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Abstract

Analysis of the grain structures presented by standards G4, G5, G6 GOST 5639-82 showed that
the set of flat grains of each standard is represented mainly by grains of three groups (82 ... 87%) —
namely, those that correspond to the range of this group and two neighboring ones. Stereological
reconstructed three-dimensional structures, plane sections of which correspond to the standards G4,
G5, G6 GOST 5639-82, are more homogeneous, represented mainly by grains of two groups (81 ...
87%) and have larger (13 ... 17% ) average diameter than their plane sections presented by standards.
Keywords: GRAIN STRUCTURE, GRAIN SIZE, THE STANDARDS GOST 5639-82, STEREO-
LOGICAL RECONSTRUCTION OF THREE-DIMENSIONAL GRAIN STRUCTURE

The size of grain is restricted for many types the
steel products as grain structure determines signifi-
cantly the number of properties, including mechani-
cal. In standards GOST 5639-82 [1], ISO 643:2012
[2] for determination of grain size, grains of metals
are separate crystals of polycrystalline conglomer-
ate, i.e. grains are considered as three-dimensional
objects; and at the same time, it is known that they
have the form of the irregular polyhedrons [3]. At
the same time “the grain size” in accordance with
GOST 5639-82 is “the average size of accidental
grains sections in the plane of metallographic speci-
men”, i.e. only average value and only in application
to flat sections of three-dimensional grains is meant
by concept of grain size (let us call these sections flat
grains).

However, it is obvious that properties of product
are affected by volumetric three-dimensional struc-
ture, but not its two-dimensional cut in metallograph-
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ic specimen. The science stereology deals with ratios
of parameters of three-dimensional structure and its
flat cut; distribution of grains sizes and distributions
of the sizes of flat and linear sections of grains are
the main objects of the stereological analysis of poly-
disperse grain structures. Having established distri-
bution of grains sizes, it is possible to calculate all
the necessary quantitative characteristics of volumet-
ric grain structure: average size of grains, amount of
grains in unit of volume, characteristics of heteroge-
neity of structure, etc.

However, at the present time, research of grain
structure of metallographic specimen continues to
be generally accepted. In the existing standards [1,
2], the method of visual comparison of the flat grains
seen under a microscope with scales standards pre-
sented in the form of the schematized net limiting the
sizes of grains is one of the most widespread methods
of determination of flat grains size.
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In this paper, the following tasks have been set:

1) to analyze some standards of scales of
GOST 5639-82, namely standards G4, G5, G6, for
the purpose of establishment of distribution in rela-
tive fractions of P, (d) of the sizes of flat grains in
standards, i.e. establishment of size of flat grains for
standard and quantitative characteristics of flat grains
set;

2) to reconstruct distribution in relative fractions
of P(D,) of the sizes of three-dimensional grains,
which flat sections would correspond to the studied
standards, by means of a stereological method on the
basis of the established P, (d);

3) to determine and compare characteristics of the
reconstructed volume of grain structure and its flat
cut in standards for the purpose of evaluation of de-
gree of their distinction.

In accordance with GOST 5639-82, number of
grain G is characterized by the average area of flat
grains and the average diameter d , which is deter-
mined from ratiod,, =1/</m (where m — amount of
grains for 1 mm? of the area of specimen), or if d_is
expressed by a, d,, = 1/ \/1/71 =+/a . At the same time,
in the paper [4], it has been shown that it is correct
to determine the diameter of flat grain-polyhedron as
diameter equal to this flat grain of the circle d;. In
this case, if over any area S (which may be 1 mm?)
the amount of the counted grains is equal to n, the
average area of grains can be found from a ratio
ag =S/n, and average diameter can be found from

ratio dS =1’4as/ﬂ: =1,1287 ag .

Therefore, the d is 1.1287 times less than d,, i.e.
distinction between them is about 13%; at the same
time, d, is the objective geometrical characteristic
of the linear sizes of flat grain [4]. It should be con-
sidered at determination of grain size according to
GOST 5639-82.

