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INTRODUCTIO:

The development of new branches of industry, mainl
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nachinery construction, missile and jet engineering, and aviation
on £

is connected with a raising of the operating parameters of parts
Therefore there is an increase in the urgency of investigations
of the strength of materials and the carrying capacity of struc-

tural elements in a wide range of temperatures (4 ~50023°K and

higher) with different combinations of loads and temperatures;

the study of the influence of a vacuum, oxidative and reduction
r

4
v
media, radiation, water and combustibles on the mechanical proper-

ties of materials,
In recent years there has been an increase in the demand for
s

structural materials with as low a denisity as possible, rosses

H

high mechanical strength and thermal stability under rigid conditicns
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of force and heat loads. Very promising in this res;ect are the
nonmetallic materials, possess

erties, differing in many resp
metals. Honmetallic materials, such as reinforced plastics,

ses, industrial glasses, refractory and other mater-
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resistance, when in 2 meterial

t
are regular or irregular in time.
erties of nonmetallic materials and
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them in the case of nonuniform heating is possibl
™

which to
the nature and level of

lations the maximum degree imitate the
both in
conditions of their action. In

nhase of the investigations the

of intense heating of the nonmetzllic materizls ané ¢
ing test installations. Chapters I I

of the manuscript, and also thanks to coworkers
V. V. Vengzhen, G. A. Gogots, V. S. Dzyuba, B
V. V. Pasechniy, Yu. M. Rodichev and V. I. EKs
in the works, the rasulis of which have been us
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Reference (99) zives informetion on heat protecting materials of the

"Lockheed" grace. These materials can be modifiedé for various systems of

PR
-

neat protection, They are a refractory fiber in san inorganic tinder.

Due to their diverse density uand changeatle mechanical charecteristics
these materials heve properties which are not present in homogeneous
meterial., In some cases "Lockheed" can te used toth ss & heat protecting

ané as a structural material, Tne lower layer of "Lockreed" is a

I )

supporting bese made of high density meterial and suitatle for wmechanicel
fixing to the main structure; this is followed by an intermediste heat
insulating laver with low density and a third laver, of a mediux density.
The twpe of weaving of the separate layers determines the neme of the

rmaterisl, Fig, 2 gives the mechanical properties of "Lockheed" grade

materials (g’- tensile strength, F - Young's modulus).

g . E 107 ammf
M ¥ ) Q
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32— G 2 o memenuf I
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24— g2
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1§ fomme
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173
Fig. 2. “ec:avic ropertles of "Lockheed" composition at

29%, 473 ané 588K,

C - iransverse bending, cyclic stretching and exial compression;
® - uniferm weaving et 2930K,

Key:
1. Inner diareter
2, ‘Veaving schem:
%, Outer diameter
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Jommercial glsss esnd setal as well as oxide refractory materials have
high heat protecting properties and heat sterility during sudden single
or multiple heat chnnges. Oxide refractory materials are used in the form
of costing for lining engine combustion chambers, rotating and nozzle
turbine blades, antenns devices of aircraft and other pieces, and serve to

1 )

orotect the tase wmateriel, of which the piece was made, from high temperature,
erosion and oxidation effects of the surrounding medium, Such refractory

meterials are eluminum oxide, magnesium oxide, bilayer coatings, which

are combinetions of molybdenum disilicide, which is applied directly to the

L3

material to be protected, and enamels of various compe .tions, hafnium
oxide or other refractory oxides,
Nonmetallic neaterials, perticularly reinforced plastics, sre used also

&

as structural material for meking the supportinz elements of pieces vwhich
simulteneocusly undergo both high sitrength action and the effects of high
temperatures, The tehevior of structures, made from glass-fiter-reinforced
meterials and metels, wnich have ihe seme geometric sizes and operate under
conditions of short term heating, is significantly different. This difference
is explained by the charecteristice of the therwo-physical properiies of

the glass-fiber-reinforced plestics. The latter have 2 high heat inertie

due to their low thermal conductivity., The temrperature conductivity

1

coefficient of the widely used glass-fiber-reinforced plastic AG-43 is 10

times lower than the tempersture conducting coefficient of sluminum or

2
magnesium alloys. The result of this is that even in thin plates or shells g
made of glass-fiter~reinforced plastics and even at low heating rates 2

:
consideratle temperature drops occur, Under these conditions even in ithin %

metallic plates end shells the temperature redistributes itself evenly

s

scross the well thickness, In gless-fiber-reinforced materisls hesting
£ g

b
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produces structural changes, related¢ to softening, melting, depolymerization

and pyrolysis of the binder, as well as the formation
the surface of the material, which causes a softening
reinforced meterial and a worsening of its mechanical

intensity of these processes increases with s rise in

of & coke leayer on
of the gless-fiber-
croperties, The

temperature end an

increase in heating time,
The low thermal conductivity, high hest capacity end heat ebsorption
during pyroly
the wall and preventis a comdlete heat failure of the materisl. Because
of this glass-fiber-reinforced material, stiructures msintain
srrying capasity during nensteady high intensity heating,
ete and the lower the heating time, the greater the advantages of
glass-fiber-reinforced meteriels in comperison with metals,
The distinctive characteristics of glass-fiber-reinforced materials
imit end corrcsion resistance, These zetericls

1

have a comparatively high strength cheracteristic per unit weight during

tension, compression and btending, high impect resistance, 2 large reserve
strength (at this time only 2 smell portion of the filler strength is
realized), meking it dossidble to control the mechanizal properties in various
directions,
Along with this the use of glass-fiber-reinforced p
¢ue to their inherent inzdequacies, In glass-fiber-reinforced plast
naniczal properiies with time is characte
of these properties at elevated and
Tne advantage of the glass-fiter-reinforced

¢s insofar as fatigue limit is concerned (if temperature and loading

times are not considered) in comparison with metels lies mainly during




extension along the fiber (95). Giess-fiber-reinforced plastics heve low

elongation during tearing, and low tensile strength during sheering along

the layers, Notwithstanding the fact thst the reinforced gless fibkers on
whole increase the rigidity of the filler-matrix composition .ystem,

lass~-fiber-reinforced plastics hzve & low spec

o
e

their use &3 a structaral materisl for

M

rigidity usually leads to

P S

The thermel expansicn coefficients ¢f glass~fiber-

&

¥

reinforced plastics and meials differ significently,
a o Y

o

to ipin thex or to tond them.

