of the PCB series.

The study of the microstructure of structural materials with protective coatings was
performed from transverse sections on a metallographic microscope model «Neophot-21» and
«Neophot-32» at a magnification of x150 - x500. Processing of cross sections was performed
according to standard methods. A 4% solution of nitric acid HNO; in ethyl alcohol was used to
reveal the microstructure of coatings obtained on technical iron and steels.

The study of the thickness of the coatings was performed on cylindrical samples with a
diameter of 10-15 mm. Determination of the thickness of the coating is carried out on the cross
sections on the device PMT-3M or on a metallographic microscope «Neophot-32».

Micro-X-ray spectral analysis of protective coatings is performed on a universal, high-
performance, auto-emission, scanning electron microscope Carl Zeis AG-SUPRA 40 WDS,
which uses an electron-optical column GEMINI 3rd generation on cross sections.

Research results. When molybdenation using a composite saturating medium in the
system Nel, using molybdenum powder, a gas phase is formed containing compounds H, H,, Ha,
Cl, Cly, Cls, Clg, 1, 1,, 13 with chemical elements. With increasing temperature, an increase in the
amount of halides is observed.

This confirms the possibility of transferring alloying elements to form molybdenum
diffuse coatings. Also, the amount of products in the gaseous phase increases and condensed
products of system No. 1 are released.
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It is characteristic that in the temperature range of 700-1500 K, the decomposition of
reaction products occurs during molybdenization, which is confirmed by the production of
decomposition substances and a sharp increase in the number of moles of gas.

Gaseous products interact with elements of the powder system (Al, Mo, Cr) and are
transformed into the gas phase (CrH, CrOH, CrCl, CrCl,, CrCl;, CrOH, CrOCl,, Crl, Crly, Crls,
MoCl, MoCl,, MoCls, MoCl,, MoOCI, MoOCl,, Mol, Mol,, Mols;, Mol,). At temperatures above
700 K, the fraction of the condensed phase remains practically unchanged. This fact suggests that
in the temperature range of 700-1700 K, reactions occur with the release of a condensed phase,
but without changing the number of moles, which is typical for decomposition reactions,
exchange with material, that is, in fact, chemical transport of elements occurs. In the temperature
range 700-1700 K are: condensed compounds: Al,O5(c), AIN(c), Fe(c), Cr(c), CrCly(c), Crlx(c),
Mo(c), CroN(c).

The results of thermodynamic modeling in the ECD-M0203-AIT system are shown in
Figure 1.

1200 1100 1800 T. X

Fig. 1. Distribution of adiabatic temperature T4, K, when carrying out the process in a
compositional saturating medium Ne 2 for the ECD-Mo00O3-ALT system: 1 - gaseous medium for
the ALT-ECD system, 2 - gaseous medium for the ALT -MoOj3 system, 3 - gaseous medium for

the MoOs- ECD system.

When molybdenum is used with the use of a composite saturating medium of system Ne
2, a gas phase is formed containing compounds H, H,, Hs, CI, Cl,, Cls, OH, I, I,, I3 with chemical
elements. With an increase in temperature, an increase in the amount of halides of system Ne2 . is
observed. This confirms the possibility of transferring alloying elements to form molybdenum
diffuse coatings. Also, the amount of products in the gaseous phase increases and condensed
products are released.

Gaseous products interact with elements of the powder system (Al, Mo, Cr) and are
transformed into the gas phase (AlH, AlH,, AlH3, AICI, AlICI,, AIHCI, AIH,Cl, ATHCl,, All, All,,
All;, MoCls, Mol, Mol,, CrH, CrOH, CrCl, CrCl,, CrCls, Crl, Crly,, Crlz, MoCls, Mol, Mol,). At
temperatures above 700 K, the fraction of the condensed phase remains practically unchanged.
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This fact suggests that in the temperature range of 500-1500 K, reactions occur with the release of
a condensed phase, but without changing the number of moles, which is typical for
decomposition reactions, exchange with material, that is, in fact, chemical transport of elements
occurs. In the temperature range 700-1450 K there are condensed compounds: Al(c), Al,Oz(c),
AIN(c), Cr(c), Mo(c).

