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Summary
Project's objective — 1) to investigate mechanisms of activation of sintering of ultrahigh temperatu
ceramics with the use of sintering activators forming eutectic systems with main components; -2) being ba:
on these investigations, to search the effective sintering activators, to develop a technology of UHT
production at lowered temperatures and to investigate structure and properties of this ceramic.

It is shown that the thermal characteristics of crystals (Debay temperature and value of dynamic therr
displacement of atoms) significantly depend on a structural state of a material. At high temperatures in eute
systems, at least in diffusion zones near to interfaces, the above-stated thermal characteristics of compor
appear essentially distinct from those in a monophase condition and there essential weakening of interatc
bonds and increase of amplitude of thermal oscillations of atoms occur. This phenomenon can be a princ
reason for elevation of diffusion activity in grain boundary volumes of phases in eutectic systems and
stimulate the elevation of rate of some high-temperature processes (sintering of powders, creep, etc.).

The investigation of contact interactions of components of UHTCs charge (zirconium and hafniut
borides, SiC) with additives (chromium carbide, nickel, chromium, etc.), which activate sintering process,
carried out. It is found out that for the above said systems eutectic interactions resulting in activation
sintering are typical, namely when sintering proceeds in a mode with disappearing liquid phase which can
formed at temperatures about 1300 and with formation of secondary high temperature phases in a form of
carboborides of zirconium and bi borides of zirconium or chromium. Elevation of densification rate of sintere
borides is escorted by elevation of re-crystallization rate as well.

This project was to investigate regularities of ceramics densification depending on composition and gra
size of components. On the base of investigations of contact and phase interactions with formation of diffus
zones at sintering the technologies of vacuum sintering and hot pressing which allow to obtain dense cera
materials at temperatures 1600-1900that is by 300-600lower than at sintering of basic UHTC materials,
were developed. Structure and some mechanical properties of the obtained ceramic (hardness, characterist
contact strength, bending strength) were investigated. Low temperatures of ceramics production at a leve

properties not yielding those of traditional UHTCs govern perspectives of application of new materials
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machine building, power industries, etc.

Creep processes of ultrahigh temperature ceramic at temperatures up toC180@onditions of
measurement indentation creep and in experiments on material's creep at uniaxial compression are investig
For both methods the curves deformation-time at chosen levels of loading were recorded. It is shown that
ceramic ZrB-SiC-CrC, at temperature about 1700can be deformed by 50 % and higher without essential
degradation of mechanical properties. The obtained data allow supposing that creep process is developed a
in the mode of superplasticity under the slip mechanism of zirconium boride and silica carbide grains on gr
boundary interlayers with nanocrystalline grains of carbon-boride of zirconium and diborides (carbon-boride)
zirconium —chromium.

Some peculiarities of high temperature deformation and diffusion behavior of eutectic systems we
investigated by the methods of MD modeling. Computer programs for MD modeling and testing of th
developed potentials including calculations of thermodynamic state of nanocrystals of carbides and relaxat
changes in their structure associated with surface influence were developed. The potentials and programs
convenient for their use as virtual “trying stand” at various mechanical tests of nanocrystals (tensic
compression, bending, nanoindentation, etc). It is found out that as temperature increases Young's modult
the considered objects decreases under a linear law. Fracture stress and deformation increase at elevati
relative strain rate and fall when temperature increases. MD modeling of contact melting in eutectic system ¢
Si qualitatively confirmed the formation of diffusion zone at heating in the area of contact Cu-Si and show:

that melting process starts namely in diffusion zone.

ACCOMPLISHMENTS OF PROJECT
1. Experimental investigation of activated sintering mechanisms of eutectic systems on the base of
refractory compounds, and regularities of formation of ceramics structure and its physical-
mechanical properties.
Introduction
The methods of activation of sintering of zirconium and hafnium borides by means of introduction i
charge of carbides (boron and tungsten carbides), silicides (tungsten, zirconium and molybdenum), borides
nitrides are well known. To obtain porous free ultrahigh-temperature ceramics on the basissohdnfber of
technological methods allowing to carry out sintering at temperatures below the temperature of collective
crystallization which for zirconium diboride makes about 1900-200% used. It is attained, first of all, by
removal of oxygen from the surface of powder particles and use of activating additives. Now a wide spectri
of activators of sintering /1/, including those which form eutectic systems with sintered substance is known. L
of such activators allows obtaining dense materials not only in a liquid phase sintering mode, but also

temperatures below a point of eutectic melting at the expense of raised diffusion in contact zones of phases.
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The main objective of this work was to investigate mechanisms and regularities of solid phase sinteri
(or sintering in the presence of liquid disappearing at isothermal holding) of refractory compounds bas
eutectic systems. Investigations were based on the supposition that in eutectic systems a material near
boundaries has the elevated amplitude of thermal oscillations, namely this phenomena is responsible for
elevated grain boundary diffusion and sintering of the investigated ceramics. This supposition was direc
proved as a result of measurement of Debay temperature of one of the eutectic phases and a value of dyr
thermal displacements of atoms while X-ray investigation of nanolayered model eutectic system Al-Si. Tl
elevated grain boundary activity of atoms of eutectic systems brings to formation of powerful diffusion zon
on contact interfaces and to elevation of ceramics sintering rate (and to elevation of high temperature creep |

This effort was to investigate an influence of refractory compounds of chromium (carbides and boride
and metal additives Ni, Cr, NiCr-alloy on sintering of zirconium boride and compositionsSHB ZrB,-
MoSi,. A possibility of manufacturing of dense zirconium boride based ceramics at tempetéfifres 1600
C i.e. at temperatures @0 — 600C lower if compared with those temperatures used inrgigtéechnology
of ultra-high temperature ceramics is being considedéeapy:xeHo, uTo MoCTaBIeHHAs 3a7a4ya PEIIacTcs, B
YaCTHOCTH, TIPH MCTIOJIB30BAHUM B KayeCTBE aKTHBATOpa CIeKaHWs HeOobImmx q00aBOK kapOuma xpoma. We
found out, that in a process of sintering of ceramic composite materials which include chromium caide Cr
chromium carbide losses a part of carbon with its transformation into lower carbides. According to tt
equilibrium diagram Cr — C it means a transition of chromium carbide in much fusible states even up
eutectics Cr — GsC7 and Cr-ZrB, which melting temperature is close to 1500

A presence of liquid phase in a form of carbon solutioohromium in the above said system may bring
to interaction of eutectic type of liquid chromium based solution with zirconium diboride and is escorted by
formation of new liquid phase even at temperature near°1800At sintering the highlighted eutectic
interaction is followed by a formation of lower chromium boridesBCCrB3), and the process itself goes in
presence of liquid phase that disappears with the lapse of time.

Thus, carbon allocated in a process of transformation of initial chromium carbide should reduce zirconit
oxide presented on the surface of zirconium diboride particles and facilitate its sintering.

As to vacuum hot pressing, material’s behavior at sintering was investigated at the amount of second p
(chromium carbide) in a broad interval from 0 to 50%. As to hot pressing of ceramics on the base of zircon
and hafnium borides without special protective medium, chromium carbide amount was varied in terms o
15%. It's found out that even small amounts of chromium carbide (up to 5%) provide sintering of ceramic uy
almost porous free states at temperatures 1400>160Mvestigation of structure and phase composition of
ceramic highlights the active interaction of charge’s components. The final ceramic’s structure incluc
zirconium boride, new phase in a form of solid solution Zr (B, C) on the base of cubic crystal lattice of NaCl ty

and chromium borides (CrB, CsB Zirconium and hafnium borides based ceramic samples with the amount ¢
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chromium carbide in charge up to 5% possess grain size of 5 mkm and strength 560-640 MPa at r
temperature.

1.1.Interaction of zirconium and hafnium borides with chromium, nickel, nichrome

To analyze the effective sintering of UHTCs is reasonable to start with investigation of processes
interaction of borides with some metals. The obtained results are directly related to activation of sintering
simple borides for example zirconium boride, which is a rather promising material for creation of ultra hig
temperature constructional ceramic [2]. However, its use as such application is rather hard, mainly, accordin:
two reasons: pure zirconium boride oxidizes already at 908980 due to a big share of covalent bonds and
their strength it has a low diffusion mobility of atoms in crystal lattice and, respectively, difficulties associate
with it at production of articles by sintering.

Recently the elevation of heat resistance has been successfully resolved by introduction of additives v
formation of composite ceramic materials, at which oxidation defects free protective films are formed c
surface. The most effective in this respect are the additives of Si®a8d [4-6]. While looking into the
activation of sintering process, mechanical, chemical, electro-physical methods of grinding and purification
surface were used. The most efficient was an introduction of 1-5% of various additives (carbon, boron carb
and other refractory compounds) in charge, which interact with surfaces of sintering particles and weal
strength of interatomic bonds and thus to elevate diffusion mobility of atoms in their pre-surface layers [7-
Not less effective in this respect one may consider the additives of metals especially those which form eutec
at interaction with borides. This way of activation of sintering was approbated in work [10], where it was shov
that introduction of metallic chromium up to 5% in boride charge allows decreasing sintering temperature
250-308C, porosity — up to 2-5% and t elevate strength characteristics in 1,2—2 times. Thus, the introducti
of metallic additive interacting with boron under eutectic mechanism turns the system in sintering mode in t
presence of disappearing liquid phase. The appearance of this phase, its interaction with the matrix mate
phase and structural transformations occurring both in liquid and the matrix material starting with a moment
its formation up to complete degradation, for now are insufficiently studied and has some certain scientific &
practical interest. That is why they are the objective of this section of report.

1.1.1. Wetting processes and phase formation in system ZgBHfB ;) — Cr (Ni, NiCr)

A liquid phase, which amount grows with a time, appears at interaction of zirconium boride with nickel in a
contact area. The interfacial angle from the moment of appearance of liquid phas€ atvitb@levation of
temperature up to 1350 decreases from 4@o 3-5. Products of interaction go inside samples volume in a full

amount.
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Interaction of zirconium boride with chromium begins at much higher temperatures. Thus, the first signs
appearance of liquid phase in the contact area were detected at temperature fi€aiCtg0@e of sample’s
surface interfacial angle by the products of interaction is illustrated on fig. 1.1.

A character feature of interaction of the investigated systems is that a liquid phase is formed in the cont
area at temperatures lower than melting temperature of interacting components i.e. a contact melting, wt
exists only in systems with eutectics, takes place. According to the equilibrium diagrams the systems,Cr — Ti
Cr — ZB,, and TiB — (Fe, Ni, Co) possess eutectics. If to proceed from a character of interactidy efittr
nickel and chromium, these eutectics are present in these systems as well.

Contact melting occurs under the mechanism, which is defined by peculiarities of interfaces. The main is:
in this process is an interaction of atoms of two neighboring lattices, which form a layer where an interphe
area with atomic bonds distinguishable from those realized in separate phases, is formed. In this layer thei
always a volume composition made from different atoms that has the eutectic composition. Namely this are:
eutectic temperature turns into a liquid state forming nucleus of liquid phase of eutectic composition, as a f
energy of liquid phase at~ Teueciicbecomes lower than a free energy of solid interface layer.

A process of initiation occurs immediately after heating of alloy up to eutectic temperature. The last
governed by a relationship of a number of factors: energy of interaction between contacting components
interface, dimension correspondence in location of atoms on this surface, characteristics of elastic propertie
phases and an appropriate elastic energy on interfaces, a ratio of free energies of liquid and solid state. Eut

character of interaction zone is confirmed by the data of metallographic analysis.
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Fig.1.1. Temperature dependence of interfacial angle of zirconium boride by products of its interaction wi

chromium and nickel and Ni-Cr alloy for comparison

For investigation of both structure and phase composition of reaction products a set of model samples v
different ratio of components in charge were prepared and investigated. For a correct comparison of samg:

structures with equal amount of ZrB calculation of charges was carried out in a way that a ratio of number of
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atoms of metal component to boron atoms was equal for all three metals — nickel, chromium and Ni-Cr alle
The calculations were carried out through Avogadro’s number.

For all samples of system Z#B-Ni at heating the first signs of formation of liquid phase appear at
temperature about 1180, and total melting occurs at 15@0D andvisa versaa crystallization begins at 12%0
and stops at 1100 — 1040 depending on components ratio in samples. This hysteresis of temperature c
transformatiorsolid body — melandmelt — solid bodys probably associated with a re-arrangement of crystal
lattice and certain energy consumption.

Analogously the interaction of ZgBwith nichrome occurs. A difference is only that the first signs of
formation of liquid phase appear at 1250More than that, apart from hysteresis in temperature of melting and
crystallization, which made more than 100in temperature interval 950-1000as a result of solid phase
reaction there is a short temperature fall on 100%15@ heating and temperature elevation at cooling.
Especially this effect appears for samples with components ratio close to eutectic one. It should be also nc
that the samples, where the ra#ie/B made 3,54-2,35 even at temperature 1Z%@ere not completely melt.

In general, in quasibinary system Z#Bli two eutectics are found. One crystallizes at temperaturet2050
%C, which component is pure nickel and intermetallideZNioped by boron, another — ternary eutectic, which
crystallizes at temperature 168D °C, and includes nickel and two intermetallideg2¥iand NiZr,. As ratio
ZrB,/Ni increases up to 0,3 and bigger metal component of reaction products disappears completely,and al
with intermetallides NZr and NiZr, doped with boron, the lower borides of nickekbBliand NiB appear.
Analogously the interaction of zirconium boride with chromium occurs. A difference is that the process occu
at rather higher temperatures —1700—2400

In quasibinary system ZgBCr the alloy is in a zone of hypoeutectic concentrations and at cooling at
temperature 1880-196Q crystallites of pure chromium are formed, which shape’s roundness is governed by
high level of symmetry of its bcc lattice. In intergrain space at temperature 1700€1&6tectic crystallizes.

The last represents regularly crystallized mixture of pure chromium and one of its lower borides. A peculiar
of the last is that because of low symmetry of crystal lattice it has one at maximum two planes energetic:
favorable forconjugation Crystal nucleusn this case grows mainly in one or two directionsimiog needle-

or leaf-like form and this, in its turn, governs a typical eutectic structure. In chromium part of quasibinar
system ZrB—Cr the interaction of zirconium boride with chromium goes on eutectic mechanism with formatior
of chromium borides, and lower boride are partially doped with zirconium.

At interaction of ZrB with alloy Ni—20 Cr a structure of reaction products even in hypoeutectic alloys with
ratio ZrB,/(Ni,Cr) from 0 to 0,15 differs significantly. Apart from classic components, such as initial metal
crystallites and eutectic, there appears a net of needle-like crystallites, which humber and size increast
concentration of ZrBin charge grows. Separate eutectic colonies are similar to those formed at interaction

ZrB, with nickel, and are cutoff by regularly located parallel planes of another phase. Structure of eutec
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colonies more and more becomes similar to structure of “brooms”. Especially clear it is manifested f
hypoeutectic and hypereutectic alloys close to eutectic. Probably it is one of ternary eutectics.

