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ANNOTATION
The book presents the basic tenets of stereometric metallography, i.e.
the combination of methods of quantitative evaluation of spatial microscopic
structure of metals and alloys. Methods are described in detail for estimating
the mogt important parameters of spatial microstructure.
It is demonstrated that the basic properties of metals and alloys and
_ their behavior in the processes of hot and ccld working are directly connected
BHAHKIX quantitatively with parameters of stereometric structure.
instructors
The book is of interest for engineering-technical workers and INAX¥H¥KN
at higher educational. institutions, engaged in the field of investigating,

processing and inspecting the quality of metals, as well as for students of the

pertinent specialties.
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Devoted to the memory of

Academician Nikolay Timofeyevich Gudtsov
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PREFACE

The purpose of the book is to give a systematized and, as far as possible,
complete portrayal of present-day methods of quantitative evaluation of spatial
microscopic structure of metals and alloys. Such an evaluation, being the most
effective and feasible from the physical viewpoint, has received wide recognition
and is being used mere and more by Soviet and foreign metallurgists. At the same
time, AX desériptions of methods of stersometric evaluation are dispersed among
numerous ‘ournal articles, often hard to obtain, which complicates the use éf
these methods., In comparison with the first AAXIKIAN editior, the present book
has been revised and supplemented. Included is a description of new methods
published indébviet and foreign press from the time of X¥X appearance of the first
publication, as well as methods developed by the author in the metaliurgical
laboratory of the Yerevan Polytechnic Institute imeni BX Karl Marx. Considerable
attention has been diverted to an analysis of foreign researches, which confirms
that both in respect to priority, as well as in general state of the art; the
stereometric HEKAXXBEXKKF¥ metallography in the Soviet Union is ahead of that in
foreign countries. The methods of quantitative evaluation of a plane structure
are presented orly to the extent necessary for obtaining the initial data being
used for computing the parameters of spatial microstructure.

The author hopes that the book will promote the further popularization of

particular, will

methods of stereometric evaluation and, in REKXMNXA¥EWIXX stimulate the transition
from semiquantitative methods of rough approximation to more precise and objective
characterization of the structure with the aid of parameters of actual spatial

structure.
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Mew Methods Lead to New Results"

N+S.Kurnakov

CHAPTER I
MICROSCOPIC STRUCTURE OF ALLOYS AND METHODS OF THEIR

CHARACTERISTICS

Section 1. Qualitative and J¥XX Quantitative Appraisal of Microscopic Structure
of Alloys

The dependence of the guality of steel upon its structure was first established
by P.P.Arosov, who had used that successive combination of methods which now is
called the microscopic method and comprises the basis of metallography
(N.S.Kurnakov) (Bibl.2),

P.,P.Anosov first introduced the semiquantitative scale for ¥¥XX evaluating
the quality of steel based on its macrostructure (Bibl.3).

Later D.K.Chernov developed this tendency. and established the quantitative
dependence of properties of steel (viscosity) on the actual parameter of its
structure (size of grain) (Bibl.L).

In modern machine construction, the conditions of the work of metal in
parts, tools and construction, and also the technology of its processing, compels
the posing of H¥KE¥ especially rigid and numerous requirements for the quality of
¥¥XXX metal, Often these requirements relate directly to the structure of metal)
and the conformity of the quality of metal to the requiremerts should never be
checked by any methods other thar metallographic ones. BEven if it is sometimes
possible, such a checking is not very graphic, reliable,or advantageous, Some
LK examples are the determination of purity of steel with respect to content
of normetallic inclusiors, degree of heterogeneity of distribution of carbides, sizes

of grain, depths of decarbonization and carbonization, presence of structurally free



cementite in soft steel and the nature of its arrangement, etc. The wide
distribution of the network of factory laboratories in our time permits a
realization of an analysis of metal structure everywhere. In many cases,
metallographic analysis is conducted as a mandatory inspection method for testing
metals, semifinished products and finished products, along with chemical analysis
and mechanical testirg. The inspection functions of metallographic analysis also
required a new approach to zi. evaluation of the structure and to a portrayal of the
results of aralysis. In the standards, technological charts and technical
specifications, it is necessary to include quite definite and concise quantitative
and dimensional requirements for structure, clearly and accurately defining the
characteristics of the metal.

Examining the struature of metal and the products from it at various stages of
the technologisal proces® and in finished production, the plant laboratoeles owew
a period of time aseumylate extensive experimentsal materlale In order that the
accumulated valuable data can be advantageously used for controlling and improving
tho technological processes and raising the quality of the groduction by ¢he plant,
it is necessapy to peecess thesé data systematically, ¢o link the Individual factors
of ¢he technologlical process with a structure, and the structure with the quality of
productione In this case, the use of statistical methods of processing experimental
data often permits one to find important and sometimes unexpected deperdences and
leads to conclusions which are valuable in practice. Using only a qualitative

by

evaluation of structure, we cannct link it ¥XXK any quantitative dependence with the
values L¥¥X¥ typifying the tect.ol: “.21 process. A statistical processing of results

of micro aralysis is also urrealizable under these conditions. Only with a quantitative



or dimensiocnal numerical evaluation of microstructure can one effectively use the
experimental material being accumulated by the plant laboratories.

No less important is a quantitative appraisal of the structure in the
researches especially in those connected with a study of such processes, in which
the structural elements change under the effect of mechanical, thermal and chemical
factors only quantitatively or dimensionally. Some examples are the growth of
B¥O{ grain during heating, degrec of EIA¥XXX coagulatior of cementite during
isothermic annealing, increase of ¥¥AXW quantity of p%%lite during cementation etc.
I; such cases, the only effective means will be a quantitative or dimensional
evaluation of structural elements (slzes of grair, numbere of earbide particles,
quantity of p%%lite)g

For instancey a study of the reerystallization process many years ago compelled
the developmert and introduction into metallographic procedures of a method (being
used until the present) for estimating the sizes of grain based on its average
area on a slides

austenite,

In the 4nvegtigation of the kineties of decomposition of cewemiws, there i3
detepmined the ecgtent éf various phases at varlous stages of the process. Indirect
method; (magnetic, resistometele, AXXMKKXXXNXE dilatometric) are less somvinelng
an& ?ot as reliable as the method of miero investlgationy sinee the propertles can
change ﬁot.ent;rely'proportional'%; the ch;nge ir the phase composition (3ible5)e

;Advances in the te;hniéues of large magniffcatlions permitted a solution of
problems of the formation of a number of structures and permitted one to establish
that the structures which were considered earlier to be qualitatively differeat in
actuality have mainly 2 single type structure and the difference in them one from

in
another reduces only to a guantitative difference ®K fixed parameters of structure,



Such for example are p%?lite, sorbite, troostite having a flaky structure and
differing in degree of EXEFAXEIXX dispersion of flakes of cementite and ferrite.
It is evident that the concrete expression of the characteristics of such structures
requires quantitative estimation.
In many cases, even a purely qualitative estimate of the structure proves to
not supported
be XEXE very well grounded and is discussed in various ways if it is not ¥XXNE#KEA
by quantitative characteristics. For instance, a case of a diametrically opposite
defiriticn of the concept "point p%%lite" is noted by A.N.Chervyakov and
AJN.Podvoyskiy {(3ibl.6)., KKXXNAKXXKIXEY Whereas N.AMinkevich IHMNXXKI¥A identifies
point pg%lite with granular pgflite, according to A.L.Baboshin "granular pé?lite
has nothing in common with point p%?lite" (Bibl.7, 8). This contradiction is caused
by a qua}}tative evaluation ef the structure of p%?lite of this type and obviously
2t ean be avrided 1f we 1ntroddce the quantitative characteristics of grains of
eementite into p%flite, gpeaking of Mpoint®, Mfine", "average' or "large™ grains.
Beeoming familiar with any object, physical phenomena or process, we first of
all ebtadn a qualitative soneept concerning 1t. During a more profound study of
the same ¢bject, we trinsfer from an Initlal qualitative cognition to a
quantitative definltion, In this connection, cases are possible when the quantitative
study refutes the initial qualitatlve concepts Therefore qualitative-descriptive
microscopic metallography 1s only the first, begirning stage of development of the
science XKMI¥IN studying the microscopic¢ structure of metals and alloys. The
transition to HXNAXKXAWLAXAANKKIAKI¥ dimensional-quanlitative characteristics of
microscopic structure is a natural and unavoidable path of further development of

metallography. Based on a number of conditions, mairly enumerated above, it is quite



necessary to develop those methods of evaluating the structure and its elements,
in which they would be characterized not by words but by numbers, especially since
the majority of metallurgists agree with this approach. THEXEMENKIXX

The quantitative methods cf evaluating the structure, originating simultaneously
with the advent of microscopic metallography, received especially wide acceptance and
intensive development in the last 25 - 30 yrs. However, the vast majority of
evaluation methods being applied, including the standard ones, are far from the
best examples of quantitative evaluation of structure.

Section 2, Methods of Numerical Rating of Microstructure

The number of methods published until :ow for rating the structure by
conventional points, numbers, marks etc., continues to grow incessantly. Several
dozens of such methods and scales are standardized and included in the pertinent
state standards (GOST). All these scales and methods can be divided into two
main categories, based on the method of constructing the scales.

5

To the first, most numerous category of scales, there belongs the series of
pﬁiomicrographs

neberoptiotogreps of single type structures (usually in a number ranging from 2 to 10,
mest often 4 - 5), chosen and renumbered in a series of gradual XXX change of element
of structure, typifying the given scale., The degree of this change from one point
to the following one is chosen arbitrarily, being {g¥ appraised sugjectively by eye,
and not connected by any fixed Jdependence with the index number of the structure in
the scale (with the K¥XXXXY point)., In this case, an appraisal of the structure
being analyzed can be conducted only visually .y way of comparing it with a set of

Waphs of the scale.
high~

Examples of such scales are as follows: scale of carbide heterogeneity of F&8%*

speed tvpifying
extting steel based or GOST 5952 - 51, scales KXfIX¥IX the degree of rectilinearit@



nature of distribution and orientation of graphite of gray iron based on GOST
3443 - 46, scales for appraising the structurally free cementite and striated thin-
layered ¥XXXXXIXIHA high-quality steel based on GOST 5640 ~ 51, scales of
nommetallic inclusions ¥XX based on GOST 1778 - 42 and GOST 801 -47 and others.
are

The scales of the second category/based on a fixed dependence between the

index number of the structure in the scale and the value of the geometric parameter
microstructure

of the FI¥NEXXHXMXUHA (or of its elements), being measured and being characterized
by the given scale, In certain cases, this dependence is expressed by a formula,
linking the number (point) with the value of the parameter, but more often the values
of parameter for any given number are established arbitrarily., The estimate of the
structure can be conducted both approximately by visual comparison with FEXisEEX¥X
Ezifzgﬁgzzzkraphs of a standard scale as well as more objectively and accurately by
way of direct measuremert of the pertinent parameter of the structure under a
microscope or on a éiszgﬁggzgkraph. However the structure 1s evaluated not by an
actual figure derived, but by a conventional number or poimt eonnecting the fixed
limits of values of the parameter being measured,

Irlgthis category of scales, there belong the scales feP evaluating the value
of grain of steel based or GOST 5639 - 51 and the standaed E 19 ASTM, a H¥IE series

of scales GOST 3443 - 46 for estimating the various elements of structure of

gray iron (quantities and dispersions of p%%lite, quantity of graphitey lengths of

deposits)

method of contamination
graphite IXEEEXKAXTXARRAXTKY

H determining the index of fomddog of steel by normetallic

inclusions based orn GOST 1778 -42 and others,
The main disadvantage of using these scales is the planar estimation of
microstructure ard of its separate elements, upon which we will dwell separately

(see Section 5). Here we will examine only the sscordary but very sudbstantial



shortcomings of estimating the structure by points with the aid of scales.

In visually comparing the analyzed structure withfggfjﬁa;;;;kraphs of the
scale in place of direct measurements or calculations we naturally decrease the
accuracy of the appraisal and deprive it of objectivity. Therefore the results
of such an appraisal can be regarded as approximate, having a semiquantitative
nature.

For instance, let us examine the XXX resulis of the use of four seven—point
sca;es developed by V.Ye.Kuksinskoy, V.N.Tyvulenev and M.D.Chaykovskiy for
evaiuating four basic elements of the structure of gray iron (graphite, HX pérlite,

phosphorous
ferrite and PHEXEKEI¥E eutectic). These scales are typical for scales of the
first sategorye In ar evaluation of the structurés by threg observers (based on

the same MEE¥AOXXFXE microslides) the discrepancies in the estimates, based on

data of the actual authors of the method (B1ble9), amounted to: divergences by

3 polnts = 4 cases, by 2 points « 10 case

s
JACTS T CVEE VEEELS LXXKXXZX&EiﬂIIXXXﬁXKKKhix(‘5 1 point = 27 cases and the estimates

¢olnslded in 7 cases.

Thus §t turned out that enly in 15% of the cases did the data of all thyee
obgervers eoincides Obwleusly, such a method ear by no means be termed quantitative.
E¥K Certain modifications of the method of visual appraisal, reducing to a
separate determiration of points for a number of fields of vxs¥en with a _.“sequent

calculation of the average point etc., did not increase the accuracy of results
accurately,

substantially. In Fig.l we show the dependence or, more KMEXX¥AYHY the ENXX total

lack of dependerce between results of appraising the nonmetallic inclusions by the

mean arithmetic point based on the scale GOST 801 - 47 in comparison with the data

obtained by the method of P.I.Melikhov (Bibl.10), based or direct calculation of

normmetallic inclusions and their measurement.

~1
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Figure 1 is based on experimental data, obtained by
for samples of ball HE¥X bearing steel SHKH1S.

A second important disadvantage of the principle of constructing scales of
this type is their gradated nature and the system of evaluation by conventional

actual
points and not by X¥X¥¥«X values of geometric parameters of structure, In this
connection, we cannot extend, in case of necessity, the scale in any direction or
differentiate‘g;:;e finely i1 a sector of interest to us. The gradated structure
of the scale predetermines the standards of requirements for any given parameter of
the structure or for the structure as a whole, whereas the establishment of these
" standards is the matter of the pertinent technical specifications or qualitative

standards, Applying the gradated appraisal Kj by points or by numbers, we

) elarify
move beyond the limits of vistbility of the method of analysis, We will EI¥XZ

this propositien by an example,

Let us suppose that the mechanical or physical properties required of the
given items made of gray iron are guaranteed by the amount of free carbon
{graphite) in the iron within the limits from 2.4 to 3.0% (by weight), or from

7e7 t8 945% of the volume of iron, MEHNXIEX occupied by graphite. According te

18
18 "I
L ] ]
. v
o o) ¢ *
]
é L

Steel
Tig,1 - Comparison of Appraisals of Fouling of XXX by Nommetallic

Inclusions, Using the Mean Arithmetic Point KX Based on GOST &01 - L7

and Based or the Method of P.I.Melikhov. Based or. Data of P.A.Dvoryanov {Bibl,1l)

1 a) Appraisal according to Melikhov; b) Mean arithmetic point GOST 801 - L7




GOST 3443 - 46, we have the following X¥XTX gradations by series of graphite:

GO8 ¢ ¢ ¢ 06 o 6 v o8 06060603 00 6 S 8% (Volumetric)

G1l oo o ooooosoeeeeses9=-117

Adhering to the standard classification, we cannot select a suitable type
of structure based on quantity of graphite, since the limits of graphite content
established for them do not coincide with the limits needed by us. We are
compelled either to depart from the standard classification or else to introduce
into the technical specifications both categories of graphites both G 08 as well
as G 11, known beforehand to be used for the omission of a considerable fraction

substandards.
of xipekonddbedgade:  Obviously in the g;ven case one should not use the graq!gted
scale of standard classification and should reject the product based on actual
quantity of graphite and the established concrete standards of its content.

The K& scales of structures predetermined the gradation of variations in
elements of structures over the entire range of the scale, which often decreases
the accuracy of estimate, In the same GOST 3443 - L6, for instance, provision
is made for the following classes of structure of gray iron according to content
of p%%lite:

a
Plﬁ......--...-.lessthan25%0fp§rlite

PlLanuooaocoo-0025—514-%0:[‘})%;’1]'.{36

Pss.............55—7h%ofpe'flite
Even in a simple visual appraisal, the actual content of p%?lite ir the
EX¥HMNE structure can be established much more accurately.
In the research studies, one often uses fractional rumbers in order to
differentiate more finely the structure in a fixed interval and to determine the

connectior between the structure and properties or compositior of the alloy., However,

this can be done orly in case the dependence of the point upor the parameter of the



structure is expressed by a definite formula.

Thus in investigating the effect of copper uoon properties of gun iron,
VeA Davidenkov estimates the values of graphite deposits in fractional points
(by numbers) of the scale AS™M (Bibl.12). The data obtained by V.A.Davidenkov

(Bib1,13) are presented in Table 1.

Table 1
<)

a) b)
d) | e)
5 none 6,00 5,00
6 0,27 6,50 6,50
7 0,40 6,75 —
8 0,62 7.00 6,50
9 0,82 7,00 7.00
10 1,02 7,25 7,00
11 1,20 7,50 7.00
12 1,53 7,50 7,50

a) No. of smelting; b) Copper, %; c) Amgunt of dd deposits of graphite based
melt;

XENEIRINES
on the ASTM scele; d) First IHEEKK e) Second YKX4X XGRSEHGSocxx melt

An evaluation using decimals permitted us to clearly establish here the
gradual fragmentation of flakes of graphite with an increase in copper content in
the iron, Using in the given case only the whole numbers of the ASTM scale, it
wag impossible tc obtain such a definite and clear dependence, using the estimate
of graphite based on OST 26049, in which the graphite based on sizes of flakes has
only four gradations, it was necessary to estimate all samples by the same point G 4
and we did not succeed in revealing any kird of general dependence.

