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RECENT PROGRESS OF EXTERNAL FIELD PROCESSING TECHNOLOGY IN CHINA"

1. Introduction

The properties of materials and plastic defor-
mation usually can be modified when it is exposed
to a specific field. The common external field is
composed of electric field [1], magnetic field [2],
and ultrasonic field [3], as well as combinations,
etc. For example, electropulsing, as an instantane-
ous high-energy input method, has been applied
for enhancement of the plasticity of metallic mate-
rials. It not only can reduce the deformation re-
sistance, but also can reduce a large number of
defects to improve the surface quality of metals,
which is especially applicable to the materials that
are difficult to deform. In the early 1960’s, a
number of investigations have shown that except
electronic properties, mechanical properties such
as the flow stress, creep rate and stress relaxation
also undergo a change, a decrease in the flow
stress and an increase in the creep rate and stress
relaxation, occurring upon going from the normal
to the superconducting state [4].

In China, most of researchers focused on the
electromagnetic casting in the liquid forming and
electric-pulse assisted plastic deformation in the
solid forming. The direct chill casting with elec-
tromagnetic stirring has been a main method for
producing the semi-solid billets on a commercial
scale due to its non-pollution, easy control and
continuous production [5, 6]. Low frequency elec-
tromagnetic casting (LFEC) is the attracted one
among electromagnetic casting compared to con-
ventional casting methods. LFEC was developed
by Cui et al [7, 8], in which the low skin effect of
low frequency electromagnetic field is used to
control the macro-physical fields in the casting
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nancial support from the National Science Foundation
of China (Grant No. 50571048).

process. External field has long been employed to
assist the deformation and control the microstruc-
ture of metallic materials since the discovery of
electroplastic effect [9]. In the past several dec-
ades, researches on the influence of external field
on the homogenization [10], solid solution [11],
aging [12], recovery and recrystallization [13-15]
behavior of metals and alloys have been carried
out by many scientists. Recently, Tang et al have
dedicated to apply the complex external fields to
improve the surface quality and enhance the me-
chanical properties by means of surface modifica-
tion. This is greatly expanded the application of
external field processing in manufacturing.

In the following a review about the external
field processing is presented. After a description
of the process principle and process variants men-
tioned in the literature (see Section 2), information
about basic research considering the process anal-
ysis and examples is given in Section 3.

2. Principle of the external field processing
Electromagnetic casting

Electromagnetic casting (EMC) is a special
semi-continuous process. The absence of contact
with the mold eliminates mechanical defects on
the surface of the ingot, so the EMC ingots have a
very smooth and uniform surface irrespective of
the dimensions and the alloys. During the EMC
process, the Joule heating produced by the in-
duced currents will heat the metal and obviously
influence the temperature field of EMC. There are
main two reasons: heat transport and solidification
in electromagnetic casters. The function of shape
control is based on the magnetic pressure given as
Pn = B%2u.The function of fluid driving is in-
duced by imposing a direct electric current and a
magnetic field, F = JB, or by imposing a traveling
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magnetic field (TMF) [16]. The function of flow
suppression appears when applying a direct mag-
netic field on moving molten metal, based on the
principle of F = 6(vB)B. The function of levitation
appears when the gravity force balances with the
electromagnetic force, JB = pg. When electro-
magnetic force is much larger than the gravity
force or the adhesion force due to surface tension,
JB > max {|pg|, 60/a’}, the function of splashing
takes places. The Joule heat, q = [J|/o, indicates
the function of heat generation. Regarding a mag-
netization force given as (y/nw)(B-V)B and MB,
which is familiar to us as the force to attract iron
to a magnet, the functions of crystal orientation
and alignment of solidified structures are useful in
the materials processing.

The geometry of the solidification front, along
with the thermal gradient, determines ingot struc-
ture, including the microstructure and segregation,
in this technology, as in other casting technolo-
gies. From electromagnetic theory [17], the skin
depth of the induced currents can be calculated by
means of Eq. (1):

6 =./2/pow ,

where p is the magnetic permeability, o, the elec-
tric conductivity, and o = 2xf, where f is frequen-
cy applied in the process. In addition, the relation-
ship between the induced currents and the skin
depth is derived from the following equation:

y

I=¢?

)

I() 3 (2)
where 1 is the induced current inside the ingot, v,
the distance from the surface to the center of the
ingot, 6, the skin depth, and 1, the maximum in-
duced current on the surface of the ingot.

