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APPLICATION OF THE STEREOMICROPHOTOGRAMMETRIC METHOD
FOR THE COMPLEX STUDY OF THE AL-CU-MG ALLOYS SYSTEM

Purpose. To combine the stereophotogrammetric method for processing fracture surface images at the micro level with the results
of a series of mechanical and metal fractographic studies with precision methods for scanning electron microscopy (SEM) and energy
dispersive analysis (EDX) in order to determine the peculiarities and general laws of the fracture process of Al-Cu-Mg test samples.

Methodology. In this work, the mechanical properties of Al-Cu-Mg samples after mild (recrystallization) annealing and sub-
sequent natural aging and a sample without heat treatment were experimentally determined. At the next stage, SEM -stereomicro-
fractographic research on fractures and their three-dimensional reconstruction from the obtained stereo images were performed.
EDX studies have been performed on various parts of the samples to determine the distribution of mass percentages of elements in
the study areas. A comprehensive methodology for experimental studies of Al-Cu-Mg alloys was used in this work to obtain
qualitative and quantitative information on the microstructure of fractures, which consisted of the following steps: determination
of the mechanical properties of samples by traditional methods of macro- and microanalysis; study on stereopairs of the micro-
structure of fractures by the stereophotogrammetric method; identification of the chemical composition and structure of matrix
precipitation particles by energy dispersive X-ray spectroscopy (EDX analysis).

Findings. Our experiments have shown that with an increase in the time of natural aging, the hardness increases slowly and
reaches a maximum hardness of 127 Hv30 after 97 hours, which does not decrease subsequently. After natural hardening, the aver-
age fracture strength increases to Rm 440.3 with a relative elongation of 21.8 %. Mechanical tests have shown that the tensile
strength increases with the hardness value and, in contrast, the toughness decreases. The energy required to fracture the sample is
16 J, followed by transcrystalline cellular fracture. The precipitates have a diameter of approximately 2.5—3 microns.

Originality. Comparing the results of mechanical and metallographic studies, it can be argued that the desired properties of Al-
Cu-Mg samples appear after dispersion hardening, which confirms the optimal hardening conditions. The results of the photo-
grammetric evaluation of samples in the micro range demonstrate the flexibility and accuracy potential of photogrammetric mea-
surement methods and their subsequent processing, interpretation, and integration with EDX analysis to select optimal study sites.

Practical value. An integrated approach to the analysis of materials using the SEM stereomicrophotogrammetric method,
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mechanical and metallographic studies, and EDX analysis was tested in this work.
Keywords: Al-Cu-Mg alloy, SEM stereo microphotogrammetry, mechanical studies, metallographic studies, EDX analysis

Introduction. In our time of climate change and raw mate-
rial shortages, the development of new energy-efficient mate-
rials plays an important role. Both from an economic point of
view, due to rising prices for raw materials and energy, and
from an environmental point of view, industrial and basic re-
search is largely focused on aluminum and its alloys, in par-
ticular on the development of lightweight structures made of
aluminum alloys, which are widely used in the aviation indus-
try, defense equipment, and mechanical engineering (for ex-
ample, in the form of high-strength structural parts and riv-
ets). Despite the progressive replacement of existing structures
with new materials such as glass and reinforced carbon fiber,
modification of proven and classic aluminum alloys can be a
promising alternative to solve growing demands, particularly
in aircraft construction [1]. Due to their good mechanical
properties (increased fracture toughness and crack resistance,
fatigue resistance and corrosion resistance, as well as increased
strength characteristics), ultrafine-grained materials with
grain sizes in the submicron range have recently become in-
creasingly important. Compared to materials with a conven-
tional grain size, these materials are impressive for their in-
creased strength with unchanged ductility [2], although they
are not very resistant to corrosion.

The degree of influence of these microstructural features
on the characteristics has not yet been determined and is the
subject of current research.

Existing publications on this topic are often limited to vi-
sualization methods such as scanning electron microscopy
(SEM). Although these methods give a good idea of the mi-
crostructure of the alloy state under study, it is difficult and
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time-consuming to characterize the entire sequence of the de-
position process of experimental alloys due to the complex
samples preparation.