A similar evaluation using decimals (with an accuracy up to tenths of a
number) is used by N.A.Minkevich for the characteristics of the (size -ﬁ/g;ain in

high-speed
mestocobbdog: steel based on the ASTM EIKX scale (Bibl.l4),.

10



The use of fractional numbers, to which researchers are forced to resort,
deprives the point evaluation of cne of its advantages, namely to express the
result of analysis by a simple unequivocal number, and to reduce the data of the
analysis to a simple ccde.

In many cases, the method of point rating of structure leads to explicitly
observed results. The size of gfain of steel based on the standard E19 - 33 of

is
the ASTM A¥X determined as a function of the number of grains located in one
square inch of the area of the slide at magnification by 100 times (Bibl.16)e
For various numbers of grains, the standard eatablishes the following limits of

number of grains (in calculation per 1 mm? of area of the slide)s

NosB o o o 1488 and more Noeb & @ & 372 ® 7L

NOW7 o o o 7[41& & 1&88 NO;S * e 8 186 - 372
etc, At such a construction of the scale, it turns out that if we have three

2

samples of steel &n which the numbers of grains per 1 mm“ of microsectlong as a

¥A result of direct caleulation, are found to equal 740, 750, and 1480, we are
compelled to designate the first sample with the number 6 and the second and third
ones with the number 7, REXMLIXKNE tlence the practically identical first two samples .'
obtained a different code number, while the second and third samples in which the
numbers of grains differ by almost twlce, are aesignated by the very same number,

In any other type of analysis or tests (éhemic;l, mechanical) such a gradated method

absurd.

of evaluation would prove to be>sbeepyett, Unfortunately, it is permanently accepted
in microscopic XEXAXXXYNABKK metallography and the scale GOST 5639 - 51 is similar to
the one examined above.

from what has beer sald above, it follows that the mair disadvantage of the

or
method of stardard scales is the appraisal usirg conventional points fyy numbers ard

11



the stepwise, H¥MAAXX erratic nature of the scales/caused by this. To the extent
that the method of visual estimate of structure is distinguished by great simplicity
and ¥§ requires a minimum of time and effort, it can be used effectively in all
cases when the approximate evaluation results ohtained prove to be acceptable in
practice, However, for the reasons presented above, one shcould gégzzign%he
evaluation of structures of standard scales and results of analysis by conventional
points, numbers XXX etc, It is necessary to replace them by geometric parameters
of structure or of its elements whenever this is technically realizable.

To obtain mo?e accurate and—reliable results, the same parameters can be
rated rot visually but directly measured or computed under a microscope or in

(é}g{gﬁg;;aéraphy.

Section 3, SX¥A Standard Metheds of Rating the Microstructure

All the methods of quantitative estimatio:: of microstructure comprising both
the Soviet COST as well as the foreign standards, proceed from the principle of a
point rating, Therefore the typical disadvantages cénsidered in the previous
paragraph are inherent to them. Along with them, there exigt numerous inaccuracies
and technical shochomings in almost all standard scales and methods of estimation
and in the means of their practical accomplishmente Let ué consider here several of
the most important standard metgods having the moét widespread use in metallographic
practice, .

One of the oldest.methods of such ¢ type is an estimation of grain size of
steel, which was first standardized in the USA in 1933 (standard of the

ASTM
¥XTK E 19 - 33). This scale was used even before its standardization over a number

E

of years in factories of the USA, and later received wide use in many countries,

ircluding the USSR. It turns out that both the scale itseif and the methods of its

use should be greatly revised.

12



At the same time, the scales being introduced both in American standards aa
well as in GOST 5639 - 51 are unsatisfactory. The series oﬁjéigzéga;;¥gaphs of
hypereutectoid steel consisting of eight numbers, and the scales (identical to it)
in the standards E 19 ~ 33 and GOST 5639 - 51, provide an incorrect concept of the
grain size, corresponding to the given number on the scale, As was shown by us,
the structures for grain sizes No,2 and No.3 of the scale actually belong to
No.3 and No,.L respectively, i.e. higher by one number than that indicated (Bibl.17).
Similar AXHEXXEXAKIEE divergences are also observed in a varying degree for
structures corresponding to other numbers of a standard scale, The scale of sketched
structures and also the limits established by standards for sizes of grains of each
nurber are alsé unsuccessful, In the sketched scale of the standard of the
ASTM % 19 - 38 T and GOST 5639 « 51, the grains are quite uniform in sizes and
the limits of fluctuations of these sizes within the confines of an individual number
of grain are considerably less than is usually observed in actual structures. As
VXXX W.Johnson eorrestly notes, at the most favorable circumstances not more than
half of the grains visjible on a microsection ¢f commercial metal fall within the
Yimfts set by a single number of the scale of the standard (Bibl.ig).

In GOST 6639 » 51, geometrle parameters of grains of various numbers are
presentede In three eolumns of the same table of the ¥X standard, it is indicated,

for example, that graln Noe8 characterized by an average area of 500 micronsQ, by a

°
number of grains from 1 m< of area of the microsection, equals 2048, while the
number of grains visible under a microscope at a magnification of 100 for an area of

10 cn? equals 192. A simple comparison of these figures irndicates that AX¥Z¥ they

contradict ore anotker. If the average area of one grain equals 50C micronsz,

13



cbviously the number of grains for an area of 1 mn? should equal 2000 and not 2048,
At the sane time, since the area of 10 cn? at magnification ¢f 100 corresponds to
the natural area of the microsection equaling O.l mmg, the number of grains in this
arsa should equal 200 and not 192. The parameters of grain of all the remaining
numbers of the scale are characterized by just such contradictory data.

The techniques of calculating the grains are not generally accepteds In certain
cases it is ¥XEWMHEAE recommended, in calculating the number of grains on the slide,
not to take into consideration the "random fine grains, representing sections through
angles of actually large grains" {XTXTIXFX (Bibl,19, 20, 21). Therefore, the
researcher quite arbitrarily rates the structure to the ¥¥X extent that by actual
inspection he must solve XX an unsolvable problem, namely which of the fine grains
visible on the slide are sections of really small grairs and which of them represent
"sections through angles™ of actually large grains. In other cases, it is recommended
not to determine the average size of grains but their maximum size (Bibl.22).
Understandably, such a diverse approach to calculating the grains makes their
appraisal arbitrary and decreases the accuracy of results.

It is also inefficient to estimate such a practically important element of
steel structure as nonmetallic inclusions. Indicative in this respect is the
conclusion reached in 1939 by the subcommittee on a method of estimating nonmetallic

steel
inclusions of the British committee on the heterogeneity of a XX¥XX ingot, which
examined many different methods proposed for characterizing the X#X fouling of
steel by nornmetallic inclusions (8ibl.23): "A. All attempts of quantitative and
qualitative determination of nornmetallic inclusiors failed to lead to the development
of methods permitting the cortrol of the steel productior process; B, None of these

rumbers
methods provide the possibility of obtaining sufficiertly cornstart K¥EA&HEX and carnot

14



serve as a reliable method for estimating the quality of steel during its delivery
acceptance;

and ymeeipt; C. Further studies are recessary for finding a satisfactory method for

defining a nommetallic TMEXNAX&HY inclusion™,

In spite of the grea; number of studies in this area, ¥XX the methods (standardized
later) of estimating the nonmetallic inclusions in steel (GOST 1778 - L2,

GOST 801 - 47) received no better responses than that presented above.

We will restrict ourselves to data of the investigation of N.K.Sokolov and
MXTIXAREN¥HEHK M.I.Vinograd in which there was used extensive test material of the
current inspection of the smeltings of ball bearing steel type EM ShKhl5 for several
vears, and also of a number of experimental smeltings (Bibl.2L). The research
indicated that,using the method of rating according to the GOST 801 - A7 (rating
according to maximum point), suitable metal is often rejected in practice and steelg
with considerably fouled rommetallic inclusions are passed (accepted).

At a properly constructed method of rating, the increase in the quantity of
samples from smelting should lead, gererally speaking, to an increase in accuracy
of analysis and reliability of the result obtained, According to the actual
stardard method, the increase ir number of samples always leads to an increase in
probability of rejectior, independertly of the degree of fouling of the given
smelting., This is explained in that the reading of the smelting is conducted on
the basis of the maximum point, while the samples being characterized by a [ixed

are
poirt according to oxides,/found in any smelting, but with a frequency tvpical for
it. The more samples that are XXHEEXXNXUAAYXXKE investigated from the smelting, the
higher the probability of finding a field of 3g;gnn with a rating point higher than

thai permitted, which also leads to a rejection of the smelting., Thence it follows

that a rating based or 3 - 5 samples, as is provided for by the stardard, ofter rields

rardom results.
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The authors of the investigation arrive at the conclusion that the standard
method is unsuitable as a result of the insufficient reliability of inspection,
that is the results of rating depend to a considerable degree not upon the quality
of the smelting but upon the quality of the control samples. Figure 1 presented
above also confirms the fortuitous nature of the estimation being obtained during
the use of the stendard methodology.

In our opinion the most important disadvantage of existing rating scales for
the impure state of steel with nommetallic inclusions is the attempt to combine
in one scale the-?ating of two indexes which generally speaking are independent
of each pthef. These indexes, mainly determining the effect of inclusions of the
éiven tyﬁe upon the.quality of steel, are? a) The general state of impurity of the
steel, characterized by the parf of the volume of steel occupied by the inclusions,
and b) The dispersed state of inclusions which can be estimated by their quantity or
sizes,

The ovérall impurity of steel by Inclusions of the given type deteriorates thg
quality of steel, However the inclusions occurring in the same part of the volume
of metal may have a different dispersed state, which in its turn reflects.upon the .
quality,of tﬁe steely As P.A.DQorysno§ demogs@rated, Lthe sizes of the inclusiéns-

: influence '
-extending to the surface of contact, exercise a decisive ZXX¥¥X upon the fatigue
chipping.of.ihe hardened bearing steel, The less the.area of contact of the
bodies of turning, the less the maximum permissible sizes of inclusions (Bibl,172).
o fouling of steel
At a low overall INKMHXEXAKHXHEY by inclusions of the given type, quite large
inclusions are permissible and vice versa, Thence it is apparent that it is

to
necessary 8X have a separate evaluation of the total impurity of steel and dispersed
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state of the inclusions, Moreover, the existing scales are so constructed that this
factor is not taken into account in them at all., The division of scales into two
groups (being used in certain cases) according to criterion of dispersed state of
inclusions is insufficient.

In gray irons, an important element of the structure mainly determining the
KHXKOXIE properties of XN iron)is graphite. Based on GOST 3443 - L6, provision
is made for a quite detailed appraisal of the graphite deposits. GCraphite in
gray iron is classified according to quantity (6 categor.«s), according to nature
of distribution (5 types), according to length of graphite deposits (8 groups),
according to ratio of their length to thickness (6 subgroups), according to degree

of rectilinearity (3 kinds), according to nature of distribution (4 forms) and

(3 variants), M&G However

according to orientation {FXEOEHOEX{ICEGIANXXYY in practice even this diversified
characteristic of the structure of graphite often proves unsatisfactory and compels
one to reso¥t to scales other than the standard ones. At the same time, certain
Kfi8XE types of standard evaluation are superfluous and usually are not applied.

The X§ quantity of graphite is characterized by an average percent of the area

*
occupied by a graphite in the field of 8§gien of the microscope, This value, as we
shall see later, coincides with the volumetrie content of graphite in iron, In
quantity standard

Table 24 along with ¢he norms of the YMXXIX¥ of graphite, according to XKXAXAXH
we also present exemplary numbers of the corresponding weight content of graphite
which were computed by us. Carbon content in castings made of construction gray iron
of various types (from SChOO X¥ to SCh38-60) usually falls within the limits from
2.5 to L.0% by weight (Bibl,25). Insofar as the quantity of bonded carbon usually
comprises around 0.5 - 0,7%, the weight content of free carbon (graphite) proves to

fall within the limits from 1.8 to 3.3%. A comparison of these figures with the
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Table 2

a) b) cl
Go2 below 3 below 0,9
G05 3—5 0.9—1,5
G 08 6— 8 1,8—2,4
qll 911 2,7—3,4
Gl4 12—15 3.7—4,7
617 abovel5 abeve 4,7

a) Categories; b) Quantity of graphite, % of area; c) Content of graphite,

4 (by weight){
data in Table 2 indicates that, although the standard provides for six gradations
according to quantity of graphite, KKX¥XIX practically all types of castings are
included by only two categories, that is GO8 and Gll. The remaining four categories,
comprising two thirds of the scale, remain unused and the quantitative evaluation
¥ actually is converted to a qualitative one.

Depending upon the principal length of grapnite deposits, the structure of
gray iron is subdivided in GOST 3443 - L6 into eight types. A similar scale which
was proposed by Macon and Hamilton XA (Bibl,12), or standardized in the USA
in 1941 (standard A247 - L1T ASTM). The norms of our standard are presented in
Table 3. In the same place the ncrms of the ASTM scale are also presented.

According to data of MXEXETMXRKEY¥XY N.G.Girshovich, in practice the most
frequently encountered range of sizes of graphite deposits comprises from 20 to
700 microns (Bibl.25). The data of Norberg and Bolton, who investigated the sizes
of graphite deposits in six groups of castings with a structure of graphite ranging
from extremely fine to ¥¥¥¥¥ very coarse, coincide with these data, According to
these data, the average length of deposits daynot exceed 150 microns, and the

maximum did not exceed 700 microns {3ibl.26), EONTHAXKHKIXX G.N.Troitskiy considers
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Table 3

ii ¢c)
a) b)
d] e) f)

Ggl dabove 1000 960 1280 —
642 500—1000 480 640 960
Ga3 250—490 240 320 480
Ga4 120—240 120 160 240
G385 60—110 60 80 120
45 30—50 30 10 60
q7 . 1525 15 20 30
Gq8 below 15 — 10 15

a) Group; b) Principal length of graphite deposits based on GOST 3443 - 46, microns;
¢) XA Length of graphite deposits based on the XXIN ASTM scale, microns; d) Minimum;
e) Average; f) Maximum

that the practically most important range of sizes of graphite deposits have a

length from 50 to 500 microns, while the actual range amounts to from 1 to 100 microns
(Bib1.27)., In Table 4, we present data of measurements of graphite deposits found

in six groups of EBAXXXUEK castings, obtained by Norber' and Bolton.

The data presented indicate that only four or five groups from the esight groups
of the standard, characterizing relatively fine deposits {ranging from Gglk to Ge®
based on GOST 3443 - L or from No.L to No,8 based on the ASTM scale) can have
rractical interest and wide use. Understandably, this quantity of gradations is
insufficient for a differentiated appraisal of the dimensions of graphite deposits of
AXX diverse machine construction castings It represents only half of the number of

iron
types of construction gray S¥¥8L established by GOST 1412 - 48, Hence, not only
samples of various smeltings of the same type of gray iron, but also samples of

castings of related types are usually rated by the same group based or the measurement

of graphite deposits. This sharply limits the possibility of metallographic control

of the iror casting and, in particular, makes impossible the introduction of statistical
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control for the length of graphite deposits. Therefore, in many cases, the

Table 4L
a)
b) c) d)
1 4 20
2 10 30
5 25 100
10 100 200
15 125 250
40 150 700

a) Actual length of graphite deposits, microns; b) Minimumg c) Average;

d) Maximum
factories use their own scales, differentiating more finely the graphite deﬁosits
according to length and consisting, e.ge of 16 numbers. Above we have alr;ady
presented another example of a more precise appraisal, with the use of decimals of
the ASTM scale (see Table 1),

S.M.Skorodziyevskiy measured a large number of graphite deposits in the
castings of tractor bushings, type ENT¥ ChTZ (approximately based on 2000
measurements for each sample) KX (B4bl.28)s, Based on these data, we have constructed
curves of the distribution of deposits based on thei¥ lengthy shown. in Fig.2-fof
four samples, The mean length of deposits for each of ihem is expressed by thé
following numberss

NO-Ofsampleoooo-..... l 2 3 ’4

Average length, microns 32 36 31 k2
These figures indicate that the examined samples correspond in average length
of graphite deposits to the numbers & and 6.5 in the ASTM scale (see Table 3)., At

the same time, the distributior curves indicate that deviations in length of deposits

go bevond the artificial and unfounded limits of the ASTM scale, which does not refer



to the GOST 3443 - L6 scale, inasmuch as in it there are established the standards
of the "principal" length of deposits, and not the minimum and maximum as in the
ASTM scale,

We will 1limit ourselves to the above-considered standard scales, assuming that
they show quite clearly the disadvantages of the most widely used methods of rating
the structure with the aid of XX scales, All of the methods of rating considered
in the present section are relatively the best, inasmich as an estimation based on
these scales is connected with AXTATXXKIKH defin?te geometric parameters of the
visible structure of the metal, HNevertheless, the use of these methods quite often

creates unly the semblance of a quantitative estimation of the structure,

NEE| Ner Mg i

!

|
|

|
20

;.' hy
5 Fcur Castings of
Fig.2 - Distribution of Lengths of Graphite Deposits in MRRSSEREXFFIITAX

Tractor Bushings. Based on data of EXMISKEMNAXTHANUKA S.M.Skorodziyevskiy (Bibl.28)

a)frequency, %; b) Limits based on the ASTH scale; c¢) Microns



Additional errors are caused by the planar estimation of the structure,

instead of its gpatial characteristics. In a number of cases, this to a considerable

degree devalues the standard methods of analysis.

