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Abstract: The scale of heterogeneity of the structures of steels and alloys can be rather large both within one sample
and within a product. The procedure adopted in practice for determining the integral values of crack resistance characteris-
tics cannot always reflect this circumstance. In this regard, it is necessary to develop methods for assessing the crack re-
sistance of a medium with a heterogeneous structure. In this work, the authors determined the crack resistance of large
forgings made of heat-hardenable 38KhN3MFA-Sh steel (0.38%C—-Cr—3%Ni—Mo-V) based on the critical crack opening
d. and the J-integral. The presence of critical stages in the development of a ductile crack during testing was assessed
by acoustic emission measurements. In combination with the obtained methods of digital fractography of 3D images of
fractures, this allowed relating the shape and position of the leading edge of each crack jump to the load-displacement dia-
gram. Measuring the crack opening geometry during the test showed the possibility of determining directly the coefficient
of crack face rotation when estimating d.. In general, this allowed constructing a map of the distribution of parameter J.
values over the thickness of the sample and estimating the scale of the scatter in crack resistance within one sample —
up to 30 %. Such a localization of measurements, primarily of the 6. parameter, is comparable to the scale of heterogeneity
in the morphology of various types of structures, which was assessed based on the measurement of digital images of
the dendritic structure, the Bauman sulfur print, non-metallic inclusions on an unetched section, and ferrite-pearlite band-
ing in the microstructure. This makes it possible to link local crack resistance values to various fracture mechanisms

and their accompanying structural components.
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INTRODUCTION

The production of materials, in particular steels, is cha-
racterized by technological heredity — a mechanism for
the evolution of structure and defects determined by the tech-
nological process trajectory [1; 2]. Within the tolerance
limit of standard technology, a wide range of technological
process trajectories is usually observed, the implementation
of which leads to the formation of various structures in
the material, nominally identical, but differing in the geo-
metry of their structure [3; 4]. This is the reason for the scatter
in properties, primarily viscosity (material’s resistance to
crack propagation), often significant [3; 5].

Within the current GOST 25.506-85, BS 7448-Part 1,
and ASTM E1290 standards, it is assumed that the force
criterion Ky should be determined under the conditions of
plane deformation, the deformation criterion — critical crack
opening 8. and the energy criterion — J-integral should be

determined under conditions of developed plastic defor-
mation and ductile crack undergrowth. All of them give
crack resistance values when testing a sample with a pre-
induced fatigue crack. It is obvious that in the presence of
a heterogeneous structure, the integral value of crack re-
sistance is the result of the “addition” of the crack re-
sistance values of individual structural components,
the level of which is determined, among other things, by
the size, shape of similar structural elements, and their spa-
tial configuration. In this regard, the determination of crack
resistance should provide for the possibility of linking it to
the structure, the heterogeneity of its structure, for example,
as was implemented within the local assessment of cold
brittleness on samples whose dimensions are comparable to
the scale of individual structural components [3]. The up-
dating of regulatory documents related to the determination
of crack resistance on massive samples has actually main-
tained the approaches to its assessment proposed several
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decades ago. Until recently, the solution to this problem
was complicated by difficulties associated with the correct
description of the topography of fractures, in particular, its
labor intensity, which makes their assessment qualitative
[6; 7]. Therefore, for example, it is impossible to identify
objectively the positions of the leading front of a growing
crack in a fracture at the time of its successive jumps. Un-
derstanding this is necessary to identify the patterns of duc-
tile crack propagation kinetics, in particular, in connection
with the need to determine the critical stages of its deve-
lopment [7; 8]. Due to the morphology diversity of similar
structures, which determines differences in the mechanisms
and, consequently, in the crack propagation Kinetics, it is
not always clear to what extent the use of the maximum
load value during testing as a critical value recommended
by regulatory documents corresponds to reality [3; 6].
The use of acoustic emission (AE) for this purpose is not
always accompanied by a comparison with direct results of
measuring the topography of fractures, which complicates
the interpretation of the results obtained [9; 10]. It is obvi-
ous that the development of digital methods for measuring
structures and fractures can allow progressing in this direc-
tion, but a number of issues related to their metrological
support still remain unresolved, which complicates the as-
sessment of the reproducibility and comparability of
the results obtained [3; 11]. However, the consistent deve-
lopment and application of methods for digitalization of
measurements in crack resistance tests should provide
a deeper understanding of the patterns of crack opening and
propagation, which will allow developing refined appro-
aches to determining fracture toughness, including as-
sessing the possibility of linking the results to the structure
heterogeneity. This is important for developing justified
technology solutions aimed at increasing the consistent
quality of metal [3; 5; 12].

