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PROCEDURE FOR DETERMINING PROCESS CHARACTERISTICS OF
FRICTION STIR WELDING

Purpose. The study is aimed at improving the procedure for determining the optimum radius of the shoulder of
a special tool for friction stir welding (FSW) of aluminum alloys and its change depending on the variations of base
metal thickness. Methodology. The friction stir welding process was carried out on specially designed equipment.
The material for the studies were 1.85 mm thick plates made of aluminum alloy AMg3 with a chemical content of
alloying elements within the range of the brand composition. The temperature in the welding zone and the pressure
from the tool on the edges of the welded joint were determined using a specially designed research stand. The press-
ing force of the tool to the base metal during welding was measured with a dynamometer type DC-0.1 with the indi-
cator head. Findings. During the research, the degree of metal heating and the quality of the welded joint formation
were determined at various ratios of the rotation frequency of the working tool and the normal pressure to the join-
ing edges. The research allowed determining the influence of FSW process parameters on the temperature of metal
heating in the action zone of the working tool shoulder. Originality. The experimental studies allowed to determine
the effect of the working tool rotation speed and the magnitude of its pressure on the welded metal during welding
on the temperature in the weld zone. Increasing the tool rotation frequency allows to reduce pressure of the working
tool during welding, which results in more efficient and high-quality welding process. It has been established that it
is possible to obtain better welded joints at a temperature of about 0.7 Tm and to determine the optimal temperature
range in the welding zone. Practical value. The study resulted in determination of the conditions for achieving the
permanent softening effect during friction stir welding and the optimum temperatures in the welding zone for the
tested alloy. The main technological parameters of the working tool are calculated and their influence on the genera-
tion of thermal energy in the welding zone is determined. The thermal analysis of the welding process resulted in
development of the procedure for determining the technological parameters of the working tool and its rotation fre-
quency depending on the weld metal thickness.

Keywords: friction stir welding; thermal energy; working tool; welding modes; aluminium alloys; optimum
temperature

with the simultaneous development of innovative
Introduction methods of their processing.

When making the structures of intricate shapes,
welding is accompanied by certain difficulties. The
aluminium alloys ability to weld is complicated by
the formation of refractory foils, high thermal con-
ductivity and castability, the tendency to form hot
cracks, cavities and others.

Almost all of these disadvantages can be elimi-
nated or significantly reduced when using welding
without metal melting. Such methods are types of

One of the directions of the progressive devel-
opment of rail transport is the introduction of new
metal materials for the manufacture of various
structures. The main advantages include small spe-
cific gravity, strength, corrosion resistance, ease of
recycling, etc.

Aluminium alloys are constantly improved, as
well as their mechanical and physical properties,
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welding by pressure (Fig. 1), with the localization
of heat dissipation in near-surface layers of the
edges caused by transformation of mechanical en-
ergy (frictional forces) into the heat one.

Fig. 1. Friction welding process schemes:
a — traditional; b — vibro friction; ¢ — of sheet workpieces
using a blade; P — pressing force

Similarly, during the friction stir welding
(FSW) [10], the heat source is the friction forces
that arise between the surfaces of the welded edges
and the working part of the special tool [5, 12-17].

The FSW process parameters include:

— Rotation frequency of the welding tool
around its own axis;

— Speed of welding (speed of movement of the
welding tool along the welding edges);

— Angle of the tool relative to the welded sur-
face normal;

— Force of pressing the tool to the edges;

— Geometrical dimensions and shape of the
working part of the welding tool.

The above characteristics have a different effect
on the welding process and the quality of the weld
joint [7, 13]. At the same time, the high sensitivity
of FSW process to changes in process parameters
makes it difficult to support stable welding condi-
tions. For example, the rotation frequency of the

tool and the speed of its movement along the edges
allow for a wide range of changes in conditions of
metal heating and connection. Another matter
when it refers to geometric dimensions and tool
shape. The intricate form of the elements of the
tool significantly complicates its use when chang-
ing the range of products under the conditions of
friction stir welding (Fig.2, a).

Each of the tool parts provides not only the
transformation of mechanical energy into heat, but
also its specific distribution along the intersection
of the weld seam [17]. The action of the shoulder
brings up to 90% of the total energy [12], the re-
mainder is due to the pin. The above correlation
indicates the main impact of the shoulder on the
stability of FSW process.

