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4 Stanislav Dimitrov Gyoshev

The PhD thesis was discussed and allowed to be defended during an extended session
of the Embedded Intelligent Technologies at ICT-BAS, which had been held on June
28, 2016.

The defense of the PhD thesis had been held on September 29, 2016 at 16:00 in
Room 507, Block 2, IICT-BAS.

The full volume of the dissertation is 144 pages. It consists of an introduction and four chapters).
The list of references contains 99 titles. The text of the dissertation includes 26 tables and 77
figures. These lists are given at the beginning of the dissertation.
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Keywords: high speed impact, controlled impact, high speed briquetting, metal deformation,
plastic deformation, elastic deformation, die forging, machines for high speed impact, high speed
camera

Introduction

In this dissertation made an overview, analysis and systematization of methods and means for the
realization of high-speed impact processes in deformation of metals, briquetting and compacting
of metallic materials, and driving piles.

Have been proposed methods and algorithms for plastic and elastic deformation of the metal
blanks, briquetting of aluminum and iron filings, sealing iron powder.

Experiments were performed on a laboratory bench for high-speed impacts with rocket power,
computer control and communication system. With high-speed camera are captured results of
experiments and defined trajectories, speeds and accelerations in different modes.

Experiments were made for briquetting of chips and compacting iron powder. Have been
considered new methods for briquetting. With industrial 3D computer tomograph were studied
internal structure and density of the resulting metallic materials - billet and briquettes.

Optimal parameters have been identified for controllable impact processes and the treated metal
materials to obtain the best physical and mechanical properties. The exact selection and
implementation can significantly improve product quality and increase energy efficiency, which
actually reduce time and costs in production.

Abstracts of Dissertations 4 (2016) 3 - 26



6 Stanislav Dimitrov Gyoshev

1. A literature review of the application areas of impact processes

Due to the wide variety and field of application of impact machines, in this paper will be
considered only those who have a connecti on with industrial applications of the "controlled
impact" effect.

1.1. Hammers for ordinary impact

In Fig.1.1 is shown the design of die forging propelled by compressed air. This type of
hammers are currently used in all factories for manufacturing of forgings by die forging. Its
structure is composed of many elements, some of which are exposed to a large dynamic forces
(piston, piston rod, ram). As a result, they are worn out quickly and need to be repaired or
replaced frequently. The impact time is little and the deformation of the billet is small.
Therefore to obtain a forgingseveral blows in different die beds are performed. After each blow
is received, there are a few rebounds of the ram and the related elements. This means that part
of the impact energy is spent on rebound. It is shown in [15] that 3-30% of the impact energy
is spent on rebound. If we denote the maximum hammer force with Frn and the deformation
force for a single blow with Fq, then:

if Fm > Fq = 3% of the impact energy is spent on rebound;

if Fa> Fm — up to 30% of the impact energy is spent on rebound.

Maximum force Fm is received by blow without billet between the dies and can be
calculated from expression [16]

2

P, =18880( - |° 1.2
m 1.2) (1.2)

where m is the falling parts (positions 5, 8, 9, 10 from Fig. 1.1) mass.

-8

Fig. 1.1. Die forging hammer powered by compressed air:

a) hammer scheme: 1 — anvil, 2 — padding plate, 3 — lower die, 4 — guides, 5 — ram, 6 — double-acting
pneumatic cylinder, 7 — protective cover of the cylinder, 8 — piston, 9 — a piston rod, 10 — an upper die;
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STUDY CONTROLLED IMPACT PROCESSES 7

b) hammer design: 1 — anvil, 2 — guides, 3 — pneumatic cylinder, 4 — a piston rod, 5 — ram, 6 — a frame, 7 —
springs, 8 — padding plate, 9 — rod control system, 10 — wedges

When considering the impacting bodies (ram and anvil) as an absolute elastic,

according to Hertz’s theory the following expressions —for impact time by deformation t;, time
to rebound tr,, maximum power P and time to receive the maximum force tm [15]:

ti= tior?o[ﬂﬁjTr;n_ljS [V;OJS , (1.3
0 1o Vi

e m . . .

where: T = f = 2. ¢ —elastic deformation of the two bodies; m1, m2 — masses of the
+ m, +m,

bodies; vi — impact velocity; e — coefficient of restitution; index ‘0’ denoted values obtained
experimentally for the hammer with a mass of falling parts 1t :

V.
P = 1.57(1+e)/5'm1t—l , (1.4)
th= -2t , (1.5)
l1+e
t
tm= i 16
" l+e (16)

In Table 1.1 are presented the values of P, ti, tm for hammers with falling parts from 1
to 20 t. It can be seen that with increase of the falling parts, masses ti and tm decrease, but the
deference ti — tm increases.

In [16] it is established experimentally following expression on t;

t=2.325% (L.7)
Vi
where & is the plastic deformation at the impact direction in millimeters. For example when v; =
6.5 m/s and &k = 15 mm, for t; is obtained ti = 0.00536 s.

In the 70s and 80s high-speed die forging hammers, which work with an impact speed of 12-
18 m /s, were widely spread. At these speeds is obtained modification of the parameters of the
deformation process — Fig.1.2 [17]. From Fig.1.2.a it can be seen that the coefficient of friction
decreases significantly while the speed increases — as quickly as there is an increase in the speed
to 10 m/s : from p = 0.42 at speed of 1 m/s to u = 0.10 at speed of 10 m/s for aluminum alloy, and
from p=0.42 to pn =0.17 for steel; the same is the character of change of the time for deformation
1. The inertial stresses arise at speed of about 6 m/s and have substantial importance at speed
interval 10-20 m/s. From Fig.1.2.b it can be concluded that variation of contact pressure depends
on the technological process type as the largest variations are in speed to 20 m/s.

Abstracts of Dissertations 4 (2016) 3 - 26



8 Stanislav Dimitrov Gyoshev

Table 1.1. P, ti, tm values for hammers with falling parts from 1 to 20 t [16]

Falling parts mass, t tis | Pm KN | tm s ti—tm, S
1 0.00100 | 18884 | 0.00064 | 0.00036
2 0.00126 | 27762 | 0.00081 | 0.00045
3 0.00144 | 36297 | 0.00093 | 0.00051
5 0.00169 | 50325 | 0.00109 | 0.00060
5.5 0.00175 | 53955 | 0.00113 | 0.00062
10 0.00207 | 70616 | 0.00134 | 0.00075
15 0.00245 | 105948 | 0.00158 | 0.00087
20 0.00264 | 112840 | 0.00170 | 0.00094

In Fig. 1.3 is presented design of a high-speed die forging hammer [17]. One major
drawback of these hammers is the little durability of the dies. Therefore, the use of this type of
hammers is now limited.

There is a great application of impact machines in the construction and mostly for driving in
piles. For that purpose pipe diesel hammers are used. In Fig. 1.4 is shown scheme of action of
the pump 14 for submission of diesel fuel in the combustion zone 5. Upon movement of the
plunger downward (Fig.1.4.a) the lever 10 is actuated which by means of a thumb pressure on
the plunger of the fuel pump with the result that in the zone 5 is sprayed certain quantity of diesel
fuel. When the hammer piston reaches the down position fuel fire to himself (as in diesel engine).
As a result of the explosion, the hammer piston starts to move upwards with decreasing speed
until the upper position, in which the speed is zero. Under the action of its own weight the piston
begins to move downwards and the cycle is repeated. The hammer works automatically until the
pile is driven to the necessary depth. Pile driving hammers are made with the mass of the piston
up to 2 t and with impact speed to 5 m/s. For underwater driving, hydraulic hammers are used.

The major drawback of the diesel hammers is that they can drive piles in vertical plane or
in a plane inclined at 15 degrees from vertical. In many cases it is necessary to drive under a
greater angle, for example strengthening in earthquake areas and installing of drainage pipes.

A4 T10°% MPa S MPa .
03120 ~—100
O4r16 . "0
o . | / :
)12 T 60
\ A
92 8 V4 40
a1l 4 \ / %20
’ 1\ < <! /
1 L L1
gl == 6— 0
10 20 30 4
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Fig. 1.2. Diagram amending the basic parameters of deformation process depending on the speed V;.

a) 1 —time 7 for | mm deformation of the forging; 2 — friction coefficient at extrusion p; 3 — inertial tensile stress; 4

— inertial stress in plastic field at extrusion. The lower curves 2, 3, 4 correspond to the aluminum alloy and above
curves correspond to the steel;

b) change of the contact pressure p (the lower curve correspond to the aluminum alloy and above curve correspond

to the steel): 1 — at upsetting; 2 — at reverse extrusion of massive forgings; 3 — at reverse extrusion of forgings with
thin walls

n
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Fig. 1.3. Scheme of high velocity die forging hammer: 1 — reverse hydraulic cylinders; 2 — hydraulic cylinder
of the pusher; 3 — spring shock absorbers on the frame 6; 4 — pneumatic cylinders for the front movable wall driven;
5 — stationary frame; 6 — forged moveable frame; 7 — ram forged together with the piston; 8 — security lock; 9 —
supporting hydraulic cylinders; 10 — distributor; 11 — cylinder cover; 12 — piston head; 13 — circular packing

Abstracts of Dissertations 4 (2016) 3 - 26



10 Stanislav Dimitrov Gyoshev

Fig. 1.4. Cycle of the tube double acting diesel hammer for driving piles:
a - stroke down; b - idling up

1.1. Hammers for controlled impact

Hammers for controlled impact are created by the engineer Petar Bodurov. Two types of such
hammers are built — hammer for die forging and pile driving hammer. Both are powered by
Industrial Rocket Engine (IRE). In Fig.1.5 is presented a picture of IRE and in Fig.1.6 a picture
of the die forging hammer [13]. The rocket engine works with kerosene fuel and oxidizer
compressed air. This engine can also operate with liquid or gaseous hydrogen, or only by
compressed air. By adjusting of cases the fuel rate can vary the speed of the falling parts, impact
speed Vi and energy Ei. Because of the potential for continued work of a rocket engine after
impact conditions are created for amending the nature of operation of the machine. Firstly, if
thrust R of the engine is set to be greater than the rebound force PRB will be obtained impact
without rebound, called by us “sticking impact”. Secondly, if R > PRB for the time after impact
the hammer works as a hydraulic press, i.e. the machine is a combination of hammer and
hydraulic press. The ability to change the parameters of impact for the time of impact t; is the
basis for its determination as a “controlled impact”. This question will be discussed in more detail
in Chapter 2.

Fig.1.5. Picture of the first Industrial Rocket Engine
with trust R = 2000 kg and die forged bevel gear

Abstracts of Dissertations 4 (2016) 3 - 26



STUDY CONTROLLED IMPACT PROCESSES 11

The features of the design of the rocket engine powered hammer (Fig. 1.6) are:

- mass of the ram 220 kg;

- impact speed Vi = 5-16 m/s;

- impact energy Ei = 35 kJ;

- mass of the anvil 22 t;

- hydraulic pusher in the lower die;
- work cycle 2 s;

- height of fall 1.660 m.

This hammer is used for die forging of bevel gears with a mass of 0.8 kg at impact speed Vi
=14 m/s (high velocity forging). In [18] are given the results of a study of different bevel gears
die forged on high velocity hammer (Vi =14-16 m/s), in comparison with gears produced by
machining. It turns out that the durability of the manufactured on high-speed hammer gears is
much greater than the durability of the gears produced by machining.

2. Controlled Impact Theory

In ordinary impact, there are one or more rebounds after the impact — Fig. 2.1 [19]. From that
figure the following impact parameters can be defined: impact force P; = 775 kN; time of the first
impact t; = 2.85 ms; time of impact ti = 60 ms. Other parameters of impact are: impact speed Vi,
impact energy Ei; coefficient of restitution e; rebound speed Vrg: rebound force Prg. In the case
of impact of body on plate as parameters are used the height of falling H, the height of rebound h,
mass of the body mi; mass of the plate m,. The following formulas are used for calculating the
values of these parameters:

Force [kN]
g

300 l #

2001 ‘ ” ‘.I
= , { 1 ! A

O ”L“.‘.”"Jl'“:"'lw\‘j‘f““‘f

30 40
Time [ms]

A

Fig. 2.1. Impact force diagram at ordinary impact
of the ram on steel die with Vi =12 m/s

impact energy
E; = ™% (2.1)
rebound energy

(2.2)
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12 Stanislav Dimitrov Gyoshev

coefficient of restitution at impact of body on plate

— |k _Vrs_ |ERB.
e—\/;—vi— 2 (2.3)

coefficient of restitution at impact of two bodies
e= U, — U
ViV, (2.4)

where v, v, are the impact velocities and u; u, are the rebound velocities of the bodies;
impact speed at impact of body on plate

Vv, = \/2gH, (2.6)
where g is the gravity constant;
rebound speed at impact of body on plate

Ves = \2gh ; (2.7)
impact force

Py = aymy, (2.8)

av; . . .
where a; = d—t‘ is the impact acceleration;

rebound force
Prp = aggm, , (2.9)

dVRB
dt

where agp = is rebound acceleration.

In elastic impact, when two impacting bodies are ideal elastic, neither elastic nor Kinetic
energy is lost. Hence, if H is the falling height, the rebound height h = H and e =1. Also V; =
Vrp and E; = Egp. In plastic impact when two bodies are ideally plastic, the energy is spent on
plastic deformation. As aresulth =0 and e =0; Vg = Egg = 0. This means that:

0<ec<1 (2.10)

It was found [20], [21] that at impact in deformed body elastic and plastic waves are
spread with the following speed:

_ E(1-v)
Ve = \/p(1+v)(1—2v) ’ (2.11)

for elastic waves

for plastic waves

Abstracts of Dissertations 4 (2016) 3 - 26



STUDY CONTROLLED IMPACT PROCESSES 13

do E
Vp = /E= \E : (2.12)

where: E — modulus of elasticity; v - Poisson’s ratio; p — mass density; Et (=do/d¢) is the
slope of the “stress — strain” curve.

| ~Y
) —~—y 1

Fig. 2.2. Scheme for FEM of a deformation process
in upsetting a body with cubic shape

In [21] is studied the propagation of elastic and plastic waves at impact of plate on the body
with cubic shape, using FE modeling — Fig. 2.2. Three material types for this body are used:
industrial pure lead, OFHC copper; 7039 aluminum alloy.

In Fig. 2.3 is shown the propagation of elastic and plastic waves in the deformation time for
the hstudied materials. It can be seen that the propagation speed of the elastic and plastic waves
Is closest at lead and differ most at aluminum alloy. As a result of this meeting of the front of the
reflected elastic wave and the front of plastic wave was obtained — Fig. 2.3Cc.

l Plastic wave front

| A 2

Elastic wave front——

z + | Plastic wave front | |
L T P00 0 L 3
y— X \ Fl'l*’,‘*"} Yave fropti ¥ [Plastic wave front | |
(a) (b) (c) A
1 Plastic wave front
INEEEERE
F+—1Elastic wave front
7 1 Plaslml\\jnt' t\;onll—'—
EEEEEE
T T
y X +1 Elastic wave front—— +1Plastic wave front +—
o o ) 0 18 ks T vl e |
(a) (b) (©) B

Abstracts of Dissertations 4 (2016) 3 - 26



14 Stanislav Dimitrov Gyoshev

4 Plastic wave front
W EEEEEE |

+—t—+Elastic wave front4—— Plastic wave front——
|

|

\ I . ‘
T T Plastic wave front-1—

1 ! | | Ul i

41 Plastic wave front 4|

%= S

i

=11 T
¥ - X [ T Elastic wave front+ . -
n Py

(a) (b) (c) C

Fig. 2.3. Diagrams for elastic and plastic wave propagation in: A —lead: a) t = 0.14 x 10* s,
b)t=0.61 x10*s,¢c)t=0.74 x 10* s; B — cooper: a) t = 0.58 x 10° s, b) t = 0.26 x 10 s,
c)t=0.37 x 10* s; C —aluminum alloy: a) t =0.86 x 10° s, b) t=0.2 x 10*s,¢c) t=0.3 x 10* s

This character of the distribution of elastic and plastic waves in different materials affects
the behavior of samples in upsetting. In our experimental study, at impact upsetting of lead,
cooper and aluminum alloy by using of cylindrical samples were observed different behaviors
which can be explained by the distribution of elastic and plastic waves, discussed in [21].

3. Results from laboratory experiments plastic and elastic deformation by
flattening in terms of controlled impact. Results analysis. Conclusions

Two types of experimental set-ups are used in experiments for the study of controlled impact. They
represent hammers with different ram mass.

In Fig. 3.1 is presented a photo of set-up with ram mass of 6.0-9.12 kg depending on tool
type. The anvil of the device is with mass of 235 kg. The inductive sensors 4, 5 are used to
determine the moment of inclusion or exclusion of a cold rocket engine (see Fig. 3.2). They send
a signal to the electromagnetic valve 8, which opens or closes the compressed air duct. The
maximum air pressure is p = 30 bar and can be adjusted by regulator 9. Initially the impact speed
was measured through the light sensor 11, electronic control 15, device 16, and a specially
developed computer program. Due to the relatively high error [25], [27] subsequently the speed
was measured by high-speed camera NAC Memrecam HX6 and software Vicsasso 2009.

device 16 is used to set one of the operating mode shown in Fig. 3.2. In Regime 1
ordinary impact is realized. The maximum falling height is Hmax = 1.1 m at which the theoretical
impact speed calculated by formula (2.6) is 4.64 m/s but due to the presence of friction in the
guides and air resistance the impact speed is 4.1-4.2 m/s. In Regime 2controlled impact by free
fall is realized — the impact speed is the same as by ordinary impact (4.1-4.2 m/s) but the impact
force is Pic = Pio + R. In Regime 3 an ordinary impact with high speed by operation of a rocket
engine during the downward movement is realized (during the impact the is For
determination of the maximum thrust R of the cold rocket engine, engines with diameter of

Abstracts of Dissertations 4 (2016) 3 - 26



STUDY CONTROLLED IMPACT PROCESSES 15

critical section 5 mm, 8 mm, 10 mm, 12 mm, 20 mm were manufactured — Fig. 3.3 [25]. In Fig.
3.4 [25] are presented the values of R in these five cases when air pressure is p = 30 bar. It is
seen that the greatest value of R =226 N is by 12 mm diameter of the critical section of the rocket
engine. In Fig. 3.5 [25] a diagram for change of thrust R with air pressure is presented.