Section L. Spatial Structure of an Alloy and Methods of Studying It

From the point of view of its spatial structure, any metal or alloy can be
regarded as a conglomerate, consisting of a multitude of microscopic bodies, filling
the investigated sector of KK space, and permanently interconnected by surfaces égj
contact with each other. Depending upon geometric outlines or process of formation,
these bodies are usually called crystals, crystallites, deposits, inclusions, grains,
globules, spheroids, nests, flakes, plates, small leaves, needles etc. A most common
term for these microscopic bodies can be the concept "erystallite®, if they all have
a crystalline inner structure, However, taking into account that among them are
found the formations of amorphous structure (for instance, vitrg)us nonmetallic
inclusions),

DEXHEXKNEY we propose a ¥¥& more rational term ™nicroscopic particle™ or JEAXENX
"micromparticle®, which we will use in the subsequent discussion,

Fach micro~particle (metallic or nommetallie) is a structural individual of
microscopic structure of the given metal alloy, in the same way that the elementary
cell is such for the crystal structure of a bodye Microsperticles represent
micro-volumes of crystal lattices, of one or arother phasef of alloy (elements,
¥¥X solid solutions, chemical compounds, etce) 1f they have a crystal structure,

In pure metals and alloys having a single-phase structure, all micro-particles
are usually characterized statistically by a single type geometric form, for instance

by the form of a regular but on the average of equi-axial polyhedrons, In other cases,

there is possible the presence of two or more groups of micro-particles belonging to
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the same phase of alloy XK and having a uniform crystal lattice, but differing
in geometric form, For instance, in soft steel we note two groups of micro-particles
of ferrite; the particles of one of them, entering the composition of p%?lite are
characterized by a thin-lamellar form, whereas particles of the second group
have the form of polyhedrons ("of a grain" of ferrite),

The inner structure of the vast majority of micro particles is characterized
by a crystal lattice, determining the pattern of spatial arrangement of atoms,
comprising the micro particle, However the actual micro particles constitute, as
is known, complex formations consisting of blocks of a mosaic structure. Also of
complex structure are the transitional boundary zones between adjacent micro-particles
BAREKIKYKE and blocks; these zones are not simple geometric EMMEXEXK interfaces, but
have a fixed actual thickness, The composition and, hence the inner structure of
BTAREXEAHHIHAER micro-particles are heterogeneous within the volume of a separate
micro-particle etes We shall dwell in more detail on these problems later on.

The actual, three-dimensional microscopic structure of metal is rot
accessible to direct observation, since metal is not transparent. We can see only
the structure, obtaired in the intersection of metal by the plane of a metallographic
microsection, i.e. the two-dimensional structure of a cut or section of metal.

idea
Mevertheless, such a structure gives us a direct &¥d and graphic Id4X of the

microstructure
microscopic structure of the metal. The visible two-dimensioral EX¥HAXEXAUR¥¥HE should

serve as initial material for recreating according to it the patterns of actual

three-dimensional microscopic metal structure,
or when observing in a microscope, the planar structure is considered, with very rare

exceptions, as the firal goal of the aralysis beirg conducted, in spite of the fact
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that with appropriate processing, they could yield a more complete data concerning
the spatial microscopic structure of the metal. As we noted above, the object of
all standardized methods of metallographic aralysis is also comprised by planar
microstructure,

An important advantage of metallographic analysis is the clarity of the pattern
being observedj however this clear pattern is rarely used for a more precise spatial
estimation of the geometric parameters of the structure; this is the source of the
disadvantages., The metallographer ofter overlooks the fact that the visible
structure of a microsection is only a portrayal on the surface of a spatial
microscopic structure of the alloy.

The plane elements of the visible microstructure exist only on the slide,
comprising random sections of microparticles of various phases of the alloy., All
those geometric parameters of two-dimensional structure which we can measure or
compute on a microsection, do not exist in an actual three-dimensional structure
of an alloy, although they are connected with it and are determined unequivocally
by it.

A knowledge of the form of dependence of geometric parameters of a plane
structure upon the spatial structure of an alloy is quite mandatory in developing
any method of quantitative appraisal of the microstructure, The disregarding of this
conditior often leads to the obtainment of distorted, and sometimes of quite erroneous
concepts concerning the actual structure of the allor,

A study of the EXHNX¥¥A structure of alloys in connection with the processes
of thermal, mechanical and other types of action upon 1t can give us a correct
concept of the phvsical nature of the transpiring prncesses of conversions or changes,
in an alloy only when we quantitatively link the factors of outer effect and indexes
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of properties of the alloy with the geometric parameters of its actual spatial
structure, To seek a guantitative dependence ameng these factors, indexes of
properties of alloxaand parameters of plane microstructure of it is just as
unfeasible as establishing a dependence between the properties and behavior of a
%stal_ and its x-ray photograph, not having determined in advance accordirg to
it the parameters of true structure of the crystal lattice.

If we limit ourselves to a quantitative characteristic of only the plane
microstructure of the alloy, in the optimum case we succeed in establishing only

semiquantitative :

the empirical, XNEXT¥NIXXXXXY¥ ~dependences among its parameters on the one hand,
and on the other gétween thé éomposition, properties and machining of.the alloy.
One can establish the physical nafure of these dependences, find or verify the
laws determining them, generalize énd.extend them to other cases only when one

proceeds from the true three-dimensional structure during the evaluation.

Section 5. Inadequacy of a Plane Evaluation of Microstructure

In metallographic £erminology, there is much confusion in the definitions of
the geometric form of various elements of structures ﬁhis confusion is caused by
the fact that in the HEXH¥YIAXX selection of a definition, sometimes one p?oceeds.
from a plane picture, being observed on the XIKKAKIIAX microsection, and sometimes
uses the actual spatial structure of the alloy as a basis. Therefore one can find
in metallographic practiée such definitions as "tw?n;ing plane™ and "twiﬁging lire",
"plate of ferrite™ and "strip of ferrite" (in pé}lite), "soundary surfaces™ and
"ines of boundaries", "cémentite shell™ and "cementite grid", etc. Therein, almost
never are indications made as to what exactly is intended - a plane structure of a
spatial structure. For instance, in GOST 3443 - L6, one speaks of the "thickness"
of graphite deposits of gray iron, whereas actially what is meart is the width of

sections of graphite plates visible gg the micreosection. As a result of the vagueness



composition
in terminology, there develops an erroneous concept of the ¥X¥X¥XH¥X of a given

element of the structure.

the micrq partigles
For instance, according to a generally accepted definition, ¥EXiIMNMKXA¥XIKYX

of the phase Cuésn in BYMKIXHY babbiths have a ™eedlelike™ structure and are
usually called "needles". In their time, M.P.Slavinskiy and N.L.Xleyman extracted

these micro particles from XXEI¥ semiliquid babbit B-83 by the method of hot

quartzitic
filtration in vacuo. Filtration was done through a filter made of XEEFDEDENX sand

microparticles
at temperatures of 280 and 240°. XN In Fig.3 we show a view of solid MERFERPIEIIAIZ

microparticles
(Bibl.29) filtered off at 240°, We observe that the CugSns X FIAFLEIK actually

have the shape of rods or needles. These rods prove to be the centers of

microparticles,
crystallization of the SnSb HXAHEOPARMIOEIX having a ¥¥¥ cubic form. On the

microparticles
surface of the microsection, the sections of CugSng K¥APAFAINPXINLL have the form

more or less
of KEMXXNXHKY extended elipses and sometimes, when the axis of the ™eedle™
coincides closely #X&E enough with the plane of the microsection, have the form of

with reference to microparticles
THEXXAAE "meedles™. Hence, IHXKMEXAFEXXRXKT MK KN BHXIA R oKX Xt

EENEEBK type BX Cu68n5 the concept 'needles" refers to actual three-dimensional

structure of micr§ particles of this phase of alloy and is quite correct.
o .

At the same time, over a period of decades the XHX¥EX concept has beer retained

or acicular

of the martensite of hardened steel as of a structure having a "needle'kstructure,

¥ 4

which does #X rot correspond at all to realitye AesP.Gulyayev and Ye.V.Petunina
convineingly demonstrated that in ¥X reality martensite has a platelike spatial
structure, while the MX&XXAAX 'needles' visible on the micrq:§ection are traces of

martensite plates on the plane of the EIM¥X¥¥X microsection (Bibl.30, 31). The

authors measured t

he

thickness of plates
K2 & of martensite in type 16Cl steel, which

fell with{i the limits of from 3.92 up to 4.52 microms. At such a slight thickness,
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the chance of coircidsnce of plane ¥XXK of a plate with the plane of z microsection
is quite trivial. Nevertheless, A.P.Gulyayev and Ye.V.Petunina managed to detect
and photograph several martensite
. plates which coincided with the plane
et CE— ’ of the microsection. One of ihem is
shown in Fig.4 which also constitutes
K an additional confirmation of the

platelike structure of martensite. Hence,

Fig.3 - Needle-Shaped Micrd Particles in this case the X¥¥# concept "needle™
N

of CuéSns and SnSb MicrfParticles of
~ A¥X already refers not to a

Cubic Form Taken from Babbittby the

Method of Hot Filtration. The diagram three-dimensional structure but to a

is based on a photograph ef ﬂn ~
two-dimensional section of microv particles

M.P.Slavinskiy and N.L.Kleyman (Bibl.29)
being observed on the microsection.

A similar duality of approach to evaluation of the form of micr@articles in
itself leads sometimes to serious results. For instance, the author of one paper
suggested three formulas for computing the volume of the transformed phase as a
function of the time of isothermic delay, at differing uniform state of growth of
nuclei: mewedimensional ("of a needle"), two-dimensional ("plate™) and three—
dimensional- ( "spherolite"), An experimental checking of the formula for
morodimensional growth was conducted for the isothermic transformation of supercooled
XANKAHKE austenite inlgHMAAXAXTIRANN "nesdlelike™ troostite, whered there was
obtained a good coincidence of calculatior with experiment (Bibl.32), However since
in reality the M™reedlelike™ truostite as well as the ™eedlelike" martensite have a

lamellar form, experimental checking actually refuted the formula of the anthor and

did rot confirm its validity,
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Fig.L - Martensite Formation (White Component), not Having a
Needlelike Form, - [ Plane of Microsection Coincided with
Plane of Martensite Plate [after A.P.Gulyayev and Ye.V.Petunina
(Bib1.31)]

Obviously, it is necessary to stick to a single approach in the choice of

terms typifying the geometric form of structural elements, which should be

microparticles,
chosen based on the actual three-#X¥ dimensional structure of MXXEEXBXXXXXXKY In
those cases when one is discussing the parameters of two-dimensional structure, the
use of the appropriate terms should be specifically spelled out.

In a2 quantitative evaluation of the microscopic structure of metal, it is
quite necessary to link the parameters of plane structure with the parameters of
spatial structure. The lack of such a linkage may comprise a source of grave errors
and of incorrect conclusions. For instance, IX I.L.Mirkin, having investigated the
processes of secondary crystallization of steel, remarks: "A simple counting of the
grains (this means the two-dimensional grains in the plane of a microsection - 5.5.)
or a measurement of their size leads to a quite untrue conclusion concerning the
linear rate of crystallization and rate of nucleation. Analysis and experience
indicate that a2 large number of grains in the microsecticn sometimes can be

detected during a ¥XX low value of rate of nucleation ard, contrariwvise, 2 small
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number of grains are detected in case of a high rate of nucleation. Such an
externally paradoxical phenomenon ensues from the inequality of sizes of grains
and the need of referring them to the volume of steel, whereas the counting is
conducted on the plane (surface) of the microsection. This same circumstance needs
to be taken into account in a determination of the quantity and size of slag
inclusions, carbides, oxides and other deposits usually being determined under a
microscope; based on the latter condition, the existing methods of their

the

microanalysis required a reexamination, and our concepts rcgarding XKXX¥ number

of them present in steel are basically erroneous" (Bibl.33).

Fig.5 « Individual Grain Taken from a Piece of Coarse-Grained Steel.
Drawing by D.K.Chernov (Bibl.k)
We will show how, using the standard method of ZX determiring the!size a‘;@rainl
a
of steel, one can obtain concept opposite to that of the actual average size of
three~dimensional grains, In Fig.5 is shown an individual grain removed from a
plece of coarse-grained steel by D.K.Cherrov, based on his actual drawing (Bibl.4).

We can easily see that if the plane of the microsection passes along the line AB,

ﬁb“l 41L) )
perpendicularly to the unﬁaggﬂﬁPégtgz:;ﬂiﬁg, we will see ir the microsection twe

P
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sections of this grain, not connected one with the other in the plane of the
microsection, Therefore we will naturally take them for two independent grains
in the counting of the number of plane grains and in a determination of the average
area, The more complex the shape of the three~dimensional grains, at one and the
same average volume of them, the XUAAXXHXTARXEX more the two-dimensiosnal grains that
will be observed per unit & area of microsection, the greater will be the lack of
correspondence between the actual and apparent size of the grain,

In case of especially complex formyof spatial grains, on the microsection there

may even be observed i@ so-called M"isolated grains", described first by

’

5
V.N.Sveshnikov (Bibl.34) and later noted by V.M.Zamoruyev in samples of

cuprous soft KX steel (Bibl,35), Such a grain would be more correctly termed " a grain

within a grain", since the boundaries of the ™isolated" grain on the microsection

_represent a closed curve#, not contacting the network of lires of boundaries of

other grains. In Fig.6 we show the microstructure of XYXXAXXT austenite steel,

containing 18% Cr and &% Ni (Bibl.36), in which one can see three such M"isolated"

grains, indicated by arrows, Judging by the orientation of{lines.s‘fgg;;;;;sfp on

the microsection, two of them located farther to the right belong to one and the

to .
same spatial grain/which X¥IAXXXX¥ there evidently belongs the elongated flat grain

located somewhat lower.
Isolated (URIGEMME} orains occur relatively rarely. However, very often in
microslides ore finds grains located close together, revealing a uniform color in

case of deep pickling or a uniform orientation ofAlineslc£=:éépp&ge, which serves as

a confirmation of their belonging to one and the same volumetric grain.




Fig.6 - Isolated Grains in Austenite Steel (18% Cr and 8% Ni)
(8ib1.36)

The #¥ regular shape of grains approaching a spherical shape also does not
protect us from mistakes, if the judgment of the average size of a three-
dimensional grain is based on measurement of the average area of two-dimensional
grains or on a counting of the number of grains in a fixed area of a cut {XX

g, equiaxial
(microsection), At single.phase structure and emmgeeckick shape of grains, the
«
dependence between the quantity of XKK three-dimensional grains per unit g@
volume of metal and the number of their sections per unit #@ area of microsection
may be expressed by the following equation

N = k113/2 0 (5.1)

’

where N is the number of three-dimensional grains per 1 mm3 of metal;

2 of cut.

n is the number of their two-dimensional sections per 1 mm
The value ofdg;efficient k depends upon”Iluctuvation in sizes of three-dimensional
grains, For the usually observed structures, the values of this coefficient change
within limits ranging roughly from 0,75 to 1.C. Thus, even at an ideally regular
form of grains and at ore and the same number of two-dimersional grains occurring

in the cut, the quantity of three-dimensional grains per unit <@ volume of metal

ard the average volume of grair may differ within the lirits of around 2SZ)owing only
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to the fluctuation of their sizes. Thence it is clear that the value of only
the number n is not enough for judging the actual dimensiongof average
three-dimensional grain/ Therefore the standard method of determining the grain
size based on GOST 5639 - 51 cannot furrish a correct concept of the true grain
size, even if it is ideally uniform in shape#. The presence of grains with concave
surface increases the error,
The same takes place in a determiration of the quantity and sizes of nonmetallic
inclusions, We present the following example (according to I.L.Mirkin): Aif,per unit
. # volume of one type of steel there are 1000 inclusions 20 microns in diameter,
while in another type of steel there are 2000 inclusions with a diameter of 10 microns,
in a micrcanalysis of the XXffXX samples of both steels,.we vill observe approximately
the same quantity of them per unit @ area of the microsection (Bibl.37). In any
steel, the inclusions are hetercgeneous in sizes. Thence it follows that,based on
the quantity of inclusions in a cut, one can by no means obtain a proper concept of
the fraction of large and small inclusiens, concerning the total quantity of
inclusions or the degree of contamination of the steel,
The parametsrs typifying the kinetics of the process of crystallization are
determired according to the change in quantity of micrCparticles of the newly forming
o

phase and their sizes g: function of time of the isothermic soaking. For round

micro:barticles, the following mathematically precise relationship between the

* Here it is appropriate to note that the term Mactual grain", being used in
GOST 5639 - 51 for signifying the actnal size of plane grains of steel, is quite
unsuccessful. 3y Mactual" grain it is natural to HKAXX understand the true
three~dimersional grainsof steel, irn contradiction to the visible size of two

XK in
dimensional-grainsﬁﬁjﬁhe microsection, which could lead to ¥X misunderstandings.
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microparticles
quantity of AXEXLAFXFEXIAXE per unit e volume of metal N and number of their

sections per unit & area of cut, n is valid:
n = D, (5.2)
TR . sk . .
where D ¥X is the ayguese arlthmetlchyalue of diameter of microparticles,
The number n may increase owing to an increase in average diameter onghb
microparticles,
RIEXXXXANXALAAKY in case of their unchanged quantity per unit & volume of metal N,
or even owing to an increase of this number at unchanged average diameter of—ﬂL,
micrq:}articles D, It is also possible thagiérmdll grow owing to a simultaneous
increase in N and D, Thence it follows ¥EXH quite obviously that neither the rate
of nucleation of crystallization nor the linear rate of growth can be determined,
q q ] q .68 q
proceeding only from one number n and the kinetics of its change s a function of
time of isothermic soaking,
Meanwhile, G.Tamman proposed a formula for calculating the linear rate of

displacement oq boundaries-ciy%rain; at isothermic recrystallization, based on

the kinetics of change in the quantity of two-dimensional grains (Bibl.38):

a (5.3)

_ 1
:Von
where a is the linear rate of displacement o?ig}ain'l boundaries;

2z is the duration of annealing.

