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Obtaining mechanical properties of neutron irradiated structural materials is made difficult by the high
radioactivity of typical specimen sizes. Developing new mechanical tests which obtain the same properties with far
smaller specimen sizes would significantly enhance the speed and safety of performing such tests. In this study, we
demonstrate the correspondence in mechanical properties between standard, uniaxial tensile testing and a new
“Shear Punch” method, involving the shear-based removal of a small (1 mm) disc of material. Two types of steel,
12Cr18Ni9 and 08Cr16Nil 1M3, were irradiated with fast neutrons in the BN-350 reactor up to 23 dpa and shear
punch tested between 20...300 °C. Excellent correspondence was found between the 0.2% shear and uniaxial tensile
yield stresses, validating this technique as a way to obtain the same mechanical properties with greatly reduced

sample size.

INTRODUCTION

In recent years, growing interest has been noted in
creating new methods for studying the changes in the
mechanical properties of materials irradiated to high
doses with neutrons. This interest stems from the fact
that most standard testing methods require samples of
complex shapes and large sizes, such as uniaxial tensile
or fracture toughness specimens. In addition, numerous
size effects have been shown and codified in the
literature [1], often restricting such tests to large and
dangerously radioactive specimens. Performing such
studies with radioactive materials incurs serious
difficulties for two main reasons. First, researchers
usually do not have access to standard sized specimens,
and are often forced to use fragments of components or
units of arbitrary shape and size. Second, working with
radioactive materials brings unique complications
caused by time limits of the experiment to minimize
researcher dose, requiring the provision of bulky
radiation shielding such as hot cells or movable shields.
The larger the sample, the thicker the protection must
be.

A number of recent innovations help to close the gap
between sample size and testability, each with their own
advantages and drawbacks. Reduced size specimens can
be used for standard tests, such as 1/2T-CT specimens in
place of 1T-CT for fracture toughness [2], miniaturized
tensile specimens [3, 4] for yield stress and elongation,
and reduced size Charpy coupons for ductile-brittle
temperature transition (DBTT) tests [5, 6]. Size effects
have been reported throughout the literature at various
length scales ranging from the microscale to the
macroscale [7-9], requiring calibration of tests with
different sizes, which itself is not a major issue.
However, even these miniaturized specimens are still
rather large, and do not all relieve the issue of high
dose. Micro- and nanomechanical tests completely
resolve this issue [10], as the focused ion beam (FIB)
can be used to section compression pillars [11], tensile
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specimens [12, 13], and bending specimens [14]. These
tests can all be performed in the FIB itself with proper
stage attachments, so the FIB chamber acts as an
effective biological shield. However, both significant
size effects [15] and issues relating to gallium
implantation from FIB milling affecting the results
[16, 17]. A technique which blends the smallest possible
sample size without changing measured properties in a
non-linear fashion is therefore sought, so any potential
size effects between full-size and reduced-size
specimens can be easily correlated.

Previously a new method of “Shear Punch” testing
was proposed for mechanical testing of highly
radioactive materials [18-20]. Unlike other methods,
this method places relatively few constraints on sample
dimensions, as very small discs are extracted from
specimens of arbitrary shape and size after sectioning.
This allows the same material to be used for
transmission electron microscopy (TEM) and to
determine key mechanical properties of the material
under investigation, such as strength and ductility. One
issue arises with this method, as the mode of loading is
one of pure shear, rather than in tension. Therefore,
some correspondence between measured and desired
properties must be established.