Needle-like initial crystals of one of boride phase are formed in hypereutectic alloys. The structures of t
alloy point out that the main mass of chromium is concentrated in eutectic in the form of lower borides, that w
confirmed by measurements of their microhardness. Thus, a microhardness of initial crystals at loading *
makes 204880 kgf/mnf, that is in an agreement with data for €r its turn nickel is concentrated from one
hand in eutectic component of structure, and from the other — together with zirconium in a ratio 50/50 in t
second boride phase, which has a microhardness800@f/mnf.

As ratio ZrB/(Ni,Cr) increases in charge composition up to 0,3 and higher the eutectic componer
disappears. The alloy crystallizes in a form of mixture of elongated variously headed crystallites — boride pha
with a low level of symmetry of crystal lattices. At given ratio of components in charge as a result of anneali
at temperature 1880 metal component — nichrome disappears and a number of compounds are forme
residual unreacted ZgBnickel borides — NB, NiB, NisBs, chromium borides GB; and CrB, intermetallides
— ZrpNi7 and NpCrs, as well as ternary boride {lisBs. A lot of phases each of those has its own coefficient of
thermal expansion, bring to significant inner stresses which often are close to ultimate strength. Thus a
crystallization the alloy becomes brittle and even at negligible loading easily fractures.

Thus, the investigation of interaction of zirconium diboride with nickel and chromium and their alloy Ni-
20Cr in metal angle of quasibinary equilibrium diagrsfa — ZrB, has been carried out. It is shown that the
process goes under the mechanism of contact melting typical for eutectic systems. A phase compositiot
products of interaction depends on components ratio in charge. For nickel and nichrome in hypo- and eute
alloys the main components which form eutectic are nickel itself and its intermetallidegs ZNi;. Boron
does not form thus independent structural elements and dissolves mainly in intermetallides as its solubility
nickel is negligible. In case of interaction with nichrome even in hypoeutectic alloys together with eutect
nickel — intermetallide a net from boride;Bjis formed.

In hypereutectic alloys where the amount of boron in alloys strongly increases, along with intermetallid
ZroNiz and CgNi, doped by boron, a number of borides sBgr CrB,, NiB, NiB, NisB3 and even ternary
boride CpNisBg are formed.At interaction of zirconium diboride with chromium the process goes under the
mechanism of contact melting with formation of eutectic alloys. As ratie/@rBncreases with correspondent
elevation of boron amount in alloy, along with,Bthe phase GB3 appears in structure.

Contact interaction of hafnium diboride with chromium is investigated. It is found out, that the first signs c
liquid phase in a contact zone appear at temperature nediC176trfacial angle of boride makes’1@s
temperature reaches 1900t decreases up td.0

Investigations of depending of melting temperature and phase composition of products of interaction

components ratio in alloy showed that quasi-binary system-dfBis eutectic equilibrium diagram. Eutectic
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point with melting temperature near 1760s found at 20 mass% H$BBy metallographic, x-ray phase and x-
ray micro spectrum analyses it is found out that phase composition of reaction products depends on compor
ratio in alloy. In chromium part of quasi-binary state diagram there is approx. up to 28-3Q%ndfBwer
chromium boride GB with rhombic crystal lattice is the main product of reaction. Low symmetry of the last
defines both a way and a form of boride crystallization and a character and appearance of eutectic whic
forms with chromium. In boride hafnium angle of the diagram a phase composition of reaction products
rather variegated. Along with €B, CrsB3, HfB and intermetallide GHf are crystallized here, which together
with excess HfB form ceramic composite material. X-Ray phase and MRS analyses eiNHi@hd HfB>-
(Ni,Cr) hypoeutectic alloys have been carried out. The main peculiarity of the alloys is the formation
Hf3Ni»oBe and CgNisBgtriple compounds.

1.1.2. Peculiarities of interaction of ZrB, with chromium

In this section a systematic investigation of processes of phase interactions is demonstrated by the exat
of rather simple system of interaction Z2rBCr.

Materials and methodology

As initial materials the powders which compositions presented in Table 1.1 were used.

Initial sizes of chromium and zirconium boride powders made not more than 56 mkm. Preparation
charges and a production of samples were made under the common methodology of production of articles
powder metallurgy techniques [11]. Mixing and grinding of initial powders were performed in hard alloy bal
mills in ethanol medium. Billets were pressed at 1000MPa. Sintering and melting were carried out in alundt
crucibles in vacuum furnad@llIBJI-06/25 at temperatures 1700—-1%00residual pressure 0,1Pa and holding
up to 0,5 hour. Contact interaction of ZrBnd chromium— temperature of appearance of liquid phase and
dependence of boride wetting angle vs. temperature, temperature of the beginning and final stage of melting
beginning and accomplishment of crystallization, as well as phase composition of alloys depending
components ratio in charge were investigated.

Structural investigation was carried out on metallographic microscope MIM-10, x-ray phase analysis— x-r
device DRON-2. Microhardness was measured by MPT-3 device. Investigation of material surface was cari
out at scanning electron microscope ZEISS EVO 50XVP with the use of detectors of secondary electrc
CZBSD (phase contrast). All investigations were carried out at accelerating voltage 20 kV and probe curr
50pA.
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Table 1. Chemical composition of used powders

Material Amount of elements,% Notes
Me B C Fe N O
ZrB; 78,5-80,8| 17-19 1,2 0,1 - 0, TUB88.USSR.
147.0.06-77
Cr(I1x-1) 99,3 - 0,1 0,2 0,15 0,1 TU14-1-1474-75

X-ray spectrum investigation of composition of sample area and in local parts the probes were made

energy dispersive analyzer of x-ray spectrums INCA 450. Sensitivity of analysis — from 0,1 to 1 % mass.

Results and discussion

Investigation of interaction of pair of compact ZrF&r showed, that the first signs of appearance of liquid
phase in contact zone are observed at temperature close tiC180@se data essentially differ from
temperature of eutectic melting, obtained in [12]. It is governed by, most of all, that at contact melting tf
process occurs in inhomogeneous conditions with a big drop of components concentration in zone of melti
As temperature increases from 1800 to P@5@vetting angle of boride by products of melting decreases from
90 to 40. All chromium turns in liquid, which with a time, flowing on surface and crystallizes. It should be
noted that a characteristic feature of interaction in this system is that the liquid phase in a contact zone is fori
at temperatures lower than those of melting of contacting components, i.e. there is a contact melting typical ¢
for the systems with eutectic in their alloys equilibrium diagrams [13]. The second peculiarity is that the forme
liquid as the result of contact melting with the substrate ZxBis in more refractory product which crystallizes
at holding.

For more detailed investigation of structure, phase composition and its subsequent change depending
ratio of components in contact zone a set of molten samples with various ratio of zirconium boride a
chromium in those samples (see table 1.2) is prepared and investigated.

Typical structure of formed alloys is represented on fig. 1.2.

Structure analysis shows that at ratio Z€8 from 0 to 0,15 in quasi-binary system ZfBr the alloy is
found in the zone of hypoeutectic concentrations. At its' cooling at temperatures 1900-d88€allites of
pure chromium are the first to be born and their round shape are governed by high rate of symmetry of its
lattice.

At temperature 1760—-17%0 eutectic crystallizes in inter-crystallite space. The last represents a mixture o
crystallites of solid solution on the base of chromium and lower borides, carbo-borides and other binary &
ternary compounds of chromium and zirconium built on the base of their lattices. A feature of the last is tt

due to a low symmetry of crystal lattice they have one and/or maximum two planes energetically favorable
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construction at crystallization. In this case, the popped up embryo of crystal grows mainly in one or tw
directions, forming thereby needle- and/or petal like form that is stipulate eutectic typical structure (see fig. :
a, b).

Table 1.2. Ratio of components in melted samples

Materials Components ratio, g
Samples
1 2 3 4 5 6 7 8
ZrB; 3,4 6,8 10,2 407 47,5
Cr 83,3 77,9 72,6 27,8 14,2
a b
C d

Fig.1.2. Structure of products of interaction of zirconium boride and chromium depending on ratio c
interacting components=6,8ZrB—77,9Cr; b-13,6ZrB-67,3Cr; c-27,1Z2rB-47,8Cr; d— 40,7Zr-27,8Cr.

X-ray micro spectrum analysis of eutectic area is presented on fig. 1.3., where a distribution of concentrat
of the main elements of system participating in a reaction is illustrated. Obviously, that eutectic represent
mixture of solid solution of boron and zirconium in chromium from the one hand and from the other har

zirconium borides doped with chromium and ternary compounds of zirconium, chromium and boron.
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Fig.1.3. Micro X-ray spectrum analysis of eutectic in systemyZtB a - microscopic image and scanning
line, along which elements distribution is defined (b).

As ratio ZrB/Cr increases up to 0,3 and bigger the alloy turns into eutectic and hypereutectic with allocatic
of initial hypereutectic crystals (see fig. 1.2c,d). Metallographic and X-ray micro spectrum analyses of structt
both before and close to eutectic hypereutectic alloys showed that zirconium and boron in crystalliz
crystallites of metal and metallic component of eutectic are within the limits of their solubility in chromium
Moreover, Al and oxygen entering the alloy due to its interaction with alundum crucible are also present (s
fig. 1.4).

Zirconium and born together with chromium and carbon available in charge as a technological impuri
form initial hypereutectic crystals and the second after solid solution chromium based eutectic component
should be noted that, these crystals have a rather complicated chemical composition and represent ter
compounds on the base of chromium, boron, zirconium and carbon in different variations (see fig. 1.
Moreover, initial hypereutectic crystals are at least bi-phase (see figll.®bviously, at a time of
crystallization, a single phase compound chemically complicated and stable only in the field of hig
temperatures is formed. At cooling it disintegrates onto two components. Thus, both in initial and compour
formed at disintegration the basement of metal sub-lattice is made by zirconium, non-metallic lattice - for o
boron for another - more likely carbon (see figs. 1.5 b, c). Each of those is partially doped with chromium (s
fig. 1.6).

Analysis of elements, % wt.
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Spect B C O | Al C Zr | in total
r. r
1 100,0 100,00
2 10,1 2,03 87,79 100,00
8
0,62| 99,38 100,00
4 0,42| 99,58 100,00
22,9 | 8,81 1,03 | 67,25 100,0(
1
6 |24,2 8,83 0,87 | 66,09 100,0(
1
7 | 23,2 8,06 1,16 | 67,54 100,0(
Fig.1.4.  Structure and  chemical 4
composition of phases close to eutectic [of g 168 | 123 1813 52.80 | 100,00
hypereutectic alloy 16,6Z¢B67,3Cr: numbers 0
mean points of executed analysis which resiftsTg 217 | 104 572 | 62,10 100,0(
are presented in table. 7
10 | 22,7 | 9,31 0,87 | 67,08 100,0(
At temperature 1760-17%0 eutectic 5
crystallizes in inter-crystallite space. The last 11| 149 | 587 | 2.65| 024 17.3117.31 | 100,00

represents a mixture of crystallites of solid 6

solution on the base of chromium and lower

borides, carbo-borides and other binary and ternary compounds of chromium and zirconium built on the bas
their lattices. A feature of the last is that due to a low symmetry of crystal lattice they have one and/
maximum two planes energetically favorable for construction at crystallization. In this case, the popped

embryo of crystal grows mainly in one or two directions, forming thereby needle- and/or petal like form that

stipulate eutectic typical structure (see fig. 1.2 a, b).

X-ray phase analysis of these alloys showed that their structures apart from chromium based solid solu

possess phases with parameters of crystal lattices close to those typical for bord€sBrErnLB; ZrB. That

is why one may assert that namely on the base of lattices of these compounds ternary and more complex pl

were formed by means of partial substitution of atoms of their metallic and non-metallic sub-lattices by ator

of other metal and carbon. Thus a micro-hardness of the main phases at loading 50g0n3aded?21,60,8

GPa, that is close to values of micro-hardness of pure chromium and chromium and zirconium dibori

respectively.
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This is proved by X-ray micro spectrum analysis of eutectic area. The lastly solidified eutectic represent:

mixture of chromium based solid solution, its carbide;Cy and the above described carbo-borides of

A\,

51

zirconium and chromium (see fig. 1.6).

I 40mEm

Fig.1.5. Typical appearance of hypereutectic initial crystals and distribution of zirconium and boron in it

Further elevation of ratio of zirconium boride to chromium up to 0,5 and even higher the ratio of structur
components of alloy changes: decreases up to disappearance of eutectic which space is occupied by the :
said products of interaction (see fig.1.2d). In boride angle of quasi-binary state diagras@rzaloy structure
represents a carcass from zirconium boride, which intergrain space is filled with one of the most compl
zirconium boride-chromium, thus, the bigger is Zd®ntent in alloy the bigger is boron content in this boride.
So in alloy with 77%ZrB this filler is zirconium carbo-boride— chromium, built on the base of lattigBsCAs
it was shown above, being in the intergrain space, some of these complex borides are stable only in the fiel
high temperatures and at cooling disintegrate (see fig. 1.6). This phase transformation greatly stimule

diffusion processes on boundaries of adjoining grains facilitating their consolidation.

Spectrum B C O|Cr Zr | In total
1 7,62 92,38 100,00
2 6,50 93,5( 100,00
3 6,38 93,62 100,00
4 5,49 94,51 100,00
5 7,53 92,47 100,00

6 9,27 | 10,81 74,6P5,22 100,00
7 17,13| 15,02 63,034,82 100,00
8 32,93| 16,40| 2,47 23,224,93 | 100,00
9 12,90 21,85 53,8111,44 | 100,00

20,62| 1295 | 4,28 50,2811,86 | 100,00

Fig.1.6. Structure and chemical composition of elements of eutectic colony
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Thus, the process of interaction of zirconium boride with chromium occurs under the mechanism of cont:
melting. The liquid of eutectic composition formed in contact zone wets zirconium boride with wetting angl
about 48 The next interaction of this liquid with a substrate with formation of much higher multi-component
refractory compounds brings to its disappearance. Chemical composition of these compounds is governet
components ratio in a liquid phase which in its turn is defined by initial composition of alloy and temperature
process. Realization of this mechanism in conditions of pressed powder compositions brings the whole sys
to sintering in the presence of disappearing liquid phase. The above said phase transitions in newly forr
compounds on grain boundaries make it easier. Moreover, chromium has a rather high vapor elasticity, whic
temperature 1800 makes about@0’n/n? [14]. Thus even in the process of heating up to the temperatures of
contact melting chromium present in powder composition in a solid state partially vapors out uniforml
distributing on surface of zirconium boride particles surrounding chromium. In other words there is a contact
two eutectic phases (chromium and zirconium boride) with high specific surface and low eutectic temperatt
of melting ([Tyeing ~153CFC). At temperatures below the eutectic one it brings to formation of diffusion zones
with high energies of deformation (see the previous quartile report) and to higher diffusion activity of atoms
chromium, zirconium and boron in diffusion zone to its landmark that accelerates sintering process. Falli
from this chromium may be a promising element as the agent which activates sintering of boride syste
including ZrB.

