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Chapter Two
Poguliarities of the Breakdown of Brittle Hetalloceranics
1. Some physico-mechanical propertlies of btrittle metalo=-
ceranic metarials,.

Until recently the use of brittle materials in copstructiunt
subjected to the action of toree; was very limited. In this connoc-~;
tion the number of works'dedlcated to the research of the strength
of macerials which brittlely break down,ruaé ingignificant, and thelr
main purpose was an over-all siudy of conditions of brittles breakdown
of stesls and other alloys, which‘pésaqsa a considerable plastic de-
formation under normal conditions /1-3, 19, 20/.

Research waas also done on strength properties of such brittle
materials as glass, quartz /21, 22/, hard élloys for cutting tools
/23, 24/ and'othort.

The picture changed recently, primarily due to the need to
produce new materials to work under extremely high temperatures.

It appears that strength and some other properties of common
refractory alloys do not answer the requirements of materials used
for parts in constructions of the latest engineering methods; tasks
looming befors constructors can be solved, using such unusual materials
as oxides, carbides, silicides, nitrides, borides of high-melting me-
tals, polycrystalline graphite, and others which, by their nature
are brittle, but possess certain useful properties which plastic mate~
rials 4o not and cannot have, and which have bteen used in engineering
until very recently.

Some properties of these alloys are given in Table 2.

FTD-TT=62-1765/1+2 ' t



ALLOY

Titanium carbide TiC /8/
Chromium carbide lrsC, /4/
Tungsten carbide WC /25/
Silicon carbide Sic-p /8/
Niobium carbide NbC /25/
Zirconium carbide ZrC /25/,
Boron carbide B,C /25/
Tantalum carbide TaC /8/
Aluminum oxide Al,0; /8/

Beryllium oxide BeO /8/
Magnesium oxide g0 /8/

Zirconium dioxide 2r0p /8/

Molybdenum silicide
¥oSip /5, 27/
Silicon nitride SisNy /5/

Graphite /8,26/

Temperature

TABLE 2

of melting module

-)
or dissocia- 0 vit
tion TOC kg/nuné o ks%n""
g/'cm3
3250 3.5 4,93 60
' bt 6.68 -
895 o)
2600 7.14 15.6 35
2100 (? - 3,21 2.8
35w 3043 708 - a) :
3530 - 608 908 :
2450 - 2.52 3009
3880 2.91 14,3 o) i
2015 3.78 3.92 26 4
2550 3.18 2.98 (ul-loso‘d'
2800 2.8 3.44 9.80 (*
2600 1.89 5.64 1& :
(11- 1ooo°c)
2030 2,76 6.3 25«40
1900 1.16 < 1,45 3,18 -03.21116:,0;
(1200°C)
3700 0.0914 2,26 295

1) Converts to SiC -GJ.

()

Elasticity Speci- Strength !

fic gra- on ben-

(100000)

2) Without technology of producing specimens, porosity, dimensions

of specimen and other characteristics of strength, can be regarded

as orlentation figures only.

3) Rlongation strength.

z° - ’7
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The alloys cited in Table 2, which are now of the greatest inte-
rest, have the following peculiarities and future uses /5, 8, 25/:

Titanjum carbide (Tn,; }g50°) has a high melting temperature,
high stability, heat resistaiice “"; it 1s used in hard alloys for
cutting tools and in ce_rmeté for parts of gas turbines.

Shromiug garﬁ;gg(rn = 1895°) 1is used in making wear-resistant
parts, and parts of gas turbines.

Tungsten carbide (T, = 2600°) is used in making hard alloys
for cutting tools. High solidity and low tendency to absorption of
neutrong provides a fulure use in atomic power production as a materiai
of heat isolating elements.

Silicon carbide (Tm = 2100°) is used in the production of nozsles
and parts of combustion chambers of Jet engines, and is a posaible
material for heat isolating elements of atomic reactors.

Hiobium carbide (T, = 3500°), zirconium carbide (T, = 3530°) and
tantalun carblde (¥, = 3880°) have a high melting tenmperature, and are
regarded as future materials for heat isolating elements of atomie
reactors,

Aluminun oxjde (T, = 2015°) has good strength, impact 'duotlllti.
hardness, it 1s a satisfactory insulator, stable in various atmospheres
and chemical media, strength is maintained up to the temperature of the
order of 1100°, Baked aluminum oxide (mineraloceramic) is used as mate=
rial for cutting 1nstrumgnts. ‘

Boron carbide (T, = 2450°) represents a future material in the‘
eontrql'systems of atomic reactors, .

Beryllivp oxide (Tm = 25500) has an extremely high heat conduc-
tivity and high strength under high temperatures. Future use in high

FTD=-TT=62-1765/142 ) 3



temperatures and rapid temperature changes; used in atomic reactors as

#) Iy heat resistance we undarstand the property of material to resist
acute temperature changes, ' '

g T



retarder of fast neutrons,

) iun ox (T, = 2800°) 1is the most widespread refractory
material, comparatively inexpemsive; high coefficient of thermal expanmsion; .
used in temperatures up to 17000,

Zirconium djoxide (Tp = 2600°) has very low heat conductivity;'
stable in contact with many metals and oxides, could be a good insulator.

Molybdenum silicide (Tm = 2030°) is used as a covering to protect
high melting metals from oxidation (primarily mBlybdenum) ax-high tem-
peratures; used in production of E heaters <for
resistance furﬁaces; the stability of molybdenum silicide against th§
action of molten metals gives expectation to use it aSrefractory and
material for heat exchangers of atomic boilers.

Siljcon nitride (Tp = 19000) extremely stable to oxides, as well
as some molten metals.

Graphite (T = 3700°) is highly fire resistant; stable to mamy
molten metals and other corrosive media; low elasticity module, high
heat conductivity and low coefficient of linear expansion provide it
with high heat resistance; used in atomic power production at retarder
of fast neutrons.

Production of parts from sifiilar materials is usually performed
by the powder metallurgy method. As is well known, powder metallurgy, or
as 1t 1s also called metaI%ceramics, is a branch of metallurgy ﬁhich is
con.erned with production of materials and products from metallic and
nonmetallic powders /7 - 9, 28/,

A typical engineering process of powder metallurgy consists of
obtaining powder or a mixture of powders, pressing, baking pressed prepa~
rations at temperatures lower than the melting temperatﬁre of the basio
component and final processing (grinding, calibrating, tight pressing,

thermal processing, etc.). 5



Powder metallurgy offers considerable advantages comparved with
other methods and has become quite widespread in engineering. The ad-
vantages of powder metallurgy consist primarily in the fact that it makes
it possible to obtaln new materials which could not otherwise be obtalred.
These include porous metal materials, high melting and hard slloys,
compositions of metals and nonmetallic materials, for example: graphite-
copper, iron-copper and others, compositions of metals which 4o not mix
in liquid state and do not produce hard solutions or intermetalllc
compositions (iron-lead, tungsten-copper, end others).

Another basic advantage of the powder metallurgy method is the
opportunity of mass production of metal parts with minimum labor and
no loss of metal in cutting. '

Materials and products made by the method of powder metallurgy,
can be divided into the following basic groups, depending on the use,

1. High melting metals (tungsten, molybdenum, tantalum etc.) for
use in radio gngineering and for other speclal uses. 3

-

2, High melting alloys (oxides, carbides, silicides, nitrides,

ete. ).

PR Y

- 3. Cermets which represent a combination of ceramic material
(carbides, oxides, etc.) in the form of grains and metal compounds :
(N1, Co and others) which cenent the ceramic grains into a2 single whole, E
These nmaterials are to be used in high temperaxures. .

4, Hard alloys for cutting tools.

5. Antifriction materials (porous and nonporous).

6. Priction materials.

7. Porous metaibceramic products (filters, iron for caulking ;
pipe, eto.).



1
8. Metaloceramic rachine building parts (pinions, washers, etC.).
9. Contact naterials.

10, Magnetic materials.



11, Electrical engineering materlals, etec.

Out of the above metafbceramic materials, typical brlttie materials
are high-melting alloys, cermets and hard alloys with a low content of
binder; the peculiarities of their breakdown are discussed 1n this work.

It should be noted that s majority of the materials cited in
Table 2 are only beginning to be introduced in practice, and there are
nunmerous difficulties associated primarily with the ;ack of plasticity
in these materials, however, as we have already noted, their advantageous
properties - high melting temperature, low specific gravity, high heat
resistance and acid resistance etc. make them irreplaceabls in solving
many problems of modern engineering,

It may yet be possible to achleve some lowering of the brittleness
of parts made from these materials while preserving their advantageous
properties. This i1s primarily associated with the use of special binding
materials and selection of forms and dimensions of the particles of phase
components.

The effect of these factors on plasticity can bde observed on -

sast: iron. Thus, common)cast iron with laminar graphite is a brittle mate-

rial, modified ¢ast iron with spherica® graphite can have a reserve

defcrmation up to 25%. It is therefore important in many instances not
so much to reach a considerable reserve deformation before breakdown,
as to have certain phase components in the material which can localize
local breskdowns. Examples of such materials are cermets and silico-carbide
compositions with graphite, in which there is a combimation of the strong
carbide carcass with the submissible components /5/.‘

In Table 3 we cite certain properties of hard alloys and cermsts,
produced by the method of powder metallurgy.

3 - e s dm e te &



Among them we will distinguish hard alloys for cutting tools (VK6,
VK10, T5K10, T60K6) and cermets for parts of gas turbines, particularly blades
(peddles) (k162V, WZ-12a, "Carboloy CrsCH).



Table 3

Elasticity Specific Strength Impact |

Material and its goeu%e_B gravity %imlz strongtl'
Composition kg/hmg & /e kormngnd :
VK6 /7/ (94% WS, 6% Co) 4,8 - 6.0 - 14.80 120 0.25 .
VK10 /7/ (90% WS, 10% Co) 4,8 - 6.0 14,40 135  0.20 /17/
T5K10 /7/ (85% WC, 9% Co36% TAC) - 12,3 - 13.2 115" -
T60K6 /7/ (34% WC; 60F TiC;6% Co) - 6.5 -7.0 T5. -- :
K162V /29/ (62% ﬁi?'s §£§,Nb.T1)C;A.16 .65 _ 0.35 ;
Wa-12a /30/ ‘;5 c§f°§x'2§)"‘ 4,18 6.00 120 - 130 .0.38 2
"Carboloy Cr302" grade 608 /8/ ' 4
(83% cr3Cpy; 2% Wc, 15% Ni) - 7.00 - - ’

The creation of these materials contributed to' considerabdle
progress in the respective branches of engineering and industry.
The use of hard alloys in machine building made it possible to
increase the speed of cutting metals from 300 to 3,000/m/sec, and
also made it possible to process such materials as glass, porcelain,

stone, etc., which would not be processed before by any means.

-

Z\\

’

S:rength kg mz
%c!&!&&

ime in hour?' ) )
Fig. 9. Durable strength of cermet on a base of

TiC (K162V) and special heat-resistant alloy Co-Cr-Ni:

1 - K162V, ¢t = 8720, taking into account tightness;

2 - K162V, t = 872%; 3 - K162V, t = 9829, taking into
account tightness; 4 - K162V, t = 9829; 5 - alloy
Co-Cr-Ni, t = 8720; 6 - alloy Co-Cr-Ni, t = 9829,

. 10
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Increase of pull, %

Temperature of gas, ©C
Fig. 10. Effect on pull of motor by temperature
of gas at turbine input:

l - turbo=-Jet motor; 2 -~ turbo-prop motor.

The use of cermets in gas turbine building makes it possibdble
to increase the operating parameters of turbines considerably. This
1s clearly illustreated in Figs. 9 /8/ and 10 /29/. In Fig. 9 we
cite data of durable strength of ceramo-metellic metarial K162V and
heat-resistant alloy Co-Cr-N1, which show that durable strength of
cermet 1s much higher than that of alloy Co-Cr-Ni, The differenca
becomes even greater if we conslider the specific gravity of these
materials.')

We can see from the curves in Fig. 10 the manner in which the
pull of Jet and turbo-prop engines increases vwith the increase of
the temperature of gas at the turbine input. Simultaneously the
specific expenditure of fuel decreases.

The use of new raterials for individual parts, construction

Joints and whole constructions, destined to operate at very high

#) in some instances(for example, in the case of working blades
/paddles/ of turbines) it is not daifficult to obtain high strength
of nmaterial as the high ratio of strength to specific gravity of the
material. Accordingly, with similar parts, all other conditions belng
equal, materials with low specific gravity are the most promising.

11




temperatures and great loads, required a whole gamut of research
of the strength properties of heat-resistant materials like thess.

The data obtained as a result of this research, along with the
results of previous investigatlions show that the following rules .
governing in general the breakdown of brittle metaloceramic matefiéls
can be observed:

1. The basic difference between the technical and theoretical
strength, if the latter 1s calculated on the basis og the atomic
theory of composition of the ﬁaterial.

2. The essential dispersicn of results of tests for strength.

3. Considerable differences between strength in compression and

elongatipﬁum the most essential effect of naximum
elongation stresses on strength.

4., Decrease of characteristics of strength with increase of

the dimensions of specimens.

5. Essential effect of the form of load on characteristics of
strength (bend, pure bend, elongation).

6. Increase of strength in the interval of high temperatures

compared with strength at normal temperature, and some others.

12
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VUhapter Three

Stgtistical Theorles of Brittle Strength
l. General Considerations

An analysis of the laws governing the breakdown of brittle
metaibceramic materials, cited above, lndicates that we cannot
obtain sufficiently founded dependencies for the calculating
of strength of these materials, 1f we do not consider thelr
following properties: a) breakdown 1s caused by normal elongation
stress. (effect of abutting and pressing fenslons on strength
is insignificant); b) the cause of breakdown is micro-cracks
(and other similar defects), which are fortuitously distributed
*)

over the entire volume of the material.
The effect on strength of fortuitously distributed micrec-

defects over the volume of the material is taken into account by
statistical theories of brittle strength. A majority of these theo-
ries 1s based on the following assumpticns for each class of mate-
rial considered: '

1. The cause of breakdown is a micro-crack (or other defect).

2, Micro-cracks do not change their characteristics during the
process of loading until the very beginning of breakdown.

3. One micro-crack of critical dimension suffices to cause a

breakdown of the entire specimen regardless of its dimensions.

#) In the case of materials with'an obviously preponderant effect
on strength of surface defects (glass, quartz) we do not calculate
the volume of the material, but its surface. This case is not

considered here,

13



4, A certain éritical stress of elongation corresponds to each
material . Which, when reached, is the beginning of breakdown.