The purpose of this work is to clarify the methods for
determining criteria for nonlinear fracture mechanics based
on measuring the crack geometry and opening, and to as-
sess the possibility of linking crack resistance values to
the structure heterogeneity.

METHODS

The metal of large forgings made of heat-hardenable
steels of 38KhN3MFA-Sh (0.38%C—-Cr—3%Ni—Mo-V) and
15Kh2NMFA (0.15%C-2%Cr-Ni—Mo-V) types with vary-
ing degrees of preserved cast structure and 09G2S
(0.09%C—2%Mn-Si) sheet steel (Table 1) produced accord-
ing to current industrial technologies was used as research
objects.

Deep etching in a 50 % aqueous HCI solution
(for ~30 min), 3 % HNOg3 solution (up to 3-55s) was
used to identify the dendritic structure and microstruc-
ture, respectively, and the Bauman method was used to
obtain a sulfur print.

Digital images (in 256 shades of gray) of microstruc-
tures and non-metallic inclusions (NMI) on unetched sec-
tions were obtained using light microscopy (Axio Observer
D1m Carl Zeiss class in the magnification range of 50-
1000 times). To convert the images of macrostructures and
the sulfur print into digital form, the authors also used an
AGFA 1280 digital camera with a CCD matrix and

a DUOSCAN T1200 scanner at a resolution of 500 dpi
(film negatives at a magnification of x0.5, the sulfur print at
the sample scale).

To measure the geometry of structures and fractures,
their primary digital 2D images (in 256 shades of gray)
were converted into a “1-0” matrix (black and white) based
on an analysis of the image brightness field. The illumina-
tion unevenness in the field of view was eliminated by sub-
tracting an optimal degree polynomial; noise (not definitely
identifiable small objects) was removed by filtration (taking
into account the nature of the object’s structure, usually <5—
10 um?) [11].

Assessment of the heterogeneity of the placement of
dark spots of sulfur prints was carried out by dividing the
image into VVoronoi polyhedra — polygons, in each of which
all points are closer to its center than the points in neighbor-
ing polyhedra. In this case, the distribution of distances
between neighboring polyhedra will objectively reflect
the location of the sulfur print dark spots [3]. The difference
in measurement results was assessed based on the non-
parametric Smirnov criterion [13].

Digital three-dimensional images of fractures were ob-
tained at the sample scale using the component module for
the “Optofract — 5M” optical microscope (Russia), as well
as optical units of the MBS-9 microscope (Russia) and
a Nikon J1 digital system camera, resolution 10.1 mega-
pixels. The method resolution was 5-10 um for each of
the three coordinates, the total analyzed volume corre-
sponded to the fracture area in plan (taking into account
measurements in the third direction) [15].

A digital three-dimensional triangulation model based
on the obtained series of photographs was created using the
OpenMVG, OpenMVS software packages and specially
developed service modules in the C++ and Python pro-
gramming languages. As a result of software reconstruction
of the surface, non-textured triangulation models were ob-
tained in the Stanford PLY and Wavefront OBJ formats.
Visualization and editing (surfaces and point clouds) were
carried out using MeshLab and CloudCompare software,
the main 3D relief characteristics were calculated using
Gwyddion software [1].

Fracture toughness tests were carried out using a three-
point bending scheme in accordance with the GOST
25.506-85 standard on an Instron 150LX testing machine
(USA) using rectangular specimens of type 4 (with dimen-
sions of 15x20x120 mm) with a notch and a pre-grown fa-
tigue crack, at loading speed of not more than 0.2 mm/min
at room test temperature.

The force (Kic) and energy (J-integral) crack resistance
criteria were assessed in accordance with the GOST 25.506
standard. The value of the critical crack opening d. was also
determined based on the concept that assumes that crack
opening occurs by rotating its edges around a certain center
(axis) [15, p. 86]:

1
e ——
1+nl+72
B

8, =V,

where V. is the sensor displacement at critical load,;
I is the crack length;
n is the rotation coefficient;
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z is the distance from the displacement sensor location to
the sample;
B is the height of the sample.