1.1.3. Sintering and some properties of ceramics

Being based on the results obtained at previous stages devoted to the investigation of hafnium and zircor
borides with nickel and chromium and their alloys, for sintering of the above said borides and ceragr2€s ZrB
mass. % SiC as sintering activator the all;y20 mass. % Ni was taken. Approbation of sintering activator was
carried out at sintering of the above said ceramic with addition of 5 vol. % of chosen alloy. As a result it w
found out that optimum sintering mode for this composition is temperature 1808=185@othermal holding
1 hour. Thus the porosity is found within up to 5 % and ceramic bending strength -400MPa.

Temperature dependence of shrinkage and bending strength of ceramic composite material obtained
result of interaction of mixed and grinded powders of zirconium boride and NiCr-alloy in a ratio (% vek) ZrB
81 (Ni—20Cr)-19 is investigated. Sintering was carried out in vacuum at pressunenitdg during 30min in
temperature interval 1100—-17A00 The obtained results are presented on figs. 1.7, 1.8.

X-ray phase analysis of composite showed that at the above said sintering mode a metallic componer
charge-nichrome in the process of formation of composite disappears completely. As a result of its interact
with zirconium boride a number of borides such asgBNNiB, CrBs, CrB,, as well as ternary compound

CrNisBgare formed. Thus a background of composite is still the phase ZrB
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Fig.1.7. Dependence of shrinkage vs. sintering temperature of composite-81ANE—20Cr).
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Fig 1.8. Dependence of bending strength vs. temperature of composite-81HANE—20Cr).

Maximum bending strength (about 300MPa) at given ratio of components and conditions of formation
achieved at sintering temperature 1%00Comparatively small level of strength, first of al, is governed by a
fact that composite's structure has a small amount a number of various boride phases, each of those has
different thermal expansion coefficient that brings to inner stresses. This at rather big size of grain influences
a level of composite's strength as a whole. Composite hardness makes about 88—89HRA.

A character of structure of sintered samples is illustrated on fig. 1.9.
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Fig. 1.9. Microstructure of ceramic composite material of system (%vol.) 81Z9Br,
obtained at temperature 1600

Analogously temperature dependence of formation of composite of systemSAIBwas investigated.
Calculation of charge was thus carried out in a way that volume rati@SI€Bin it met 34, that corresponds
to optimum one. To decrease the influence of inner stresses the amount of active agents was reduce
minimum. As a result the following composition of charge was calculated (% vol.x-7Z2BSiC-22, Cr-5,
Ni—1.

After 15 hours grinding in ball mill the samples were formed according to standard methods of powd
metallurgy. Sintering was carried out in temperature interval 160020900

The results are presented on figs. 1.10,1.11. Unlike the above considered variant at x-ray analysis of the
investigated system, it was found out that phase composition of samples after sintering is rather modest.
Dominating phases are still ZfrBnd SiC. New phases aresB4 and CrB. New Ni based formations are absent
at all. Obviously its' amount in the alloy is in proportion to its solubility in the main phases of composite. Less
amount of new formed phases an respectively low level of inner stresses may explain higher bending strengt
composite (see fig. 1.11). Composite hardness makes 89-90 HRA.

Character of structure of these composites are illustrated on fig. 1.12. Thus the process of formation
ceramic composite material on the base of,4¥8 activated sintering in vacuum was investigated. It is shown
that to provide the higher physico-mechanical properties at activated sintering the amount of active age
introduced in charge should be enough to stimulate sintering processes (intensification of pre-surface diffus

of boride particles) and minimum to develop reactions of formation of new phases being based on eleme
entering in active agent.

1600 1700 1800 1900 2000
Temperature,C

Fig.1.10.Dependence of shrinkage vs. sintering temperature of composite material
72ZrB,~22SiC-5Cr—1Ni (vol.%).
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Fig.1.11. Dependence of bending strength vs. sintering temperature of composite material (vol.%):
72ZrB,-22SiC-5Cr—1Ni.

Fig.1.12. Microstructure of ceramic composite material of system
72ZrB,~22SiC-5Cr—1Ni ( % vol.)

1.1.4. Conclusions

* The interaction of zirconium boride with chromium within quasi-binary state diagram GratiB
variation of concentration of zirconium boride from 4 to 77% was investigated. It's shown that the process gt
under the mechanism of contact melting that is typical for eutectic systems. Eutectic melting temperature is r
1800C at concentration of ZrBin alloy is near 16% by mass.

« Eutectic wets boride surface with wetting angle close foa#@, while interacting with a formation of
more refractory compounds disappears.

» Phase composition of products of interaction depends on components ratio in alloy and temperatt
representing bi- and ternary compounds built mainly on the base of crystal lattices of zirconium and chromi
borides.

» Eutectic character of quasi-binary diagram Cr—Zr@nall wetting angle between eutectic and boride

surface, phase interactions in products of interaction, located in intergrain layers, and an opportunity of unifa
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distribution through the whole volume of charge via steam phase make chromium rather promising material
its use as activating agent for sintering.

* Being based on the results obtained at previous stages devoted to the investigation of hafnium
zirconium borides with nickel and chromium and their alloys, for sintering of the above said borides ar
ceramics ZrB-20 mass. % SiC as sintering activator the all;y20 mass. % Ni was taken. Approbation of
sintering activator was carried out at sintering of the above said ceramic with addition of 5 vol. % of chos
alloy. As a result it was found out that optimum sintering mode for this composition is temperature 1600
1850C at isothermal holding 1 hour. Thus the porosity is found within up to 5% , ceramics grains size is 1
15mkm, ceramic bending strength up to 400MPa and hardness level is 88-89 HRA. Interaction of ceram
components brings to a presence of chromium boride based secondary phases apart from the main phases
and SiC.

1.2.Investigation of kinetics of densification of ZrB based materials at hot pressing in vacuum

1.2.1. Influence of chromium carbide (CrsC,) on consolidation process of zirconium diboride

Introduction

This section studies the additives of chromium carbide which activates sintering of UHTCs /15
Perspectives of use of higher chromium carbideC{are presumably associated with thagG3rin the
presence of other refractory compounds, as nitrides /16/ and borides, loses carbon with formation of lo\
carbides up to the eutectic Cr.gZs (melting temperature 1530). Free carbon thus promotes system refining,
eliminating oxygen from it and enters as a part of new formed phases. With appearance of free chromiur
formation of other eutectic Cr-ZgBvith melting point about 150Q /12/ is also possible. One may assume that
irrespective of presence of liquid phasetivation of sintering in the investigated system W@l possible as
result of phase interactions with formation of new refractory compounds.

In this section of work the objective is to investigate the mechanism of influenceGafddrthe process
of consolidation ZrB, and structure - and phase formation in the systemy{ZrgC;).

Materials and methodology
Investigations of shrinkage kinetics of HfBvith sintering activators and systemBZr CrC, were

carried out by static hot pressing method at lab vacuum press with the aim to accumulate the experimental
about parameters of manufacturing process of compact materials.
Powders of ZrBand CgC, of type ‘U” manufactured by Donetsk plant of chemicals (Donetsk) were used. The
composition of powders is presented in table 1.3. The average size of graendrBsC; in an initial state
was 7,7 and 9,1 mkm accordingly. The charges containing 5, 20 and 50 wt. % of chromium carbide obtained
a ball mill lined by Kaprolon according to the standard technique in powder metallurgy. The average size of

particles was 3,5 mkm.
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Table 1.3. Impurities, %mass
POWdeI' 02 gta| Cfree Fe B &03

ZrB; 1,25 0,10 - 0,10 18,6 0,20
CrC, 1,10 12,7 0,10 0,11 - -

The structure and phase composition of samples were investigated by the methods of X-ray analy
(XRD), raster electronic microscopy (REM), transmission electronic microscopy (TEM) and optical microscor:
(OM). The kinetics of consolidation of a number of compositions JZiBC;], in temperature interval 1520 ...

1740 C under pressure 48 MPa was investigated. Temperature elevation rate varied from 30 to 1000 C/min.
Results and discussion

For Zm, without additives the density was 0,820 and 0,912 respectively at temperaturé€ E6aD
1915°C samples. The obtained kinetic curves are characterized by a presence of two stages of densificatio
ZrBy: initial, terminated over 1,5...2 min, and a long-term diffusion ones where a kinetic curve is linear.

The peculiarities of densification of four compounds dBxZ+ CrC, system with the amount of £,
from 5 to 80 mass. % are investigated. It's found out that densification up to a compact state of compounds \
additives of C4C,, could proceed at temperatures on 300..Z06wer than a densification of pureB Thus,

a mixture with 50 mass. % £3;is densified up to a compact state at Y60@nd with 80 mass. % 3, — at

1250 €. Kinetic curves of densification of the above said compounds are recorded; optimum parameters
densification process are defined. Decreasing of the amount of chromium carbide in charge up to 5 %
previously provides a high density of ceramic at rather low temperatures of hot pressing. Due to the differen
of phase compositions in the same conditions of pres3imgléd25C; P = 45 MPa) a mixture with 5 mass.

% CrC; is densified much faster then mixture with 20 mass. $&Cr

Shrinkage kinetic curves of composites with the above said compositions are recorded; optimt
technological parameters of the process are defined. Fig. 1.13 provides a general idea about possible mod
pressure sintering of ceramics of systenB.Z+ CrC, and an effectiveness of activation of sintering of
zirconium diboride in presence of chromium carbide. This figure illustrates kinetic curves of consolidation ¢
composition [50mass% ZgB- 50mass. % GC,] at temperature 1740°C: the curf& matches to the elevation
of temperature - 30°C/min,J; = 0,958; the curvd2 - 1000°C/min,[ 1, = 0,970. Analogous dependences of
speed and density were obtained for other compositions as well. Densification rate and final density essent
depend on a temperature mode at sintering. Heating with a low speed allows to track in details behind

processes of sintering acceleration and deceleration, associated with phase and chemical interactions in cl
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whereas the high speed of temperature elevation with maximization of a stage of isothermal holding provide

reception of max dense sintered ceramic.

T,°C |
1600 +

T2

1200 | 41,0

800 + T+0,8

400 | 10,6

o+ttt 0,4
0 5 10 15 T, MUH

Fig. 1.13. Influence of speed of temperature elevation on densification at hot pressing [50mass. % ZrE
+ 50mass. % Cr3C2]. Final density = 0,958;(1, = 0,970 at T = 1740°C.

Fig. 1.14 illustrates the kinetic curves of shrinkage of compositions on the basis,ofifirBdditives
from 5 to 50 mass. % Cr3C2, and also initial ZrB

1,0

0,9 +

0,8 +

OTHocuUTenbHasa NNOTHOCTb

0,7

0 5 10 15 T, MUH

Fig. 1.14. Kinetics of densification ZgBvith Cr;C, (curves 1 ... 4):

1.5 mass. % Cr3C2; T=1520 C; J =1,000;
2.20 mass. % Cr3C2; T=1520°C: (] =0,987;
3. 50 mass. % Cr3C2; T=1740°C:; [1 =0,954:

4. ZrBy initial; T=2170°C; ]=0,885

From comparison of kinetic curves of shrinkage Zn#th Cr;C, and without a conclusion comes about

considerable activation of densification of ZrBy chromium carbide. Densification of [50 mass. %ZrB
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+50 mass. % GE;] to almost compact condition is attained at temperature 1740°C. The compositions witl
Cr3C; in the amount of 5 ... 20 mass. % are already dense at temperature 1520°C.

The X-ray phase analysis (see Fig. 1.15) of samples of studied system with various quantities
additives of chromium carbide shows that at hot pressing in ceramics there is an interaction of compone
accompanied by carbon loss of from initial Cr3C2 and its consecutive transformation into the lower carbid
(Cr7C3, Cr23C6) up to their disappearance, even at the high amount of chromium carbide in the initial char
Thus depositing carbon is spent for a formation of a new high-temperature phase - zirconium carbide ZrC (w
lattice NaCl) and solid solutions on its basis (the phase 2 in fig. 1.15). Formation of new solid solutions
witnessed by a displacement of diffraction lines regarding their position for ZrC. For the investigated systern
is associated with boron dissolution in the specified carbide, in quantity comparable with a total amount
carbon, with formation of ZrBC. A formation of this phase at interaction of zirconium boride with carbides i
well known, for example, in system ZrB2-SiC /17/. Elevation of the amount of chromium carbide i
accompanied by drastic decrease of the amount of initial zirconium diboride (the phase 1 in fig. 1.15) a
increase of the amount of phase on the basis of ZrC and formation of chromium boride (the phases 2 and
fig. 1.15). Hence, chromium and boron from disintegrating chromium carbide and zirconium boride is spent f
formation of chromium borides of type CrB (as shows the detailed analysis of samples of given system, ot
lowest chromium borides up to GrBnd appropriate solid solutions Cr (Zr) B (C)). The roentgenogram A (fig.
1.15) has also weak lines which are identified as the lines of tungsten carbide, but with essential loss of car

to the amount matching 3.

20000
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Fig. 1.15 Fragments of roentgenograms of hot pressed samples of syste81ZsB
A - 95%ZrB2+5%Cr3C2T=1520C; B - 50%ZrB2+50%Cr3C2T=1740C; lines of the identified phases: 1-
ZrB2; 2-ZrC; 3 CrB; 4-CrB2 (traces); 5-Z2rO2; 6-Cr5B3; 7-W3C; 8-Si (the internal standard)

Formally a final composition of ceramic as a result of interaction of zirconium boride and chromium carbide

reduced to carbon and boron exchange in initial phases under the scheme
ZrB2+Cr3C2-7rB2 (Residual)"'er (ss) +CrBx (ss)
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where ZrCss)and CrBxss)— solid solutions (ZrBC) and (CrBC) accordingly.

Thus, at high amount of chromium carbide (50 mass. %) phase interactions completely modify mater
composition. After hot pressing a dominating phase is the solid solution on the basis of zirconium carbide. A
the residual (~ 20 %) zirconium boride and new phases on the basis of chromium boride are present. Sinte
of actually new ceramic system on the basis of refractory ZrC occurs at temperatiite (figdD.14). At the
same time the charges on the basis of zirconium boride with small amount of chromium carbide (5 ... 20 me
%) and, accordingly, with small amount of formed zirconium carbide, are condensed to almost comps
condition at lower temperature 1520(fig. 1.14).