In some cases, the working surfaces of the tool
may have grooves, flutes, spirals [11], etc., which
allows a high level of destruction of the oxide foil
of aluminium alloy surfaces and increase in degree
of diffusion between the weld metal, which in turn
improves the mechanical properties of the joint [1,
12, 14, 15].

The working tool pin is intended for the distri-
bution of thermal energy over the thickness of the
welded joint, the crushing of the oxide foils of the
ends of the welding surfaces and their activation,
ensuring diffusion during welding.

The shape of the working tool pin can vary
considerably depending on its diameter, the tool
inclination angle during welding, the thickness of
the base metal and its chemical composition, which
in turn will affect the quality of the welded joint.
Similarly to the surface, the shoulder pin may have
a groove that helps control the flow of plasticized
metal and direct it to the sealing of certain seg-
ments of the seam, which reduces the likelihood of
the lack of root fusion.

Compared to the technologies of partial or full
melting, the use of friction stir welding can signifi-
cantly reduce the degree of overheating of the met-
al in the zone of thermal impact and, accordingly,
the resulting deformation of the welded joint and
the product as a whole [1, 2, 7].

Purpose

Improvement of the procedure for determining
the optimum radius of the shoulder of a special
tool depending on the variations of base metal
thickness.
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Material and methodology
of the research

The FSW process (Fig. 2, a) was carried out on
a specially designed laboratory equipment using a
variety of welding modes [2, 6, 12, 17].

The welding tool (fig. 2, b) was made of P9
grade high-speed steel, which retains its mechani-
cal properties to the melting temperatures of alu-
minium-based alloys. The tool was used after a
special heat treatment hardening.

For the purpose of high-quality metal filling,
the axis of the working tool is located at an angle
of 1...3° relative to the normal to the metal surface.
Normal effort was chosen under the conditions of
immersing the tool into the billet to a depth of up
to 10% of the weld edge thicknessThe shoulder
had a diameter of 12 mm and 1.72 mm long cone-
shaped pin with a diameter of 3.4 mm.

Fig. 2. FSW process of two workpieces (a) and
working tool (b):
1A, 1B — workpieces; 2 — stick; 3 — working tool; 4 — pin;
5 — shoulder; 6 — source of rotation (engine);
7 — direction of welding

The speed of the tool rotation was changed in
the range of 800...1600 min™, with the force of
pressing on plates not higher than 1.4 kN. The
speed of tool movement along the seam was main-
tained constant — 50 mm/min.

Materials for researches were 1.85 mm thick
plates of AMG3 alloy with the content of alloying
elements within the brand composition.

The temperature and pressure from the tool in
the welding zone were controlled in a specially de-
signed stand mounted on a vertical cutting bench.
The force of working tool pressing to the edges was
measured by a dynamometer of type DS-0.1.

The metal heating temperature was measured
by thermocouples of chromel-aluminium type with
an arrangement at different distances from the axis
of the weld seam.

Findings

In different ratios, the working tool rotation
speed and its pressing to the connecting edges
changed the degree of metal heating.

Fig. 3 shows the research results of the influence
of the FSW process parameters on the metal heating
temperature under the shoulder of the working tool.
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Fig. 3 — Experimental curves of dependence
of the alloy edge heating temperature under
the shoulder on the speed of rotation
o and the pressing force P of the working tool
(Vy = const):
1-o0=2800rpm; 2 - =1250 rpm; 3 — ® = 1600 rpm
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The analysis of the type of the ratio 7 = f(P)

resulted in determination of the optimal tempera-
ture of the heating of the metal edges. First, a qual-
itatively different form of dependence correspond-
ed to a change in the structural transformations in
the metal edges. Regardless of the rotation speed
of the tool and its pressing force, the minimum
temperature was in the relatively narrow range of
70...85°C (Fig. 3, points A, B, C). Taking into ac-
count possible uncontrolled deviations with the
support of stable conditions of the welding process,
to simplify the analysis of the thermal balance, the
average temperature value of 76...78°C was adopt-
ed, which corresponded to the moment of change
in the ratio type.