According to thermodynamic modeling data, molybdenum is completely reduced from
oxide, and its concentration distribution over the triangular region is an inclined plane. Chromium
is also completely reduced by aluminum. The distribution of adiabatic temperature during the
process in a composite saturating medium T4 for the ECD-MoO5-ALT system is shown in Figure
1.

The maximum temperature corresponds to the ECD angle. Figure 1 shows the main
halides of the gas phase. The highest temperature valueT,q = Ti(Al,O3) = 2327 K

The preparation of molybdenum diffusion layers on structural materials was carried out in
powder composite saturating media in two systems, which consisted of both pure molybdenum
and its oxide. Using 3D-modeling of microstructures, it was possible to more fully establish the
nature of the distribution of phases and inclusions in the diffusion layer (Fig. 2).

e

Fig. 2. Study of the microstructure of the molybdenum diffusion layer:
a-molybdenum layer obtained in system Ne 2, x150, b- 2D image, c-voxelization of a 3 D
structure when assessing porosity, d- setting threshold values to enhance the difference in phase
composition, e- 3 D structure for assessing carbide phases when identifying microstructures, f-3
D depiction of the nature of the distribution of the main saturating elements.

The surface saturation of structural materials was carried out at temperatures of 1100-
1200 °C for 2-2,5 hours. The chemical composition and structure of the diffusion layer are mainly
determined by the ratio of the active atoms of the saturating elements Mo, Al, Cr, and the gradient
of the chemical potential. Upon saturation in composite saturating media in system Nel, where
molybdenum is in its pure form, a diffusion layer of molybdenum carbide Mo2C (molybdenum
93-95%), is formed on the surface of steels 45 and U8, with inclusions of Fe7Mo6 , as well as
complex carbide Fe3Mo3C u Fe2Mo2C (47- 49% molybdenum) evenly distributed over the
thickness of the carbide zone.
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Upon saturation in composite saturating media in system Ne2, diffuse layers are formed
on the surface of structural materials, which contain Mo,C and o phases - the Cr, Al, Mo phase,
the inclusion of Fe;Mos, (Fe, Cr, Al, M0),3Cs. Carbides of three types were found: hexagonal
chromium carbide Cr;C;and carbides Mo,C, Cr,3C, FesMosC and Fe,Mo,C.

Molybdenum diffusion layers obtained using composite saturating media on technical
iron and steels are diffuse in nature and are characterized by uniformity in thickness (Fig. 2, b).

The test results of steel samples for wear under sliding friction on the friction machine
SMT-1 are shown in Fig. 3.

At tests in the conditions of sliding friction the best wear resistance among the considered
diffusion coverings have vanadium, titanium and borized. Their wear resistance is 1,8 — 2,3 times
greater than that of coatings obtained under isothermal conditions. This can be explained by the
higher microhardness, which is for coatings obtained in isothermal conditions by vanadium Hiy =
22000-23000 MPa during titanium doping Hyo = 16000 — 16500 MPa, during boron doping Higg
= 15000 — 16000 MPa.
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1-W;2-Mo;3-Al;4-B;5-Ti;6-V

Fig. 3. Wear resistance of protective coatings on steel 45 obtained composite saturating
media of the second system (SMT-1 friction testing)

In the conditions of use of composite saturating charges microhardness reaches the
following values: at vanadization Hiqy = 23000 — 24000 MIla, at titanizationH;q0 = 16500 — 17000
Mlla, mpwu at boring Higo = 16000 — 16500 MIIa. The obtained results correlate with the indicators
of wear resistance.

Conclusions:

1. Received diffusion coatings from composite saturating powder media consisting of
both pure metal powders and their oxides. The wear resistance of protective coatings was
determined when tested on the machine rubbing SMT-1.

2. Thermodynamic modeling was carried out to establish the composition of the gas
phase during molybdenization and the distribution of the adiabatic temperature T, K, was
investigated when the process was carried out in a composite saturating charge.