The presented results allow assuming that in the system [ZrB22] the observed activation of
sintering is associated with eutectic interactions in system £G6specified above and in similar system Cr-
ZrB,. In that case the activation of ceramics sintering is caused by a formation of liquid phase disappearing
further phase interactions with formation of new high-temperature phases. Consolidation process procet
mainly, on the mechanism of contact melting [13], passing at the final stage (linear parts of kinetic curves)
diffusion stage.

Investigation of the nature of fixed acceleration of shrinkage at introduction of additi@swas carried out

in the experiments on investigation of contact interactiory Zrigl CsC, in temperature interval 1310 - 1740°C
with subsequent studying of the processes of structure - and phase formation in a contact zone. The experin
were carried out in graphitic moulds in a vacuum chamber of hot pressing press. Compact and porous billet
ZrB2 andCr3C2 were used. To provide a contact between billets in an initial stage of the process of interacti
the applied pressure was 48MPa. Samples were studied by REM and DFA methods. It was found out th
formation of diffusion zones at contact interaction of these materials begins at temperature near 1310°C.

Fig. 1.16 presents the example of contact interaction of samples ZrB22@2. Light stains of a break
of a contact zone of samples Zr&dCrsC, match to the parts of changed phase composition. By the method of
the X-ray phase analysis it is found out that both surfaces of a contact stain except the main phase have
solutions on the basis of ZrC, borides and chromium carboborides. The carried out X-ray microanalysis of
zone of contact interaction between Zdhd CgC, confirmed and specified the XRD results. It is revealed that
the zone of contact interaction is structurally and chemically non-uniform, and is characterized by hig
dispersion of formed phases (grain size - of about 100 nm) with intensive diffusion re-arrangement of the m

chemical components (Zr, B, Cr, C).

Distribution A: Approved for public release; distribution is unlimited.



CI’3C2, ZrB,

Fig. 1.16. Contact interaction and melting of pair Z€8;C,, temperature 1400°C, holding - 15 min. A
fracture on a zone of contact interaction

Typical structure of a fracture surface through the diffusion zone and the results of X-ray microanalys
of a contact surface of ZgBample after interaction witr3C, are available in fig. 1.17. Diffusion zone has
light grey grains which correspond to carbide and zirconium carboboride grains (points S9-S11), dark gt
grains of chromium borides with carbon dissolved in it (points S5-S6), inclusions of carbon (points S2-S4, S1
Not numerous grains of tungsten carbide (point S1) are also observed which presence is associated
pollution of charge by a material of grinding bodies.

Points B C O| Cr| Zr | W | Intotal
S1 52,7 2,3 45,0/ 100,0
S2 95,739| 02| 0,2 100,1
S3 95,3 3,3| 0,1| 0,7 99,9
S4 95,6 3,0] 0,1/ 0,9 100,0
S5 57,4 64 35,7/ 0,5 100,0
S6 51,1 4,7 43,6/ 0,5 99,9
S9 15,1 47,7/4,8| 0,9|23,0 100,1
S10 21,3 31,2 1,3| 33,6 100,1
S11 17,6 31,0 1,4| 36,2 100,0
S12 18,1 37,0 1,3] 30,7 100,1
S13 95,73,7| 01| 0,4 100,1

Fig. 1.17 Contact surface of ZrBfter interaction witlCr3C2; T = 1400 °C, holding - 15 min. Structure of
break and results of local microanalysis in points S1-S13 (% at.)
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As temperature elevates the interaction of components in the contact zone occurs more intensiv
increase a depth of diffusion zone and sizes of crystals. Fig.1.18 presents a fracture on contact zone
interaction of ZrB and CgC, at temperature 1740°C with a holding of 15 min. X-ray investigation of break
surface showed that in ZgBample in pre-surface contact zone a quantity of the main phase decreases, so
solutions on the basis of ZrC and chromium borides appear. In diffusion zone of sagipléh€ramount of
the main phase decreases and, besides Cr7C4, and ZrC based phase borides and carbsihyouOes, @r;
(Bo,4£o56) Co,ss CrB, CrBC, are identified by the X-ray. Structure of the contact zone becomes coarse-graine

and re-crystallized. The phase composition of samples out of diffusion zone remains almost monophase.

C;ECz ZrB;
Fig. 1.18. Fracture on a zone of diffusion interaction betweep @mB C¢C, at 1740°C.

Figs. 1.19-1.20 illustrate the results of analysis of the zone of contact interaction at tempBatiiees
and 1430°C and holding of 30 min. Almost porous free diffusion zones in the width of 5 ... 10 mkm ar
observed on the transverse sections. Thus the relative density of samples makes 0,8 ... 0,9. The big differ:
of TEK of contacting materials leads to formation of cracks on samples at cooling, approximately perpendicu
to the contact zone on £k, (tensile stresses along the contact surface) and bow-shaped ones, approximate
along the contact zone on ZrBensile stresses are perpendicular to diffusion zone).

Results of X-ray microanalysis of elements near the diffusion zone are presented in fig. 1.19. It is fou
out that element and, hence, the phase composition of samples out of a contact zone practically did not che

However, in zirconium boride near the diffusion zone (points SS4-S6, S10-S12), carbon is present.
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Analysis In
B C | Cr |Fe| Zr

points total

S01 33,6 64,2| 2,2 100,0
S02 34,0 66,0 100,0
S03 33,1 66,9 100,0
S4 69,00 6,3 24,6/ 99,9
S05 70,1 4,6 25,2| 99,9
S06 69,4 6,0 24,6/ 100,0
S07 42,8 57,2 100,0
S08 42,7 57,3 100,0
S09 42,4 57,6 100,0
S10 68,9 7,1 24,0/ 100,0
S11 70,0 5,0 24,9/ 99,9
S12 70,6 4,3 25,1/ 100,0

Fig. 1.19 Contact interaction of ZsAnd CgC,, T=1360°C, holding of 30 min; structure and distribution of
elements in points SO1-Sh2ar to the contact zone, % at.

The structureof the diffusionzone formed during 30 min atemperatures 1360°C and 1430°C is
presented in figs. 1.20and 1.20b accordingly. The carried out X-ray microanalysis along given directions
(pointed by a dot line) and the built maps of distribution of elements for diffusion zone méfetiing0°C
(see Fig. 1.20c and 1.20d) showed that if temperature increases, a diffusion and re-arrangement of elemen
more intensively. Along both boundaries of diffusion zone there are almost continuous layers (white in figs)
carbide and zirconium carboboride, more coarse ones from the side of chromium carbide. From the sjde of z
in a continuous layer of small white color crystals there is also a chromium (chromium zirconium carboborids
The same grains are present in volume of diffusion zones along with areas of borides and chromi

carboborides (sections of dark color).
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c) d)
Fig. 1.20. Structureand chemical inhomogeneity of diffusion zones: a) BEEE, b) T=1430°C; c) and
d) — distributions of Cr and Zr (to fig. 1.20b).

Migration of elements out of the diffusion zone is atdxserved: inCrsC, — zirconium (0,9 ... 6,2 at. %) on
depth tdl mkm; inZrB, — chromium (0,3 ... 0,4 at. %n depth to 4 mkm and carbon (22 ... 32 at. %) on depth
of the order of 10 mkmAs temperature of hot pressing increases the widtlffaision zone increases from 5
to 7 mkm, the number of crystallites of borides and chromium carboborides grows, as well as a layer of sn
crystals of zirconium-chromium carboboride along the boundary #iiy. The general for all samples
regularity —the amount of chromium in diffusion zone decreases toWaB}s

Hence, one may to assert that densification of layep Zise to the contact zone (fig. 1.21) up to
porous free condition is explained by a diffusion of atoms of chromium and carbon,ithZoBgh a zone of

contact interaction.

Fig. 1.21. Contact interaction of ZrBnd CgC,. At temperaturd 370°Cand holding of 30 min;

dersification of boundary layer ZrB
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As it's seen from fig. 1.21, this diffusion interaction is accompanied by intensive activation of densification of
material in a neighborhood of diffusion zone as a result of which in zirconium boride a porous free layer
formed on the depth to 50-100 mkm at a thickness of diffusion zones - 5mkm.

For investigation of structural and chemical micro-inhomogeneity the thin foil was cut off the contac
zone on which separate fragments of structure of diffusion zone were investigated with use of methods
analytical electronic microscopy. Fig. 1.22 presents the general layout of diffusion zone with consideral
structural inhomogeneity. From the side of chromium carbide grains size makes about 1 mkm. Towards
boundary of zirconium boride a dispersity of grains increases and, attains 0,1 mkm. Formed grains of n

phases, in view of their chemical inhomogeneity, are defective and have a high level of micro-deformation. T

factor can promote diffusion activity at sintering.

Analysis

_ C Cr Zr
sections
Spectrum 1 35,52 34,95 0,86 28,63
Spectrum 2 24,04 53,49 0,69 21,75
Spectrum3 51,3 1765 30,67 0,08

Spectrum4 454 29,07 25,3 0

Fig. 1.23. Chemical micro-inhomogeneity of grains of diffusion zone close with the boundary y@th Cr
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The fragment of diffusion zone near to chromium carbide, illustrating structure and chemical micrc
inhomogeneity of contact zone of interaction Zidhd CgC, at temperature 1360°C and holding 30 min is
shown on fig. 1.23. Large crystals (0.5-1 mkm) —chromium carboboride, small (less than 0.5 mkm) —zirconit
carboboride.

Analogously, structural and chemical inhomogeneity of diffusion zone between afd CgC, near to
zirconium boride at temperature 1360°C and holding of 30 min is shown on fig. 1.24. Zirconium bearing pha
in the form of light coarse grains of size of about 1 mkm has almost close amount of carbon and bor
Transition in high dispersive area (dark in fig.) with sizes of structural elements up to 50 nm is not accompan
by change of the amount of zirconium, but in this area a ratio boron/carbon strongly increases and sn
amounts (up to 5 %) of chromium are observed. As a whole, grains in the above specified areas can

presented as zirconium carboborides and zirconium-chromium carboborides.

Fig. 1.24. Structure and characteristics of its chemical micro-inhomogeneity in diffusion zone near ZrB

In this way it was found out that grain boundary contact interactions of grains of initial refractory
compounds even at rather low temperatures bring to formation of powerful diffusion zones. In terms of the
zones there are the processes of local eutectic melting with formation of secondary refractory phases (s
solutions on the base of zirconium carbides and chromium borides). In these conditions sintering mode w
disappearing liquid phase allows forming almost porous free ceramic at temperatures abWtital 30
pressing and in the mode of free sintering at 185&chematically the phase transformations in system are
showed in terms of pseudo-forth tetrahedral scheme available on fig. 1.25.

The results obtained up today point out that in "chromium angle" of the presented tetrahedron there
fusible quadruple eutectics, apart from highlighted ternary eutectics. Thorough analysis of phase interaction
not that easy and accounting for real quinary system (including silicon), may be carried out as further anot
effort.
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Fig. 1.25. Phase interactions in diffusion zone 2¢i8;C,

e, — eutectic CisCe- Cr, T= 1530 C; &— eutectic ZrGs Cr, T,= 1590 C;

e— eutectic ZrB - Cr, T= 1550 C; ZrB,, Cr;C,— initial phases

ZrC(B,Cr)s, CrB(C,Zr)s — final phases, ;7> 3000 C and 2008C respectively

1.2.2. Investigation of interaction of ZrB,-SiC ceramics with chromium carbide
This section of report witnessed the investigation of phase and elementary composition of cerag8i€ZrB
CrsC, in terms of zones of diffusion interaction of initial components. The investigations were done by TEN
and the methods of energy-dissipative micro-analysis. A special attention was paid to investigation
composition of grain boundary interlayers between grains of forming new phases (solid solutions on the bas:
zirconium and chromium carbo-borides). Typical results of investigation of structure and composition ¢
diffusion zones are available on figs. 1.26-1.31.
Analysis of the obtained results allows us to make the following conclusions:
* Formed solid solutions on the base of zirconium and chromium carbo-borides possess a variety
compositions and near interfaces plane changes of elements concentration take place;
* Foreign impurities (Fe, W, Co, which presence is associated with pollution of initial powders at th
stages of synthesis and preparation of mixtures) are localized in grain boundary interlayers.
e Grain boundary interlayers are also presented by solid solutions on the base of zirconiur

chromium borides, Cr-Fe borides and zirconium carbo-borides;
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» In diffusion zone of interaction of initial grains silicon from silica carbide dissolves in the lattice of

secondary phases with its concentration 1-2% and, obviously, forms interlayers of chromiut

silicide near the boundary of initial chromium carbide;

» Eutectic nature of components interaction brings to appearance of nanosized grains of new pha

with laminar morphology and with alternating compositions on the base of zirconium anc

chromium carbo-borides.

B
Spectrum 1 66,02
Spectrum 2 64,09
Spectrum 3 62,25
Spectrum 4 56,95
Spectrum 5 64,64
Spectrum 6 47,49

Crikal

C
4,76
4,09
2,06
4,23
2,98
1,53

Cr
0,31
0,65
0,42
0,64
0,56

Fe

Co

Zr
28,91
31,17
35,27
38,19
31,83

w

13,23 14,06 0,92 21,81 0,97

Fig.1.26. Compositions of solid solutions in grain boundary interlayers and in grains of initial ZrB

Fe ka1l
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Fig.1.27. Grain boundary egesta on the base of chromium-iron borides in the vicinity of initial grains ZrE
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Fig.1.29a, b - Chemical composition and elements distribution in grains of zirconium and chromium

based refractory compounds
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Fig.1.30. Submicron lamellar grain structure and composition of zirconium and chromium carbo-borides

formed in diffusion zone
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Fig.1.31. Inhomogeneity of chemical composition near the boundary between grains of zirconium carbc

boride and chromium boride

In general the above described results which concern a formation of structure of ceramic of syst
ZrB,-SiC-CrC, and kinetics of its densification at hot pressing bring to a possibility of development of &
technology of production of UHTC with accounting of the following factors:

1. It is found out that the use of£Cp as the activator of ZrBreduces temperature of hot pressing from
2170°C to 1520 ... 1740°C depending on@Grcontent.

2. It is found out that in the system [Z#BCr3Cy] an intensive contact interaction with formation of
diffusion zones which begins at temperature 1310°C, takes place.

3. Within the diffusion zone, the processes of phase formation with formation of new high-temperatu
refractory compounds in a form of zirconium carboborides, borides and chromium carboborides, zirconiurr
chromium carboborides intensively develop. Intensive diffusion of chromium and carbon in zirconium diborid:
accompanied by formation of porous free states in zirconium diboride (on depth up to 50-100 mkm
temperature 136Q) near diffusion zone is observed.