Literature review. Many works have been devoted to the
study on the structure of metastable states of Al-Cu-Mg alloys
and their phase states |3, 4]. The analysis of scientific publica-
tions shows that the hardness of these alloys increases due to
dispersion hardening, and the maximum hardness is achieved
with partially coherent precipitation. The size, spatial distribu-
tion, and crystal structure of these precipitates have a signifi-
cant impact on the mechanical properties of these alloys [5, 6].
In [7], experiments were performed using differential scanning
calorimetry (DSC) technology, and measurements were made
of the hardness, positron lifetime, resistivity, and microstruc-
ture of the Al-Cu-Mg alloy. The effect of Mg content on the
microstructure, mechanical properties, and resistance to in-
tercrystalline corrosion was investigated using various types of
microscopy and X-ray radiation in [8]. The interest of the sci-
entific community in the study on Al-Cu-Mg systems con-
firms the relevance of such research. The present work is a
logical continuation of the research begun in [9, 10].

Unsolved aspects of the problem. In recent years, photo-
grammetric methods and systems for three-dimensional in-
dustrial metrology at the micro level have become increasingly
significant, as they provide an opportunity to come closer to
understanding micromechanisms and fracture problems. The
reasons for this lie in the progress of digital image acquisition
and processing, which have led to increased measurement ac-
curacy, a higher degree of automation, and faster processing of
the data stream. The applications of industrial microphoto-
grammetry vary from high-precision inspection to integrated
systems in production plants.
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Despite the perspective of integrating photogrammetry
into scanning electron microscopy, today most researchers are
limited to qualitative evaluation of SEM images. Microphoto-
grammetric methods do not have these disadvantages and the
need for a priori apostulation of the spatial organization of the
objects under study.

Aspects of the correlation between the microstructure of
alloys and their performance properties have not been studied
sufficiently, such as the specifics of hardening, heat resistance,
heat resistance, creep, corrosion, cyclic or relaxation resis-
tance, and environmental issues of manufacturing and use.

The purpose of this work is to combine the stereophoto-
grammetric method for processing fracture surface images at
the micro level with the results of a series of mechanical and
metal fractographic studies with precision methods for scan-
ning electron microscopy (SEM) and energy dispersive analy-
sis (EDX) in order to determine the peculiarities and general
laws of the fracture process of Al-Cu-Mg test samples.

Methods. Visualization of fracture surfaces using a scanning
electron microscope (SEM) provides high-resolution images
necessary for microfractographic assessment of the mechanisms
and causes of fracture. In SEM, there are various methods for
obtaining spatial information about the microsurface [11, 12].

The use of the stereo photogrammetric method for materi-
als science problems was first introduced by O. Kolednik in
1981. Numerous applications of photogrammetric methods of
spatial estimation have shown the general applicability of pho-
togrammetric methods in the microrange [13, 14].

The technique for obtaining stereo pairs in SEM consists
in repeatedly imaging the same area of the sample under study,
tilted at an angle (5—10°) with respect to the electron probe.
However, the process of image acquisition in SEM has a num-
ber of limitations caused, in particular, by different illumina-
tion of the sample sections and some of their displacements
due to the tilt of the goniometric table during the acquisition,
which necessitates the correction of distortions and, as a re-
sult, the spatial information about the microsurface of the ob-
ject of study is lost [15].

Therefore, it is advisable to perform mathematical model-
ing of total geometric distortions of SEM images.

In this work, a photogrammetric method of semi-auto-
matic microsurface imaging in combination with the Hilger-
Watts method, according to which two images are scanned
synchronously, was used (Fig. 1).
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Fig. 1. The principle of stereo imaging in SEM

A stereomodel of a micro-object can be obtained using the
intersections of the corresponding rays reconstructed from
two SEM images of a stereo pair that were taken from one, two
or more viewing angles.

The samples, which are mounted on the goniometer table,
can be rotated in the x and y axes to match the measurement
position. The evaluation is performed using a digital photo-
grammetric station, which directly measures the image coor-
dinates. The calculation of the three-dimensional data is based
on the positions of the central projection. The resulting images
are observed using the optical system of the photogrammetric
station, and the measurement points are determined on the
images simultaneously. Based on the collected information
about the regular or irregular grid of objects in the images,
three-dimensional microsurfaces can be further modeled and
analyzed.

The stereoscopic evaluation of SEM images is based on
the Piazzesi algorithm and is an advancement of the classical
photogrammetric method [16].