The key innovation of the “Shear Punch” method
lies in the determination of the engineering o, (tensile
yield stress) of the irradiated material as a linear
function of t,, (shear yield stress). Such a correlation
between t,, and o,, values for some austenitic
chromium-nickel alloys has been considered in a
number of papers [21-23]. It was shown that a linear
dependence is observed between 1y, and c,, with a
slope close to two in the general case (Fig. 1). To date,
this method has been used for the comparative study of
non-irradiated and neutron irradiated  structural
materials, as an additional method for mechanical tensile
testing [24, 25]. Some interesting patterns of radiation
effects on reactor steels have been reported using the
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“Shear Punch” method. For example, in [26] this
method was used to detect swelling irregularities along
the edges of spent fuel assembly ducts made of
08Cr16Nil1M3 steel irradiated in the BN-350 reactor.
At the same time, the literature shows no studies in
which the “Shear Punch” method is used to determine
the mechanical properties of irradiated materials at high
temperatures, more typical of the operation temperature
of commercial reactors.
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Fig. 1. Linear correlation between yield stresses under
uniaxial tension (o ,) and shear (z,,) at 20 °C:
0O — non-irradiated 12Cr18Nil 0Ti steel;
A —non-irradiated 12Cr18Ni9 steel;
® —rolled 712Cri8Nil10Ti steel; A — 12Cri8Nil0Ti steel
after austenization and hardening

This study provides the results of experiments
performed using the ‘“Shear Punch” method for
mechanical testing in the temperature range of
20...300°C. We demonstrate linear correlations
between uniaxial tensile and shear yield stresses in
12Cr18Ni9 and 08Cr16Nil1M3 steels irradiated with
fast neutrons up to 23 dpa. Detailed studies of changes
in  microstructure,  phase  composition, and
microhardness in the sheared regions of the test
specimens reveal the extent and locations of
deformation induced by the “Shear Punch” method.
Finally, the “Shear Punch” method demonstrates the
relatively higher radiation resistance of 08Cr16Ni11M3

steel, validating its wider use as an alternative method to
obtain key mechanical properties with far smaller
specimens, and without resorting to micro- or nano-
mechanical techniques.

METHODS

Flat specimens of two austenitic chromium-nickel
stainless steels were examined in this study, 12Cr18Ni9
(an AISI 304SS analogue) and 08Cr16Nil 1M3 (an AISI
316SS analogue). Compositions of the two steels used
in this study are given in Tabl. 1. 12Cr18Ni9 specimens
in the form of 290...390 um thick discs were first
annealed at a temperature of 1050 °C for 30 min,
followed by irradiation in the WWR-K reactor to
neutron fluences of 1.9:10%and 9-10"° n/em® at
Tirad ~ 80 °C. In addition, the core of a WWR-K
automatic control (AC) rod, also made of 12Cr18Ni9Ti,
was studied after irradiation for 25 years. As a result the
lower end of this item received a neutron fluence of

1.3:10% n/cm?® at Tirrag ~ 80 °C, corresponding to an
NRT-calculated dose of 5 dpa. Finally, 10x50 mm
specimens of 08Cr16Nil1M3 steel were cut from the
edges of fuel assembly (FA) ducts of the BN-350
reactor from various core elevations. Tabl. 2 shows the
neutron irradiation parameters of 08Cr16Nil1M3 steel
specimens from these FA ducts. Samples with close
irradiation temperatures, but with different doses, were
specifically sought as shown in Tabl. 2. Initially, the
blanks for all samples were plates 50x10x2 mm, cut by
wire EDM into fragments 4x10 mm in size and from
200...400 pm thick. All specimens were first cleaned
using conventional methods to clear dirt and corrosion
layers for subsequent metallographic studies and
determination of microhardness. Grinding was obtained
using subsequently finer grits on a polishing machine,
followed by electropolishing in a
20% HCIO,4 + 80% C,HsOH electrolyte. Surface quality
was monitored with the MII-4 microinterferometer. A
surface of mirror finish was obtained.