4. As a whole, the observed activation of sintering of zirconium diboride up to porous free state in tl
investigated system containing eutectic components, is explained by an intensive diffusion of atoms
chromium and carbon in ZgBhrough a zone of contact interaction and development of phase transformation
in diffusion zone itself. The results of investigation do not contradict the assumption that the process

sintering in the conditions of contact interaction and formation of diffusion zone occurs with a formation ¢
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disappearing eutectic liquid phase spent on formation of new high-temperature refractory compounds (
phases on the basis of zirconium carbide and chromium borides).

5. The obtained data confirm a general scheme of phase and chemical interactions at sintering
ceramic ZrB-SiC-CrC;(see Fig.1.25).

1.3. Vacuum pressureless sintering of ceramics ZrB8SiC-Cr3C;

The results of previous section which show sintering up to dense porous free condition of UHTC
system ZrB-SiC-CrC; in condition of hot pressing at temperatures about 16@pen the perspectives of its
production at relatively low temperatures and in the mode of sintering without pressure. That is wi
experiments on vacuum pressureless sintering of ceramigsSALBCC, have been carried out. For ceramics
with 10 mass. % SiC and 10-15 mass. %Ogat temperatures of sintering 1850-190@he shrinkage arrived
19%. The obtained samples possess density of 5.54-5.68, gfbinh corresponds to 98-100% of theoretical
one. This section of the report presents the results of investigation of structure and mechanical propertie:
ceramic ZrB-SiC with additives (0-20 %) @, sintered in temperature interval 1800-2200

The powders ZrBand CgC, produced at Donetsk plant of Chemical Reagents and powders SiC (UF1(
grade) manufactured by Shtarck were used. Grinding of powders was made in planetary mill with Kaprol
drum in acetone medium with the use of grinding zirconium diboride balls. Grains size of powders in prepar
charges was §= 2 mkm and Dgs=5 mkm. Samples with a diameter of 15 mm and height 8 mm were formed
by one axis pressing. Sintering of samples was carried out in vacuum furnace. Density of sintered samples
defined by hydrostatic method. Etching of sections aiming to uncover a grain structure was carried out in
solution HCI-HF-HNQ in glycerin.

It is shown that for the used powders and methods of charges preparation sintering of ceramic
composition ZB, —10 % SiC at 2000 and 2200 is accompanied by intensive re-crystallization with elevation
of zirconium boride grains size up to 15 and 40 mkm respectively (Fig. 1.32). At temperature of sinterir
2200 C a change of morphology of silica carbide grains located in a form of interlayers on grain boundaries
zirconium boride is observed. Zirconium diboride grains are mainly equiaxed. Porosity at sintering temperat:
is up to 10-15 % with pores size up to 30-40 mkm.

Additional introduction of only 5% of chromium in chargeBZr10 % SiC is accompanied by drastic
acceleration of shrinkage with manufacturing of structures with low porosity (less than 5 %) even at sinteri
temperature 1900C (fig.1.33). In this ceramic boride grains remain iso-symmetrical, but SiC grains as ir
ceramic ZB; —10 % SiC loose their initial morphology and also are located as interlayers on boride gra
boundaries. As it's seen from fig. 1.33 the elevation of ceramics sintering behavior at introduction of chromit
carbide additives is also followed by acceleration of crystallization rate and boride grains size (up to 60 mkm;
2100 C become higher than for ceramid3r-10 % SiC at temperature 2260
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Fig. 1.32. Structure of ceramicBsr—10 % SiC sintered at 2008) (and
2200 C (b)
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a b
Fig. 1.33. Structure of ceramicy—10 % SiC -5% GL,, sintered at 190&) and 2100C (b)

Quallitatively a structure of ceramicBx—10 % SiC -10% GE,, sintered at 190QC turns closer
to that one of ceramic Be —10 % SiC -5% G€,, with an exception that its' porosity falls up to 1 %
with grains size up to 10-15 mkm. However further increase of chromium carbide amount up to 15 %
escorted by abrupt change of morphology of boride grains, which from isometric become elongated w
elevation of aspect ratio up to the value more than 2 (fig.1.34a). At the amount of chromium carbide

% even at 1850 dendrite-like, dense and almost porous free structure is formed (fig. 1.34b).
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a b
Fig. 1.34. Structure of ceramicB+—10 % SiC -15% GE€,, Tsin=1900 C (a) and ZB, —20%
CrCy, Tsin=1850 C (b)

In all cases chromium carbide initially introduced which as a result of interaction with zirconium
boride, according to x-ray analysis forms heterophase system with high temperature phases
zirconium diboride, diboride zirconium chromium and zirconium carbide, is absent. Material's
densification occurs in the process of liquid-phase eutectic re-crystallization with disappearing liqui
phase.

Thus introduction of active agent in a form of chromium carbide in cerarBigJAC allows in the
mode of vacuum sintering to obtain dense ceramic at sintering temperatures 1850-18fifering occurs
in condition of eutectic interactions with disappearing liquid phase and formation of secondary borides
chromium-zirconium and zirconium carbide. mechanical properties of ceramic increases with increase

the amount of chromium carbide up to 10-15 mass.%.

1.4. Investigation of processes of manufacturing of ultra high temperature ceramics by the methods of

hot pressing without any protective environment

With the use ofhot pressing equipment (SPD120) for pilot-scale peodn (induction heating without
specially created protective atmosphere, graphite molds (operating temperatures upQj 289@rticles of
up to 100x50 mm (diameter and height, respectively)) the experiments to obtain samples of model ceramic
ZrB,-Cr3C, and HfB-Cr;C, systems containing chromium carbide in the range of 2-15 vol.% were carried out
Phae and chemical interactions (including eutectic) of components at approximately low hot pressu
temperatures (about 170Q) cause the formation of ceramics with the following composition: zirconium
(hafnium) boride — new phase Zr(Hf)BC with NacCl lattice — chromium boride. Depending on chromium borid

content the bending strength of ceramic varies 300-620 MPa.
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1.5. Mechanical properties of ceramics

The carried out contact tests of sintered ceramic materials of s¥s®m-SiC-CrsC, showed that in a
rather wide range of loadings (10 - 2D0the above said composites keep high values of hardness (fig. 18).
Analysis of the obtained results shows that an introductio@re€, in composites elevates their hardness
(fig.1.35) — max hardnes§lf3-17GPa), in the indicated interval of loadings, is for sintered composites with 10-
15 mss.% chromium carbide. From the fig. it's clearly seen that if loading decreases up to 10 N hardn
increases for all samples, and in the interval of loadings 100 — 200 N hardness does not change. Minin

hardness is observed in ceramiBZ+10%SiC.

Fig.1.35. — Dependence of hardness of sintered ceramic materials of Zy8em SiCvs. the

amount ofCr 3C, and loading on indenter

Being based on carried out hardness measurements and measurements of cracks length,
which formed near the print we built statistic Weibull's distributions for contact strength of
compositesZr B, —SiC-Cr3C;, (fig.1.36). In the majority of cases, the obtained distributions are
bimodal, i.e. as a rule, have two direct parts which are responsible to two populations of cracks —
.long” and ,short”. Thus Weibull's module defined for ,long” cracks varies in interval 14-16.

As loading increases the number of ,long” cracks grows, and the distribution itself shifts left. It
witnesses that characteristics of contact strength falls. Another Weibull's analysis of population
of ,long” cracks reveals a scale dependence of contact strength of composites more realistically
(fig.1.37).

From fig. 1.37 it's seen that as loading increases the contact strength drastically falls and
arrives minimum value at maximum loading 200 N. Introductio€iC, in composites a bit
elevate their contact strength in interval of loadings 10-100 N. However at loadifgtR€0
contact strength of sintered composites almost does not depend on the an@y@t oh final

charge and is found at a level of 210-270 MPa. It should be noted that average values of contact
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strength are calculated for ,long” cracks of composite at maximum loading and allow to evaluate
their bending strength only approximately.

Measurements of fracture toughness are carried out by size of radial cracks near hardness
prints by the methodology described early/see the first year report/. The obtained values of

fracture toughness of composites of sysi&mB, — SiC — CrC, are presented on fig. 1.38.

Fig. 1.36. — Weibull's Statistic distribution for contact strength of sintered composRes-SiC-CrsC; vs.

loading
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Fig. 1.37. — Dependence of contact strength of ceramic matériBls— SiC vs. the amount ofr3C, and

loading on indenter .

Fig. 1.38. — Dependence of fracture toughness of ceramic maris-SiC vs. the amount oEr;C, and

loading on indenter.
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From the presented results it is clear that the values of fracture toughness only weakly depend on loading
indenter. Fig. 1.38 illustrates that elevation of con@nC, in the composite&r B, —SiC brings to increase
of their fracture toughness (2,0—-2,4 MP&%n

Investigation of creep of ceramics at uniaxial compression

Apart from the experiments on ceramics creep at indentation a complex of experimental works
definition of technical possibility of using of available hot pressing device to evaluate creep in temperatu
interval up to 2000C at loading up to 50MPa was carried out, including: high temperature rigging was
developed; elastic and plastic deformation of graphite rigging were defined (see fig. 1.39); deformation
device units under loading was defined (see fig. 1.40); high temperature densification of graphite was carr

out; thermo-expansion of a number of materials with various electro-resistance was defined as well.
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Fig. 1.39. Deformation of graphite rigging under loading

2,0

[
3}

Pasrpyska. Uuknbr 1, 2

Hedopmauusa, mm
-
<)

HarpyxeHue. Lukn 2

=]
&}

“ Harpyxenwue. Linkn 1

0,0

o 12 24 36 48 60
Harpyska, MMa

Fig. 1.40 Deformation of device units under loading
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Accounting for the works performed, the methodology of investigation of high temperature creep we
developed. Trial investigations of creep for the samples [80%vol, ZrB0%vol. SiC] (see fig.1.41) and
[95%mass.(80%vol.ZrB+ 20%vol.SiC)+5%mass.€;] (see fig.1.42) were carried out. Being based on the
first carried out experiments on creep evaluation one may draw a conclusion that creep of binary system be
atT=1820°C, and ternary system —Tat1670°C. It is found out that creep and deformation are in proportion to
relative density of the investigated samples. Thus to obtain accurate results for example, to estimate enerc
activation required using samples with similar relative density. Images of the investigated samples are prese
on fig. 1.43. Curves of creep L1 and temperallk€1620°C) are illustrated on fig. 1.42. The results of samples

investigation for creep are presented in Table 1.4.

Fig. 1.41 Creep kinetics of samples [80%vol. ZtB20%vol. SiC]

Fig.1.42 Creep kinetics of samples [95%mass.(80%vo}.ZrB0%vol.SiC)+5%mass.€T;]
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Fig. 1.43. Samples after testing
Composition [80%vol. ZrB+ 20%vol. SiC] -1, 2, 3;

Composition [95%mass.(80%vol.ZrB 20%vol.SiC)+5%mass.€;] — 4, 5, 6.

Table 1.4. Evaluation of high temperature creep at P=48MPa

Ne sample T, °C Oinitial Deformation, %

80%vol. ZrB + 20%vol. SiC

1 1820 1,000 16,8
2 1870 1,000 13,2
3 1910 0,960 54,6

95%mass.(80%vol.ZrB+ 20%vol.SiC)+5%mass. &,

4 1720 0,990 33,3
5 1670 0,988 6,85
6 1780 1,000 31,0

Some mechanical properties of the investigated ceramic samples after creep test up to rather high deforma
are available in table 1.5.

As it is seen from the table ceramic as a whole preserves rather high mechanical properties, which rather
turned to be not that small than it were before testing. It points out its' relatively small damage at a creep up
strain 30-50%, though a porosity increases in ceramic (figs. 1.44, 1.45), and at high strain rates pores

increases and their agglomeration is observed. Pores thus are localized on grain boundaries and if united

achieve 15-20 mkm.
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Table 1.5. Samples properties after creep

Stdev, Kie, Stdev, Gfavn Stdev.,
Samples P,N| HV, GP4g 1
GPa MPa M2 MPa m MPa MPa

ZrB,-SiC 1820°C 50 19,6 1,26
ZrB,-SiC 1870°C 50 20,1 2,01
ZrB,SiC 1910T 50 18,3 1,53 3,3 0,3 1081,1 110,8
ZrB,-Cr;C,-SiC

50 22,8 1,77 2,6 0,4 660,0 89,8
1720°C

Fig. 1.44. Structure of ZrB-20 vol.% SiC after creep testing:- 1820°C, b) 1870°C; c) 1910°C

--

a b (o

Fig. 1.45. Structure of ZrB20 vol.% SiC+Cr3C,5vol.% after creep testing) - 1670°C, b) - 1720°C, c)
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-1780°C

Fig. 34. REM images of ZrB2006.% SiC —Cr3C, ceramics after creep testing&670°C, b) - 1720°C,

As a whole it is shown that the ceramic ZrB2-SiC-Cr3C2 at temperature abo0E Xzb0Obe deformed by
50 % and higher without essential degradation of mechanical properties. Creep process is developed almo
the mode of superplasticity under the slip mechanism of zirconium boride and silica carbide grains on gr:
boundary interlayers with nanocrystalline grains of carbon-boride of zirconium and di-borides of zirconium

chromium.

2. High temperature X-ray investigations for definition Debay-Velar factor and further analysis of
amplitude of thermal oscillations of lattice of monophase powders and their eutectic mixtures - X-ray

determination of dynamic displacements of Al atoms in monophase condition and in eutectic alloy Al-Si

2.1. Introduction
Investigation of sintering of ultrahigh temperature ceramics in terms of the @bjectvas mainly based
on the assumption that activation of sintering in eutectic systems may cause a specific interest fol
development of the observed materials. It is known that for activation of sintering of refractory compounds t
effective are additives forming eutectic systems and providing consolidation in a mode of liquid phase sinteril
Our investigations of sintering of borides which are a basis of the new class of materials — ultrahigh-temperat
ceramics, showed the efficiency of such additives even at modes of solid-phase sintering [18]. Activation
sintering assumes the raised diffusive mobility of atoms in grain boundary areas of components of eute
systems. Consideration of the nature of such activation can be executed with use of various approaches
solution of this question is interfaced with understanding of the nature (the microscopic mechanism) of eutec
or contact melting that has been discussed in scientific literature for more than 60 years [13,19]. Recentl

formation of diffusion zones on boundaries of contacting eutectic components has been found out even in tt
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cases when there are no areas of solubility on state diagrams [20, 21]. It is shown also that material's beh:
of diffusion zone defines many features of eutectic systems. In particular, melting of a material at eutec
temperature begins and develops namely within a diffusion zone [20-22]. The analysis of the nature of |
raised diffusive mobility and activation of sintering can be observed on the basis of the assumption of higl
amplitudes of atoms oscillation in a neighborhood of eutectic grains boundary. This work is to analyze dynar
thermal displacement of atoms by the methods of X-ray diffraction in one of phases (Al) of eutectic system /
Si in comparison with those in pure monophase polycrystal. For the purpose of increase in square of interfe
the samples of layered structure with a thickness of consecutive layers of eutectic components of an orde
tens nm were prepared. Formation of diffusion zones on components boundaries means that aluminium laye
contact with silicon will be modified and thus the effective thermal characteristics of aluminium of diffusior

zone of eutectic alloy are studied in comparison with those for pure monophase aluminium.

