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The processes of formation of the structure of dispersion-strengthened composite materials,
which determines their physical and mechanical properties and therefore is of scientific and
practical interest, have been studied. Experimental studies of the mechanism of inclusions
crystallization during condensation of a vapors mixture of two metals that do not have solubility
in equilibrium conditions have been carried out using the example of the Cu-Mo composite. The
structure of the Cu-Mo composite has been studied, as well as the dependence of the size of
molybdenum particles on its concentration and temperature of substrate. The influence of the
production conditions on properties of dispersion-strengthened composite materials has been
studied.

Studies have shown that Cu-Mo composites obtained at ts = 150 — 450 °C are double-phase:
dispersed molybdenum particles are uniformly distributed in the matrix, which is a substitutional
solid solution of molybdenum in copper. The particles of the strengthening phase are uniformly
distributed throughout the matrix grains. The molybdenum particles are nearly spherical in
shape and apparently form during the formation of the Cu-Mo composite at the crystallization
front as a result of surface diffusion of molybdenum atoms.

With increasing substrate temperature, the size of the strengthening molybdenum particles and
the distance between them increase, resulting in a decrease in microhardness of dispersion-
hardened composite. Thus, at a substrate temperature of ts = 150 °C and a molybdenum content
of 0.6% to 5.4%, the average particle size is from 98 A to 120 A; at a substrate temperature of
ts = 450 °C and a molybdenum content of 2.0% to 4.0%, the average particle size is from 500
A'to 700 A; at substrate temperatures of ts = 150 — 450 °C, the microhardness is H, = 850 — 350
MPa, respectively.
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Introduction

The rapid development of aviation technology places ever-higher demands on
materials. Metal composite materials can be divided into several groups based on their
strengthening mechanism: fibrous composites, layered composites, and dispersion-
strengthened composites.

Strengthening of materials in the first group is achieved by reinforcing a metal
matrix with high-strength continuous or discrete fibers. Laminated composites are
created by using layers of materials with different mechanical properties. For fibrous
and laminated composites, the strength level depends primarily on the properties of
the reinforcing materials. The role of the matrix is primarily to redistribute stress
between the reinforcing elements [1].

In dispersion-strengthened composites, the matrix is the primary load-bearing
element, while the dispersed particles can act as obstacles, inhibiting dislocation
movement.

Changing the morphology, dispersion, and distribution of the strengthening
phase patrticles allows for a combination of properties that is impossible to achieve in
other materials. Using refractory elements or chemical compounds that do not actively
interact with the matrix as strengthening particles makes it possible to maintain the
structure and properties at elevated temperatures [2].
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Creating a structure in composites with uniformly distributed dispersed particles
that do not interact with the matrix is quite complex and is only possible through the
use of specific materials production techniques.

A promising method for producing dispersion-strengthened composites is the
simultaneous condensation of the matrix and reinforcing phase vapors in a vacuum
[3]. Vapor-phase crystallization offers unlimited flexibility in selecting the constituent
components and enables the production of materials with a uniform distribution of
second-phase particles throughout the volume, opening up significant prospects for
solving the problem of dispersion of reinforcing particles.

The effectiveness of strengthening by dispersed particles of the second phase
is determined by the geometric parameters of the structure: the size of the reinforcing
particles, the distance between them, and the uniformity of their distribution.

The processes of structure formation in dispersion-strengthened composite
materials determine their physical and mechanical properties and are therefore of
scientific and practical interest.

Purpose and task statement

The purpose of the work is to experimentally examine the mechanism of
inclusion crystallization during the condensation of a mixture of vapors of two metals
that are insoluble under equilibrium conditions. In order to ensure the achievement of
this goal, the following tasks were solved: electron microscopic studies were conducted
to obtain data on grain size and particle morphology; properties of nanocomposites
were determined by measuring microhardness.

Analysis of research results

To research the formation mechanism of dispersed particles of the
strengthening phase, Cu-Mo composites obtained by vacuum vapor condensation
were studied. Condensation of the component vapors was carried out simultaneously
at substrate temperatures of 150 — 450 °C. The molybdenum concentration was varied
by adjusting the molybdenum deposition rate.

Efficient strengthening is achieved with a strengthening phase content of no
more than 5 — 10%. Therefore, vacuum condensates of Cu-Mo with a molybdenum
content of 0.5 — 5% and a thickness of 20 um separated from the substrate were
studied.

Since structural factors play a leading role in the strengthening of dispersion-
hardened materials, electron microscopic studies were conducted to obtain data on
grain size and particle morphology. The researches were performed using an EM-200
electron microscope.

