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This article presents the results of a study of the condensed dispersion-
reinforced materials (CDRM) obtained from the vapour phase. The me-
chanical properties of materials depending on their reinforcement are
studied in systems based on metals and alloys, with reinforcing additives
of oxide, carbide or boride. Mechanical properties are evaluated as a com-
plex of tensile strength, deformation limit, and relative elongation. As a
result, it is shown that the mechanical properties of materials obtained
from the vapour phase depend on the following factors: type of matrix,
type of dispersed particles, temperature and roughness of the substrate,
purity of the initial materials, and the rate of their evaporation. As
found, the achievement of high mechanical properties due to the for-
mation of a specific structure can be realized by regulating the tempera-
ture of the substrate. A decrease in the temperature of the substrate dur-
ing the fabrication of the dispersion-reinforced material leads to a coars-
ening in the structural grains. Outstanding properties are obtained in the
Cu—1 wt.% Mo CDRM with coarseness of matrix grains of 1.45-3.25 um
and characteristic diameter of reinforcing particles of 12-25 nm. As
shown by evaluating the interaction of the matrix and dispersed particles
at the interface and using high-speed evaporation, it is easy to develop the
new CDRM with predefined properties.

Y crarTi HaBemeHO pPe3yJabTATU MOCHIIKEHHSA KOHIEHCOBAHUX AUCIIEPCHO-
apmoBanux MmarepianiB (KIAM), omepsxanux 3 mapoBoi ¢asu. [HocaimxeHo
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MeXaHiuHi BJacTHBOCTI MaTepidAJiB B 3ajJe’KHOCTi Big apMyBaHHS iX y cuc-
TeMax MeTaJiB i cTomiB 3 mo6aBKaMu OKCHUAIB, KapOimiB i 6opumiB. Mexami-
YHi BJIACTHBOCTI OIIiHIOBaJIM KOMIIJIEKCHO, BPaXOBYIOUM MIiIIHiCTHL Ha PO3PUB,
MeRy nmedopwmarii Ta BimHOCHe BUIOB:KeHHA. B pesyabrari Oysa0 mokasaHo,
110 MeXaHiuHi BJacCTHUBOCTI MaTepifdAsiB, ogep:KaHUX 3 mapoBoi (dasu, 3aje-
JKaTh BiJi HACTYIHUX YMHHUKIB: TUIy MaTPUIli, TUIY AUCIEPCHUX YACTU-
HOK, TeMIIepaTypu Ta IIEePCTKOCTU IMiAKJAAWHKU, YNCTOTH BUXIZHUX Mare-
pianiB, IMBUAKOCTU IXHHBOTO BHUIIADOBYBaHHA. BcTaHOBIIEHO, IO JOCATHEHHSA
BHCOKMX MEXaHIUHMX BJIACTUBOCTell uepes (opMyBaHHA cuerudiuxHoi cTpy-
KTYPU YMOXKJUBJIIOETHCA IILJIAXOM 3MiHM TeMmepaTrypu migkmaguaku. Ilo-
HIMKEHHSA TeMIepaTypu IMiAKJAIUHKN IIii Yac BUT'OTOBJIEHHSA AVCIIEPCHO-
apMOBaHOTO MAaTepifANy IPUBOAUTEL M0 30iJbIleHHA PO3Mipy 3epeH. Bucoki
3HAYeHHA BjacTuBocTeit Oyyno omepskano miasa KIAM cucremu Cu—Mo (1
mac.% Mo) 3 posmipom 3epeH maTpuuHoi ¢asu y 1,45-3,25 MM i giamer-
pOM apMyBaJIbHUX dYacTHHOK y 12—-25 mm. Byno mokasaHo, 1110, BpaxOBYIO-
Yy B3AaEMOJIiI0 MATPHUIL Ta AUCHEPrOBaHUX YAaCTHMHOK Ha Me:Ki moxiny ¢as,
BUKOPUCTOBYIOUM BUCOKOIIBUAKiCHE BUIAPOBYBAaHHS, MOJKHA TOBOJII JIETKO
CTBOPUTH HOBi OHCIEePCHO-apMOBAaHI MaTepidnu i3 s3asmajerifb BU3HAUYEHU-
MU BJIACTUBOCTAMU.
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1. INTRODUCTION

The emergence of new technologies in the middle of the 20" centu-
ry, such as plasma arc, electron-beam radiation and laser, posed
new challenges for developers in the field of new technologies for
material processing and welding. First, why does a freely burning
electric arc melt metals mainly on the surface, and the depth of the
melting zone is less than its width? The search for an answer led to
a new understanding of the energy torrents concentration (ETC). It
became clear that if the energy of the power source (electron beam,
plasma arc, and laser) reaches the value E >10°-10° W/cm?, the
material heating process turns into a self-propagating one (syner-
gistic). Moreover, when the power threshold-value changes, the heat
transfer conditions in the object have directed for heating.