2.2. Materials and techniques
The work is executed by XRD methods for the samples of monophase powdered aluminum and alumin
which is a part of model eutectic system Al-Si. State diagram Al-Si is characterized by a solubility of silicon |
aluminum in a range of 2 at. % at temperature of eutectic melting 850K and absence of solubility of alumint
in silicon. Layered samples of Al-Si composition close to eutectic were produced by vacuum evaporation b
technique described in [23]. For implementation of this method a vacuum chamber with two evaporators w
divided by impermeable shield so that it prevented mixing of steam flows from evaporators (fig. 2.1). Tk
substrate fixed on a vertical shaft, in the process of rotation alternately gets to steam flows of pure elements
variation of rotation speed and evaporation rate of components from separate targets one may vary both a
of elements in a foil, and the period of alternation of layers. For investigation multilayered foils of Al/Si eutecti
composition with the period of alternation of layers of 45 nm (thickness of Al and Si layers - 35 and 10 n
respectively) and with the period of alternation of 640 nm (thickness of Al and Si layers - 440 and 200 ni
respectively) were produced. As the monophase aluminum a powder with average size of particles of 30 nr

was used.
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[4]

Fig. 2.1 Scheme of production of multilayered foils by the method of electron-beam vacuum evaporatit

of elements: 1 - substrate; 3 - electron beam guns; 4 - evaporators; 5- dividing shield; 6 -shaft;

Amplitude of atoms oscillation was studied using a temperature dependence of thermal multiplier
intensity of X-ray diffraction reflexes. The investigation is carried out in helium atmosphere using high
temperature X-ray diffractometer DRON-UM1 with high-temperature device UVD- 2000 (temperature interve

290-830K) and monochromatic Cu;kKadiations (graphitic monochromator on diffracted beam).

The influence of temperature on value of thermal multipldr & intensity of reflexes, depending on atoms

thermal oscillations was investigated
IT}'} L= expl —2M )

ValueM is defined by expressions [24]:

= Uy, (@)

for independent from each other isotropic oscillations of atoms which possess equal energy, or

6h? @(x} :] (smﬁ

mk&' (2)

for scattering on superposition of elastic waves propagating through a crystal with primitive lattice. |

ratios (1) and (2) the following designations are used:
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e - root mean square (rms) dynamic displacement of atoms,
¥ — yroa gudpakium, A — IIHHA BOJER] PEHTIeHOBCKOTD HEAVYEHHH, (D(x)/x - Debay's function, x¥T, 0-

Debay's characteristic temperature, h- Plank's constant, k- Boltzmann's constant, m- atoms mass.

Debay's characteristic temperature, defined as

(where va- ultimate frequency of atoms thermal fluctuations) occurs to be sensitive to changes i
oscillations spectrum and depending on temperature as well as from measurement methods (by definition c

ray characteristics, thermal and mechanical properties). In this work for Al we accept the vall

§ =385 K = const gtT>300K [25].

In the whole, the valu® increases with temperature, but depends on it in a rather complicated way
Equating (1) and (2) and transforming (2) as

6h3 sind\*
M= e T[QB{XHE]{T)

one may show that for the interval of high temperatuie®) for which the value in square brackets

approx. equals to one, the value of rms dynamic displacements of atoms depends only linearly on temperatu

= amkaz | 3)

In this work to define temperature dependeﬁéewe used the ratio of intensities of typical reflexes of Al
at various diffraction angles. It allows partially minimizing or excluding experimental errors or errors associate
with sample's physical condition. In particular, texture effects are excluded at use of aliquot reflexes, f
example (111) and (222) [26].

Then to define the characteristics of thermal oscillations at given temperature T, we obtain:

_ *[%'_*_ _ Ié*_*_a—"...‘lfr- gTIMT

B Ié.::a—"...‘lf%:: g—MEE!

¥r

_angiil _angiil
jila f%lle IME e IME

T
¥Yr =%z = mn —anIZE A —m 222 "
jl'l'a_aa F;“E .n‘l’fT e .n‘l’f;r

(4)
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where valueA unites multipliers of used reflexes, not depending on temperature and calculated, f

example, with the ratio

(. 4 Los?20

_ It 1Ry,P sin28cosf /i,

T T EP (y,_cos20 )
(l +51n2ﬁ605ﬁ)22:

©®)

Structural factor of considered fcc lattice is similar for both reflexes=F2=4f, where f — atomic

factor of scattering).

After substitution of values M from (1) in (4), making logarithm and simple transformations we obtain :
value of dynamic displacements normalized on lattice period of Al (a)

Ur _ '-.In]f]r —InA

a | 6mf (6)
This expression was used to define oscillations amplitude however it requires a calculation of the value

which can be associated with considerable errors.

Accounting for (3), valid for the interval of high temperaturest, the ratio (6) can be re-written as

B
Inyr =Ind + ET’ @

which by slope of grapfnyz(T} enables to defin€ and then using (3) to find out values of thermal

displacementd/r . Thus it is supposed that definition &f is carried out for temperature interval in which the

valueA can be accepted as a constant.

2.3. Results and discussion

Experimentally measured integrated intensity of reflexes (111) and (222) of aluminum obtained in tl
investigated temperature interval from the layered sample with the period of 45 nm and the monoph:
standard, are available in tabl. 2.1. It is found out that in the course of actual annealing at high-temperature
ray measurements the texture brining to deviations from monotonous falling of intensity of reflexes wil
formation of a maximum of intensity at temperature of 630K was developed in the layered sample. F
monophase aluminum monotonous falling of intensity of reflexes with temperature was observed. Aiming
exclude the influence of texture on intensity of reflexes according with textural model of Marshall - Dallas [2
the corrections with reception of corrected values of intensities of Al reflexes from layered sample (tab. 1) we

computed. As it's seen from the table, introduction of textural corrections left almost invariable ratios
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intensities of reflexes (111) and (222) that witness about a reasonableness of Marshall - Dallas method in
discussed case.

Temperature dependences of intensities of reflexes of standard and layered sample (taking into acct

textural corrections for the last one) are given on fig. 2.2.

As it is seen from fig. for composite sample Al-Si there is a sharper falling of Al intensity for both
reflexes (111) and (222). It directly specifies big values of thermal multiplier of aluminium being found in
eutectic composition. However, decrease of intensity of reflexes of investigated layered sample can be a
defined by change of value A in ratios (5) and (7) owing to actual decrease of reflecting volume because
formation of diffusion zones and formation of new metastable phases in those [20,21].

Tabl. 2.1. Integrated intensity of reflexes (111) and (222) and their ratios for aluminum as a part of a layel

composite and monophase sample

T,K Etalon Al Layered sample Al-Si (As-06)

l111 1222 Y l111 1222 r

(l111/1229) (111271229

290 39063 | 2955 |13.21 45630 (33012)| 3630 (2631)* | 12.57 (12.54)

470 | 35012 | 2485 | 14.089 | 40036 (24867)| 3067 (1905) | 13.05 (13.05)

630 | 31700 | 2085 |15.2 53570 (18037)| 3688 (1241) | 14.52 (14.53)
730 | 29133 | 1784 | 16.33 37223 (14025)| 2255 (851) | 16.5 (16.48)
830 | 26736 | 1528 | 17.49 31281 (9394) | 1674 (503) | 18.69 (18.67)

*- Intensities of reflexes and their ratio after introduction of textural corrections are given in brackets.
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a) b)
Fig. 2.2. Temperature dependencies of reflexes intensity (111) and (222) Al in one phase and compo
samples

To define such possibility the microstructure of multilayered samples was investigated by TEM methoc
Fig. 2.3 illustrates the microstructure of multilayered foil with the period of alternating layers of 640 nm i
initial state (a, b) and after heating up to temperatur&%&8d). It is seen that in the initial state a microscopic
structure of foil represents an alternation of Al and Si layers for which a split of elements on interface
characteristic.

After heating of foil up to 518 its microstructure has the same typical features — a consecutive alternation c
layers. However of attention is that near to interfaces between elements "diffusion zone" is observed
transition from one element to another (fig. 2.3 ¢, d) thickness up to 100 nm. It means that in X-ray studi
sample with the period of 45 nm the diffraction pattern from aluminium layers is formed minimum by a soli
solution and other possible phases. This is proved by additional peaks observed on diffractograms of sam
after high temperature annealing along with reflexes of Al and Si, these additional peaks could be associz
with a structure of diffusion zone (fig. 2.4). These additional lines were identified as lines of approximate
cubic phase like-(AIMNnSi) with a perioda=1,2614 nm [28] and referred by us to metastable phase of diffusion
zone. Revealing of approximated phase witnesses the existence of appropriate quasi-crystal component ir
investigated sample in certain temperature interval. Lattice periods of Al in layered sample are 0.4043 nm |
0.4118 nm for room temperature and B3@espectively. The observed relative changga=1.85*1C
insignificantly exceeds a change of lattice period due to thermal expansion (<4.&t10r~500 and
coefficient of thermal expansion of Al~30*10°). Thus, at high temperatures thin layers of Al represent
heterophase system: Al based solid solution (for which measurements of thermal multiplier is carried out) w

a low concentration of silicon amplasi-crystal phase.
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Fig.2.3. Bright field images of microstructure of cross section of multi-layered foil Al/Si in
initial condition @, b) and after its heating up to Ki.§c, d). A row shows «diffusion» zong,

which is formed between the layers of Al and Si after foil heating up tK.528

Fig. 2.4 Complete profile analysis of a diffraction pattern of sample AS-06 after high-temperature X-ra

measurement in temperature interval 290 - 830K

As in further analysis of thermal multiplier, not measured intensities of Al reflexes but ratios of intensities
reflexes are used then it appreciably expels the effects associated with the above-stated features of a stru
state of Al layers. Dependendegr (T) for Al reflexes as a part of investigated layered eutectic composites and

in monophase reference sample for high temperature inferdadre presented on fig. 2.5
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For the high-temperature interval 630-830 K inclinations of curveélinfor the sample and the etalon appear
1.25*10° and 7.015*14 respectively. Using known value of Debay temperature for monophase AK}385

the basis of (7) we obtain Debay temperature for Al in eutectic nanolayered composite 288 K, i.e. by 2f
lower, than for etalon monophase Al. Owing to the ratio (3) it means that in the specified temperature inter
the average thermal dynamic displacements of Al atoms in layered eutectic sample (actually in diffusion zc
on Al basis) appear by 25% higher in comparison with those for monophase Al. Calculation results of dynar
displacement U for the area of high temperatures (up to the pre-melting ones for the layered sample) by me

of (3) and with use of the obtained valdare resulted on fig. 2.5b.

2.95 4
Al - layered composite

Al-layered composite
0.404

\ .
0.35
monophase Al
2.70 g 0.30
o)
2.65 \

2.60 -] 0.254

2.90

2.85

2.80

2.75

In (1(111)/1(222))

Al-monophase

T T T T 1
600 650 700 750 800 850 54’10 7;0 8(’)0
T (K) T(K)

a) b)
Fig. 2.5 Dependence I{T) for Al in a composition of layered sample and single phase etgl@amnq average

thermal displacements of Al atoms in single phase and layered sample Al-Si (b).

The obtained data are referred to average by volume values of dynamic displacement. As dynar
displacements are characterized by distribution functions with parameters depending on distance to interfac

is possible to assume that near these interfaces the amplitudes of oscillation attain still big values.

2.4. Conclusions
It is shown that the thermal characteristics of crystals (Debay temperature and value of dynamic therr
displacement of atoms) significantly depend on a structural state of a material. At high temperatures in eute
systems, at least in diffusion zones near to interfaces, the above-stated thermal characteristics of compor
appear essentially distinct from those in a monophase condition and there essential weakening of interatc
bonds and increase of amplitude of thermal oscillations of atoms occur. This phenomenon can be a princ
reason for elevation of diffusion activity in grain boundary volumes of phases in eutectic systems and

stimulate the elevation of speeds of some high-temperature processes (sintering of powders, creep, etc.).
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3. Computer modeling for direct investigations of interatomic interactions and dynamics of atomic-
structural transformations at sintering at heat treatment and deformation of investigated ceramic
materials (molecular dynamic modeling of temperature influence on stress-strain curves of alloys

TiC-ZrC and investigation of processes of contact melting in system Cu-Si.)

Super refractory materials namely first of all carbides of transitive metals of IV-VI grékpg.d up to
4000%), possess a number of high physico-mechanical properties, that is governed their wide techni
employment, in particular as components for UHTCs. A number of peculiarities of behavior of thes
materials, namely superplasticity of eutectic alloys TiC-ZrC was found at hot pressing of powder mixtur
and while investigating bending strength of samples heated up to high temperatures [28-31]. However
to now the mechanism of this phenomenon has yet to be find out.
The aim of this effort is to investigate the processes developed in model systems at high temperatures:
3.1. Atomic mechanisms of deformation and fracture of nanocrystals of titanium and zirconiun
carbides and their alloys in a broad temperature interval by the MD method.
3.2. Diffusion and melting processes at formation of eutectic structures and to carry out MD for th

system Si — Cu, in which this phenomenon was observed experimentally.

3.1.1. Molecular dynamic modeling of deformation processes of tension of TiC nanorods

For investigation of processes of deformation of tension and fracture of TiC nanorods the autho
software package of molecular dynamics which employs pair potential model of interatomic interactions w
applied [32].

Rod size wasxB3x3nm, the total number of atoms in rod -3993, from which Ti atoms - 1996 and C atom:
- 1997. The rod was oriented along crystallographic direction [100]. The influence of temperature and strain r
on a character of atomic-structural re-arrangements and an appearance of dependencies energy-deformatio
stress-deformation was investigated. Elongation was made in isothermal mode. Number of atoms and pres
were constant and a pressure was supposed as 0 that approx. corresponds to atmospheric pressure.