Estimation of the initial recrystallization tem-
perature (Tg) for single-phase metallic materials
(Tr = 0.4:Ty, where Ty is the metal melting point)
showed a sufficiently qualitative coincidence with
the values of 76...78°C.

A detailed analysis of the shape of the curves
T = f(P) (Fig. 3), taking into account the existing
qualitative changes in structural transformations
under hot compression, suggests that from the
moment of formation of the horizontal section
(A-D; B-E; C-F) to a sharp reduction of the
pressing force (point D, E, F), the processes of in-
ternal alloy reorganization are due to the develop-
ment of dynamic polygonization and recrystalliza-
tion.

On this basis, the moment of formation of the
horizontal section should be considered as a limit
on the minimum temperature of the FSW process,
and a sharp decrease T — as the maximum accepta-
ble value.

The shape of the curves and the qualitative
change points in the ratio 7= f(P) indicate the

dependence of conditions for the achievement of
the metal superplastic state on the FSW process
parameters. Indeed, if the initial plasticization tem-
perature remains practically independent of the
ratio of ® and P, then the achievement of the su-
perplastic state (P decrease area) is more or less
determined by the value o .

Sufficiently complex character of the simulta-
neous influence of several technological parame-
ters of the FSW process on plastic properties de-
manded to estimate the required energy (Q) for
heating the metal to a temperature of 0.7Ty. The

value Q was determined by the ratio of type [9],
taking into account the experimental conditions:

Q=R-T-(Mm-InP-Inw), y

where o - tool rotation frequency; P — pressing
force of the working tool, T - temperature (K),
R — power characteristic, m — exponent.

The calculation of Q was carried out according
to experimental data (Fig. 3) for the alloy plates
under steady state conditions: ® = 13.3 sec™
(800 min™), P=1kN; o =20.8 sec™*
(1250 min'), P = 0.59 kN and ® = 26.7 sec™
(1600 min™), P = 0.275 kN. The temperature in the
edge zone was 0.7 Ty. The result of the Q estimate
depending on o for points J, H, G is shown in
Fig. 4
Q)
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Fig. 4 — Q dependence on the simultaneous influence
of @ and P (points J, H, G) under conditions
of temperature reach of 0.7 Ty,

The given dependence (Fig. 4) shows a rather
complex simultaneous impact on Q from P and
® . On this basis, it is a definite interest to evaluate
the impact of any one characteristic. The result of
the calculation of Q depending on ® with
P =const (0.275 kN) is shown in Fig. 5.

The analysis of the results shows that in the
case of constant pressing force, the double change
of o leads to Q change at the range of 10...12%,
which corresponds to the average value of Q
(Fig. 4, point G).

The result of o impact on Q, in comparison
with the pressing force, has a definite confir-
mation. The fact is that the change interval of ® is

doi 10.15802/stp2018/133168

98

© S. O. Plitchenko, 2018



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopry. Bichuk J{HinponeTpoBchKoro

HALOHAIBHOTO YHIBEPCUTETY 3ali3HHYHOro Tpancnopty, 2018, Ne 3 (75)

MATEPIAJIO3HABCTBO

2 times against the change of P more than
3.6 times. Thus, the experiment plan showed a dif-
ferent effect of the FSW technological parameters
on the processes of heating the connecting edges.
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Fig. 5 Change of Q depending on ®
with P=0.275kN
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The combined analysis of the Q calculated val-
ues (Figs 4, 5) indicates the need to determine the
optimal energy for friction stir welding and possi-
ble dependence on the geometric dimensions of the
working tool. Taking into account the contribution
of the shoulder to the energy balance of the FSW,
an attempt was made to estimate the optimal diam-
eter of the work tool shoulder for different thick-
nesses of the connecting edges. To this end, the
relationship between the thermal balance of the
friction welding process and the main technologi-
cal parameters [3] was used:

2
Nzg-n-u-p-m-RS. 2
where N - energy characteristic;u — friction
coefficient; p —specific normal tool pressure;

o — angular speed of rotation; R; — radius of the
tool shoulder.