Overcoming this threshold opens up new opportunities for tech-
nologists. Extensive scientific and technical experience with ETC
has shown that the most efficient source of energy for material pro-
cessing is an electron beam [1].

The E. O. Paton Electric Welding Institute and Scientific-
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Production Enterprise ‘Eltehmash’ developed new multifunctional
electron-beam installations with two, three, and five crucibles to
create dense molecular beams. The intensity of those beams reaches
10?® particles cm?®/s [2]. Beams are quasi-molecular rays, which are
characterized as molecular beams with spatial orientation according
to cosine law. On the other hand, such beams arise because of inter-
nal collisions of vapour torrents in a laminar flow.

The productivity of the installations reaches 10-15 kg of vapours
per hour. It is possible to manufacture 100 kg of condensate for
eight hours of uninterrupted work, and sometimes even more.

Academician B. Movchan and his group investigated the basic
physical and mechanical foundations of thick (0.01-2 mm) conden-
sates at the E. O. Paton Electric Welding Institute of the National
Academy of Sciences of Ukraine [2, 3]. They revealed the main
physical-mechanical properties of condensers as a function of con-
densate parameters and their composition.

The possibility of obtaining the dispersion-reinforced, mi-
croporous and microlayer materials by condensation from the va-
pour phase is an effective way to create new materials with ad-
vanced desired properties.

Composite materials condensed from the vapour phase have a
thickness of 0.1 to 5 mm. The grain size of the matrix phase in de-
pending on the condensation temperature and the content of the re-
inforcing particles and ranges from 0.5 um to 10 um, whereas the
size of reinforcing nanophase particles varies from 1 to 4 nm. The
same method was used to obtain bulk nanocrystalline microlayer
materials based on copper and molybdenum with a grain size of 80—
90 nm for copper and of 20-40 nm for molybdenum. Thus, conden-
sate dispersion-reinforced materials should be considered as
nanostructured composites. The study of the structure and proper-
ties of such materials is the purpose of this work.

Condensed dispersion-reinforced materials (CDRM) are materials
consisting of a polycrystalline matrix and an even volume of dis-
persed particles of another phase (Fig. 1). It is possible to change
the average sizes of matrix crystals from hundreds of microns to
several thousands of angstroms and reinforced particle sizes from
tens of angstroms to several microns.

The structure and physical-mechanical properties of dispersion-
reinforced condensed materials are studied at the E. O. Paton Elec-
tric Welding Institute. These materials include iron-carbide sys-
tems, iron-boride, iron—iron oxide, nickel-oxide, copper—copper ox-
ide, tungsten-oxide systems [4]. All our previous works embedded
the study of dispersion-reinforced materials based on nickel, chro-
mium, copper and titanium [5]. In our days, studies of other sys-
tems continue [6].
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Fig. 1. Typical structure of disperse-reinforced material obtained from the
vapour phase.

Analysis of the obtained results allows concluding that the me-
chanical properties of condensed dispersion-reinforced materials de-
pend on the following factors:

1. type of metallic matrix (pure metal or alloy);

2. technological parameters for obtaining condensers (tempera-
ture of deposition, vacuum level, deposition rate of the initial com-
ponents, chemical purity of initial components, substrate surface
roughness).

The main factor affecting the structure and the following me-
chanical properties is the contact between the reinforced particles
and the metal matrix. The criterion for the value of this contact is
the contact angle between the molten metal and the particles of the
refractory material [7]. This angle depends on the environment in
which the molten state interacts with high-temperature particles,
the purity of the molten metal and the particle itself, the tempera-
ture of the melt, and exposure time. There are well-known research
data in the literature that determine the contact interconnection in
the systems: Me(alloy)-MeO, Me—C, Me—B in the vacuum or gase-
ous environments [8].

Two-phase simple condensed Me—MeO systems, where Me are
pure metals such as iron, nickel, copper, and ceramic particles such
as yttrium oxide, aluminium oxide, and zirconium dioxide are cur-
rently the most studied. Dispersion-reinforced materials with good
mechanical properties can be obtained at a concentration of the re-
inforced part of 0.6 wt.%.

2. EXPERIMENT

The mechanical properties of the CDRM depending on their rein-
forcement have been studied in systems based on metals (Ni, Cu)
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and alloys (MeCr, MeCrAl, MeCrY, where Me was Fe, Ni or Cu)
with reinforcing additives of oxide, carbide or boride (Al,0;, TiC,
NbC, ZrC, TiB,, ZrB, and other). Mechanical properties were evalu-
ated as a complex of tensile strength, deformation limit and relative
elongation.