According to objective, the analysis of standards
GOST 5639-82 assumed measurement of the area of
each flat grain by a standard, calculation of its diam-
eter d and distribution of diameters by the sizes, i.e.
establishment of P, (d) for each standard. At the same
time, both d and d were determined.

As number of grain G is characterized not only by
the average area of flat grains and average diameter
d ,but also and the minimum, average and maximum
number of grains for 1| mm?, in this research the mini-
mum, average and maximum diameters of d; and d
of grains of certain standard have been determined.

The results of calculations presented in Table 1
have shown that the maximum d  value admissible in
a standard is the closest to the actual average diameter
d, in each standard.

Further, schemes of the standards of numbers
G4, G5 and G6 were selected for the analysis by the
computer program “Compass”. The grains, which are
completely satisfy limits of the circle with a diameter
of 79.8 mm, accepted in GOST for standards as well
as grains crossed by this circle have been included to
this scheme; but their borders are clearly visible in a
standard. In Figure 1, the scheme of a standard G5 is
presented.

Table 1. Results of calculations of diameters of d; and d  grains of standards GOST 5639-82

Grain Grain diameter d_, microns Grain diameter d , microns
I\?o minimum average maximum minimum average maximum
-3 817 1000 1155 922 1129 1304
-2 577 707 817 651 798 922
-1 408 500 577 461 564 651
0 289 354 408 326 400 461
1 204 250 289 230 282 326
2 144 177 204 163 200 230
3 102,1 125 144 115,2 141 163
4 72,2 88,4 102,1 81,5 99,8 115,2
5 51,0 62,5 72,2 57,6 70,5 81,5
6 36,1 44,2 51,0 40,7 49,9 57,6
7 25,5 31,2 36,1 28,8 352 40,7
8 18,0 22,1 25,5 20,3 24,9 28,8
9 12,8 15,6 18,0 14,4 17,6 20,3
10 9,0 11,0 12,8 10,2 12,4 14,4
11 6,4 7,8 9,0 7,2 8,8 10,2
12 4,5 5,5 6,4 5,1 6,2 7,2
13 3,2 3,9 4,5 3,6 4,4 5,1
14 2,3 2,8 3,2 2,6 3,2 3,6
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Figure 1. The scheme of standard G5 of GOST 5639-82
with enumerated grains

Grains of standards were enumerated and their ar-
eas were measured by means of the program “Com-
pass”, and then diameter d; of each grain is deter-
mined as diameter of an equal circle; and diameters
are distributed by the sizes in the scale measured for
d,, i.e. dimensional intervals (5.1...7.2 microns);
(7.2...10.2 microns);...; (115.2...163 microns) have
been accepted (see Table 1).

It has been established that in the analyzed stan-
dards the following range of diameters of flat grains
1s observed: in G4 standard — from G3 to G7; in G5
standard — from G4 to G9; in G6 standard — from
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G5 to G12. The obtained distributions of diameters
of flat grains Pk (d) given in Table 2 have shown
that the amount of the flat grains with size which is
within number range (G4, G5, G6 respectively) is
35.2 ... 39.6%; grains which are within previous in-
terval with larger grains (for example, G3 for number
G4)—-24,5 ... 25,7%, and grains which are smaller of
the subsequent interval (for example, G5 for number
G4) —20.7 ... 23.3%; other grains are smaller. Thus,
set of flat grains of each standard is presented gener-
ally by grains of three numbers (82 ... 87%); namely,
those that correspond to the range of this standard and
two neighboring it.