AR

s o o S ot )

The described disadvantages, as well as the low level of lmowledge of
he chem’cal processes of resin sgeing, insufficient wnowledge of the effect

of various loading conditions (power and thermal) on the mechanical properties

doiele o

«

of tnese materials hes rade the designers approach to glass-fiter-reinforced

£
4
H
5
%

plastics very cauticas, However the zcvantsges of glass-Tibver-reinforced plastics

4

foe y it b, o

es & structurel msterial are obvious,

B ?
L

The wide use of inorganic nonmetallic meterial structural materizals
limited due to their high brittilen 18 elso at nigh

temperatures, and their stresses, =s &8

rreratares during hreating

The experience accuzmulated indicates the advantages of using btrittle

composition, In this case, obviously,
to obtain meterizls of lower weight, higher elastic modulus,
rength uncer conditions of !

.

es compared with metals (70).
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2. Structural features of reinforced plestics

The structure of reinforced plastics will be examined using glass-fiber-
reinforced plestics as the example. The mein component part

s

reinforced plastics of eny grade are the strengthening
binder, & polymer

ine materizl,

depencent on the direction
positioned reinforcement, 3 another classificeticn, forming =
separate group of €). Within these groups five mair {ypes
of glass-fiter~-reinforced materials sre found, which sre exemined, in
particular, in reference (104),

4s e reinforcing material, fiberglass is used in the form of a coarse
linen (& continuous untwisted thread, made up of a large numbter cf strancs,
each of whnich has 100-200 fibers), variously woven fabrics, gless mais,

made of zontinuous or staple fibers,

%ill examine the siructure of a unidirectional gless-fiter-reinforced

The smell diesmeter glass fibers have an unususlly high strengih., Thus,

ricrometer cdiameter fiber has a rupture stirengtih no less than that of

=

guelity structural Tnerefore the most proper structurel

solution, which will make maximum use ¢f the high mechani

fiters, is the procuction
fiter is arranged in perallel

Unidirectional structures (Fig. 3) can te mede tese,
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glass~-fiter-reinforced plastics do not zlweys btehave 2s & dense meterisl sand

R

the polymer-glass system depends on how the losd is

esplied, its reletive size and how it changes during lcading, A4 theoretical
investigation of the density of glass~Tiber-reinforced materisls was

conducted in the work descrited in reference (138). Tre model censists of

DTS Su——

2 unidirectional glass core placed in constant tension into & polymer cylinder

B anéd enclosed in an elsstic tody of sufficiently lsrge dimensions, The elsstic

H

g body was subjected to uniaxial tension slong the core exis., It is supposed

k that the polymer £ilm operates only in shear and the glsss fiter only in
ténsion and that btetn components follow Hooke's Lew. The fivergless forces

produce tangentisl siresses on the surfece, which added up across its
circurference res:lt in normal forces along the axis of the fiter, Anslysis

showed that up tc ihe point of shear of the adhesive binder the highest

highest tanpgentiszsl stresses szlonz iis ends,
= =

The mechanisxz of force transmission in the msterial is determined by

o]

the emount of applied load end is not the same &t all losding steges. Until

shear of the szdhesion btinder be:zns)an adhesion mechanisn of transcission

forces in the glass-fiber-reinforcedé plastics is cbserved., However st
+h of the adhesion binder, in addition to
adhesion stresses 2 friction mechenism of transfer of foreces appears which

sion is disturted, Tre
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rensmission is confirmec experimentally,
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leact one orcier of magnitude cr more higher thaen the strength of the zgdhesion
tinder an¢ the sirength of the polymeric b in shear, %
B
14 Cne of the deciding factors in forming composition materials is ine -

= . appropriate selection of componenis accordéing to xechnaniceal properties,
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size, and its centre exsmple, if the strength of 4he
tetween the zmatrix medium and the fibergless is sufficiently high
to ensure thze saxe deformation of comgonents under load, then at
he process of cormcesition deformetion

the fitergless during t
larger portion of the load, thus lightening the function of the

.

excess losc, etsorted by the fiber, is

ffectively
trength in ccmpositions, s zost obvious if a
esin is used in the metrix, for tke elastic mcdulus of the resin is about

then the corresponding modulus for glass, Since the resinocus

tzhed muzh further without breaking
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Points 3 znd 4 show what siresses can te 2ttained in the inclusions

is stretched 0,25%, If e materisl is

[
”
o

(reinforcezent) when ihe matr
selected as the matrix which sllows considerzile deformetion without
rupture, then even greater siresses cen te etteined st these seme inclusions

(Points 1 &ndé 2j.

3
£i

fout

The length of the glass fiber of the reinforcin ler has an important

influence on the sirenginh and the formability of the glass-fiber-reinforced

1

¢s. Fig. 5 compares cats on the strength of fibergless strends with

peds

st
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data on the stren
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resins in relation to the length of the initisl fiberglase (143), 4s

evident froxw this drawing, the effect of fiberglass length on the sirength

of the strand end the gless-fiter-reinforced plastic varies, The polymeric
matrix in the gless-fiver-reinforced materizls increases the stirength of

The ingrease in strengin of the glass-fiter-reinforced msterisl gzan
te expleined from the criticel lenzth theory (1329), In eccordance with
trhe theory for zless-fiver-reinforced ulestics the cdetermining factor is not

the presence of fine fiter defects but how close they are cne ic enciher,

According to the degree of loading the fiber tresks st is weaxest point,

forming shorter end stronger Titers, Ereaksge continues ntil the criticel

fiber is ejusl to the tensile strength and ine meterial breasks, Fracture

and their insreased strength resulis in z decreese in the criticel length
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It wes shown in references ($7, 48) that when gless-fiber-reinforced
? / &
rlastics are heated}two contrary processes occur in their binders: the
hardening related to structurization concludes and e thermasl btreakdown

occurs, The first orocess improves the properties of

h

texrperature effect and > f the strength effect
. ¢ tempereture-stirength dependence of polymers at temperatures

vitrification temperature (43) is particularly noticesable,

Therefore if a glass-fiber-reinforced plastic is to operate successfully

at elevated temperatures, it is necessary to select a binder eccording to
its thermal stakility,