In XEXX the light of what has been stated above, it is clear that the
G.Tamman formula is inaccurate. Moreover, the very concept of rate of
displacement of boundaries lacks physical meaning in application to single.phase
polycrystalline aggregatesin case of collective recrystallization)and is

ursuccessful.
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Fig.,7 - Displacement of{Lines <«- (k¥ ’Houndar% of Aluminum

Crains on & Cut at 400°, Solid lines equal after two minutes of

soaking, broken lines equal after ar additional 30 sec soaking.

The diagram is taken from aéizfzgpﬁggagraph (Bibl,39)

. In Fig.7, based on photomicrography (Bibl.39), there is shown the

grain boundary lines

displacement of TAMewoeLOPFNIRSONHRRPARISEE on a cut of aluminum: the solid

lines show the position of boundaries after two minutes of soaking at 600°,

while the broken lines show the same after an extra 30 sec soaking at the same
temperature., The displacement of any sector of the2132242§f533332?§7e between

two adjacen; grains may be characterized by a fixed linear velocity, but if this

'rate is positive with reference to one grain (growth), then it is negative in relation
to the second, If we examine th? polycrystal as a whole, the average rate of
displacement will obviously equal zero. One could have taken into consideration

the diéplacement.of boundaries only of growing grains, but from'the dgawing it is

: shift at
apparent that the boundaries of the same grain may AXHPIEEEIFEh a positive rate

at.
at one place, and Wi¥h a negative rate at another place. Hence, "linear rate of

proves a
displacement of boundaries' in the given case X¥/very indefinite and conditional

concept.

Ir spite of the fact that)more than 20 vrs ago, L. I.L.Mirkin proved the
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impossibility of a correct calculation of(parametqggg;ﬁj@rystallizatioﬂ without

taking into account the connsction of plane structure with spatial structure
(Bibl.33), up to recent times attempts of such a kind have been continuing, For
instance, one can point to the criticism ég S.R.Lilly and »f I.K.Stanley of
the method of studying the rate of crystallization on a plane, which S.F.Reyter
used in investigating the kinetics of recrystallization of low-carbon steel (Bibl.40).
At the same time, if the forms are known of the connection of geometric parameters
of spatial structure and of plane structure, one cannot only calculate correctly the
parameters cf crystallization but also compute in advance the geometric parameters
of plane structure, proceeding from the propositions at the basis of the theory of
the crystallization process. Then it is easy to compare these computational
parameters with test data for checking the validity of the theoretical assumptions.
For instance, to the process of graphitization of whiteAiron, there is usually
attributed a normal crystallization kinetics, typified by the nucleation of
PREKIXIE graphitization and by the growth of graphite INEXH¥XSH¥Y deposits. If the
rate of nucleation of graphitization is constant during the process of isothermic
soaking or even gradually decreases, the total quantity of graphite deposits per
unit of volume of iron should continuously increase, The quantity of sections of
graphite deposits visible per unit ef area of cut should increase still more
intensively, as follows from formula (5.2), inasmuch as the dimersions of deposits
increase during the process of graphitization. The computational curve of the change
in number of deposits of graphite per unit @ cut area is shown in Fig.8 (curve 1),
Curves 2, 3, and 4 in the same figure are drawn for the first stage of graphitization

of samples of three smeltings of white iron based on test data of 8.F.Sobolev (Bibl.42).



They show how the quantity of deposits on a XXX microsection actually changes
depending upon the duration of AMKYXXX annealing at 970°C.

Comparing the computational and test XXX curves, it is easy to see that
between them there exists neither a quantitative or even a qualitative correspondence:
IHXHEIKH in place
L{H¥#AA /of the expected growth of the number of clusters, IK the number decreases.
It is obvious that the process of graphitization transpires at prepared centers
(nuclei), while the quantity of deposits continually decreases in the process of
isothermic annealing owing to their coagulation. The actual term Mnucleation"

under these conditions l?gses meaning and our concept of the kinetics oi‘tilz

grapnitization process should be reexamined.

The example presented ghows that a

o l study of the spatial structure of alloy
proves quite effective in checking by
experiment the correctness of any
hypotheses and theories XX connected with
transforma£ions in alloys. According to
the successful expression of 5.S.Smith and
L.Guttman, the thinking of scientists is

dimensionality
usually limited by the same AFTHAMKIEMAXTKH

which is possessed W¥XK by the structures

Fig.8 ~ Kinetics of Change in Quantity n
studied by them (Bibl,43). Therefore only

of Graphite Deposits per 1 mi® of Cut in
from

the Process of First Stage of Graphitization)a change X& a study of plane structure to

of Three Smeltings of White Iron (Curves 2,
a study of three-dimensional structure

3 and L), 3ased on data of B.F.Sobolev

correct
(3ibl.42) can give a PHEPMEXABENK concept of the
a) Time (hrs) _
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naturé and pnysical essence of pnenomena being observed in alloys.

What has been stated shows convincingly enough the helplessness and
inadequacies of the guantitative evalua£ion of a plane structure, if it is not
tied in with the spatial structure of the alloy. The rational and most effective
way of developing metallographic analysis requires the use, not of the quantitative
characteristic of structure in general, but such an evaluetlon which would be based
on the spatial structure of the alloy. Both the parameters of spatial structure
as well as the parameters of plane structure, on the basis of which they may be

quantities kind

computed, should be evaluated as natural geometric vE¥¥e® without any KIKA of

coding or designating them with conventional point symbols or numbers.

Section 6, Basic Parameters of Spatial Structure

The form of particles making up a metallic aggregate is rarely geometrically
uniform. The microparticles can be convex geometric bodies, but can also be
bounded by concave surfaces. Quite often the microparticles have dimensions
which are about uniform in all directions (éagﬁggggkmlmicroparticles - grains,
globules, spheroids). However, microparticles can also occur in which the
dimensions in two directions predominate considerably over the dimension in a

lamellae
third direction (plates, #¥ small lemwes), or actualperticles having a predominating
dimension only in one direction (needles, threads, rods). In certain cases, the
microparticles are relatively massive formations with closed internal cavities,
filled with microparticles of other phases or structural components (ferrite with
granular pggiz%%geéementite in ledeburite,etc.).

The sizes of microparticles also change within wide limits in a given small

volume of alloy, which is the object of micrq:analysis.

The mutual arrangement of microparticles of one or of several phases is random
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and even in the presence of certain laws (for instance, during transcrystallization

or in plastically deformed metal) it can never be presented as geometrically regular,

instance,
similar, for KXEME¥IXY to the arrangement of atoms in the points of a crystal lattice,

It would seem as if these circumstances would create insuperable difficulties

in the desire to evaluate the structure of an alloy by an?geonﬁtric parameters,

characterizing the shape, dimensions, quantity and arrangement of microparticles.

These however, are only apparent dlfficultles.
TEIOEETE. SN X

It is quite convenient to apply the statistical study methods to ghe
microscopic structure of an alloy. Just as any geometric body, the microscopic
particles possess fixed linear dimensions, volume, size of surface, shape, and are
present in some quantity in a unit ## volume of the alloy. Therefore the most
efficient method of characterizing these microscopic geometric bodies is to
evaluate them by the same parameters which were adopted for characterizing t%%

geometric bodies in general: their size, by linear dimensions or volume; thaxsurface,

the number of
by their area; amdwisies@® dispersed state by ety of microparticles per unit

form factor; etc.
Q— volume; Yher shape,by the XeeeFPIEICRESIOVRECLEPRICEL, Understandably, here we

quantities.

are discussing only the statistically average values for theseXdmgdB®s. In many
cases, there is no need to typify any given group of microparticles of fixed phase »

at the
even ast average values of parameters of their sizes and shape. It is usually enough
to evaluate the entire combination of particles of a given phase by such parametersaf:
as the total volume of particles or the total surface of them per unit e volume of
the alloy, if a more complete characteristic is inaccessible to us., The combination
of dimensional and quantitative parameters, obtained for particles of each structural

a
group or phase, is/quite objective, accurate,and sufficient characteristic of the
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microscopic structure of the object being analyzed, as a whole,

The selection of parameters of spatial@ microscopic structure of an alloy,
which can feasibly be measured during metallographic analysis, is determined by
the role ;?: @W@)m )typified by these parameters, in
the processes of transformations and alloys and their effect XE¥¥ upon the
properties of the alloy. At the same time, these parameters should be determined
by the application of technically accessible bugﬁ?;o unwieldy and sufficiently
precise methods of metallographic analysis,

From this viewpoint, the most important characteristic ofﬁgicroscopic structure
of an alloy is its quantitative volumetric structural or phase composition, by which
we mean the fraction of each structural component or phase in the volume of the
alloy, usually being expressed in volumetric percentages, In a study of the
kinetics of structural transformztion irn alloys, the change of structural and phase

al &
composition)éggﬂn& function of time,is & necessary and sufficient index of the
course of the pro?ess.

Knowing the fraction of the volume of alloy being taken up by each structural
component or phase, and having access to the values of their specific weights, we
can easily proceed from volumetric structural composition to weight composition,

It is just as easy to proceed from weight structural composition to chemical
compositi§n of the alloy, if we krow tée chemical composition of each phase or
structural component.

BX Using the simplelzg&gjggggfazgzz;s)’on the basis of quantitative volumetric
structural composition of the alloy, we can also compute its specific weight,

In a number cf cases, using simple formulas, one can calculate ir first

approxiration the indexes of mecharical properties of ar alloy (hardness, ultimate
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strength X% etc.). For this, in addition to volumetric ¥XMXX structural composition

of alloy, it is necessar; to have available the corresponding indexes of mechanical
vroperties of esach structural component,

Hence, a knowledge of the volumetric structural or phase composition of the
alloy permits one to connect IX quantitatively its structure with the chemical
composition, physical and mechanical properties of the alloy, which serves as a
valuable means of reciprocal XX checking and correcting of various types of
investigation of the metal,

An equally important parameter of microscopic structure is the value of
total surface of1%¥ains of metal for microparticles of variocus phases and
structural components of:g‘lloy, referred to gunit o volume., This value,

(specific area)
called by us the specific surface/of grains or microparticles plays an exclusively
important part both in the processes of XHAKKISH transformations in alloys as
well as in a determination of their diverse properties.

Based on a differing orientation of spatial lattices in each pair of contacting
microparticles of pure metal, on the boundary of their contact there exists a
layer of atoms in which they are arranged irregularly., The same takes place also

(interface) crystal
at the boundary of contact/of various ¥MEKXXX lattices of each pair of microparticles
of different phases.

In the boundary layer, the position of atoms is fixed by forces acting from the
side of both adjacent lattices, and constitutes a compromise position between those
being determined by each of them separately. The layer of irregularly arranged atoms
has a certein thickness, although it is trivial in comparison with the extent of the
boundary layer, Therefore the boundaries of grainsand of microparticl=s are not

areas regions regions
gecmetric xuodsmms but are apeR¥ possessing a fixed volume, These X¥eFs are called

Lo



intercrystalline interstratifications (3ibl..L5) or, more correctly, intercrystallite

zones (Bibl.45).
crystal
At the boundary of various contacting MEEFIOXTNDENFRKIXX lattices or of
uniform but variously oriented lattices, there occurs a XKIEKNXRXNINKHEXNA
Mhickening" of energy. The energy level here is higher than within the volume
of the crystal lattices, the atoms are connected less stably than those found

within the regular lattice, the transitional layer is less stable thermodynamically,

and its atoms are more mobile and inclined toward rearrangement and migration.

causes the exclusive activity
This DXEKAXXKXMHAAXOEOEHAZ  of atoms of intererystallite zones and explains

why they possess the leading part in the processes of interphase transformations,
growth of grain, creep of metals, diffusion, nucleation of crystallization of a
new phase, etc., which has been noted many times in the past by the practice of
metallography.

As is known, the mechanical properties of an alloy are éﬁk function not ohly
of the structural composition but also of the dispersed state. At one and the
#X same volumetric phase composition of?giloy, the value of specific surface of
microparticles serves as a reliable standard of the degree of dispersed state of ¥,
microscopic KX¥M¥KHH structure of the alloy. Therefore, knowing the value of
specific surface of various phases and structural components, we can in second
approximation refine the indexes of mechanicel properties computed on the basis of
structural composition. In many cases, the mechanical properties of ar. alloy prove
to be connected with the value of the specific surface by simple linear dependences.
The same can be said concerning a series of physical properties of alloy, specifically
the magnetic properties and specific weight.,

The plastic deformation of XH& a metal is accomparied by the appearance of a



fixed orientation of intercrystallite surfaces relative to the direction of the
forces ¥X acting in the metal, Therefore a study not cnly n‘-the value, but also
of the spatial orientation of sw faces of microparticles proves quite valuable in
¥XRRANHNIN researching the processes of plastic deformation of metal.

The intercrystallite boundary zones of ¥NAEEK microparticles are not the only
areas ¥EX¥ of metal having increased energy and therefore actively taking part in the
processes of transformations and of changes in structure. At formation of
polycrystalline structure of pure metal or of single-phase alloy, a microparticle
growing from the center of crystallization, encountering on the path of its
growth the closest adjacent microparticle and coming into contact with it, forms
a boundary, which is common to both microparticles. This interface continues
to increase along with the further growth of the microparticles forming it ¥X
until it encounters the surface of the nearest third microparticle. As a result
of such a meeting, two more faces (Hme@®%} are formed between this third
microparticle and the two first ones, All these XX¥X facé‘é are intersected
along one line, i.e. a lattice edge, common for all three microparticles. The
growth of this edge is limited by encounters with the surface of the nearest

vertex
fourth microparticle, which will be accompanied by the formation of a[SEIEE ¥e
YRRRX, common di&-XXX the four microparticles, that is polyhedrors. Hence, each
faceNin the polycrystalline aggregale belongs to two microparticles, and each edge
belongs to three, while each'point of_thssmeed belongs to four microparticles.

It is necessary to stipulate that in reality, the process of formation of
a polycrystalline structure is considerably more complex, since simultaneously with
the growth of microparticles there proceeds the process of collective recrystallization.

However, this does not change the main character of the final microscopic structure
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of the polycrystalline aggregate., Therefore in a polyhedral structure, there

sides
are cbserved intercrystallite zones of three types, namely two boundary ( X

vertices

of polyhedrons), three boundary (edges of polyhedrons) and four boundary (peskax

of polyhedrons).

The degree of irregularity of arrangement of atoms in the zones of edges of

sides
polyhedrons is higher than in the zones of their fareks, since here the atoms
are situated under the simultaneous effect of crystalline orders of three differently
oriented lattices. Accordingly the level of energy and activity of atoms of three—~
boundary intercrystalline zones is higher than that of two-boundary zones, and
the thermodynamic stability is lower, A still more irregular arrangement is
possessed by atoms of the four-boundary intercrystallite zones, where their position
is a compromise one between those being fixed by each of the four crystal orders,
A .

converging at thehp01nts,a£-iha_na=isxae of the polyhedrons of the spatial lattices.

It is known that in the KNUJEKXENE submerging of any mineral in a supersaturated
salt solution, the corners and edges of the crystals prove tc be especially active
(Bibl.47). 1In metal alloys in many cases the microstructure serves as a proof that
the same position is also valid for them. Very often one can observe the formation
of a new phase at the point of contact of three grains of the original polyhedral
structure in a micreosection., It is clear that this point is the track of a line
of edge on the surface of the cut. For instance, in Fig.9 one can see the formation
of XXX troostite with preference for the points of contacts of three graiﬁs in

high-speed  kifksspgpe

steel of the type (Bibl..i8).

The line of the edges of grains is also of great practical interest because

during the creep of metal, the start of the formation of cracks, leading subsequently

to final disruption, as a rule is concentrated at the contact poirts of these
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grains (Bibl.49).

The lines of contact points of three microparticles, i.e,, the lines of
edges of polyhedrons, form in the
metal a continuous spatial network
which may be estimated quantitatively as
the total extent of the lines of edges
per unit #& volume of metal, The points

of contacts of four grains, i.e., the

vertexes of polyhedrons are estimated

as their quantity, We have every basis

for introducing into the list of most

Fig.,9 - Principal Formation of
important parameters of microscopic
Troostite at the Points of Contact

of Austenite Grains. After structure of metal the length of lines

AJP.Culyayev (Bibl..L8)
of edges of polyhedrons, and also the

number of points ggj\ir;'rtexes per unit % volume of metal,

Of great interest is the quantity of microparticles occurring per unit g
volume of alloy. A study of the kinetics of crystallization, recrystallization,
determination of true parameters of these processes and of actual dimension (volume)
of microparticles is not realizable, if we cannot determine this parameter of the
microscopic structure of an alloy. It is necessary to note that the finding of the
actual number of microparticles in a volume of alloy is one of the most complex
problems of spatial metallographic anslysis.,

The enwnerated parameters cannot give an exhaustive characteristic of the

spatial microstructure of the alloy. Having the values of all these parameters at

our disposal, ore can by no means fully reproduce on their basis the Marchitecture"



of microstructure of an alloy. For I¥E instance, knowing the volumetric content

of graphite in gray iron, its specific surface and linear extent of edges of graphite
deposits, it is impossible to judge the degree of their "worticity™. Nevertheless,
the above listed parameters are the most significant and HAEXH¥XX reflect the
structure of the alloy to the degree which is necessary for judging the properties

and behavior of the alloy.