Suppose that the surface of the sample on which the point
P(z,m, &) lies is tilted by an angle (Fig. 2), then the coordinates
z, M, & are calculated according to the equations
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where x,, y; are the coordinates of the point P in the non-in-
clined state; x,, y, — coordinates of point P in the inclined
state; d is the distance to the object; D is focal distance.

Let us say we have two coordinate systems: the local x, y
coordinate system in which the sample plane lies, and the lo-
cal X, Y coordinate system in which the image plane lies. Since
only the image coordinates (X, Y) can be measured, the coor-
dinates used in the equations of classical photogrammetry
must first be converted to the sample plane using the equations
where M is the magnification.
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Fig. 2. Projection of a point P onto a plane
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The calculation of the coordinates P(z, n, &) can be simpli-
fied if the displacement Y,—Y,, called parallax, is insignificant
compared to the working distance @, which occurs in the
REM. In this case, the approximation equations are valid
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The relative error of the approximation equation (1) when
using a scanning electron microscope is less than one percent
and is compensated for at medium parallaxes [17]. The process
of obtaining three-dimensional data using the stereoscopic
method was described by E. Erwin in [18].

For stereo images obtained from a scanning electron mi-
croscope, we apply a simplified form of the Piazzesi algorithm
according to (1).

The parallax Ax was measured at homologous points
(identical points) on the tilted images. The parallax of point B
is determined by the difference in distances A'B'—A" B". The
tilt angle of the stereo images is 2a. (Fig. 3).

The relative height Az is calculated according to the fol-
lowing equation, which is derived from (1).

(1

1
" 2Msina

According to (2), by multiplying the lateral resolution by,
the vertical resolution can be obtained.

The dependence for the lateral resolution at 98 microns is
shown in Table 1.

Thus, stereo pairs of SEM images obtained with a zero
base and tilts of the test object by fixed angles o around the
y-axis have only longitudinal parallax of points, and measur-
ing their differences allows obtaining the heights of the points
on the object’s microsurface.

Due to the flexibility of this method, stereo pairs obtained,
for example, with a scanning electron microscope, optical mi-
croscope, or digital camera can be analyzed.

Summary of the main material and scientific results. For the
study, samples of a structural alloy were selected — a medium-
strength alloy of the Al-Cu-Mg system (3.1325 — EN AW-
2017A), which, due to its special properties, is used in various
technical fields, in particular in aircraft construction for the
manufacture of parts subjected to significant loads.

The structural alloy of the Al-Cu-Mg system is known for
its high strength, as copper, magnesium, and manganese sig-
nificantly increase the strength of aluminum alloys, so that the
strengthening process of this system can be controlled mainly
by the magnesium content [8]. These alloys are characterized
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Fig. 3. Determination of parallax Ax from a pair of stereo images,
where Ax is the parallax determined in the image; the ratio
Ax/M is the parallax that occurs on the fracture surface

by high mechanical and fatigue strengths, and have increased
fracture toughness and crack resistance.

In this work, dispersion hardening was studied on the ex-
ample of five test samples of Al-Cu-Mg alloy: four samples
with heat treatment and one sample without heat treatment.
The strength values of the pressed profiles and the content of
alloying elements of the experimental Al-Cu-Mg alloys are
given in Table 2.

Heat treatment modes — T4: hardening combined with
natural aging according to [19].

Al-Cu-Mg alloys are among the high-strength alloys that
undergo dispersion aging. Dispersion hardening of Al-Cu-Mg
alloys, unlike other aluminum alloys, occurs at room tempera-
ture. When the material is subjected to natural aging, its alloy-
ing elements precipitate. Accordingly, the following heat treat-
ment regime is required: mild (recrystallization) annealing
and subsequent natural aging. With this heat treatment re-
gime, the strength increases many times, and the Al-Cu-Mg
alloy can fully reveal its potential.

The first type of annealing helps to eliminate deviations in
the structure of alloys from the equilibrium state. At the 1st
stage, samples of Al-Cu-Mg alloys are heated to a soft annea-
ling temperature of 480 °C for 4 hours, after which the tem-
perature is reduced to 230 °C and cooled for 8 hours.

At the 2" stage, the samples are heated at 230 °C for
3 hours, after which they undergo a hardening process (natural
aging) at room temperature for 5—8 days. The hardness value
after soft annealing is 54.6 HV10.