5. A certain function of distribution of critical ‘stress . along
micro-cracks corresponds to each material. .

This function of distributlion is graphically shown in Fig. 21,where
the magnitude of the limit of strength is plotted along the axis of
the abscissae, which the specimen would possess, if the given defect
were the cause of breakdown, and along the axis of the ordinates -
1ts corresponding solidity of probability p (o).

| The aggregate of assumptions cited above, i1s sometimes Jointly
referred to as the hypothesis of "the weak 1ink."

Founded on this hypothesis are the theories of Kontorova and

Frenkel' /62, 65/, Weibull /47/, Pisher and Hollomon /66/ and some
others /67/.

Fig. 21, Distribution of critical
stresses along micro-cracks of solid bodies.

The problem, formulated above, is analogous to the problem of
mathenatical statistics om the distribution of least values in the
excerption of dimension n, taken from the general total according
to the law of distribution P(x) /11, 14, 67/. Utilizing the results
of mathematical statistics, we can write the following expressions
for the distribution of the extreme terms of the variation series.

Por the first term:

‘@) = P (72)
14
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~or, as has been shown (52), (53)
Rix)=1-/1-2x/

15



for the nth term

$2 (xy) = /2(x)/.

The contents of these equations are as follows: if, from the

general total, which has disuribution p(x), we take a large number

of excerptions of volume n and for each excerption we erect a varlation

series, then the least and gveatest value of this variation series
will have a distribution according to Formulas (52, 53).
The most probable value of the least maénitude (mode) can de

found from tke equation

I CYEN)|
St o (73)

or
PN —1) =’ (N — P (=), (74)

where x* 1s the most probable value of the least magnitude in the
excerption of volume n.

Depending on the form of distribution of p(x) the connection
between x* and the volume of excerption n can ve different. Sorme data

on this problem are cited in Table 14 /67, 14/,

Table 14

Law of Distribution Function of dist- Host probable value

ritution of probda- of least mag itude

bilities in excerption
Distribution (x) 1
according to p(x) = p—==; 2 zq;b . )
the law of =% 5% *
equal probability p(x) = O in every other

place

Cauchy Ty Ty " a
distridution ; ’("_‘ = TEe=—wF -
Laplace o [ =) .
distribution P =g ["’ ] p-lley




Normal - i gx.—#‘. .-mu-)"-:“
orm - - ad
distridution L ¥ “’{ ~+A3-’!(-’—;,—q;_—
Ve o m)-u-"'url—;l"l ) gy
Welbull : >0 630 m>1 W(...;)
distribution .. . P =l —exp|—a”] - - -

For the case of brittie strength, purely mathematical concepts

can be interpreted as follows:

d .
p(z) = -SE2&/L

as a function of distribution of critical tensions for micro-cracks;

Y2

n - ag the number of micro-cracks in the specimen, whose volume 1is
V(N); x, as the strength of a single specimen of Volume v(d; =¥ -
as the most probable value of brittle strength of specimen of volume
V(o). .

Thus, the equatioa from which we can determine ¢ will be qulite
analogous to equation (74); it is actually used by all authors who
investigated the pr.oblem of brittle breakdovm n'ollth.e position of
the "weak link.”

The dittérences in results obtained can be explained by the
different form of function p(o”) and different simplifications which
were assumed in solving this equation (74).

In this case the physical picture is fairly clear: the greater
the dimensions of the specimen, the greater the probability of encoune
tering in it a dangerous defect, and the lower is strength; out of two

forms of load the one is more dangerous in which the volume of the ma=

17



terial is in the zone of maximum tensions. From this viewpoint the
mean elongation strength should be lower than of pure bend, and in

14




pure bend -~ lower than in a bend by concentrated power, and so on.

In considering the strength of material by taking into account
the statistical factor, it is advisable to introduce the concept
of nonuniformity of material, which is deternined by the dispersiom
of the curve of distribution of critical tenslons along the micro-
cracks. “he greater this dispersion, the more nonuniform the material,
and vice versa.

A conformity of experimental data to formulas of the statistical
theories of strength based on the hypothesis of the "weak 1ink" can
only be expected when breakdown occurs brittlely andlin the process
of loasding there are no essentisl changes in ths plcture of distri-
bution of tension along the individual ﬁicro-volumens of the
gaterial.

Nevartheless in many instances, for example, in the case of
materials which have a certain plasticity, cyclical application of
loads, etc., this hypothesis does not correspond to the real picture
of breakdown, although even in these cases the nonuniformity of
properties and tension of individual micro-volumes can have a real
effect on the process of breakdown,

These instances are considered in the.- -statistioul
theories of strength of Volkov /69-72/, Afanas'yev /74/ Freuden=-
thal /75/ and others. '

- 2. Existing Statistical Theories of S§rength
The Theory of T. Kontorova and Ya. Frenkel®' /65/
Relying on the hypothesis of fhs "weak link," the authors
found the following expression of the prbbabllity of encountering
a specimen whose brittle strength lies in the interval ¢ sa7, + A’

4‘@040-erﬂﬂﬂﬁﬂndr‘ (75)
19



where 7 is the mean number of microdefects in the material within
1 cmJ; V 1s the operational volume of the material; p((¢g”) is the
function of distribution;

uo.)-I,g(am

Agsuming the function of disiribution according to the Gauss

law, which the authors write in the form

where
‘ [ ]

=y T

1s the strength corresponding to the most frequently encountered

defect, we can find

®(e)do = CRVE™*"" 1 (o)™ do, (17)
where
G.—Gx-Ao' o—o,=F.
I(A.)-c S c-‘fd’.
For the case (7 (a'o il.0. large specim;ns,
o(..)goacﬁyruwll;%r, | (18)

hence 1t follows that the probability of encountering a specimen
with strength o; diminishes with the increase of volume.
Differentiating expression (75) along 6,' » Kontorova and
Frenkel' found such an equation which should be satisfied by
the most probable value of the strength of the specimen with volume V,
. P (e) _ Nvma'n' -0 (79)
r(o‘)-&""’*‘-"

1() = Ip«u-. |
- 20
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The equation obtalned is analogous to (74), cited above. »
Using (79), Kontorova and Frenkel, . by means of certain
approximations, found for large values of V the followling expression

for the a posteriori value of brittle strength of the specimen upon

elongation:
'.—'."'z‘ "i +lo . . (80)
where SRR Pt
. "_ .'

2
In the case of small volumes, Kontorova and Timoshenko (62/
showed that the a posteriori value of brittle strength is

- . N .. .
A & . (81)

where oo ""

ST

.,bTWrci_;l—.
The function obtained (81) is very close to the formula which
wag proposed by Aleksandrov and Ziurkov /21/ on the basis of the
analysis of the results of testing for break thin glass and quarts
thread,

Kontorova end Timoshenko /62/ also tried to spread the proposed

theory to the case of nonuniform state of ‘- stress, For specimens of

large dimensions in the case of pure bend, they obtained

‘, o=V ARViE - ‘ (82)

P-be

where 62 and A are the same magnltudes as in the case of elongation;.

RS
2/u o,
In the case of twisting

'o.'lﬂg'l.—ﬂm- (83)

21 o :



vhere ' .
'tv:'%_;é—"

The formulas obtained on the basis of this theory, contain
three experimental constants of material (04, N, dz ) whose calcu-
lation is dlfﬁcﬁlt.

"he basic formula of the theory of Kontorova and Frenkel' (80)
1s not correct in all instances. Particularly, it is not appllcaple
to very large values of V. In this case oF can be less than zero.
It is also inapplicable to the case of small V, wvhen aJ' can be an
imaginary magnitude. This is explained by the fact that, first of
all, the normal law accepted for the dlistribution of defects provides
a certain probability of negative values of the strength of defects,
and hence also of nezative values of the strength of specimens.

The second inapplicability is assoclated with the fact that in
deriving the ultimate formulas the volume of the specimen (V) was
agsumed to be large,

The Weibull Theory /47/ )

The basic magnitude with which Welbull operates is the proba-

bility P of brittle breakdown of the specimen during elongation tension

which exceeds OJ.
1t Po is the probability of breakdown of a unit of volume of
the material, then the probability of breakdown of the specir.an with

volume V can te found from equation.
Q—=PY =1-p. : . (84)
The expression obtained can be written in the form
Vin(l —PQ = (1 —P). (85)

#) In this case we use the precepts of thetheory of probability with
reference to the fact that the probabllity of simultaneous occurrence

of several independent events equals the sum total of the probadbilities

of these events.

22



Then Weldbull assumes

where he calls B the chance of breakdown.

Assuming that the material is so0lld, and also assuming the
properties of the material to be such that the probability of the
start of breakdown at any point, considered from the microscopic
viewpoint, is equal, Weibull assumes

dB = —In(1—PY dV. (87)
Inasmuch as 1n(1-Po) is :x%nction of Ola.nd it is negative,
he writes:
dB = n(o)dv. : (88)

Then in the case of random distribution of stresse:,uong
the cross-section, the chance of breakdown is determined according
to the formula .

B ;n(c)dV;

b (89)
the probability of breakdown according to Formula (86) will be in
the form . . R .
Pm]l—gd=|—¢ . (90)
The formula obtained is the basic formula of the Weibull theory.
The mean value of brittle stirength 1s determined according to

the formula

' . .‘-.-..dp,
: -.5. (o1)

' whehce, considering (90), — ’-



Since the first term of this equation equals zero, therefore
L de ‘."SG(CW
. .. -‘S‘ L . (92)
v

Function n(o¢’) 1s assumed by Weibull in the form
. mlo) = [2\"°
s = ()" (93)

If 1t is assumed that the strength of the specimen cannot be
lower than a certain value, Weibull proposes to assume function n(g")
in the form

ao) = ‘\ c.o‘ ).’ (94)

Insufficient argumentation of the selection of functions =n(0”)

1s the wealdet spot of the entire Weibull theory.

With a uniform state of temsion, 1if we consider (93), Formula
(90) will assume the form
'P—l—c-.-v(%).; '
-,',;,,(_._)-e.. o (95)
[N
It should be noted that Formula (95) can be interpreted tro;
the position of the "weak 1ink" hypothesis as an ..ategral function
of the distribution 6! the most dangerous defects in a specimen of
volume V. The distribution of critical temnsion along microdefects,
on the analysls of which are founded similar statistical theoriles
of brittle strength, should correspond to Equation (52). .
The expression for the mean strength will be determined by

X ‘.-'ﬁ%l

,._s‘-t"a;
\

the following formula
(96)

where
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C‘o is the constant of material which equals the stress . giving the
unit of volume of the material a probability of breakdown 0.63;
m is the coefficient of uniformity of material. Substituting x for
z (z = x/8), we will get I, = P(1 + 1/n)e . .

liagnitude I, depends only on m; its vaine at different ﬂ-iré
as follows: )

m 1 2 3 5 8 16 o

I, 1.00 0.886 0.896 0.908 0.940 0.965  1.00

- ‘;-.'.,.. - “_‘. w’ . ...“

Diagram of the beﬁding moment

Fig. 22, Diagram of pure bending of a rod of

goctangular cross-section,

The nonuniformity of the state of tensiom in the Weibull theory
can be calculated by finding the corresponding chance of breakdown
according to the formulas :

8= [aa:

-

o= (3)
Ulted below are the results for the basic tests of brittle

materisls for strength, - “
Pure betdins of rod of rectangular cross~-section (Fig.22) -
o F e T
2% (97)



n - " (--) = u.(—) .f rén

. (97)
ey (E)”
Comparing (97) with Formula (95) we will write.
o ‘2"""2)"-"] (98)

Pobo ;

2, Bending of rod of rectangular cress-section by concentrated

force (Fag. 23): o=q .’iylh dv-bdxdy;

B= (-—"'9-3) F b!f:"dz'[ rés (98)
"'(—“‘7 TRET

. - 2'F(m+l)’l‘u. ! .
b, e et (100)
[ .
e IAcc. p'_'
e A S

Diagram of bending moment

Fig. 23. Diagram of bending by concentrated
Zorce of rod of rectangular cross-section.

|

(AN

el .
Rl

Fig. 24, Diagraguof twisting round rod,
tw, :
WWO
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3. Twisting of round rod (Fig. 24).

X LX l-i-q“x—':';; lV-!wllr;A

,.(:.u)".:;rr-na- - (101)
’ "("“l =T¥ B
(-+2)"".'.
(102)

4. Blongation of specimen with cross-section vhich changes according
%o the law P = Patn + ay? see infra (P1g.29, VI). This form of specimen
is often used in testlng metalpceramic meterials for elongation. The
calculation formula will be in the form

o=~ ~ | (103).

vhere O is the stress in the minimum cross-section of the specimen;
h is the height of the specimen; t 1ls the width of the cross-section of

the specimen which changes according to the law
LTV ER-¥

':-J (b...+-§-f) .
The operational volume of fhe speéimen can be determined by the formula
¢ .

Z5Y TURALY Y (105)
v ‘f","op.'"-uﬁ,,,. .

max = 9.8 mm,

R = 105 mn; &t h = 4.3m,V = 1250 m3; st h = 5.95 m, V = 1730 ng/
27 '

For specimen VI (Fig.29) b . = 5.5 mm, -20p = 21 mm, b
2



vagnitude I depends on the geometry of the speclimen and parameter m.
Jde will cite the values o I for specimen VI (-1g.29) depending on m:
m 2 3 4 5 6 7

I 3.133 0.914 0.208 0.0443 9.07 * 1072 1.81 » 107
n 8 9 10 1 12
I 3.58 » 10~% 6.98+10~5 1.35:10-5 2.59-10~6 4.50 - 10~7

Comparing the results obtained, we can see that with an identical
volumes of material under stress trittle strength will differ and the
difference will bte greater the smaller the value of the coefficlent

of unifornity of material

@@ .°p.b =

/50B/
-, (m+2) (2”._*_2)"-. 2|/n(m+|):/a.
withm =3
°"tw.$b¢b-l 1,35:2:3,1. /50c/

The physiecal érgument of the dependenciec obtained by Weibull
was given in tke work of Chechulin /68/ where 1t 1s shown that using
the vasie equation (79) of the theory of Xontorova and Frenkel' and
assuaing the distritution of defects in the form of the Pearson function
of the third grade, it can te proved that the Weitull formula (96) is
a special case of a more accurate solution of Equation 179).

"he Pearson Function of the third grade has the following form:

P (o) = Lo“e—*e, ‘ (106)

where L is the normalizing coerficlent; m is a constant which determines.

dispersion;ct is a constant which is determined by dispersion and mode.