Table 1
Compositions of steels used in this study, in weight percent
Element
Steel Fe Cr Ni Mn Nb Mo Others
08Cr16Ni11M3 | Bal. |17.5...0.3]11.1...0.3| 1.5...0.9 |1.65...0.0/0.052...0.007| Cu:<0.15, Zn:0.38, Ti:<0.2
12Cr18Ni9 Bal. | 17...19 7.56 1.96 - - Si:<0.8, S:<0.2, P:0.35
Table 2
Irradiation parameters for samples of 08Cr16Nil 1M3 steel from the BN-350 reactor

FA marking Core Height, mm Dose, dpa T, °C

H-214(2) -500 7 309

H-214(2) 0 15.6 337

No.2 -300 23 300

Fig. 2 shows a view of the samples (a) and a
schematic of the “Shear Punch” mechanical testing
device (b), which consists of a matrix of two parallel
plates between which a flat sample can be clamped. The
plates have a through hole (¢ =1 mm), where a high-
strength steel punch is moving under a changing load.
This load ranged up to 120 kg for specimen thickness up
to 400 um in this study. In addition, a ceramic-encased

metal wire heater was wrapped around the “Shear
Punch” device to raise the testing temperature as shown
in Fig.2,c. During high temperature tests, a K-type
(chromel-alumel) thermocouple was affixed directly to
the specimen by two point spot welding, and the
experimental temperature was actively controlled with a
UNIT-F51 thermal controller.



3 mm

Fig. 2. Sample before and after the “Shear Punch ” test (a, left): Schematic of the assembly for the “Shear Punch

i)

test (b, center): 1 — punch; 2 — plates of the matrix with a clamped sample; 3 — sample. Ceramic heater ring
wrapped around the “Shear Punch” apparatus (c, right)

Punch loading and data acquisition were performed
on an Instron 1195 universal testing machine. For
comparability with the results of other experiments,
the displacement rate of the punch was fixed at
0.5 mm/min. This choice both minimizes the testing
time, which is important for working with highly
radioactive materials, and obtains a qualitative record of
the “compression force — punch displacement” curve.
The magnitude of the mechanical shear stress was
determined by the following formula:

1 = F/(2nR,d), 1)
where 2Rn is the diameter of the moving punch, equal
to 1 mm, and d is the sample thickness. At the end of
each shear experiment, the amount of ferromagnetic a-
phase was determined using a Fischer MP-30 ferroprobe
in the sample areas near the hole made by the punch, in
order to estimate the amount of plastic flow by
measuring deformation induced martensite [27].
Microhardnesses were measured using PMT-3 hardness
meter, to help quantify work hardening by dislocation
creation and pinning alongside deformation-induced
martensitic transformation. Microstructures of all
deformed specimens were obtained using a Meph-2
metallograph.

RESULTS
SIZE EFFECT STUDIES

Fig. 3 shows load-displacement curves and flow
stresses, both yield strength (o) and ultimate tensile
strength (oyrs), obtained during “Shear Punch” testing
of 08Crl6Nil1M3 steel at room temperature, as
functions of specimen thickness. As can be seen
Fig. 3,a, the required load is proportional to the
thickness of the tested sample. Several identical
experiments with different sample thicknesses were
performed (see Fig. 3,b) for the case of 08Cr16Nil 1M3
steel irradiated to 23 dpa. Values of 6, and o did
not change with specimen thickness by more than 7%
when varying the specimen thickness by a factor of up
to two. As a result, it has been established that for
290...400 pm thick samples, the material properties of
interest practically do not change, and thus samples of
these thicknesses were used in subsequent experiments
to determine the mechanical properties of the
irradiated materials using the “Shear Punch” method.
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Fig. 3. Load-punch displacement curves of “Shear
Punch ” tested samples of 08Cr16Nil 1M3 steel of
different thickness irradiated to 23 dpa (a). 6¢» and oyrs
of 08Cr16Ni11Ma3 steel (specimen No. 2 in Tabl. 2)
irradiated to 23 dpa as a function of specimen
thickness (b). All testing was performed at room
temperature