After soft annealing, the samples are subjected to solid so-
lution annealing at 530 °C for 1.5 hours, after which they are
soaked and cooled to room temperature. After annealing, the
hardness increases from 54.6 Hv10 to 80 Hv30.

The mechanical properties of the experimental alloys after
heat treatment were evaluated based on the results of dynamic
tensile and impact strength tests.

Tensile tests were performed on standard specimens in ac-
cordance with DSTU EN 10002-1:2006.

As a result of the tensile test, a deformation diagram was
obtained (Fig. 4), which reflects the relationship between the
load and elongation of the test alloy samples and its main
characteristics (Table 3).

Impact toughness tests for the sample with a V-shaped
notch were performed on a Wolpert pendulum tester using the
Charpy method with a load of 150 J at room temperature (ac-
cording to DSTU ISO 148-1:2022).

Table 1
The dependence of vertical resolution on the angle
of inclination
Tilt angle, 2a, ° Vertical resolution, pm

5 574

10 288

15 193

20 146
Table 2

The strength value of extruded profiles and the content
of alloying elements of Al-Cu-Mg alloy prototypes

. Content of Tensile Yield Brinell’s
Series/ . strength | strength | 9,
alloying hardness
Chem. name clements % Rm, Rpo.25 % HB
72 N/mm? | N/mm?
EN AW Si0.2—0.8 |350—390 | 240—250 | 4—12 | 101—110
20217A Cu3.5-4.5
AlCu4MgSi | Mn 0.4—1.0
(A) Mg 0.4—1.0
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Fig. 4. Deformation diagram for samples No. 1—5

The results of the impact toughness tests of the experimen-
tal Al-Cu-Mg alloy are given in Table 4.

The results of dynamic tests to determine the impact
strength show almost identical mechanical properties. It can
be stated that the heat treatment of Al-Cu-Mg (samples
No. 1—4 — natural aging) does not provide significant advan-
tages compared to the sample of the experimental Al-Cu-Mg
alloy without heat treatment (sample No. 5).

At the next stage, after determining the mechanical prop-
erties of the experimental alloys of the Al-Cu-Mg system, the
microsurfaces of fractures were studied.

Microfractographic studies of the fracture surfaces of the
experimental alloys were carried out on a scanning electron
microscope REM LEO 14 XX(VP) and an energy dispersive
analyzer — EDX at OWL University of Applied Sciences and
Arts (Germany).

Establishing fracture mechanisms is an important and
complex problem, especially when such processes are studied
at the micro level. The variety of tasks that can be set when
studying the microstructure of fractures excludes the possibil-
ity of a single approach and a single methodology for their
study, so the research method should be chosen taking into
account the task and the nature of the object under study.

Table 3

Results of tensile tests for samples of Al-Cu-Mg test alloys,
samples No.l—4 (natural aging) and sample No. 5 (without
heat treatment)

EMod | R Rm | R
Hymm? | H/mm? | H/mm? | H/mm? | &% | ¥-%
124 | 55,080 | 2729 | 4392 | 4373 | 22.16 | 18.52
125 | 61,613 | 2744 | 4478 | 4298 | 25.75 | 31.07
127 | 67,026 | 2763 | 443.0 | 4419 | 2195 | 20.73
126 | 49,900 | 2692 | 4312 | 429.7 | 17.53 | 16.51
123 | 71,709 | 3015 | 4258 | 3944 | 25.36 | 33.66

No. | HV30

(L [ =N SN I NS

EMod — modulus of elasticity

Table 4

Impact Test Results of Al-Cu-Mg Experimental Alloy Test
Results (EN AW-2017, 3.1325)

No. Hardness, HV30 Impact strejn/itn}i 2Wlth notch,
Samples No. 1—4 Natural aging
1 133 16
2 135 15.5
3 133 16
4 133 16.5
Sample No. 5 without heat treatment
5 | 134 | 12

Using microstructural analysis of SEM images in combi-
nation with EDX analysis, it is possible to determine the type
of fracture: transcrystalline or intercrystalline [10] and to ana-
lyze the chemical composition of the solid solution and the
precipitates present in it.