It c.an te shown that ¢ = '%"- where 02 is the a priori most pro-

bable local strength (mode).
28
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7rom the econdition of mormalizing

qp«d&o-f
e (107)
L=(2=\"1
-::.(.-) E
In the case of a fractional magnitude
N U (108)
.'l:.;("-) .‘_E'l'_l’ : _

Af ter substitution the Pearson function of disrticution of ths
third grade will have the form:

R
-‘
':

p(oy-i;-. (109)

For subtstitution into Equation (79) we find the value of the

integer
”M“-'i;- fco‘:n.:- . de. (110)
For the cese where m is a whola number, integrating by integrants,
Chechulin finds L \!m‘ta-—.b(& -m‘- -.-[(.!. )-+

.‘-.-. +_~(. -—l+_._(%'__])( ) +".

--,.b. ' ..

RIE l)(n 9..:3.2.1 )+-.]+|. (111)

Marking the polynomia.l relative to (?f) in square brackets of the

equation byé » W6 can write
-’ TT e e [
o \o$ L~
I'M“-L( ;) e (112)
Sutstituting the found functions 1nto Equation (19), we will get

H-9)-
z Ny(m .‘:L__; (113)
R
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after reductions, the equation will be in the form '

(=) -m ()™ o

.

8

:

.;.” ’ ‘e g
. DI\
2.
R J
I\
2 . §
[/ & PEY
0

-4 8 RBDNMBIGN

Fig. 25. Dependence of the relative error
at different approximations to Formula (114) on the total
nunmber of defects N = NV: a-m=3; b =m= 15; ¢ = m = 25;

]

1 -fory; 2= tforyy; 3 - for Yoi h-for.yy

If we neglect in the left side of Equation (114) all terms which
contain 0702.’ , Which is correct in the case of a large number of defects
in material N (for metals N is of the order of magnitude close to the
number of gralims, 1.e., 1t approaches 1012 and more with regular dimen-

sions of specimens), we will have

m oo
="3) (115)
or ’ T '
. A
where (524)

J..-.'c. (:?;ﬁ-—)#i. Awmif,

The formula thus obtained fully coincides with the Weibull Formula

(96). 310



More accurate results can te obtained by taking into account
the terms of the polynomial'g? » Which contaln 0&?{ in the first,
second or higher dezree. The error occurring depends on the number
of defects in specimen ¥ = HV.

. The greater this magnitude, the simpler the formula to be used
in obtaining the required accuracy. :

Shown in Fig. 25 are the results of calculating the error which

is ontalned in different approximations in the form of function )

of log¥, where Ip = EEE’ calculated without approximation according
to Formula (114), and ¥ 1s also a ratio, calculated according to an
appropriately approximated formula: y, according to Formula (116),
¥y according to Formula (114) and so on.

The Theory of J. Fisher and J. Hollomon /66/

Whereas in the theories of Kontorova and Frenkel', as well as
Weibull, in developing the basic equations only maximum normal eloﬁ-
gation stresses are taken into account, in the theory of Fisher and
Hollomon an attempts is made to take into account the effect of defects
on strength in the case of a compound state of stress, considering
the orientation of oracks. Thls theory, according to its sssumptions,
completely corresponds to the hypothesis of the "weak 1link,"

As a condition of breakdown of a specimen the authors assume
reaching in any crack, which is characterized by dimension ¢, of a

critical stress, which they determine iccording to the Griffiths

formula
= Ao"t
7, =1t
In this work, the distribution of defects is written in the
following form: ; .
' (117)
31
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Designating the relation 3/Ah™> by 67, we will find

'-‘ Y .
.f'(r‘ .. (118)
dare ¢ 1s the ratio of critical stresses for cracks of width ¢ to those
in a crack with width h, _
From the function . ‘Ie : - .
ror=5(5)| -7
d_(-‘-j _ (119)
the curve of distribution of the corresponding critical stresses can
te presented inthe fornm '
2
plo) = 5 &, - (+20)
This equation shows that there 1s a moust probable value oo’ ,

and hence of ‘/k Wwhen @”= (2/3)% or when ¢/h = 3/2.

Assuming further that the element of the materlal experiences
the action of the system of main stresses a/x = O’y. =a/oJr >0, <1,
the authors ?ind for the case of a single conventionally orilented .
crack in the specimen such an expression of the probabllity that the
specinen does not break down:

nl-,f}(-.)dd.—' fb(o;)[i—l/ = |

wheve (121)

G;_'f'm-
Function p(d’r) = p(a?—) can be presented in the form
o ' 1
p(6) = g é P2
| (122)

where o T
S e
Thus, the provacility of treakdown of the specimen depends in
this instance on parameters obandﬁ and on the law of distribution
of the dimensions of the cra.ckﬂ,' whi.ch was' assumed in the form
p({-)-:f‘""- (544)
If the specimen contains Nsiracks, the probability of 1ts



breakdown under the effect of the system' of stresses, cited abvove, wili

pe ia the form

...mqs-m'-'(")q. :’-‘i-'?f - (123)

In the work o.f Jisher and Hollonon, the proba“mty ot breakdown
according to Formula (123) was determinod tor seva.i'ﬂ. values of | ana ‘
three values o2®C. e N o

The values of 6Cmere selacted as rollous.o{,-. 0 (slmple elonea- -
tion); @= 1 (hydrostatic elongation);oC = -1 (alongation in the d1-
rection z and equal p}t'essure in two other directions). For__a(-: 0, Bq,u&-.

tion (123) is reduced to the form

“i':.-@)"-f N['—jp(-.) V?.do.]“[-% f m)via.]:- (124)
oL . - ¢ B E A 5 A .
in caseol 1 _ .
P.'..(ﬂ)- grwn-rwl"‘; (125)
1n case &~ ~1 S |

.-'.r:-.-_m -N'[| -j.p(f.') 1/7—,*'—"“]”:: :
’f[%Sr(c.)('°? ‘/_:;—__'_ “)]; ' | (126)

The results obtained by the authors from the above formulas
are given in Table 15, Cited 1n this Table are the values of the most
probvable relative strength (Jp forolxe= O; 1; =1 in the interval
¥ = 100 = 1020, ' '
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Y o Bpa= |8 0==n
em0 P | Sm—] '.5‘-5) u"'u

100 - 0,147 - - -

e | omer | ojer | omer | osm | etm
1008 . 01908 01761 | 01928 094 1012
1012 0,2080 0,1902 02109 0914 1014

100 02312 0.2081 02352 0.500 .10
108 0.2637 0.2325 02697 0,882 1,073
100 03140 02679 03243 0,853 )
10 0,4055 0,265 o 0,805 - .
10* 06353 0,4490 - 0,708 -

10 1.00 0,5852 - 0.5%0 -

5 - 08168 - - .

Jote: éap is the most proballe relative treakdown stress,

A shortcoming of this theory is its complexity which 1limits the
possioilities of 1its utilization.

In other statistical theories, whnich make it possible to take
into account the effect of the nonuniformity of the properties of the
material on the intesgral characteristies of - .. mgth, as the criterion
of treakdown condltions are assumed which differ “rom the conditions
formulated above under the designation of the hypoi.-asis of the "weak
1ink." These theories include the statistics theory of strength of
Volkov /69-72/, which makes it possible to explain ceriain laws observed
in the breakdown of materials under conditions of coxmpound state of
stress, as well as the theory of Daniels /73/ on the strength of

cables, and the theory of fatigue strength of metals of Afanas'yev /74/

The Theory of S. D. Volkov /69-72/ .

In this theory the assumed criterion of breakdown is the infrin-
gement of the solidity of material unde the effect of elongation stresses
in a certain relative part of the microvolumes of quasi-isotropic
polycrystals, |

Proceeding from energetic assumptions, the distribution of

stresses in the microvolumes of polyecrystels is given in this theory
: : 35
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in the form of the normal law

,@”..iqéxi-’iﬂﬁ (127)
vwhereQl is the mean normal stress acting at the given cross-section;
¢r’1: the stress in microvolumes of the sald cross-sectlon;ll is the
mean quadratic deviation of the distribution of stresses in micro-
volumes, , A
_ The mean quadratic deviation is represented by She following
function: ' '

| Al =y W, | 028’)
where X is constant (k = 1/6); U is the action of stresses of external -
" forces in a2 unit of volume of the polycrystal; lo 1s the module of

distribution in the case of absence of external foroces.

TN e
Fig. 26. Curve of distribution of stresses

in microvolumes of polycrystal.

The relative number of microvolumes with siresses exceeding
the resistance to breakdown (<0;) in the planes of polycrystal, per-
pendicular to the action of stress & will equal (Fig.26)

| 0:';:"7‘35";" | (129)

and will be determined by the upper limit of integration

p=tt, ' | (130)

The condition of breakdown of polycrystal is written in the
following form
=% (131)
3%



where Qe 1s the constant for the given material which does not depend
on the nature of the state of stress. |

Thus, upon pressing the specimen alonz one of the axes (0" = 0,
0"2 =0, 0;4 0), the relative number of broken down microvolumes along

planes perpendicular to axis 1, will equal

1 1 -2 ’
"'."'7"77;’5 o ien (132)
- 13
”ne %, ( .3)
where, in accord with Eq.(128)

mtiboped (134)

Then e, :
nh=- = (135)

- V ..-I- Eﬂg : .

The relative number of broken down microvolumes in the plane

perpendicular to axis 3,
A -
"'T‘FﬁS ‘e (136)

'where

i 7"¥=—¢;=— (137)
: %+ 379} '

Somparing y, Wwith yy taking into account a/3<0, we can come to
the conclusion that q1> a3 and breakdown will take place 1in a plane
parallel to the axis of the specimen. ‘

Breakdown of this form is often observed in testing for pressing
brittle mefhloceramic materials (see Fig. 20,a).

This form of breakdown can be explained by the - Zfact that as
a result of anisotropy of mechanical properties of the crystal in
imposing external loads, in a part of such crustals, in planes perpen- -

dicular to axis 1, there appear stresses both of pressing as well as
elongation, although mean siress will equal zero.
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Acting on the basis of these assumptlons, one can very con-
vincingly explain certain laws governing the breakdown of metals
under other forms of state of stress.

Thls theory does not take 1n§o account the effect of micro-cracks
with different concentration of stresses on strength. It assumes as
the criterion of treakdown the breach 6: continulity in a certain
relative part of microvolume regardless of its location, while in
breakdown of materials the essential role is played by the probability
of finding a certain numter of such treakdowns in a series and such

crack reaching critical dimensions,
The Theory of Daniels /73/

In work /73/ Daniels investigated the problem of strength
of cable consisting of n parallel filaments of equal length, thus
attached with their ends, that all filaments experience equal stretch
during elongation.

Strength of cable 1s understood to mean the maximum load S
vhich it can withstand without breakdown. The cable'does not break down
if there 1s 2 whole number of filaments (r) with a strength exceeding
S/r. The filaments of which the cable is made up as assumed to be a
fortultously selected batch out of an infinite number of filaments
with the known law of distribution of their strength.

The probability that a filament will not break down under load
s(s = 8/n) is written in the form

b= i—(1 =PI (138)

where N is the number of independent, successively inned elements in
the filament;Ag(s) 1s the law of distribution of strength of these

elements,
Daniels assumed that all filaments of which the cable consisis,

! 37
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have identical curves in the coordinates of load and elongation, that
the probability of a filament breaking down under load 1s such that
/1 - b(s)/ procesds toward zero faster tham 1/s, etc. He also. found
that the strength of union (S) has a distribution which approximates

for large n the normal law with mean values
S, =nas,1—b(s)) ‘ (139)
and mean quadratic deviation

.'Af-l,t’ﬂﬁl—b.(m - (120)

where s corresponds to the maximum value of s/1 - b(s)/.

The Theory of M. ¥. Afanas'yev /74/

This theory provides the solution of the problem of the appearance ;
of a fatigue crack in polycrystal taking into account the nonuniformity .
of strength properties and stress of microvolumes of the material,

This theory assumes that a fatigues crack appears as a result

of joining into one whole of a series of microscoplic breakdowns in
*

individual grains .,

Afanas'yev belleves that the cause of breakdown lies in a
strengthening produced by cyclical load which causes a breakdown at
the instant of normal stresses reaching df resistance of the materiai
to break-off.

This theory assumes as the criterion of breakdown the breach .

of unity in n grains which lie alongside'of each other. If volume V

¥*) In ithls case grain designates a microvolume of material which possesses

identical properties in all points.
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contalns Z grains, the number of units with n grains will equal Z : n,
The number of grains with stress exceedin; resistance io break-off

equals R

: %r-ott ' (141)

where zd is the relative stress; p 61—) is the curve of distribution

of relative stresses in the grains. The numter of units with n grains

o7 -—-
which have a stress exceeding breoff will equal TR

Then the probability of finding n grains with m in a row is
determined as the ratlo of the number of combinations with m in n

to the numbter of combinations with Z in n
- Ch m -nit (u)' '
If we take into account that the parameters of the equation of -
the curve of distribution of stress 1n the grains are selected in suéh

a manner that the plane of the curve, and hence the magnitude of 2

equal unity, we can write ‘ |

. a. o\ ;' '
"'.[ I '(7)‘(7)]" (143)
. '-‘)::-off' Lo Le . )
The condition of breakdown 1s written in the form
,"-:-aj. . (144)
or
W), (145)

where V 1s the volume of the specimen and C is the coefficient of
proportionality. .

Proceeding from these cons:.'derations, Afanas'yev explained certain:
laws which are observed in fatigue breakdown of netals (effect of di- |
mensions of specimens, form of state of stress, clean surfaces, concen-

tration of stresses, eto.). 39
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The methods of mathematical statistlcs are now widely used
in investigating the protlem of fatizjue, as well as in other aspects,
prinarily for deep analysis of the results of fatigue tests and devising
appropriate methods of thelr processing /50, 51, 75-81/.

These methods are used in investigating the laws governing the
dispersion of energy in material under vibration /82, 83/, the study
of nonuniformity of the flow of plastic deformation in microvolumes of
material /84-86/, in the study of strength of material taking into
account the time of load application /87/ etec.

Chapter Four
Investization of the Laws Governing the Breakdown

of Heat Resistant Metaibceramic Materials

In this chapter we clte the results of investigations made by
the Institute of Ietaloceranics and Special Alloys Acad Scisn USSR,
for the purpose of studying the laws governing the breskdown of heat
resistant metajbceramic materlals, taking into account their structural
heterogenelity.