Following optimal limits of maximum operating teuperatures for
glass-fiber-reinforced plastics with various bincers (7%, 148) were
experimentally estebtlished: for ordinary polyester resins, 350-385%; for
thermaelly stable polyester resins, to 4709; for phenol resins, 470-5209;
for epoxy resins, 420-4709K; fa : con resins, to 570%K, It we
shown that when the temperatire v ncreased aspproximetely te 510°K, the
strength properties of most of the glass-fiber-reinfcrced plastics with

he exception of the one with a PN-1 resin base, did not change. A4t
temperatures atove 109K, the strengthr properties of glass-fiber-reinforced
relation to the binder material. Plastics with an
(22)base have tne highest strength in their initial
however at L709K their strength drops sharply in 50-1C0 hours,
reinforced plastics on an organo-silicon binder have the lowest

cnditions. Alsc they maintain strenzin

It L5y

et elevated te.peratures and this strengtn remains even

HHES
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wigher than in phenol glass-fiber-reinforced plestics, Fig, 7 shows the
effect of temperature on the tending strength of fiverglasses with verious
tinders, The nsture of the curves depends exclusively on the thermal
stability of the binder,

The temperature dependercy of strength during tensicn of orienied
AG-4S and 33-185 glass-fiber-reinforced plestics, made with rigid and

plastic binders, are shown on Fig. & (104).

& daH/mm?
60 ]

4u

20 =~y

¥

0 - H
7 313 J83 433 473 TK

Relationship of berding strength of fibergless lamingtes with
different binders to testing tewpersture:

epoxy kinder;

ordinary polyester binder;
heet-resistant polyester btinder;
heat-resistant phenol tinder;
orgeno-silicen binder,

The relative drop in strength 635’5305, representing the ratio of strength

at testing tempereture to strength st room temperature is shown alcng ihe
ordinate axis., It is seen from this drawing, that meterisls with & rigid
binder have a temperature depencence curve with & greater slope than the

curve for materials with & glastic binder,




T&ble 1 .

in relation to heating temperature and time,

Mechanical properties of various grades of fiberglass

H
’ El
Grade of i Testing Conditions Tensile strength,Agzz Elastic
Fiberglass modules
Temperature, Time, Stretching " Bending upon
(=} N
K hrs stretching,
1 Dg-r/ 1?2
KAST-V 423 5 24,5 — 1127
473 5 235 — 1078
VFT-5 473 0.5 30.0 —_ —
523 05 30,8 10,1 1627
573 05 29,8 10,2 1490
623 05 205 7.6 1480
EF-32~3C1 448 200 22,3 83 1343
473 200 21,5 7.1 1146
N 473 200 238 16,7 1303
523 50 242 9,7 1264
73 10 16,4 11,2 1372
623 2 126 10,5 1274
SK~GF
473 08 336 195 2
. 523 0.5 305 123 2528
57 0.5 31,6 1 2:2 1930
623 0.5 26,5 114 1588
673 0.5 24,7 ’ o
AG-48 423 05 11,0 - e
glass-fiter- g;g gg g'g — 1225
reinforced plastic,
equal-strength

04

i

'

!
S

H

293 333

363

Ly

-
o

x

253 <2

Temperature dependence of relative strength at extension of .

oriented glass-fiber-reinforced plastics and varicus tinders:

1 - rigid tinder (AG-L43);

2 - rlastic btinder (33-183),
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/19 The change in strength es a function of temperature depends on the form

L2+

of the force effect. In most glass-fiter-reinforced plastics, when the
temperature is increased the strength during compression anc¢ bending
decreuses the most, The tensile strength during tension along the fiter
decreases at a lesser degree, This is apparently due %5 the different role
of the btinder during tension, bending end compression, and changes in the
mechanism of force transmission in the meterial, During bending, when large
shear stresses are present which ere accepled by the polymeric binder, the

strength cdrop caused by the metrix softening ie more perceptitle than

during tension, when the shear forces are considerat

y smaller,

o = » . ¥ . . 3 3 . x Y -3
3 During compression when tre umain force of the glsss-fiber-reinforceéd
} £ £
! ] & s L] L3 I3 )

1 plastic ig the btinder (which simultanecusly protects the fiberglass from
£
= ;; . A R

: statility loss), the tempersture streagth cependence is slso determined by
H

-1

~ the thermal stability of the tinder.

.1 )

“ As & result of the intense decrease in sirengtl during btending, the

q suthors of references (104, 48) consider it advisatle to evaluate the

]

to their bending

by

=

efficiency of reinforced plastics during heating accordin

gy

o

test results, Thi

[#:]

is & complex characteristic of the material, which
includes the strengtn of the fiter, trhe binder and the resistance to shear
glong the layers,

h)

The resistence of glass-fiber-~reinforced plasties to the effects of

]

eleveted texperztures is different in variocus loading directions, This is
incicated by the structural anisotrophy of the sitrength properties of the

- reinforced meteriel, The single-directional gless-fiber-reinforced plastics,

oy
[o]
o]

ded in the direction of the reinforcement, heve ihe highesi anc most

stable indicetors at elevated temperatures., Vihen criented gless-fiber-

. s
b 1 NN v
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syzmetry, the temperature influence cn the strength

[
w

greater - the strength
is lower, tecause the working surface of the tinder is greater.

Data on the temperature dependence of the mechanical prope. ies of

oriented glass-fiter-reinforced plastics and fiterglasses under zconditions

of elevated temperature (in the 293-573%K) range, are given in raference (24).

Oriented glass-fiter-reinforced plastics (single-cdirectionel OSP~10E
and those with longitudinal-transverse reinforcement PEP-10E with & 131 and
1:2 Fatio of layers) sre made on an epoxy~phenol tinder EFB-4, reinforced
with No., 10 glass thread, he binder content was 16-22% ty weight, degree

of polymerization, $C-95%, The gless~fiber-reinforced

—ade

n

lastic was made by

*ry

=

winding and then hardening., The fibergless larinste coxposition <lso includes

Py

an epoxy~prencl binder, reinforced slkali-free glass fakric A3TT (I{) - ;

Mhe

Trne tinder comprises 16-20% by weight, degree of polymerizstion - $0-$5%.