The condensed composite materials from the vapour phase were
deposited on a carbon steel substrate with dimensions of
220x250x10 mm and heated to the required temperature. The
roughness of the substrate after polishing was R,=0.63. For fur-
ther separation of the finished condensate from the substrate, a
CaF, separating layer with a thickness of 10-15 um was applied in
advance. The evaporation of metallic and ceramic components was
performed from two separate crucibles with a diameter of 70 mm
and a liner distance between crucibles of 150 mm. As already men-
tioned, this technological approach makes it possible to gradient
condense of materials along the substrate with a wide concentration
range of the high-temperature phase with a high-temperature melt-
ing point. The material with thickness of 1-1.5 mm was separated
from the substrate and cut into strips of 20x220x1-1.5 mm in size.
These strips were used as samples for the research. The estimation
of porosity for each concentration was carried out on 7-10 samples.
The porosity was estimated from the results obtained as an average
value.

3. RESULTS AND DISCUSSION

The ultimate tensile strength (o), the deformation limit (c,,), and
relative elongation (8) as the function of Al,O; weight fraction in
the condensed Ni—Al,O; obtained at the substrate temperature of
700°C and 1000 + 20°C are shown in Fig. 2, a, b. Analysis of these
data shows that a slight increase in the concentration of dispersed
Al,O; particles leads to a dramatic decrease in plasticity.

Maximum plasticity is observed in a very narrow range of Al,O,
concentrations of 0.25-0.4 wt.% . Structural circumstances, such as
the average grain size of the metal matrix equal to the space of free
movement between two reinforced particles, explain the increase in
ductility [2].

It should be noted that the maximum of the curves with an in-
crease in temperature shifts towards a higher concentration of alu-
minium oxide (Fig. 2, b). The values of absolute plasticity in two
materials of the Me—MeO phase-type with an optimal concentration
of dispersed particles increase with an increase in the condensation
temperature. For example, at a substrate temperature of 1000°C,
Ni—-Al,0; with 0.35-0.4 wt.% Al,O; has a higher relative elongation
than pure nickel.
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Fig. 2. Tensile strength, deformation limit, and relative elongation as the
function of Al,O; weight fraction in the Ni—-Al,O; (a, b) and Cr(Ni)—-Al,0O,
with 20 wt.% Ni (¢, d) CDRM obtained at the substrate temperature of
700°C (a, b) and 1000°C (c, d); *—0, % ; B—oy,, MPa; [—o,,, MPa.

Similar changes in mechanical properties are observed in more
complex two-phase condensed systems based on compositions MeCr,
MeCrAl, MeCrY, where Me is Fe, Ni, or Cu.

The increase in strength is noticeable in a wider range of Al,O,
concentrations (up to 1 wt.%). However, at such concentrations of
high-temperature particles in condensed materials, they have low
plasticity. This change in mechanical properties is explained by the
complete absence of interphase interactions at the particle-matrix
interface. The contact angle Al,O; with nickel within the range
150-115° depends on the experimental conditions. As a result, po-
rosity appears in the condensate without interaction, which leads to
a weakening of strength and flexibility.

An increase in the phase interaction in the Ni(Cr)-Al,O; system
(contact angle of 85°) leads to an increase in strength and defor-
mation values in a wider range of Al,O; concentration as compared
to Ni—-Al,O; compositions.

For the two-phase systems Me—MeC and Me—MeB, the curve
changes direction towards a more significant concentration of rein-
forced carbide or boride particles in comparison with oxide phases.
Such a shift in the curve occurs, when the fraction of reinforced
particles is of 3—7 wt.% . This trend extends to condensed materials
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Fig. 3. Tensile strength, deformation limit, and relative elongation as the
function of ZrB, weight fraction in the Cu—ZrB, CDRM obtained at the
substrate temperature of 700°C; *x—3, % ; B—cy, MPa; [J—o,,, MPa.

based on nickel, iron and copper in the case of using reinforcing
particles TiC, NbC, ZrC, TiB,, and ZrB,.

Figure 3 shows the change in mechanical properties in the Cu—
ZrB, system.

An increase in the ZrB, up to 0.8 wt.% allows increasing the
strength and deformation up to 560—-600 MPa. With an increase of
up to 2.4 wt.%, the strength reaches 950 MPa.

The plasticity of Cu—ZrB, condensates sharply decreases in the
region of low ZrB, concentrations, but remains satisfactory in the
content of reinforcing phase up to 1 wt.%. The Cu—ZrB, composi-
tion keeps pick of plasticity at a ZrB, content of 0.1 wt.%, same as
the CDRM with oxides. Receive results is very well correlated with
wetting of zirconium diboride by molten copper. The contact angle
is in the range 123—-36° at the temperature of 1100-1400°C [8].