Not counting the scales of standard structures in effect abroad, in the
Soviet Union alone more than 30 scales have been standardized, which also do not
take in all of the requirements of metallographic analysis. To foresee and to

w s .
provide for all of the possible cases of /quantitative evaluation is obviously
impossible, and the present report does not pretend to do this to any degrse. To
evaluate the special elements of microstructure, to the extent that this is required

introduction

for practical or research purposes, would possibly require the XEKAMHEX of a number
of other parameters and the development of methods of their determination, However,
in all cases it is necessary to proceed from the basic assumption: the evaluation
of the structure should be conducted quantitatively, with values of geometric
parameters of spatial microstructure of the alloy in every case when this is
possible.

The system of methods of metallographic analysis permitting a determination of
the geometric parameters of spatial microscopic structure of metals and alloys is
called by us "stereometric metallography™. Quite often, methods of such a type

t . Vo .
are connected by the concept quantitative metallography, which is incorrect, since
the same concept alsc includes the methods of guantitative analysis of a plane

microstructure. In order to emphasize the basic features of the proposed system

of methods, i.e, the volumetric state of the obiect of analysis (from Creek ghgmeq
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stereo - spatial) and the strictly quantitative nature of their evaluation (from

the Greek metron - measure, dimension), we ¥¥ advance the term proposed by us for
this branch of science concerning metals, as the most acceptable term. Accordingly,
in the future discussion, we will use the terms stereometric structure, stereometric
evaluation, stereometric analysis etc,

Section 7. Development of Methods of Stereometric Micrd Analysis
=/

As we sow above, the quantitative estimation of the structure of steel, in
comparison with its mechanical properties and conditions of heat treating was first
used as early as 1868 by D.K.Chernov, However, the masximum development of the
method of stereometric evaluation of XIKXEX¥XHNE microstructure occurred mainly
in the last 20 - 25 yrs., The leading place in the development of this branch of
knowledge was occupied and continues %o be occupied by Russian and Soviet metallurgists
and petrographers.

INEE The problem of?égantitative determination of volumetric phase composition
was first posed and solved by petrography with reference to rocks, Since there is
K&¥ ro main difference between the determination of the mineralogical composition
of rocks and the structural composition of alloys, the methods developed by
petrography can be mechanically transferred to metallurgy.

In 18L7 ¥.Deless first used the plan;metric method of determining the
mireralogical composition of rocks while in 1898 A.Rozival proposed a more convenient
linear method of aralysis (Bibl.50).

The quantitative determination of structural composition of alloys in metallurgy
was first conducted by Ye.P.Polushkin in 1924, For this purpose, he designed a
"metallographic planimeter™. The volumetric structural composition which was found

was converted to weight composition (based on specific weights of structural
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comporents) and the data derived showed good agreement in comparison with data
of chemical analysis (Bibl,51), The most improved method of analysis, namely the
point method was developed by A.A.Glagolev in 1931 with application to rocks {HIHXYERY
(Bibl,52, 53) and was proposed by him also for application to the structural analysis
of alloys in 1935 (Bibl,54). The point method permits the application, during analysis,
of various devices, to a certain degree mechanizing the process of analysis and
considerably facilitating the work of the observer, accelerating the process of
analysis and expediting the obtainment of greater accuracy., A number of such
devices (push XYXMICIMEAMNAKAYE integrators) were designed by the author of the
method, The Glagolev method received widespread fame and dissemination both here
is

in the Soviet Union as well as abroad, and ¥¥H used with equal success in the
ZH analysis of rocks and of metal alloys.

The method of determining the value of specific surface, i.,e, of interface of
microparticles of two phases per unit o® volume of metal was first developed by

NeTeBelyayev in 1922 for one special case, namely the structure of lamellar pé?lite

(Bibl.55, 56), The method is based on the specific structure of lamellar Pe; lite

interlamellar spacing in it,

and the constancy of the xterpbobecEBEEXIEIXXTNXXXY therefore it carnot be extended

to any structure of another type. It has bser used many times, right up to recent
times, by a number of researchers who had studied the pé?lite transformation of
austenite., Specifically, N.T.Belyayev first used the expression "stereometric! in
application to the volumetric geometric structure of metal ("stereometry of a p%}lite
grain"),

In 1937, J.J.Rutherford, R.H.Aborn, and E.Bain tried to determine the specific
surface of microparticles of a polyhedral structure (Bibl.57). The method developed

by them is based or an idealized form of microparticles which are assumed to be
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geometrically uniform polyhedrons {MBEXAXAEADMENEY (cubo~octahedrons) and also
on a number of other assumptions. Since the actual shape of microparticles is
far from ideal, the method is not a strict one and is not of interest AX¥ at
present.,

A universal method of determining the value of specific surface, equally
suitable for any shape of microparticles of nondeformed (isometric)structures, is
called the method of random secants, developed in 1945 by S.A.Saltykov (Bibl.58, 59).

The method is mathematically strict and in practice is exceedingly simple,

devices
permitting the use of AL¥IHHY speeding up the measurement under a microscope or
in photomicrography. Later on, XK¥¥ the method of random secants was also extended
to deformed (oriented) structures. In 1952, S.A.Saltykov proposed a method of
AR RAXAEE approxinate HEXXXMAKIHX evaluation of specific surface of structures,
having a linear o# plane statistical symmetry (Bibl.40). In 195, A.G.Spektor
proposed a mathematically precise method, applicable to deformed structures only
with a linear (axial) statistical symmetry (Bibl.61). The method of random secants
received complete recognition and is used in research activities, censtituting the
basic method of determining the specific surface of microparticles.

TH#HE The method of quantitative evaluation of the second type of intercrystallite
zones.is that of total extent of lines of edges of microparticles per unit & volume
of metal, developed in 1950 by S.A.Saltykov (Bibl.,17%, The method is also mathematically

rigorous and is quite simple methodologically.

L.Guttman
* It is noteworthy that considerably later, in 1953, S.S«Smith and KIBHKXAX described

a method of determining the value of specific surface of microparticles and the linear
extent of their edges, under the name of the method F¥XAX "random sections" (Bibl.43).
Their method and formulas are quite idertical with the methods and formulas published
respectively in 1945 - L6 (3ibl.58, 59) and in 1950 by S.A.Saltykov (2ibl.17), but

5.S.5mith and L.Guttman make no references whatsoever to these studies,



As was mentioned above, the maximum experimental difficulties are encountered
in the determination of the guantity of microparticles in the ¥X volume of alloy,
serious
The approximate formulas, not having XE¥I¥EXHAKXX bases, have been proposed many
aL
times for this purpose, however Xéé]rigorous method was developed only for
microparticles of spherical form and forms clese to it. A precise formula, connecting
the diameter of volumetric microparticles, the quantity of them per unit 4f volume
of alloy and the number of sections of particles on a plane was given in 1935 by
I.L.Mirkin for a system of isodispersed microparticles (Bibl.33)., Later, this
formula was extended by S.A.Saltykov to the polydispersed systems of spherical
particles, These formulas are insufficient for determining the quantity of
microparticles in a volume of alloy, however they have great significance in the
development of metheds of such a determination.

A very valuable method of computing the quantity of round microparticles was
developed by E.Scheil in 1931, and later this was somewhat improved by him
(Bibl.62, 63, 6L). The Scheil method permits one to determire both the total
quantity of microparticles in a volume of alloy, as well as the distribution of
microparticles according to their sizes (diameter), A disadvantage of the method

unwieldiness,
is its EKMXAAHNEEAY which aroused many to work in the direction of its improvement.

Simplified methods based on the Scheil method were developed by &
HoA.Schwartz (8ibl.65), W.Johnson (Bitl.18), S.A.Saltykov (Bibl,44), A.G.Spektor
(8ib1.57). MNevertheless, even the best of the existing methods of computing the
distribution of microparticles remain unwieldy and complicated,

The Scheil method was used many times in a study of the kinetics of crystallization

for determining the crystallization parameters. Up to the appearance of the method

of random secants, the Scheil method was also used for computing the specific surface
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of round microparticles.

In the abcve mentioned method of J.Rutherford and others (Bib1.57), the
quantity of microparticles in a volume is computed,based on the number of their
sections per unit ## area of cut., However, since these two parameters are not
connected by a well-defined relationship, the values obtained can be ¥#X regarded
only as very approximate, A precise method of determining the quantity of
spherical microparticles {without their distribution by sizes) was proposed by
S.A.Saltykov in 1947 under the name Mmethod of diverse diameters" (Bibl.63). The
method is sufficiently simple experimentally,

The most poorly represented at the present time ¥¥ are the methods of
determining the characteristics of the form of microparticles. In individual cases,
the spatial form of microparticles can be established by the method of successive
grindings with ﬁ\cbnstruction of a volumetric model of individual microparticles.
The above mentioned method of perpendicular sections of A.P.Gulyayev and Ye,V.Petunina
also permits one to determine the form and dimensions only of individual microparticles,
Therefore one of the most pressing problems of stereometric (solid geometry)
metallography is the development of statistical characteristics of the form of
microparticles of the given type,

The EXONX¥AX principle first applied by D.K.Chernov of establishing a
quantitative interrelationship between the properties of metal, its machining and
the parameters of microstructure receival development in the activities of Soviet
metallurgists. The use of methods of quantitative evaluation of spatial structure
in the reports of M.S.Aronovich, M.Ye.Blanter, S.Z.Bokshteyn, S.M.Vinarov, M.I.Vinograd,
A.I.Gardin, A.P.Gulyayev, B.B.Gulyayev, N.K.Lebedeva, I.L.Mirkin, L.S.Moroz,

P.C.Pashkov, G.I.Pogodin-Alekseyev, A.l.Skakov, S.M.Skorodzivevskir, A.G.Spektor,
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A.N.Chervyakov, and of others #¥¥¥H served for recognition and propagatior of the
methods of stereometric metallography. Of the number of foreign metallurgists,
from the same standpoint cne should make mention of E.Scheil, R.Meil, W.Johnson,
M.Gensamer,

MABRAEARANY S.Smith, EX¥HK L.Beck, G.Kostron, R.Howard and others.

Begides the above mentioned methods of determining the parameters of
microstructure, there is required a development of quantitative evaluation of the
uniformity and homogeneity of the spatial microstructure. The most important and
urgent problem is the translation of standard methods characterizing microstructure
into the language of stereometric evaluation., For instance, now it is already
possible to note that the evaluation of the granular structure of steel BXXEA based
on the value of specific surface of microstructures is methodologically more correct
and experimentally considerably more improved and more simple, than the standard
method being used for determining the size of a grain of steel, Therefore we need
an X¥X insistent and active struggle for the replacement of obsolete methods of
evaluating plane microstructure by already developed, more efficient methods of
stereometric evaluatior.

Section 8., Technical Means and Features of Stereometric Micro4iZ:;ysis
w7

The most important advantage of stereometric micrézgg;iysis is the fact
that its use does not require any major new technical resources for any kind of
basic changes in the process of preparing the microsection. Therefore the methods
described in the present book are accessible for any laboratory, equipped with ta
simple metallographic apparatus. In this paragraph, we shall examine the general
conditions and requirements, equally in effect for all methods of stereometric
evaluation. ter, in a description of individual types of stereometric microanalysis,

accomplishment.
we will give special instructiors on the techniques of their X practical XHHBNRXXH}
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For a d¥K¥H determination of the actual values of parameters of spatial
microstructure based on the nontransparency of the items being analyvsed, we will
FHXE#AE proceed only from a plane microstructure, As a result of the intersection
by the plane of a cut of individual microparticle, we can cbserve its random section,
which cannot give us a concept either of the actual sizes of the microparticle or of
its geometric form, However, while the section of a separate microparticle represents

of a
a figure of random form and size, the statistical association of sections I¥ practically
infinitely large number of microparticles can already be regarded as an accurate
reflection of microscopic structure of the alloy. Taking this into account, one
can determine the geometric parameters of the spatial microstructure of an alloy
KXK&AX based on its plane microstructure with any accuracy, which may be required.
In most cases, XHUMIX one microsection is enocugh for this, while in case »f
oriented structures (during transcrystallization, plastic deformation), the number
of required microsections may increase to two.

In cast or rolled metal the structure as a rule is irregular in cross section
to a greater or lesser degree., For instance, in Fig.,10 is shown the distribution of
a quantity of deposits of carbon of annealing based on section of samples of forged
iron 25 mm in diameter based on data of the author (Bibl.49); a similar distribution
pattern is noted for forged iron by I.I.Khoroshev (Bibl,/1),

3.M.Shteynberg, I.N.Bogachev, G.A.Zykov and R.Sh.Shklyar found that the size

of a grain of transformer steel and the degree of its uniformity change from the

surface of the sheet to its core, as is illustrated by the data in Table 5 (Bibl.70).

52




~
w
~
’ 3
I

"=
S
~
R

Fig.10 - Distribution of Graphite Deposits according to Section
(Diameter) of Round Sample of Maﬁeable Cast Iron, Decrease in
quantity of depcsits at surface as result of surface decarbonizing

during annealing

a) Number of centers per mm2; b) Distance from center, mm
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Fig,11 - Typical Distribution of Nermetallic Inclusiors ir Section
of Steel Castings Weighirg 10 kg, Cast from One Smeltirg in a
CeramicA(on left) and Iror (on right) Form. 100 7V - volumetric 7
of irclusions, n - number of irclusions per 1 mn? of area of cut
[3.B.Gulyayev (3ibl,71)]

2) Distance from surface, mm
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Table 5 b*

b)

a) o .
. ¢) d) e}
iagsg 0,08 - 0,034 0,04
e 0.05 0.06 0,068
171200 0,075 0,26 : 0,46

.

2) Annealing temperature, °C; b) Size of grain, mm?; ¢) On the surface of
sample; d) At a depth of 0,04 mm; e) At a depth of 0,06 mm

In Fig.1l is showr the distribution of a number of nommetallic inclusions
ard their volumetric percent according to section of steel castings 10 kg in weight,
which were hardened in ceramic and iron forms, after data of B.B.Gulyayev (Bibl.71).
On the basis of the data presented and a number of other data, one can notice a
general regularity, that is, from the surface to the center of the section, the
dispersed state of the structure decreases.

Inasmuch as the structure in most cases remains qualitatively uniform in
cross section, the cholce of location o%sélane of cut during conventiona1,<;/’
qualitative determinations does not play a substantial part. It is another matter
in quantitative microanalysis; here the place ard direction 6?g51ane of cut needs
to be chosen very carefully, taking into account the possible irregularity of
structure along the section.

Let us examine XX how the choice of section of cut is reflected upen the
results of quantitative microanalysis if the structure is irregular, For simplicity,
we will limit ourselves to a case when the ground sample car be divided into two
zones according to uniformity of structure. ILet us assume, that in zone 1, the
parameter of structure irteresting to us is characterized oy the value Cl’ while in
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zore 2,, by value Cp. Let us also assume that the diameter of zone 2 equals half
the diameter of the sample (Fig.12).

In a transverse cut, the area of zone 1
comprises 0,75 of the area of the cut, while
in zone 2 it comprises 0,25, Therefore, in
a determination of the value of parameter C

for the sample as a whole according to transverse

cut, we get the value:

C.L= 0,75 Cl + 0,2502.

In a longitudinal cut, passing along the
N

axis of the sample, the areas of both zones will

Fig.12 - Effectnﬂ Location of
be uniform and will equal 0.50 of the area of

Plare of Cut upon Result of

Quantitative Microanalysis at cut. Therefore in evaluating the structure of

Irregularity of Structure
the sample as a whole based on longitudinal

Having an Axial Symmetry

a) Zone 23 b) Zone 1 cut, the value of parameter C will differ

considerably from the value found in the transverse cut:
€, =0,50C, + 0,50C..
It is easy to see that the volume occupied by zone 2 constitutes L of the
volume of the sample, i.e, coincides with the part being occupied by this zone in

the transverse cut, Therefore the quantitative result of the analvsis, obtained in

the transverse cut, will correspond to the actval average parameter of spatial
structure, whereas in the longitudinal cut, we get an incorrect result. If the
plare of the longitudinal cut will not coincide with the axis of the sample, the
error of the evaluation will be all the greater, the farther this is separated from

the axis. In the plare, located at a distarce of half the radins from thre center,
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zone 2 will not be represented at all.

The situation does not change if the parameter of the structure changes
regularly from the surface to the center, as this is shown in Figs.1l0 and 11, Here
we can divide the samples into a number of concentric zones and the pattern of

deliberations, just as in the final result, will remain the same as in the above

’

wiad

considered schematic example. At a given I¥A¥ increase, any field of vae%en on the
transverse cut represents the same volume of metal, while on the lengitudinal cut

)
the volume of metal being represented by the given field of wieien—XXX¥I constitutes
a function of the distance of this field from the axis of rolling or casting. The
given field of vigigg)represents a lesser volume of metal, the closer it is
located to the axis of the sample. If in a determination of any parameter, the
fields of vision are located uniformly along the entire cut, the result of
micro-analysis of transverse cut will then provide a correct representation of the
average value for this parameter XX in the volume of metal. In case of a longitudinal
cut and in presence of irregularity in structure along the section, the result will
prove erroneous,

The longitudinal microsections are widely used in an estimation of the
contamination of steel by nonmetallic inclusions. Since usually the central zone of
section of rolling is more contaminated, in the evaluation along the longitudinal cut
the average degree of contamination will always prove higher than it is in actuality.
if the longitudinal cut however is not axial, the result of micro-analysis then depends
upon the #XXZ¥ distarce between the plane of the microsection and the axis of rolling,
and also upon the degree of heterogeneity along the sectiovn.