The second experimental device used in our investigations is with mass of the ram 34.6-
35.7 kg depending on tool type — Fig. 3.6 [28]. It can work in the same regimes as those shown
in Fig. 3.2. Tube 9 is used for lead of the ram. The maximum height of fall is 0.8 m. echanism 4
is for keeping in upper position and putting down of the ram 3. The inductive sensors 8 are used
to determine the moment of inclusion or exclusion of a cold rocket engine (see Fig. 3.2). On the
basic plate 9 are fixed bottom tools. These tools are without guides due to very good guide of the
ram in the pipe. To set one of the operating modes shown in Fig.3.2 the same control device 6 as
at the experimental set-up shown in Fig. 3.1.

Fig. 3.1. Experimental set-up with ram mass 9.12 kg: 1 - anvil; 2 - bottom element for study of elastic impact;
3 - bottom element for study of elastic - plastic impact; 4, 5 - inductive sensors; 6 - guides; 7 - element for adjusting
the fall height; 8 - solenoid valve; 9 - air pressure regulator; 10 - starting sensor; 11 - upper part of light sensor; 12
— cold rocket engine; 13 - ram; 14 - element for actuating a light sensor; 15 - bottom part of light sensor; 16 -

electronic control device
T TASi)

841

Regime:1

Fig. 3.2. Regimes of the experimental set-up: 1— low-velociry ordinary impact; 2— low-velocity controlled
impact; 3— high-velocity ordinari impact; 4— high-velocity controlled impact
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16 Stanislav Dimitrov Gyoshev

Fig. 3.3. Photo of rocket engines with different diameter of the critical section. From left to right: Dsect = 5
mm, 8 mm, 10 mm, 12 mm, 20 mm (engine is off). The impact speed is calculated according to formula (2.13).
The theoretical value is 7.37 m/s (when R = 226N, m; = 9.12 kg), but the real speed is 6.8-7.0 m/s. In Regime 4 a
high-velocity controlled impact is realized

250

200 /\
N
/

: N\
%oo
50 \\
o ‘

0 2 4 6 8 10 12 14 16 18 20 22
®, mm

Fig. 3.4. Diagram R - Ds for air pressure 30 bar

250

/

200 /
150

-~

0 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35

p, bar

Fig. 3.5. Diagram R-p for rocket engine with critical section diameter 12 mm
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4. Results from laboratory experiments for briquetting of metal shavings
and compacted iron powder in terms of combined stroke. Results
analysis. Conclusions

For briquetting of metal chips are used mechanical and hydraulic presses with nominal force of
several hundred to several thousands of kN. To obtain briquettes with good density the ratio
H/D for different materials vary within wide limits (H / D = 0.8-0.25), where H is the height,
and D is the diameter of the briquette. The greater is the density of the briquettes, the smaller
are the losses in the transport and melting. Basic data used to evaluate the effect of briquetting
operation are specific density of the briquette (p), g/cm?, and specific contact pressure for
briquetting (p), MPa.

At briquetting with hydraulic presses [32], [33], [39] it is achieved 60-75% briquette’s
density in comparison with solid material density. The specific pressure reaches values p = 200-
400 MPa, in briquetting of steel chips.

Due to the large size of briquetting presses, large power consumption, and relatively low
productivity, methods are sought to improve the efficiency of this process. One such method is
high velocity impact briquetting.

4.1. Aim of the experiments

Metal chips and scrap metal from a thin sheet material are subjected to briquetting for two main
reasons - more efficient transport and increase the yield in melt in metallurgical furnaces. The
greater is the density of briquettes, the greater the economic performance in these two areas. It
is therefore a justified desire to search for briquetting technology through which to achieve
density briquettes close to the density of the molded metal.

Existing technologies for briquetting with hydraulic presses have reached its limits. Further
increasing the power of the press, which would increase the density of briquettes is uneconomic.

Application of hammers (air and high-speed explosives) has not found wide application
because of technical problems with the durability of structural elements and prints [34].

In [33] are presented the results of use of high velocity explosive presses for briquetting of
metal chips. The obtained briquette’s density is: for aluminum alloy - 2.2 to 2.4 (2.7 to 2.75); for
carbon steel - 5.0 to 5.5 (7.85); for alloyed steel - 5.0 to 5.5 (7.48 to 8.0) (measure unit -g/cm?).
In parentheses is given the density of the respective solid metal. As a major drawback of this
briquetting method is the impossibility of process control.

4.2. Methods

The methodology of the experiment includes the following procedures:
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e measuring the mass of chips (m) per briquetting of laboratory weighing accuracy 0.01 g;

e filling of the container and chips slightly ram for preparing a flat end face.

e briquetting with an impact velocity Vi = (4.2-7.0 m / s) + 2% in terms of “ordinary impact”
and “controlled impact”. If the speed of impact is outside the limits, the experiment is not taken
into account;

e removing the briquettes and measuring its height with precision 0.01 mm (the diameter of
all pellets is 20 mm);

- calculate the volume of briquettes K, cm?;
- calculate the impact energy E;, J;

e Calculation of specific energy of the briquettes Es by formula:

E =% Jem?. 4.1)

e Calculation the density p of the briquette according to the formula

p= % ,gr/icmd, (4.2)

e Measuring the density of briquettes by CT Nikon XTH 225 H.

Diameter of the produced briquettes is 20 mm, as it is the hole of the die for briquetting.
Diameter of the punch is 19.6 mm (Fig. 4.2). The gap between the die and the punch is left out
to ensure exit of the air that remains between the chips in the filling into the die.

Briquetting is carried out using controlled impact and with maximum impact energy of 223
J. In order to investigate their density and structure the obtained briquettes are measured,
weighed on an analytical balances and pictured on 3D X-ray tomography (Nikon XTH 225
Compact Industrial CT Scanner) — Fig. 4.3a.

Impact process is recorded with a high-speed camera Nac Memrecam HX6 - Fig. 4.3b. The
video is processed with the software Vicasso 2009 which defines impact speed (V;) and
acceleration (ai). The impact force P; and impact energy E; are calculated by formulas (2.1),
(2.8)
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Fig. 4.3. Photos of: a) 3D X-ray Nikon XTH 225 Tomograph;
b) High speed camera Nac Memrecam HX6

4.3. Materials for briquetting with “ordinary impact” and with “controlled impact”
Following materials chips for impact briquetting are selected [31], [36]:

- Armco iron with a carbon content of 0.02%;
- 0.45% C carbon steel;
-3.2% C cast iron;

- an aluminum alloy containing 0.9% Mg and 1.9% Mn;
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- 99.9% pure copper;
- 37% Zn containing brass.

In Fig. 4.4 are shown the shapes of the chips and powders. Due to the small diameter of
the container opening the chips sizes are small in length, thickness and width.

d) e) f)

Fig. 4.4. a - steel chips; b - large aluminum alloy chips; ¢ - copper chips; d - brass chips; e-
Armco iron chips; f - small cast iron chips
Contribution summary
The contribution of the thesis can be summarized as follows.

1. Analyzed and systematized in its entirety various solutions for high-speed deformation of
metals, briquetting of metal scrap and nail pilots

2. An approach to theoretical study of percussion manageable processes equations of motion
in external forces and models of the dynamics of collisions bodies

3. Performed numerous experiments on deformation of steel billets, briquetting of metal
shavings and metal dust sealing

4. The results of the experiments are verified, analyzed and optimized in order to improve
product quality and energy efficiency.

5. A method for assessing the physical and mechanical properties of metallic materials under
different parameters of impact processes

6. Has been Defined trajectories, speeds and accelerations in different modes and examined
the internal structure and density of the resulting preparations and briquettes.
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e u 3apaum

B npenocraBeHus AUCepTALMOHEH TPY/ CE Pa3IIeXIaT MPoOJIeMH, CBBP3aHU C BUCOKO

CKOPOCTHHM yIIpaBisieMH yzaapHU npouecu. llocraBeHnara 1en B TO3U TPYJ € Ja C€ U3CIEABAT

BB3MOXHOCTHUTC 3a KAaUCCTBCHU H eHeerﬁHo e(i)eKTI/IBHI/I [[G(l)OpMaL[I/ISI Ha MCTaJId U

YIUITBTHABAHEC HAa METAJIHU MaTCpHaId MMOCPCACTBOM BHCOKOCKOPOCTHH YIPaBIIICMU yaapH C
IIoMoIITa Ha pakK€THO 3aABHUXBaHEC.
OTynuTtaiiku HN3BBPUICHUA aHAJIU3 U IIOCTaBC€HaTa LIl Ca (bOpMy.TII/IpaHI/I CJICOHUTEC 3a1a4u:

1.

Ja ce aHamu3upar pa3IYHUTE BUCOKOCKOPOCTHHM pelIeHus 3a Jedopmanus Ha
MeTaiu, OpuKeTUpaHe Ha METaJeH CKparl U 3a0uBaHe Ha MHJIOTH

Ha ce mpemnoxkar MOAXOAU 3a TEOPETUYHO H3CICIBAHE HA Pa3IMYHU METOAU U
CPEeACTBA 3a pealln3alys Ha yIIPaBIIeMHU YAAPHH IIPOLECH.

Jla ce 000CHOBE MOI3BaHETO Ha MIPOTOTHUII (CTEH) C Pa3BUTa CEH30PHA, YIIpaBisiBalla
Y KOMYHMKAllMOHHA CHCTEMa 3a EKCIIEPUMEHTH B J1abopaTopHa cpeja.

Jla ce mpoBenaT eKCHepUMEHTH 3a Aedopmarusi, OpuUKeTHpaHe M YIUTbTHSBaHE Ha
00pa3uy ¢ pa3IMyHU METald U METaJIHU MaTepuaiu

Jla ce mpeu1oku METOAMKA 3a OLIEHKa (PU3UKOMEXaHUYHHUTE CBOMCTBA HA METAJIHUTE
MaTepHay pyU pa3IuyHU apaMeTpu Ha yJapHUTE MPOLECH.

Jla ce mpemIoKu alropuTbM 3a H300p Ha peXUM 3a LUGPOBO 3aCHEMaHE Ha
BHCOKOCKOPOCTHMTE yJIapHHU IMpoLiecH Ha nedopmanus u OpuKkeTupaHe.
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YBOJ|

W3cnenBanusta CBBp3aHU C yoap MEXIy JB€ Tejla I0JIy4aBaT II'bpBOHAYalHA
TEOpEeTUYHa 0OOCHOBKA BHB (DyHJAMEHTAIHUAT Tpyl Ha HioToH ,,Maremarnyecku Havaia Ha
HatypaiHata ¢unocodpus” [5]. B pesynrar Ha MpoOBEACHH EKCIIEPUMEHTH 3a YAap, CIlel
cB0OOJHO MajgaHe Ha chepuyHU Teja B MACHBHA IUIOYA, TOM BbBEXAAa ,,KOCHUIMEHT Ha
BB3CTaHOBSIBaHE” e, KOWTO U JHEC MMa TOJsIMO MpHIIOKEeHHE B Ta3u oOnact. CienBamure
pa3paboTKu OmpeAessiT ABe 00JaCTH 3a U3CIIe/IBaHe HA YAApHU SBICHUS:

- yzaap, IpH KOHUTO HE C€ OTYUTAT BHJIHOBU IPOLIECH, Thil KATO EHEPTUATa U3pa3XoABaHa 3a
TEeHEpUPAHE Ha BBJIHU € MPEeHeOpeMMO Majka. Tyk ce OTHACAT CllydauTe Ha yaap MEexXIy
nBe chepu U ynap Mexay cBOOOIHO najaia cepa 1 MacMBHA HETIOIBUKHA T1JI0Ya;

- yaap, TpuU KOWHTO ce HaOIoJaBa BB3HMKBAHE M pa3NpPOCTPAaHEHHE HA BBJIHU B
KOHTaKTyBamuTe Tena. KbM Tazu 001acT ce OTHACIT caydyauTe Ha YeleH yaap IO MpPbT,
HampeueH yaap 1o rpeaa Wik cucTemMa oT rpelid, yaap mo MeMOpaHa.

B I'maBa 1 e HanipaBeH siutepaTypeH 0030p Ha 00JIaCTHUTE 32 MPUIIOKEHUE HA YIApHUTE
IIPOLIECH.

B I'maBa 2 e HampaBeH € HampaBeHa TeopeTHYHa 0OOCHOBKA HA ,,yIPaBIsieM yaap u
ca NpeJIOKEHHM HWHOBATUBHM pELICHHE 3a IM0A00psABaHE KaueCTBOTO M HaMsUISIBaHE
SHEepruitHUTE Pa3xo/Iu MPHU U3MOJI3BaHE HA yJApPHH MPOLIECH.

B I'maBa 3 ca mamenu pe3ynTaTH OT JIaOOpaTOpPHU EKCIIEPHUMEHTH 3a elIacTU4YHa U
miacTuyHa aedopMalius, KaTo € MoKa3aHo JEeHCTBUETO Ha ,,ynpasiseM ynap“. Ilokazanu ca
MpeIMMCTBaTa Ha ,,yIpaBlseMus yaap* crpsamo ,,00UKOHBEH ynap®.

B I'naBa 4 ca HampaBeHM €KCIIEPUMEHTH 3a OpUKeTHpaHe Ha CTPY)KKHU U YIUTbTHSIBaHE
Ha )KeJe3eH npax. Pasrimeganu ca HOBU METOJIMKH 3a OpUKETHUPAHE.
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I')TABA 1. JluteparypeH 0030p 3a 00/1aCTUTe HA NPUJIOKEHHE HA YIAPHH
TeXHOJIOTHYHH MPOLeCH.

1.1. OcHOBHM 32aBHCHMMOCTH OT ME€XaHUKATA HA yAap

1.1.1. Knacuuecku paszenesxcoanusn 3a yoap na cpepa

N3cnenBanusita B Hacrosimiata padoTa ca CBbpP3aHU C KOHKPETHH TEXHOJIOTMYHM TPOIECH,
MPU KOUTO CE HW3IMOJI3BAT YAApHU CUJIM: OOEMHO IAMIIOBaHE Ha YyKOBE, OpUKETHpaHE U
3a0uBaHe Ha MWJIOTH. B MBpPBUTE JBa MpoIreca HE CE€ OTYUTAT BBIHOBH mporecu. [Ipu
3a0uMBaHe HA TWJIOTH CE HAHACAT IOCIEAOBATEIHU YETHH YAapu BHPXY MHIOT (IIPBT) C
IBbJDKAHA 6 -12 MeTpa B pe3yiTaT Ha KOETO B MWJIOTAa BB3HUKBAT U CE€ PAa3MpPOCTPAHABAT
Ha[UIBKHU BBIHMU. CrenoBaTelHO B Hacrosmiara padora € HeoOXOIMMO Ja ce H3Clie[BaT
TEOPETUYHO U EKCIEPUMEHTATHO yJapHH MPOLECH U OT JBETE 00JaCTH, IPU JOMBIHUTEIHO
BB3JICHCTBUE Ha cujaTa npuiarana ot Manycrpuanen Pakeren [suraren (UP/]).

®urypa 1. Cxema na ckopocmume npu yenmpanen yoap Ha NOCMbNAMENIHO OBUNCEWYU Ce
cpepu, 3a cnyyas f# 0

TeopeTnuHUTE pasriiekKIaHWsl Ha yJAPHUTE SIBICHHUS NPU IICHTPAJICH yIp Ha JBE
cdepu u npu yaap Ha cepa Mo MacuBHa IJI0o4ya ce Oa3upar Ha 3aBUCUMOCTH MOJTYYCHH MPH
M3IIOJI3BaHE HAa CKOPOCTUTE Ha JBMKEIIUTE Ce Tella mpeau W cien ynapa. Ha ¢ur.l e
MOKa3aHa cxemara Mpu IEeHTpaJIeH yaap Ha a8e chepu. Ako
chepute ca uaeanHo riuaaku (koedumrenta Ha Tpuene f = (), TaHreHIIMATHUTE KOMIIOHEHTH
Ha CKOpOCTUTE cieln ymapa cbiio ca Hyna. [lpu f # 0 TaHreHnuaJHUTE KOMIIOHEHTH Ha
CKOPOCTHTE ca pazNu4yHu OT Hyna. Ha dwurypara m B MO HATaThIIHUTE pa3TieKIaHUSI
ckopocTuTe Ha nBete chepu Vi, V2 mpenu ynapa ca o3HaueHu ¢ uHaekc 0, a cien yaapa c
unjekc f. Macure Ha BeTe Tena ca CbOTBETHO mi1, M.

Karo ce m3mon3BaT 3aBUCUMOCTHTE 3a MMITyJica Ha CUJIUTE B MOMEHTa Ha yaapa, 3a
KoeHIMEeHTa Ha Bb3CTAHOBSIBAHE e TPH yaap Ha aBe chepw, ce moayyara [1,2,3,4,5,6]

(Vz,xf _Vl,xf )
(Vl,xo _Vz,xo)

€= (1.1)

[Tpu uneamno Bpau Tena Vixo = Vixr; Voxo = Voxru e = 1. [lpu uaeaiHo miacTUYHU Tea
Vl,xf= V2,xf ne=0.
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3a ciayuas Ha yaap Ha cdepa mo HemoaBM)KHA MacuBHA Tioda Vaxo = Voxr= 0 u 3a
Koe(HIMEeHTa Ha Bb3CTAHOBSIBAHE CE€ MOJy4aBa (aKo Ce pasriiexaaT abCOoIIOTHUTE CTOMHOCTH
Ha CbOTBETHUTE CKOPOCTH)

(Vi)

€= (1.2)
1,x0

[TbpBOHAYaNHO C € mpuemMallo, 4e Koe(pUIUEHTHT Ha Bb3CTAHOBSIBAHE 3aBUCH CaMO OT
CBOMCTBaTa Ha MaTepuajga Ha yApAmmTe ce Tena. [lo-TouHuTe npecMmsATaHUs, Y€ TO3U
KOE(DUIIMEHT 3aBHCH U OT MacaTa, (hpopMara U OTHOCUTEIHUTE CKOPOCTU Ha yJPSAIINUTE Ce Tela
[7]. Hanpumep, B [8] ¢ moka3aHo, 4ye KOC(PHUIMCHTHT HAa BH3CTAHOBSBAHE MUMa IMO-TOJIEMH
CTOMHOCTH TpW yaap Ha JBe cdepu OT Marepuaji, YyBCTBUTEIEH KbM CKOpOCTTa Ha
nedopmarys, OTKOJIKOTO TP MaTepHall HEUyBCTBUTEIICH KbM TO3H IapamMeTsp. [7]

1.2. YaapHu TeXHOJOTHYHHU MPOIECH 32 MJIACTHYHA Tedopmainus

YykoBeTe 3a KOBaHE ca I'bPBUTE IPOM3BOJCTBEHHM MAIMHU 3aJBWXKBaHH ¢ mapa. OT
cb3maBanero uM mpe3 1837 r or [xeiimc Hecmur (James Nasmyth) mo cera te He ca
NPETHPIENN CHINECTBEHH H3MEHeHHs. UykoBeTe 3a ropemio 0O0EeMHO IamIioBaHe, KOUTO
KOHCTPYKTUBHO C€ pasziMyaBaT OT YyKOBETE 3a KOBAaHE, C€ M3IIOJI3BAT 3a MOJy4YaBaHE Ha
JeTaiiin CbC cIoXkHa ¢opmMa B HIKOJIKO mpexoma (mo 4 mnpexona). ChBpeMeHHHTE
KOHCTPYKIIMM YYKOBE 32 KOBaHE C€ 3aJBUKBAT CbC CI'bCTEH BB3IYX, a UYYKOBETE 3a
IIAMITOBAHE C BB3JIyX WU TEYHOCT I10]1 HAJISTaHE.