Two sets of experiments with various iteration steps were carried)ogiongationdL = 0.001 nm per
iteration with time stept = 0.05 fsec and L = 0,00002 nmdt = 0.001 fsec. This experiment was required to
define the influence of parametels anddt at equal ratialL/dt on a character of deformation. Elongation was
performed at temperatures 300, 1000, 2000, 3000 andK35&@bracing the interval from a room temperature
to melting one.

Figs. 3.1-3.3 illustrate the first set of experiments with parameters 0.001 nm,dt = 0.05 fsec.
Projections on these figs. correspond to the appearance on plane (110), which is convenient as atoms of r
and carbon in ideal structure are not imposed on each other. Elongation at room temperatfkiyeo¢80€s

under conditions of low thermal mobility of atoms (fig. &.1While elongating (fig. 314), atoms activity
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increases. It is more noticeable in the mid part of sample that is associated with their position on project
(110). The next stage (fig. ®)Lis characterized by a formation of big hearts failure, which further causes a
break of sample (fig. 3d). The appearance of appearing cracks with sharp edges and abrupt transition fro
ideal structure to a damaged one witnesses a rather brittle character of fracture that is in a good agreement
natural brittleness of carbide at low temperatures.

Number of iterationsa) 0; b) 500; c¢) 1000; d) 1500
Fig. 3.1 Tension of TiC nanocrystal at temperature 3@K0,05¢c; dL=0,001nm). Rows point tension
direction

Fig. 3.2 illustrates atomic re-arrangements in elongated samples at temperaturés 200iBe the

previous case, there are no strongly expressed atomic trajectories along the axis of elongation.
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Number of iterationsa) 500; b) 1000; c) 1500; d) 2000
Fig. 3.2 Tension of TiC nanocrystal at temperature 20@30(05¢dc; dL.=0,001nm)

This can be associated with, that at relatively low temperature shear mechanisms of deformation alc
atomic planes dominate, at the same time when at R0fiother mechanism is valid, namely the mechanism
of volumetric shifts of atoms on the background of intensive thermal movements.. Typical round areas
thermal movements of metal atoms surrounded by carbon atoms filling in gaps are observed,(fg. 18.2
projections carbon atoms look like chain structures though in volume they are mainly disunited. Fracturi
crack appears in central part of sample due to volumetric shifts of atoms where a break occurs (f)g. 3.2

Elongation at melting temperature (358Pis showed on fig. 3.3. Initially sample's elongation due to a
small narrowing and volumetric mass transfer occurs (fig:, B Further there occur the accumulation of
stress and a break of interatomic bonds in a zone of transition from cold ends to warm average zone wi
behaviors itself like liquid accepting a ball-like form (fig. .8). Due to high thermal activity atoms of a mid
part easily travel in a zone of stress concentration, facilitating bonds break. In the second part of experime
with parameters of calculation dL = 0,00002 nm, dt = 0,001 fsec rather similar results were obtained [
fracture character has both similar and distinctive features. Similarity is that at room temperature, hearths fail
appear due to shear deformation after arrival of critical stress and critical value of elongation (~ 1 nm). As
distinction one should note more brittle character of fracture in their first set of experiments i.e. in case

parameters of calculation.

Number of iterationsa) 500, b) 1000; c) 1500; d) 2000
Fig. 3.3 Tension of TiC nanocrystal at temperature 358B0(05¢c; dL=0,001nm).
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Changes of energy of interatomic bonds in a course of elongation were also investigated. Fig. 3.4 shov
change of bonds energy (system's potential energy) in the first set of experiments with calculation parame
dt=0,05 fsecdL=0,001nm.

Curves on fig. 3.4 show energy with account for heating up to the temperature of experiment, and on fic
3.4b - the same energy but minus heating. The last is in proportion to stress thus the curves dndrg. 3.4
analogous to stress-strain curves. The show that TiC nanorods possess the lowest strength at room temper

and the highest one — at 10R0At temperatures above 20BQhe strength changes only weakly.

Fig.3.4 Change of energy of interatomic bonds in the process of tension of TiC nanorod at vario
temperature with parameters of fast calculatitr0,05 fsecdL=0,001nm:a — total energy, including heating

from OK; b —energy minus heating one. Temperature showed in Kelvin.

Thus, the developed model of interatomic interactions in refractory carbides of d-transitive metals [3
allows effectively using the method of molecular dynamics to carry out virtual strength tests of nanocrystals

various types of loading in a broad temperature interval.

3.1.2. MD modeling of mechanical properties of nanowires of titanium and zirconium carbides

Unlike nanorods which possess final length, nanowires in model representation possess unlimited len
due to the application of periodic boundary conditions, which are superposed along wire axis. Interaction for:
were described by the potentials of embedded atom with account for second neighbors [33,34]. Modeling \
carried out by Lammps codes [35]. Similar to modeling of nanorods a pressure was supposed as
Investigations of the influence of strain rate and temperature on stress-strain curves, value of Young's mod
were carried out. Melting processes were considered as well.

The samples were modeled as follows. From TiC and ZrC crystals (stridtuthe sample with cross
section @px6ay; and length 6&, whereay — carbide lattice parameter was cut off. The sample was oriented
along crystallographic direction [001], which was combined with axi&xesx andy were combined with
crystallographic directions [100] and [010] respectively. Periodic boundary conditions were superposed ol

along axisz. Samples elongation along the axiswvas carried out with constant relative strain rate. At
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temperaturd’=300K the samples were subjected to elongation with strain ﬁ@sﬂz, 0.01, 0.005, 0.002 and

0.001 pico set-. For é:0.0l pico set the investigations were done in temperature interval 50 — 3000 K

To begin with let's consider the influence of strain rate on appearance of stress-strain curves at cons
temperaturd=300K (fig. 3.5).

25+

TiC

stress, GPa
stress, GPa

0,00 005 010 015 020 0,25 0,30 0,00 005 010 015 020 0,25 0,30

strain strain

Relative strain rate: 1 - 0.02; 2 - 0.01; 3-0.005; 4 - 0.002; 5 - 0.001 1/mc
Fig. 3.5 Stress-strain curves for T = 300 K and various relative strain rates

It should be noted that all stress-strain curves on fig. 3.5 possess a rather abrupt break. Maximums of curve:
systematically shifted towards the area of small deformations, and fracture stress decreases when relative ¢
rate decreases as well. Maximum Young's modulus is observed at minimum relative strain rate.

The next fig. 3.6 represents stress-strain curves at various temperatures. Fracture stress monotonc

decreases as temperature elevates. At temperatur&K3200) and 340X (ZrC) there occurs an elongation of
liquid sample and stress does not depend on strain rate.

354

30+

254

20+

151 2700 K

stress, GPa
stress, GPa

104 3400 K

0,00 005 010 015 020 025 0,30
strain strain

Fig. 3.6 - Stress-strain curves at relative strain rate 0.01 1/pico sec and various temperatures
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For TiC and ZrC the calculated Young's modules show linear dependence vs. temperature (see fig. 3.
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Fig. 3.7 — Dependence of Young's modulus vs. temperature at relative strain rate 0,01 1/ pico sec

3.1.2 TiC-ZrC alloys

The system TiC-ZrC is characterized by a continuous number of solid solutions at high temperatures ¢

their disintegration at lowered temperatures. Liquidus curve has a minimum as in eutectic systems (see fig. 3

T C
4000

5 3420

3067

3000

2000} ,,

1000

Tic 20 40 60 80 ZC
mon. % ZrC

Fig. 3.8 - Equilibrium diagrams of pseudo-binary carbide system TiC —ZrC. Solid curves — calculation i
approx. of regular solutions [36], dash line — experiment

Sample type 1
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Sample type 2

Sample type 3

Fig. 3.9 — Samples of alloys TiC-ZrC — initial configuration

Structures of disintegration possess plate-like structure with a crystal lattice like NaCl. For modeling
composition T§sZrpsC was chosen. To express a variety of possible structures the samples of 3 types we
modeled (fig. 3.9). The sample of first type (type 1) was obtained from TiC crystal, in which the planes [00
were alternatively filled with Ti and Zr atoms. Thus, the sample type 1 was ordered alloy. Sample type 2 w
built by alternating layers TiC and ZrC (similar to plate-like eutectic or eutectoid). Layer's width — twc
elementary cells. In sample type 3 Zr and Ti atoms are distributed randomly (disordered alloy).

MD modeling of samples elongation was carried out in a broad temperature interval from roor
temperature up to 2400 K, at which a continuous row of solid solutions is observed.

Fig. 3.10 illustrates the obtained stress-strain curves at relative strain rate 0.01 1/pico sec. First of a
gualitative distinction of behavior of stress-stain curves for the sample type 1 and samples 2,3 should be nc
For the sample type 1 for all temperatures the area of yielding is absent and the whole appearance of curv
similar to that one observed for pure titanium carbide and zirconium carbide. An abrupt break for the samg
type 2 and 3 is observed only at room temperature 0@nd at significant deformation. For the rest
temperatures (except 600, the sample type 3) weak oscillations of stress are observed with a growth o
deformation (600, 1150, 2000- the sample type 2; 1150, 20R0- the sample type 3), or yielding area (2400
K).
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Sample type 1

Sample type 2

Sample type 3

Fig. 3.11 — Samples of alloys TiC-ZrC at 240@nd relative strain rate=0.25

Fig. 3.11 shows samples forms which they are obtained after elongation up to a relative deformation 2!
and temperature 2400. Strong distortion of form of sample type 1 is obviously associated with high micro-

stresses appearing as a result of disordering of initial structure.

3.2. Investigation of diffusion and melting processes in system Si - Cu
Section 1 and 2 showed that high temperature behavior of eutectic systems (sintering, creep, phenomer
contact melting) on the base of refractory compounds is defined by formation of powerful diffusion zones,
which elevated amplitude of atoms oscillations are observed.
This section reports the results of investigation of diffusion and contact melting processes in system &
Cu. This system is of interest as it is eutectic and the work [21] revealed so called diffusion zones in it

heating. Fig. 30 illustrates the phase state diagram Si — Cu.
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Fig. 30 — Phase state diagram Si — Cu

In accordance with this diagram,(Cu)=1337 K, T, (Si)=1677 K, and eutectic point has the coordinates

T, =1060 K, ¢=32% Cu.

To model the process, which occur in the contact area of Cu and Si at heating, the potentials
interatomic interactions developed in [29] were used. Values of equilibrium lattice parameters obtained in [z
are:a0(Cu)=3.620 A0(Si)=5.431 A. Initial scheme is available in fig. 31.

Cu Si

Fig. 31 Cu -Si sample — initial configuration
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Fig. 32 — Distribution of Si and Cu concentrations along the sample after holding during 1 nsec at giv

temperature

Si and Cu samples have a quadratic section with size: for GQ(€19=32.580 A, for Si - £0(Si)=32.586 A.
Initial distance between samples Cu- Siwas 2 A.
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Fig. 33 — Distribution of offset value of atoms from initial positions along the sample
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Periodic boundary conditions are imposed only towards directtoaad y. Samples were hold at given
temperature =500, 800, 900, 1000, 11d) during a time correspondent to one billion time steps. At time
step 1 fsec (1 sec) this time period is 1 nsec Cl8ec). The next image (fig. 32) in the left part shows the
graphs of distribution of Si and Cu concentrations along the sample and the right part — sample image a

holding during 1 nsec. Vertical line on graphs means the initial boundary between Si and Cu.

Appreciable diffusion is observed starting with BO@t all temperatures a diffusion rate of Cu in Si is
about twice bigger thavisa versaThis result is in a good agreement with those facts that, atomic radius of Ct
is a few less than Si and coefficient of compactness of face-centered structure is bigger than diamond
structure. At temperatures close to eutectic ones (1000,K)1difusion proceeds rather intensively.

To investigate melting process the sample was subjected to gradual heating with a 8eptl€&ch
temperature the sample was hold during 50000 time steps (50 pico sec). The results of modeling are availab
fig. 33. The left part presents the dependencies of value of atoms offset from initial positions from caordinate
Offset value in diffusion zone quickly grows while temperature rises and in the field of eutectic one (1000, 11
K) is twice or in 3 times bigger than at 980 While arriving to melting temperature of Cu a growth of
disordered area from Cu part goes more intensively than from SiTgalBQOK). Despite that the obtained
results do not allow to define a phase state in diffusion zone — solid or liquid, one may assert that melt

process starts namely in a diffusion zone.
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Fig. 34 — Dependence of potential enevgytemperature for Si and Cu for the system Cu - Si

Qualitatively melting temperature can be defined from the dependence of potential energy a
temperature [30]. These kinds of dependencies for Cu, Si and the system Cu-Si are available on fig.
Temperature was raised gradually with a step R@@arting from 10K. As melting temperature the average

one between the temperatures at which an abrupt jump on the dependence potential energy - temperature .

was taken. In our case the abrupt jump exists only for Si, thus melting temperatufie, (i$i2050 K. For Cu
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and the system Cu-Si the abrupt jumps (sudden change) are absent, and possess long temperature interv
which a deviation from linear growth of potential energy are observed. The beginning and the end of the

intervals are illustrated on figs. 34. Accepting the average values of melting temperature we obta
T, (Cu}x1950 K, T, (Cu-Six1350 K. Mismatch of the obtained melting temperatures with table values can be
explained as in [29] the potentials were not calibrated to obtain right values of melting temperature. For t
obtained melting temperatures the following ratios are vajjdCu-Si) <T_(Cu) < T, (Si).

Thus the carried out molecular dynamic modeling qualitatively confirmed a formation of diffusion zone &
heating in the contact area Cu-Si and showed that melting process starts slowly and in namely in diffusion zc

This section reports the results of investigation of diffusion and contact melting processes in system S
Cu. This system is of interest as it is eutectic and the work [21] revealed so called diffusion zones in it
heating. Fig. 30 illustrates the phase state diagram Si — Cu.

Fig. 30 — Phase state diagram Si — Cu

In accordance with this diagram,, (Cu)=1337 K, T (Si)=1677 K, and eutectic point has the coordinates

T, =1060 K, ¢=32% Cu.

To model the process, which occur in the contact area of Cu and Si at heating, the potentials
interatomic interactions developed in [29] were used. Values of equilibrium lattice parameters obtained in [Z
are:a0(Cu)=3.620 A0(Si)=5.431 A. Initial scheme is available in fig. 31.

Distribution A: Approved for public release; distribution is unlimited.



Cu Si

Fig. 31 Cu -Si sample — initial configuration
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Fig. 32 — Distribution of Si and Cu concentrations along the sample after holding during 1 nsec at giv

temperature

Si and Cu samples have a quadratic section with size: for G0(S19=32.580 A, for Si - 80(Si)=32.586 A.