Electroplastic forming

The idea that the electrons in a metal exert a
drag on dislocations, is now generally accepted
[1]. The electron drag coefficient B, is given by
the following expression:

(f1) = tb = Bevy, (3)
where (/1) is the force per unit length acting on
the dislocation, 7 is the resolved shear stress, b the
Burgers vector and vq4 the dislocation velocity.

The other is that drift electrons in a metal may
assist dislocations in overcoming obstacles to their
motion; i.e. that drift electrons can exert a push or
«windy» dislocations, in contrast to drag. That
moving electrons in a metal crystal may interact

with the dislocations therein was first reported by
Troitskii and Lichtman [18].

Theoretical considerations of the force exerted
by drift electrons on dislocations are put forward
by Kravchenko [19] and Klimov [20] et al. In
these considerations, the force due to drift elec-
trons is proportional to the difference between the
drift electron velocity v, and the dislocation veloc-
ity vg. Further, the theory indicates that the elec-
tron wind force fe,/l is proportional to the current
density, i.e.

Tewb = Kewd, (4)
where ., is the stress acting on the dislocation
due to an electron wind, b the Burgers vector, Key
the electron force coefficient and J the current
density.

The value of the electron push (drag) coeffi-
cient B, given by:

Bew = Tewb/ve = Keyen, (5)
where e is the electron charge and n the electron
density. Computer calculations indicated that the
plastic flow associated with the stress drop could
be explained by assuming the existence of an elec-
tron-dislocation interaction stress with added to
the applied thermal component of the flow stress
in providing thermally-activated plastic flow.
Therefore, in addition to the force exerted on the
dislocations by an electron wind, the drift elec-
trons also had an effect on one or more of the oth-
er parameters of the thermally-activated rate equa-
tion.

3. Process analysis

Electromagnetic casting

A comprehensive mathematic model was de-
veloped by Tang [6] et al, to describe the interac-
tion of the multiple physics fields (electromagnet-
ic field, fluid flow, heat transfer and solidifica-
tion) during the electromagnetic stirring process.
Fig. 1 shows a sketch of the EMDC installation.
The annulus gap is advantageous to increasing
circular flow, reducing the temperature gradient as
well as hallowing liquid sump depth in the
EMDC. In terms of the thermal boundary condi-
tion, the heat transfer coefficient at annulus graph-
ite is 2000 W/(m*K). The secondary cooling
boundary is divided into two zones, impingement
zone and streaming zone. There are also Cauchy-
type boundary conditions, which are formulated
according to Eq. (6) and Eq. (7),

h = Q*¥[352(T,+ Ty) — 167000] +

+20,8(T,—273)° (6)
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where h is the heat transfer coefficient at im-
pingement zone; T, is the ingot surface tempera-
ture; T,, is the saturation temperature of water; Q
is the cooling water flow rate per unit width of
film;

h.= (-1,67-10°+704T)Q"?, (7
where h, is the heat transfer coefficient at stream-
ing zone; T is the average of bulk temperature and

wall temperature; Q is the cooling water flow rate
per unit width of film.

The numerical magnetic flux density and tem-
perature are in good qualitative agreement with
the measurements. With increasing annulus gap
width, the vortexes would decrease, and move
somewhat upward. But too narrow gap is not in
favor of operating. With increasing center pipe
depth, the circular flow would decrease due to the
dislocation of center pipe. When annulus gap is at
periphery of the billet, there are two large vor texes

Center pipe

Hot top

EMS

Mould

Billet

Fig. 1. Schematic diagram of EMDC casting apparatus

under the center pipe. And the temperature gradi-
ent of the longitudinal direction in the solidifica-
tion region falls and the depth of liquid sump shal-
lows evidently.

Wang [21] et al investigated the effect of the
electro-magnetic level stabilizer (EMLS) on the
molten steel flow. Simulation results indicate that,
due to the electromagnetic force, the molten steel
is forced to flow toward the magnetic field travel-
ing direction in the region where the magnetic
field imposed. The molten steel flow is decelerat-
ed in proportion to the imposed electromagnetic
force. Consequently, the molten steel flows to-
ward the mold center near the free surface with a
smaller imposed electromagnetic force, and it
flows toward the nozzle at the nozzle at the nozzle
side and toward the narrow face at the narrow face
side with a larger imposed electromagnetic force.
However, the magnitude of the electromagnetic
force is decided by the current intensity and fre-
guency, a suitable imposed electric current can be
chosen to minimize the flow velocity and also the
amount of mold powder entrapments.