The fracture surface of the Al-Cu-Mg prototype (natural
aging) after the impact strength test is deformed with an in-
clined sliding plane along the edge and a crater. The fracture
surface shows a transcrystalline honeycomb fracture (fracture
occurs along the grain body). There are inclusions (precipi-
tates) at the bottom of the cells.

The fracture surface of the Al-Cu-Mg sample is matte, and
there is a narrowing of the sample that preceded the fracture.

Fig. 5 clearly shows an intercrystalline brittle fracture with
a fine honeycomb structure. The cellular structure runs along
the grain boundaries.

Dispersion hardening is hardening due to the release of a
large number of secondary (fine) phase particles from a super-
saturated solid solution. Dispersion hardening depends on the
size of the precipitates, the distance between them, and their
chemical composition. Identification of precipitates by SEM
makes it possible to determine their physical and chemical
properties in different states. After cold quenching of the test
samples, only coherent deposition occurs. The size of inclu-
sions (precipitates) is 2.5—3 microns.

The SEM images of the fracture surfaces mainly show a
honeycomb structure, which is typical for ductile metal mate-
rials. The honeycomb structure consists of many different sub-
structures, some of which penetrate each other, vary in length
and depth. Only a few cells are perfectly shaped, while most
are highly irregular and fragmented.

Based on the results of stereometric processing of the SEM
images, 429 irregular grid nodes were identified, in which
three-dimensional coordinates were determined in the pixel
image coordinate system. The three-dimensional interpreta-
tion of the surface microrelief was carried out by the method of
minimum curvature (Fig. 6).

Based on the obtained three-dimensional surface, data
was extracted to build a map of peaks and troughs (Fig. 7).

This type of map is useful for modeling the movement of
water over land masses and landscapes characterized by caves,
sinkholes, fissures, and underground streams. Boundaries are
drawn around peaks (red areas) and troughs (blue areas) to
create unique areas for statistical analysis. Areas of anomalies
(purple areas) that stand out sharply within the trough regions
are identified by comparing the raster image and the digital
elevation model as sediments.

Aluminum-copper alloys of the Al-Cu-Mg series gain
strength during aging at room temperature due to the forma-
tion of precipitates containing copper. The size, spatial distri-

Hochschule Ostwestfalen-Lippe
\University of Applied Sciences Mag= 100KX UserText= AIMgCu kaltausgelagert

Fig. 5. SEM image of the fracture surface of the sample Al-Cu-
Mg (natural aging) after tensile testing
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Fig. 6. A digital model of the microrelief of a fracture surface
[fragment showing inclusions (precipitates)
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Fig. 7. Maps of peaks and troughs of the fracture surface fragment

bution, and crystal structure of these precipitates have a sig-
nificant impact on the mechanical properties of these alloys.
In order to analyze the process of precipitation formation, to
identify the chemical composition of the precipitation parti-
cles and their influence on strength, we used the method of
energy dispersive EDX analysis.

Areas with different chemical compositions can be identi-
fied by scattered electrons, and quantitative chemical analysis
can be performed using EDX. Each measured area is recorded
with its coordinates so that it can be found again at any time
for further research. The chemical composition of the inclu-
sions — sediments is presented in Table 5.

The results of EDX analysis and the mass percentage of
elements of the sample subjected to natural aging are present-
ed respectively in Fig. 8 and in Table 6 respectively.

Similar results for the sample without heat treatment are
shown in Fig. 9 and Table 7.

Conclusions. The photogrammetric assessment of samples in
the micro range has numerous advantages. The results presented
in this work demonstrate the flexibility and accuracy potential of
photogrammetric measurement methods in the micro range.

Due to the lack of control points in the micro range, fur-
ther development of SEM calibration and self-calibration
methods is required, as well as testing of different acquisition
methods and the number of images. In the case of photo-
grammetric evaluation in the micro range, it must be taken
into account that the samples under measurement have very
different shapes.