Haii-ronemu npousBoautenu ca Pycus, I'epmanus, Aurmus u CAIl. Ha ¢wur. 4.0 [19] e
MOKa3aHa KOHCTPYKIUS Ha ChBPEMEHEH UyK 3a IIaMIIOBaHE, 3a/IBHJKBAH ChC CT'BCTEH BB3/IYX.

Karo TMmnM4HO ynapHM MallMHU YYKOBETE€ CE€ XapaKTepU3UpaT ChC CIEAHUTE OCHOBHM
MOKa3aTeIu: eHeprus Ha yjapa (B kJ), Maca Ha nmajamure 4acTu (B t) U CKOPOCT B MOMEHTA Ha
yaapa (B m/s). Be3ayniaure 4ykoBe UMaT CKOPOCT Ha yaapa 5-9 m/s, a XuapaBaudHuTe 3-5
m/s, npu Maca Ha najgamure gact 10 50 t (Haii-uecto 1.5 — 25 1).

B pesynrar Ha yaapHOTO HaTOBapBaHe NpU padOTa BH3HUKBAT €IaCTUYHU BBIHHU, KOUTO CE
pasnpoCTpaHsBaT B YaCTHTE HAa KOHCTPYKIUATA. B 3aBUCHMOCT OT cOOCTBEHaTa 4ecToTa Ha
OTJICIHUTE YacTH, T€ MOTIbINAT onpeaeneHa Ey yacT ot eHeprusita Ha ynapa E

mV 2
2

E= v KJ, (1.19)

kbaeTo m (N) e MacaTa Ha maJanyTe 4yacTu, a V (m/s) € CKOpOoCTTa Ha T€3HW YaCTH B MOMEHTA
Ha ynap.

B pabotute e mokazano, ye Haii-rossiMa 9acT oT E; ce morisina OT 4YacTUTE ¢ Hail-HHUCKa
YecToTa Ha TpenTeHe (HakoBamHs). B 3aBUCHMMOCT OT CTemeHTa Ha MpeTOBapBaHE Ha
MaIllHATa CHEPTHTA 33 Pa3POCTPAHCHHE Ha eTACTUYHH BBJIHM ¢ B Tpanurmre Ha 3 — 30 %
[2], KaTO KOJKOTO MO-TOISIMO € TIPETOBAPBAHETO, TOJIKOBA TO-TOJISIM € TO3H TpotieHT. [lopaau
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ToBa B [42] ce mpemopbuBa Aa ce€ padOTH ChC CHIIM, KOUTO Ca MO-MaJKh OT MaKCHMaJlHaTa
cuna Pm (cunata, KosiTO ce mojy4yaBa rpu yjap 0e3 3arotToBka).

Cunara P, ce u3uncisBa OT TEXHOJIO3UTE MPH pa3pabOTBaHE HA TEXHOJIOTUYHUS TPOIIEC 3a
mamnoBane. Buka ce, ye npu uyk ¢ Majka maca Ha nagamure yacta Qi1 (1o 4.5 t) Pm > Py
ToBa o3HauaBa, 4e mpecMeTHaTa cuiia 3a fedopMupaHe 1e 0be Mmo-Majika OT MaKCHMAallHATa
CHJIa, T.€. YyKbT HSIMA Jia C€ MIPETOBapBa M €HEPrusTa 3a pa3NpocTpaHeHHEe Ha BBJIHHU 11 Obe
okoJo 3 % - npenedpexumo Manka. [Ipu yykoBe ¢ Maca Ha majamuTe 4actu Hajg 4.5 t BUHaru
1ie UMa MPeToBapBaHe U roisiMa 4acT OT eHeprudra E 1ie ce u3pa3xojBa 3a pa3npocTpaHeHUE
Ha enacTu4HH BBJIHU: 10 30 % mpu Q1 = 25t.

ToBa o3Ha4aBa, ye 3a Ja ce MoJiydrd HeoOXoauMmaTa cTerneH Ha nedopManus e TpsoBa
Jla C€ HaHACAT HAKOJIKO YyJapa, MpU BCEKHM OT KOWTO ce€ IMOojJy4yaBa NpETOBapBaHE Ha
€JIEMEHTUTE Ha YyKa(B Hal-TOJsMa CTENEH Ce MpeToBapBa OyTalHUS MPBHT, KOETO BOAU JIO
pa3pylIaBaHETO MY U YECTH CMEHHU).

Bb3 ocHOBa Ha eKClIEpUMEHTATHU W TEOPETUYHM H3CJICBAHUS Ca TMOJIYYCHU CJICIHUTE
npubnusurennu uspasu [20, 21, 22, 23, 24]:

3a KpuBara Pm

2
3
Pm= 18880 1% (1.20)

3a BpeMEeTO Ha yaapa 0e3 3arotoBka (Hail-Majako BpeMe 3a ynap) ty
Q
t, = 0.001] =L 1.21

7
N

-8

~T

il

|

i
s

4 4
xm/
S

R} § 4
7 L 1

a) 0)
durypa 2. a)nHesmamuyer YyK 3a WamMnosane: a) cxema Ha 4yk: I —Haxosanns, 2 —
noonodicHa nioya, 3 — 0onHa wamna, 4 — nanpaenasawu, 5 — OOUHUK, 6 — 080UHO Oelicmeauy
nHesMamuier YuiuHowvp, 7 — npeondaseH Kanaxk Ha yuiunovpa, 8 — oymano, 9 — 6ymanen
npvm, 10— 2opna wamn
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1.3. bpukeTHpaHe Ha METAJHH CTPYKKH € yAap

TexXHOIOrHYHUST nmponec Ha 6pI/IKeTI/IpaHe CC HU3IIOJI3BA 3a YIUIBTHABAHC Ha HACHUIIHU
METAJIHA YacTULU (CTPY>KKH, OKaJMHA U YT OTHAAbK OT METAIyPIrHYHOTO IIPOM3BOJICTBO),
IbPBEHU CTPYKKHM, ABPBEH WM BBIVIMILEH IpaX, NPU KOETO €€ IOoIydyaBaT OpUKETH C
paznuuHa Qopma (Hai-4ecTo UWIMHAPUYHA). 3a Na ce Mmoixydar OpUKETH C J0CTaThuHa
IUTBTHOCT ¥ SIKOCT TIPHU TbPBEHUTE U BBHIJUIIHU OPUKETH ce JOOaBSIT CBBP3Ballld BEUICCTBA
(mo 10 % ot macara Ha OpuKkeTa), a MPU METAIHUTE OPUKETHU CBBHP3BAIIUTE BEIIECTBA CE
M3IIOJI3BAT CaMO B OTACTHH Cly4ail. BUCOKOCKOpOCTHO OpHMKETHMpaHEe Ce H3IO0JI3Ba CaMO B
CIIy4auTe HA METAIIHU OPUKETH.

B HacTosmmMs MOMEHT 3a MOJTydaBaHE HAa OpUKETH OT METAJIHU CTPYXKKH WIN JAPYTH
MCTAJIHU YaCTULU CC HM3IOJI3BAT MCXAHWYHU WM XHUAPABJIWYHU HPCCHU, KOMILUJICKTOBAHU C
yCTPOICTBA 32 aBTOMATUYHO J0o3upaHe. Te3u OpUKeTH ce MPOU3BEKIAT CaMO C HUIMHIPUIHA
dopma. [Topaau HeegHAaKBaTa CTPYKTypa HA HACHUITHHUTE CTPYXKKH, JTO3UPAIIUTE YCTPOMCTBA
HE MOraT Ja OCUTYPAT JOCTaThYHO TOYHO JO3MpaHE, B PE3yJTaT Ha KOETO C€ IOJydaBa
HEpaBHOMEPHO 3aIlbJIBaHE HA MaTpHIiaTa. MeXaHUYHUTE MpecH (KOJISTHOBU M €KCIIEHTPUKOBH )
UMaT TOYHO OMpEeNieH XOJ, opaJyd KOETO CE MOoJy4yaBaT OPUKETH C pa3jiMyHa IUTbTHOCT.
[Tpu XuIpaBIUYHUTE MPECU pas3iiMKaTa B JO3HPOBKATa Ce OTpa3siBa caMO Ha BHCOYMHATA Ha
OpuKeTHTe, KaTo IUTBTHOCTTa € IMOCTOsHHA. [lopaaM ToBa XHIpPaBIMYHUTE IPECH 32
OpuKeTHpaHe ca HaMEPWJIM I[O-IIMPOKO PA3MPOCTPAHEHUE OT MEXaHWMYHHUTE, KaTo ca
pa3pa60TeHH KOHCTPYKIMHM Ha BCPTHUKAJIHHM MW XOPHU3OHTAJIHU XUAPABIWYHHU IIPECH.
XOpHU30HTAIHUTE TPECH ca IMO-JIECHW 3a aBTOMATH3aIls, 3aTOBAa C€ IPEANIOYUTAT TIPe
BCPTUKAJIHUTC. Ocsen TOBA, IpPHU XOPHU3OHTAJIHUTC XHUAPABIWMYHU IIPECH MOKEC Oga CC
OCBIIECTBH KAKTO €HOCTPAHHO, TaKa M JBYCTPAaHHO YIUIbTHSBaHE Ha mMaTepuana. Ha dwur. 6
[63] e moka3zana cxema 3a OpUKeTHpaHE Ha XOPU30HTAIHA XUAPABIUYHA [TPeca C €AHOCTPAHHO
yILTHTHSIBAHE.

B Tab6numa 2 [63] ca qageHH TEXHUYECKH MapaMeTPH HA XOPH3OHTATHU XUAPABIUYHH
mpecH 3a OpuKeTHpaHe, ¢ pa3uvyHa MaKCUMaHa CHWJIA, JIeHCTBaIla BbPXY YIUTBTHSBAIIOTO
Oytano. Bmkna ce, 4e ToBa ca rojleMH MallliHU, C Maca HIKOJIKO JIECETKH TOHA U MOIIHOCT Ha
JBUTATENS CTOTHIM KuitoBaTu. C HapacTBaHe Ha cujiaTa npousBoauTenHoctTa (t/h) HapacTsa,
HO CJIe]] TOBa HaAMaJIsIBa, BBHIIPEKH YBEIUYCHUTE pa3MepH U Maca Ha efauH Opuker. ToBa ce
IBIKY Ha HaMalsiBaHE CKOPOCT Ha MpeMEecTBaHE Ha YIUThTHSBALIOTO OyTano ¢ HapacTBaHE
Ha cHJaTa.

CtpyXKuTe, KOUTO C€ MOJy4yaBaT B JIOCTATHYHO TOJEMH KOJIUYECTBA, 32 J]a C€ MOAJIOXKAT
Ha OpUKeTHpaHe, ca OT: Pa3lIMYHU BUJOBE CTOMAHM, BKIIOUUTEIHO W JIETUPAHU CTOMAHH,
YYT'yH; aIyMUHUHN (YUCT aTyMUHUN U ATyMUHHEBU CILIABHU);

MEO U MCCHUHT. BvB BOeHHUTE 3aBOAM CC IMOJy4daBaT B T'OJIEMH KOJIUYCCTBA CTPYXKKHU OT
THUTAHOBU N MOJ'H/I6)1€HOBI/I CIIJIaBH.
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Tabnuna 2. TexHuueckn XapakTepUCTUKN Ha XOPU30HTAIHH XUAPABINYHHU IPECH 3a

OpuKeTHpaHe
Cuma, KN 2500 | 6300 | 12500
Hansrane, bar 200 | 160 160
Maca Ha OpHKET OT YyTyH, Kg 2.5 12 31
JuameTsp Ha OpukeTa, mm 100 | 150 230
[TpousBoautennocrt, t'h 1.5 12 8
MomHocT, KW 31| 112 285
Maca, t 9 27 92

R

mesm——

®@urypa 3. Cxema 3a ynivmuseamne Ha CMPYICKU HA XOPUZOHMATHA XUOPABTUYHA Npeca 3a
bpuxemupane: a — u3X00HO NOLOJCEHUe, 6 — npemecmeane Ha mpadoevUHUNMe NOAHCOHU, 6 —
HA4ano Ha YNIbMHABAHE 8 MAMPUYAMa, 2 — Kpail Ha YNIbMHABAHEMO, O — U38ANCOAHE HA
bpuxema, e — omeedxcoare

1.5. ChumHOCT ¥ TEOPETUYHH OCHOBH HA yNpPaBJisieM yaap

3a M3MBJIHEHHE 1Ie]Ta Ha HacTosIara pabora € He0OXOJUMO Jla ce€ MPOBEAAT CICIHHUTE
TEOPETUIHH U3CIICABAHUS B 00JIACTTa HA MEXaHHUKATa Ha yJIaPHH MTPOIICCH:

- OlIpeIesIsTHE CHUJIaTa Ha OTCKOKA Pore, ClleT Kpas Ha JABMKCHUE Ha YIPSIIOTO TSUIO HAIOTY
(ckopocTTa Ha IBMKEHUE HAJ0Ny € paBHA Ha Hyna). Ta3u cuia e B pe3yaTaT Ha JeHCTBUE Ha
enacTUYHu Jaedopmanuy, KOUTO 3aBUCAT OT KoeHIMEeHTa Ha Bb3cTaHOBsiBaHe e. [lpu
u3BecTHa cuina P MOXe na ce ompeneinn HeoOXoauMmara peakThBHa cuia R, 3a nma ce
perynupa yJaapHus MpoLec B )KeJTaHUTE TPaHULIH;

- OTpeeNsIHe CKOPOCTTa Ha yaap Vo MpH:

a) JeicTBUE HA JOMBIHUTEIHA CHIIa R Tpe3 pa3uuHu eTany Ha JIBIKCHHE Ha
I1a/1al0TO TSJIO;

0) pa3IMYHU 3aKOHU Ha CHIIPOTUBJICHHE HA CpeJiaTa B KOSTO CE JBMKAT YAPAIIUTE ce Tela.

ToBa e HeoOXOOUMO 3a Ja MOXKE Jla Ce IPECMETHE eHEeprusita Ha yjaapa IpHu
eKCHepI/IMeHTaJ'IHI/I n3cijieaABaHuss " HpI/I n3CJieABaHEC Ha pazrnemﬂaHHTe TCXHOJIOTUYHHA
MpUIIOKeHUs (00eMHO IIaMIIoBaHe, OpuKeTHpaHe, 3a0MBaHe Ha MUJIOTH Ha CyIIa U TIOJT BOJIA).
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1.5.1. Onpeodenane cunama na omckoxka Pomc Ha wWgamnosvuen yyx

Cunara Ha OTCKOKa MOXKE Ja ce ompenenu 1o 3akoHa Ha Hroton F= m.a, ako ce usBene
(bopmyria 3a mpecMsATaHe Ha YCKOPEHUETO MPHU  yaap ay. [Ipu uaeantno enactuynu tena (e = 1)
[s1aTa €Heprus ce M3pa3xojiBa 3a elacTUdHa jAedopmaius mopaad KOeTo MOXKe Ja ce
npueMe, 4e cuiiata Ha OTCKOKa Ine Obe paBHaA Ha cuiiara Ha ynapa Fy, T.e.

Porc = Fy = may, (1.31)

KBJIETO M € Macara Ha yAPAIIOTO Tsu1o (TaamuTe 9acTu Ha MamuHaTa). [lpu 0 < e < 1 gacr
OT eHeprusTa ce W3pa3XxoJBa 3a IUIACTHYHA Je(opMaIlis, KOATO YacT € TOJKOBA MO-TOJIsIMA,
KOJIKOTO MO-MaJIKU CTOHHOCTH MMa KOe(PUIIMEHTHT Ha

BB3CTAHOBSIBaHE ¢ (TPH UACATHO IUIACTHYHO TsUI0, Korato ¢ = () Isu1ata eHeprusi Ha yaapa ce
u3pasxonBa 3a IuactuyHa gedopmaims). B To3u ciaydail yCKOpPEHHETO ay e 3aBHCH OT
KoeHIMEHTa e, T.€. ay = f(e) u

Pore = F’y=may(e). (1.32)

3a ompenensiHe Ha YCKOPEHUETO ay(e) M3Moyi3Bame KBajpaTHOTO ypaBHeHue (1.89) 3a
CKOpPOCTTa Ha OTCKOK Ha HAaKOBAJIHSTA HA IIaMIIOBBYEH YYK V1,1, OT KOETO CE€ M0JIy4yaBa

v 2em Vo + (ae2mv2, —am,V 2 (m, +m, Yo7, +¢* —1)f*
" 4(m1 + m2 )

(1.33)

KBETO: V2,0 € CKOPOCTTa Ha yzaapa; mi, My ca Macara Ha HAKOBAJIHSITA U HA MAJAIUTEe YaCTH
CBHOTBETHO; i — K.IL.JI. Ha yJapa.
Crnen npeobpa3ysane Ha (1.33) ce moiryuaBa

V,, = Vz.o(ezmg —m,(m, —m, )(77i +e’ _1))‘/2 (1.34)
3a V2 ce nosyuaBa

R
Va0 = [29S m—+1 (1.35)

2
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I')TABA 2. Teopusi Ha ynpasJsieM yaap.