In order to take into account the elfect of mirrodefects on
strength, use was made of the statistical theory of strength of Weibull,
the physlical prerequisites of which largely correspond to the properties
of heat resistant retaloceramic materials, and the mathematical apparatus
1s very simple,

Considerable attention was pald to the method of testing brittle
materials for strength, since the existing methods of testing brittle
materials are mostly unsuitable for testing metaibceramic materlals
for strength at high temperatures,

1. Composition and Technology of Production of

Materials subjected to Tests
40
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Three types of materials were tested for strength, whose heat
resistant components were: chromium carbide Cr302. Silicon carbids
SiC, and Titanium cardide TiC.

Crromium,silicon and titanium carbide, as evident from Table 2,
have a high melting temperature, hizh heat resistance. and other ad-
vantaggous properties. “hese carbides are considered in literature as
a possible base for the production of new turbo-ovlade materials,
capable of operating in temperatures of 1000°C and higher. Utilization
of chromium, titanium and silicon carbide as turco-blade material is
made difficult by their lack of plasticity, therefore heat reéistant
materials containing the sbove as base, include, as we have noted,
other components, the basic purpose of which is to give the material
the required plasticity.

The 1nvestigated.metaﬂbceramic alloy on the base of ehromiun‘
cartide /88, 90/ is a typical cermet consisting of chromium carblde
and a metal binder - nickel.

3y changing the percentage contgnt of these components, one can
obtain material with widely differemt propertises. ‘

As a rule, the increase of the content of the matal binder
produces an increase of plasticity, and.hence impact strength. although
the strength of these material at high temperatures drops to a certain
degree. | '

As investigations have shown, which were conducted ax.the.Insti-
tute of Hetaibceramics and Special Alloys Acad Scien UkSsn, a promising
material on the tase of Gr302 for use in high temperatures 1s a meta-
ﬂbceramic alloy containing 85% CrsC, and 15% Ni. It possesses falrly
high characteristics of strength at temperatures atove 1000°C and is
also capable of withstanding a considerable number (over 200) of sharp

temperature changes according to the following regime: heating to a
41



temperature of 1050° (15 sec), cooling in a strong siream of carbonile
acld gas to a temperature of 400-500° (20-25 sec) /90/.
This material breaks down to a tempergture of 1000° without
any vislble traces of renalining deformation. In this connection, in
order to lnvestigate the laws governing the breakdown of brittle
metaﬂbceramic materials, the composition of this ccatent was seiacted.
The speclimens for lnvestigatlions were made, as usual, in powder
metallurgy, by pressing batches consisting of powders of chromium
carbide and nickel 1n special press molds with subsequent baking of
the prepared material, |
Chromium carbide was used obtalned by direct regeneration of

chromium oxide with lampblack. Its chemical composltion is as follows:

85.5-86.8% Cr, 13.0-13.6% C, not over 0.3% C (free). Granularity - below

40 microns; purity of nickel powder not balow 98% and granularity
below 40 microns,

The powders of chromium carblde and nickel were subjected to
moist grinding and mixing over a period of 50 hrs in alcohol (350 ml
alcohol for 1 kg nixture).

“hen the batch was dried and mixed with a solution of rubber
in gasoline (for 1 kg of batch 200 ml 5% solution or.rubber). The
mixture ovtained was dried and passed throuch a sieve with aparture
dircensions of 417 microns. The tatch thus preparéd is satisfactorily
friatle and evely fills the press-mold.

Pressing of the specimens was conducted under pressure of
1.25 t/cm2. The batch for pressing was calculated according to the
formula

| 0=Vt (146)

where 1is the specific gravity of the alloy; k is the coeff cient

accounting for losses in pressing, burning of rubber in baking and
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allowance Ior processing. If there is no allowance for processing,
X = 1,01 == 1,03; V is the volume of the finished product.
the specific gravity of the alloy‘a" can e approximately calculated

according to the formula

- vos.t"lqof' + f-.%'- ' (147)

where f is the specific gravity of chromium carbide (6.58 g/cm3);
Cr3c2

§i 18 the specific gravity of nickel (8.9 g/cm3); N 1s the percentage
of carvide and nickel in the alloy.

Baking of the preparations vwas done in Tamman ovens in an atmos-
phere is dried hydrogen. .

Baking temperature was close to 13000, time 50-80 min. The tempe-
rature and time "are selected for each lot of specimeng in such a way,
as to attain a maﬁmum solidity of the alloy.

The microstructure of the material thus ootained is shown in
Pig. 27, magnified 500 times.

JGRAPIC NOT
A REPAODUCSRLE

Mge. 27. Microstructure of metaloceramlic material
on a base of chromium carbide (X500): a - 85% Cr302; 15% W1;
As can be seen from Fig, 27 a, the alloy consists of an almost
s0lld griddle of carblde grains with individuals splashes of nickel. In

Pig. 27 h, we show for comparison the microstructure of a similar alloy
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with a large content of vinder (40% Ni). In preparing specimens,
special attention wes pald .to the control of the quality of finished
products.

Tor each lot of specimens, a chemical analysis of material was
made, the solidity of naked specimens was determined, and the micro-
struture and porosity of the material was checked. The permissible
deviation of solidity of raterial, determined by hydrostatic weighing,
was not greater than the calculated by 1.5 to 2%.

The metaﬂbceramic‘alloy containing 85%Cr3Cp and 15% N1 has the
following properties /89/: .

Elasticity module, kg/mme 3 =33 10%
i Hardness R, 86 - 90
Impact elasticity, kgm/cm® 0.1 = 0,2
Specific gravity, g/cm 7.0
Heat conductivity, cai/cmsec dezree 0.03
Coefficient of linear expansion 12 » 100
Electrical resistance, ohm + rm2/m 0.63
“agnetlc properties nonmagnetic

The material on the *ase of silicon carbide was also produced
©y the powder —etallurgy method, i.e., a tatch was prepared from which
preparations of specinens were pressed, and sutsequently subjected
to thermal processing.

In this case the tatch was from graphite processed with bakellte,
Specimens were pressed in molds at insignificant specific pressures.
After drying they were sutjected to a soaking in melted silicon
in Tamman ovens in an atmosphere of dried hydrozen at a temperature

of 2000°.
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Table 16

. ‘ Content %
Jomposition B, .
815 Cpree  Slpp,e  Ko/m? A g/cn’
1 65.83  25.13  9.04 1,9 + 10 2.8
5 54,39  33.37 12,24 1.1 + 10% 2.4

4s a result of soaking a materlal was obtained having fhree
phase components: silicon cartide (SiC), free silicon (Si) and free
graphite ().

Chazing the sieve coﬁposition of the batch, porosity of the
preparation, nethod of soakxing, etc., one can obtain material of
d1fferent strengtn and stability against heat impact. The characteristic
of naterials of this composition 1s that the more free
graphite they contain, they lower their . mechanical
strength and the higher their stability against heat impact.

Sz AGRAPHIC pOT
A o FETIINTY
= et REPROG: T

Fig. 28, icrostructure of ceramic material on &
base of silicon carbide (X200): a - composition 1,
b- composition 5.

Six different compositions were made for the tests, with identical
phase components, but in different ratios.

I we accept as the basis of classification of these compositions

the sieve composition of the batch which was used for pressing prepara-~
LS -



tions, composition 1 was nade from fractions - 104 microns and + 50
microns; composition 2 fror fractions =50 microns; composition 3 from
fractions =208 and +50 nicrons, composition 4 from fraction -208 miecrons
and +147 xmlcrons, and composition 5 from fractions-833 microns and +208
microns.

The cﬁemlcal composition and some properties of two of these
conpositions are given in Table 16.

iilero-polished surfaces of compositions 1 and 5 are shown in
Fiz. 28 enlarged 200 times. |

These pictures clearly show three phase components: dark arecas -
graphite, grey - sllicon cafakide, and white - silicon.

In this inctance particular attention was paid to obtainkdentical
materlial in specimens of different shape and dimension,

. This was achieved by selecting appropriate
regimes of soaking, as well as by control of the quality of specimen
production.

Zontrol was maintained over the chemical composition, shrinkage
after soaking, solidity and microstructure of the material. To a limited
extent we also investigated the strength of cermet on a tase of titanium
cartide; this material contained 707 TiZ and 30% metal binder /90/.

The method of making specimens from thls material was analogous

to the atove descrited method of naking specimens from metaloceramic

naterial on the tase of Gr3c2.

2, Yethod of Investigating the Strength.of Brittle Material

under Conditions of Room Temperature and High Temperatures

The most widespread form of test for strength is: elongation,
bend, twisting and pressing. The latter, pressing, due to great diffi-
culties of realizing it in pure form, as well as due to the impossibility
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corparing the ottalined results with the characteristics of the strength
of materlal found 1p other forms of tests, can be only ccnsidered as
of secondary importance.

fore reliable results can be ovtained in tests Zor elongation,
bend and twisting.

Simultaneously, however, the strength characteristics of brittle
metafbceramic materials, found under these Zorms of load, are correct only
in these instances, i1f during thelr determination sources of error were
elinminated, which could have distorted the true results.

The possible sources of error are: changes of propertlies of the
material in the process of making specimens from one lot and from several
lots, 1naccufaxe designation of actual stresses and state of stress at
the instant of speclmen breakdown, comparing obtained results without
taking thelr dimensions into account, diagrams of logglng, rate of
load application, medium, ete,

The method of producing heat resistant metaiLceramic materials,
in which every specimen (or part) is individually made, massing successi-
vely through the stage of pressing and baking, requires particularly
care in these operations, otherwise the propertles of the material of
different specimens from a single lot and from many lots, with an identical
chemlical conposition and nq@lnally ldentical production technology =~
will te different.

Differences of properties of material can bve causéd by different

degree of purity of the initial raw material, pressing pressure, poro-.

8lty, method of taking, etc. All these gquestions are considered in detall
in special literature on powder metallurgy /8,9, 28/.

| The mailn objecfive of the investigations on the laws governing
bfﬁﬁakdown of heat resistant metaﬂ%ceramic materials 1s reduced in this

part to a desire to adhere to a maximum similarity of technology of
47



specimen production, and reliatle control of the material obtalned
in specimens and parts,

Inaccurate designation of actual stresses and state of stress
during tests can te caused by the following Tactors:

a) Improper shape of specimens accepted for the determination
0? nechanical properties of the materilal, which can cause a considerable
nzcro=- and ricro-concentration of stresses in translt areas, as well as
in the places of contact of specimens with parts of pressing tools;

%) Deviation of shape and dimenslions of specimens from the nominal,
walch can take place in the process of naking metaloceramlc specimens;

c) Using insufficiently accurate formulas to determine siresses
at the instant of bYreakdown, which occurs, for example, in calculating
the stresses of tending according to the usual formulas of resistance
of naterial in *he case of material wiih different modules of elasticity
during elongation and pressing;

d) Improper construction of implements to be used in testing
prittle metaloceranmic metarials for strength. .

_elow we consider the effect of these factors on the stremngth
characteristics under different forms of load, and we describe the
retnod of tests used in this work,

Elonzation. The selection of thé shape and dimensions of specl-
nens to determine the strenzth on elonzation of brittle rcetaloceranic
materials under conditions of roox ana high temperature 1s a Iairly
difficult undertaking.

In addition to the general requirements of specimens for testing
?rittle material, 1%t 1is imperative to teke into account the specifics
of producing the specimens ty the powder netallurgy method, the extreme
hardness of heat resistant metaloceramic naterials, and hence also the

difficulties of mechanical processing of specimens, the need of heating

h8
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tliem in tests té itexperatures of the order of 15000 and higher, etc.

In literature /29, 53, ¢1-94/, with reierence to tests of
brittle materials for elongation, the most frequently considered types
of specimaens are those give: in Tis. 29. |

These specimens have the fallowing sioricomings and advantagea{ ﬁ‘y
Specimen of type I, according to the opinion of a majorlty of resear-
chers, is unsultabls fozr elongatioﬁ tests of tritile qatérials. ,

In this shape of specimen, near the aperture tHrough wh1ch the
load 1s transmitted to the specimen, there 1s a great concentration E
of stresses, and specimens break down’outside of the operaiing paif.

To remove this, it is necessary to greatly lncrease the size
of the nead of the specinen, which creates difficulties in making them -
by the powder metallurgy method.

The concentration of siresses near the apertures in specinmens
of this type was investigated in detail by Froxhi /95/ by the method
of photo-elesticity, predicated on the following factors:

a)_Ratio of the diameter of the aperture io the width of the
plate 2r/D; .

' b) Size of clearance tetween the cylinder and aperture in the
‘plate:

¢) Ratio of distance between the upper block surface of the

plate and the center of the aperture to the width of the plate H/D.
The coefficient of stress concentration was calculated by means
of the formula . R '

Omax ‘0
e .

DR

. oD — 20}t
= =

- (148)

where o’max are the naximum stresses of elongation on the contour of
the aperture; P is the load on the specimen; D, r, H, t are geometriec
dimensions (see Fig. 30).

The results obtained by rrokht are given in Flg. 30,
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“ige. 31. Concentration of stresses in T-shaped head:

1 - depending on distance of the point of applying load to .

place of transition; 2-5 - depending on ratios h/d;
D D D

2. =3.0i3- F =25 4- 3 =205~ F=1,5(F = 0.075)

These data slhiow that the concentration of stress near the éper-
ture is very grezl and its reduction 1s associated with a siénificant
increase of the dimensions of the head of the specimen.

“he shortcoming of specimen type II (see Fig. 29) also lies in
the cconsiderable concentration of stresses in the places of transition
fron the operational part of the specimen to the head, which requires
consideratle increase of the radii of rounding Ry and R, /53, 92/.

“he coefficients of concentration of streeses in this case, are
siven in Fig 31, after the data of Hetenyl /96/. Here % = 0,075,

a— P

max = k %om. and nom = ——td .

Curve 1 (Fig.31) shows the dependence of the coefficient of cone
cnetration of stresses on the distance of the point of application of
the load to the place of transition, and curves 2-5 - the dependence
of this mag hitude on the ratios D/d and h/d in the case of equally
distrituted load.