3. The microstructures of the molybdenum diffusion layer were investigated using 2D and
3D images when assessing porosity, assessing carbide phases when identifying microstructures
and the nature of the distribution of the main saturating elements.

4. The phase composition of molybdenum layers at saturation in system Ne 1, which was
established, which on steels 45 and U8 consists of a layer of molybdenum carbide Mo,C
(molybdenum 93-95%), with inclusions Fe;Mos, as well as carbide of complex composition
FesMo;sC and Fe,Mo,C (47- 49% molybdenum) uniformly distributed over the thickness of the
carbide zone. Upon saturation in composite saturating media in system Ne2, diffuse layers are
formed on the surface of structural materials, which contain Mo,C and a - phases - Cr, Al, Mo,
the inclusion of Fe;Mog, (Fe, Cr, Al, M0),3Cs. Carbides of three types were found: hexagonal
chromium carbide Cr,C; and carbide Mo,C, Cr»C, FesMo;C and Fe,Mo,C.
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Cepena B.I1., a.1.H., npod., Kpyrask U.B., k.T.H., 1011.
JHenpoBCKuit TOCy1apCTBEHHBIM TEXHUUECKUN YHUBEPCUTET

HOBEPXHOCTHOE YITPOYHEHHE KOHCTPYKIHMOHHbBIX MATEPHUAJIOB C
HCITOJBb30OBAHUEM KOMITO3ULINOHHBIX HACBIIMAIOIIUX CPE/]

B cmamve paccmompeno opmuposanue cmpykmypuol 3augumHsix Ou@@y3uoHHbIX Cll0es ¢
UCNONL306AHUEM KOMNOZUYUOHHBIX HACHIUWYAIOWUX CPed HA KOHCMPYKYUOHHBIX MAamepuanax c
pasauunbim codepaicanuem yeinepooa. Ilposeden mepmoounamuueckull ananus 2azoeou @azvl npu
Hacvlyenuu. Onpedenien cocmas 2az080u Gazvl 2a3000pA3HLIX NPOOYKIMOE, E3AUMOOCUCEYIOUUX C
anemenmamu nopowrogou cucmemst (Al, Mo, Cr) u obpasyrowue 2azosyro gasy (noseisromes CrH,
CrOH, CrCl, CrCl,, CrCls, CrOH, CrOCl,, Crl, Crly, Crls, MoCl, MoCl,, MoCls, MoCl,, MoOCI,
MoOCl,, Mol, Mol,, Mols;, Moly). C ucnonvzosanuem 3D-molenuposaniss MUKPOCIMPYKIMYP YOaIoCh
ROJIHO YCMAHO8UMb Xapaxkmep pacnpedenenus ¢asz u exmouenuil 8 ouggyzuonnom crnoe. Cenzo 3D-
MUKDOCIPYKIMYPbL  MAMEPUAla U €20 QU3UKO-MEXAHUMECKUX U IKCHIYAMAYUOHHBIX CEOUCTE
KOHCMPYKYUOHHBIX MAMEPUATIO8 NO360JIUIU NPOSECU MOOCTUPOBAHUE NO NOJYVHEHUIO ONTNUMATBHO2O0
cocmasa  pazspaboOmMAHHLIX — HACLLYAIOWUX — KOMNOUYUOHHBIX — wuxmul. Ha  nosepxnocmu
KOHCMPYKYUOHHBIX MAMEPUATLO8 DOPMUPYIOMCS OUPDPY3Hble CoU, UMelowue 8 céoem cocmase phasul
Mo,C u a - ¢asa Cr, Al, Mo, ¢ sxmouenuamu FezMos, (Fe, Cr, Al, M0),3Cs. Boiiu obuapysicenvt
Kapobuovl mpex munos: eexca2onanvuwli kapouo xpoma Cr;Cs u xapoudst Mo,C, Cr;C, FesMozC u
Fe,Mo,C. Hccredosano guzuxo-mexanuueckue u exKcHiyamayuonHvle COUCMEA KOHCMPYKYUOHHBIX
MAMepuanos ¢ 3auumubimMu Ou@dOy3monnsiMu nokpeimusmu. IIpu ucnvlmanusx 6 yCioeusx mpeHus.
CKOJIbICEHUSL IYHULYIO USHOCOCMOUKOCTb CPeOU PACCMOMPEHHBIX OUDDY3UOHHBIX NOKPLIMUL UMEIOM
sanaouesvle, mumarogovle u bopuposantvle. Hx uznococmotixocmo 6 1,8 - 2,3 paza 6onvute, yem y
HOKDbIMUL, NOJIYYEHHBIX NPU CHAYUOHAPHBIX U30MEPMUYECKUX YCLOBUSIX.
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JHinpoBchKuii ep:kaBHUN TEXHIYHUN YHIBEPCUTET