2.1. Iles Ha M3cJIeIBAHUATA
3a W3MBJIHEHHE LIENTa Ha HACTOsAIlaTa JAUCEpTalus € HeoOXOIuMO Ja ce MpoBeAar
CIICTHUTE TEOPETUIHH U3CIICABAHUS B 00JIaCTTa HA MEXaHUKATa HA YIapHU MPOIICCH:

- OIpeJIeNIsIHE cuiaTa Ha OTCKOKA Pore, CI€ Kpasi Ha IBM)KEHUE HA YAPSIIOTO TSAJIO HAJA0Ty
(ckopocTTa Ha ABMKEHUE HAJIONY € paBHA Ha Hysa). Ta3u cuiia € B pe3yJsiTar Ha JeHCTBUE Ha
enacTuYHu JaegopMalui, KOUTO 3aBHUCIAT OT KOEPHUIIMEHTa Ha BB3CTaHOBsBaHE e. [lpwm
u3BecTHa cuia Porc MOXe Ja ce ompeaenn HeoOXoauMmara peakTHBHaA cuia R, 3a ma ce
peryiaupa yaapHus Ipolec B KeJIaHUTE TPaHUIIN;

- OIIpeIeNIsIHE CKOPOCTTa Ha yaap Vo Mpw:

b) neiicTBue Ha nONBIHHUTENHA CUIIA R Mpe3 pa3nuyHu eTany Ha IBUKCHHE
Ha NaJaIioTo TIO;

0) pa3IMyHU 3aKOHH HA CHIIPOTHBJICHUE HA CPeJlaTa B KOATO CE JABMXKAT YAPSIIUTE CE Tea.

ToBa e HeoOXOAMMO 3a Ja MOXE Ja C€ MpPecCMETHE CEHeprusita Ha yjaapa mOpu
EKCIICpUMCHTAJIHA M3CJICIBAaHUS W TPU M3CJICABAaHE Ha Pa3MICKIAHUTE TEXHOJIOTHYHH
MpUIIoKeHUs (00eMHO IIaMIoBaHe, OpuKeTupane, 3a0MBaHe Ha MUJIOTH Ha CyIIa U TOJI BOJA).

2.2. OnpenensiHe CHIATA HA OTCKOKA Porc HA IAMIIOBBYEH YYK

2.2.1. Kunemamuuen nooxoo

Cuwiata Ha OTCKOKa MOXeE J1a ce ompenenu mo 3akona Ha Hroton F= m.ay, ako ce u3Bezne
dbopMyIa 3a npecMsTaHe Ha YCKOPEHUETO MpHU  yaap ay. [lpu naeanHo enacTU4HO TS0, KOETO
ce yAps B HAeaTHO TBBPIO TsaAMo (e = 1) msanata eHeprus ce M3pa3Xxoj/iBa 3a eNacTUYHa
nedopMmarus Ha yAPAIIOTO TSUIO, MTOPaTU KOETO MOXE Jla Ce MpUEMe, Ye CHllaTa Ha OTCKOKa
e Ob/Ie paBHa Ha cuiarta Ha ynapa Fy, T.e.

Py = E, =ma, (2.1)
KBJIETO M € MacaTa Ha yJpsnioTo Tsio (majgammure yactu Ha mamunara). [Ipu 0 < e < 1 gacr
OT €HEprusiTa ce M3pa3xojBa 3a IUIAaCTUYHA AedOopMaIlrsi, KOSTO YacT € TOJIKOBA MO-TOJIsIMa,
KOJIKOTO TIO-MaJIKH CTOHHOCTH WMa KOE(PHUIIMEHTHT HAa BB3CTAHOBSIBAaHE e (MPU HUICATHO
IJIACTUYHO TsM0, korato e = 0 1syiata eHeprus Ha yaapa ce HM3pa3xojBa 3a IJIacTH4YHA

nedopmanus). B To3u ciiyyait ycKOpeHHETO ay Iiie 3aBUCH OT KoeHIIUeHTa e, T.€. ay = f(e) u
Pore = F’y=may(e). (2.2)

[Tpu MamMHHM YyKOBe yapsiiara (Majaiia yacT - OOMHUK) U YAPSHOTO TsUIO (HAKOBAJIHS)
MOJXKE Jla C€ MpUeMaT KaTo HJeaTHO-CIIACTHYHH Tena. Mexay TAX ce TOCTaBs Harpsta 10
Bucoka Temmeparypa (900 — 1200 °C) cromaneHa 3aroToBka (Haii-4ecTo), KOSATO € C TONIIMa
TUTACTUYHOCT W TPETHPISBA TOJEMH IUIACTHYHH JeQopManuu. YCTaHOBEHO €, Y€ B TO3H
ciydail koeUIIMEHTHT Ha BB3CTaHOBsiBaHe € B Tpanurure e = (.05 — 0.30. Twii karo
KOJIMYECTBOTO OT/AaJieHa eHeprus 3a jaedopMaliusi, IpeJCcTaBsIHO ¢ K.II.J. Ha yJaapa 1] 3aBUCH
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OT OTHOILIEeHUeTO M/m, KpaeTo M e Macara Ha HaKOBaJIHATA, 4 I € Macara Ha OOMHUKA, TO
IIpH MO-HATATBIIHUTC PA3TJICKIAHUA CC B3CMAT IPEA BUA U TC3U MMAPaMCTPHU.

3a ompenensHe Ha YCKOPCHHETO ay M3IOJ3BaMe KBaapatHoTo ypaBHenue (1.89) 3a
CKOpPOCTTa Ha OTCKOK Ha HAKOBAIHSTA Ha IIAMIIOBBYCH 9YK V1,1, OT KOETO C€ MOJIydaBa

2em\V, o+ [4e2m2v 2, — am, V2, (m, +m, g, +e? =1}

11 —

Am, +m,) ’ (23)

KBJIETO: V2,0 € CKOPOCTTA Ha yapa; mi, M2 ca Macara Ha HAaKOBAJTHATA M HA MAJAlUTE YaCTH
CBHOTBETHO; i — K.IL.J. Ha yjapa.
Crnen npeoOpa3yBane Ha (2.3) ce moxy4aBa

Vy (em2 + [e2m22 —m,(m, +m, )(Ui +e? —1)]]/2)
" 2(m1 + mz)

, (2.4)

2.2.2. Enepeemuyen nooxoo

[lpy ymap Ha TS0 B HEMOJIBM)KHA HJCATHO TBBPJAA IUIOYA W HJICATHO EJIaCTHYCH
MaTepHall Ha MaJanioTo TaI0 ¢ Maca m (KoeUIMEHTHT Ha Bh3CTaHOBsABaHe ¢ = 1, h = hy) 3a
OanaHca Ha eHeprusATa Npeau U ciel yaapa ce nmoaydasa [29, 30, 31, 32, 33]

mv 2
2° =P,h (2.14)

KbIeTO Porc € CHIIAaTa HA OTCKOK, a h € BUcOYMHAaTa Ha majaHe. 3a cujaara Ha
OTCKOKa ce TIoJTyJaBa

mv,’

o (2.15)

POTC =

IIpun enactuuno-mactuueH yaap 0 < e < 1 u xato ce B3eMe mpes BUM, Ue e? = hi/h
KbJeTo h1 e BUcounHaTa Ha OTCKOKaA , 3a h ce mony4aBa h = hi/e?. Cnen 3amecTBaHe B (2.15)
1€ MOJYYUM

me’V,
2h,

Porc = (2.16)

[Mpu e =1 (2.16) npemunasa B (2.15), Thii kaTo 3a enacTudeH oTckok h1 = h, a mpu e = 0,
Pore = 0.

®opmyna (2.16) mMoxe Aa ce HW3MOI3Ba 3a ONpEeNsHE cujaTa Ha OTCKOKa, ako II0
eKCTIEpUMEHTAJICH BT ca MOJyYeHH JaHHHU 3a BUCOYMHATA HA OTCKOKa hi.
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2.3.4. Ypasnenus 3a osusricenue na 4yk zaoeuxncean ¢ HP/]

A. CujaTa Ha ChIPOTHBJIEHHETO 3aBUCH OT KBA/IPaTa HA CKOPOCTTA
a) Cnyuait V < g

, C,=—arth
a  ch[C] B

9000

_ 1, chip(et+C))] 1 (\ﬁ J
S A 5]

8000}

7000 |

6000/ Vo=3000 m/s

5000}/
V 40001/ Vo= 2000 m/s
3000

Vo~ 0 m/s

1000 f

1 1 L i L L 1
0 20 40 60 80 100 120 140 160 180 200

t
®urypa 4. ['paduuno npecTaBsiHe U3MEHEHUETO HA CKOPOCTTA, KOTaTo
CBHIIPOTUBIICHUETO HA CpejlaTa 3aBUCH OT KBaJlpaTa Ha CKOPOCTTa, IPU
V < B utel0,200]
0) Cnyuait V >

holp SHA@C) (o 1 arcth(\ij. (2.41)
a sh[AC,] B B
B. szama Ha CvbnpomueieHuemo 3a6ucu JluHeIZHO om cKkopocmma
1
h="In (vo —lj(l—e“‘) Ly (2.42)
(04 (04 (04
S50 Vo= 3000 m/s . -

=9 g
ol Vo = 2000 m/s

v
2000

1500

1000 Vo-0 m/s
500

0 L 1 1
0 02 04 06 LX) 1 12 14 16 18 2

t

®urypa 5. ['paduuHO npecTaBsiHe N3MEHEHUETO HA CKOPOCTTA, KOTaTo
CBHIIPOTUBJIEHUETO HA CpejlaTa 3aBUCH OT KBaJlpaTa Ha CKOPOCTTa MIPH
V<pute02]
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2.6.2. H3cnedsane 61uanuemo Ha CKOpOCMma Ha yoapa evpxy napamempume Ha
dehopmayuonnus npoyec npu cnjiecKeane

W3cnenBan € MuIMHAPUYEH OJIOBEH oOpasell ¢ auameTsp 28 MM u BucounHa 42 mm (H/D
= 1,5). MarepuanHure XapakKTepUCTHKH Ha oOpasera ca: MOAYJ Ha eJIacCTHYHOCT Ha
nunerinute nedopmaruun E = 17 GPa; koedumment na IloacoH v=0.42; KOHCTaHTH B
sasucumoctTa (1) k=38.1391 MPa, n=0.2742; obemua mibTHOCT p = 11340 kg/m®. 3a
Koe(ullMeHTa Ha TpPUEHE MO KOHTAKTHHUTE IOBBPXHUHU ¢ Tmpuera croiHocT 4= 0.5.
Pasrnemanu ca ciaydam mpu pa3nnyHa HavamHa CcKopocT V. u maca M Ha OoifHWKa
(Tabnuua 2.3) Taka, ye KHHETHYHATA CHEPrUsl Ja Ce 3ala3d IOCTOSHHA ChC CTOWHOCT
Ex=47.46 J.

B Tab6nuua 8 ca orpazeHu U MOJYyYECHUTE OT CUMYJIALUATAa CTOMHOCTH 32 Umax (Umax
= Ho — Hk, xpaero Ho, Hk ca HauanHaTta u KpaliHa BUCOYMHA Ha jJedopMHUpaHus oOpaselr),
BpeMeTO 3a ToBa ciuleckBaHe ! u (opmata Ha Ne)OPMHMPAHOTO HAITHKHO CEUeHHE HA
3aroToBKara (M3IOJ3BAaHU ca O3HaueHusATa: b — 6bpuBo0Opazna popma, b-I' — 6puBOOOpa3HO-
re0000pazHa gopma, I' — re0000paszna hopma).

I'paukuTe Ha 3aBUCUMOCTHTE Umax —V 1 t" —V ca mokasanu Ha ¢ur. 32. OT Tax clejBa,
Yye CIUIECKBaHETO Ha oOpaszera ci1abo HamalsBa C yBEIMYaBaHE Ha HadyajgHaTa CKOPOCT Ha
ylapa, KaTo 3a el MHTEePBAl Ha M3MEHEHHE Ha CKOPOCTTa HamalleHHueTo € okono 18 %.
Toa Ou MorIo Aa ce 00sCHU Ype3 TeopemMara 3a KHHETUYHATa eHEepPIusl, MPUIIOKEeHa 3a YyKa.
Crnopen Hest HaUaTHATa KHHETHYHA €HEPrusl Ha TOBa TSJIO (IIOCTOSIHHA MTPU BCUUKH CKOPOCTH)
€ paBHa Ha paboTaTa Ha KOHTAKTHAaTa CHJa. AKO C€ MpPOCJIeIu U3MEHEHHETO Ha Ta3u Ccuia
(¢ur. 32) ce BiwkIa, 4Ye B HAYAITHUS HHTEPBAJ TS UMa UMITYJICEH XapaKTep, KATO MAKCUMYyMBT
Il ce yBenuyaBa C yBEJIMYaBaHE HAa HayajlHaTa CKOPOCT Ha y/apa, A0KaTo I0-HaTaThbK HeilHaTa
CTOMHOCT IOYTH HE 3aBUCHU OT cKopocTTa. Clie1oBaTeIHO CpeiHaTa CTOMHOCT Ha KOHTaKTHaTa
CWJIa TPU TO-TOJEMH CKOPOCTH 1€ c€ yBeaudaBa M 3a Ja Obae padorara il MOCTOsHHA,
MIPEeMECTBAHETO TPSOBA J1a HaMaJIsIBa.

Tabnuua 8. [Tapamerpu u pe3ynraTu ot

CI/IMyJ'IaI_[I/II/ITe
45
* = ——u
(n:?s) m (g) | Umax(mm) (rfws) popma 4 i |
3.125 9720 42919 |249 |B *
6.25 | 2430 |4.2464 |126 |B :
9.375 | 1080 |4.1665 |0.86 |B &
125 4.0643 | 067 |B-T 2
607.5 15
15.625 3.9505 |057 |BT ) \
388.8 " T
18.75 38229 |05 |BT .
0 5 10 15 20 25
270.0 ®durypa 6. 3asucumocm Ha Umax U
epememo t* om HavaiHama cKkopocn Ha

yoapa
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Bpemero 3a nedopmanms HamansBa Obp30 C YBEIMYaBaHE HAa HAyalHATa CKOPOCT Ha
yJapa, KaTo Ipu CKOpocT 25 M/s HamaneHueTo npudausutesiHo 84 %, B cpaBHEHUE ¢ BPEMETO
3a nedopmariust CbCc CKOPOCT Ha OoiiHuKa 3,125 m/S. 3a To3u ciaydail 00sICHEHHE MOXKeE Ja Ce
Jaje, KaTo ce U3MoJ3Ba TeopeMara 3a HMITYJICUTE, MPHIOKEeHa 3a OoitHuka. OT Hes clie/iBa,
4Ye BpPEMETO 3a CIUISCKBAaHE 3aBHCH OOpATHO MPOIMOPIUOHAIHO OT TPOU3BEICHUETO HA
HayaJHaTa CKOpPOCT Ha OOWHMKAa W CpeJHaTa CTOWHOCT Ha KOHTakTHata cwia. [lpu
YBEJIMYaBaHE HAa CKOPOCTTA, KaKTO MO-rope Oeiie 00SCHEHO, HapacTBa M CpeaHaTa CTOHHOCT
Ha KOHTaKTHATa CHJia, CIEJOBATEIIHO BPEMETO 3a CIUIECKBAHE I1I¢ HaMaJIsIBa.

[Tpu mo-mankuTe HAYaTHU CKOPOCTH Ha ynapa ¢gopmara Ha nedopMupane Ha obpaszena e
O0puBOOOpa3Ha. Karo mpuumHa 3a TOBa MOXKE Jla C€ MOCOYM HAJIMYHETO HAa CPABHUTEIHO
roJisiMO TPUCHE 11O KOHTAKTHUTC ITOBbPXHUHU U

70 T
] — hammer-billet — hammer-billet
Z / — anvilbillet —anvilbillet
7 60
100

hammer-billet
—anvlbillet

F

®urypa 7. I3MeHeHre Ha KOHTAKTHUTE CHJIM JIeHCTBAIld BBbpPXY OOWHUKA U
Bbpxy HakoBasHsATa 32 BpeMeTo Ha aedopmanust: a) V = 3.125 m/s, 6) V = 12.5 m/s, B)
V =21.875m/s

BB3MOKHOCT 32 IO-TOJEMHU paJuallHd NPEMECTBaHUS B CpeJHAaTa MO BHMCOYMHA YacT Ha
obpazena. C yBenuMuaBaHE Ha HayajHAaTa CKOPOCT Ha yaapa oOpasenbsT Mpuo0uBa
KoMOMHUpaHa 6bYBO0Opa3HO-TEO000pa3Ha popma. B To3u ciyyaii ce odpopmaT aBe 001acTh:
B CpelHaTa MMa TOJIEeMU paJuallHd NPEMECTBAaHHUSA, a MO IOpHATa KOHTAKTHA MOBBPXHHUHA
JIOKAJTHUTE PaJHaliHH IPEMECTBAHHS HE
Morar ja Ob/1aT OrpaHUYEHH OT CHJINTE Ha TpreHe. [Ipu Hali-roieMuTe CKOPOCTH MaTepHabT
B TOpHaTa yacTt ce  JaedopMupa IMO-WHTEH3MBHO, OTKOJKOTO B JOJHATA W CpenHaTa H
dbopmara Ha oOpazena ctaBa rb0000pa3Ha.

Ha ¢wur. 33 e noka3zaHo U3MEHEHHETO C TEUEHHE HAa BPEMETO HAa KOHTAKTHUTE CHJIU BbPXY
YyyKa ¥ BbpXY HaKOBaJIHATA MpH AedopMupaHe Ha oOpasela 3a Haii-Mankara, cpejiHaTa U Haii-
rojsiMara HayajiHa CKOpPOCT B W3CJI€/IBaHUS HHTEPBal.
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I'TABA 3. Pe3yaraTu oT JIa0OPATOPHH €KCIIEPUMMEHTH 3a IUVIACTHYHA H eJIACTHYHA
nedopmanusa ype3 CIJIECKBaHEe B YCJIOBHSI HA KOMOMHUPAH yAap. AHAJIHU3 HA
pesyararure. U3Boau.