Given that the relation (2) includes unchanged
values, the expression should be simplified:

2
A==.n-u-p, 3
PR (3)

where A4 — constant coefficient.
Then the expression (2) will look like:

N=4-0-R, (4)

From the relation (4), R; is equal to:

N
Ao’

R =% (®)
The calculation results for R, according to (5)

using the experimental data [8] and the random

values of Q for the studied change intervals P and

® are shown in Fig. 6.
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Fig. 6 — Diagram of selecting the working
tool shoulder radius R; for P=0.275 kN,
dependingon :

1 - 800; 2 — 1250; 3 — 1600; 4 — 2000 min™*
e — Experimental data Q from Fig. 4

Q. kJ

The analysis of the results (Fig. 6) shows the
existence of a correlation between the energy Q in
the welding zone and the size of the working tool
shoulder radius R;. At higher speeds of the tool
rotation (Fig. 6, curves 3 and 4), the same values of
Q are achieved with decreasing R;.

In the process of welding, holding the tool at an
angle of 1...3° relative to the normal to the blank
provides the necessary conditions for filling of the
weld bath with the metal. The expected unevenness
of temperature distribution along the plane of the
contact spot (shoulder) occurs only in the initial
stages until reaching the optimal welding condi-
tions. After this, completely homogeneous condi-
tions for the heat energy release process are
achieved.

When designing a working tool, it should be
borne in mind that excessive increase in the shoul-
der diameter will increase the load on the equip-
ment and undesirably increase the width of the
weld, as well as using high frequency rotation of
the tool can lead to overheating of the weld con-
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nection, which negatively affects its mechanical
properties.

In addition to the influence of these factors, the
choice of welding mode depends on the chemical
and phase composition of the alloy, the morpholo-
gy and location in the matrix of the particles of the
second phase. Of particular importance is the
thickness of the metal edges.

In order to take into account the influence of
the welded metal thickness and its thermal proper-
ties on the achievement of optimal conditions, it is
proposed to use the similarity criterion [4]:

N
AT-8

where N - characteristic, similar to Q from (2);
A — thermal conductivity; & — thickness of the met-
al edges; T — temperature in the welding zone, K.

By relation (6), for a particular alloy, under un-
changed conditions A and 7" (optimal heating tem-
perature of edges in FSW), the value  varies in

a very small range of values, which is confirmed
by the data [4] and experimentally in the work.
Given that the thickness of the welded metal can
vary in a wide range, the calculations of R, are lim-
ited in thicknesses from 1 to 10 mm, which are the
most common in the industry.

The value of the energy Q for any thickness of
the base metal is estimated by the following ex-
pression:

Y= (6)

Q=Y A-T-3, ()
The relation (7) taking into account (8)
B=WYgpn AT, ()
where B is constant, takes the form:
Q=83, 9)

Taking into account (1), the same level of Q
can be achieved by different combinations of
and P . Then, for (9), Q is in fact the mean for the
range of changes of ® and P, that has a definite
confirmation. So, for the thickness & = 1.85mm,
the received energy value by the ratio (9) and the
average value Q under the three modes (40 kJ)
have a qualitative coincidence (Fig. 7).

200}
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0 2 4 6 8 O,mm

Fig. 7 — Dependence of the required amount
of energy Q by (9) for the established process
of welding on the metal thickness &

The given dependence allows us to determine
the optimal conditions for friction stir welding for
plates of different thicknesses. For example, for
d = 3mm the required amount of heat energy
should be of about 70 kJ. Further, for this energy
value, for a particular equipment with a specified
power, we determine the optimal rotational speed
of the tool and the corresponding radius of the
shoulder.

Determination of the value R;, subject to the
simultaneous consideration of the tool pressing
force, the rotation speed and the metal thickness, is
proposed by the ratio:

B-5

Ao’ (10)

R =3

The calculation results for (10) are given for the
thicknesses 1<6<10 mm in Fig. 8

The constructed diagram for (10) corresponds
to the conditions of constant pressing force
(0.275 kN), although the optimal Q level for weld-
ing (FSW) is determined by the combination of ®
and P.

The verification of the dependence (Fig. 8) was
carried out experimentally. So, under the constant
pressure conditions (0.275 kN) for welding the
3 mm thick edges with ® = 1250 min™, the tool
radius should be 9...10 mm, and for the frequency
of 1600 min™ — approximately 8...9 mm.
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Fig. 8 — Diagram of determining the optimal working
tool shoulder radius R; to achieve the established weld-
ing process at:

P =0.275 kN, Vg, = const:

1-800; 2 - 1250; 3 — 1600;

4 -2000; 5 - 2500; 6 — 3000 min™

Under conditions when the justified necessity
of finding the optimal welding mode is based on
changing the working tool pressing force, the cal-
culation of Ry is carried out according to another
diagram, for a specific value of P.