Based on what has been presented, the plane of the cut should be so chosen that

in ary other plare parallel to that selected, the structure would be statistically
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identical not only qualitatively but also quantitatively. In certain cases, there
proved to be WHAHHIAXHXAKK unavoidable the use of longitudinal cuts. However in
this connection, it is mancatory to take into account the importance (™weight") of
A

the parameter, measured in each field of ggégah determining the distance from the
center of field of vision to the axis of rolling, with subsequent calculation of the
average suspended value of the given parameter according to all fields of vision,

was
in which it I¥ measured.

Since the visible two-dimensional structure is a geometrically flat section
ofrgpatial conglomerate of ¥IX# microparticles, it is necessary that the surface
of the microsection be as close as possible to an ideal plane and have a minimum
micro relief, unavoidable in the process of preparing the slide.

A study of micro relief of metallographic ¥XXH¥X sections (cuts) was conducted
by N.M.Zarubin with the aid of the interferometer of V.P.Linnik (3ibl.72). He
established that the micro relief is mainly developed as early as in the process
of polishing, that is the polished surfacesof microsections are always obtained as
relief sections and not as plane sections. The iﬁgﬁj of relief depends upon the
method of preparing the section and upon the structure of the sample. The obtainment
of a greater relief is promoted by # prolonged polishing (and repolishing), by a
coarse-grained structur% ard cdnsiderable difference in the hardness of the components
of structure, Etching (pickling) does not exert a noticeable effect upon the vﬁiﬁ%ﬁﬁb
of miero relief, being obtained during polishing.

In high-strength iron, having an almost purely ferrite base, the value of
micro irregularities (difference in levels) between the grains of ferrite after

polishing and picklirg amountsto 0.17 microns. After as additional polishing, this

valve resched 0,2 - 0,9 microns. The depth of hollows of graphite correspondingly



increased from 0.70 microns to such an extent that it could not be measured

(more than 20 microns). On the microsection of another sample of high-strength
/

iron, the amount of micro irregulariﬁgﬁbetween the ferrite and p%%lite amounted

to 0.15 microns.

In coarsely grained chromium alloy, the value of micro irregularity between
carbides of chromium and p%ilite reach 1.2 microns on a pickled microsection; the
micré:éardness of carbides reaches 1200 and of pgilite 625. In a finely grained
chromiun alloy, the value of micro irregularity constituted a total of 0.13 microns
before pickling and increased very little during pickling.

Inasmuch as the depth of relief (embossing) is mainly determired by the
duration of polishing (and the use of repolishing), to obtain minimum relief, of
great importance is a good preliminary preparation of the surface, 1%23:i:?€o a
minimum the time needed for polishing. For ferrous metals, N.M.Zarubir recommends
the following tvpes of processing the microsection, assuring the obtainment of
micro irregularibgﬁwithin the limits up to 0.5 micron:

a) Grinding the microsection with carborundum stone, files and emery cloths.
Poiishing with water suspension of aluminum oxide;

b) The same preliminary processing as in the previous case, polishing with
passivating suspension (10 - 20 gn%of sodium nitrate, JXgX 3 gms of calcinated soda,
up to 10 gms of aluminum oxide per 1liter cf water).

The maximum relief state occurs at electric polishing of ferrous metals and
at polishing of nonferrous metals by "strong pickiing {etching)". 1In all these

v
cases, the micro 'n‘regula.ri‘dp1 reachyy 4 microns,

.

a»unda' . , . .
The usdwe of micro irregularitff which cen be permitted during quantitative

micro analysis deperds upon the type of structure beirg analwvzed ard the type of
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(of microstructure) being determined. TweMinimum micro
parameter AXXHTENSKKMEXKANAHXNEXAEHMNGATY XS DOTARRNOREKINEY ~ relief has to be

assured in XMEKX¥ samples having highly dispersed granular structure (#2% type of
granular pgflite), especially if we XK determine the sizes of microparticles or
the relative vclume of their component phases. The determination of the value of
specific surface is less sensitive to the presence of micro relief, For determining
the specific surface of slightly dispersed structures of polyhedral type, one can
even use an electrolytic polishing.

The effect of the relief state of the cut on the results of stereometric
analysis of actual structures will be considered in more detail below., The
quantitative micr{}.nalysis of a well-prepared cut is conducted in conventional
metallographic or in other microscopes equipped with opague-illuminators, and equipped
with standard optics and devices.

The microscope bench should assure the smooth crucifo;m movement of the cut
in the plane of the bench in two mutually perpendicular directions, The amount of
displacement of the cut should be measured as accurately as possible. This
requirement is met in the best way by the bench of the device for determining the
BN NET micréjhardness PMT-3 designed by IMASh, in which the cruciform movement
of the bench is realized by micrometric screws with an accuracy of 0,01 mm; the
amount of XX displacement is 12 - 15 mm. Less convenient are the two coordinate
preparation guide devices of the type ST-5 having rack and pinion movement and scales
equipped with verniers, which permit the measurement of displacement with an
accuracy of 0,1 mm; the possible amount of movement is 25 and 40 mm. Least convenient
are the XX standard stands for the metallographic microscopes type MIM-5, MIM-6,

MIM-7, in which the amourt of displacement is estimated visually by the millimeter
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scale. The limits of movement of the microscope stand should assure an inspection
of the entire surface of the microsection being anelyzed, from one set up, without
changing its position on the stand. 1In order that any point of the cut will be
accessible for observation, it is desirable that the microsection does not rest

by a part of its surface against the fastening plate of the microscope stand. Hence,
one should give preference to a low position of XXX the microsection, as this takes
place in vertical microscopes.

In an analysis of the oriented structures, it is necessary to turn the
microsection relative to direction of movement of stand with an accuracy up to 19,
The polarization microscopes of the type MP-2 and MP-3 are #¥¥¥¥4 equipped with
rotating stands. One can use rotating cover plates equipped with a degree scale,
as for instance in the MIM-7 microscope. The preparation of such inserts for any
microscope does not present any technical difficulty. The insert should have one
or two clamps for fastening the sample, in order to avoid the possibility of its
displacement during the rotation of the insert.

fzzﬂétﬁLAjL
In certain cases, % is feasible to make the measurement ol«elements ot~
wnd camera.
~straEERe on (glass of the microscope ¥ompaeEtst, For this it 1s necessary
that the microscope have a sufficiently powerful source of ¥X illumination.
Among the existing desigrs of microscopes, the most handy for our purposes
its microscopic
is the micrdhardness meter PMT-3 under the condition that KNNXMINANKXRX stana is
gquipped with a rotating insert having a degree scale. Also convenient are the
polarization
poduapdent microscopes having en opaque-illuminator, rotating stand and with a two-
coordinate preparation guiding device, mounted on the stand, It is quite desirable

that in the development of new designs of metallographic microscopes, one take into

accourt the requirements of quantitative metallographic analysis.



In addition to the standard set of objectives and eyepieces, attached to
each microscope, it is necessary to have a set of eyepieces for quantitative
measurements during visual observations. The main items in this set are:

a) An eyepiece-micrometer having a ruler divided into 100 parts, prepared
with magnifications of 7 and 15, It is desirable that the scale of this eyepiecq
shown in Fig.l3, does not exceed in length 0.75 - 0,8 of the diameter of the field

of visien., Quite necessary is the presence of a longitudinal diametral line which

not
is/available in all eyepieces of a similar type;

b) Square grid-reticulated eyepiece., The scale of the eyepiece, containing
256 squares, similar to that shown in Fig.lh, is used for eyepieces 23 mm in

diameter. For evepieces of larger diameter (30 mm) grids containing 400 squares

X Polarization microscopes

can be used,

have such eyepieces;

screw type cross hair
c) A EM¥EHSEXH eyepiece-micrometer @X equipped with a ¥MEXXMXIX shown in

Fig.15, type AM 9-2. TIHEK The point of the crossing of the threads has a displacement
of 8 mm, being measured with an accuracy of 0.0l mm. In case of the lack of such
an eyepiece, one can use an eyepiece having a stationary cross hair.

With the aid of the object-micrometer, one determines the value of division
of rQler of the eyepiece micrometer for each of the objectives of the optical set
of the microscope. The same is dore for measuring the cells of the square-grid
eyepiece and for moving the cross hair of the screw type eyepiece-micrometer. IX It
is advantageous to measure the diameter of the field of vision for 3ll comhinations

of lerses and eyepieces and to compute the visible areas of the fields of vision.
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Fig.13 ~ Eyepiece-Micrometer

15 4 4]
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Fig.14 ~ Square-Reticulated Eyepiece
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In quantitative micro-analysis, it is often necessary to calculate a

considerable rumber of certair values (number of grains in field of vision,

number of points etc.), The calculation is considerably speeded up and is made

more reliable if instead of oral counting there is used a counter adding up the

push~downs,
number of ppeasaqpﬁf’&;;e simplest counter of such a type, made by the factory

"Schetmash", is shown in Fig.14.

Fig.15 - Screwtype Eyepiece-Micrometer

It is noteworthy that the &
development and irntroduction into
metallographic practice of specialized
devices for the quartitative microanalysis
would greatly simplify and accelerate its
conduct, would HXMHE make more accurate

and reliable the data obtained,if one could

(personal factor)

eliminate the possibility of th; effect of individual traitsﬁpf the observer on the

results obtained, In this respect, an example is the equipping of devices with

Fig.1% - Manual Courter "Schetmash"

quantitative methods of geometric
microanalysis of rocks. Many of the devices
being used in petrography can also H¥¥ be
used in metallographic quantitative analysis.
The use of stereometric evaluation of
the structure of allov does not exclude the
evaluation

use of the method of visual HEMXEGGHAXKIXX by

7
way of comparing the structurefg;eing

observed};with the structure of stardard scales, which had received wide distribution
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in metallographic practice., The visual evaluation is distinguished by unique
speed ard simplicity, therefore XXX its use is desirable in large-scale
inspection tests under conditions of plant laboratcries. However one should in no
way forget that these qualities of visual esvaluation are achieved owing to the
accuracy of determination. 1t is subjective and therefore is inferior to the
results of direct measurements or calculations of the parameters of interest to us.

The scales of stardard structures being used in stereometric metallography,
are basically different from the scales being used for most standard semiquantitative
analyses. Each standard structure should bs evaluated as a precise value of that
parameter, for the visual evaluation of which it is intended, but not in any case
by conventional index points or numbers. Gradations between adjacent standard
structures in the scale are selected in conformity with that accuracy which is
required by us from the given control test and which ore can attain in practice during
visual evaluation.

K¥¥X For instance if we conduct large-scale contrcl tests of steel, evaluating
its structure on the basis of two criteria, namely the quantity of p%?lite and its
structure (disperseﬁ state), we should have two series of standard MIK¥X
photomicrographs. One of them, undegbaagnificatio?é/{et us say, agme®s 100, corresponding
to the working magnification during control inspection, should contain a number of
photos{or sketched structures) with an increasing content of pé%lite.

If the accuracy of identification of pgklite during visual evaluation is assumed
to equal 5% of the absolute content of pgilite, the standard #X photomicrographs
should be prepared with the appropriate gradations (0, 5, 10, 15, 20 ... % of
pé%lite according to area). The character of the structure as a whole (ferrite in

the form of a network, pé%lite and ferrite in the form of separate grains etc.) in the

A



control samples of steel and in the standard photomicrographs should be identical,
since this promotes a greater accuracy of identification during visual evaluation.
In calibrating the XKX¥ actual standard structure, the content (area of pé%lite)
should be determined directly in the actual photomicrograph, and not on the
HIAFEAAHXIEKX microsection from which the photos are made.

Just as for an estimation of the dispersed state of p%%lite, which we assume
is conducted aéﬁmagnification of 1000, we prepare a set of standard photomicrographs
at this magnification., In each XI¥MX¥KE photomicrograph there is indicated precisely
the measur!:j?::ffi:ically on I¥¥ it) and then XKd in a similar manner the computed

spatial
parameter of XEAEXXX structure of pé?lite, characterizing its dispersed state, namely
the value of interlamellar distance or the actual value of specific surface of
cementite.

In an evaluation of the quantity of p%%lite and its dispersed state, one does
not use any kind of conventional symbols or codes., The estimation is conducted by
natural values of geometric parameters of spatial structure, namely the volumetric
percent of pé%lite, interlamellar distance in microns, specific surface of cementite
in mm2/mm3. In the described method of construction of scale, we always have the

iy S;%}
possibility of prolongingfor dividingfmore finely in any individual sector.

The sets of standard photomicrographs should be of a nature XNXXMX inherent to
the structures being inspected in the given production., For instance, one should
never use the same scale of quantity of p%flite for cast steel, for rolling with
the absence or presence of striation. Any standardization of sets of standard
structures inevitably decreases the accuracy of the evaluations obtained.

If great accuracy is required and the tests are not large-scale, the measurement
Z N g ’

of parameters then should be conducted by the methods described in the following chapters.
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It needs to be emphasized that all these methods are statistical and therefore the
accuracy of estimation is all the higher the more the readings or measurements
that are conducted for obtaining the a&erage value of the parameter being measured.
Therein, in determining any average value, it is necessary to choose the items
being measured at random, without any preference in relation to any given category
of values being measured and without rejecting those -efmbiwem which are even quite
substantially different from the vast majority of measurements. In the history

of statistical analysis, the following quite indicative case is known.

In the past Century, measurements were conducted in England for determining
geographic longitudes, In the first processing of the data obtaineanot all the
data were used but only those ofebmem which agreed best of all with each other.

The results proved so inaccurate that the measurements were completely rejected.
However, the data of measurements were retained and when subsequently they were
reprocessed, wherein in the caleulation all data were accepted, even those which
appeared contradictory, the results proved excellent (3ibl,73). Therefore, also

in the dUKAMMIXXNE determiration, e.g. of the value of average grain it is necessary
to take into account all grains without exception in a fixed area, without disregarding
even the smallest of them,

In the further discussion it is convenient to adopt a system of symbols of

geometric parameters of spatial and plane structures, which were used in previous

studies. Various geometric parameters of individual micreparticles are éi;:gzﬂz?l
with

by letters of the Latin alphabet,/which it is conventional to denote the corresponding

parameters of geometric bodies and figures: volume V, surface S5, area F, linear

dimensions L and D etc. The corresponding average values are signified by the same




letters with a vinculum drawn over them.

sign

9dpmet 2, placed before the symbol of the appropriate parameter,

q g . desigpate
volume of metal or to a unit area of microsection, we xmg%éﬁm

The total values, referred to a unit

with the sum XXX

The phase

of any component of the structure, to which the given parameter is referred, is

written on the right in the form of asodmgeatict a subscript.
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Table 6
Title of Parameter Symbol Dimensionadddir
- Volume of individual microparticle + ¢ o o ¢ o & v mm>
Surface of individual microparticle + « o o o & & S mm?
Diameter of spherical microparticle « « o o & o & D mm
Length of linear element of spatial microstructure L mm
Mumber of microparticles per unit volume of alloy N 3
Total volume of <& microparticles per
unit volume of alloy ©000000O00O0DDO oV mm3/mm3
Total surface of microparticles per unit
HBX volume of alloy O 0000DO00O0DOOGD 58 mm2/mm3
Total length of linear elements of spatial
microstructure per unit volume of alloy « . « & L mm/mm3
Area of individual section of microparticle in
microsection o o o o o 4 6o o 0 0 6 0 o 6 000 F mm?
Perimeter of individual section of microparticle
onthe cul o v ¢ ¢ o o s ¢ ¢ 6 0 ¢ ¢ 0 ¢ ¢ o ¢ » P mm
Diameter of section of round microparticle on cut d mm
Length of linear element of plane microstructure L mm
Number of sections of microparticles per unit
area of Cub o o o o 6 ¢ 6 4 0 0 e 000 006 e n mm=2
Total area of sectiors of microparticles per
unit area of CUb o ¢ ¢ ¢ o ¢ o o 0 6 6 0 0 0 s s hF mm2/mm2
Total length of perimeters of sections of
microparticles per unit area of cut « » & o ¢ .+ & P mm/mm2



For instance, the total surface of graphite deposits per unit volume of iron
' T foned by
is sigeifisd-as Esgr’ the average volume of carbide particle by Vk\etc. The system

of notations and the corresponding units of measurements of parameters are

presented in Table 6,
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CHAPTER II
QUANTITATIVE PHASE AND STRUCTURAL VOLUMETRIC COMPOSITION

OF AN ALIOY

Section 9. Phase and Structural Composition of Alloy

Regardinéxglloy as a conglomerate of microparticles, one can refer these
microparticles to one or the other phase or structural component. The total
volume of microparticles of any phase, occurring in a unit volume of alloy, HHX#¥
determine the partjﬁbeing occupied by this phasi?'of the volume of alloy, which
X can also be expressed in volume percentages. In metallography, the phase
and structural composition of an alloy is often determined,using the "rule of
segments", permitting one to determine (based on relative quantity of phase or
structural component) the composition of alloy and vice versa., A classic example
of such a type is the determination of the content of carbon in steel)based on the
amount of p%%lite in its structure.