The electron diffraction patterns of the studied samples show both copper and
molybdenum reflections. The electron microscopic images reveal a characteristic point
contrast, which is interpreted as an image of molybdenum particles in a copper matrix
in the Cu-Mo composite (Fig. 1).

The presence of overlapping molybdenum particles adjacent to each other
indicates their volumetric distribution. The molybdenum particles are nearly spherical
in shape. The particles are uniformly distributed throughout the matrix grains. No
preferential segregation along grain boundaries is observed.
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Fig. 1. Electron microscopic image of the Cu-Mo composite, x42000

The dependence of average particle size on molybdenum concentration at
various substrate temperatures is shown in Table 1 and Table 2.

Table 1
Dependence of the molybdenum average patrticle size (d) on it concentration
at a substrate temperature of 150°C

Mo, % 0.6 1.0 2.8 4.0 5.4
d, (A) 98 100 110 115 120
Table 2

Dependence of the molybdenum average patrticle size (d) on it concentration
at a substrate temperature of 450°C

Mo, %

2.0

2.5

3.2

4.0

d, (A)

500

580

680

700

As Table 1 and Table 2 show, with increasing molybdenum concentration and

substrate temperature, the average particle size increases.

To determine the potential dissolution of molybdenum in the copper matrix,
precision measurements of the copper lattice constant were performed in composites
with a 3 % of molybdenum concentration, depending on the substrate temperature
(Table 3).

Table 3
Dependence of the matrix lattice period (a) on the substrate temperature (ts)
in composite with the molybdenum content of 3%

ts, °C 100 230 320 450
a, A 3.6178 3.6173 3.6163 3.6150

At ts 2450°C Cu-Mo composites with a lattice constant corresponding to
homogeneous copper form. As the substrate temperature decreases, the lattice
constant increases, indicating the formation of a substitution solid solution of
molybdenum in copper.
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Table 4
Dependence of molybdenum particle size (d) on substrate
temperature (ts) in compositions with the molybdenum content of 3%

ts, °C 100 230 320 450
d, A 95 100 190 650

As Table 4 shows, with increasing substrate temperature, the size of the
reinforcing particles increases, which affects the properties of the Cu-Mo composite.

To study the effect of production conditions on the properties of dispersion-
hardened materials, samples were tested for microhardness using a NMMT-3 instrument
at a load of 20 g.

Table 5
Dependence of microhardness (Hy) on substrate temperature (ts)
ts, °C 150 200 220 450
Hu, MPa 850 820 710 350

As Table 5 shows, the microhardness of the Cu-Mo composite decreases with
increasing substrate temperature.

Structural methods have shown that Cu-Mo composites obtained at
ts = 150 - 450°C are double-phase: dispersed molybdenum particles are uniformly
distributed in the matrix, which is a substitutional solid solution of molybdenum in
copper.

During the study, the mechanism of formation of particles of the strengthening
phase was considered. Two mechanisms for the formation of second-phase patrticles
are possible: particles can form and grow as a result of the decomposition of a
supersaturated solid solution of molybdenum in copper (the controlling process in this
case is the bulk diffusion of molybdenum atoms in the copper matrix), or this process
occurs at the crystallization front, in which case surface diffusion is the controlling
process. In both cases, particle growth is diffusion-based. Therefore, it can be
assumed that particle size will be proportional to the surface or bulk diffusion
coefficient:

d = kD, (1)
where d — is the particle size; k — is the proportionality coefficient;

D — is the diffusion coefficient.

The temperature dependence of the diffusion coefficient is described by the
relationship

D = Doexp(-Q/RT), (2)

where Do — is a constant for a given substance; Q — is the diffusion activation energy;

R —is the universal gas constant; T — is the temperature.

In this case, the activation energy for diffusion is equal to the activation energy

for particle growth, since it is diffusive in nature. Therefore,
d = Do exp(-Q/RT), 3)
In(d) = InkDo - Q/RT. (4)

Therefore, there should be a linear relationship between In(d) and 1/T, which is
confirmed experimentally. From this relationship, the activation energy for diffusion, Q,
can be estimated. In this case, Q = 30 kJ/mol.
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This value corresponds to the activation energy for surface diffusion, suggesting

that molybdenum particles are formed during the formation of Cu-Mo composite at the
crystallization front as a result of the surface diffusion of molybdenum atoms.

Conclusions

Research has shown that Cu-Mo composites obtained at ts = 150 — 450 °C are
double-phase: dispersed molybdenum patrticles are uniformly distributed in the matrix,
which is a substitutional solid solution of molybdenum in copper.