12Cr18Ni9 STEEL MECHANICAL TESTING

Fig. 4 shows experimental stress-punch
displacement curves obtained by “Shear Punch” testing
of non-irradiated and irradiated 12Cr18Ni9 steel at test
temperatures of 20, 100, and 250 °C. It can be seen that
the strength of 12Cr18Ni9 steel increases as a result of
neutron irradiation, as is expected, but it decreases
significantly with increasing test temperature in the
interval of 20...250 °C. It is expected that lower shear
flow stresses, induced by more thermal unlocking of
pinned dislocations, is primarily responsible for this
change. Curiously, the maximum punch displacement as
a crude measure of ductility increased with irradiation
for the material tested at 250 °C, while no change was
observed at the other testing temperatures.
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Fig. 4. Dependence of shear stress on punch
displacement for non-irradiated and neutron
irradiated 12Cr18Ni9 steel as a function of “Shear
Punch” testing temperature

Existing mechanical test data [21] were used to
determine correlations between the uniaxial tensile yield
stress op, and the shear yield stress tp, and also
between o, under tension and tyrs under shear. The
results are shown in Fig. 5. It can be seen that, in both
cases, a linear dependence of the tensile stress on the
shear stress can be observed. In this case, the
proportionality coefficient between ultimate tensile
strength and ultimate shear strength is 2.15, while that
between vyield strengths is 7.00. The obtained
dependence agrees well with the data of other authors,
who also performed similar experiments at room
temperature [20].

The results of experiments at higher (100 and 250 °C)
temperatures showed that the strength of both non-
irradiated and irradiated 12Cr18Ni9 steel decrease
significantly with the testing temperature (Tabl. 3). It
can be seen that at 20°C the presence of a

ferromagnetic a-phase is recorded in the region near the
hole due to shear plastic deformation [28]. However,
this phase is not observed at higher test temperatures of
100 and 250 °C. This can be explained by the fact that
for 12Cr18Ni9 steel the maximum temperature of the
y—o-phase transformation under deformation (Md) is
close to 100 °C. It is also seen that with increasing
irradiation dose, the amount of the martensitic o-phase,
induced by the deformation at 20 °C, becomes larger.
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Fig. 5. Correlation between the tensile yield strength
0y, and shear strength 7, , (closed symbols), as well as

the ultimate strengths under tension (o) and under

shear (trs) (open symbols) for 12Cr18Ni9 steel
at 20 °C:

B —non-irradiated; ¢ — irradiated at 1.9-1019 n/cm2;
A —irradiated at 9~1O19 n/cm2;
® — non-irradiated, annealed at 900 °C for 30 min,
X —after cold plastic deformation by rolling
(30...40%), with no annealing
Table 3

Yield strength 1, ,, ultimate strength 7,5, MPa, and ferromagnetic a-phase fraction
for 12Cr18Ni9 steel obtained by “Shear Punching” at 20...250 °C, as a function of dose

Fluence, Tiesp °C 10, MPa turs, MPa Amount. of a—p_)hase,
n/cm relative units
L 20 560 590 0.38
Non-irradiated 100 390 420 0
250 300 320 0
20 570 610 0.68
1_9,1019 100 400 430 0
250 310 360 0
19 20 600 630 0.71
9:10 100 420 470 0

Metallographic studies of the sample surfaces were
performed after mechanical tests in order to better
understand features of plastic deformation observed in
the “Shear Punch” experiments. Fig. 6 presents photos
of the outlet holes made by the punch in the non-
irradiated and irradiated. Each photo shows the edges
of the holes and outlines of the plastically deformed
region, which appeared when the punch passed
through the sample. The width of the region subjected
to intensive deformation was measured at three
different points, and then the average value of the
circle width was calculated in microns.

Since measurements were made on the samples of

the same thickness, and the diameter of the inner circle
of the hole was determined by the size of the punch
(and remains unchanged), the width of the ring of
deformation (equal to the difference in diameter
between the outer and inner circle) depends on the
deformation capacity of the material. The widths of the
“deformation ring” for non-irradiated steel at 20 and
250°C were 133 and 114 um, respectively (see
Fig. 6,a,c). If we compare the plasticity of the steel
non-irradiated and irradiated at 20 °C (see Fig. 6,a,b),
we can note a significant (41%) decrease in the width
of the deformation ring from 133 to 79 pum as a result
of irradiation.