3.1. BbBeeHue yaap mJIACTHYHO TSJIO

[Tpu enacTHYHO — TUTACTUYHH TeJIa OOMKHOBCHHHUS y/Iap CE€ XapaKTepu3Hupa ¢ TOBa, Ue
2
EHEeprusTa Ha yjaapa Ey = m.Vy 12 (J), xbaeTo M (kQ) e MacaTa Ha yApAIIMS eleMeHT, a Vy

(m/s) e ckopoctTa Ha yaap, ce u3pasxojBa 3a enactuuna E. u muactuuna nedopmarus E, Ha
nehOpMUPAHOTO TsUTO, 3a enacTuuHa aedopmanus Ha aedopmupanius UHCTpYMEHT E,, 3a
OTCKOK Ha yapsiuus eneMeHT Eo, 3a reHepupane Ha mryMm u BuOpauuu Ey U 3a mpeososBane
Ha TPHEHETO 0 KOHTAKTHUTE TIOBPXHUHU Erp, T.€.

By =Ec+ By + Ey + Eo + Eu + Enp. (3.1)

B paborara [1] e moka3aHo, 4e 3aryoure Z E, =E.+ Eu + Eo + Ew + Erp Moxe 12 6B1aT

Hai-mHoro 20 % ot Ejy.

B cnydas Ha crieckBaHe HAa LWIMHAPUYHU OOpas3uu, AeGOpMUPALIUIT UHCTPYMEHT ce
CbCTOM OT JIBE€ TBBPAM YCHOPEAHH IUJIOYM-TOPHA M JIOJIHA IUIOYM, KaTo  JOJHaTra €
HEIOJ/IBU)KHA, a TOpHATa Iuloya majga oT 3ajajaeHa BucounHa h. B MoMeHTaHa Ha yaapa Ha
MOJIBWJKHATA Iuioya B Je(OpMHUPAHOTO TsUIO, Bb3HUKBA yJapHara cuia cwiara Py kosito
HapacTBa J0 MAaKCHUMaJlHa CTOMHOCT, MpHU JIOCTUTraHE Ha KpalHO IWIHO IOJIOXEHHE Ha
wiovarta (Vy = 0). B mbpBUs MOMEHT Ha KOHTaKT C€ T€HepUpaT eJIacCTHYHU BBJIHH, a CIel
pa3BUTHE Ha KOHTaKTHAa IIJJaCTUYHAa JegopManus W Ha IUIACTUYHM BbJIHU. Te ce
pasnpocTpaHsBar M0 JbJDKMHATa Ha TSUIOTO CbC CKopocT Ve —3a enmacTuyHu U Vp — 3a
wiacTuuHu BbAHU. CroifHocTMTe Ha Ve M Vp 3aBUCAT OT €NAaCTUYHUTE U IUIACTUYHU
XapaKTepUCTUKH Ha MaTepaiia Ha aeopMupaHoTo Tsu1o. OCcBeH pasriejaHuTe A0 TyK edekTu
Py CKOPOCT Ha yaapa Haax 5 m/S TpsOBa &ma ce B3eMe Npea BUJI M BIUSHHETO Ha
JOMBIHUTEITHA HHEPIIMOHHHU CHJIH, BH3HUKBAIIK B 00eMa Ha JieopMHUpaHOTO TsI0 [42-46].

AKo KbM TIafaliaTa 4acT ce IPUIOXKH TONbIHMTENHA cunma P, ce ch3gaBaT ycioBHs 3a
W3MEHCHWE Ha TapaMeTpuTe Ha yaapuus u jaedopmarronen mporecu [48]. Karo ce
M3MEHEHMs TOJIEeMUHATA Ha JONbJIHUTENHaTa cuila Py MoXke 1a ce mMpoMeHAT napaMeTpuTe Ha
yIapHus Tpolec, 10 MpeABapUTeNHO 3ajajieHu cToiHocTu. To3um BuA ynap ce neguHupa
Karo ,,ynpasJisieM yaap’.

TexHMuecKoTO pelleHue 3a IojlyyaBaHe Ha YINpaBiisgeM yaap NpH MalluHU C YAApHO
nercTBre (Y4yKOBE), € Upe3 M3IOJI3BaHE HAa MPOMUIILICH pakeTeH apuraren [1]. Taszu unes e
peanusupana ot urx.Ilerbp boaypos [56]. B Jlaboparopus ,,M3cinenBane Ha TeXHOJOTHYHU
ynapau npouecn” kbM TY-Codus ca npoBefeHH U3CIeIBHUS 32 €PeKTa OT MPUJIOKEHUE Ha
yIpaBisiBaH yaap NP pa3IndHU MPOLECH Ha miacTiuaHa nedupmarms [49-52]. YceranoBeHO e
3HAYMTEIHO HapacTBaHE Ha CTeNeHTa Ha jAedopMarys NMpu M3MOJ3BaHEe Ha TO3U edekT. B
U3CJIEIBAaHUATA ca B3€TU MPe]] BUJ CaMO HIKOM MapaMeTpu Ha yJIapHUs MPOIEec — CKOPOCT Ha
nedopmarus U KOeQHUIMEHT Ha BB3CTAHOBSIBAHE, MOpaaW 3aTPYAHEHUS 3a M3IMOJI3BaHE Ha
JaTYUIIM 32 U3MEPBaHEe Ha JAPYTH MapaMeTpu, KaTo YCKOPEHHE U CHJIa Ha yJapa, BpeMeTpacHe
Ha ynapa. Hampumep, ako wuckame Ja U3MepBaMe YCKOPEHHETO Ha yjaap dpes
CHILIECTBYBAILIUTE aKCEJIOMETpU, TpsAOBa Ja ce 3HASAT IPAHULUTE HA U3MEHEHE Ha TO3HU
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napaMeThbp, Thid KaTo AATUYUIUTE paboTAT B onpeaencHu rpanuny — g0 10 g, mo 100 g, mo
1000 g ,...., o 100000 g, kpIETO § € 3EMHOTO YCK B HacTosimoTo u3cnenBaHe 3a
OTIpEIe/IIHE TIapaMEeTPUTE Ha YAapHHS MPOIEC Ce M3MO0J3Ba BHCOKOCKOPOCTHA KaMmepa Hu
cnienuanusupad copryep KpM Hes. ToBa nmpaBu Bb3MOXKHO M3MEpPBaHE Ha BCHUKHU MMapaMeTpu
Ha yJapHUs MPOLEC U MO-TOYHO OMpe/eiisHe Ha eeKTa OT MPUIIOKEHHE Ha YIIPABISEM yaap
[pH IUTacTHYHa aedopmanus upe3 crieckBane.[53-55]

3.1.1. Onummna ypeooa
3a mpoBexJIaHE Ha EKCIePUMEHTUTE C€ W3MOJ3Ba CTeHi] moka3zaH Ha ¢ur.39. 3a
noJjiydyaBane eekTa Ha yIpaBisieM yAap ce U3M0J3Ba CTYJIEH paKeTeH JABUTaTel

®urypa 8. Cmeno 3a uscneosane na yoapuu npoyecu:l — kononu, 2 — obpaszey, 3 - doina
mevpoa nioua; 4 — eneKkmporHHo yCmpoucmeo 3a u3dop pescuma Ha paboma

3aJIBKBaH OT CI'bCTEH BB3AYyX. Hamsiraneto Ha BB3ayxa € 10 30 6apa. MakcumanHaTa cuia
Ha guratens (tsara) e 226 N. Macra Ha magamara dact € m = 6.17 Kg, a MakcumanHaTa
BrucourHa Ha magane € 1.1 m. [TosyuaBaHaTta CKOpPOCT Ha yaapa € B rpanunute 2.8 — 7.8 m/s.
CryneHus pakeTeH JBUTATEN Ce MU3IOJI3Ba KAKTO 3a YCKOPSBaHE Ha Iajallara 4acT, Taka u 3a
MIpUJIaraHe Ha JOIIBIHUTEIHA CHJIA MIPE3 BpeMe Ha yJapa, B 3aBUCHUMOCT OT M30paHus PeKUM

Ha pabora — ®ur.40.
LXTARITA
DI

18
S84

®urypa 9. Peocumu Ha paboma Ha cmydeH pakemen ogueamen: 1 — 0OuKHogewn yoap
(c60000HO naodane ¢ u3KIOYeH osueamen);, 2 — ynpasisem yoap npu c60000H0 nadaHe; 3 —
00UKHOBEH yOap ¢ yCKopseane Ha nadawjama yacm, 4 — ynpasisiem yoap ¢ ycKopseame Ha

naoawama yacm.
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Jledopmarusita ce OChINECTBABA IPU MAKCHMAIHO TPHEHE 10 KOHTAKTHUTE TTOBbPXHUHH.
3a ;1a ce mocTUrHe ToBa AehOPMHUPAIIUTE TUIOYH ca 00pabOTEHH C roJisiMa IparnaBocCT.

3.1.4. Pezynmamu om excnepumenmu 3a cnj1ecKéane Ha YUIUHOPUYHU 00pa3yu om
011060 ¢ pa31uyno omuouienue H/D

W3mon3BaHuTe NpU Te3W eKcrepuMeHTH obpasum ca ¢ Ho/Do = 1.2; 1.5; 1.8 u

nocrosten o6em Ko = const. = 4.786 sm® — Ta6uuma 12. Texuosorusra 3a roJTydaBaHe Ha
oOpasiuTte e chinara kakro B Paznen 3.1.3.
OcpiecTBsiBa ce Aeopmaius upe3 CIJICCKBaHE MPU MAKCHMATHO TPUEHE MO KOHTAKTHUTE
noBbpXHUHKU. MacaTa Ha majgammre 4actu ¢ 6,17 kg.  ExcriepumeHTHTE CE OCBIIECTBSIBAT
IIpU yCJIOBUsATA HAa CBOOOIEH yaap — Pexxum 2 u npu komOuHMpan ynap - Pexxum 3 ot ®@ur.40.
Ckopoctra Ha ynapa e B rpanunure Vy=2,90 - 8,80 m/s + 2 % u e enqHakBa CbOTBETHUTE
€KCIIEPUMEHTH TIPH J[BaTa pexKuma.

e= M:\ﬁ1 (3.7)

H \%

y
kbaeTo: H e BucounHa Ha nagane Ha NOABUKHUTE YyacTH, M; Hore € BUCOYMHA HAa OTCKOKA
cien yaapa M; Vore € CKOPOCTTa Ha OTCKOKa, M/S.
[lenta Ha W3ClIEABAaHETO € Ja CE YCTAHOBH KaKBO € BJIMSHHETO Ha OTHomneHuero H/D
BBPXY IMapaMETPUTE Ha Mpolieca B yCJIOBUATa HA ,,KOMOMHMpPAH yaap”.

e AHaJu3 HA pe3yJITaTUTE

Ot dur.42 ce Bwka, ye npu aedopmarins Ha 00pasiy ¢ eaHO U cbiio otHomenne Ho/Do ¢
HapacTBaHe Ha crenuduuHata eHeprus E. cremeHta Ha aedopmamus € moixydBaHa B
yCIOBUSITA HA ,,KOMOMHUpaH yAap” € Mo-rojisiMa B CpaBHEHHUE ChC CTENEHTa Ha JedopMarus
npu ,,cBo0ozeH ynap”. Ot nannute B Tabnuna 10 ce ycTaHOBsIBa, 4e ChIIECTBEHA pa3ivKa
MEXJy CTeNeHTa Ha aedopMalys Ipu aBaTa BuAa yaap ce Habmoxasa npu € > 15.5 % (Ec >
3.0 J/sm*). B To3u cyudaii cTenenTa Ha AehopMaIus € IpU , KOMOMHUpAH yaap” € Ho-TojisAMa
OT cTerneHTa Ha aedopmarusita npu ,,00ukHoBeH yaap” ¢ 9.07 % - 14.55 %, npu ennu u
cpiy croitHoctH Ha Ee. Ilpu € < 15.5 % (Ec < 3.0 J/sm®) pasmukara e B rpannuute 2.38 % -
6.05 % u MoKe J1a ce mpreMe 3a HEeChIIECTBEHA.

Te3u pesynratu ca MoJy4deHU MPHU TOJEMUHA HA TATaTa HAa CTYJEH pakeTeH JBuraTen 22
kg, neiictBaia npe3 BpeMe Ha KoMOMHUpaHus yaap. O4yakBa ce, P MO-TOJISIMU CTOHHOCTH
Ha TArata Ha paKeTHUs JBUTATEN Ja C€ TOoNy4yaT MO-TOJSIMH pasliMKU B CTENEHTa Ha
nepoppmanus €. ToBa mie ce wu3cienBa MpH MPOBEXKAaHE HAa IOJYPOMHUIICHUTE
eKCIIEpUMEHTH OT MporpaMaTa Ha HaCTOSLIMS TPOEKT.

AKO ce pasriena KpuBara mpH ,,cBo0o0jieH ynap” ot ¢ur.42 ce BUXK/a, 4e ¢ HapacTBaHE HA
crienuguUHaTa eHeprusi cTerneHTa Ha AegopManus &y HapacTBa. B TO3M KOHKpeTeH ciyuyait
MoJTy4YeHaTa KprBa ce alpoKCUMHpa ¢ 100pa TOYHOCT C YPaBHEHEHHETO

&, =5.17E,—0.185E7 % . (3.8)

[Tpu npomsiHa Ha otHommeHneTo Ho/Do = 1.2; 1.8 HaOnronaBanata pasinka A€ B CTENEHTa
Ha gedopmaius 3a JBara BHAA ydap € MHOTO IMO-rojsimMa, oTkonkoto mpu Ho/Do = 1.5 -
Tabnuua.2.5. Paznukara Ag ce onpenens oT 3aBUCUMOCTTA
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Ae=¢,—¢, , (3.9)

KbJETO €y U E€oy Ca OTHocuUTenHuTe aedopmauuu, %, Npu KoMOMHApaH yaap U MpHU
OOMKHOBEH yJap, CbOTBETHO.

N3Boan

OT mony4yeHHETe EKCIICPUMEHTAIHU DPE3YITaTH W HANpPaBEHHUAT aHAIM3 MOXE Ja Ce
HampaBsT CICJAHUTE W3BOAHM, OTHOCHO BIUSHUETO Ha edekra ,,KOMOMHUpaH yaap” BBPXY
nedopMaMOHHUS MTPOLIEC IPU CIIECKBAHE.

» 3a KOJMYECTBEHO OICHsABaHE Ha edekTra ,,KOMOMHUpaH ymap ~ TpH IJIaCTHYHA
nedopmaiusi € yaoOHO, Ja ce HM3IoJi3Ba MapaMmerbpa ,.crneuuduuna eneprus’ Ec ,
KOWTO IpEJCTaBIIsIBa EHEPrusiTa Ha yAapa 3a €IMH KyOu4YeH CaHTUMEThp OT o0eMa Ha
neopMHpaHaTa 3aroToBKa M ce u3MepBa B J/sme,

» Tlpu Ho/Do = const. ¢ HapacTBaHe Ha CKOpOCTTa Ha ynaapa Vy U Ha creruduyHaTa
eHeprus Ha yaap Ec ce yBenmnyaBa pasznukara Ag MeXIy OTHOCHTEITHUTE CTEIICHU Ha
nepopmanust € mTpH ,,OOMKHOBEH ynap” © ,,KoMOMHUpaH ymap” — ¢ur.42.
3aBucumoctta Ec — € ca ciyyas Ha ,,00ukHOBeH yaap ~ u npu Ho/Do = 1.5 moxe na ce
npejcTaBu ¢ ypaBHenue (3.8).

» YcraHOBEHO e, 4e pasiaukara Ag ce Biuse CHIHO oT oTHomeHneTo Ho/Do. Haii-romsima

¢ Ta3u pasimka npu Ho/Do = 1.2 karo moctura ctoHOCT Agmax = 84.1 % , a Haii-
masika ipu Ho/Do = 1.5. ToBa e B cuia npu u3MeHenue Ha Ec B rpanuiute 0.58 —
5.11 J/sm?,

» llpu cpaBHsiBaHe Ha qUarpaMuTe 3a U3MeHeHue Ha Ae — ¢ur.47 W 3a U3MEHEHHE Ha
BHUCOYMHATA Ha OTCKOKA Norex — pur.45 ce ycraHoBsBa, ue npu otHomienue Ho/Do =
1.2, 3a KOETO OTHOIICHHE pa3lIMKaTa B roJeMHUHATa HAa OTCKOKA MpH 1edopMHUpaHEe B
yCIOBUATA HAa «OOMKHOBEH yJap» U B YCIOBHUSATa Ha «KOMOWHHUpaH yjaap» € Hail-
roisiMa, edexra ot geopmupane ¢ «kkoMOMHUPAH yaap» € Hail-roysiM. ToBa ce IbIKU
Ha HaMaJIsBaHE Ha eJlaCTUYHAaTa KOMIIOHEHTa Ha jAedopMaiusaTra U yBelMyaBaHe Ha
IUTACTUYHATAa KOMIIOHEHTa Ipu Ae(hOpMUpaHe B YCIOBHITA HA «KOMOMHHUpPAH yJap».

» Karo pesynrar oT Te3M pasriekmaaHus ca MPEICTaBHU B OOII BH] 3aBUCHMOCTHTE 3a
M3MEHEHHE Ha OTHOCUTENHATa Aedopmanus npH ,,00MKHOBEH ylap ~ €oy — ypaBHEHUE
(3.10) u mpum ,,koMOUHMpaH yaap” &y — ypaBHeHue (3.11).

» YCTaHOBEHO €, Y€ C yBelM4aBaHe CKOPOCTTa Ha yaap Vy rojeMuHaTa Ha OTCKOKa (U
Ha Koe(UIMeHTa Ha BB3CTAHOBABAHE €) HaMallsiBa, HE3aBUCUMO OT OTHOILEHHETO
Ho/Do. Ilpu u3non3BaHaTa B €KCIIEPUMEHTUTE MaKCHMaJHa TAra Ha CTYJCH pakeTeH
neuraten R = 22 kg 3a Vy > 7.4 m/s ce nony4aBa yaap 0e3 OTCKOK, T.H. ,,lIPHJICHBALI
yaap”, HezaBUCHMO OT oTHomIeHreTo Ho/Do .