The sterting deta on the mechanical properties of the glass-fiber-reinforced

oy
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> of glass~fiber-reinforced .lastizs relstive strength
at exten n to temperaturs:
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Table 2. Mechanical properties of glass-fiber-reinforced plastics,

Type of Plastic , n/m2.10-7 Geems, E, n/m2:10~10 &, n/mw? x
n/a2-10-7 x 10"

o i L

Unidirectional (1:0) 50.8 496
Leminated (1:1) d
Longitudinal-transverse 29.7 27>
Laminated {112)
Longitudinal~transverse 36.3 256
Fiberglass laminrate

warp 29.5
Fitzrgless laminate

woof 17.4

W T od it L AR g 10 R

WO e

[T

* Tests were made on ring ssmples 100 mm diameter,
1.0 mn wide and 1.5 mm thick.

ottain & unifors temperature field, : vere heeated in &
chamber to the specified level an en for 15-20 minutes.
s (Fig., 9) temperature during
tension of a single~directional glass-fiber-reinforced plastic had & lesser
effect on strength, than during tension of & fiberg laminate, Thigs is
elastic properties, I is not an unexgected

&

le~cdirection z er-reinforced pleas

elasticity., Tre

s weakly cefined tem th croperties in the

arined iemperature




texperature to 373%K sharply decreases the strengin of the glass-fiter-

nforceé plastics, which differ ty structure and filler form., The

oo

re
temperature strength dependence is approx ximately the same for all
glass-fiter-reinforced plestics,

The temperature cependence on the strength of carbon-metal-plastic
during tension in uniform heating is shown on Fig. 10. Teste were conducted

in an ergon estmosphere &t 14009 tezperature on a test stand :made on &

hydraulic machine, TsD-4, base (the test stand was descrited in Chapter 111),
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Fiz. 10. Temperature~sirength devendence of carbon-glass-plastic,

Purity of tne inert atmcschere, sufficient fer conducting the experiment,
was aiiained by "dlowing® the chambter which provided an Initial vacuum of
162 mm He and en ergon supply. 3Suach "ylowing" took rpiace four to Tive
times befere sach experizent.

Heatinz was accomplished with & nickel pipe heater. The temperature

n of the sample, 70 =z, et a maeximum test temperature

of 1400% acuording to five therzccouple reedings, did not exceed 2=10 grad.

The tempersture of the surface of the sample wes checked during heating,
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When the teuperature resched the reaguired value, it wes meinisined constanti

until the sample was fully heated, The tesi stand was equipped with an

&

T :
« The hezting

automatic contrcl device used during heating and holding

[132]

rate at all temperature values was & constant 10 grad/sec.

Tre strength at varicus temperatures was deiermined sccording to dats
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Fig, 10 shows ihet generally the

strength of the tested plasiic cdecreases (to £07) a4t texperztures 1o 1000%%

A further rise in te. rerature does not change the strength. A similer

temperature~sirength dependerce of carton-metal-slastic was observed also

in tesii

o

gz for compression and tending,
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el

In evaluating the effect of temperature on the mechanicsl

]

rcperiies

of reinforced plasitics, it 2an be concluded that although a sherp drop

sirengtih occurs in these msterisls st eleveted an
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22 short-term operation even at very high temperstures under conditions

H

one~sided heating,

L, High-temperature strengih of glass and sitalls

~

Data on the temperature strength dependence of inorganic nonmetallic

materizls is extremely limited., In particular we do not have up to th

texperature cn the strength of ;
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141, 145), On the basis of an analysis of these investigstions in

reference (3), an attempt has teen made tc classify the effecti of

emperature on the strength of glass,
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lass tezperature-sirengtn cependence.

snows the fo u of ncies of sirengtn

gt

iy
~ize

rface

, ~ . -
cproximetely 100 dat/mm< ené fourth {curves 3
respectively) - to high strength steels with avers 50 dat jm.g)

2

with low (5-1C dat/m?) strength.
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As seen frox Fig. 12 (curve 1) high strength stee
dropping temperature dependence (125, 141), The test res:lts were ckttained

during tensile iesting ass rods,
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of asproximately 300 dat/mm™

my diameter, e b soints to

represents 10-20 and sbove sawmples

PR 1

Tests conducted by ihe euthors of reference (125) showed a

vaeriation coefficient of ané tests concducted bty the suthors of reference

(151} - 5-10%. Tre sharply drooping temperature dependence of nigh strength

arently is produced by the incresce

formation of microcracks in siressed glass due
water vapors sl ¥
(fluctuation). own in references (2§, 27) t

' 2 defect~free elkeli-silicate gless where there is no

Iy

rise ir reture, but not as sher

Fiz. 13. Temperature-strengih dependence of fiterglas

1 - mlumotoresilicete Tikergless 11
2 enéd 3 - alkelisilicate fibergless

Defective glass

high temperatures and the strengthening of ithe




according to the date of reference (4) are shown on Fig. 13 (curves 1 and 3
were obteined at losding rates of 3.3 dat/mm? * umin, end curve 2 - at

%0C dat/mz? * min)., The temperature dependence of low strength glasses

witnh an everage strength of 20-30 dat/ﬁmg is snovn in curves 2 and

(see Fig, 12). 3Jurve 2 was consiructed according to dats from reference

(141), obtained curing repid extension (severel milliseconds) of gless bars

0.7-1.3% zm dismeter., 3Jurve 3 wes constructed from reference (134) and
s s P

ck sheet gless, TFig, 12

S

otteined during tesis of siriss of 2.7

pie

mm th

1

shows the drop in strength of these glasses with texperature rise; however

this is much weaker than in high strength glasses,
* Tests of large glasses showed that the temperature-strengih dependence

is reflected in curves which have a minimum., In references (145, 145) the

explained by the fluctuating mechanism
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[t

of gless breskage, and its incresse in strength at high temperatures 1is
gdue to the fect that surface diffusion rounds off the edges of the
microcracks ané decreases the stress concentretion,
Recently zuch atiention has been given to the synthesis of glasas~
rstelline materizls of a new grade,Called sitalls in our literature and