One noteworthy aspect of the deformation circle
measurements was the expectation that the width of
the circle at 250 °C in the irradiated sample would be
less than that in the sample irradiated and tested at
20 °C.

However, measurements showed that there was no
significant reduction in ductility between deformation

temperatures, noting the similarity  between
deformation ring thicknesses in Fig. 6,b,d (83 and
79 pm, respectively). It can be assumed that there is a
certain critical width of the material region involved
in shear deformation typical for a given sample size,
below which only elastic deformation is observed.

Fig. 6. View of the outlet holes in the samples of 12Cr18Ni9 steel subjected to Shear Punching. Areas subjected to
plastic deformation are marked with circles: a — non-irradiated at 20 °C; b — 1.9-10% n/em? at 20 °C;
¢ — non-irradiated at 250 °C; d — 1.9-10%° n/cm? at 250 °C

Considering that microhardness (Hm) is an indicator
of the degree of plastic deformation, Hu measurements
were made in the deformation ring regions after
photographing the samples. Fig. 7 shows the distribution
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Fig. 7. Distribution of microhardness (a) before and (b) after annealing in non-irradiated and irradiated
(@ = 1.9°10" n/cm?) 12Cr18Ni9 steel after “Shear Punch ” testing, as a function of the distance from the edge
of the hole produced by the punch

We can see from Fig. 7,a that the microhardness is
highest at the edge of the holes, and monotonically
decreases out to 100...150 um from the edge, where it

reaches the average values for the non-deformed region.
When comparing the patterns of microhardness
distributions of the materials tested at 20 °C, we can see



that for irradiated 12Cr18Ni9 steel there is a clear
boundary of the deformed region (~ 100 um), where the
microhardness  reaches 500 kg/mm?. A higher
microhardness with respect to the non- irradiated sample
is also maintained at a testing temperature of 250 °C.
Specimens following “Shear Punch” testing were then

annealed at 450 °C for 30min, and microhardness
measurements were retaken (see Fig. 7,b). All values of
microhardness (Hm) increased within the deformation
rings. The greatest increase in Hm was observed in the
irradiated specimen tested at 20 °C, near the edge of the
hole.

Table 4
Mechanical properties of 12Cr18Ni9Ti steel subjected to irradiation
and subsequent isochronous annealing
Steel state Toz, kg/mm® Goz, kg/mm?
Irradiation with no annealing 61 100
Irradiation + annealing at 450 °C, 1 hour 35 50
Irradiation + annealing at 650 °C, 1 hour 26 33
Irradiation + annealing at 750 °C, 1 hour 18 17
Irradiation + annealing at 850 °C, 1 hour 20.5 21
Irradiation + annealing at 950 °C, 1 hour 20 20
Non-irradiated steel, annealing at 1050 °C,
. 9 20 18...20
30 min (for comparison)
Mechanical tests of specimens irradiated to 5 dpa
were also carried out at room temperature and at a g +23 dpa
0.8 mm/min rate of punch movement. The samples, 500
subjected to hourly isochronous annealing, were & 550 *7 dpa
iteratively tested in the “Shear Punch” following each 2 s00 1 15,6 dpa
annealing step. The maximum systematic error in ,é #01
determining the shear stress t was recorded at four 2
percent. The obtained results are shown in Fig. 8 and in 300 |
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Fig. 8. Curves of shear stress t vs. punch displacement
Al for irradiated 12Cr18Ni9Ti steel subjected to
irradiation and isochronous 1-hour annealing

08Cr16Ni11M3 STEEL MECHANICAL
TESTING

Fig. 9 shows the changes in o, (a) and o5 (b) as
functions of irradiation dose (7...23 dpa) and test
temperature (20...300 °C) using the “Shear Punch”
method for 08Cr16Nil1M3 steel. A subset of these the
samples had been tested earlier at 20 °C [26]. Fig. 9,a,b
shows that both values monotonically decrease with
testing temperature, while higher irradiation doses
increase strength beyond 15.6 dpa.