Thus, according to the estimates, it is possible
to improve the process of finding the optimum
welding conditions for the friction stir welding.

Originality and practical value

The research determined the effect of the work-
ing tool rotation speed and the magnitude of its
pressure on the welded edges on the temperature in
the weld zone. The increase of ® allows reducing
the pressure of the working tool during welding.
The conditions for the achievement of the super-
conducting state of the metal in the welding zone
and the optimal temperature range have been de-
termined.

Conclusions

1. It has been established that it is possible to
obtain welded joints at a temperature of about
0.7 T,, during the friction stir welding.

2. At different ratios of the working tool rota-
tion speed and pressing to the connecting edges,
the conditions for achieving the effect of constant
softening of the alloy have been determined.

3. The main technological parameters of the

working tool have been calculated and their influ-
ence on the generation of thermal energy in the
welding zone has been determined.
4. The thermal analysis of the welding process
resulted in development of the procedure for de-
termining the technological parameters of the
working tool depending on the weld metal thick-
ness.
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METO/IUKA BUSHAUYEHHSA TEXHOJOI'TYHUX XAPAKTEPUCTHUK
HPOLIECY 3BAPIOBAHHS TEPTSAM I3 HIEPEMIITYBAHHAM

Mera. JlocnimkeHHs nependadae yaI0CKOHAJICHHS METOAWKN BH3HAYCHHs ONTHMAIbHOI BEJIMYMHM pajiyca 3a-
IUTEYHKa CTEHiaTbHOTO {HCTpYMEHTA IiJ 9ac 3BapioBaHHA TepTsAM i3 mepemimyBanHsaM (3TII) cmmaBiB Ha ocHOBI
ITFOMIHIIO Ta HOTO 3MiHY 3aJIeXKHO BiJ 3MiHH TOBIIMHHA OCHOBHOTO MeTaly. Meroauka. [Iporec 3BaproBaHHS Tep-
TSM 13 IepeMillyBaHHSM BHKOHAHWH Ha CIIEI[ialIbHO po3pobieHomy obnamHanHIl. MaTepiamoM A JOCHiHKEeHb Oy-