2

/2k kmown abroad &s dyrozerems ené glass ceramics, These meterials have very

valustle properties whish meke them extremely useful.
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Fig. 14, Effect of tempersture on strength of $506 pyrocersmic,

Sitalls azre inorganic materials which are obtained by fine crystallizstion

f glesses or melts of various compositions, occurring over the entire

voluze of a previously shaped ziece, Orystallizetion results in the formetion

sy b e o e

il v




evenly distributed dense microcrystalline structure, cheracterized by

disorcdered oriented crystals in the glass phaese and the absence of
porosity. The size of the crystals ranges from unite of micrometers to

: N3

several micrometers, Hicrostructurzl homogeneity ensures the
properties of the sitalls, Beceuse of their high
comparison with ordinary glasses, they have & lower sens
surface injuries which produce stress concentraticn.
5italls are stronger than glass, most ceramic materisls and certain
strengtn of sitalls is studied,the strength is
tencéi
ficult~to-work meter
@xing the samples and the greater relistility of the aversge
strength velues,

6y, Banfiim?
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strengtin of glass-ceranic materisls

It is

of' the maxgples for stretch

compressicn. Inasmuch as sitalls

te tested for compression because it must be assumed
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that at esch compression testy, failure will cccur in the zone of tensile

stresses produced by the stress concentrators.

/25 Fig. 14 shows the effect cf temperature on the mechenical strength of

cormersial pyrocerem 9505 (65). This pyroceraz telongs to ihe category cf

magnesias-alarosilicete materisls. During their production titsniur dicxide

wes used es the cstelyst for ithe formetion ¢ crystellizaticn centers,

Jerdierite is the main crystalline ghese in pyrcceram, It alsc contains

.

cristcbalite. 3trengtn deta refer to rods which have been abrasive-finished

1

ené then chexically strengthened. The tensile strengih of this material at

roor tempersture is sufficiently high, tut with en increase in tempersture,

-

j4s strengzth drops. However, even at 1073°K the strength of pyroceraz
consideratly exceeds the strength of most glasses at room tempersture,

Gy danmd T T

™ >

Fig. 15, Strength of sitali23 2t temperstures to 11730K.

D

other types, & lowering of strength ¢ riar
heating (curve 1, Fig, 15) is elso cbserved., A similar type of tempersfi--
strenzth dependence during bending for cast Sitalls was dstermined in
reference (118). The results of these studies show that &t 1073°%K the
strength values are less than hal

Tre authors of reference {11F) explain the teheavior of the cestisitalls

during heating es follows., OJrystallizetion of light-sensitive glesses



Mo v

"
o

i,

'

!
DS

LT

)
L

sterts from {ne uniform distribution of centers in the volume of the gleass,

end 2 gless phase remains on the outer houndary of esch microcrystal, The

"3

cryatals growingz on eschn center occupy 2-5% less volume than {hne initisl
glass, During cooling, ss a result of the lsrger coefficient of liineer
exzansion, the volume of the crystals decresses in grester rmeasure than to
volume of the glass, As & resuli the interlayers of glass teiween th
cryetals are in 2 state of coxmpression, similar to the cuter layers of ik

tempered gless, and tne entire system hes a hizgh mechanical strength, During

neating =z reverse resction cccurs and trne strengih decreases,
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4 monotonic decrease in sirength when
sitall £%. Resulis shown in Fiz. 15 were obieined on prismeiis sexzrles
mezsuring ¢ x 12 x 80 == under pure ktending conditions efter holéing them

grior tc loading for 15 minutes ai z test texpersiure of 1173%. OZurves

showing the dependence of strenzth on tempernture were consiructed from deta

~

on testing £-10 semcles at esch point st 2 mesn sgusre error

winus 12%.
In sitalls of secrme cczpositions, the initisl decrease in strength when

texsersiure rises is followed by recevery of strength at much higher

temperatures. This effect is sharply defined for the Zi

510, systex (see Fig. 15, curve 2).
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Vle obtained the same change in the temperavire-sirengih dernendence cf
- &

&

slag~sitall 2 and 495 (Fig, 17). Tne results refer to prismetic samples

NI g

3

measuring ¢ x 12 x 80 mm, The number of samples per point was 12-15 at

2 mean square error rete of plus or minus 10%.
Thus, experimental data obtained during
nonmetallic inorganic materials indicate t

at elevated temperatures, to 1200-1300°K, greatiy decreases, tc 2 point which

rakes it impractical to use them at these temperatures, Bui inozse
due to their specific thermel properties, can te successfully used

cenditions of short-term, high-tempersture, nonuniform heating at te

consideratly exceedinz the above,
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Chapter VI
ility of Refractory Materials

daterisls wnich are used umnder conditions of repeated-aliernating

temperatures must be heat resistant and thermelly statle., Th

ad

testing of = izls nas become very importeni in recent vears, The

Tre destructive acticr of thermal effect

its complete

and other .ndesira onseguenes,

H
i
’

£2), i.e, equelizing
several bodies,
into siresses of zero,

Tnerro~elastic stre

plast.c stresses

’

lastic state,
ppeer

of the noniniforaly heated | i second phase state,

resalts ciied in thni napter represent the thermel stability

cf mater ; trhe brit stete, Ii{ is pmzsumed a2lizs thet the

= i i
.

responsitility for failure lies mainly with thermo~-elastic sir:sses of th
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type KSO-13 (0.2 microfarad, operating voltage 5KV), spark arrester P and

inductanc ne form of a primary winding pulse autotrensformer IATy.

Voltage to 30 XKV at 300-500 kilohertz frequency, necessary for electrical
circuit breskdown, forms st the cutlet of the sutoiransforxer., The
autotrsnsformer is mounted on ferrite cores. The Ligh voltsce pulse icnizes
he air in the gap tetween electrodes anc provides for carbon are ignition.