» Haii-rosiM 0TCKOK (M KOS(UIIMEHT Ha BH3CTAHOBSBAHE €) MPH ,,00MKHOBEH yaap” ce
nojy4ana npu otHouienue Ho/Do= 1.2, a Haii-Manbk 0TCKOK ce moiy4aBa npu Ho/Do =
1.8. 3a otHomenuero Ho/Do = 1.5 OTCKOKBT MMa CPEHU CTOWHOCTH MEXIY APYrHTE
nBa cimvas — Gur.45 u ¢ur.46. ToBa ce IBIDKM Ha BIMSHUETO Ha TO3W MapaMeThp
BBPXY Ipolleca Ha pasNpOCTpaHEHHE Ha €JNAaCTMYHU W IUIACTUYHM BBJIHU TPH
IUIacTHYHA edopManus ¢ yaap.
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3.1.5 Pesynmamu om eémopa cepus eKcnepumeHmu 3a Riacmuina oegopmayus upes
CnilecKeane Ha YUIUHOPUYHU 00pazyu om 01080 ¢ NOCmoanHo omuouienue H/D

Ha ®wur.48 e moka3ana noiaydyeHara quarpama 3a U3MeHEHHUe Ha bTs S, ckopocTTa Vy
U YCKOPEHHUETO 8y pH aedopMaIisi ¢ OOMKHOBEH U KOHTPOJIHMPAH yaap, 3a cliydas Ha IajjaHe
ot BucounHa h = 1.1 m npu Pexum 1 (obukHOBeH ymap - Vy = 3.8 m/S) u Pexum 2
(xouTpOsHpan yaap - Vy = 3.6 m/s). Pasiukara B ckopoctuTte pu aBata pexuma € 0.5 %, a B
eHeprusTa Ha yaap 1 %. OT Te3u aAuarpamMu MoXe Jja c€ OTYTaT CIEJAHUTE O0COOEHOCTH Ha
nedopMaIMOHHUS MIPOLIEC TIPU JBaTa BUAA yIap.

Displacement
— Velocity —2
Acceleration

0,0 - \ by A
AV K“\N -0

e,

W

\ ‘-‘F'J""W”\‘ I‘I‘V\"‘NP\\I\\'\"“]

oy

-0,2 1 1\

Displacement (m)
Velocity (m/s)

w\l

-0,6 , : T .
0,0 0,5 1,0
Time (s)

®urypa 10. Asmenenue na nvms, ckopocmma u yCKOPeHUemo npu cKOpocm : a — 0OUKHOBEH
yoap (Vy = 3.8 m/s); 6 — ynpaeisiem yoap (Vy = 3.6 m/s)

e Bpemero ty 3a mpoTnyaHe Ha YHAapHHUS MPOIEC 10 HEroBOTO 3aTHXBAHE IIPH
kouTposupan yaap € ¢ 0.022 s (0.8 %) mo-manko, OT BpemeTo mpu 0OMKHOBEH yaap. Tosa e
e1MH oT epekTuTe Ha Aeopmanus ¢ KOHTposiupaH ynap. Toll 3aBucH OT TaraTa Ha pakeTHHS
JIBUTATEI — KOJIKOTO TIO-TOJISIMA € TATaTa, TOJIKOBA IO-ToJIsIMa IIie ObJIe Ta3H pas3inKa.

e Ot auarpamute Ha Our.48 3a U3MEHEHHE Ha BT CE BIDKIA, Y€ U B JIBaTa Cay4as HIMa
oTckOK. ToBa ce 00sICHSIBa C MHOTO MaJIkaTa CTOMHOCT Ha OTCKOKa, KOATO HE MOXke Jia Obae
XBaHaTa MPU M3IOJI3BaHAaTa CKOPOCT Ha 3acHUMaHe. [IpakThdecku OJIOBOTO C€ IBPKH KAaTO
UJealTHO - MJIACTHYHO TS0, KOETO ce OOECHsIBA ¢ MaJlKHS MOIyN Ha ernactuyHocT E = 17.6
GPa (200 - 220 GPa 3a ctomana).

e 11 B nBara ciydasl 3aTHXBaHETO Ha CKOPOCTTa 1O HYJa, € CBHIIPOBOJCHO C MAJKH
M3MEHEHHS OKOJIO Ta3HM CTOWHOCT. ToBa ce 00sSCHsBA C Pa3sNpOCTPAHEHUETO HA EIACTHYHH U
MJACTUYHU BBJIHUA MO TBJDKMHA Ha oOpasena. XapakTepa Ha W3MEHEHHE Ha CKOPOCTTa B
HHEpBAJIa 10 3aTUXBAHC HA ABMXKXCHHCTO € PA3JIMUCH 3a JABaTa pCeXKHUMa. BI/I)K)Ia CC, 4€ Ipu
KOHTPOJIMPaH yJaap U3MEHEHHITa OKOJIO HyJeBaTa TOYKa ca Mo-pa3TerieHu. ToBa o3HavaBa,
4ye pasNpoCTPaHEHHETO Ha EIACTUYHHUTE W TJIACTUYHUTE BBIHU MO ABDKMHA Ha oOpasena
CTaBa C MO-Malika CKOPOCT, OTKOJKOJITO TMpH CBOOOAeH ynap. HamansBane ckopocTTa Ha
€IIaCTUYHUTE M IUJIACTHYHU BBIHU € JIpYr e(eKT Ha KOHTPOIHMpAHUS yaap, KOHUTO ChHIIO
3aBUCH OT TdAraTa Ha pakKCTHUA ABUTATCII.
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e Ot auarpamute Ha Our.48 3a U3MEHEHUE HA YCKOPEHUETO CE OTUMTA, Y€ MPU KOHTPOJIUPAH
yIap ycKopeHHeTo Ha yzaapa € ¢ 22.2 m/s? (1.6 % umu 2.6 g, KBIETO J € 3eMHOTO YCKOPEHHE)
M0-MAJIKO OT YCKOPEHUETO MpU OOMKHOBEH yzap. AOCONIOTHATA CTOMHOCT HA YCKOPEHUETO B
TO3H ciry4aid e okoso 1400 m/s unu okonol47 g.

Baxen pesynrar oT TOBa HM3CIEBaHE € YCTAaHOBEHOTO HApacTBaHE HA CTEMEHTa Ha
nedopMmanusi € MpU CIUIECKBaHE C KOHTPOJHUpPaH yAap, B CpaBHEHUE ¢ jAedomanusta Mnpu
OOMKHOBEH yJiap, pH €/1Ha U ChIlla eHeprus Ha ynap (ckopocT Ha ynap) — Our.49. Buxaa ce,
Yye C HapacTBAaHETO Ha CKOPOCTTa Ha yaap To3u edeKT HapacTBa: pasiukata Ag = &yn — &o,
KbJETO &yn, €& € OTHOCUTeNHaTa aedopmanus Mpu YOpaBiseM U NPU OOMKHOBEH YAAp
chOTBETHO, ¢ Ae =4.5 % npu Vy=2.8 m/s; Ae =15% npu Vy=6 m/s; Ae=17% Vy=7.8
m/s.
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20 /‘
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. Vi [m/s]
®urypa 11. 3asucumocm & —\ly npu obuxnogen yoap u npu KOMOUHUPAH yoap

—— Ordinary Impact —#— Controlled Impact

HapactBanero Ha € npu aedopmanusi ¢ ynpasiseM yaap € CBBbpP3aHO C IMO-MaJKo
YCKOpEHHE Ha yIp ay U cuia Ha yaap Py, B cpaBHeHHe ¢ oOukHoBeH ynaap — ¢ur.50. To3u
edekt e criectBen npu Vy > 5 m/S, kato ¢ HapacTBaHe Ha CKOPOCTTA HA y/ap pa3iuKuTe Aay
= a0 — ayn; AVy = Vo — Vy; HapacTBat. Hanpumep, npu Vy = 5m/s — APy = 1250 N; Vy = 7
m/s — APy = 2500 N. C mapacTBaHe Ha CKOPOCTTa Ha yaap YCKOPEHHETO M CKOPOCTTa
HapacTBaT 1Mo abCoMOTHA CTOWHOCT U npu Vy = 7TM/s — ay = 7500/5800 (ao/ayn) mM/s®; Py =
8750/6250 (Po/Pyx) N.
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®urypa 12. Usmenenue na yckopenuemo a:
—&— ordinary impact ai —e—controlled impactai ; ~,70ma na yoap Py

ordinary impact Pi —#—controlled impact Pi
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To3u pe3ynaTaT € MHOTO Ba)K€H, Thil KaTo € CBBbp3aH C TPaWHOCTTa Ha JedopMUpaIiuTe
uHCTpyMeHTH (mamnu). HamamsBanero Ha cumara Ha ynapa Py mpu nmedopmanus ¢
yIpaBIIsIBaH yaap, ONpeiesis HaMallsBaHe Ha HANPEKEHUATA B IIAMITUTE U MOBUIIABA TAXHATA

TParlHOCT.
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®@urypa 13. MI3meHeHune Ha BpEeMETO 3a yjap: OOMKHOBEH yAap; YIpaBisgeM yaap

—&— Ordinary Impact —#— Controlled Impact

Ot ®wur.51 ce Buwxkaa, ue npu Vy > 5 m/S 3amoysa chIilleCTBEHO HApaCTBaHE HA BPEMETO
Ha yAap Ipu yrpasisieM yaap tyn, B CpaBHEHHE C BpEMETO TpU OOMKHOBEH yaap to, KOETO mpu
ckopoctd Haja 6 m/s 3amouBa jga HamansBa. Ilpu Vy = 7 m/s— At =ty - to = 3.33 ms
(mapacTBaHe Ha BpeMeTo 3a yaap ¢ 66 %). C To3u pe3yaraTr MOXKe Jia ce 00SCHU HapacTBAaHETO
Ha nedopmanmsTa € MPH YIPaBIsieM yAap, BBIPEKH HaMallsiBaHE Ha cwiara Ha yaap Pyn.
VYBenuueHoTo BpeMe Ha JelcTBUE Ha nedopMupaliara cuia, BOAU JI0 yBelWYaBaHE Ha
BpPEMETO 3a IUIACTUYHO TeUeHEe Ha MaTepuaja Ha 3arotoBkata. OCBeH TOBa HapacCTBAHETO Ha
n30poeHuTe mo-rope epekTH ¢ HapacTBaHETO Ha CKOPOCTTa Ha yaap Vy Haj ompejeseHa
croiiHOCT (B city4ast ipu Vy > 5 m/S), e cBbp3aHO ¥ ¢ Bb3HUKBaHE B 00eMa Ha 1eOpMHUpaHUs]
MarepHali Ha HATUCKOBH MHEPILMOHHY HanpexeHus. B padotara [2] ckopoctTa oT 5 M/S chirio
€ ompezesieHa KaTo J0JHA TPaHMIIa 32 BH3HUKBAHE HAa HATUCKOBH WHEPIIMOHHHU HAIPEKECHUS
npu ropemo nedopMHpaHe Ha CTOMaHa W anyMuHHH. [lomabpikaHe JEHCTBHETO HA TE3U
HaTpe)XEeHUsI 3a MO-IBIBI MEPHOA OT BpEeMe IPH YIpaBIIsBaH yAap, BOAW JIO MO-TOJSMA
CTeneH Ha jaedopmaius, BbIPEKH MO-MAJIKUTE CTOWHOCTH Ha JAeWcTBYBamurTe ciud Pyp or
Te3U Npu 0OMKHOBEH yaap Po.

e 3akJ/IoueHue

OT HampaBeHUTE EKCIIEPUMEHTAIHU H3CIeABaHMs Oellle yCTaHOBEHO,4Ye MpHU IJacTHYHA
nedopmarus upes CIUIECKBAHE B YCIOBUATA HA YIPABISEM yaap, Ce M0JIy4aBa
CBIIECTBEHO M3MEHEHHE Ha IapaMeTpUTe Ha IMpoleca, B CpaBHEHUE C Jedopmanus ¢
0o0uKkHOBeH ynap. OCHOBHUTE Pa3IMKU Ca CIECIHUTE.

» Ilpu emHa u chla eHEprus ¥ CKOPOCT Ha yjapa MpH yIpaBisgeM yaap ce MOCTHra
HapacTBaHE Ha OTHOCHTEJIHATa CTENeH Ha jJedopManusi NMpH CIUIECKBaHE € B
rpanunute 4.5 % - 17 % B 3aBUCHMOCT OT CKOpPOCTTa Ha yAap.

» ToBa HapacTBaHe Ha JedopMmalnmsaTa ce IMOCTUTa NPU HaMallsBaHE Ha CHiara 3a
nepopmupane Pyn, B cpaBHeHue ¢ cunata Po mpu 0OMKHOBEH yjap.
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» TlocoyeHute eeKTH TP YIPABISEM yaap CHIIHO CE BIUSAT OT CKOPOCTTA HA yaap
Vy. ToBa Moxe 1a ce 005iICHU C yBeIM4YaBaHe Ha BPEMETO Ha yzaapa tyn, B pe3ysrar
Ha KOETO ce YAbJDKaBa Mpolieca Ha JeopMHUpaHe, KaKTo U € MO-IPOABIKHUTETHOTO
JeiicTBUE HA TUTACTHYHU MHEPLMOHHU HANPEe)KEHHsI HAa HATUCK B 00eMa Ha

» ChIIECTBEHO BIMSHUEC HAa MHEPIMOHHUTE HANpPEKeHUs ce HaOmonasa npu Vy > 5
m/s. Ta3u cTOMHOCT ciiefBa Ja ce MpUeMe 3a J0JIHA TPaHuIla, HaJl KOATO TE3U
HamnpeXxeHus TpsOBa Jia ce B3UMaT Mpej] BUJ, He camo MpH AepopMupaHe Ha OJIOBO
HO M MpU Topenia neopmaiiys Ha CToMaHa U ATyMUHHH [2].

» HamansiBaneto Ha cuiara 3a jgeopMupane npu ynpasisiem ynap Py, onpenens
HaMaJsiBaHe Ha HAIIPEXKEHUATA B 1ehOpMUpALIHS HHCTPYMEHT (I1amma), KOeTo
BOJIU /IO YBEJIMYaBaHE Ha TPAHOCTTA MY, B CpaBHEHHE ¢ JAedopMarius ¢
OOMKHOBEH yJap.

I'JIABA 4. Pe3yJsraTu oT JIa00paTOPHM eKCIIEPUMEHTH 3a OpUKeTHPaHe HA METAJHU
CTPY/KKH M YILITbTHSIBAHE HA 7KeJIe3eH NPax B yCJIOBHA HA KOMOMHHPAaH yAap. AHAJIU3 HA
pesyararure. U3Boau.

4.1. Iles Ha eKCIEPUMEHTHTE

MertaaHu CTPYKKHM KaKTO U METAJIHU OTNAAbLU OT ThbHBK JMCTOB MaTepuall ce MojjiaraT Ha
OpuKeTHpaHe mOpaju JIB€ OCHOBHUM INPUYMHU — TMO0-€(EKTUBHO TpPaHCHOPTUpaHE U
MOBMIIIABaHE HA paHAEeMaHa IIPU pa3TolsBaHe B MeTalypruunu nem. Koiakoro no-roiasma e
IUTBTHOCTTa Ha TMOJlydyaBaHUTE OpWKETH, TOJKOBAa II0- ToOJsiMAa € HWKOHOMHYECKaTa
e(peKTUBHOCT B TE3M JBE HampasieHus. [lopamu ToBa € ompaBnaH cTpeMeka 3a ThPCEHE Ha
TEXHOJIOTUH 3a OpHKETHpaHe, Ype3 KOUTO Ja € MOCTHUTHE IUIBTHOCT Ha OpHKeTa Oim3Ka 10
IUTBTHOCTTA HA MOHOJIUTEH METall.

C’bH_[eCTByBaH_II/ITe TCXHOJIOTHH 3a 6pI/IKeTI/IpaHC C XHUApaBJIWYHU TIpECU Ca AOCTHUIHAIN
I'paHUIUTC Ha BB3MOXKXHOCTHUTC CH. ITonaraTbuIHO yBCINYAaBaHC MOIIHOCTTAa Ha IPCCUTE,

KOETO Ou JOBCJIO O YBCIIMYABAHC INIBTHOCTTA HA 6pI/IKeTI/ITC € MKOHOMHWYCCKHU HCHU3I'OJHO.
[62]

[IpunoxxeHnero Ha 4YyKoBe (BB3AYIIHM U BHUCOKOCKOPOCHHM B3pUBHH) HE € HAMEpHUIIO
LIMPOKO MPUIIOKEHHUE MOPaN TEXHUYECKH MPOOIEeMHU, CBbP3aHH C TPAMHOCTTA HA €JIEMEHTH
Ha KOHCTPYKIUSATA U HA IIaMITUTE.

Crnopen mosiyueHueTe pe3yiaTaTd OT eKCIIEPUMEHTHUTE 3a IUIacTUYHa Jedopmanus 1aJeHu B
u I'maBa Ill Ha Hacrosimata paboTa, MMa OCHOBaHHME Ja C€ TBBPIU, Y€ MPHU YyIAPHO
BB3JICHCTBUE BBpPXY OpPHKETUPAHUTE MaTepHaly MPHU YCIOBUSATA Ha KOMOWHHUpaH ymap ce
MOCTUTA CHIECTBEHA MPOMSIHA KAaKTO B pa0oTa Ha MAIIMHUTE U UHCTPYMEHTHUTE, Taka U B
MPOTHYAHE Ha TEXHOJOTHYHUTE MpolecH. AKO TOBa C€ OKaXe BAPHO M 3a Ipolieca Ha
OpukeTupaHe, Ie MOXKE J1a c€ TBHP/AM, Y€ TIpelaBaHaTa OT PaKETHUS JIBUTATEN CHJIa Tpe3
LSAJI0TO BpeMe Ha KOMOMHUPAH yJap, HamalsiBa WU CBEXJa J10 Hyja pasriieJaHUuTe Mo-rope
HETaTUBHHU BIUSHUA Ha YAApPHOTO HaTOBapBaHe. B pe3ynrar Ha TOBa ce Ch3/aBaT YCJIOBHS 3a
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NKOHOMHYECCKHU e(i)CKTI/IBHO IIOBHIIaBaHE IINIBTHOCTTA Ha 6pI/IKeTI/ITe U B HJIKOHU cnyqaﬁ
HpI/I6JII/I)KaBaHeTO Ha Ta3u INTBTHOCT A0 INIBTHOCTTA HA MOHOJIMTCH METAall.