IHOBEPXHEBE 3MIHHEHHHHKOHCTPYKHIﬂHHX MATEPIAJIIB 3
BUKOPUCTAHHAM KOMIIO3ULIMHUX HACUYYIOUYUX CEPEJJOBUILL

Y cmammi  posenswymo @opmysanus cmpykmypu 3aXUCHUX Ou@Y3itiHuX wapie 3
BUKOPUCTHAHHAM KOMNOZUYILIHUX HACUYYIOUUX Cepedosuly Ha KOHCMPYKYIUHUX MaAmepianax 3 pisHum
emicmom gyeneyro. Ilposedeno mepmoounamivnull ananiz 2azoeoi gasu npu Hacuyenwi. Busnaueno
cKaa0 2a3060i pazu 1 'a30n00ibHi npodykmu, 63a€Mo0il0OmMb 3 eleMeHmamu nopowkogoi cucmemu (Al,
Mo, Cr) i nepesoosmwscsi 6 eazosy ¢pasy (3'sensomecs CrH, CrOH, CrCl, CrCl, CrCl;, CrOH,
CrOCl,, Crl, Crly, Crls, MoCl, MoCl,, MoCls, MoCl;, MoOCI, MoOCI,, Mol, Mol,, Mol;, Mol;). 3
suxopucmauHiam 3D-mo0entosanns MiKpocmpykmyp 80anocs Oibld HOBHO BCMAHOBUMU XapaKmep
Ppo3nodiny ¢hasz i exmouenv 6 ouysiinomy wapi. 36’30k 3D-mikpocmpyxmypu mamepiany i 1o2o
Qizuko-mexauiuHux — enacmusocmeti  O00360IUNU  NPOBECMU  MOOECTIOBAHHS 3 OMPUMAHHAM
ONMUMANBHO20 CKIAOY pO3POONEHUX KOMROZUYIUHUX wuxmy O0as HacuvenHs. Ha nosepxui
KOHCMPYKYIHUX Mamepianie Gpopmyomscst OUQy3ni wapu, wo marwms 6 coemy cknadi gazu Mo,C i
a - ¢asa Cr, Al, Mo, sxriouenns FezMog, (Fe, Cr, Al, M0)x3Ce. Bynu sussneni kapbiou mpbox munie:
eexcazoHanvHull kapoio xpomy Cr;Cs i xapbiou Mo,C, CryC, FesMosC u Fe,Mo,C. Jocridoceno
QizuKo-mexaniuni ma excniyamayitiHi e1acmu8oCcmi KOHCMPYKYIUHUX Mamepianie i3 3axXuCHUMu
ougysiiinumu  noxpummsamu. Ilpu eunpobysannsx 6 ymosax mepms KOB3AHHA HAUKpaAufy
3HOCOCINIKICMb ceped pOo32NAHYMUX OuQy3iliHUX NOKPUMMIE Maroms 8aHadi€si, MUMAaHo8I i
6opopysani. Ix snococmiiikicms 6 1,8 - 2,3 pasu 6Gitbuie, uum y nOKpummis, OMpUMAHUX npu
130MepMIYHUX YMOBAX.

Keywords: ougpysia, modeniosanns, moniboen,Mikpocmpykmypa, Gaza, Mikpomeepoicme,
3AMUWKOGT HAnpy2u, 3HOCOCMIUKICHb.
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