Under workinpg conditions the current reley RT type ET-5235/4 operates. Ey
normally closed contacts 1PT, it switches on the hi-li voltage pulse generator
anc¢ by ncrmelly open contects 2PT, switches on the motor of the mech
for meving trne electro

The voltsge regulator AT

p

high voltage bty the =h freguency choke DrVCh

MMy

hoke is mzade on & ferrite core and is connected secuent

Mo

from the secondery win

*
I

ectrode through

voltege 1XV).

lv separate the circuit o

the electrodes is regulsted from O to 250 v,

The opereting arc voltage is contrclled bty volt meter V, end the operating

o

current - emreter 4, Reading of neating and cooling times is fixe

electric tne arc will burn steadily, & balanced

R, is sequentielly connected into the circuit, A "dropping® veit-empere

) Q

cnaracteristic is thus cobtained,
The electric are burns on nigh Intensity grade "Extra-affect? 7-& mm
diameter carton films, The arc is placed coesaxisally

Argon, which stebilizes the certon arc




il

the axis of the electrodes from top to bottom across spiral channels of the

3

vortex generstor at 2-3 atm pressure. The vortex gererator is & ring 10 zx

2 diemeter which hes spiral ¢! ; .5 mm pitch at

of 25% to the cylindrical surface of the rinz notched on the

veriprery, The channel cross section is 2 x

he test stand is eguipped with & mechenism which automatically mainiains

¥

p tetween the electrodes, The elezciric motor of the mechenism

ocugh & rectifier assembled by e br:idge scheme on type D304

diodes, from AT, voltage reguletor, The voltage-supply teken from AT

P
regulator changes from O <o 40 v in relation to’ the required feed rate of

the upper electrode,

]

Automatic temperature changes in the spe:ified range are made by the
min end max contact ¢f the one-second EPP-CO- potentiometer from platinum-
platinum~rnodium thermzocouples C.1 ma dismeter, ‘When the meximur {experature
is resched,the max contacts close Py relay, which instanteneously closes the
normelly open 1F; contect and connects the megnetic starter K;. The heatin
circuit is disconnected and the min contects are unlocked by the normally
open 1Kq contaczt. The normelly oper 3I. and 4K conteacts are disconnected,
‘he megnetic valve PK1 operates and comnects the air ccoling of the sample
by the air-water mixture vortex, Vhen the minimum teupersture is reeched
the voltage is supplied to the msgretic starter K, end the cycle repeats
itself,

test stancd hes an aettachment for fixing end roteting the saxnrle to
the temperature on its outer surfece (Pig., 103), The sttechment
consists of an upper moveable support and e lower fixed susport in
vertical direction, 3sxple % is pleced on the supports a

Ny

into thie region of focus of Lhe

sample is correctly rliced in the cylinder

o

scele epplied to the fixing rod,
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Fig., 103, Schrematic of attachment for fastening and rotating sample.
Key:

1. At entrance to EPP-0G,

When the arc 2 is connected the sample begins its rotary movement by
meens of electric motor 7 and four pulleys 5. The thermoccouple electirodes
are brought out on current collector 4, Tewmperaiture equalization on the

outer surfece of the sample i1s aitained by experimentelly selecting its

~ad i
=

1

rotation rate, which is determined by the changes in the tempersture rate
during heeting and cooling,
The sample temperature on its outer surface, core and at intermediecte

pletisrim-plaetinum~rhodium thermeccounles 0,1-0,2 mn

dismeter. The thermoelectromctive force from ihe thermocouples goes to =
spezially constructed current collector comdprised of & collection of small

dismeter cozper pallers placed at specified intervals o insulating

sleeve which is rigidily located on the roller ! ith the sample,
Tne tnermoelectromotive force wnich goe ! per pulleys is removed ty
silver. pleted sliding chords and t EPP-09 electrdn.potentiometer st

£1 The current collector, as the : t revealed,
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&1203 pressed) 2%.8 2.56
z2rC, 25.1 3,66
Dense megnzsial concrete 1¢ -
Forous megnesial concrete 35 -
Alumosilicates (0-10% =X) 8-12 -

Alurosilicates (20-70% EN) 20-40 -
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Teble 9, <Chemicel composition of refractories (%).
Material A1205 ZrO2 5i0, TiO2 Fe205 Mz0 Cal
Al O5 + TiC, g8,92 - 0.09 0.% 0.05 0,02 0.01
1,05 {cast) $9.73 - 0.1 0.01 0.08 0.05 0.01
Al,03 (pressed) 99.57 - 0.24 - 0.13 - -
2r0, 1.0 90 1.4 1.15 1.16 - 5,44
Table 10. Dimensions of refractory ring semcles,
Material Outer dismeter, Inner disxeter, Height,
it i mm
:‘1.1205 + Ti0 Us (first bate h} 49 248 13.6
Al;Cx + TiOA (second batch) 495 249 13,7
A1503 + TiOQ (third batch) 398 27 12.2
Al,0z {cast, first batch) 50.3 25,4 14.0
Al503 (cast, second batch) 196 048 138
Al1,0 (Hr9éseu) . 50,1 243 a13
#1503 (pressed) 50,2 24,3 52,5
ir0y 51.8 244 50,4
gense wagnesial concrete 496 258 48,0
Forous magnesial concrete 499 25,5 511
Uncalcinatle magnesial concrete 50,5 252 120
Alurosilicates (0~10% KE) 511 26.2 12.0
Alurosilicates (20-%Cj KE) 50.4 259 122
Red brick 50,1 249 12,5
rises to 1100-1400°K, the elastic mocalus snd Feisson's coefficient and the
linear expension coefficient of ithe specified zsterisls changes very slightly,
This makes 14 possitle to compare the fest recults obteinecd for thece
meterials at variocus temperetures wiih g sufficient degree of accuracy
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3 Tests in nonstesdy thermal loading conditions showed the effect of the
temperature chnange rate on the thermel stability of the samples and also

he msterials under these hesiing conditicns, The thermal
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i /153 increase in tempersture on the outer suirface of the sazzles, Apperently
;

showe tenpersture distribution in sexples in nonstastionary reeting,
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Tetle 13, Trermel stebtility of rinz semples in aluxinum oxide with

titanium oxide admixture curing nonstationsry reating,

S?mple size Eresking temperature gradient
(inner and outer Hesting rate,
dismeters) omom gred/min A Tpin A Toer ATy