Specimen of type III )see Fig. 29 /93, 94/ is very difficult

to produce by the powder metallurgy method with sufficient

accuracy without subsequent labor-consuming reduction of its surfaces.
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Flg. 30. Coefflcient of concentration of stresses K for

an elongated plate with an aperture through which the load 1s
transferred: 1, 2, 3, 5, 6, 8, 11, 17, 19 - results obtained
when there was clearance between the cylinder and plate; 4, T, 9,
10, 12, 13, 15, 18, 20, 21 - results obtained in arsence of clearance
and tension; . .
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A shortcoﬁing of +his type of speclmen is the consliderable
concentration of stresses at the surface of contact /92/.
Special attention must be pald to a tizht adhesion of the surfaces
of heads of speciemens to the vises, otherwise, as can te secen fron
Fig. 32, there is a Dosslble very hizh conceniration of stresses at
individual overstressed points. The effect of this factor must e

tazen invo account aleo in using specimens ot other types.

GRAPIS NOT
REPISDUCBLE

Fig. 32, Concengation of stresses in the head
of a "swallow-ail" type of specimemt,

Satisfactory results were ottained in using specinens type IV

in tests for elongation /53/.

Nevertheless, the complexity of making similar specimens from
hard-to-process materials by mechanical means nakes the advisability
of their use doubtful.

e Institute of Xetaibceramics and Special Alloys Acad Scien
UxSSR successfully uses specimens V and VI for elongailon tests under
room and high temperature conditions. T"helr shape and dimensions are
given in Fig. 29. .

The advantages of these specimens lile in the sinplicity of
meking them by the powder netallurgy nethod, absence of sharp transfers
which excludes concentration of stresses in the operational part of the

specinen, unéonplicated procegslng o2 surfaces by ultrasound and electro-

52

NG L e Y emme Yk SO e AT

e - e



zperx nethod, wﬁlch are the ﬁost rozising in this czae.
The shortconing of 4hese specimens 1s the conslderavle concen-

tration of siresses pécurring in the heads, vhich requires reduction
of the contact surfaces.,

The éhape of specimen type VI ic particularly convenlent in
using the nethod of heating specimens bty direct electric current, where
the zones of maxinmunm temperatures and stresses coinclide, and there o
a reduced probability of treakdowm in cross-secilons close to the heads,
in which thé createst temperature drop occurs,

Anong other methods of heating specimens to.rcach lciperatures
of 1500° and hizher, worthy of notc are: lieating vy meonyg of cilornal
heaters which can te tungsten, molycvdenum, tantelum, sraphite, ctc.
Jowever, tes3ts become very complated in connecillon with the need to
provide a sheltered atmosbhere for high nrelting retals and graphite
ﬁhich’easily oxidlze at high ténperatures; in eddition, rﬁaching ext-
remely high temperatures, required for the testing of some =alloys
gcilven in Tadle 2, as altogether lmpossible 1f wo uge hléﬁ-meltlng‘

netals as heaters.

Tig. 33. Dlagram of attaching npeclmens'
in vises in tests for clongation: 1 - heads of vises;

2 - specimen; 3-thrust tearingsz.
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A diagran of atiaching specimens of type V and VI in vises,
which 1s used bty the Institute of letaloceramics and Special Alloys
Acad Scien UkSSR in tesiting such specimens, is shown in Fig. 33.

Specimen 2 is attached in the heads of vises 1 bty means of

c¢y7lindrical tarust tearings 3, the dimenslons of which are so selected,

that wzen the specimen 1s mounted they take part in the pressing with

the eniire surface of the cylindrical heads of the vises.

“hanging the dinensions of these thrust tearings, we can calculate

the equal change ol dimenslions which takes place in their thermal
processing.

In using these vises, attention should be paid - 1in particular
to the contact tetween the specimen and thrust bearings, otherwise
considerable tending stresses may te superimposed on the elongation
stresses. | .

vhe use of specimen IV and VI )see 315.29) requires, as'in ﬁther
instances, careful control of thelr shape and dimensions after they

are nade, in order to avoid essential errors in determining the limit

of endurance.

Thus, if specimen V has a tent longitudinal axis with an error
of bend y, additional stresses of bend appear in tests, which can be

deternined by the formula

‘P' .
Soad Ok . (149)

The allowatle error in neglecting this factor, will equal

. —
80’ = 2117 100% = 6 L. 100%, (150)
where ¢,:110ﬂ are the total stresses of tend and elongation which

occur in the center part of the specimen; OJ = elongation stresses,
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Let y = 0.2 m3 and b = 7 m1; fhen

AeL 17.14.

If the actual thickness of the specimen doaes not correspond

to the calculated thickness (Fig.33), we will have eccentric elon~-

gation., Here - PARG

0 =,
b::ndm- (15”

and the rror will bve determined by the following function:

« AAS
wherel&:h is the difference in height of the nominal and actual spe-
cimens. If h = 5.5 mm and A h = 1 &=m, then Ao - 60%. The magnie
tudes of error cited here will occur during‘breakdown, as a rule only
if the specimen does not deform. With considerable lengths the effect

of this . factor through deformation wes weaker.,

Fig. 34. Electric 'diégram of measuring

deformations ty neans of pickoffs of ohmic resistance.

The effect of the accuracy of specimen preparation on the
negnitude of stresses was lnvestigated on specimens 91 type V (see
Pige. 29) of metai&ceramic alloy, consisting of 85% Cr302 and 15% Ni.

Investigations were conducted bty means .of tenso-pickoffs of

ohmic resistance, cross-bar for measuring deformation "Orion" EMG

2353 type and taring beam whose one-millimeter buckling corresponds to
$5 .



the relative deformation € = 6.0 ° 10'4' The tuckling of the bcgm'

was measured with an accuracy of 0.01 mm. The principal diagram of

measuring deforzation by this method is shown in Fig. 34 /97, 98/.
If we observe condition '

RiBy = RoBRy (153)
then the bridge is balanced, 1.e., there is no difference of poten=-
tials between points A and B,

If however, one of the resistors, for exampls, Ri represents
a pick-off of ohmic resistance glued to the specimen, then under
a load of the specimen the resistance of the pick—bff will change to
magnitudel&lﬁ and the galvanometer will indicate a surrent in arm 4B,
The unbalance of the bridge can te removed if we utilize as
resistance R, an identical pick-off glued to the taring beam, which
makes 1t possible to deform the pick-off by a known magnitude. This
pick-~o0ff is also a temperature compensator. ‘
Applying a load to the specimen and achieving a balance of
the bridge by means of the taring bteam, we can determine the defor-
mation of the specimen at the place of the attachment of ths pick-off,
The accuracy of measurement of the deformatlion will depend on
the properties of the ohmic resistance pick-off, sensitivity of the
deformation neasuring bridge and sensitivity of the taring attachment.
In this case one mark on the galvanometer corresponded to the
relative deformation £€= 6 - 10‘6 (the sensitivity of the taring beam

was indicated above).

In measuring elongation deformation, two plck-offs, consecutiveiy

joined, were glued onto the specimen which was elongated,from
two opposite ends and were plugged into the bridge system as resistance
R,, two other pick-offs, also consecutlvely joined, were glued onto

the elongated filaments of the taring beam and plugged into the dia-
56




grac as resistance RS'

A'd

Pig. 35. Bffect of inaccuracy of produqtion of specimens

on stress 1 - function of stress and deformation (circle -
elongation; triangle - pure tend, elongated filaments; cross -
pure bend, compressed filaments); 2 - function according to

Formula (152); 3 - Experimentally determined function.
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Pig. 36. Eccentric elongation of

rectangvlar specimen with cross-section,

With this dlesram of measurement we exclude the deformation
of btend and measure only the deformation of elongation,
57
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On the tasis of results obtained, we determired the module
of elasticity of the —aterisl (straicht line, “ig. 35).

“end deformation was neasured by using two pick-offs of ohmic
resistance, giued onto the specimen from two opposite sides; one of
the pick-offs was plugsed into the systerm as resistance R’, and the
other as R3'

In this case dezormation was directly shown by indications of
thie salvanometer of the deformation measuring tridge. ?he results
ortained in these investijsations are shown in Fig. 35. Straight
line 2 corresponds to function (152) set up in coofdihates o’ (stress
of tend) - & (deiformation of pure elongation) for h = 5 mm and
An =1 mm; curve 3 1s set up 1n the same coordinates according
to experimental data, '

The change of thickness of the specimen h was 1imitated by
removing appropriate washers which were placed between the speéimen
of the area of the heads of vises (see Fig. 33). The data obtained
indicate that the error experimentally observed 1s much smaller than
1t would appear from Formula (152). Also plotted on Fig. 35 are the
results of deteraining the function of stresses and relative deformation
on the surface of the specimen in the case of loading according to
the dlagram of pure tend. Deformation was measured both on compressed, '
as well as elongated filaments.

In eccentric application of loads to specimens, made of very
heterogenous material, the strength of the specimens can te found in
the following manner. |

Using the formulas of the statistical theory of strength of

Weibull, we can write for the case of pure elongation (96)
"o,
.‘ - = .
v (724)
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In the case of eccentric application of load to specimen type
V (Pig. 29) foxrd = %ﬂ» 4 1 we will have (Fig. 36)

S ’ .o- " ' 2
-B-S(“)‘ a. o (?.B)
whore . .
b R )
a.,:d - (72¢0)
AL R T = SR -

Then the expression for the "chance of btwkdown” will be

written in the form S , ) . }
p=n(g) (‘ff‘gciﬁ—* )"’ (r2m)

Pollowing integration
'..- v ) i - o ;. ’
B I+ o™ — (1 —af**) —) : »
B +D ('.' (154)
therefox;q, the most probable value of brittle strength, calculated
according to Formula (91), with eccentric application of load will be

J. GJ- 2a +l)
o 7“"[(1“)"*'%0—‘»'“ J (155)

P ul+-)'+'—u—a)'+'|'*'.
.

Shown in Fig. 37 are the values or ma.gnitude A depending
on the poefficient of uniformity m for different va.lués of .

This ratio 1s close to 1 + olonly at m o,
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In the case of eccentrlic application of load to specimen type
V (Pige. 29) foro = a;_..le_.‘ll 41 ve will have V(Pig.‘36)

e 5(5..)"” | | | (jan)

where .
o - (fzc)

lV—Ibdy; 0 =g—0 ’.". S
. allow, be -

Then the expression for the "chance of bmmkdown” will be

Wwritten in the form
‘ )
a-u( )

(’ —gc&;h-h—) ". ‘ (723)
Following integration

.o ST
b 10+ 9 — 0o (L) »
B+ {? ’ (154)
therefore, the most probable value of brittle strenmgth, calculated
according to Formula (91), with eccentric application of load will be

o “’n 2q +1 .
'.: W (l+ﬁ)"%—(li¢).fr= (155)

Lt u—d“T”
© W"H- ) all

(256)

Shown in Fig. 37 are the values or magnltude A depending
on the poefficient of uniformlty m for different valués of .
This ratio is close to 1 + olonly at m -y oo,
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Taking 1ﬁto account errors determined according to Formula
(250) 1s quite difficult, since it 1s not easy to determine the
arrouw of buckling, therefore speclmens with these deformations
should ve removed from tests.

The error determined according to Formula (152) can be easily
removed by processing the specinmens or selecfion of appropriate

washers,

F3
1

N

N

Fig. 37. Sensitivity to eccentricity of load application

as a ‘unction of coefficlent m,

If these operations are carried out, experiments have shown
that stresses of bend will be insignificant ( 2-3%) and cannot distort
of the results of elongation tests.

Tests of metaloceramic materials for elongation, as well as
experimental investigations of tae effect of lnaccuracy 6f specimens
on sirength characteristics were conducted by means of a device
shown on Fig. 38, which makes it possible to make tests in room, as
well as high temperature. Specimen 9 is attached in viees cooled by
water, by means of thrust bearings. The latter are lubricated with
a graphite paste, which makes it possibvle for the specimen to self-
align, In addition to this joint, there are spherlcal Joihts in

places of juncture of traction rods with the press vises,
60
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Jurrent and cooling water is supplied through flexible

attachnents.

R ¢ SlE——— + SM— O
.

Tig. 38. Apparatus for elongation tests of specimens
at room and high temperature: 1 - insulator; 2, 3, 5 = tfaction
rods; 4 - joint; 6 - water-supply hose; 7 - head of vise; 8 - thrust

bearing; 9 - specimen,

The electric diagram of heating specimens by passing electric
current directly through them, which was used in elongation tests,

as well as twisting and bend, is shown in Pig. 39.
- ~2208 . :

4
S
Fig. 39, Electric diagram of heating specimens

by direct passage of electric current:
1 - specimen; 2 - tension variator; 3 - control millivoltmeter;

5-
4 - rheostataﬂheater transformer; 6 - magnetic starter; 7 - thermo-

couple or radliation pyrometer.
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Elements of automatic naintenance of constant temperature were

whenever 1t was necessary to sustaln tenperature over long periods. Ther-

mocouple or radlation pyrometer indicators were used only for tempe-
rature control. ‘ ‘

Temperature was measured by means of type OPPIR-09 optical
pyroneter, entering appropriate corrections foi blackness of radia-
“lon of the specimen naterial, Zests were carried out on hydraulie
press type "BLW" with scale markers of strength measurement in 2.5 ig.

Specimens type VI (see Fig. 29) were used. Stfésses in the speci-
men at the instant of btreakdown for calculated for mean cross-section,
rezardless of the location of the treakdown within the range of its
operational part, which makes it possitle to use the previously derived
Forzula (103) in the analysis of laws governing breskdown.

3end. Tests for tend are usually carried out bty either of the
two methods shown in Figs. 22 and 23.

Resistance of materials glves wildely known formulas for the
determination of normal and tangent stiresses in a team of rectangular
cross-section.

Pure bend
g =M. _—y (157)

tend by concentrated force'

- M ! ’ .
"bend Te "-ﬁ;(‘ -f)' : (158)
where albend are normal stresses in the cross-section of the beam;

are tangent stresses in the cross-section of the bean; Hﬁ is the
bending noment in this cross-sectlion; Q is the cross-cutting force;
Iz is the inertia noment of the cross-section; y 1s the distant from

the neutral sphere of the beam, and h - the thiciness of the beam,
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Fig. 40. Diagram of wedge action of force P

in bending by concentrated force.

A more accurate investigation of the distribution of stresses
in the bean on tending, taking into account the effsct of logal
stresses appearing in the vicinlity of polints of load application
/95, 99/ shows that the formula of resistance of material for
maximum normal stresses (157) is correct also in this case; at the
same time Formula (158) is very approximate and raqulreslto be made
more precise. P - '

M nuom,
Ww

o
o

| o BT
‘0.5 01522 0B
Fig. 41. faximum elongation stiresses in the

center of the beam in bending by concentrated force:

1 - nominal stress O’
nom

2 - stress according to Formula (159).
p'r:enins

il

elongation
Fig. 42, Effect of difference of elaaticity nodull

of material in pressing and elongation on the distribution
of stresses in oross-section of team gsubjected to bending,.