On the basis of obtained distributions of P, (d), the
average diameter of set of flat grains of each standard
d, was calculated by formula

n
dgy = zdSkPk (d),
k

At that, the average value of dimensional interval
was taken as d,, (for example, 141 microns for the
interval G3). The calculated d_ is close to average d.
value of the analyzed number of G (see Table 1); and
at this, d_ is less than dg by 3.0 ... 4.2 microns; and
d, is higher thand by 2.7 ... 8 microns. The number
of flat grains in 1 mm? is close to average value of m
in accordance with GOST, but exceeds it a little (by
7 ... 13%) according to all the standards; obviously,
this is explained by the fact that when calculating, d |
of value d; of each interval was carried to the middle
of interval.

Table 2. Distribution of diameters d, of flat grains in standards GOST 5639-82 and parameters of structures

Distribution of diameters | Distribution of diameters | Distribution of diameters
Grain G Range of diame?ters dgin in standard G4 in standard G35 in standard G6
No interval, micron items P (d) items P(d)’ items P (d)
3 115,2...163 13 0,245 - - - -
4 81,5...115,2 21 0,396 32 0,248062 - -
5 57,6...81,5 12 0,226 46 0,356589 67 0,257
6 40,7...57,6 6 0,113 30 0,232558 92 0,353
7 28,8...40,7 1 0,019 12 0,093023 54 0,207
8 20,3...28,8 - - 6 0,046512 30 0,115
9 14,4...20,3 - - 3 0,023256 11 0,042
10 10,2...14,4 - - - - 4 0,015
11 7,2...10,2 - - - - 2 0,008
12 5,1...7,2 - - - - 1 0,004
Average diameter of grains of 96,4 66.3 46.9
standard d_, micron
Standard deviation ¢, micron 31,0 23,9 17,4
Variation coefficient K , % 32,2 36,1 37,1
Number of flat grains forl mm? 137 290 579
Number of flat grains forl mm?
according to GOST 128 256 >12

*For standard G35, P,(d) with higher accuracy is given as they will be used in course of further calculations
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The parameters characterizing degree of structure
uniformity — standard deviation ¢, and coefficient of
variation K , which have shown sufficient uniformity
of structures were also calculated.

For performance of the specified and all the sub-
sequent calculations, the computer program has been
developed and applied.

Further, with the use of established P, (d) as ini-
tial information, distribution reconstruction of the
sizes of three-dimensional P (D,) grains, which flat
sections would correspond to the studied standards,
was performed. Allowing performance the specified
reconstruction, the new method of determination of
key parameters of three-dimensional structure of met-

al materials [5] has been applied for this purpose. In
the method, as initial information for reconstruction,
it is possible to use both distribution of diameters of
flat P, (d) grains and distribution of linear sections
(chords) P, (1) obtained as a result of application of
structure of transversal lines and their crossing with
borders of flat grains to the images. For distribution
of P(D,), P (d), P (1), the same dimensional scale with
n intervals is used.

Working formulas of method for non-uniform
dimensional scale corresponding to scale of the
existing standards [1, 2] and representing geomet-
ric progression with a multiplier ~2 are of the
form:

P(d) = oy P(DN D} —d7y + 03 P(Dyy Yy DRy — iy~ DRy —dR )+t oy P(D, )\ DE —dy —[DZ —d} )5 (1)

B(l) =By P WG ~ 17y +BoPdi )Ry ~Fy —\JdE —12)+ . B, P(d Y2 1y —d2 = 1}). 2)

where: a; a,;...; a — the coefficients of form of three-
dimensional grains considering distinction of polyhe-
dral form of average grain from sphere form accord-
ing to ratio: oy = Pk(d)gml-n/Pk(d)Sphere; By B
B, — the coefficients of a form of flat' grains consider-
ing difference of form of average flat grain from cir-

cle form according to ratio: B = B (/) g /Pk Deircte
rain
In paper [5], coefficients of the forfn o and f have
been established for the austenitic recrystallized
structures for the specified dimensional scale of 20
intervals. If the maximum value in this scale is ac-
cepted as equal to 1 conditional unit of length, the
scale takes the following form:

0,0010; 0,0014; 0,0020; 0,0028; 0,0039;
0,0055; 0,0078; 0,0110; 0,0156; 0,0221;
0,0312; 0,0442; 0,0625; 0,0884; 0,125; 0,177,
0,25; 0,354; 0,5; 0,707; 1.