These results indicate that the 08Cr16Nil1M3 steel
can retain its mechanical properties within acceptable
limits for operating nuclear reactors to at least 15.6 dpa,
where little to no change is observed.

strength (b) of 08Cr16Nil IM3 steel, determined at
different test temperatures and doses using the “Shear
Punch” method

They also demonstrate the applicability of the
“Shear Punch” method to rapidly determine such
quantities, while using a smaller volume of material for
testing.

DISCUSSION

One of the significant drawbacks of the “Shear
Punch” method is that the results of mechanical shear
tests take the form of “stress-punch movement” curves,
with the latter value not directly reflecting the plastic
mechanical properties of the material. In our work, we
attempted to correct this weakness by performing post-
deformation examination of the material near the shear
punch hole. The research task was to experimentally
determine the value of strain as a function of t, the initial



thickness of the sample, and Ad, the thickness of the
deformed region, in order to calculate the degree of
local deformation by the formula:

£=Ad/t. 2

Taking into account the data and the formula above,

corrected experimental curves were prepared for
12Cr18Ni9 steel in — coordinates, as shown in Fig. 10.
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Fig. 10. Shear stress as a function of relative
deformation for non-irradiated and neutron-irradiated

(1.9:10%° n/cm?) 12Cr18Ni9 steel

We can see from Fig. 10 that as a result of both
irradiation and increased testing temperature, the
plasticity determined in the “Shear Punch” experiments
is reduced. This is as would be expected from any other
standard mechanical property test. A previous study
showed high hardness increases in this same steel
irradiated to 5 dpa [29], consistent with the decrease in
ductility observed in our study. Given the relative
agreement between conventional, larger-scale uniaxial
tensile tests and the far smaller “Shear Punch” tests, this
method is shown to be a satisfactory replacement in a
number of common situations. Oftentimes researchers
examining irradiated materials are looking for the onset
dose for significant radiation-induced embrittlement, not
a precise value of ductility vs. a specific set of
conditions. In such situations, where the onset dose
rather than the change itself is of primary interest, the
“Shear Punch” method could be used to more quickly
obtain the same information in less time, and with less
radiation dose incurred by the researchers. The
simplicity of clamping a flat specimen between two
plates also requires less manual dexterity than affixing
grips in a tensile testing machine, reducing the contact
time by the researcher if outside a hot cell, and
simplifying procedures even if the test were to take place
within a hot cell. Of course flat sample preparation must
still take place, though the relative complexity of
preparing flat plates compared to other mechanical
specimens is still reduced.

In addition, in instances such as those in this study,
suitably large and uniform specimens simply did not
exist to prepare standard tensile specimens. In such
cases the “Shear Punch” method may be preferable even
to microtensile experiments, as the probed volume in the
“Shear Punch” test (the deformation ring) is far larger
than that in a microtensile experiment. This allows for
much more material available for post-analysis
examination, such as by metallography, microhardness
measurements, and quantification of magnetic phase
transformations following deformation.

Finally, the geometry of Shear Punched specimens
already conforms to TEM sample size standards,

allowing for simple thinning pre- or post-testing to
proceed with ease. In fact TEM discs are already
routinely removed via shear punching [18]. This will
allow for the direct correlation of irradiated
microstructure with mechanical properties on the same
sample. Further work is required to carefully investigate
whether the center of a “Shear Punch” specimen, the
most likely area for TEM analysis, is unaffected by the
“Shear Punch” test.