If we consider the wedge action of foroce P as shown in

Pig. 40, stresses at point D can be presented in the form of
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the following algebraic sum:
. P 3P

oo B 0 Tn-("'a;‘r) (159)

vwhere b is the width of the beam and 1 1s the distance between -
resistances.

At high values of ratio h/1 the effect of this factor can
be very siznificant, as can be seen from Fig. 41, Dots on this
curve indicate the experimental data obtained by M. Frokht /95/
and Xoker and Faylon /100/ by the method of photoelasticity. .

Formulas of resistance of materials /157, 158/ are not
sufficiently accurate for the calculation of normal stresses in
bending specinmens made of materials which possess considerable
differences in elasticity modules on elongatlion and bending.

Thesa formulas can be made more accurate by the following .
method /101/,

Assuming the correctness of the hypothesis of flat cross-

sections, we can write (Fig.42)

Re1o9g, ®elong,
i ¢ &, elons. (160)
. | .
w-. (1 61 )
Tp ' .ptt:asfm' . :

For naterial with different elasticity modules on elongation

and compressing, we will have

'eloq‘. nelona_pb__‘gt. (163)
elong. ‘elons Pre “pr.

If we take into account Eq. (163), we will get

”Pro
lblmuﬂE?%£28 1F}r. (164)
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Then from equation

Selong. spr, o (165)
.-}'c .jqn-{t .My - :
_PFe
we will find :
gléoen%,o Pre - . - (1 66)
and ‘rom eéuation ..
“aelonge - apre | ' . (167)
’ .lnlv-l-} ,gm-Al. .
weo will get (168)
'ele. eﬂ"cleclﬂw.' ’%‘
or, taking into account (166)
%11 %12 e1lp: ’%" (169) -
Subgtituting into this formula the values.of h eand h
elong comp

from Eqs., (160) and (161), we will finally get
C o, MMy ) Mfe |
.d...__ﬁ.._h‘,-'(. %Z%t)‘ (170)
L, MG M, +
- (“H!!-_!) (171)

Knowing the deformetion of compressed and slongated filaments
and using Formulas (170) and (171) we can estimate the error occurring

in using the usual formulas of resistance of materials,

An estimate of the effect of this factor on the strength cha-
racteristic of meta]ioceramic naterials on a hase of SiC, Cr302 and
74C was made with pure bending using pick-offs of ohmic resistance
according to the method described above, and it was found that the
difference in the relative deformation of compressed and elongated
filaments lies within the limits of the accuracy of measurement,

The results of these investigations are partially given in
Fig. 35. In making specimens for bending tests by the powder
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retallurgy method, one can encounter, as has 2lready teen noted,
treir deformation in the process of thermal processing, which can

produce an error in tests.

Fis. 43, Diagram of Joint action of

bending and twisting on specimen.

Taus, in applying loads according to the diagram shown in
Fige 43, in addition to bending stresses, we also get cons;derable
twisting stresses, -

In the extreme case the twisting moment will equal Pb/2,
mimoshenko /99/ gives the following formula for the determination
of maximum elongation stresses, produced in a rectangular beém,

jointly with the action of twisting and tending moments (point C):

.ﬁ.;‘?‘:v"*%l’ (%)+(3am!‘) . (172)

where M __ 1s the twisting moment; 0&1s the coefficient affected by
the ratio b/h.

The error admissitle in neglecting this factor, is determined
by the formula

51 T %1 .100% =

. ,..‘..(.gﬂ/sqwuc-—-.‘,):ioox. (173)
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Certain data derived according tc this formula are cited

in Table 17,

Strasses appearing in a beam bent upwards with a radius 6:

curvature R on pure dending, can te found according to Pormula (101)

L d
o .=

clong.

-‘“"g. (1 —0,54/R).

(174)

Tabio 17

0’

elong- ol'elong - 100%

elong
0.208 45

0.208 13

The error caused by this factor can have an esgsential meaning .

only for considerable magnitudes of ratio h/R, which is excluded

in practice,

am
e 7o
w0 ] S e
s l YAy
-:?PO 2 4 : - [
Fig. 4}. Effect of unequal forces P‘ and PB

on stresses in bending.

A certain amount of error in measuring stresses in tests by

the diagram of pure bend can be produced by an lnequality of

forces applied to the specimen., In Fig. 44, on axis of the

abscissae we hava plotted the maximum error appearing from the

assumption that P, = PB.

In works /53, 101/ during tests under conditions of pure

67



Lending, a rectangular prismatic specimen with greater thickness
along the edges (in places of contact) was used with resistance
and loading prisms, which made it possitle to avoild the effect ot
local stresses in the operational part of the specimen.

The latter has essential shortcomincs, viz,¢ at tne point of
transition there can appear a considerable concentration of.sﬁrésses. .
and naking specimens of this shape 1s mors compllcaxed. : -

The effect of local stresses in the case of pure bending is
insisnificant, it does not increase elongation stresses, but on the
contréﬁiy, reduces them, and their effect;daﬁpeng'at a very small
distance from the area of application of force. For teéts in ﬁegding
by concentrated Iorce, when the effect of local stresses is most
significani, a specimen of this shape 1s inappropriate.

Testing of metaﬂbceraaic specimens for bending under normal
and high temperature was conducted on a hydraulic press type "BLY"
by means of an attachment specially desigmed for this purpose.’. 4
sketch of which is glven in Pig. AS.

Specimen 5 is placed on two prisms 11 made of high melting
meta)}oceramié material, consisting of C1~302 and binder ‘Hi. Prisms
11 together with resistors 3 can be moved along straight lines 1,
which makes it possible to test specimens of different length.

#) The variant of the attachment for tests for bending as well as

the attachment for tests for elongation cited before, were designed
by V. X, Rudenko, Engineer.
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Pig. 45. Apparatus for bending tests at room
and high temperature.

The load 1s applied to the specimen by‘means of special
frames 6 and 15, hinged to plunger 10, through which the lgad
is transmitted from the hydraulic press, Insertion of variable
frames makes 1t possitle to test specimens toth by concentrated '
force bending, as well as purs bending.

The loading prisms are made of material on a base of silicon
carbide which 1s highly heat resistant and a poor electrical and .
heat conductor.

Speoimens are heated by passing electrig.current directiy
through them. ‘

Measurement of temperature distrivution along the length of
the specimen by means of a thermocouple placed in a boring with |
an aperture of 2.5 mm (Fig.46) in the center of the specimen has
shown that the temperature of the specimen within the range of its
operational part remains praétically unchﬁnged..

Since specimens of resular geometric shape were selected for
tests, the effect of deformation of the shape of spec;mena‘on

strength was not taken into account.

In tests for bending by concentrated force, breakdown stresses

.Were calcoulated taking into account local stresses, according to
Pormula (159). 69
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—ending tests were conducted on prisrmatic specimens of rectane
Jular cross-section. In investicating the effect of dimension on the
strength characteristics, specimens were made in a majority of cases
with adherence to the law of geometric similarity.

Thus, in testing specimens from material on a tase of S1C, the
following noxainal operational dimensions of specimens were accepted:

1) 4.5 X 6 X 33.7 mn (Vypep = 911 mo); 2) 9 X 12 X 67.5 mn (Voper

= 7290 mm3);.3) 12 X 16 X 90 mm (voper = 17,280 mm’); 4) 18 X 24 X 135mm |

(Vgper = 58320 m).
In the case of cermet on a base of Cr382 specimens used were:
1) 2.5 X 5% 25 mn (V. = 312.5 m>); 2) 10 X 10 X 75 mm
- 3. = 3
(Voper = 75500 mm®); 3) 10 X 20 X 100 mm (V... = 20,000 m?).
t“t ’ 028 " poins of temperature measurements
4 ; LAYl UL I L TIAN Akl - -
i 2
“.- . ‘~{ininlwinio
A 1Y \?” 4 .
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Pig. 46, Temperature distribution along

the length of the specimen.

Specimen 2) of cermet on a base of Cr4C, 1s geometrically .
unlike the other specimens.

Investigations of sensitivity of concentration of stresées
were conducted in pure bending on specimens where a volume of-
9 X 12 X 65,7 was subjected to pure bending.

The coefficient of sensitivity to concentration of stresses

wag determined according to formula
70
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0--—‘1‘{:-'1-. (175)

pang
' -

where K . is the effective coefficient of concentration of
e

stresses which 13 determined as the ratio of strength of the
specirzen without incision to the strength of an incised specimen;
K1- 1s the theoretical coeficlent of concentration of stresses
calculated according to the formula of Neyber /102/. In our
oase K .o = 1.96 and g = 2.78, | |

Torrespondingly the radius of curvature q equalled . 1.75 mm
and 0.6 mm, In some cases (this also refers to specimens for
elongation tests) the dimensions of specimens differed from the
nominal, which was caused by engineering factors. Geometrical
characteristics and volumes of specimens were not taken into
account in calculations.

Twisting. The shape and dimensions of specimerns tested for

twisting are glven in Fig. 47, and the diamgran of the apparatus

in 1'18. 48, : .
IE

 §

2

-~

3
. 2

Right-hand view

Fig. 47. Shape and dimensions of specimens for
testing metaloceramic materials for twisting.

Specimen 1 is attached by the 1mmoﬂ?e lower end in vises 2
of base 3. The upper end of the specimen is attached in hevizontal

frame 4, which can turn on the immobile center 5.
11



_wo catles 6 and 7 are attached to the frame, the cables passing
over rollers 8 and 9 and joined to crosstar 10, The latter has plate
forz 11 for loading, ‘

For measuring the angle of twist of the specimen tested, an

a*tachment is used, consisting of two mirrors 12 and 13, mounted on

L

Y2 specirens ry rmeans of yokes which, to avold overheating, are cooled
with water from two Zartens tutes with scales. Usling the well-known
corelations for mirror systems, we can find the angle of fwist of
sp2cinmen over a certain length of the specimen uhderfa.given load.
The nininmum twist angle which can be measured'ﬁi%h the given

apparatus constituted 1,25 ° 10~4

rad., which corresponds to the
relative angle of twisting 8.4 ° 10-6 rad/cm for specimen type 1)
(see Fig. 47).

The corresponding hrsakdown stresses can be found in the case
of a linear dependence between the twisting moment and twist angle

according to the well-known formulas of resistance of materials

- Mt". '
“wax H (176)

where Mtﬂ is the twisting moment; I_ is the polar moment of inertia

p
of the cross-section and 4@ 1s the diameter of the specimen.
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Fig. 49, Concentration of stresses in place

of wamsition during twistinge

(824)

:-..%-m 1-5 -1 -5
l—;-l’; - % =108
In the atsence ‘'of linear function the stresses can be found

according to the Ludvik formula /57/

Lo (344955 (178)

where & = (P/1_ 1s the twist angle per unit of length; aH, ‘/d O cen

be experimentally determined by the angle of incidence of curve X _t9 .

There are some difficulties in making specimens of relatively
large dimensions with sufficient accuracy. However, it was found
possivle with materials under investigation.

The concentration of stresses in places of transition was
insiznificant for the ziven specimens, all specimens broke down in
the operational part, and the breakdown occurred in areas of maximum
elongation stresses, 1i.e., at an angle of 45° to the production
area of the specimen,

Data on concentration of stresses during twistling of round spe-
cimens can be found in Fig. 49/ 103, 104/,

Investigations of some authors show . /105, 106/ that the
strength characteristics of metaikceramic materials are very strongly
affected ty the rate of load application /105, 106/, by the medium
in which tests are conducted /106/ and otaers, and in this connection
all conditions in the process of testing remained unchanged: rate of

T4
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load applicatlion in tests for elongation and bend were in the range

of 10 « 20 ks/hpzsec. and tests were nade in regular atmosphere.
3« Results of Investigations and their Analysis

Pilzures 35 and 50 shbw the dependence between stress and deformation
tof 1nvestigaxqq netaﬂbceranic materials on the base of chromium carbide,
titaﬁiug and silicon carcide at room temperature, obtalned with the help
of ohmic resistance pick-offs according to results of tests of specimens
under conditions of pure bending. These tests at room and high tempere-
ture (1250°) were made on metaﬂaceramic material on the base of SiC
(Fig. 51) during twisting. '

Zhe results ovtained show that the dependence betwéen stress and ‘
deformatioﬂ for all materials investigated remains practically linear

both at room as well as high temperature.

kg /m? . e

<

s,
4
0.

20—

0

W & 0 esewt

0

F1g.50. Dependence bvetween stress and deformation
for investigated materials: 1 -~ material on the base of
TiC; 2 - materials on the base of SiC (composition 1).

Tests of these materials for twist, bend and elongation at room
and high temperature did not provide a single instance of notlceable
leftover deformation after the breakdown of specimens.

Rasults ovtalned in investigations of sh&rt-duration strength

of these materials for twist, elongation and bend by concentrated force

1S5



and pure tend of smooth and incised specimens are given in Tables
18, 20 and 21.

Tests wers conducted ty methods and with specimens deécgibed‘

abtove. |

These tatles, along ﬁith mean aiifhmetical values of the
endurance limits also show temperaturss under which iests were made,
the operational voluue of specimens, ﬁumher of specimens_tested to
ottain a single experimental point, and lots of specimens ?

The 1imit of strength in elongation, twisting and pure bending
was deternined bty the usual formulas of resistance of materlals; in
tending bty concentrated force Formula (159) was used.

Zhe results ovtained in investigations of the effect of the
dimensions of :=pecimens on strength characlteristlics in teinding by
concentrated force are given in Table 18, as well as in Figs. 52 and
53 in the forn of curves in coordinates log O - log V.

The data ottained indicate that strength characteristics of
the tested metzloceramic materials are very materially affected by
the dimensions of the tested specimens. With an increase of sizes
of cpecimens, the strength of all investigated nmaterials essentially

diminishes.

#) In some instances the ensineering methed of making metai;ceramic
specimens differed somewhat from tne netled described akove, but

the composition of the material remained unchanged, which was assocliated
Wwith the research. In this connection, the results obtained in testing

specimens from different lots were mot compared.
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Fgz. 51, Dependéhee tetween I and 1ﬂ twisting
Tor material on the Lase of SiC: a « texperature 200;
1 - compssition 6; 2 - composition 3; © - temperature
1250°, composition 3.