The coefficient n was determined experimentally based
on finding the position of the center of rotation of the crack
edges along the sample height (L) [14]:

Bl
oL-(l+2)°

The kinetics of stepped crack propagation was studied
using the AE method and quantitative analysis of fractures.
With a large number N>>1 of small AE pulses, informative
emission signals corresponding to crack jumps, linked to
the “Bending load (P) — Displacement (V)” diagram, were
separated from the cumulative distribution N(A) — the total
number of pulses N with amplitude less than A [16].

The values of the critical crack opening 8. and
the J-integral were determined for each of the first
crack jumps, 8. — also for individual points of the lead-
ing crack edge.

RESULTS

The presence of different-scale structures in materials,
from dendritic patterns of different geometries to micro-
structures of different morphologies, leads to a significant
scatter in properties due to the influence of heterogeneity of
structures on fracture mechanisms. Heterogeneity of struc-
tures at all scale observation levels was also present in the
steels under study. It was observed both within one sample
and from sample to sample. For example, a pair-wise com-
parison of samples of the results of measuring the NMI
areas (at least 2000 pieces per option) at a 100-fold increase
in four equal areas (not less than 80 mm? each) of the sur-
face of an unetched section (total area ~340 mm?) made of
38KhN3MFA-Sh (0.38%C-Cr-3%Ni-Mo-V) steel based
on the Smirnov D criterion identified a significant diffe-
rence with a risk of 0.05 (with a table value of Dggs=1.36%)
(Table 2).

The difference in the criterion experimental values re-
flects the difference in the statistics of the distribution of
non-metallic inclusions areas in the studied parts of
the section, which, in turn, is a consequence of the hetero-
geneity of the forging dendritic structure. This heterogenei-
ty in the geometry of inclusions may be one of the reasons
for the scatter in fracture toughness values.

The Bauman sulfur print morphology evidences the exi-
stence of NMI heterogeneity of a different scale in the same
forgings associated with the presence in their structure of
separate dendritic liquation zones (Fig. 1): columnar dend-
rites reflecting the heat removal direction to the surface of
the forging (peripheral zone), a mixture of equiaxial small
dendrites in the intermediate zone and coarse equiaxial
dendrites in the central one (Fig. 2 a).

For the development of ductile fracture, both the size of
sulfides and their placement on the surface of the polished
section are important: their close location to each other fa-

1 Bolshev L.N., Smirnov N.V. Mathematical Statistics Tables.
Nauka, 1965. 464 p.

cilitates the ductile fracture initiation, and an increase in
their sparseness promotes the development of plastic de-
formation. The selection of the nearest neighbors on
the plane was obtained based on partitioning the sulfur
print image into Voronoi polyhedra (Fig. 2 b, 2 ¢). Parti-
tioning the image into Voronoi polyhedra showed that
the average distances between the centers of the polyhedra
for different liquation zones (peripheral, intermediate
and central) were close and amounted to 3.70+0.02;
3.70+0.01; 3.39+0.02 mm, respectively. The heterogeneity
of the placement of the sulfur print dark spots of the forging
of 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—Mo-V) steel is
evidenced, in particular, by the distribution of distances
between their centers for forging areas corresponding to
different zones of liquation (peripheral, intermediate and
central) reflecting differences in the dendritic pattern mor-
phology (Table 3).

With a similar distribution of distances between spots in
each of the areas of the forgings, as evidenced by the values
of the skewness and kurtosis coefficients (Table 4), differ-
ences are observed between the samples related to the re-
sults of measuring the distances between dark neighboring
spots. This may be one of the reasons for the scatter of
properties over the forging cross-section. The reason for
such heterogeneity in the distribution of sulfides (sulfur
print dark spots) was most likely liquation. A comparison
of samples — the results of measuring the pitch of dendrites,
for example, in the central and intermediate regions of
the forging according to the Smirnov criterion, revealed
their significant difference (Dexp=1.121 > Do11s=1.19)%.
The dendrite pitch varied from 60 to 3820 um.

The remote consequences of liquation were also reflect-
ed in the microstructure of 38KhN3MFA-Sh (0.38%C-Cr—
3%Ni—Mo-V) steel (a mixture of ferrite and bainite), in
which large ferrite areas were observed. Their diameter
varied from 95 to 386 pm.