Distributions Pk(d)sphw,e and P (), are identical,
it follows from simple geometrical ratios of sphere
and circle. These distributions have been calculated
for a circle with diameter equal to 1 conditional unit
according to a formula:

Py =A1-17, —\1-1} .
have been

Distributions Pk(l)ﬂm evain and Pk(d)gmin
established experimentally, the first — using 40 flat
grains of the different size but typical in shape; and
the second — using 20 flat grains typical in shape, but
of the maximum sizes observed in specimen, at the
same time, accepting that each of them is the maxi-
mum flat section for that grain from which it is ob-
tained. 8 groups of parallel equidistant transversal
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lines were applied in the program “Compass” at the
equal angle to each other on images of each grain,
as shown in Figure 2 (sufficiency of such quantity
of transverses is shown in papers [5, 6]); the chords
obtained as the results of crossing of lines by grains
borders were measured; the maximum chord /, ~was
determined; the dimensional scale in a relative form
/0 L0 . L/ . /] ) was composed,
and chords in relative fractions according to dimen-
sional intervals of scale were distributed. Further,
average relative fractions of chords P (/) it grain WETE
calculated for 40 and 20 flat grains respectively for
each dimensional interval; and also coefficients 3 and
o were calculated.

At that, for calculation of coefficients of form
a, the average flat grain distribution P, (1) of 20 flat
grains of the maximum sizes, typical in a form and
observed on specimens was accepted as distribution
Pk (d) of grain, inasmuch as it was shown in papers of

1 5
f 3
P |
=5
6
8 2
a b

Figure 2. The directions (1 - 8) of applying of eight groups
of parallel equidistant transversal lines (a) to the flat grain
and an example (b) of applying transverses of the direction
3 to grain for establishment of distribution P (/)
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the author [5; 6; 8], for establishment of distribution
of flat sections diameters P, (d) from grain-polyhe-
dron, it is enough to establish distribution of chords
P, (I) on the maximum flat section of this grain and
accept it as P,(d).

Coefficients of the form £ and a for the austenitic
recrystallized structures are presented in Tables 3 and 4.

On the basis of the given working formula (1) for
a standard G5, where flat grains are presented in 6

Py(d) = ay Py (D) D —d?
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dimensional intervals, the equations for each P (d)
have been worked out; at that, values D and d cor-
responded to average values of dimensional intervals
from Table 1, i.e. for example, all the flat sections of
an interval (81.5 ... 115.2 microns) were referred to
the size of 99.8 microns.

P (d) were the known members of the equations
(see Table 2). Unknown P(D,) were calculated as a
result of solution of equation system:

Py(d)= 0, Py(D) D2 ~d} + o, By (D) D ~d3 —\[DE ~d?) ;

Py(d) =y Py DF ~d} + 0y (DY D2 ~d3 —\[DZ ~d})+ a3 By(D)W DE ~d —\[DZ )

R(d) = oy R(DWDE —d3 + oy (DY D3 —d —\[D} —d?)+...+ g Py (D) DE —dg —|DZ —d}).

After substitution of values of the known components of the equations, the following system was obtained:

0,248062 = 0,676 P(Dg /99,87 —70,5% ;

0,356589 = 0,676 P(Ds 70,57 —49,9% +1,638 P(Ds )(4/99,82 — 49,92 — /99,82 ~70,52) ;

0,232558 = 0,676 P(Dy)\49,97 —35,2% +1,638P(Ds)(70,5% —35,2% —/70,5% —49,9% ) +
4 5 .