4 decrease of stréngth with an increase of size of specimens.
occurs both at roon, as'well as high temperature. Experimentai points
are placed on straight lines in logarithmic coordinates, therefore
the dependence between the limlt of strength and volume of specimens

can be stated in the following form:

lgo= A4 BV, (179)

i.e., it corresponds to the statistical theory of brittle strength of
Writull, 7Taking into account the designations accepted by Weibull,
Formula (179) will be in the form

o = lg[2 (m + ¥moll) — —-lgV. (180)

(]
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Table 18
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Material wguu-g IR (V-] ”5%’5 .
© gla § o o o ] gl O~
» Hl8 34 8w R FETR I 4
6 vjao @ & o Eo 2% e
10> o
On the basis of SIC |
C sitionl 2 :0 20 11 1no
anpo " A 1200 15 450
6420 20 % 1000 -
) . ) 1200 .18 o
» ? B 95 20 ] - 1450
. 1200 7 1520
7400 20 [ ] 1L0
oo | 2 v | we
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g
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o
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ge
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®

17280 20 15
' 4 D ot 1200 s | 1
7290 1200 2 10,80
. 17280 1200 1S 930
| 54500 1200 10 800
s 6 E €900 20 10 ° 600
7290 2 i 545
54500 2 10
e 8 F |- on 2 o 708
: w0 | 2 = 890
17280 ) 10 420
66610 2 10 296
P c:t* 1S% N ¢ s = 1 g';
(@5% CriCs 15% ND 7500 20 10
: 90 10 191
20000 0 10 124
b 9% 10 166

*. . e
Result obtained by V.M. kudenko, Engineer, Institute of
Metaloceramics and Special Alloys, Academy of Sciences
' Ukrainian SSR
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The maguitude of parameter m which takes into account the

homogenelity of the material, can be defermined from equation

‘u..—uo.--:—o.v.'—w.).' | -.-(181')
whkere 0'1 and O'; are limits of strength ffound‘ji;':;testllng specimens

[
’ B

of volumes V, and ‘!2, respectively.
Parameter { is found directly !ron Fornmla (100). Table 19

shows the values of parameter m for meta],pceranie materia.ls on the

base of SiC and OrzC, found according to I"ormula (181) for all possible

combinations of 04 and 0‘2’.

aENN N
5 W @ eV
F'.g. 52. Effect of dimensions of specimens

on strength at room temperature: 1 -}oernet on the base
of Cr3Cy; material on base of SiC; 2 - composition 2;
3 = composition 3; 4 - compositlon 6, 5 = composifion 5._;
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Flg. 53. Effect of dimensioms of specimens on
strength at hich temperatures: 1 - cermet on base of Cr302
(950°); 2 - material on base of SiZ, composition 2;

3 - composition & (12000),

:-Zagnitudegwas determined for every naterial and temperature

according to the results of investigations of speciemens with a
minirum volume, using rmean value of parameter Mrean®
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Table 19

v' t# ] .‘ o ee——————
. . w i
. =0 m . w
' Material 9 g min mean | e,
- e |
= O
On base ofgr. )
Composition 1 .......... ot 20 — 33 |4
1200 - 421 140,22
L 20| 8291214 98: |17.63
.o 1200 | 9014907 904 | 19,04
LI 20 | 3364426 386 {3537
» L I 1200 | 6,007,317 8,90 13,00
» 8L e 20 | 5,90-4-7,40 698 | 11,41
s 8.,... e 20 1.02-—191 7.4 ¢.71
Cermat  (gsy CrCq 15% NI, | 020l esesn | ess (w6
’ . . $50 | 6991961 847 | B
. . -.. . v .
c.mt m TD . s e 2 0 p e e e .p_ ;' ':':i-_ "w 32,3.
Phospshorous steel o ...... . —.-l.9‘ ni4254 us 103
Steatite (01 .............| 2 - vy | -
Low-carbon steel -, (108j{11quid |-
1imit) e ] - [ ] 61,8
Cermets of difforent compositiodd?......| 2 - L
Modified corundum “).......| ® - 600 | 853
Rock salt 1e1) 0 — "'lo L8
Wl = -
E%HB"I!‘HoM‘lim« iy ... }8 - -
1400 o LY “m
at.phic. I”l o 8 8 0 a0 s PP e |” :_ M” -
nodiﬂnd cast hyn wi = e =
. Y. Y| 'p’lm coed o = | wa fina
Globular cast irom ' 4 0, ...... 1 1
obu c wi oﬁ“ ) 0 lum O. 0o

m values of m nndﬁ' were found from the rnultl of
tests of ons group of spacimens of ideutical dimensions
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1ted in Tatle 19 are also the values of parameters m and <76 
for other naterials according to the investigations of different
authors. ,

Strength characteristics of metal,lpceramic materials on the-
tase of 3r332, S1° and TiT found in - tests Tfor alonga@iqng
bend and iwist, are given in.Table 20, . _

The effect of uneven heatiﬁg of speciﬁens on sirength Lﬁi-é_
elongation tests was not taken into account, since the strength 6f
these materials renmalns practicallj tdentlical ﬁithin the temperature
range of 20 to 1200°,

The colunn "Theoretical value of strength® contains results

obtained according to Formulas (98), (100), (102) and (103) with the

use of paranmeters M ean

testing the same lots of material in bendinz by concentrated force.

and CTB found according to the results of

If we rely on the widespread oplnion that in the absence of
plastic deformation treakdown should occur upon reaching critical
values by maximum normal stresses, then in tests of brittle metaibu
ceranic materials for strength the coefficlent of sensitivity fo
concentration of sitresses, deterzined according to Formula (175),

should be close to unity.
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Results obtained in tests of metaigceramic materials on the base
of Si> (Tarle21) show that, regardless of the btrittleness of these
naterials, theilr sensitivity to concentration of stresses is insignificant,

This fact can be explained as follows. Application on a specimen
of incisions of ziven dimensions predisposes a most probable location
of its breakdown, since under an identical bending moment of stress,
appearing in the place or 1nclsion, stress will be greater as a result
of the lowering of the moment of resistance of the cross-section, as
well as due to the presence of a concentratlion of stresses.

Jevertheless, in connection with the fact that the zone of maximunm
stresses 1s very small, the probability of a dangerous defact being
located in this zone diminishes, and characteristics of strength
of material should somewhat increase, which can lower the effect of
the factors stated above,

Using Formula (98), we will have in this case

omo(P)" A
i "\Vg K ° (182)
V =gV, ’
where Qf; is the strength of 1nc§sed specimens; CTJis the strength of

snooth specimens; V., is the operational volume of a smooth specimen;

1

Vi is the volume of material located in the place of 1nc1sion;6¢fis the

coefficient of correction. Further we get
V. \=
x(v) -1
? calcel K.— | ' (183)
Comparisons of calculated and experimantal data from results of

tests of 10-15 specimens are given in Table 21.
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Results obtained in tests of metaljoceramic materials on the bdase

of Si> (Tatle21) show that, regardless of the btrittleness of these

materials, thelr sensitivity to concentration of stresses is insignificant.

This fact can be explained as follows. Application on a spacimen
of incisions of ziven dimensions predisposes a most probable location
of i1ts breakdown, since under an identical bending moment of stress,
appearing in the place or inciszion, stress will be greater as a result
of the lowering of the moment of resistance of the cross-sectlon, as
well as due to the presence of a concentration of stresses.

Jevertheless, in connection with the fact that the zone of maximunm
stresses is very small, the probatility of a dangerous defact being
located in tials zone diminishes, and characterlistics of strength
of material should somewhat increase, which can lower the effect of
the factors stated above.

Using Formula (98), we will have in this case

v\ 1
I i A X (182)
Vi-ﬁvi. '

where C’; is the strength of inclised specimens; cr’is the strength of

snooth specimens; V, is the operational volume of a smooth specimen;

1

V1 is the volume of material located in the place of 1neision;<ZQis the

coefficient of correction. Further we get

V-
x(v) -1
’ calcul K,— I . (183)

Somparisons of calculated and experimantal data from results of

tests of 10-15 specimens are given in Table 21.
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The low sensitivity to concentration of stresses of brittle
naterials is also observed by other researchers., For example, this
was observed by Kuntze /2, 110/ who tested for strength incised spe-
cimens of pig iron for elongation. Nevurtheless, he could aot explain .
this faot in detall, | |

An essential effect of concentration of siresses on strength
can be expected with these materials in the instance when the comncen-
tration of stresses 1s extremely great, which happens, ;or example,
on contact of poorly processed surfaces (see Fig.32), or when high
stresses are present in a large volume of material.

An essential effect of microdefects on the strength of brittle
metaﬂbccramio materlals is also manifest in the fact that breakdown
does not always occur in cross-section with maximum normal stroéses.

This is evident from Mig. 54, which gives the result§ of tests
of 47 specimens of type VI (see Fig. 29) made of cermet on a.bas; of
0r302 in the coordinates: distance from center of specimen - relative

nunbsr of specimens which break down along the given cross-section.

o h
.p. | .
'.
"-
.0
. WL 94-303800 Bn -

Fig. 54, Histogram of location of
breakdown of metaloceramic specimens tested
for elongation, '

A very substantial effect on strength can be exerted dy
heterogeneity of material in thé case of breakdown of parts under
the effect of températura changes (temperature impaoct).

1]



The estizate of stability of material to temperature impact
15 very frequently determined in literature (for example /111/) accor-

ding to the formula

A= »
o (184)

where k is the coefficient of heat conductlvity;(T’ls the strength of
naterial for elongation;ci/is the coefflcient of thermal expansion;
E 1s the elasticity module of the material,

If we assume that for graphite A = 1, then for titanlum carbide
A= 0,60 + 10-2, for beryllium oxide A = 2,1 + 10"3, for magnesium
oxide A = 0,33 « 10=D /111/. The shortcoming of Formula (184) is that
it does not taite into account the effect of structural factors on
the heat stitility of the part.

The effect of the dimension of a part on heat stability is usually

calculated according to the Biot criterion formula

-— (185)

where t is the distance along the normal from the axis or center plane
of the part to the surface; h 1s the coefficient of heat transfer
between the surrounding medium and surface; k 1is the coefficient of
heat conductivity. '
Nevertheless in the case of materials with & high degree of
heterogeneity the effect of this factor can be more significant.
This can easily be shown on the example of determining the
breaking down temperature differences for a plate which is heated
to a tenperature of to, and then cooled on one side by a coolanf

with a temperature of ¢

1.
Haking use of the functions cited in the work of Kingery /112/
. 0 max
we can write fax = "Eall—1) *

(186)
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where U'/ 1s the actual maxinum stress at the surface of the plate;
nax .

E is the elasticity module of the material;e&¢1s the coefficient of
linear thermal expansion; to 1s the initial temperature of the heated
. body; t1 is the temperature of the cooling nedium; ;r;ax is the
nondimensional siress,
Analyzing the ratios of treakdown tenperature differences for
two plates with a corelation of all dimension 1 {2, We will find
Mo | Gy e -
(‘.—'l)u ‘u. .eldx. (187,
(index I refers to a plate of smaller dimensions, and II - greater

dimensions).

Without taking the heterogeneity of material into account

. , | .
M= fapu B fu (188)

—-—--2

=Ty ™ ama "By Ty

(on condition, naturally, that we assume the function of ¢’;mx'and
B1 in form (112)

O =B ' (189)

If, however, we take into account the heterogeneliy of material,
whicih finds expression in the circumstance that the strength of parts
of large dimensions will be lower, then function (187) will be'ln

the form

g ()

«O-‘ n -

(190)

In the case of small values of parameter m, i.e., very hetero-
geneous materials, the magnitude of this ratio can be much greater;
with m = 3 1t will equal 4, with m = 6 1t will equal 2.9 and so on.

Thus, with an increase of the dimensions of a part the dreakdown -

temperature difference will decrease more substantially than it would
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follow from Fornule (185), This law was experimantzlly observed at
the Institute of lletaloceramics and Special Alloys Acad Scien UkSSR
during investigations of thermal stability of some heat resistant
metaloceramic materials, which were considered above,

A detailed analysls of the effect of heterogeneity of material
on stabllity to heat impact was given in the work of Manson and
Szith /107/.

The values of pa.rameA ters m and d'{), waich are part of the formula

Iy

c® Weibull's theory, can also be determined from the results of tests
of one group of specimens of identical dimensions. According to this
theory, the integral function of distribution of the strength of
specimens is in the form (90)

= (atow
==t b - (924)

The values of magnltudeB-s;n(é)deor different forms of state
of stress were found earlier.,

Taking these results into account, Formula (90) can be written
in the following form: o
paymts T (922)

Coefficlent A depends on the form of the state of stress, di=-
nensions of the specimen and parameter m. The valus of this coefficient,

depending on the form of the state of stress, is given in Table 22,

Table 22
Form of State of Strees A
Elongation of specimen with W7
uniform cross-section
Elongation of specimen with cross-
]s-::t%‘;n:g::ﬁiigayagcording to the P“':l-’ -

Bend by concentrated force of beanm v
of rectangular cross-section \'r(;..'l;‘
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tabtle-22 continued)

Pure tend of beam of rectangular !_!_’
cross-section _ l [-

, | sV, ]-u-
Zwisting of round rod

Takxing these designations into account, the parameters of |
n andtfz can te forad from Formulas (48), (56) and (57).
Results of such analysis rorfsome metaﬂ%oeramic naterials on .

a base of chromium, titaniun and silicon carbide are given in Pigs,

L% . )
55 and .56, =8 ¥
s b1 \-L ‘ : L
- 1 1 e C
A\, i a
” v oLt s -
ne \ . T MU
asl NS
an
2 o
oM - "
w"

Pz, S5. Result;"ot :;sés‘zz Qz;aés;eramlc m#terial
on a base of Si” (composition 6) 1n be ding by concentrated
force (20°) and at = ean = 7.06, CT’ = 10,20 kg/mn .
e E‘#_-;—.':a.:’
The design of diagrams and plotting of experimental points
on these igures were made plotting paper according to the method
descrited above (see Chapter t'o).
Data obtained from the analysis of the results of tests of
corposition 6 on a base of Si> indicate that parameters m and
have a certain dispersion, nevertheless their mean values are very
close to the values cited in Table 19, For other invesiigated material
no sinmilar analysis was conducted due to the small quantity of identical

specinens from one lot subjected to tests,
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Tig. 56. Results of tests of nmetaloceramic

naterials (20°): ¢ - paterial on base of TiC, pure bend;
& - nateriz) on hase of TiC, bend by concentrated force;

® - naterial on base of Cr332, bend by concentrated force:

1 -7 =1310 m, n =7.20, @% = 67.0 kg/m’;
2 - V= 1430 m’, m = 4,20, gg = T4.03 kg/m?;
3 -V =1180 o, m = 3,98, 06 = 91.0 Xg/mn>,

As showm in Figs. 55 and 56, the law of distribution of strength
of the investlgated metaihceramic materlals 1s close to the function
expressed in Formula (48). '

In estizmating the strength of materials which possess a substantlial
dispersion of strength characteristlcs, it 1s important to know not only
the mean value of strength and the effect of structural factors, bdut
also the stress at which the probability of treakxdown of the specimen
or part will te insignificant (for example, 1% or 0.1% etc.). In order
to te a-le to answer tihls question, we must know the law of distributlap
of sirength and the parameters of this distribution. Then we ‘can dqter-
mine the probability of breakdown at a certaln stress. 4n exahple,of thls
was considered atove (see “hapter two), for the case ot_ﬂofmal distritu-
tion. Anelogously this can te done in the case of disfr;bution (48)
and others. S

Tn estinatin: the dispersion of strength chargcteristics it 1s
convenient to have data indicating how many times it is‘necessary to

reduce stress (in comparison with mean strength), so that the proba=
90
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bility of treakdown would te insirnificant,
In the case of distribvution (48) the prodatility of no breakdown

Will have the form oy - (&)
-g e ‘
o Inl ( s \" A1)
—E A )
| m-hn--lc(—,f; .
Dasignating . N .
. S ket T
Ll O T {192)
= T

we will get the expression for s’iress, at ;:hich the probability of
no breakxdown will equal 1,

o = 10404, (193)

then
(1 (194)
~Te 1

Fagnitude t, uwilch can te called the coerﬂéient of sa.fefy.
depends on parameter m and probability of no breakdown 1, and repre~
sents the ratio of mean stresses (9’*) to stresses which correspond
to a certain probatility of no breakdown. "he dependence of this

1= 0.99 and 1, = 0.999 1s given in

Pig. 57.