JIM TUIACTUHHU TOBLIMHOWO 1,85 MM 3i crutaBy amoMiHito AMr3 3 XiMiYHEM BMICTOM JIETYBJIBHHX €JIEMEHTIB y Me-
Kax MapoyHOro ckiamy. Temmeparypy B 30HI 3BaplOBaHHS Ta THCK BiJl IHCTpyMEHTa Ha KPOMKH 3BapHOTO
3’€THaHHs BU3HAYaJIU 32 JIOTIOMOT'OI0 CIELialIbHO pOo3po0JICHOTO NoCHiqHOro cTeHaa. Cuiry NpUTHCKaHHS poOoYoro
IHCTpYMEHTa JI0 OCHOBHOTO METally IiJl 4ac 3BaprOBaHHs BHMIpIOBAJIM 3a JAONOMOTor0 auHamomerpa tuiy JC-0,1
3 IHIMKAaTOPHOIO ToJIOBKOI0. Pe3yabraTn. Y mporeci AOCiKeHb 3a Pi3HUX CIIBBIJIHOLIEHb 4acTOTH OOepTaHHS
poboYOro IHCTpYMEHTA Ta HOPMAJILHOTO NPUTHCKAHHS J10 3 €IHYBaHUX KPOMOK BH3HAUY€HHH CTYMIHb PO3IrpiBy Me-
Tally, a TaKOXK SIKICTh ()OPMYBaHHS 3BAPHOTO 3’€HAHHS. 3’SCOBAHHMU BILUIUB TEXHOJOTIYHUX MApaMeTpiB MpoLECy
3TII Ha TemmepaTypy po3irpiBy MeTaxy B 30Hi Aii 3amiednka pobodoro iHcTpymenTa. HaykoBa HOBU3HA. 3 ekcrre-
PUMEHTAIFHUX OCTIKCHb OylI0 BU3HAYCHO, IO TEMIIepaTypa B 30Hi 3BapIOBaHHS 3aJI€KUTH B MIBUAKOCTI 00ep-
TaHHS poOOYOro IHCTPYMEHTAa Ta BETMYMHU MOTO THUCKY Ha 3BaprOBaHWM MeTall. 30UTBIICHHS 9acTOTH OOepTaHHS
IHCTpyMEHTa JI03BOJISI€ 3MEHIITYBaTH HOTO THCK, IO Ja€ 3MOTY OiNbII e(peKTHBHO Ta SIKICHO MPOBOAWTH IPOIIEC
3BapIOBaHH]. BCTaHOBIEHa MOXJIMBICTE OTPUMYBAaTH OUTBII SKICHI 3BapHi 3’€JHAHHSA 3a TEeMIIEpPaTypH,
ska npubau3Ho jgopiBHioe 0,77}, BU3HAYCHMI ONTHMAJbHHI Aiana3oH TEMIEPAaTyp y 30HI 3BApIOBAHHS.
IIpakTHuna 3Ha4YMMicTh. BusHaueHi yMOBH JOCSTHEHHs e(eKTy MOCTIHOrO MOM’SKIIEHHS MMl 4ac 3BaplOBaHHS
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TEPTSM 13 MEPEMIIYBAHHIM Ta ONTHMANIbHI TEMIICPATYPH B 30HI 3BapIOBAHHS ISl JOCIIIPKYBAHOTO CIUIABY. 3iiic-
HEHHI PO3PaxyHOK OCHOBHHUX TEXHOJIOTIYHMX IapaMeTpiB poOOYOro iHCTpyMEHTA Ta BU3HAYCHUI iX BIUIMB HA re-
HEpYBaHHS TEIUIOBOI €Heprii B 30HI 3BapioBaHHA. Ha OCHOBI TETIOBOTO aHaIi3y MpoOIecy 3BaplOBaHHS po3po0iieHa
METOJIIKa BU3HAUEHHS TEXHOJOTIYHUX MapaMeTpiB poOOYOro iHCTpyMEHTa Ta YaCTOTH HOTO OOCpTaHHS 3alIe)KHO
BiJl TOBIIMHH 3BapIOBAHOTO METATY.