The presence of a dendritic structure in forgings made
of 15Kh2NMFA (0.15%C—2%Cr—Ni-Mo-V) steel also
contributed to the formation of uneven distribution of sulfur
print dark spots and the appearance of different grain sizes
in the structure. Etching of samples selected at random re-
vealed austenite grains in the structure differing in the range
of maximum diameter D values (A=Dmax—Dmin): 250 and
90 um, respectively.

Heterogeneity of microstructures is characteristic not
only of steels with a remained cast structure — its remote
consequences can be observed, for example, in rolled pro-
ducts. The result of this may be differences in the scale of
banding in the microstructure over the cross section of an
impact sample made of sheet 09G2S (0.09%C—-2%Mn-Si)
steel (Fig. 3). Comparison of samples of the results of
measuring the pitch of pearlite bands in two fields cut out
from a panoramic image (along the cross section of an im-
pact sample) using the Smirnov criterion showed that they
differ with a risk of 0.05 (Dexp=1.37 > Dg5=1.36).

Thus, it is obvious that the scale of heterogeneity of dif-
ferent-scale structures can be very large; this is typical
when producing the materials, primarily the most wide-
spread — steels. In this regard, assessing the viscosity of
a medium with a heterogeneous structure, which allows

2 See 1.
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Table 1. Chemical compositions of steels under study
Tabnuya 1. Xumuueckue cocmagwl ucciedyemuix cmaneil

Weight fraction of elements, %

Steel
C Mn Si P S Cr Ni Mo \Y Cu

38KhN3MFA

(0.38%C—Cr—3%Ni-Mo-V) 0.41 0.22 0.22 0.02 0.02 0.87 3.32 0.58 0.14 0.03

09G2S

(0.09%C_2%Mn.Si) 02 | 13 | 05 | 004 | 004 | 03 | 03 - - 0.3

15Kh2NMFA

(0.15%C.29%Cr-Ni-Moy) | 013 | 03 | 017 | 002 | 002 | 18 | 10 | 05 | 001 | 003

Table 2. Experimental values of the Smirnov criterion when comparing the results of measuring non-metallic inclusions areas
on four equal-area sections of 38KhN3MFA-Sh (0.38%C—-Cr—3%Ni—Mo-V) steel
Taonuya 2. Sxcnepumenmanvrule 3nauenuss Kpumepus CMUpHO8a npu cpasHeHuu pe3yIbmamos UsmMepeHus

naoWaoet HeMEMaIUECKUX 6KIIOYCHUL HA YEMbIPeX PAGHBIX N0 NIOWAOU YUACMKAX WAupa
u3z cmanu 38XH3IM®A-1I (0,38%C—Cr—3%Ni-Mo-V)

Panorama section 1 2 3 4
1 - 5.57 2.52 1.85
2 5.57 - 7.18 4.39
3 2.52 7.18 - 3.28
4 1.85 4.39 3.28 -

3cm 10 cm 3cm

Fig. 1. Morphology of the dendritic pattern of forging made of 38KhN3MFA-Sh (0.38%C—Cr-3%Ni—Mo-V) steel
and its structure in the central and intermediate regions of the forging
Puc. 1. Mopghonoeus dendpummnozo pucynka noxosku uz cmanu 38XH3IM®DA-III (0,38%C—Cr—3%Ni—Mo-V)
u eco cmpoenue 6 L{eHmpa]ZbHOIZ u npOMeofcymouHozZ 001aCMAX NOKOBKU
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Fig. 2. Sulfur print image decomposition (a) into Voronoi polyhedra (b) using the example of the central region
of a forging made of tempered 38KhN3MFA-Sh steel (0.38% C—Cr—3% Ni—Mo-V) and the distribution of distances
between the centers of gravity of the nearest dark spots (c)

Puc. 2. Pazbuenue uzobpasicenus: cepHo2o omneuamxa () Ha noausopsl Boponoeo (b)

Ha npumepe yeumpanbHot obaacmu nokosku uz yryuuiaemou cmanu 38XH3IM®PA-III (0,38%C—Cr—3%Ni—-Mo-V)
u pacnpedenenue paccmosHuil MeNcOy YeHMPAMU mANcecmu OAudNCaiuux memnulx nime (C)

Table 3. Experimental values of the Smirnov criterion obtained when comparing the distribution of the number

of the nearest dark neighbor spots and the distances between their centers for different fragments

of the sulfur print image of the forging made of 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—Mo-V) steel