N
TaE

'0 » o o e

Flg. 57, Dependence n? tha eoeffichht.ét
safety on the coefficient of homogeneity me

DR
HEEE S

These data indicate that the coefficient of sa.tefy substantially
increases at m&45 - 7.5,
Using the above formulas, we can find the sti'ess, at which

there will te a certain probavility of breakdown (1 or 0.1% etec.)
91 :



taking into accoﬁnt the dinmencions and form of load of the specinmen
or part. A
In a2 majority of investigated heat resistant netalpceramic
materials the value of this parameter exceeds 5 - 7.5 ‘ami 1s close
to the values of this mazinitude for modified and globular'plg iron
(see Table 19), i.e., materials, which have a wide applicati&n in
nachine building. ,
nests of a spall number of specimens (20 to 30) does not make 1t
possible to determine with relliability the form of function of distri-
bution of seneral combination from which a given selection vas made,
This is confirmed by results cited in Figs. 55, 56, 58-60, where

identical experireatal results are plotted on different plotting papers.

1 2. . ”"’
v 7T 12 S Zﬂ
=0 7
& A
a0 - Ij .//J_. ”

of i
7 —%/—I1ur

7. 3 a

y 4 ” :
: A

, 4

% V4 I.A/, “.
00 — ;
e |

W 9 » & 0 o w &gm
Fig. 58. Results of tests of meta%bceramic naterial ‘ -

on base of SiC (composition 6) in bending by concentrated force:
= 17280 o, 0°= 4.81 kg/um2, S* = 0.56 kg/mm2;
-V = 7290 m3, @”= 5.40 kg/mi?; 3 - V = 911 oo, o’ = 7.08 kg/mn?,
= 1.44 kg/mm2,

The first two curves are drawn on plotting paper which cbrrespondsi‘
to the law 1 = e'ey, and the three others on plotiing baper which corres-
ponds to normal distribution. | .

In all these cases the polnts lle very close to straight 1ines

corresponding to these distributions. Por the purpose of detailed 1nve-
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stigation of the tunction of strength distribution vests were made
for bend of 189 identical spscimens of neta:l,.ocere.mic :na..eria‘l on a
base of Cr,C, (V = 1,000 »), L

ﬁ 7 . "

ff’ e ———

% 2

8 24 o

0, i . )

e - }'& : = R .
423 Lo ’ I » - T

-V” MMWMWMWWWGW ‘
Mg.59. Results of tests of netaoceramic materiala (20°)

® - malerlal on base of TiC, pure tend;@ - material on tase of TiT,
bend by concenirated force; & - material on tase of Cr3°2’ bend
by concentrated force: 1 - V = 1180 mm’,0”= 25,7 kg/am@, S = 7.23
xg/mn2; 2 ~ ¥ = 1430 nn’, €= 30.8 kg/m?, S* = 6,87 kg/mm?;

3 -V = 1310 mo, 0= 45.9 kg/om°, S* = 6.5 kg/on2.
. z" ’
&3 ” Ll
i &0 ,11 ya n -
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647 A i e
‘XS 74 0ne .
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Fig. 60. Results of tests of meta;'bcera.mic mathi'ai on
base of SiC (composition 4), bend by concentrated forece (1200°):
1 -V = 17280 mxd, &= 9.30 kg/mn, S° = 1.13 kg/mn?;

2 -7 =7290 o, = 10,80 kg/mn2, S* = 1.39 kg/m?;
3-V=911m3, = 14,30 kg/m>, S" = 3.08 kg/m°.
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Fig. 61, Test results plotted on normal
probability paper (85% Cr3Co and 15% N.)
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Fig. 62. Test results plotted on logarithmic

normal probability paper {85% cr3C2 and 15% Ni)

1go = 1,527, s (lgo) = 0,0568
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The results obtained were plotted on probability papers, correspoading to
four different distributions; nom{ &,tribution (Fig. 61), logarithmic normal
distribution (Fig. 62); a distribution in the form of (Fig. 63), and distribution

in the form of

(195)

S © 7 B S (195) |

Plo)=¢ e
which can be expressed by means or‘simplé transformation in the
torm (55) («?18064)0 . . & h RG-S
% -
. e B J
L7 o 4
e A
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. . )
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Fig., 63. Results of tests of specinens (85% cr362 and

15¢ N1), plotted on plotting paper, corresponding.to digtribiition
? =1 -eey’ n= 9.42’ K = 35.75
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Fig. G4. Results of tests of specimens (85% cor 3°2 and
15% 171) plotted on plotting paper, corresponding to distribution

-e =7, n = 9.k2, X, = 31.71.
P=e

These diamgrams also show the values of the parameters of
these distributions, found from experimental data. The paranaters
of normal distritution (;; S*) cen be found from Formulas (19) and
(22), in the caéé of logarithmic normal law, the parameters of
distribtution (log z7and S (lova’) are determined by Tormulas (59)
and (58), in the case of distritution according to the law [l—c (T).
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the constants (m and §) can be found from Formulas (56) and (57), in
the case of law «er'-f the constant m is determined from Formula (56),
and K, from formula

Ko go— gxlim—s (196)
where the same desiznations have been adopted as in Formula (57).
The criterion of correspondence of the experirentezl data to
the distritutions indicated above can be the proximity of the experi=
mental points in these diagrams to stralght lines. |
As can be seen from Figs. 61-64, the test correspondence of

the éxperimental data to the above distritution exists for the loga~-
rithmic normal law, .

Table 23,
Type of distribution Probability P(0”) at
d'f = 16 kg/mn® 6"2’ 20 ;{g/xzxm2 ﬂ/ = 26 kg/mm
According to experimental data 0 o 0.0317
Jormal 0.00023 0.008 0.0351
Logarithnic normal close to O 0.0001 0.0239
Form PM-l-—c-('r 0.0005 0.0064 0.0485
Form}(.)-.'é' -,. . close to O 2.81 10'34 0.0015
: \7 (el .

Curves of these distritutions are shown in Fig, 65 in the form of
closb probability, plotted ty using previously found constants, and
experimantal data are plotted in the form of a distribution polygon.

These results (Table 23 and Fi7.65) show that distribution of
type (48) at low stresses gives a somewhat greater probability of
treakdown than other distributions, which indicates that the error

permissible in this case, cannot cause a decreases of i:ermlssible stresses.
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Fig. 65. Comparison of different forms
of distribution, construed
after experimental data.
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The following conclusions can be made on’the basis of the

§s 8s§¢8 8

results obtained.

The structural strength of products made Iroum trittle metaﬂbceramlc
naterials 1s very substantially affected ty the-dimensions of the parts,
forn of load, dispersion of strength characterigtics, ete.

These lays are based on the substantial effect onggrength
of similar materials of rmicrodefects, fortuitously distributed over
the volume of the material.

The effect of these factors on strength can be taken into account
by means of using the statistical theories of strength, and of the
Weidull theory in particular. '

Using the formulag of this theory and relying on the results of
tests of specimens, one can estimate the mean value of sirength of a
part of any dimension, taking into account the form of load and the
presencé of stress concentrators, also, which is particularly important,
one should determine the probabllity of breakdown of this part at
certain values of stress ¢ .

The constant of the material, necessary to use the formulas of

the Weibull theory should te determined from the results of tests of
large lots of specimens, This 1s particularly important in connection
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with the fact that to this day there 1s no avallable method of
determining the reliablility of estimating these constants.

The Weibull theory does not correspond to experimantal data
in all cases, it was found in particular that the logarithmie norngl
law of distrivution of strength of specimens better corresponds to
the results of tests of certain metaloceranmic matarials than the
Weitull distribution,

“he problen of devising rellable methods of calculating thn
strength of parts made from brittle meta;pceramic naterials makes
it necessary to further develop the existing statisiical theories
of strength with respsct to these materials, taking into account
the specifics of their application (high operaiing temperature, rapid

tenperature changes, etc.).
Conclusions

1. The develoﬁment of many branches of new engineering makes
it imperative to devise new construction naterials with a aigh nelting
temperaturg, high heat resistance and oxidation resistance; and other
special properties. "hese materials and products from them..cag e
produced bty the powder metallurgy method in a number of cases, using
such compositions as oxides, carbides, silicides, nitrides, etc.,, which
~ are brittle materials.

2. Investigations show that breakdowns of these materials are
accompanied by phenomena which do not appear, or appear in very insig-
nificant degree in the case of such wldespread modern materials as '
steel and other alloys.

These laws include the substantlal dispersion of strength charac-
teristics, decrease of mean strength with the increase of the dinensions
of parts, the effect of the form of load on strength characteristics

(elongation, bend, pure bend, etc.).

FID-TT=-62-1765/ 142 9
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In a whole series of cases the effect of these factors on
sirength is very sutstantial, which makes 1t necessary to deévise
reliatle methods which will make 1t possiitle to estinmate their
effect on the strength of actual parts.

3. The nature of these laws is associated with the atsence of
plasticity in these materials and with the sutstantial effect on
strength of various nmicrodefects (pores, nicro-cracks, impurities,
etc.), in the proximity of which we can encounter suiciantial con-
contrations of stressec. In developing the formulas of the theoxry
of elasticity and resistance of naterials, and particularly in
devising tlie theory of strength, no account is taken of the hetero-
ceneous properties of individual microvolumes of zctual materials,
and in this connectlon these foraulas cannot be used in calculating
the strength of parts nmade of trittle metai%ceramic naterials.

Tre e€fect on strength of fortultously disirituted nicrodefects
in the vnluze can te calculated by developling statistical theoriss
of strength,

4, The lams'observed during btreakdowns of brittle metaibceramic
naterials (dispersion of results of tests, lowering of strength limit
with increase of diznensions of parts, effect of form of load nn
strength characteristics, forn of breakdown, especlally in tests for
connprescsion, iansignificant effect on strength of zain stresses d‘;}and
Gé etc.,) find an explanaticn, if we take into account the heterogeneity
of the properties if actual nmaterials and the fortuitous character of
the distribution of microdefects over the volume of the material.

S5« & detalled investigatlion of the laws governing the bredkdown
of a nunber of meta;pceramic naterlials on a bhase of silicon carbide
and chromium carbide has shown that the laus govern;ng the breakdown
of these materials have a statistical nature, and that the effect on

strength of the dimensions, form of load, etc. can be calculated by
FID-TT=62~1765/1+42 A
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using the Iormulés of the Weibull statistical theory of trittile .strength,
The advantages of thls theory lie in 1ts simplicity, small

number of experinentally determined constants (m and d/o). as well

as in the opportunity to use these constants and estimate the effect

on strength toth of the structural factors, as well as dispersion of

strength characveristics, which is of great practical importance.

Investigations have also shown that with identical engineering methods

of production ol different specimens, the heterogeneity of material,

waich i1s characterized by the form of distribution of critical stresses

in nicrodefects, remains approxinmately identical and can serve as a

characteristic of brittle metaibceramic rmaterials. It was found that

not all experimental data correspond to the formulas of the Welbull

theory, -his primarily refers to the law of distribution of the strength

of specimens assured by elbull. “urther theoretical research in this

direction 1s therefore nscessary.

6. “oncrete data have been obtalned fron investigated netaﬂbceramic
naterials which indicate in particular that the honogenelty of the
investigated rmaterials, which 15 designated Lty the coefficient of
homogenelty of material after Teldbull as n, is mostly close tc this
magnitude for modifled and globularcas iron, which 1s wldely used
as structural material in machine bullding.

7. The successful iniroduction of heat resistant metai?ceramic
materials into enzineering will bte possitle only in the event that,
2loag with a further improvement of their properties and engineering
nethods of thelr production, speclal attention will be paid to devise
reliatle methods of calculation of th@ strength of parts; also to
construction of parts, components of structures and whole structures,
in which account would be taken of the peculiarities of deformation

and breakdown of such materials,
101

FID=-TT~62-1765/142



74

DISTRIBUTION LIST

DEPARTMENT OF DEFENSE Nr. Coples MAJOR AIR COMMANDS Nr. Coples
AFSC
SCFDD 1
pDC 25

HEADQUARTERS USAF TDBTL 4
TDEDP 5

AFCIN-3D2 1 AEDC ( AEY) 1

ARL (ARB) ] b AFSWC (SWF) 1
ASD ( ASYIM 1
ESD (ESY) 1

OTHER AGENCIES

CIA 1

NSA 6

DIA 9

AID 2

0TS 2

ARC 2

PWS 1

NASA 1

arvy (8TC) 3

NAVY 3

FAFEC 1

RAND 1

AFCRL (CRXLR) 1

FID-TT-62-1765/1+2 102