11,503P(Dg )(1/99,8% — 35,22 —/99,82 —49,92)

b

0,023256 = 0,676 P(D))\17,2% —12,4> +1,638P(D2)(\/24,92 12,42 —\[24,9 ~17,62 )+
11,503P(D;)(\35,2% 12,47 /35,22 ~17,6% )+ 1,572P(D,)(1/49,9% —12,4> —/49,9 —17,6% ) +

12,038P(D5)(1/70,5% —12,42 —/70,52 ~17,6% )+ 3,253 P(Dg )(1/99,8% — 12,42 —/99,82 ~17,67)

From the first equation of the given system, P(D,)
were calculated and then all the others P(D,) were
calculated successively. At that, P(D,) with negative
values (P(D,), P(D,), P(D,)) were accepted equal to

zero. The calculated P(D,) according to a method [8]
were standardized according to a formula

P(Dy)=P(Dy)! ) P(Dy) -
k=1

Table 3. Values of coefficients of form a of three-dimensional grains

al aZ (13 a4 aS aé ("7 aS ("9 alO ull alz
0,676 1,638 1,503 1,572 | 2,038 | 3,253 | 4,752 | 5,988 | 8,240 | 6,128 | 6,996 9,936
(113 0'14 alS alé a17 alS 0'19 a20
14,924 20,240 29,843 40,480 61,187 79,281 111,912 158,542
Table 4. Values of coefficients of form f of flat grains
Bl [32 B3 B4 Bs Bs B7 BS B? B10 Bll [312
0,600 1,857 1,609 1,821 2,508 | 3,474 | 4,543 | 5,765 | 7,169 | 7,588 | 10,021 | 14,015
B13 B14 BIS B16 B17 BIX BIQ BZO
19,864 28,110 37,995 59,734 78,770 110,099 155,608 220,229

Metallurgical and Mining Industry

No.4 — 2016




Materials science

The results of calculations given in Table 5 have
shown that in the reconstructed three-dimensional
structures with numbers G4 and G6 of grain are pre-
sented only at four-dimensional intervals, structure
G5 — at three-dimensional intervals; whereas, at their
flat cuts, i.e. in standards, the range of the sizes of
flat grains is from five (for G4) to eight (for G6) di-
mensional intervals (see Table 2). The amount of the
flat grains with the size which corresponds to num-
ber range (G4, G5, G6 respectively) is larger than for
set of their flat sections in a standard and is 43.3 ...
52.0%; the amount of grains which were in the previ-
ous interval with larger grains is also larger than their
flat sections in a standard — 34.5 ... 37.3%, and the
amount of grains of smaller size of the subsequent
interval is significantly smaller — 8.7...16.6%; and
even the smaller amount of them is in the last inter-
val with the finest grains. Thus, the reconstructed set
of three-dimensional grains is generally presented by
grains of two numbers (81 ... 87%), namely, those
that correspond to the range of this number of grain
and numbers with larger grains.

Average diameter of set of three-dimensional
grains D exceeds the average diameter of their flat
sections d by 13...17% and is very close to the up-
per bound of range of a standard diameters; and in-
dicators of varied grain sizes are significantly lower
for three-dimensional structure in comparison with
plane structure of standards: the standard deviation
is less by 15...24%, variation coefficient is lower by
25...35%, i.e. the volume structure is much more uni-
form than it is seen in a flat cut.

According to number of grains in 1 mm?®, volume
structures of all the standards are close to the param-
eter N, GOST 5639-82 (see Table 5), the difference
isl...6%.

Thus, the researches have shown the following:

- incourse of determination of grain size in ac-
cordance with GOST 5639-82 it is necessary to con-
sider that the average diameter of d grains is less by
1.1287 times (i.e. on ~ 13%) than objective diameter
of d; equal to average grain of circle;

- the reconstructed volume structures, which
flat sections correspond to standards of G4, G5, G6
GOST 5639-82, are more uniform and are of larger
average diameter (by 13 ... 17%) than their flat cuts
presented by standards that should to be considered in
the researches of influence of grain size on properties
of steel products.
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