LlenTa Ha TpeACTaBEHUTE MO-J0Jy CKCIIEPUMEHTH €, Jla Ce H3Cie[Ba B JlabopaTopHU
YCJIOBHS JI0 KaKBa CTEIICH T€3H TBBPCHHUS Ca BEPHH.

4.4, Pe3yaraTu oT 2-pa cepus J1a00paTOPHU eKCIIEPUMEHTH 32 OpMKeTHPaHe ¢ yJaap Ha
METAJIHU CTPYKKH

4.4.1. Bveeoenue

B HacTosAm0TO WM3NI0OKEHHE ca TNPEACTAaBEHM PE3YIATaTH OT EKCIEPUMEHTH 3a yJIapHO
OpukeTHpaHe Ha CTPYXKHU OT AL-criaB v CUB UyryH, KakTo U OT YIUTBTHSIBaHE Ha jKeJe3eH
nmpax. Marepuanure 3a EKCIIEpUMEHTHUTE ca TmpeaoctaBeHn oT ¢upma “Kanponun”-
rp.Kazannbk.

Excniepumentute ca mnpoBeneHu B jabopartopus ,,M3ciieBaHe HA TEXHOJIOTHYHU YAApHU
npouecu’” npu TY-Codus. U3non3Bana e ypenda 3a cioxeH (komOunupan) yaap — @ur.39.

OCHOBHMAT €IEMEHT Ha Ta3u ypeada € CTyAEH PaKeTeH JABHUrarel, KOMTo paboTu cbe
CI'bCTEH BB3YyX ¢ Haysirane 70 33 MPa. M3non3BaHeTo Ha TakbB JBUTATEN AaBa Bb3MOXKHOCT
3a IOJyyaBaHE Ha yJap, MpU KOWTO ce IMojlydaBa KOMOMHMpPAHO BB3JCHCTBHE Ha yAapHaTa
cuna Py ¢ nombiiHuTenHa cuiia R oT pakeTHUs ABUTATEN, KOSATO JCMCTBA Mpe3 BpeMe Ha yaapa.
Ha ®ur.40 ca nokazanu pexxumuTe Ha pabora Ha ypenbarta, a Ha DuUr.66 — BH3IMOKHOTO
M3MEHEHere Ha cuiiaTa mpe3 BpeMe Ha ynapa. Ot ®Our.66 ce BukAa, uye Mpu CIOXKEH yaap
YCTPOMCTBOTO MOXE J1a pabOTH KaTO KOMOMHAIMS HAa YyK M XUJpPaBIMYHA Ipeca, T.€. Jla ce
MOJIy4d YIApHO JEHCTBHE Ha cujiaTa, cliel] KOeTO MaKCMMAaJlHATa yAapHa CUjla WM pa3inyHa
OT Hesl cuia, J1a NPOABIKU Jla JIeHCTBA C MOCTOSIHHA (WJIM HapacTBallla) CTOMHOCT, KaTo
XHUJpaBiIMyHa Ipeca. ['ojieMrnHaTa Ha JONBJIHUTENHATa MOCTOSHHA Cuja, JelcTBalla Ipe3
BpEME Ha ynapa, 3aBUCH OT Tsrara Ha pakeTHus nsuraten R. IIpu perynupane Ha tsarara R,
MOXKE J]a c€ MOoJIydaT pa3IMYHUTE JuarpaMu 3a W3MEHEeHHe Ha cwiara Py, mokasaHu Ha
Our.66.

1 \

Impact time

®urypa 66. /Juacpamu 3a uzmenenue Ha cunama Ha yoap: 1 — obukroser yoap, 2, 3, 4 —
CllodHcer yoap

OCHOBHUTE TEXHHYECKM XapaKTEPUCTHUKU Ha ypeadaTa ca: MakCMMallHa BUCOYMHA Ha
najgane — 1.1 m; MakcuMaiHa CKOpPOCT Ha yaap — oT 7 M/S 1o 8 m/s, B 3aBUCHMOCT OT mMacara
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Ha TajaIara 9acT; Maca Ha majamara yacT — 6.17 kg wim 9.12 kg; makcuManHa eneprusi Ha
ynapa — 240 J; makcumaliHa JOMBJIHATENHA cuita (Tsra) oT pakeTHus nuraren R =226 N.

MakcumManHaTa CKOPOCT Ha yaapa ce TMojydaBa B pe3yiTaT Ha YyCKOpEHHUe OT paboTemus
pakeTeH IBUTATEN Mpe3 BpeMe Ha MajJaHe, a JONBIHUTEIHATA CHJla Ce TOoJydaBa, KOraTto
JBUTATENS MPOABbIDKaBa Ja paboTu cien yaapa — pexum 4 ot Our.40.

Eneprusita Ha ynapa, KOSITO € OCHOBHA XapaKTepUCTHUKa Ha MAlIMHU C YIapHO ACHCTBUE,
ce npecmsTa 1no ¢popmynara

- mVy2

E, =" (4.4)

KbJIETO M € MacaTa Ha najamara 9act, Kg,a V, e ckopocTTa Ha ynap, m/s.

Cneuuduunara eneprus E. e eHeprusita 3a equHuia ooem u ce npecmsita no ¢popmyiara

C

E
E. = ay JIsm?, (4.5)

kbaeto O , smd, e oGembT Ha MOJIy4aBaHOTO ciiefl yaapa Tssio (Opuket). To3u mokazaren ce
M3II0JI3BA, Thil KAaTO J]aBa OOCKTHBHA OCHOBA, 32 MPUJIOKCHHUE Ha MOJYYCHUTE B Ja00OpaTOpPHU
YCJIOBHSL PE3YJITAaTH, TPU BHEIPSBAHE B NMPAKTHKATa Ha TEXHOJOTHYHHS IMPOIEC 3a YAapHO
OpukerupeHne. Harpumep, ako B 1aOOpaTOpHHU YCIOBHS € YCTAaHOBEHO, Y€ 3a OpHKET ¢ 00eM

©, MakcuMManHa IUTBTHOCT ce mnonydaa npu E,=E;, J/sm® 3a na ce monyun B
IPOM3BOJICTBEHH YCJIOBHs Opuker ¢ obem O, (®,>0,) cbC chlIaTa IIBTHOCT, IIe ObJe

2
HEOXO/IMMa €HEPrus Ha yuapa E,

E;©
E§=E§.®2=V—Z=E;.% . (4.6)
® 0,

1
4.4.2. Memoouka 3a 6pukemupane Ha CIMPYHCKU

» 3a NpOBEKIAaHE Ha CKCIICPUMEHTUTE 3a OpUKETUpaHE Ha CTPYXKH, CE H3IO0J3Ba
CKCIICPUMCHTAJIHUA CTCHJ, ITOKAa3aH Ha ®Hr39 C MOHTHPAHUTEC KbM CTCHAAa MHAYKTUBHH U
CBETJIMHHM JIaTYUIM, MOXE Ja C€ M3MEpBa CKOpOCTTa Ha yaap ¢ roisMa toyHoct [12]. 3a
onpezensiHe cuiara Ha yaapa Py, e Heo0XxoauMo, a ce Mo3HaBa YCKOPEHUETO Ha yjaapa ay.
Torasa Py ce onpenens oT 3akona Ha HroTon

P,=ma,, N. 4.7

3a eKCrepUMEHTATHO OMpeesiHe Ha YCKOPEHUETO, ce M3MOI3BAT NATYHIIH 32 YCKOPEHUE.
[Topanu ToBa, 4e TO3U BU JAaTYUIIM ca ¢ 00XBaT Ha u3MepBaHe (Hampumep: a0 10 g, mo 100 g,
...., 100000 g, kpIAETO § € 3eMHOTO YCKOpEHHE), He Oellle Bb3MOXKHO TSIXHOTO H3MOJI3BaHE,
3aI0TO MpEeABAPUTETHO HE HU Oellle M3BECTeH MOpsSAbKa Ha JEHCTBAIIOTO YCKOPEHHUE MPHU
pa3nuyHHTE TporecH (OpuKeTHUpaHe, Pa3InIHA OTIEPAIlH 32 IIACTUYHA Je(hOpMaIIs).
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B nacrosmusar moment UMKT-BAH pasmonara ¢ BUCOKOCKOpOCTHa Kamepa u codryep

KBbM Hesl, C KOMTO MOKE J1a Ce ONpPEICIST MapaMeTPUTe IbT, CKOPOCT, YCKOPEHHE Ha YAPSIIU
ce tena. Ha ®ur.69 e mokazaHn creHga ¢ Ta3W KaMmepa M CIEIMAIHU OCBETHTEIHU Tela, 3a
OCBII[ECTBSIBAaHE HA BUCOKOCKOPOCTHH BHJICO 3amucH. V3noia3BaHeTo Ha kamepara u copryepa
J1aBa BB3MOJXKHOCT 3a OIpEJCsiHe Ha CKOpocTTa Vy M Ha YCKOPEHHETO @, , U CJeJ TOBa 3a
npecMsitane Ha eHeprusita Ey u Ha cunara Py o dopmynu (1), (4).
Cnen monmy4yaBaHe Ha Opukera, Toi ce mocrtaBs B PentrenoB Tomorpad Nikon XTH 225
Compact Industrial CT Scanner (MMKT-BAH), 3a n1a ce wu3cienBa CTpyKTypaTa My B
XOPH30HTAIHU M BEPTHUKAIHU CeYeHUs. Pa3zjenurenHara CIOCOOHOCT Ha IOJyYaBaHHUTE
n3o0paxenus € 5 um. OT ChOTBETHUTE CEUYCHUSI CE OMPEEIAT aBTOMATHYHO qruaMeTbpa Dep,
mm, u BucounHata Hg,, MM, Ha OpuKeTa, C TOYHOCT JI0 YETBBPTHUS 3HAK CIIEH JCCeTHYHATA
TOYKA.

C nannure 3a Dgp u Hgp ce onpenens obema Ha Gpukera ®, SM®, cres KoeTo ce IpecMsTa
cneunpuyHara eneprus Ec mo gpopmyna (2).

®urypa 14. Jlabopamoper cmeHO 3a cllodcen yoap ¢ 8UCOKOCKOPOCMHA Kamepa

» Macara Ha Opukera Ggp (B rpamoBe) ce ompenens, upe3 W3MepBaHe C aHAINTHYHA
P )

BesHa (JlaGoparopus «Tpubonorus» npu TY-Codusi), ¢ TOYHOCT A0 YETBBPTHS 3HAK CIE]

JieCeTUYHATa TOYKa, CJIe/l KOETO Ce MpecMATa ITbTHOCTTA Pgp, MO hopmynaTa

G
Loy = g , gr/smd. (4.8)

» Ha ®wur.70 ¢ noka3aHa HHCTPYMEHTATHATa CKUITUPOBKA, H3TIOJI3BAHE 32 OpUKETUPAHE.
JlnaMeTspbT Ha OTBOpPA Ha MaTpHIlaTa, B KOHNTO ce HacumBar CTpyxkute, € Dy = 20 mm.
JuamerspbT Ha moancoHa Dy = 19.6 mm. Mexay marpuriata U moaHcona uma xyaousa 0.2
mm Ha cTpaHa. Ta3u xyaOWHA CIIy’)KM 32 M3JIM3aHE Ha BB3IyXa, KONTO ce HAMHpa MEXIy
CTPYKKHTE, IPH YIUTBTHSIBAHETO WM.
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®urypa’0. Mucmpymenmanua ekunuposka 3a Opukemupane Ha MemaiH CMmpyi#cKu

» 3a ompenelnsiHe IMbpBOHAYAIHATA Maca Ha CTPYKKUTE B €IUH OPUKET, CE W3IOJ3BaT
nanaute oT auarpamute Ha Our.48. Ot TiIx ce ortuuta, Ec mpu kosTO ce moiydaBa Haii-
rojsiMa IUTBTHOCT Ha OpHKETa OT CBHOTBETHHUS MaTepual, clie]] KOeTo, OT JaHHUTE 3a
MPOBEXIAHETO Ha €KCIICPUMEHTH M0 OpuKeTHpaHe mojy4eHu B [1], ce ompeznens macara Ha
CTPYKKHUTE 32 TO3M MaTepHuall. B KOHKpeTHHs clydail ce MMoy4u, 4ye Macata Ha CTPYKKHUTE 3a
enun Opuker ot Al-criae TpsOBa na e 4 gr, a 3a OpUKeT OT YYT'YHEHH CTPY)KKH jaa € 6 gr, 3a
7la ce TMOJIyYr MakCHMallHa IUThTHOCT Ha OpUKeTa.

» JlocTaBeHUTE CTPYXKKH Ca C OCTaHaJIa MO TAX CMAa30YHO-OXJIAXJallaTa TEYHOCT Ha
MAIIMHUTE 32 MEXaHHYHa 00pa0dOTKa, HA KOMTO ca MOIXy4eHH. HacT OT Te3u CTPYK KU Osxa
nourcTeHu (oOe3macieHu), a apyrara 4acT OcCTaHaxa B ChCTOSHHME Ha JOCTaBKa. ToBa e
HaIMpaBeHo C I, ]a CE U3CJe/IBa Bb3MOXKHOCTTA 3a MoTy4yaBaHe Ha OpuKeTH 0e3 MOYMCTBaHE
Ha CTPYKKHTE.

» Tlopanu Hanmyme Ha XJ1aOWHA MEKIY MaTpHUIlaTa U MMOAHCOHA, MOTy4aBaHUTEe OpUKETH
“MaT u3pacThim ¢ aebenuna 0.2 MM 1o JaBeTe YeIHM MOBBPXHUHU. T€3U H3pacThIM ce
OTCTpaHsABaT 4pe3 0o0paboTBaHEe Ha MalllMHA 3a MOJupaHe Ha Metanorpadcku nuudose
(JIaboparopus ,,1I3nutBane Ha matepuanute” npu TY-Codus).

» Bcuuky mosydyeHH JaHHU OT €KCTIEPUMEHTHUTE C€ HAaHACST B TAOJHIIM, KOUTO CIY)XaT
3a MOCTPOsIBaHE HA rpa)UuHU 3aBUCUMOCTH U 32 aHAIIU3 Ha Pe3yaTaThuTe.

4.4.3. Pesynmamu om o6pukemupane

Ha ¢wur.71 e mokazan Buaa Ha CTpyXKuTe 3a OpukeTupane. CpaBHEHHETO MEXIY BUIA H
rojeMuHara Ha cTpykkute oT Pur.58 u ¢ur.71 mokaspa ronsma pasnuka U 3a JBaTa BHUIA
Matepuanu. Haii-chiiecTBeHa € Ta3u pa3inKa B TOJIEMHHATa HA CTPYXKKHUTE.
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®urypa 71. Buo na cmpysckume 3a bpuxemupane: a — Al-cniae; 6 — uyeyn

OT Bcekn MaTepua ca MoJIydeHH 10 YeTUPH OpPUKeTa OT MOYUCTCHU CTPYKKH U CTPYKKH
BBB BHJ Ha JIOCTaBKa (omacieHu). Bunma Ha monydeHute OpuKeTH € mokazaH Ha Pwur.72.
M3pacThKbT 1O ropHaTa yeslHa MMOBBbPXHUHA C€ JBJDKM Ha XJIaOMHATa MEXJy MaTpuiara u
noaHcoHa. M3pacTbKkbT 1O J0IHATA YelIHA NMOBBbPXHMHA € Mopaau xJlabuHa B U30yTBaya OT
matpunara. Kakto e orOenssano B Pasmen 4.4, Te3u eneMeHTH ce IpeMaxBar, Hpeau
M3MepBaHe Ha MacaTa Ha OpHUKeTa C aHAJIMTUYHA Be3Ha.

Cren Bulieo-3aCHEMaHe Ha YAapHMsI IPOLEC 3a BCEKU OpPHKET, ce U3BBbpIIBa 00pabOTKa Ha
3amuca ¢ nporpamuus npoaykr Vicasso 2009. B pesyarar ce moiy4aBaT quarpamy Ha IbTs,
CKOpocTTa M yckopeHuero. OT Te3u JauarpaMu ce€ OT4YMTa CKOPOCTTC Ha yaap Vy H
YCKOpPEHUETO Ha yaap a,. C Te3u JaHHM ce IpecMsTa eHeprusra Ha yaap Ey u cunara Ha yaap
Py mo popmymnu (1), (4). Ha @ur.73 ca moka3zaHu T€3W AUarpamMu 3a €IUH OT yAapuTe
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6)
®@urypa 72. a — bpuxemu om anymunuesu cmpyoicku (A1 — A4 om nowucmenu cmpyicxu;
AM1 — AM4 om cmpysicku 6v6 6u0 Ha docmaska); 6 — bpuxkemu om uyeyHeHu cmpycku (41 —
Y4 om nouucmenu cmpyoicku, YM1 — YM4 om cmpyoicku 6v6 uo Ha docmaska )
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®urypa73. Juacpamu Ha nvm, cKOpocm u yCKOpeHue 3a eOuH Cryyail Ha
Opuxemupane cvC C104CeH yoap
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®urypa 74. Chumxu om Penmeenos Tomozepagh na opuxem om Al — cnnas: a — nanpeuno

ceuenue 6 cpedama Ha bpuKema no UCOYUHA, O, 8 — 83AUMHONEPNEHOUKYIAPHU BEPMUKATHU
ceuenus, npe3 yenmwpa Ha opuxkema, e — 3-D usobpasicenue

Marpuiiata ¥ moaHcoHa). [lopaaum ManmkoTo BpemMe Ha JEHWCTBHE Ha yJapHarta cuja, 3a
BB3IYXBHT JOCTHTHAI TEpU(EPHUTE O00JIACTH, HAMA JOCTATHYHO BpPEME Ja HW3Je3¢ H3BBH
Opukera. AKO JEHCTBHETO HA PAKETHHS JABUTATEIN, POIBIDKU MO-IBJITO BpeMe U Tarata My R
€ JIOCTaThYHO TOJISIMA, 32 Ja MOAIBbpPKa HEOOXOAMMOTO BHTPEIIHO HajsraHe B OpUKeTa, Mo
JEHUCTBHUE HAa KOETO BB3AYXbT MPOABIIKABA J]a CE IBMXKH 10 MIBJIHOTO My OTCTpaHsIBaHE, LI
ce ch3/anaT yCIOBHUS, 3a MOTy4aBaHe Ha OpUKET ¢ TUTBTHOCT MHOTO OJIM3Ka JI0 TIBTHOCTTA Ha
MOHOJIUTEH MeTal. TakbB OpuKeT 1Ie MOKe Ja ObJe H3MOJ3BAH 32 AUPEKTHO
NMPOU3BOACTBO HA JeTailjii. To31 BBIPOC CE€ U3CIEBA MO-JI0TY.