Originally, the methods of quantitative analysis of phase composition of
complex aggregates were developed by X¥¥# geologists and petrographers with reference
to rocks more than 100 yrs ago,for finding their miner@logical composition., At present,
these methods have received a high state of improvement both in KABAX rapidity of
carrying out the analysis, as well as ir accuracy, agreeing successfully with
chemical aralysis and supplementing it, A great contribution to the development of
improved methods and the XAMXXXAXI¥NY development of appropriate devices was made by
A.A.Glagolev, whose valuable monograph (Bibl.50) is quite useful not only for

petrographers but alsc for each metallurgisié interested in quantitative microanalysis.
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In this respect, metallography has XXAaNAX3 ¥ lagged. As
V.Yum-Rozeri and others (8ibl.277) testify, many metallurgists have an erroneous
concept even of the relationship between the quantities of phases on an area of

a cut and in the volume of the alloy, assuming that the ratio of areas of

phases on the cut should be raised to the power 3/2, in order to obtain the ratic
of volumes of phases in the alloy. Up to the present, XH&¥ the most primitive
methods are being used for determining the areas of phases and structural
components on a microsection, and in the textbooks for metallography and metallurgy,
it is almost a rule that no other methods of determining the phase and structural
composition, other than an estimation of areas "oy sight", are mentioned {XIXX
(Bibl.74, 75). At the same time, a knowledge of the phase and structural
composition of the alloy is quite important for the metallurgist. The structural
composition of an alloy provides us with such data about it, which cannot be
obtained by the methods of chemical analysis, as for instance the content in steel
of structures of varying degree of decay of austenite (périite, sorbite, troostite
etc.),

Evidently the reason for the lagging of metallography in this field is the
lack of familiarity of metsllurgists with the potentialities of qualitative
determination of structural composition and EXXXEXXXX the widespread incorrect concept
of it as a very inaccurate type of analysis, which EXNKEXX¥XHX can yield only
approximate figures, considerably inferior to the chemical analysis data., We will
show in a number of examples taken from the practice of petrography and metallography
that this is far from the case.

In a description of the Ahumada palasite, given by O.Farrington, a photograph
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was presented of the polished surface of palasite)and its specific weight was
given. N.P.Chirvinskiy conducted measurements of quantities of components (well
visible on a photograph)oi components of rock (nickel iron and olivine), and using

theoretical specific weights of the components, computed the specific XEIEHXX weight

of palasite, which proved higher than the figure presented by O.Farrington.
N.P.Chirvinskiy writes NIXX¥ "I asked him to conduct a checking determination of

the specific weight of palasite, and it turned out that I was correct, which was
testified to not only by a letter in my name, but also in one of the later reports"
(8ibl.76). Hence, *the quantitative microanalysis proved more reliable and more
accurate than such a methodologically simple determination as that of specific
weight.

As early as 1924, Ye.P.Polushkin, having made a "metallographic planimeter"
of the most primitive design, conducted a determination of structural composition
of a number of samples of steels, irons and EHEXXH¥X¥ phosphoritic bronze., Based
on specific weights ofdgtructural elements o?ﬁgiloy and of the alloy itselg on
the basis of planimetric measurements of areasfg£=§-g occupied by these elements
on the cut, he computed the XM#HXXAX chemical composition of the alloy ard compared
it with the chemical analysis data. The data obtained are presented in Table 7 and
indicate the good convergence {correlation) of figures obtained by way of microscopic
and chemical analyses (Bibl.51), The same kind of deviatior (sic) is also often
observed durirg repeated chemical analyses.,

Ir recent times, the use of more improved methods and spsciel devices increased
even more the accuracy and reliability of determining the phase composition of alloys

and permitted its use in the area of metallurgy, requiring an especially accurate and



reliable method, namely in the construction of equilibrium diagrams.

Recently, L.Beck and S.Smith, using the method of quantitative microanalysis,
successfully corducted an investigation to refine the rosition of the lines
of the equilibrium diagram of copper and zinc alloys, delimiting the areas of

existence of q,a *+ B, B B+ yand y-phases (8ibl.77). By way of quantitative

Table 7
c)
e) b)
d) - el

Rolled steel « o o o o ¢ o o 8 o 2 & o o & f) 0,20 0,24
Cast crucitle steel, annealed at

1OOOOC » L[] » *» L] . L] . ] L) L] L] L] . L[] L] ’ 0'46 0‘50
Thesame.....-....-.....- : (l),;z ?"gg
Th?same...................- » 3:93 3:80
White iron with traces of graphite . + « & g9) 1,43 1,40
Gray iron (3.0L% C and 2.89% Si) . « « > 10,38 | 10,33
Phosphoritic copper =+ « o ¢« ¢ ¢ o ¢ o o o

a) Characteristic of alloy; b) Element; c) Weight content, %, determined;

d) Planimetrically; e) By chemical analysis; ) Carbon; g) Phosphorus
microanalysis, there was determined the phase composition of each two-phase alloy.
In Fig.1l7 are shown types of derived AAIEHATE dependences of quantity of
B-phase in the structur: as a function of the contert of copper in the alloy at

was
various temperatures of phase equilibrium. The group of lines in Fig.17,a 2923

ety
m r]
E 460°. o
[r)
(o a0* o\ \
40
20
g A\
4l 7] W 5 7
{b)
a 4

Fig.17 - Metall graphic Determination of Content of f-Phase in Alloys of Copper
with Zinc, in State of Equilibrium with y-Phase (a) and with g-Phase (b) at Various
Temperatures [L.Beck and S.Smith (Bibl.77)]

a) Weight content of B -phase; b) Weight contert of copper, 4
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obtained for equilibrium of {J-phase with the J’-phase , while in Fig.17,b for
equilibrium of P—phase with thed -phase. There was established, as we shall see,
a very distinet linear relationship, which permits one, by way of slight extrapolation,
to find concentrations of copper ¥EXEX corresponding to the O and 100% content of
P—phase at various temperature. These concentrations also fix the position of XX
lines of an equilibrium diagram at given temperatures. Measurement of parameters of
the lattice agrees well with the data obtained by way of quantitative microanalysis.
However, along with the successful use of this method, it is noteworthy that
in the practice of metallurgy there also takeg place such cases when the results of
metallographic analysis prove unsatisfactory. For instance, J.R.Lane and N.J.Grant,
using methods of quantitative microanalysis (3ibl.78), were unable to reveal the
kinetics of change in content of KMM#XXMMXAXMKIA4HY carbides of chromium, niobium
and tantalum during the aging of heat-resistant steels. This only confirms the
need for familiarizing metallurgists with the actual potentialities of individual

methods of determining the phase composition with the purpose of their more correct

application,

Cavalieri
Section 10, Principle of BX¥{Y¥¥¥ and Tts Application to Quantitative Metallographic
Analysis

Existing methods of quantitative phase and structural analysis both of rocks and
of metal alloys are based on the so-called principle of XXRAXAXFYX Cavalieri.

A student EEXEXX of Galileo, the Italian geometrician Bonaventura Cavalieri
{1598 - 16L7) proposed methods of measuring and comparirg the areas of plane figures
and also the volumes of bodies with the aid of a unique type of infinitely small
Cavalieri regards plare figures

values, namely Mindivisible wicidme continuous™ (79).

as consisting of a infinitely large number of mutually parallel lines, and bodies as
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consisting ofig;finitely large number of mutually parallel planes,

Therefore for comparison of areas of two figures, straight lines are used which
are parallel to a certain given §§g§§§§2tline (called the regulus). An infinite
number of parallel straight lines X¥¥ is located between the two straight lines
tangent to these figures from opposite sides, These two lines are called "péred
tangents™ and one of them is usually taken as the regulus. If the lengths of the
segmenis, cutting off the outlines of the figures at each of the straight lines,
equal each other by pairsfgor are located in a fixed position constant for all
pairs of segments, then the areas of the figures under consideration will also
equal each other or will be located in the same ¥¥XXXX relationships as the segment.

Let FEHG and ABCD (Fig.18) be compared with one another, wherein both figures
are enclosed between the parallel lines IK and 1M bounding them; we can take either
of the parallel lines for the regulus. Let us intersect them with a number of
straight lines parallel to the regulus, and we will compare segments RS with NO,
FH with BD, and TV with PQ. If all these pairs of segments equal each other (as
occurs in Fig.18), and also any other straigh? line parallel to the regulus,
IHKXHUKE intersecting the figure, yields g/segments, which are equal to each other by
pairs, then the actual figures FEHG and ABCD will be of equal area. However if all
pairs of segments were situated in a fixed position with relation to each other,
the areas of figures would occur irn the very same relationship,
Similarly to what has been said XW#M¥X above, the principle of Cavalieri HEEXHKKX

EKARKIKXXKHAX 1s used to compare the volumes of two bodies, the only difference being
that the straight lines are replaced by plane figures, and the segments by sections.,

about
Let us consider two bodies, formed by rotation dWpEEFE the axds OC' of the
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semicircle AU'3, MXHEX written into the rectangle ABDC and the triangle COD (Fig.19).

"cup"
The semicircle forms a "o the axial section of which is hachured in the drawing,

while the K¥Y¥ triangle forms a cone. It may be shown that in any horizontal section
Meyp!t surface of

surface of revolution,
the aresxpfretating, formed by the segment within the UEER' ab, equals the XFEECEEX

revolutbon

rekaxier formed by the segment within the cone cd, To the extent that this is

"Kup"
so, according to the principle of Cavalieri, the volumes of the X" in the cone

also equal each BXKHY other, which takes place in reality.

! £ A N
U .
L 1
F {_ 1.1‘ fl—— = o
\ ﬁ ;
?
'3

Fig.18 - Comparison of Areas of Two Figures according to Lengths of

Paired Segments (according to Cavalieri)

As we see, using the Cavalieri principle, we can replace the measurement of
areas of two figures, being compared, by a measurement of segments of straight lines,
and the measurement XX of volumes of two bodies (being compared) can be replaced by
a measuremert of areas., Otherwise expressed, we get the chance to decrease the
degree of dimensionality of the elements being measured in comparison with the
dimensionality of the objects themselves. This permits a determination of the
volume of microparticles based on their plane sections on a microsection or based
on segments of lines passing within the microparticles.

The Cavilieri principle was generalized in 1929 with application to guantitative

microscopic analysis by A.Aker in the following form: if several groups of contours

%



on a plane, located between parallel straight lines, have intersections (segments),
whose re in propertion

RfHe lengths edomhdoboponaxdtx constant redapdanship with any line, parallel to the

areas
two given lines, the XX#X of these groups of contours will then occur in the same

proportion or ratio

xoedebdonsbiy: themselves,

/

n
0 w/f
Fig.19 - Comparison of Volumes of Two Bodies (#of a bew:" and
Paired
of a cone) HBased on Areas of Baped Sections

In exactly the same way, if several groups of bodies located between two
whose are at a constant ratio
parallel planes have sectionsyxbhe: ereas ofowhdnboovonroincoonsbantovedabdonshdp:
in any plane, parallel to the ¥X two given ones, the volumes of these groups of
be at the same ratio
bodies will then oscuncbnodhecsanecredsbbonshipofutdiobareobbeosemecrabio)
(Bibl.50).

In the volume of a X#¥XX two-phase alloy, distinguished byq uniform
distribution of microparticles of phases a and i, let us set off the cube (1), shown
in Fig.20, and we=wk¥ compare it with cube (2) of the same size. The plane of the
bases of both cubes A we will accept as the regulus and draw a series of planes/
parallel to it and intersecting both cubes. On the upper face& of cube (2) we

set off the area abde, equaling the area occupied by theq -phase on the upper facet

of cube (1), If the phase composition of the alloy is ideally uniform, then in

any plane, KGROXMIX parallel to the regulus, the area occupied by the g-phase will
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have one and the same value. Therefore the relationshipé(of XY volumes of
phases ¢ and B in the alloy, in conformity with the proposition of Cavalieri-Aker,

vill equal the relationship of volumes of hachured and norhachured BUEKHHEX sectors

ratio
of cube (2) or, which is the same, will equal the r&ZkEkowsitby of rectangles abde

X¥X and beef,

on
Moreover, if we accept the IX¥K#XX line ik for the regulus, then I any lire,

face
parallel to it, drawn on the upper Xwd€kof the cube (or on any parallel section),

the total length of the segments passing within the a -phase will be constant and
will equal the value ab, Therefore the relationship of volumes of phases in the

alloy will also equal the relationship of lengths of segments ab and bc.

Consequently from the proposition of Cavalieri-Aker, one can form the following

quantities,namely the volume occupied
conclusion: the three xﬂ!ﬂﬁiﬁkﬁgﬁelyxxn&mmmxxbﬁingxnxmnpieﬂ by any phase HX in the

interior of the alloy; the area occupied

RS TS areny derinpeoupied by the same phase per unit ¥EX xafxarea of cut;
and the total length of segments of a straight line passing within this phase,
referred to the length of a straight line intersecting the alloy (or cut), are

numerically equal to one another, Otherwise expressed, the percent content of a

interior of an
given phase ir the sebumexefxXMFAh alloy, on the area of the cut,or on the length of

the straight line is expressed by the same wadweex quantitdy.

In actual alloys with which we must deal, the phase composi*ion is not
ideallv uniform in volume, and the samples being studied under the microscope have
finite dimensions, Therefore in the diagram shown in Fig,2]1 there will occur a

in
fluctuation of area beirg occupied by the q-phase, Xd differing sections, parallel

to the regulus A, and also a fluctuation of lengths of segments passing within the

a-phase, on various lines parallel to regulus ik (as is illustrated by the wavy lines



Fig;ZO - Application of Cavalieri-Aker Principle at Uniform Structure

of Alloy
in Fig.20). Hence, these values can be regarded as statistically constant and,
strictly speaking, the content of:'éiven phase in the microsection coincides
mathematically exactly with the volumetric content of this phase in an infinitely
thin layer directly contiguous to the plane of the microsection. The matching of
data, obtained in a random microsection, to the volumetric phase composition
depends upon the chemical and structural uniformity of the alloy and also upon the
correctness of choice of position of the NINNEXI¥XIEHE microsection's plane.

MeSeAronovich ard I.M,Lyubarskiy made measurements of an area of microsection

occupied by nonmetallic inclusions, in a number of samples of rolled steel, wherein
for each sample a pair of transverse cuts was prepared. The curve shown in Fig,2l

drawn on the basis of their data (Bibl.80), confirms the practical constancy of

the total areas of normetallic inclusions in p&red microsections of each sample,
It is quite obvious that the variation in readings for various cuts, being
caused by fluctuation in chemical and structural composition in the volume of the
ingot, casting,or rolled piece, should in no way be corfused with the accuracy of
the method of determining the phase composition in the volume based on relationship

important,
- of areas in the cut or, what is moggx should rot raise doubt as L¥K to the correctress
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of its mathematical basis. The method, permitting the exposure and estimation

of the degree of heterogeneity of phase composition is more sensitive and therefore

more valvable than the method incapable

40
d of revealing it.
30 —0
o Therefore the fluctuation in readings
a)20 of individual cuts is fully regular, At
9,
-]
P the same time, it is necessary to note a
number of factors, upon which there
00 0 0 30 40
b) significantly depend the maximum conformity
Fig.21 ~ Total Areas of Norinetallic of the phase and structural composition,
Inclusions in Pared Sections of Rods of the ratio of

determined on the basis of yxedasdensbin
Rolled Metal [after M.S.Aronovich and

I.M.Lyuarskiy (Bibl.80)] “8# areas in the microsection to the actual

a) Szcond section; b) First section
volumetric composition of the alloy.

Section 1l. Spatial Symmetry of Microstructure and Selection of Microsection
Surface

As a rule, in allovs there &aﬁa&msggggT; zonal heterogeneity o?@%icroscopic
structure in general and ef phase composition, specifically caused by the process of
formatien of the ingot and its subsequent mecbboboger working.

In most cases, the curve of change in phase composition in the direction fromZ%b
center to"Surface ofbghgot, rolled)or cast piece, runs everly and 3% is symmetrical
relative to the axis or to the surface of symmetry of the item, The Cavalieri-Aker
principle will unconditionally remain in force in these cases also, but great
significance is acquired by the proper choice of a section, intended for microscopic
investigation.

Let us examine two mair types of nonuniformity of phase composition, found

most frequertly:



Nonuniformity
a) Tepgpukaridy with e axial synmetry, typical for articles which have
a predominant dimension in one direction, namely rolled or cast pieces of
. equiaxed wire, axlgs,
approximately % transverse section, ¥KE¥XPHEER, shafts, etcy

b) Nonuniformity with surface symmetry,

spread
typical for articles in which the ¥8¥%t in

directions exceeds
two HRESHIBEEEGts markedly PEORILDSCNSYE the
direction,

dimension in the third mesewremest, namely
rolled sheets, plate-type castings,etc.
In Fig,22, we show schematically the

disproportion in the compesition in a rolled

piece of round profile, having axial symmetry.
It is clear that the structure in all cross

sections proves similar and the content of

the given phase in all such sections will be a

quantity.
statistically constant xyadoer Deviation in

Fig.22 -~ Irregularity of Structure this value, determined in a number of cross

with Axial Symmetry and Its Effect
sections, reflects the disproportion in the

upon the Surface Structure, as a Function

of the
Dependdngoupon the Position of the chemical and structural composition along the

Plane of the Microsection
length of the :od, and its statistically average

a) Along abj b) Along cd

value coincides exactly with the content of
given phase in the volume of alloy., Limiting ourselves to a single crcss section

for judgirg the volumetric phase composition, we risk >bisecealshewemf an error in the

value which is relatively small, being determired by deviation in composition REeEREPAEE
along the

sboobedongdci the length of rod.

In a series of longitudinal microsections, the surfaces of which coincide with

80



o
the axds of the rod, the content of given phase will also be a statistical constant.
However the statistically average figure for this value, even though determined for

. s
a very high number of samples, will not coincide with the content of/given phase

Section 8,
in the volume of the alloy, as s was shown in BXHAFNAFKXEY Moreover, in the

along
longitudinal cuts there is reflected not only the change in composition aommibrgk

the A along the cross section,
%o length of rod, but also the distribution of disproportion xeecmdbagpobocesotbon

if its symmetry deviates from axial (for instance,in the presence of a segregation

in rolled stock of

square dpaorebbedoptececef round profile).