Zhang [22] et al reported that the effects of low
frequency electromagnetic field on the macro-

physical fields in the semi-continuous casting pro-
cess of aluminum alloys. Comparison of the re-
sults for the macro-physical fields in the low fre-
guency electromagnetic casting process with the
conventional DC casting process indicates the fol-
lowing characteristics due to the application of
electromagnetic field: an entirely changed direc-
tion and remarkably increased velocity of melt
flow; a uniform distribution and a decreased gra-
dient of temperature; elevated isothermal lines; a
reduced sump depth; decreased stress and plastic
deformation.

Electroplastic rolling

Li [23] et al investigated the effect of current
frequency on the electroplastic rolling in AZ31
magnesium alloy. It is shown that the mechanical
properties, microstructure, and texture are highly
current frequency-dependent. Best mechanical
properties are obtained from 500 Hz ER specimen
by carrying out tensile tests for all the rolled
strips. Besides, the frequencies of twin bounda-
ries, which are reduced to the minimum at
500 Hz, vary with the current frequency.
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The schematic view of the ER equipment is
shown in Fig. 2. Multiple current pulses were ap-
plied to the strip directly between the anode and
the cathode (two rolls of mill) at a distance of
225 mm on-line continuously when the strip was
rolled with the speed of 1.5 m/min. When the ac-
tivated slip modes are insufficient to accommo-
date strain along a specific direction, twinning
would become a supplement as another defor-
mation mode. Whereas once the CRSSs for cer-
tain slip systems are reduced to relatively low val-
ues or enough driving force is provided to facili-

Electropulsing Generator

+ —

Thermocouple

tate the motion of dislocations, slip is supposed to
be the dominant deformation mode, vice versa,
twinning will be suppressed at the same time.
Electroplastic effect is a combination of thermal
and athermal effect. Athermal effect is weakened
as current frequency rises, and the thermal effect
is strengthened. Since the two components behave
conversely as current frequency rises, a balance
point should exist to maximize this effect. The
point is supposed to be at 500 Hz. During ER, the
thermal effect mainly contributes to reducing the

Roller

@,

)

Uncoiling Unit

225 mm

Recoiling Unit

Fig. 2. Schematic drawing of electropulsing rolling (ER) process

CRSSs for non-basal slip systems, while the
athermal effect is more responsible for the drag-
ging force that is directly exerted on dislocations.
The effect of electroplastic-differential speed
rolling (EDSR) on manufacturing thin AZ31 strip
was further investigated by Li [24] et al. The strips
were cold rolled at room temperature with 8 % re-
duction per pass by symmetrical electroplastic
rolling (ER) and EDSR. The ductility of rolled
strip is significantly enhanced by EDSR, with an
acceptable decrease of tensile strength compared
to the strip by ER, which may be attributed to the
fully dynamic recrystallization (DRX) and tilted
basal poles in the EDSR sample. It can be found
that fore the EDSR and ER samples, both the
grain morphology and grain size are totally differ-
ent. The ER sample exhibits equiaxial grains with
relatively large grain size. In contrast, fine grains
elongated along the RD are observed in the EDSR
sample. It can be inferred that DRX takes place in
the ER sample, promoted by the cooperation of
thermal and athermal effect of current pulse. The
thermal effect can be expressed by rising tempera-
ture related to the Joule law, and the athermal ef-
fect can be offered by periodic drastic impacting
force between electrons and atoms. During EDSR,
the deformation resistance is substantially de-

creased. Besides, the elongation to failure of
rolled strip by EDSR increases significantly with
an acceptable decrease of tensile strength, com-
pared with the strip by ER. This is related to the
microstructure and texture evolution of these two
processes. During ER, a number of compression
twin and double twin generate on account of lim-
ited slip modes to accommodate the strain along
ND as reduction increases, resulting in serious
stress concentration and premature failure in uni-
axial tensile tests. Whereas for EDSR, refined
grains with a tilt of basal poles towards RD about
15° are formed as result of fully DRX promoted
by the cooperation of current pulse and shearing
stress induced by DSR.