Initial distance between samples Cu- Siwas 2 A.
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Fig. 33 — Distribution of offset value of atoms from initial positions along the sample

Periodic boundary conditions are imposed only towards directtoand y. Samples were hold at given
temperature =500, 800, 900, 1000, 11d0) during a time correspondent to one billion time steps. At time
step 1 fsec (1& sec) this time period is 1 nsec {l8ec). The next image (fig. 32) in the left part shows the
graphs of distribution of Si and Cu concentrations along the sample and the right part — sample image a
holding during 1 nsec. Vertical line on graphs means the initial boundary between Si and Cu.

Appreciable diffusion is observed starting with BO@t all temperatures a diffusion rate of Cu in Si is
about twice bigger thavisa versaThis result is in a good agreement with those facts that, atomic radius of Ct
is a few less than Si and coefficient of compactness of face-centered structure is bigger than diamond
structure. At temperatures close to eutectic ones (1000,K)1diffusion proceeds rather intensively.

To investigate melting process the sample was subjected to gradual heating with a 8eptl€8ch
temperature the sample was hold during 50000 time steps (50 pico sec). The results of modeling are availab
fig. 33. The left part presents the dependencies of value of atoms offset from initial positions from caordinate
Offset value in diffusion zone quickly grows while temperature rises and in the field of eutectic one (1000, 11
K) is twice or in 3 times bigger than at 980 While arriving to melting temperature of Cu a growth of
disordered area from Cu part goes more intensively than from SiTgalBQOK). Despite that the obtained
results do not allow to define a phase state in diffusion zone — solid or liquid, one may assert that melt

process starts namely in a diffusion zone.
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Fig. 34 — Dependence of potential enevgytemperature for Si and Cu for the system Cu - Si

Qualitatively melting temperature can be defined from the dependence of potential energy ai
temperature [30]. These kinds of dependencies for Cu, Si and the system Cu-Si are available on fig.
Temperature was raised gradually with a step RG@arting from 10K. As melting temperature the average
one between the temperatures at which an abrupt jump on the dependence potential energy - temperature .
was taken. In our case the abrupt jump exists only for Si, thus melting temperatufg, (8i$i2050 K. For Cu
and the system Cu-Si the abrupt jumps (sudden change) are absent, and possess long temperature interv
which a deviation from linear growth of potential energy are observed. The beginning and the end of the
intervals are illustrated on figs. 34. Accepting the average values of melting temperature we obta
T, (Cu}x1950 K, T, (Cu-Six1350 K. Mismatch of the obtained melting temperatures with table values can be
explained as in [29] the potentials were not calibrated to obtain right values of melting temperature. For t
obtained melting temperatures the following ratios are vajjdCu-Si) <T_(Cu) <T,, (Si).

Thus the carried out molecular dynamic modeling qualitatively confirmed a formation of diffusion zone &

heating in the contact area Cu-Si and showed that melting process starts slowly and in namely in diffusion zc

General conclusions
1. The investigation of interaction of components of ceramic,Zi& with metals Cr, Ni and alloy NiCr
showed the following:
* The interaction of zirconium boride with chromium within quasi-binary state diagram Grvdtis
variation of concentration of zirconium boride from 4 to 77% was investigated. It's shown that the proce
goes under the mechanism of contact melting that is typical for eutectic systems. Eutectic melti

temperature is near 18W0at concentration of ZrBin alloy is near 16% by mass.
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« Eutectic wets boride surface with wetting angle close foa#@, while interacting with a formation of
more refractory compounds disappears.
* Phase composition of products of interaction depends on components ratio in alloy and temperatt
representing bi- and ternary compounds built mainly on the base of crystal lattices of zirconium ai
chromium borides.
» Eutectic character of quasi-binary diagram Cr—/r@nall wetting angle between eutectic and boride
surface, phase interactions in products of interaction, located in intergrain layers, and an opportunity
uniform distribution through the whole volume of charge via steam phase make chromium rather promisi
material for its use as activating agent for sintering.
» Being based on the results obtained at previous stages devoted to the investigation of hafnium
zirconium borides with nickel and chromium and their alloys, for sintering of the above said borides ar
ceramics ZrB-20 mass. % SiC as sintering activator the alloy20 mass. % Ni was taken. Approbation of
sintering activator was carried out at sintering of the above said ceramic with addition of 5 vol. % of chos
alloy. As a result it was found out that optimum sintering mode for this composition is temperature 160C
1850C at isothermal holding 1 hour. Thus the porosity is found within up to 5 % , ceramics grain size is ¢
10-15 mkm, ceramic bending strength up to 400MPa and hardness - 88-89 HRA. Interaction of ceram
components brings to the presence of chromium boride based secondary phases apart #@rCZrB
2. Pesynbratsl, Kacaromuecs GOPMHUPOBAHUS CTPYKTYPhI KepaMuku cucteMsl ZrBo-SiC-CrCy u kuHETHKH
€C YIUIOTHCHUSA IPU TOpssYeM IPECCOBAHUU IMPUBOIAAT K BO3ZMOXXHOCTHU PA3BUTUA TCXHOJIOTHMH ITOJYUCHUA
YJIBTpaBBICOKOTeMHGpaTypHOI>'I KEpaMUKH € YUCTOM CJICAYIOMIUX (1)aKTOp0B:

It is found out that the use of £ as the activator of ZrBreduces temperature of hot pressing from
2170°C to 1520 ... 1740°C depending on@rcontent.
* It is found out that in the system [ZfBCr;C,] an intensive contact interaction with formation of
diffusion zones which begins at temperature 1310°C, takes place.
» Within the diffusion zone, the processes of phase formation with formation of new high-temperatul
refractory compounds in a form of zirconium carboborides, borides and chromium carboborides, zirconit
— chromium carboborides intensively develop. Intensive diffusion of chromium and carbon in zirconiur
diboride, accompanied by formation of porous free states in zirconium diboride (on depth up to 50-1(
mkm at temperature 1380) near diffusion zone is observed.
* As a whole, the observed activation of sintering of zirconium diboride up to porous free state in tt
investigated system containing eutectic components, is explained by an intensive diffusion of atoms
chromium and carbon in ZgBthrough a zone of contact interaction and development of phase
transformations in diffusion zone itself. The results of investigation do not contradict the assumption th

the process of sintering in the conditions of contact interaction and formation of diffusion zone occurs wi
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a formation of disappearing eutectic liquid phase spent on formation of new high-temperature refractc
compounds (the phases on the basis of zirconium carbide and chromium borides).

* An introduction of active agent in a form of chromium carbide in ceranBg-&iC allows in the mode

of vacuum sintering to obtain dense ceramic at sintering temperatures 180G:1%0tering occurs in
condition of eutectic interactions with disappearing liquid phase and formation of secondary borides
chromium-zirconium and zirconium carbide; mechanical properties of ceramic increases with increase
the amount of chromium carbide up to 10-15 mass.%.

e The ceramic ZrB2-SiC-Cr3C2 at temperature about A70fan be deformed by 50 % and higher
without essential degradation of mechanical properties. Creep process is developed almost in the mod
superplasticity under the slip mechanism of zirconium boride and silica carbide grains on grain bound:s
interlayers with nanocrystalline grains of carbon-boride of zirconium and diborides (carbo-boride) ¢
zirconium —chromium.

3. Itis shown that the thermal characteristics of crystals (Debay temperature and value of dynamic therr
displacement of atoms) significantly depend on a structural state of a material. At high temperatures
eutectic systems, at least in diffusion zones near to interfaces, the above-stated thermal characteristic
components appear essentially distinct from those in a monophase condition and there essential weake
of interatomic bonds and increase of amplitude of thermal oscillations of atoms occur. This phenomen
can be a principal reason for elevation of diffusion activity in grain boundary volumes of phases in eutec
systems and to stimulate the elevation of speeds of some high-temperature processes (sintering of pow:
creep, etc.).

4. Computer programs for MD modeling and testing of the developed potentials including calculations
thermodynamic state of nanocrystals of carbides and relaxation changes in their structure associated
surface influence were developed. The potentials and programs are convenient for their use as virtual “try
stand” at various mechanical tests of nanocrystals (tension, compression, bending, nanoindentation, etc
is found out that as temperature increases Young's modulus of the considered objects decreases un
linear law. Fracture stress and deformation increase at elevation of relative strain rate and fall wk
temperature increases. MD modeling of contact melting in eutectic system Cu-Si qualitatively confirmed tl
formation of diffusion zone at heating in the area of contact Cu-Si and showed that melting process stz

namely in diffusion zone.
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Appendix 1

High temperature hardness and creep at indentation

We investigated the influence of additions of silicide MaBid silicon carbide SiC on hardness of boride
ZrB, at high temperatures. To resolve this problem we used the methodology of creep and high tempera
hardness by means of one axis compression by samples edges in a form of prisms of squire section, which
are located perpendicular to each other. Tests were carried out in vacuum at temperatures 1200 withd00
variation of loading from 5 to 89 kg. Change of penetration depth of samples in each other was controlled

optical method by means of cathetometer. Measurements accuracy was +10 mkm.

Meyer's hardness was calculated as a ratio of loading VBJue print's projection area (S). Projection
area from mutual penetration of two equal-strength prisms, compressed by edges, was calculated as
(2°°.HY?, where H — depth of mutual penetration of prisms. Definition of hardness at various loads shows, tt
its' value does not almost depend on loading value up to some its value (fig. 1.39). Above this value, obviol
there occurs cracking and the depth of samples mutual penetration is defined by other processes. As temper
and materials resistance to cracking grow an interval of loading where hardness stays constant, expands
1.40).

Temperature dependence of hardness value foy Z®ped with MoSiand SiC, is illustrated on fig.
1.41. Hardness was defined in interval of loadings at which its value remains constant. Elevation of the ama
of MoSk in ZrB, brings to decrease of hardness at low temperatures, however increases it at higt
temperatures. Optimum strengthening at high temperatures is arrived in allpp@BMoS; (MS3).

Addition of 20% SiC does not elevate hardness, AtRelevated temperatures.
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Fig. 1.39 — Dependence of hardness value of composite-ZtB% MoSi (MS-2) vs. applied load and a

temperature of experiment
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Fig. 1.40 — Dependence of hardness value for the composite2B#B SiC at 1400C vs. applied loading
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Fig. 1.41 — Dependence of hardnessZeloyed with MoSi and SiC, vs. temperature of experiment: 1 —
10mass.% Mo$j 2 — 20mass.% Mogi3 — 30mass.% Mogi4 — 20mass.% SiC;

A review of known methods of high temperature measurements of hardness and investigation of creer
high temperature materials has been carried out. Development of a methodology of definition of hi
temperature hardness and investigation of creep by means of compression (edge in edge) of orthogonal r
angled prisms of cross-sections has been initiated. For further analysis of a dependence of high tempere
hardnesss.time of isothermal holding (creep) the well-known D. Tabor (1970) ratio is used:

P - = Aexo[_Q}(t“-t?),

3RT
wherep — average contact pressure at indentation in a moment of tpne taverage contact pressure at
indentation in a moment of timg th — constant, associated with strain rate at high temperatupetestiag A
— oonstant, Q — activation energy, t — time from the beginning of application of loadintnte when loading

is fully applied.
The creep resistance of model Z8C (20%) and ZrBMoSi; (10, 20 and 30%) ceramics was

investigated. The tests were performed in vacuum at temperatures of 1200 - 1400°C with a load from 6.4
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89kg. Changing of penetration depth of samjtesach othemwas controlled by the optical method using a
cathetometer. A distance change between the holders of upper and lower samples has been meas
(measurement accuracy = 10pm). The results of tests in coordinasggpoichement of samplesKl) —time

(1)) are illustrated on figs. 1.42-1.43
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Fig 1.42 Indentation creep curves for Z8% SiC ceramicsIl40P42 means that testing was performed at
1400°C and loading - 42 kg)

Studies showed that hot hardness and creep are Vietly iiferrelated. As hardness increases, the tendency
to creep decreases. For Z+BOMoSp ceramics with temperature increase in the range of 1200-1400°C
hardness decreases and creep increases. At an increase pEdM&t in ceramics up to 20% a dependence of
hardness and creeys. temperature in the range of 1200 - 14Q0is not observed. Further growth of MgSi
content up to 30% does not influence on hardness, but brings to the appearance of cre€g .aZrByHiC
(20%) ceramics has in 1.8 time higher hardness thap-MdSi, (20%) ceramics at 1300. It stays harder at
1400°C if compare with ZrBMoSi, (20%) ceramics at 1360. However, for both ZrBMoSi, (20%) and
ZrB,-SiC (20%) ceramics hardness decrease with temperature increase in temperature range %308-1400
observed. It can be concluded that the optimum heat resistanceMaf, system is attained at 20% Me@Si

In ZrB,-SiC system more heat-resistant composites can be developed.
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Fig 1.43. Indentation creep curves for ZMBoSi, ceramics T140P42 means that testing was carried out
at 1400C and loading — 42kgviS-2 (10% MoSi); MS-3 (20% MoSi); MS-4 (MoS}))

Creep was evaluated by a decrease of defined value of hardness as a result of growth of print value, w

occurred at elevation of time of holding at temperature under loading. At absence of cracking at holding a sc

simulation of loading was preserved while changing a value of loading. Flow of material characterized by fall

hardness and defined at compression by edges of prismatic samples within an error of the experiment did

depend on loading (fig. 1.44).
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Fig. 1.44 — Dependence of a character of hardness chang@BSiC, defined at compression of prismatic

samples under 90with increasing time of holding at 1400 vs. applied loading: 1- 42 kg; 2 — 86 kg

Dependence of creep vs. temperature of experiment for the composites of different composition

presented on fig. 1.45.
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Fig. 1.45 — Fall of hardness ZrBassociated with material's flow under loading, defined at compression of
prismatic samples under 9&s. temperature and material's composition: 1 — 12— 1300C; 3 — 1400C;
a- ZrB,-10% MoSp; b - ZrB,-20% MoS$; ¢ - ZrB,-30% MoSp; d - ZrB,-20% SiC

The obtained data show that at this loading the alloy-2(B6 MoSp preserves maximum strength at
holding at high temperatures. At 12Q0a residual strength of alloy Zs0% MoS} is comparable with a
strength of alloy ZrB-10% MoSp, and at higher temperature it is in 2 times more than for other composites
with MoSi,, and in 1,5 times than for composite 8% SiC.

As a whole creep processes of ultrahigh temperature ceramic in temperature interval 12QD-ih900
conditions of measurement indentation creep and in experiments on material's creep at uniaxial compressiot
investigated. For both methods the curves deformation-time at chosen levels of loading were record
Maximum strength in the process of holding at high temperatures is preserved by the alloy ZrB2 - 2Q % MoS
Residual strength is 2 times higher than for other composites with, M$5%), and in 1,5 times than for the
composite ZrB - 20 vol.% SiC.
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