The copper CDRM reinforced with molybdenum have similar me-
chanical properties (Fig. 4). At the increasing percentage of molyb-
denum up to 2 wt.%, the plasticity of the copper matrix drops for
45-15%, and the limits of strength and deformation increase twice,
accordingly, to 270 MPa and 350 MPa. With an increase in the con-
tent of molybdenum to 6 wt.%, the strength increases to 500 MPa
that is more than four times higher than that of pure copper. The
deformation limit reaches 410 MPa that is more than eight times
higher than pure copper. The relative elongation of the materials is
kept at a fairly high level of 10-12% and does not depend on the
concentration of molybdenum within the range 2-6 wt.% . A gradu-
al decrease in the mechanical properties of the Cu—Mo CDRM is ob-
served when the concentration of dispersed molybdenum particles
exceeds 12 wt.%.
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Fig. 4. Tensile strength, deformation limit, and relative elongation as a
function of molybdenum concentration in the copper CDRM obtained at
substrate temperature of 700°C (a) and 900°C (b); *—3, % ; M—oyz, MPa;
0—o0y.5, MPa.

The higher level of reinforcement by molybdenum concentration
in the condensates makes the material outstanding in its mechanical
properties. Such mechanical properties of the aforementioned mate-
rials are a consequence of the structure with the actual grain sizes
and the specific sizes of the reinforcing particles.

These dimensions are determined by the temperature of the sub-
strate. A decrease in the temperature of the substrate during the
manufacture of the dispersion-reinforced material leads to a coars-
ening in the structural grains. For example, in the case of Cu—Mo
(1 wt.%) at a substrate temperature of 700°C, the coarseness of ma-
trix grains is D,=1.45-3.25 um with a characteristic diameter of
reinforcing particles d,=12-25 nm. Tensile strength increases to
270-428 MPa, deformation limit up to 140-400 MPa, and elonga-
tion up to 7%.

Additional cold forging with 30% deformation improves the me-
chanical properties of dispersion-reinforced materials even more.

The standard deviation of the results obtained was about +5%.

At a substrate temperature of 500°C, the tensile strength in-
creases to 498 MPa, the deformation limit up to 420 MPa, and the
relative elongation up to 9% . Further deformation leads to coarsen-
ing of the grain of the copper matrix to 1 um.

The higher deposition temperature of the CDRM in all cases re-
duces the strength and increases the plasticity of the materials. For
example, in Fig. 4, b shows the mechanical properties of Cu—Mo ob-
tained at substrate temperature of 900°C. The strength increases
with the concentration of molybdenum up to 25 wt.%, then remains
almost unchanged up to 50 wt.% . The beginning of the degradation
of mechanical properties is observed when the concentration of mo-
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lybdenum is more than 15 wt.% . The plasticity of this material ini-
tially decreases at a molybdenum concentration of 1 wt.% and tends
to decrease further with an increase in the concentration of rein-
forcing particles.

The depth of vacuum, the purity of the initial materials, and the
roughness of the substrate surface have a strong influence on the
mechanical properties of the CDRM.

The possibility to supply oxygen or nitrogen at the deposition
process allows creating the oxides and nitrides, which strengthens
the matrix and improves mechanical properties, but reduces ductili-
ty, electrical conductivity and thermal conductivity.

Many CDRM defects (microdroplets, non-metallic inclusions) de-
pend on the purity of the evaporated components. The best options
are metals and alloys obtained after electron-beam smelting and re-
fining. All the electron-beam treated compositions contain much
less fusible additives, oxygen, nitrogen and hydrogen compared to
standard commercially pure metals and alloys.

As the evaporation rate increases, the possibility of removing ad-
ditives from the evaporation bath is high. After electron-beam puri-
fied of metals and alloys, the deposition rate of pure metal and al-
loys is in the range 3-60 pm/min, and, for the dispersion-
reinforced materials, it is of 0.5—-10 pm.

The better surface roughness of the substrate improves the me-
chanical properties of the CDRM. It is experimentally proved that
the surface roughness of the substrate should be R,=0.63-1.2.

3. CONCLUSION

It has been experimentally confirmed that the dispersion-reinforced
condensed materials obtained from the vapour phase have excellent
mechanical properties. These properties depend on the type of metal
matrix, types of dispersed inclusions, substrate temperature, inter-
phase interaction at the interface between the matrix and rein-
forced particles, substrate roughness, and evaporation rate.

By evaluating the interaction of the matrix and dispersed parti-
cles at the interface and using high-speed evaporation, it is easy to
develop the new CDRM materials with predefined properties.
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