The particles of the strengthening phase are uniformly distributed throughout
the matrix grains. No preferential precipitation along grain boundaries is observed. The
molybdenum particles are nearly spherical in shape and apparently form during the
formation of the Cu-Mo composite at the crystallization front as a result of surface
diffusion of molybdenum atoms.

With increasing substrate temperature, the size of the strengthening
molybdenum particles and the distance between them increase, resulting in a
decrease in the microhardness of the dispersion-hardened composite. Thus, at a
substrate temperature of ts = 150°C and a molybdenum content of 0.6% to 5.4 %, the
average particle size is from 98 A to 120 A; at a substrate temperature of ts = 450°C
and a molybdenum content of 2.0 % to 4.0 %, the average particle size is from 500 A
to 700 A; at substrate temperatures of ts = 150 — 450°C, the microhardness is Hy =
850 — 350 MPa, respectively.
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BB mapameTpiB CTPYKTYPH HAHOKOMIIO3HUTIB HA iX
BJIACTHBOCTI

BuB4yeHo  npouecu  popmyBaHHSA  CTPYKTYpU  AUCMEPCHO-3MILHEHUX
KOMMNO3MLUINHUX MaTepianis, WO BM3HA4Yae IXHi gDi3NKO-MexaHivyHi BNacTUBOCTI i TOMY
CTAHOBUTb HAYKOBUW | MNpaKTU4HMA iHTepec. BukoHaHO ekcnepuMeHTarnbHi
AOCNIOXKEeHHA MexaHi3aMy KpucTanisauii BKIoYeHb Npu KoHAeHcaLil CyMmilli napis A4BOX
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MeTarnis, WO He MalTb PO3YNMHHOCTI B PIBHOBAXXHUX YMOBaxX Ha Npuknagi KoMrnosuTy
Cu-Mo. [docnigxeHo cTpyktypy Komnoauty Cu-Mo, a Takox 3anexHiCTb po3mipy
YacTMHOK MONiBAEHY Bif MOro KOHUEeHTpaUil i TemnepaTtypu nigknagkn. BusyeHo Bnnve
YMOB OZlep>XaHHS Ha BflaCTUBOCTI ANCMNEPCHO-3MILHEHMX KOMMNO3ULINHUX MaTepianis.

JdocnigkeHHaMM BCTaHOBMEHO, WO komno3antn Cu-Mo, oTpumaHi npu
tn =150 - 450 °C, € ABOra3HUMMK: OUCNEPCHi YacCTUHKM MonibaeHy piBHOMIPHO
po3nogineHi B Matpuui, Ska € TBepAMM PO34YMHOM 3aMillleHHA MmonibaeHy B Migi.
YacTMHKM 3MiLHIOY0T ¢ha3n pPIBHOMIPHO po3nofineHi B ob6’emi  3epeH martpuui.
[MepeBaXHOro BUAINEHHA HA MeXax 3epeH He cnocTtepiraetbcd. Popma 4YacCTMHOK
monibaeHy 6nm3bka 0O CHEpUYHOl | BOHW YTBOPKOKTLCA Y MPOLECi OOepXKaHHS
komnoauty Cu-Mo Ha (bpoHTi KpucTanisauii B pesynbtaTti noBepxHeBoi Andysii aTomis
MoniéaeHy.

Mpn 36inbleHHi TemnepaTypu MigKNagknm po3Mmip 3MILHIOKYMX YaCTUHOK
mMonibaeHy Ta BiACTaHb MK HUMWM 30iNbLUYETbCS, WO NPU3BOAUTbL A0 3HWKEHHS
MIKPOTBEPAOCTI AMUCNEePCHO-3MILLHEHOro KOMMO3nTy. Tak, npun Temnepartypi nigknagku
tn = 150 °C Ta Bmicty moni6aeHy Big 0,6 % po 5,4 % cepenHin po3amip 4aCTUHOK
cTaHoBuUTb Big 98 A oo 120 A; npyn Temnepatypi nigknagkn tn = 450 °C T1a BMIiCT
moni6aeHy Bia 2,0 % 0o 4,0 % cepeHiit po3mip YacTok ctaHoBuTh Bifg 500 A no 700 A;
npy TemnepaTtypax nigknagku tn = 150 — 450 ° C mikpoTBepaicTb cknana Hy = 850 —
350 MIa BignosiaHo.

Knroyoei crnoea: [ucnepCHO-3MILUHEHI KOMMNO3WUiMHI MaTtepianu; OUCMepCHI
YaCTMHKMK; PO3MIpW YaCTUHOK; TeMnepaTtypa nigknagku; andysis; MikpoTBepaiCTb.
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