® B cpemara mo BucouMHa Ha cedeHMsITa Mokazanun Ha dur.74 0,8 ce BWXKIa THHKA
HauyneHa auHud. Criopen Hac TOBa € MPU3HAK 3a pa3CclosiBaHEe Ha MeTana, Mopaau JACHCTBUE
Ha IUTACTHYHM BBJIHH Ha ombH [11], [13].

PascnosBanero He € OT 3HAYCHHUEC, ITPU U3IIO0JI3BAHC HA 6pI/IKeTI/ITe 3a CTOITIBAHC B IICIII.

Ot ®ur.®ur.75a,0,8, ce BIXKIA, Y€ MEX]y YYT'YHEHUTE CTPYKKU MMa rojeMu oOIacTH ¢
BB3/yX, KOUTO Ca HEPaBHOMEPHO pas3mpeziesieHd B obeMa Ha Opukera; 3-D u3zoOpakeHHeTo oT
®dur.75T mokasBa ciado CIEMIeHne MEeXY CTPYKKHUTE M JIOMIO KauyecTBO Ha Opukera. KakTo
Oelle MOKa3aHO MO-TOpe, TOBa C€ ABKM Ha Majkara cneruduyHa eHeprus Ha ynaapa Ee,
KOSATO € HaJl JBa I'bTHU IMO-MaJika OT HeoOXoaumaTa €Heprus 3a Mojy4yaBaHe Ha OpHKET ¢
MaKCHMaJIHa IIBTHOCT, B ChOTBETCTBHE ¢ Dur.680.
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®urypa 15. Chumxu om Penmeenos Tomoepagh na opuxem om uyeyn ¢ maca 6 gr (Ec =): a
— HanpeuHo ceyerue 68 cpedama Ha bpuKema no 6UCOYUHA; 0, 6 — 63AUMHONEPNEHOUK)IAPHU
8EpMUKANIHU CeYeHUs, npe3 yenmuvpa Ha bpukema, e — 3-D uzobpasicenue na opuxem

4.7. A3Boan

4.7.1. 3a pesynmamume om dpukemupate.

o [Ipu OpukeTnpaHe ¢ KOMOMHHMpAH yaap Ha OMACJIEHU CTPY)KKH OT IpegocraBeHara Al —
CTNaB, ce MONY4H CpelHa MIBTHOCT Ha Opuketute p = 2.53 gr/sm°, mpu crnenupuuna
eneprus Ha yaapa Ec =150 J/sm®. Tasu cToifHOCT chbBHaja ¢ pesyaTaTHTE OT MPEIUIIHH
u3cienBanus nyonukyBanu B [1], [2] koWTO ToOKa3BaT, ue akoO CE€ M3IOJ3Ba IMO-TOJsMa
criemuduyHa eHeprus Ha yaapa Ec > 150 J/sm® u mo-ronsma Tsara R Ha pakeTHHs ABUTaTel,
MOXKE€ J]a C€ IMOJIyYH IJIBTHOCT Ha OpHKeTa, MHOIO OJIM3Ka J0 IUTBTHOCTTa HA MOHOJIMUTEH
MeTal, Tpu OpuKeTupaHe ¢ KOMOWHUpaH yxaap. [Ipu ToBa, TUTBTHOCTTa HA IOJyYaBAaHHUTE
OpHKETH He 3aBHCH OT BHJIa U roJeMUHaTa Ha cTpyxkute (Dur.71a u dur.710)

e [‘onsiMaTa MIBTHOCT Ha OpukeTuTe OT Al — crutaB 1aBa Bb3MOXHOCT 3a MOJIy4aBaHE Ha
JeTailii OT TAX, upe3 cjelBalla IUIacTUYHaA Aedopmaius ¢ npeobsagaBaliy MaKCHUMaTHU
Hanpe)XeHUs1 Ha HATUCK (CIieckBaHe, 00EMHO IIaMIIOBaHe, MpaBo u3TH4aHe). HeoTroBopHu
JeTaiili  MOXe Jla ce MOoJydaBaT 4pe3 MeXaHWyHa o0paboTka Ha OpHKeTHTe, HO Tasu
TEXHOJIOTHUS TPSIOBA J1a Ce M3CIIE/IBA JOIIBJIHUTEITHO, IO OTHOIIEHHE Ha JOMYyCTUMHTE PEKUMH
Ha ps3aHe.

e [lomydeHuTe upe3 KOMOMHHUpPAH yaap OpHKETH OT 3aMbPCEHH UYYTYHEHU CTPYKKH, ca C
MHOTO Majka IsTHOCT: p = 2.08 gr/sm® mpu Gpuketupane ¢ exus yaap u p = 2.34 gr/sm?
npu Opukerupane ¢ aBa yaapa (Tadbmuna 23 Tabmuna 24). He ce HaOmoqaBa pa3iuka MExXIy
IUTBTHOCTTA Ha OPUKETH MOIY4YE€HHU OT 3aMbPCEHU U OT MMOUYUCTEHU CTPYXKKH.
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e Criopen Hac, IpUYMHATA 32 MaJikaTa IUTBTHOCT Ha OPUKETUTE OT UYT'YHEHH CTPYKKHU €
TsixHata Gopma u pazmep. Ot Dur.75 ce BIKAA, 4e PA3MOI0KEHUETO Ha CTPYKKHUTE € TAKOBA,
4ye BB3MPEISTCTBA M3JIM3aHETO Ha Bb3ayxa M3BBH Opukera. C ToBa MOXe aa ce 00sSCHHU U
€HAaKBaTa TUTBTHOCT HA OPUKETUTE OT 3aMbPCEHU W IMOYHUCTEHU CTPYKKHU: BIUSHUETO HA
OCTaThLUTE OT CMA30YHO-OXJIAXK/IAIIla TEYHOCT BbPXY INIBTHOCTTA HA OPUKETHUTE CIIE/Ba Ja Ce
MIPOSIBH, CIIEl OTCTPAHSIBAHE Ha MO-ToJsiMaTa 4acT OT Bb3/lyXa U YCTAHOBSBAaHE Ha MO-TIHTEH
KOHTAKT MEX]y OTAETHUTE CTPYKKHU.

e CpaBHSBAaHETO Ha pE3YNTATUTE OT OpHUKETHpPAaHE CbC CIOXKEH yaap Ha YYTryHEHH
CTpYKkH ¢ Majku pasmepu (dur.7la) u Ha U3MNOJI3BAHUTE B TOBA H3CIEIBAHE CTPYXKKH
(®dur.716 ,Tabnuna 23, Tabnuma 24) nokas3sa, ue nMpu APEOHHU CTPYKKHU CE MOJTydaBa MHOTO
I0-TOIAMA MIBTHOCT  (0KoJI0 p = 5.3 gr/sm®), npu crinaTa cnenuduyuna eHeprus Ha yaapa
Ec~ 100 J/sm® @wur. 73. Heo6X0auMo € JONBIHUTENHO H3CielBAHE 3a JOKA3BaHe Ha
BIIUSTHUETO BUJIA M €JPUHATA HA YYTYHCHHUTE CTPYKKH, BBPXY TUIBTHOCTTA HA OPUKETHUTE.

4.8. Bb3MOKHOCT 32 BHeJAPsSIBaHe HA OpUKeTHPaHe H YILIbTHABaHEe HA METAJIHU
MpaxoBe ChC CJI0KEH yaap

[TomrydeHuTe pe3yiaTaTH B HACTOSIIOTO M TPEIUIIHM HAIA H3JICABAHUS, KAKTO U
CBETOBHHMSI OTHT TIOKA3BaT, Y yJaPHUTE MAIIWHU (1YKOBE) MOXKE JIa CE M3IOJI3BAT YCIICIIHO,
3a MoJIy9aBaHe Ha OPUKETH OT METATHH CTPY)KKH U 32 YIUTbTHSIBAHE HA METAITHU Tpaxose. 1 B
JBaTa ciay4as Cce€ T[ojydaBa MO-TOJISIMA IUTBTHOCT, OTKOJKOTO TIPHU H3MOJI3BaHE Ha
XUIPABIUYHU WM MEXaHWYHU Tmpecd. EQexkThT OT Te3u TEXHOJOTMHM Ce€ YBelMYaBa
3HAYMTEIIHO, aKO CE M3IOJI3BA CIIOKeH (KoMOMHMpaH) yaap. Hamure uscnensanus mokassar,
4e B TO3H CJIy4ail ce MoJyvaBa:

e HapactBane 10 27% Ha edekra npu miactiuuHa gedopmanus [14] u mo 20 % mpu
Opuketupane [1], B cpaBHEHHE ¢ OOMKHOBEH yjaap, B Pe3y/iTaT Ha KOETO Ce MOa00psBar
TEXHUKO — MKOHOMUYECKUTE ITOKA3aTeI Ha MPOU3BOJICTBOTO.

e VYBennuaBa ce TPAWHOCTTA HA MHCTPYMEHTATHATA EKUITMPOBKA, IMOPATN HAMAJIsBaHE HA
cuiaTa Ha yapa U rnpeMaxBaHe (WIH roJisiMO HaMaJIsIBaHe)

Ha roleMuHata W Opos Ha orckommte cien ymap [14]. Ha ¢wur.86 [7] e mokaszaHo
W3MEHEHUETO Ha CuiaTa, JeHCTBalla BbpXy HHCTPYMEHTUTE Mpe3 BpeMe Ha €IMH OOMKHOBEH
yaap.

CpaBusiBane Ha ®ur.86 ¢ ®ur.66 u dur.68, naBat HarieaHa MpeACTaBa, 3a Pa3IHYHUSL
XapakTep Ha HaToBapBaHe Ha WHCTpyMeHTHTe. llpm oOukHOBeH ymap —®wur.86,
HATOBAPBAHETO € JMHAMHYHO ITYJICHPAINO, C TOJISIMH CTOMHOCTH Ha MaKCHUMAJTHHUTE CHIH H
IecT OTCKOKa clies yaapa. [Ipu clioskeH ynap W IpH ChIlata KOHCTPYKIUS Ha HHCTPYMEHTA
OposT Ha OTCKOIUTE € caMo JIBa M MaKCUMaJHATa CHjia MPU TAX € MHOTO MO-Majika OT
MakcUMaaHaTa cujia Ha yaapa - Our.68, dur.66. Ako ce moxdepe moaxossiia Tsarata R Ha
pakeTHUsl NIBHTraTeNl, MOXE Ja ce TOoNy4d yaap 0e3 OTCKok — ¢ur.66, xoero BOIU [0
KauecTBEHO HM3MEHEHHE Ha XapakTepa Ha HaToBapBaHE Ha WHCTpyMeHTHTE. To3u edekT
HapacTBa M MOpPaJy YCTAaHOBEHUs OT Hac ¢akT [14], ue eqHa U chla CTeNeH Ha aedopMarus
ce ToCTUTa Ipu KOMOWHHUpaH yaap ¢ MOo-Majka Cuila Ha yaapa, OTKOJKOTO MpH OOMKHOBEH

yAaap.
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e [lomydaBane Ha OpPHKETH C ITBTHOCT OJIM3Ka JO IUTBTHOCTTa HAa MOHOJIMTEH MeTal,
KOETO IT03BOJISABA IOJyYaBaHE OT OpPHKETHTE HAa NETAiaM 4pe3 METOIWTE Ha CTYACHA WIH
ropema IiacTuyHa jaedopmanus Wik 4upe3 ps3aHe. Tasu TexHosorus ¢ eeKTHBHA, MpU
Opukerupane Ha cTpyxku oT ruactuunu Metanu (Al, Al-crmasu, Cu, Pb u ap.) wnu npu
OpHKeTHUpaHe Ha CTPYXKKH OT CKbIM Matepuainu (Ti - cruiaBm).

a b
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®urypa86. Mzmenenue Ha cunama oeticmeauja npes epeme Ha 0OUKHOBEeH yoapa u Ha
credgawume OmMcKoyu, npu YRavmusieane na scenesen npax cve Vy = 15 m/s u enepeus na
yoapa E, = 2.7 kJ [7]: a-usmenue na cunama 3a eoun yoap, 6- camo Ha MaKkCUMAIHume
CMOUHOCMU HA CUNAMA

3akaroueHue

B paspaborenara mucepranus ca HampaBeHH 0030p, aHAIM3 W CHUCTEMAaTH3alMs Ha
METOJIM U CPEJCTBA 3a peaju3alus Ha BUCOKOCKOPOCTHHU YIPABIIIEMU yAapHU MPOLECH MPHU
nepopmanus Ha MeTald, OpUKeTHpaHe M YIUTbTHSIBAaHE HAa METaJHU MaTepHalii, KakTo U
3a0MBaHe Ha MUJIOTH.

[TpenyioskeHn ca METOJUKU U QJITOPUTMU 3a IUIACTHYHA U eacTU4Ha AedopMarus Ha
METaJIHU 3arOTOBKH, OpHKETHpaHe Ha allyMUHUEBU U YYTYHEHHM CTPYKKH, YIUIBTHSBAaHE Ha
KEJIE3EH Ipax.

W3BbpiIeH ca  eKCHepUMEHTH Ha JabopaToOpeH CTeHA 3a  yIpaBisieMHU
BUCOKOCKOPOCTHM yJapd C paKeTHU 3aJBUKBaHE, KOMIIOTHPHO YIpPaBlIEHUE U
KOMYHHKallMOHHa cucrtema. C BHCOKOCKOPOCTHAa Kamepa ca 3acHETH pe3ylTaTuTe OT
eKCIIEPUMEHTHUTE U Ca ONPEJEICHN TPACKTOPUUTE, CKOPOCTUTE U YCKOPEHHUATA MPH PAITUYHU
pexxumu Ha pabota. C koMmtoTepeH 3/1 nHaycTpHUaneH ToMorpad ca U3ciieJBaHu BbTpELIHATA
CTPYKTYpa M IITbTHOCTTA HAa MOJTY4YEHUTE METaTHU MaTepUalli - 3ar0TOBKU M OpPUKETH.

OnpeneneHn ca ONTUMAJIHU MAapaMETPU Ha YIpPaBISIEMUTE yJapHU IMPOLECH U Ha
TPETUPAHUTE METAJIHM MaTepuald C IeJ MOoJy4yaBaHE Ha Hal-100pu (U3MKOMEXaHUYHH
cBoiicTBa. TOYHMAT UM MOA0Op M MpUJIaraHe MoraT 3HAUUTENHO Jla MOBUIIAT Ka4eCTBOTO HA
NPOAYKIUATA M Jla MOBHIIAT €HepruiiHata e(eKTUBHOCT, C KOETO PEaTHO Ja Ce HaMaJsAT
BpEMEHaTa U pa3XxoAUTe B IPOU3BOJCTBOTO.
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IIpuHoCH B JUCEPTALIMOHHUS TPY

C ornen Ha paboTara U3BbpIICHA B JUCEPTALUATA U PE3YJITATUTE, ITOJIyUEHH B X0/1a HA
W3CIEBAHUATA U M3JIOKEHH IO-TOpe, Morar jaa Opaar (opMyJiIHpaHH CIEJHHTE Hay4HO-
IIPUJIOKHU IPUHOCH:

1. AHamum3upanm W CHUCTEMAaTHU3UPaHH ca B CBOSTa IBJIHOTA  PA3IUYHUTE
BHCOKOCKOPOCTHH peIleHus 3a aedopMmanus Ha METajaH, OpUKETHpaHe Ha MeTaleH
CKpan ¥ 3a0uBaHe Ha MIJIOTH

2. llpennokeH e MOIXOJ 3a TEOPETHYHO HM3CIE/IBAHE HAa YIPABISIEMH yIApHU IPOILECH,
yYpaBHEHHUS Ha JBWD)KEHHE NPU BBHIIHM CHJIM UM MOJEIH 3a JWHAMHUKATa Ha yJaapH
MEXIy Tela

3. IlpoBexenn ca penuma eKCHEpUMEHTH 3a jaedopManisi Ha METATHH 3arOTOBKH,
OpuKeTHpaHe HAa METAIHU CTPYXXKHU M YILTBTHSABAHE HAa METAJICH MPax

4. PesynraTuTe OT EKCIIEPUMEHTHTE Ca BepU(PULIMpPaHH, aHATU3UPAHH U ONITUMHU3HPAHH C
1IeJT IOBHIIABaHE KAYeCTBOTO Ha MPOAYKIMATA U CHEPrHifHATa €eKTUBHOCT.

5. Paszpaborena e meronuka 3a OIEHKa (U3MKOMEXaHWYHUTE CBOWCTBA HA METAJTHUTE
MaTepuay MpH Pa3INuHK apaMeTpy Ha yIapHUTE MPOLIECH

6. OmpeneneHu ca TPaGKTOPHUTE, CKOPOCTHTE M YCKOPEHHSTA TP PA3JIMUYHU PSKUMH Ha
paboTra M ca W3CIEABAaHM BBTPEIIHATA CTPYKTypa M IUTBTHOCTTa Ha TOJTYYECHHUTE
3arOTOBKHU U OPUKETH.
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baarogapHocTu

bracooaps na ceos nayuen pwvxoeooumen npogh. o-p Humumwvp Kapacmosanos, 3a
NOA3MBOPHAMA CbEMECMHA paboma, 3a 6CUYKU CbBemU U 2PAOUBHUME KPUMUKU, KOUMO
omnpasi.

brazooaps na npog. o.m.u. Iansa Aneenosa, pvrosooumen na npoekma ACOMIN, 3a
ocucypenama nomow; u J1abopamopro 0060pyo0eane ¢ NOMOWMA HA KOemo CMAaHaxd
8B3MOINCHU NOBEUEMO U3CIICOBAHUSL 8 OUCEPMAYUAMA.

Ilviboka brazooaprocm u npuzHamenrHocm 0wvadica u Ha npogh. 0-p Tooop Hewxos,
ooy. Tooop Ilenues u ooy. Jloen Knouxkoe om Texnuuecku Yuusepcumem — Coghus 3a
MEemoOoNocUYHaAmMa NOMOW, Cvbeemume U npenopvkume, 6e3 KOUMO HACMOoAWaAma
oucepmayus He Ou ce cryyua.
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