CONCLUSIONS

The “Shear Punch” method was applied to study the
change in mechanical properties of non-irradiated and
neutron-irradiated austenitic 12Cr18Ni9 (WWR-K)
and 08Cr16Nil11M3 (BN-350) at test temperatures
from 20...300 °C. The results of the “Shear Punch”
conclude that the 08Cr16NillM3 steel has a
sufficiently high radiation resistance at doses up to
23 dpa at 300 °C. Furthermore, linear correlations for
both yield strength and ultimate tensile strength
between uniaxial tension and shear of specimens was
obtained, facilitating the creation of more standard
stress-strain curves from the load-punch displacement
curves obtained during Shear Punching. This fact
allows us to use the new “Shear Punch” technique in the
cases when the tension experiments are not possible, for
example, when working with highly radioactive and
small-size samples.
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W3YYEHUE U3BMEHEHUI MEXAHUYECKNX CBOMCTB BBICOKOOBJIYYEHHBIX
HEUTPOHAMHJ XPOMOHMKEJIEBBIX CTAJIEA
C IPUMEHEHHMEM «SHEAR PUNCH» METOJA

O.I1. Makcumkun, C.B. Pyoan, E.E. Hypeanu, M. Short

[IpencTaBneHsl U 00CYXIAIOTCSl pe3yIbTAaThl MAaTEpUAJIOBEAYECKUX HCCIETOBAaHUN BBICOKOPAJANOAKTHBHBIX
obpasmoB cramm  12X18H9, obnydenHsix HeiTpoHamum B peaktope BBP-K, a Tarke o0pas3moB cramm
08X16H11M3, BBIpe3aHHBIX W3 CTEHOK YEXJIOB OTPAaOOTABIIMX TEILIOBBAEIIOMUX cOopok peakropa BH-350.
MexaHu4ecKH HCOBITHIBAIN HX 1O cxeme «Shear Punch» Ha ycraHoBKe, amanTHpOBaHHOH [UIsI MPOBEICHHS
9KCIepUMeHTOB Ipu Temreparypax B uHTepBaie 20...300 °C. Bbuio 0OHapyXeHO OTIMYHOE COOTBETCTBHE
MEKAy COBUTOBBIMU HampspkeHUsIMH Ha 0,2% ciBura M OJHOOCHOTO PacTSDKEHMS, KOTOPOE MOATBEPKAAET 3Ty
METOAMKY B Ka4ecTBE CIOCO0a MONyYeHHs TEX K€ MEXaHHYSCKHX CBOMCTB CO 3HAYMTEIBHO YMCHBIICHHBIM
pa3mepom odpasia.

BUBYEHHS 3MIH MEXAHIYHUX BJIACTUBOCTEN BUCOKOOITPOMIHEHHUX
HEVMTPOHAMM XPOMOHIKEJEBUX CTAJIEH I3 3ACTOCYBAHHSAM
«SHEAR PUNCH» METOOY

O.I1. Makcumxin, C.B. Pyban, €.€. Hypzani, M. Short

IIpencraBneHi i 0OrOBOPIOIOTHCSA PE3yJIbTATH MaTepialo3HABUMX OCHIPKCHb BHCOKOPAIIOAKTHBHUX 3Pa3KiB
cram 12X18H9, onpominenux Heiitponamu B peakropi BBP-K, a takox 3paskiB crami 08X16H11M3, Bupizanux 3i
CTIHOK YOXJIB BiJIpanbOBaHUX TEIUIOBUAUIIIOUNX 300pok peaktopa BH-350. MexaHiuHo BumpoOyBaiu iX 3a
cxemoro «Shear Punch» Ha ycraHoBHi, afanToBaHiid JUIs TPOBEACHHS EKCIIEPUMEHTIB NpPU TeMIlepaTypax B
iarepBaii 20...300 °C. Bymna BusBicHa rapHa BiAMOBIAHICTH MiXK 3CYBHHUMH HampykeHHSMH Ha 0,2% 3pymeHHS i
OJHOOCHOTO PO3TATY, AKa MiATBEPIPKYE Iel METOJ SK CIOci0 OJepXKaHHSA THX )K€ MEXaHIYHHX BJIACTHBOCTEH 3i
3HAYHUM 3MEHIICHHIM PO3MIpy 3pa3ska.