Therefore, in the case of

/ﬁ_ axial symmetry of heterogeneity of
phase composition, it X¥¥ is most

Zp‘# ' cuts.
—- —_— feasible to use cross sewtions. This

proposition was reflected in a number

for
of methods x#£ determining the

contamination of steel by nonmetallic

inclusions (the method of the
Fig,23 - Diagram X for Conclusion of Eq.(11.3)

Ukrainian X¥X Institute of the Metals
etc.), although basically for this purpose the longitudinal axial cuts are used. Using
the latter, we can estimate the inclusions MAKAAXEXXKKAXIGMHY according to the types,
having a differing effect upon the properties of steel, with a division of them into
brittle, plastic and solid irclusions, determining them quantitatively. Therefore,
let us consider the conditions under which an estimate based or a longitudinal cut will

the interior of

agree with the content of the given phase in moredumeinf metal,

In Fig.23, there is shown a cross section of round rolled iron, the structure of

el



which, as we assume, has gy axial symmetry. If the radius of the field of

FXHXEN
xisieﬂiof the microscops equals¢, while the center of the field is located at

the distance R from the center of the sectiorn (i,e. from the axis of symmetry), this
field then represents the structure of the hachured annular zone in the cut, the
area of which equals:
F=x[(R+p)— (R—¢)] = 4=Rp. (1L.1)

Let us assume that we determined the relative area of the given phase in a

number of fields of ,m' - XNOGHXANKKT characterizing the various annular zones
’

of cross section of the rolled iron. If in the fields of 4§gginr the centers of
which are located at the distances Rl’ R, R3 <o from the axis of symmetry, there
are obtained respectively the values of content of the unknown phase, equaling ay,
39y 23 eeu, then the average suspended content, typifving the entire area of the

section as a whole, will equal:

E= aFy + apFo + agFg++ . . . . .
Fy4Fy+Fyb ... .. (11.2)

or, having substituted the corresponding values of annular areas from ® eq.(11,1),

we get:

1Ry + asR; - asR; + SR
Ri+ R+ Ry .. ... (11.3)

a—=

The last formula is a mathematically precise expression ogn%Verage content of
phase both in the area of the cut, as well as in the volume of the alloy. Moreover,

this formula is suitable for computing the average suspended value of any other
structural parameter, varkable in cross section,

prrERekeRtxihiesieneinrtpshangingcinge st B Xand also of other indexes of

cross
properties of the alloy, the value of which is not constant in section. For instance,

based or eq.(11.3), one can compute the mean value of hardness, typifying as 2 whole

N speciren,

the entire volume of hardened steel cylindrical marxplm, incompletely anrnealed.
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weighed
IKEX The need for computing the average wasbe and not merely the average

arithmetical view,

ARTBAXTHAX value based on data obtained in a number of fields of ¥X¥ V@8R, was
noted at an earlier data. To estimate the content of nonmetallic inclusions in
a volume of steel, there are known, e.g., the methods of Gerti for cast steel

(Bibl.83 and Fert-Brown for rolling (Bibl.23), taking into account the importance

view.
of evaluating each field of vBdoE, Nevertheless, in most cases, there is adopted

the simple arithmetic mean without taking into account ¥K¥HX the distance of the

view specimen,
field of wisdon from the center of thexsample. Depending upon the degree of

dissimilarity of phase composition, this may lead to the obtaimment of high readings

(estimates).

Based on data of B.B.Gulyeva, presented in Fig.l2, the volumetric percentage

varies along
of nonmetallic inclusions changeocdong the radius of a steel casting approximately

as follows:

Distance from Center, mm Volumetric Percent
of Inclusions

10 0,041
20 0,051
30 0,048
40 0,043
45 0,023
47,5 0,014

The X¥MN¥X arithmetic mean comprises 0.0367% by volume, whereas based on eq.(11.3),
we get 0,0327%. Hence, for the case of relatively slight dissimilarity owing only
K¥X to incorrectness of the mathematical calculation, the error in determination
comprises more than 12% of the actual average content of inclusions in the volume of
steel,

Euation (11.3) is valid both for transverse as well as for 1lr-gitudinal cuts,
but I¥ its use presupposes a mandatory linear uniform arrangement of the fields of

view
visden along the radius or diameter of the section of the article (in a transverse

3



fields of
or longitudinal cut), If the XXYXAYAXGAMXEY take in the entire area of the

transverse cut or are distributed statistically &¥XX¥X evenly along it, one should
compute the overall estimate as the arithmetic mean, since the areas of annular zones
4
and hence the number of fields of éﬁ&iﬁ occurring in them are proportional to the
radii of the corresponding zones., In a lengthwise cut, even at uniform distribution
7,
of fields of 3£££iralong the cut, the use of eq.(11.3) is guite mandatory, since

here the area of sections of all annular zones are the same and do not depend upon

their radius.
/f&{g Wheterogeneity of
is a simpler matter in the presence of plane symmetry of

phase composition. In Fig.24 we show schematically a part of the volume of a
rolled sheet, having the form of a K¥¥HXX¥XX parallelepiped (1), which we will
compare with the same parallelepiped (2), In the upper facey of the latter we
set off the area abde, equaling KX the area occupied by the q-phase ir the same
ﬂside% of parallelepiped (1). Having assumed the plane of base A for the
regulus, we draw a number of sections, parallel to it and intersecting both
parallelepipeds. Since in each section the area, occupied by the a-phase, is
statistically constant, according to the Cavalieri-Aker principle, the ratio of
#%- volumes of the a- and B-phases in the alloy will equal the ratio of volumes of
the &hgsehatched and noncedwe~hatched sectors of the parallelepiped (2) or {p the
ratio of areas of the rectangles abde anrd bcef., Moreover, if we take thz line ik
for the regulus, then on any line parallel to it and intersecting both parallelepipedj;
the total length of segments passing within the g -phase will be constant and equal
to the segment ab., Therefore the ratio of volumes of phases ir the alloy will also

equal the ratio of lengths of the segments ab and bec,

gl



From the diagram in Fig.24 it is clear that it is quite irrational to locate

the planes of the cuts parallel to the surface of the sheet, In a number of such

mean-square
cuts, there will occur abrupt changes in the phase X8Y composition, the aweragex
quedpebP deviation of content of each phase will prove quite considerable with
relation to the average contents of phases and a large number of cuts will be
needed for obtaining more or less reliable values, reflecting the actual phase
composition in the volume of alloy.

Thence it follows that a mandatory condition which must be observed during
quantitative microanalysis of alloys with plane symmetry of heterogeneity, is the
perpendicularity of the plane of the cut or of the intersecting lines to the plane

the
of symmetry of heterogeneity, or which is the same, to the surface of the sheet
(or to the plane of the MXXX side of the casting, ingot, surface of plate etc.).

the
Only under this condition does the ratio of the phases in the area of cut and in

phase ratio

the intersecting line coincide with the actual ratimdomlntimnshipbxofxphasEs in

the volume of the alloy.

Fig,2L - Use of the Cavalari-Aker Principle in Case of Structure with Plare

Symmetry: H - Thickness of Sheet
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Here we examined only two types of symmetry of heverogeneity; however they

ourselves
take in the vast majority of objects of microanalysis., Q&E We restrict XNX¥OGRX

to the above presented examples, because they are sufficient for B metallurgists
to be able to approach knowingly the selection of a plane of cut and @ the use of
the primary data obtained during HX¥REMHX microznalysis and KX in more complex

cases, which here we shall in no way foresee or describe,

Section 12, Effect of Nature of Structure

The FHX¥HXY proposition of Cavalieri-Aker proceeds from the assumption that
a cut of a multicomponent aggregate represents a geometric plane. Moreover, from
data adduced in Section 8 it follows that the surface of ¥ metallographic cuts
is not ideally flat, but has a microrelief w1thA§epth of the order of 0,1 - 0,5 micron,
which can even prove to be considerably greater in case of improper preparation of?“&b

cut.

If the sizes of microparticles considerably surpass the depth of microrelief
upon the
of the cut, its influence AXXX result of ¥KX quantitative determination of phase
composition can then be disregarded. However, the error becomes quite noticeable
when the depth of microrelief is comparable with the sizes of the particles, Thence
it follows that e difficulties should arise in an analysis of highly dispersek
phases, especially during investigatior urder an electror microscope, Among the

phases of such a type, ¥X of great interest are above all the carbide phases and the

normetallic iRPGEEELE% inclusions in steel,

In the electron-microscopic analysis of dispersed ferrite-carbide mixtures,
there occurs as a rule an increased content of carbide phase as compared with
theoretical calculation, An electron-microscopic investipation of the structure

of troostite and of arnealed martensite, corducted by M.N.Buynov and R.M.lerirman,

b



showed that the area being occupied by carbides considerably sniaﬁgggg the area
W, determined by the ratio of ferrite and carbide in these structures. A similar
(3 L] r e‘ s .
observation was made earlier by NXHAXIAAXIEN R.Hei@prelch ard V,Pek (Bibl.83),
MelleLyulicheva obtaired the following dependence o? content of carbide phase, hodwm
photomicrographs,

observed in electron MIX¥XKNNKN¥WAKHLY upon the temperature of 10-hr annealing of

type U7 steel (the content of carbon wes 0,69%, the volume of carbide phase by

calenlation was XIGYREE 10.6%):

Annealing Temperature, °C Volume of Carbide
Phase, %
450 L5
550 38
650 29
700 15

Only e prolonged annealing at a temperature of %8C - 700° assured a sufficient

enlarging of the microparticles of carbides and the coincidence of data of

microanalysis with the theoretical caleculatior (Bibl.ek). It is noteworthy that

the observed increase in content of carbides along with the increase of their

degree of dispersion, .

dispensedoadede, possibly is by no means fully attributeble to the shortcomings

of the techriques of microanalysis, since there is no assurance of the constancy of

the composition of carbides, obtained under various conditions and having a differing

degree of dispersion,.

dispensetysdabe. For example, based on B.A.Apayev's data, obtained on the basis of

nmagretic analysis ofxickgftUl2 steel, the content of carbide phase can constitute

27 - 15% (3ibl.85). At the same time, l.M.Popova X¥ found that the composition of
tempered and

carbides, deposited by an electrolytic solution of carbon steels, heff¥ird¥¥xamdx

annealed at temperatures ranging from 200 - 400°C, is constant and corresponds to

the formula for cementite (Bibl.86). 1In any case, the apparent increase in content

of carbide phase follows logicelly from the fact of abrupt differing corrodibility

of carbides ard of ferrite tase, ard the surface of cut being obtaired owing to this

g7



relief,

In the case of a granular form of carbides, the ideal plane a - a (Fig.23,4)
intersects a number of grains, wherein the X¥MHEKXAXHX occurrence of a body of
intersected grains on one or ¥N#d the other side of the surface is equally probable,

the

At polishing and pickling,dX carbides hardly change at all, whereas the ferrite base

is easily pickled and its average level is determined by the plane b - b (Fig.25,3).

! z 3 4 5 5 7
< . <7 5
N N\ N
3 \\\ \ \ \ SO\ \\\'§\‘\\
8
Quantity

Fig,25 - Effect of Microrelief of Cut upon the Visible KiliH#¥ of

Carbide Phase at Granular Form of Carbides
Owing to this, there will occur:

a) 4n increase in the visible dimension of the part of grains, intersected
by the original plane a - a, the body of which is located within the volume of
the cut (grains 1 and 5 in Fig.25);

b) The appearance of new grains in the field of éﬁ%ﬁiﬁ, occurring earlier
below the level of cut, i.,e. below the plane a - a (grain 4);

view of grains whose body

c¢) The disappearance from the field of Mmmmom@mhcﬂwm
wh&ah—éfgg;re& outside of the volume of cut, while the height of the marked-off
plane a - a of the segment is less than the depth of relief (grains 2 and 4).

d) Preservation almost without change of phe original visible size of grains,
the body of which QSB;ES outside of the volume of cut, but the height of the marked -

off plane a - a of segment is greater than the depth of relief (grains 3 and 7).

As the result of such a complex change ir the B¥ patterr of the surface of

ee



the cut, there also occurs an apparent increase in the content of carbide phase.
To this one should add that the grains of carbides, especially their sharp edges,
also are partly dissolved during pickling, and the level of the ferrite base is
evidently irregular, increasing in places of contact with the grains of carbides,
If the carbides are lamellar in form, the pattern obtained during pickling, schematically
shown in Fig.2h, explains the cause of the apparent increase in content of carbide
phase in this case. The correct relationship of the carbide and ferrite phases
can be obtained by measuring the thicknesses of ferrite and cementite plates in
right angle

those grains of perlite in which these plates form a EXXXXEFWKXXIME with the plane
of the cut.

The quantitative electron-microscopic analysis of dispersed carbide phases
is of great interest., Specifically, in the presence of an accurate method of
determining the phase composition of the structure, it is possible to solve in a
well<defined manner the problem of the corstancy of composition of cementite and
the existence of intermediate carbide phases, at the present time constituting a
debatable problem. Recently A.I.Cardin stated the concept that if we had at our
disposal a pickling agent, possessing the capability of selective dissolving of

cementite, the possibility would appear for revealing the inner HEEMMME¥A structure

of a cementite crystal (3ib1.87).

Fig.24 - Effect of Microrelief of Cut upon Visivle Amount of Carbide

Phase al Lamellar Form of Carbides



In working with optical microscopes, if we use cuts with a minimum microreiief,
in this case it is then easy to get quite satisfactory results of determining the
phase composition., S.Z.Bokshteyn (Bibl.88) investigated in carbon and alloyed steels
the average diameter of sections of carbide particles visiblé:;ut, which usually fell
within the limits from 0.3 to 0.7 microns. The diameter of grains was measured in

enlargement
photomicrographs, taken at magnification of 2000 with a subsequent HNXXHXHUHK to
10,000, In samples of hardened steel, containing by chemical analysis 0.40% C,

annealed at 430° with varving soaking (from 10 min up to 25 hrs), the carbon content

figured on the basis of microaralysis data constituted:

Mean Diameter of Carbon Content, %

Grains, microns

0,34 0,37
0,42 0,36
0,44 0,40
0,50 0,38
0,56 0,39

Taking into Z¥# account the high dispersed state of the structure, the
accuracy obtained can be considered quite satisfactory. Hence, the determination

composition
of the phase XEXFMNX¥MX of less dispersed structures should have an even greater

accuracy.

In structures pickled with picric or nitric acids, the shiny "small islands" of
carbides as a rule are surrourded by dark rings of greater or lessiwidth. Based on
the observations of S.Z.Bokshteyn, the best coincidence of the data of chemical and
of microscopic analyses are obtained if the size of carbides is determined or the
basis of the average result among the measurements based on the outer and inner
contours, The pickling with sodium picrate removes the need for measurements on
the basis of two contours and promotes the obtainment of more accurate data.

Somewhat differert phernomera, accordingly leading to other results, occur during
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the determination of content of normetallic IMEMY inclusions in steel., In this
case, the specific features of microaralysis are: the use of mostlr lengthwise
cuts and an examination of the inclusions in the unpickled cut.

As is known, the results of estimations of lamellar (platelike) inclusions
(sulfide, silicate) based on standard scales, at the use of lengthwise cuts, greatly
depend upon the degree of pressure during rolling, Table 8 zhows the change in
average index point based on the IK scale and the width of sulfide X¥ impurities as
a function of the diameter of section, being obtained from the initial ingot with

a section of 325 X 325 mm (3ibl.89).

Table &

a) b) c)
87 3,28 4
51 3,42 3
28 2,21 1
15 1,05 1

9 0,82 <l

6,5 0,71 <l

a) Diameter of section, mm; b) Average index point according tc I¥ scale;

c) Average width of impurities, microns

As we see, there occurs a simultareous decrease both of the total length of
inclusions (expressed as an INEXXX irdex point), as well of their width, Hence,
with ar increase in pressure during rolling, the area of inclusions 4 visible #¥X
on the cut constantly decreases, which understandably does not point to tgzvactual
decrease in content of inclusions in the steel but io 4§ technical shortcomings
of the method of microanalysis being used. This is confirmed by the fact that/in
the use of transverse cuts, the deviations in estimation of area practically are

irdeperdert of the decree of pressure, and XKHA¥AHIAKIH the variations ir estimations
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do not go beyond the limits of usual random errors. In Table 9, we present data
on the weight content of impurities {computed according to microanalysis data) in
sheets of 5 mm thickness in comparison with their content in rods of various cre<.

section, from wrich these sheets were obtained (Bibl.81),

Table 9
b)

a)

¢) d)
30%30- | o018 0,0163
35% 35 . 0,0397 0,0379
36X 36 0,0663 0,0654
45X45 0,0443 0,0489
70%70 0,0945 0,0875
diam 45 0,0641 0,0761
» 45 . 0,0773 0,0750
» 50 0,1104 0,1107
» 65 0,0584 0,0536
» 65 0,0599 © 0,081

a) Size of rods, mm; b) Content of impurities, % (by weight) (based on

microanalysis)s: c) In rods; d) In sheets

M.I.Vinograd, having investigated the effect of deformation upon different types
of estimation of nommetallic inclusions, arrived at the following conclusions:

a) The index point of estimation of lamellar I# inclusions in lengthwise cuts
based or standard scales decreases with an increase in the degree of deformation;

b) The content of oxides in volume percentages, being determired in a transverse

does
cut, 3% rot depend upon the degree of deformation; the content of sulfides decreases
somewhat at greater degrees of deformation, since therein a part of the sulfide
impurities go beyond the limits of visibility (3ibl.81).

An estimatior based on standard scales is cornnected with the XXX mandatory use

of standard magnificatior, usually taken to egual 100, Therefore, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>