Kniouosi cnoea: 3BapioBaHHS TEPTSIM i3 TEPEMIlIyBaHHSIM; TEIUIOBA €HEPTis; poOOUYMil IHCTPYMEHT; PEeXUMH
3BapIOBaHHS; CIUTaBM Ha OCHOBI aJIFOMiHIIO; OTHMaIbHA TEMITEpaTypa
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METO/IUKA OIPEAEJEHUSA TEXHOJJOI'MYECKHUX
XAPAKTEPUCTHUK ITPOIECCA CBAPKH TPEHUEM C
HEPEMEIINBAHUEM

Hean. MccnenoBanue npegycMaTpuBacT yCOBEPIICHCTBOBAHNE METOJUKH OTPEIEIICHHS ONTUMAIbHON BEINIH-
HBI paJiyca 3aIiedrKa CIEHaIbHOT0 HHCTPYMEHTA IpH cBapke TpeHueM ¢ nepememmBanueM (CTII) cnnaBoB Ha
OCHOBE aJIOMHMHUS M €ro H3MEHEHHE B 3aBUCUMOCTH OT U3MEHEHHs TONIIUHBI OCHOBHOTO METajia.
Metoauka. [Iponecc cBapku TpeHHEM C IepeMEIINBAaHUEM BBIITOJIHSIICS Ha CHELUaIbHO pa3padoTaHHOM 000pyI0-
BaHMU. MaTepuanoM Juisl Ucciae0BaHui OB IUTaCTHHBI TONIMHON 1,85 MM M3 crutaBa amroMuHus AMr3 ¢ Xxumu-
YECKHM COJEp’KaHHEM JICTUPYIOIIMX 3JIEMEHTOB B IIpeJesiax Mapo4yHOro cocraBa. CBapOUHBIH MHCTPYMEHT HU3rO-
TaBJIMBAJICS C MCIOJIb30BaHUEM OBICTPOpEXYIEH cTamu Mapku P9 u moasepraics crienuaibHONH TepMOoOpaboTKe.
TemmepaTypy B 30HE CBapKH M JJaBJICHHE OT MHCTPYMEHTa Ha KPOMKH CBAapHOTO COCIAMHEHHUS ONPEEISUTH C ITOMO-
IIBIO CHENNAIBLHO pa3pabOTaHHOTO HCCIEOBATENHCKOTO cTeHAa. Cuila mprkuMa pabodero MHCTPYMEHTa K OCHOB-
HOMY MeETajllly IpH CBapKe H3Mepsiach ¢ nomoupio auHamomerpa tuna JC-0,1 ¢ MHAMKAaTOPHON TIOJOBKOM.
Pesyabrarsl. B nponecce nccnenoBaHuid Mpy pa3iIMYHBIX COOTHOIIEHHSX YacCTOTHI BpaIIeHHUs pabOdero MHCTPY-
MEHTa W HOPMAaJBHOTO TPIKMMa K COSAWHHUTEIFHBIM KPOMKaM OIPEACIMIN CTETIEHb Pa30rpeBa MeTalla, a TaKke
Ka4ecTBO ()OPMHUPOBAHKSI CBAPHOTO coeAnHEeHus. Onpenenmin BIUsSHAE TEXHOJIOTMYECKUX MapaMeTpoB Ipolecca
CTII Ha TemnepaTypy pa3orpeBa MeTalljia B 30He JeHCTBUS 3aruieunka pabodero nucrpyMmenta. Hayuynasi HoBu3Ha.
W3 skcriepuMeHTaIBHBIX UCCIEN0BaHUN OBIJIO OINpEesieHO, YTO TeMIepaTypa B 30HE CBApPKH 3aBUCUT OT CKOPOCTH
BpalieHus pabouero MHCTPYMEHTAa M BEJIMYMHBI €r0 JAaBJICHUS HAa CBapUBAcMbINl MeTall. YBEIHYCHHE YacTOTHI
BpalleHHsi HHCTPYMEHTA T03BOJISIET yMEHbBIIATh €ro JaBjIeHHe, YTO JIaeT BO3MOXKHOCTh Ooiiee () (EeKTUBHO U Kade-
CTBEHHO IPOBOJUTH MPOLIECC CBAPKU. Y CTAHOBJICHA BO3MOXKHOCTH IONTy4yaTh 0o0Jiee KaueCTBEHHbBIE CBapHBIE COETH-
HEHMs [IPU TeMIleparype, npuMepHo paBHoii 0,7 Ty, onpeieneH onTUMAaNbHBIN IHANa30H TEMIICPATYp B 30HE CBap-
ku. IIpakTHyeckast 3HaYMMOCTb. OmnpeneneHsl yCIOBHA AOCTIDKCHHS 3((EKTa IOCTOSIHHOTO CMSTYEHHS HpHU
CBapKe TPEHHEM C NEPEMEIINBAHMEM W ONTHUMAJIbHBIE TEMIIEPATYPHl B 30HE CBAaPKM IS HCCIENYEeMOTO CIIaBa.
OcyIecTBIEH pacueT OCHOBHBIX TEXHOIOTHYECKHX ITaPaMEeTPOB Pab0OUero HHCTPYMEHTA U ONPEIENICHO UX BIUSHNC
Ha reHepHpOBaHUE TEIUIOBOIT PHEPTUU B 30HE cBapku. Ha ocHoOBe TemioBoro aHanmsa nporecca cBapku pazpadoTa-
Ha METOJIMKa ONpPEAEICHHs TEXHOJOTMYECKUX MapaMeTpoB pabovyero HHCTPYMEHTa M YacTOThI €T0 BPAICHUS B 3a-
BHUCUMOCTH OT TOJIMHBI CBAPUBAEMOT0 METalIA.

Kniouesvie cnosa: cBapka TpeHHEM C I€pEMEIIUBAHUEM; TEIUIOBAs dHEPIUs; pabO4YMii MHCTPYMEHT; PEXUMBI
CBapKH; CIUIaBbI HA OCHOBE aJIFOMUHMUS; ONITUMAaJIbHAs TeMIepaTypa
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