Table 5
Determined composition: in % wt., the rest is aluminum
Alloy Si Fe Cu Mn Mg Cr | Zn

Al-Cu-Mg [ 0.20—0.8 [ 0.70 | 3.5—4.5 | 0.40—1.0 | 0.4—1.0 | 0.10 | 0.25

Al,Cu weight ratio: 54/63.5

Si
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Fig. 8. Results of EDX analysis of Al-Cu-Mg alloy sample (nat-
ural aging)
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Table 6

Distribution of % wt. elements of experimental sites
(natural aging)

Research site Mg Al Si Cu
Site 1 0.58 53.13 0.18 46.11
Site 2 0.94 94.80 0.66 3.60
Site 3 0.98 94.41 0.44 4.17

_cps/eV
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2_:
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keV

Fig. 9. Results of EDX analysis of Al-Cu-Mg alloy sample
(without heat treatment)

Table 7

Distribution of % wt. elements of experimental sites
(without heat treatment)

Research site Mg Al Si Cu
Site 1 0.46 54.03 0.34 45.16
Site 2 1.08 94.24 0.73 3.95

In addition to the study on methodological and accuracy
aspects, attention was focused primarily on the practical ap-
plication and integration of individual algorithms and proce-
dural steps into a continuous process of fracture surface assess-
ment. In the photogrammetric processing of SEM images, the
physical and technical conditions of image recording also play
an important role. By calibrating the goniometer table, the
time-consuming process of orienting a series of images can be
avoided

The research demonstrates the flexibility and accuracy of
photogrammetric measurement methods in the micro range.
These methods do not depend on the scale of recording sys-
tems and can be used for different types of scanning electron
microscopes, which opens up wide possibilities for their ap-
plication. Further research is needed to determine the method
for determining sediments and inclusions through the study on
digital microrelief models.

Comparing the results of mechanical and metallographic
studies, it can be concluded that the desired properties of the
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samples are achieved after dispersion hardening. Thus, it is
confirmed that the samples are processed under optimal hard-
ening conditions. After studying the dispersion hardening of
the Al-Cu-Mg aluminum alloy, it can be predicted that, theo-
retically, the strength can be further increased by artificial ag-
ing due to the appearance of partially coherent allocation.
Further research on dispersion hardening during artificial
aging is advisable to be able to determine the highest strength.
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cTepeoMiKpodoTorpaMMeTpPHYHOTO METOLY
JIJI1 KOMILUIEKCHOIO JOCJIi/KEHHS CILIABIB
cuctemu Al-Cu-Mg
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Mera. IToenHaHHS cTepeodOTOrpaMMETPUYHOIO METOMY
00po0OKHM 300pakeHb MOBEPXHi pyHHYBaHHS Ha MiKpOpIBHIi i3
pe3yJbTaTaMu cepii MexaHiyHMX i MeTanodpakTorpadiuHux 10-
CJIIKEeHb i3 MPeLM3iHUMU METOIAMU PACTPOBOI €JIEKTPOHHOL
Mikpockorii (PEM) Ta eHepronucnepciiiHoro aHamizy (EDX)
IUTST BUBHAUEHHST OCOOTMBOCTEH i 3aTalTbHIX 3aKOHOMipHOCTE
PpYMHYBaHHS JOCTiIHMX 3pa3KiB criaBy cucreMu Al-Cu-Mg.

Metoauka. Y poOOTi eKCIEPUMEHTAIBHO BU3HAYECHI MeXa-
HiYHi BJaCTUBOCTI 3pa3KiB AOCTITHUX cILIaBiB cucteMu Al-Cu-
Mg miciig M’sikoro (pekpucTatizaliiiHOro) Bianaty i nonaib-
LLIOTO MPUPOIHOTO CTAPiHHS Ta 3pa3Ky 0e3 TepMiYHOI 00POOKMU.
Ha nacrynHomy erarti nposeneHi PEM-ctepeomikpodpakro-
rpaiuHi JOCTIKEHHST 3J1aMiB i IX TPUBUMipHA PEKOHCTPYKLIist
3a OTpMMaHUMU cTepeo3odpaxeHHsaMU. EHepromucrepciiiHi
JIOCJTIIKEHHSI IPOBEIEHI TSI Pi3HOTO POAY JUISTHOK 3pa3KiB IJIst
BCTAHOBJIEHHSI PO3MO/iTy MAacOBMX BiICOTKIB €JIEMEHTIB H0-
CTHUX AISTHOK. Y po0OOoTi 3acTocoBaHa KOMITJIEKCHA METOIN~
Ka eKCIepUMEHTAIbHUX JTOCTiKeHb cIuiaBiB cuctemu Al-Cu-
Mg 3 MeTOI0 OTpUMAaHHSI SIKiCHOI i KiJIbKiCHOI iH(opMallii po
MIKPOCTPYKTYpPY 3J1aMiB, 1110 CKJIafaiach 3 HACTYITHUX €TaliB:
BU3HAYEHHS MEXaHIYHMX BJACTUBOCTEN 3pa3KiB JOCIiIHUX
CIUIaBiB TPAAULIITHUMU METOIAMU MaKpO- i MiKpOaHaJli3y; 10-
CIIKEHHsI cTepeonap MIiKpOCTPYKTYpH 37aMiB cTepeodoTo-
rpaMMETPUYHUM METONIOM; iTeHTUdiKallist XIMIYHOTO CKITALy Ta
CTPYKTYPU YaCTUHOK OCAIKEHb MAaTPULIi METOJJOM €HEProuc-
MepCiiiHOl peHTreHiBChKoi1 criekTpockorii (EDX-ananizy).