50 ge 101.5 112
Lo ,0/24,3 170 118 1234 131

340 136 141.8 155

39.8/17.7 170 105 112
‘ 34 133 140
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Table 14,

Thermel stability of ring sszples under various thermel

loeding conditions,

Heater cegpacity
or texperature
change rete

Breaking tempersture gradient

A T.'.':i.n A Taver A Tm_ax

41,03 (pressed)

41503 (cast)

170 gred/min
34 gred/min
20CC volt-amp*
3CC0 volt-emp*

50 grad/min
175 gred/mi

7 kva* (400
gred/min)

214 229 B4 .
284 297 305
530 k2 355
325 37k Lig
83 102 122

106 115 117

118 182 270

* Thermo-couples were soldered to ssmple surface,
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tre ifexperature g

fmd

The therma

axzles of other meter

the hee

pde
[\~

ting rate is increased’the value of .

. . . st
radient 2% which failure occurs incresses, & similar :
ailing gradient is observed when +the thermal losd intensity

stabilitr of aluminux silicate was deterzined at varicus

sonstant increases of texgerature on the

inmer surfece of the ring.
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quickly and failiré is accompanied by a characteristic snapping sound, In
o5t cases only & radial crack appears, The crach ig located as a rule at
the point of a defect. Some Samples at fi ure ¢ividé into two portions, and

at’ higher heating intensities parts of the semplé f1y in various directions,

-end the failure process itself resembled an éxplosion,

ATRAT
650

550

4508,

Fig. 108, Effect of boron nitridé on héat re
nonstationary héeting &t 170 grad/m

Pressed sampleé fail gradually, The crack forms on one end 6f tne
sample end as the témperaturé gradient inéreases thé crack spréads, with many
sauses, in the axial diréction. Almost always aftér thé first cracik forhsé,

after & certain time othér eréacks follow, Study of crack microsections and
»fra”tare ¢characterisiics has shown that the staggered or skipping cheractér
of frécture i5 due in consigerable measure to material porosity. The oracks
eppéar in the rost weakened séctionsd where thére are the lérgest ac cupulations
of pores or other internal defects, Theéy stop in the larger round pores which
contribute to thermdl stress drop. Whén thé stress levél rises, &§ & résult
6f the ifcremse in thé temperature gradiént, thé oreck again begins to spread
to néw roundéd .rés wheéré it bécoies sequentially localized.

Swall eylindricsl samples,4-€ mm diametér end 18=20 mit high,wére tested

in nonstetionery heating &nd éooling conditions on the test sét-up which was

deseritéd in perfagraph of this chapter, The following refractory materials

were tested for trorme: impact and thermel fatigue: spééial poréélain,

porcelain, starting glaess and glass-based citall, aluminum oxidé containing

1% titenium oxide, produced by ¢asting. Silicon carbide, aluminum oxide,




fagnesium oxidé and caleium zirconate, made by powdér metallurgy, were al§e

tested, (The -chemical composition ind physical=mechanical properties of

oSt of thésé matériels &re given in Tables 15 and 16).

When the metériels wére tested for tnérmal impact, that is in a single

the samplé témpérature while maintaining thé rate,dénsity and tégperhture

(330-340°) of the cooling sirzweter mixture, Initially the thérmal stability

lirits were detérmined by approxization, Samples were tested, for example,

at 1300-16009K. If it appearéd thet samples did not fail et temperatures

télow 1300CK &nd failed &t 16009, theén it was riot hecessary t& test thed

at tezperatures: above 16000K axd below 1300°K. Later the témperature intérval

/155 Was measuréd évéry 50 grad and thus the valué of thé feiling témperatureé
"""" ; hed., To-fest gorrectly for thermal Stability

approxizatély tén résulid per point &re.necé8SEFy; nHOwever béchusé test

résulis for small sampled do6 not héve & widé sSéattér, thé number &f tests

Pér point cén bé reduced to fivé or séven,

Starting

materials 510, Al,05 Fex0s 020 Mg0 K0 Nagd Zn0 TiC, AlFe

Porcelain 55,0 34,48 0,54 1.2 0,26 1.73 (in - 0,62 =
o ~ total) )
Special porcelain 4,0 45,0 0.48 1.11 0.25 1.4 (§n 0.3 11,4 =
total

1!
]

Starting 8itall glass 60.0 16,0 = 15,5 1.5 1.0 - - 6,0

Note: Data obtained in Institute of Silicate Chemistry,
USSR Acedemy of Séiencés,




Parameters | Starting R ] Spécial
sitall xaly orcelain | porcélain
. . ... .. . Y . glass

Density, kg/hB I
Young's médulus, data,/mn ;g;&
Shear modulus; data/mm? 506

Foisson's coefflcient, mm 0213
Bénding strength, data/mm2 59
Compression strength, qata/mm2 5l

Linéar expansion coefficient at
2755739, 1/grad

=~ =&

Tmpact viscosity data/mm
Loommd
édnéd in Tnst

adeiny of Sciend

Note: Data &bt
USSR Aé

Samples which did not feil ¢
the sare itemperzture difference
determinéd by the numbér of ¢rcles of specified heat ¢hangés whié
withstands until failure., The heat
ifh tcsting for thérmwal impaét.