Taénuua 3. Dxcnepumenmanvhvie 3Havenus kpumepuss CMUPHO8A, NOLy4eHHble NPU CPABHEHUU PACHPeOeeHUTl YUCLa OIUNCATIUUX
TMeMHBIX NAMeH-coceoell U PACCOAHUL MeXHCOY UX YeHMPAMU, 015 PA3TUYHBIX PpasmMeHmos u30opaxiceHus

ceproeo omneuamka nokogku uz cmanu 38XH3IM®DA-1I (0,38%C—-Cr-3%Ni-Mo-V)

Forging area under study Peripheral Central Intermediate
. 0.724 (0.6) 0.629 (0.8)
Peripheral - 7.361 (0.05) 2307 (0.05)
Central 0.724 (0.6) B 0.588 (0.9)
7.361 (0.05) 9.356 (0.05)
. 0.629 (0.8) 0.588 (0.9)
Intermediate 2.307 (0.05) 9.356 (0.05) -

Note. The numerator and denominator indicate the experimental values of the Smirnov criterion for the distribution of the number

of the nearest dark spots of the sulfur print and the distance between their centers, respectively. The risks of the hypothesis about their
differences are indicated in parentheses.

Hpu/ueqaﬁue. B uucnumene u 3namenamene YKAa3aHsvl OKCnepumeHmajbHoble 3Ha4YeHUsl Kpumepusi CMupHOGG onst pacnpe()eﬂeHu}z uuc-

G ORUNCAUUUX TMEMHBIX NAMEH CEepHO2co omnevyamxka U pacCmosHus MleCdy Ux yenmpamu coomeemcmeeHHO. B cxobkax YKasawsvl puc-
KU 2unomesvl 00 ux OMiuUdulL.
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Table 4. Values of the coefficients of skewness and kurtosis of the distributions of the number of neighbors

of the nearest sulfur print dark spots and the distances between them in different areas along the cross-section
of a forging made of 38KhN3MFA-Sh (0.38%C-Cr—3%Ni—Mo-V) steel

Tabnuya 4. 3nauenus ko3¢hPuyuenmos acummempuu u dKCyecca pacnpeodeserHuil Yucia coceoell OIuUNCatuux

MEMHBIX NAMEH CEPHO20 OMNEHAMKA U PACCIMOSHUN MeNCOY HUMU 8 PASIUYHBIX 00IACMAX NO Ce4eHUI0 NOKOBKU
u3z cmanu 38XH3M®A-III (0,38%C—Cr—3%Ni—-Mo-V)

Parameter Coefficient of Peripheral region Central region | Intermediate region
skewness 0.456 0.329 0.410
Number of neighbors
kurtosis 0.167 —0.045 0.183
Distance between the centers skewness 0.719 0.737 0.674
of the nearest dark spots of sulfur print Kurtosis 0421 0518 0.379
lcm
v : ,
L‘..' :f . i A ;-‘ ’\ 2
't s S 2 Jas] :)
NiS oz, AR sl AP A TR 32 ) 8%
TER VTR A S o4 p i ‘;
o3 44 v ; :‘ 3 3.
IS TS % &l
T an Er, e iy
' “‘< i ! ,: 5 ‘s;,
500 pm
a
350
285
300
8 — o left frame
§ 250 _
£ 500 right frame
S 133 147
8‘ 150
100
40
21
50 || 70 2 1 2 0 00 10
0 — N N
1.23 26.11 50.99 75.87 100.75 125.63 150.51 175.39 200.26
Banding pitch pm
b

Fig. 3. The observed difference in the scale of banding in the microstructure along the cross-section of an impact sample
made of sheet 09G2S (0.09%C-2%Mn-Si) steel in the panorama as a whole and in its different sections (left and right) (a)
and the corresponding distribution of values of a pitch of perlite strips (b)

Puc. 3. Habriooaemoe pasnuuue 8 Macuimabax noiocuamocmu 8 MUKpOCmMpyKmype no cedeHuio y0apHo2o oopasya
uz aucmosoti cmanu 09I2C (0,09%C-2%Mn-Si) na nanopame 6 yerom u na 0moenbHbIX ee yuacmKkax (1eom u npasom) (a)
u coomeememeyiouee um pacnpeoenenue 3nadenull waea noioc nepauma (b)
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