PesynbraTu. I3 mpoBeneHUX eKCIIEPUMEHTIB BCTAHOBJICHO,
100 3i 30UTBIIEHHSIM Yacy TPUBAJIOCTI MPUPOIHBOTO CTAPiHHS
TBEPIiCTh ITOBLILHO 3POCTAE I JOCSITAE MAaKCUMAJIbHOTO MOKa3-
Huka TBeprocti 127 Hv30 micig 97 ronuH, 3HUXKEHHS SIKOTO
3rofioM He BinOyBaeThest. ITicast MpUpoaHbOro 3arapTyBaHHS
cepemHsT Mexka MIITHOCTi Tipu 31ami 3pocTae 10 Rm 440,3 mpu
BiIHOCHOMY BuIOBXeHHi 21,8 %. MexaHiuHi BUIIPOOYBaHHsI
MOKAa3aJiv, 10 MIlHICTb Ha PO3PUB 3pOCTAE 3i 30UIbIICHHSIM
3HAYEHHSI TBEPIOCTi Ta, HaBIAKHW, B’SI3KiCTb 3MEHIIYETHCS.
Enepris, 1m0 HeoOXinHa 1151 pylHYBaHHSI 3pa3ka, CTAaHOBUTH
16 JI:x, micist 4oro BinOyBaEThCs TPAHCKPUCTATIYHMINA CTIMTBHI-
KoBMH 31amM. Ocaau MatoTh AiaMeTp MPUOIU3HO 2,5—3 MKM.

Haykosa HoBu3Ha. [TopiBHIOIOUM pe3yIbTaTH MEXaHIYHUX
i MetanorpadiyHUX AOCTIIKEHb, MOXHA CTBEPIXKYBATH, 1110
OaxkaHi BmacTUBOCTI 3pa3kKiB Al-Cu-Mg nposiBIsIIOThCS TTiCIIst
NUACTIEPCITHOrO 3MillHEHHS, 10 MiATBEPIXYE ONTUMAJIbHI
YMOBM 3aTBepaiHHs. Pe3ynbrati (hoTOrpaMMeTpUUHOI OLliH-
KU 3pa3KiB y MiKpoJiana3oHi, MpencTaBieHi B poOoTi, ae-
MOHCTPYIOTb THYUKICTb i MOTEHIIiaJl TOYHOCTi (hoTOorpamMme-
TPUYHUX METOIIB BUMIPIOBAHHS i MOJAIBIIOI iX 0OOPOOKH,
iHTepnipeTauii Ta iHterpauii 3 EDX-aHanizom misi BUOOpy
ONITUMAJTEHUX UISTHOK TOCITiIKEHHS.

IIpakTHyHa 3HaYMMiCTb. Y POOOTi alpoOOOBaHO KOMILJIEK-
CHMI MiXin A0 aHali3y MaTepialiB i3 3acTocyBaHHsIM PEM-
CTepeoOMiKpopOTOrpaMMETPUYHOTO METOIY, MEXaHiuHUX i
MeTtanorpadiyHUX TOCTIIXKEeHb, a TAKOX €HEeProaucnepciii-
HOTO aHaJi3y.

Kmouosi cinoBa: cniag Al-Cu-Mg, PEM-cmepeomixpogo-
moepammempis, MexanyHi 00CAi0NceH s, Memanoepagiumi 0o-
cnioncenns, EDX-ananiz
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