Temperatures in the core or in thé intermediate poinis betwéen the core
énd the surface aré méessuréd with s pletinum-platifum-rhodium thermocétiple
0.1-0.2 mm dismeter, the junction of which is pléced in &n 0.5 mm dismeter
opéning anc¢ fuséd with silvér. 4 good bond was thué achiéved between the
thermocouplé junction and thé sample material, The surfsce temperature of
the sample was also messured ty & thermocoup] thé lunction of which was

tied with a zirconium thread. The thermoélectirodes wéré insulatéd with

alundum capillaries, Each samule was carefully exazined btefore testing =




Table 17, Thermal stability of small ¢ylindrical samplés,

ok » o * Kos | Test temperature- !
] I | 3 | range, X
vi/m2grad |vt/m2grad | vt/mlgrad

318 = 1573 —338
318 = 1475-2333
318 1 162338
= 720 973338

- 161&—358
720 1478138

& z " 1048338
orcelain ] - . 1038335

;orcelaln

PreT

o I 79 " 953—33R

Startmg srball glaéé - -3 - 873=338
Setal “3 . = 318  993=33%

“

2

W b (s bt e

LM

o
b

after éach heat change., Failuré was fiked
detécted under & microséopes
Srigll Semplés wéré tésted for thermal stability undér thermal impaét and

thérmal fatigué conditions at the following héat éxchange ¢oefficiénts:.
* AP .. 5an . 2 . . L L
oL, 222 c%;;:518 énd ;c';x‘720 vt/m© % grad (119), The results obtained

in testing matérials undér heat izpact conditionsd are showd in Table 17 in
which A T, ~designatés tne failing temperatufe difference,

Analysis of the obtainéd results show that of the meteriels investigated
those most r2sistant to thermal impact eré aluminum oxidé, magnesium oxide,
silicon carbide, Special porceélain and aluminum oxide plus titanium oxide,

ailing température difference for these materials was in the 11"0—1,000"
range,

A stendy decrease in resistance at thermal impsct was observed when the

a‘
heat exchenge coefficient,was increased, Thus, for 'speciel porcelain a change

in heat exchange coéfficiént from 222 to 720 vt/m2 o grad produced e decrease

in tempersturé failing différence of 140 grad. A similar tendeéncy was

=Bh=




determined alsc for porcelain which was tested &t heat exchangeé coefficients

of K¥ = 235, 318 and 720 vt/m® - grad. The drop in the:f2iling-temperature

difference in relation to the vslue of the failing texperature difference at

oCx = 229vt/u? » gradiént was 50 and 135 gred. 1In all cases the téxpérature
of the air=watér cooling miXture was conétént snd approxizately 338°K,
Apparently the tendency to the drop in thermal résistenceé whén thé hesat

‘éxchange Soéfficiént wes incréased was genéral,

127 Nyuwib

Relationship of thérmal st tability to hu mber
bréeakege at heéat exchenge coefficient &C* =
silicon cartidé;
alumninum oxid
meghesium oxi
6ré

e;
de;

The grést
for porcelain
the #ateriesl, the
t (special porcelain has &
finer grained structure), sszple size orecelain samsle diameter was
2,5 um and the spécial porcelain -~ & m Wnen ihe seimplé diaMetér was
jower under otherwise equal conditions,the valué of the failing températuré
difference increzsed. For example, ieésts of porcelain ato* 318 vi/m® ¢

showed that the failing texmperature differencé with a sample dismeter decrease

(7; 4.5 ané &4 mm) incréssed at an average bty 40%,




ivé§ tést results for thérmal
-sarbide, aluminum oXidé, magnesium oXidé end éast porcélain at a ccnstant
ife coefficientek* = 318 ¥ o grad; The feilure of samples in

was Observed both along the génératrix as well as perpéndicular

Thermel Stability and Heat protecting Properties of Some o

protecting structural raterials from the destructlve

- Both 28 & result &f the -
& Well as vy

‘érion of theé

£ usé aré most freéquently subjected to sudden
tney should have = Aigh thérmal stakiliiy elong with theéir
iAsulating properties, An évaluation of the thérmael impact
the heat protécting propertiés of some nérnmetallic coatings
atinosphere undér conditions of inténsive nonsiationary thériel loading was

made on & tést device, Héet vas produc-d

bty focused radiant energy, : by =4 mixture vortéx, The

samples consisted of 5 mr dismetér and 20 mx high,

AR

:
F
g
2
E
=
g
§




- due to the fect that the thermal expansion coefficient of thé metallic

46 much higher then that of the coating; eénd alsé becduse the

r becomes weakéned b¥ thé Suddén heat changés. All of the
cks whish wetre orientéd along the géneratrix, At
oxidation, the coating lost its bond with the
cfumtled,
.L

of somé coatinZs were iésted on

had thréee différent

+60% 2r05 + 30% fusible

zicrostiructuré:. of ihése ¢datings id

;‘a

S

they wére applied &nd théir

two nours in 3 gen atmcsthere, During
sécondery diffusion processés ccéur between the molybdenum

-5 ailoy.

3

tent, and a zoneé caus intéraction of the mélvtdenum

i
¢ enamél. In addition,

TeM-S meterisl., When the




#61ybdénuts

1
!
3
3

&lumlnum cxié@;A
tenpératuré difference betwéen sample surfade and core,
Tne Short-term strengt
as follows aftér 300 sec of
bringinz the sémplé closer t5 %k
vere tésted on a Steénd witd &
tézperature (to svoid éracking
heating rate did nst exceéd
, & constént température without
te samplés failed, Tést results are

shown on Fig. Tensilé strength was calculated on the stertin

of the basé msiérial,, méssuréd before the &oating was applied,

&7




%bSié + HfOé had =

higher heat resistance, theérefore they were tested st 2100 end 200K,
o 3 bl “F 4 A

&t thesé témperstures and 300 sec¢ hslding time, t4Hé ccatings remained
Es /' = ] o

wichariged, sample stréngth éhanged lightly and rémeined =

lével,
2t 1G00<2200% nad a much lower

ing temperatare from 1600 t5 22009K

the seme holding time to failure (300 sec) greatly lowers its strength,
§ is attributed t6 the eff

pplicetion of énamél (ih tetween themselves

and the besé matérial, its recrysiallization san 5y . Also, after

baiding, the énemel has much lower et insuleting cualities thsn the

sprayed=on

nefaiw dioxide, thus ¢oating to a Iésser cdegree prévents

Keet=through

Tests showed that

rotectiive
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v =aintained st a Stéady rate for 300 sec using & load stebili

r Iii.

devies dessribéd in paragraph five,; Chspte

C
°:@9.

2/,

loy sazples coated w

re ¢old-worked

he- sirength of the ssmples,

herdening due %o carbicde forms

therefore was reflécted veriously on gifferent sax

ihe observed incréasse in strength in samplés cotted

510, + enazel st testing texperature2000%K fer 450 sec and coatéd wWith

at 21009k for L0 see¢ (see Fig, 111),
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