Electroplastic treatment

Two magnesium alloys AZ31 and ZEK100
were subjected to cold rolling followed by elec-
tropulse treatment (EPT) for different durations in
order to investigate the microstructure and texture
evolution during EPT [25]. AZ31 started to re-
crystallize once the electropulse current was ap-
plied. The low local misorientation value in the
nuclei, which is usually interpreted as the nuclei
being strain free, indicates the discontinuous na-
ture of the process. Tremendous texture weaken-
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ing is achieved in both alloys when comparing the
{0002} pole figures of deformed matrix and the
nuclei, suggesting a significant role the nucleation
stage played in the texture modification.

It is interesting to note that rather than being
unique in samples subjected to EPT, the nuclea-
tion at shear bands are actually very common
phenomena in conventional annealing treatment.
In the latter treatment, though we will not feel
surprise to obtain weak in the RE containing al-
loy, up till now, texture modification in the com-
mercial alloy has not been reported yet. For AZ31
subjected to conventional annealing, unlike its

EPT counterpart, strong basal texture is usually
maintained during the whole process of the static
recrystallization, even when only the textures cor-
responding to the nuclei at shear bands are con-
sidered. This suggests that the modified texture
obtained in AZ31 in the present case is not appro-
priate to be ascribed to the special nucleation sites
(shear bands) but to the selective effect brought
about the electropulse current: in EPT, the nuclea-
tion of non-basal nuclei is promoted at the ex-
pense of the basal oriented ones.

0.64

0.4

Grain size /um

0.24

Distance from surface/um

Fig. 3. 3D micrograph of cross-section specimens after treatment of conventional cutting («); UESM at 2t (b); UESM at 4t (c);
UESM at 6t, top right corner with higher magnification 1400X (d); Histogram of grain size distribution (e)

Ultrasonic-electric surface modification

An ultrasonic-electric surface modification
(UESM) treatment, under different vibration fre-
guencies, was employed by Liu [26] et al. to im-
prove the surface properties of 2316 stainless steel.
A grain refinement layer was formed on the speci-
men’s surface after UESM treatment. The average
grain size on the top surface was refined into the
submicrometer or nanometers scales (Fig. 3). The
needle-shaped martensitic phase after convention-
al cutting was observed in Fig. 3, a. After UESM
at 2t and 4t, the thickness of the refined zone was
about 90 pum and 180 um, respectively. The

UESM surface showed a gradient grain size dis-
tribution from the top surface to the interior (Fig.
3, e). The average grain size in the gradient grain
layer was about 1 pum. The majority of broken
grains were below 0.4 uym and a few of nano-
particles also appeared.

The effect of electropulsing assisted ultrasonic
impact treatment (EUIT) on the mechanical prop-
erties and microstructure evolution of S50C steel
welded components has been investigated by Ye
[27] et al. They developed a relatively new post-
weld treatment method to eliminate the residual
stress and improve the surface mechanical proper-

0.0
0 20 40 60 80 100 120 140 160 180 200 220 240 260
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ties (Fig. 4). The results show that EUIT exhibited
better surface modification capability under the
condition of electropulsing than using exclusively
ultrasonic impact treatment (UIT). After EUIT
treatment, plastic deformation layer consists of
refinement grains formed on the sample surface,
and residual tensile stress converted into residual
compressive stress attributed to dislocation rear-
rangements.

The mechanism of UIT eliminate residual
stress is to input vibrational energy on welding
structures, make the plastic deformation happened
on the surface, and change the dislocation distri-
bution, dislocations move from high-energy state
to a lower-energy state, and form stable disloca-
tion. Microscopic stress field disappears since the
appearance of stable dislocation. So the severer

surface plastic deformation, the better eliminate
residual stress rate. The surface microhardness
depends on the size of grains and dislocation den-
sity. Hall-Petch Equation showed the relationship
between microhardness H, and grain size d. Hall-
Petch Equation is useful to explain the behavior of
the refined layer. The finer grain caused the great-
er hardness.

Conclusions. As this literature review shows
external field processing technology aroused live-
ly interest being invented in the 1960 s. Different
applications ranging from the liquid forming, sol-
id forming and materials surface modification as
well as highly demanding parts in a small number
of items to scale production with large lot sizes
and high production rates are reported about the
research and development of external field

Ultrasonic Welded structures\ :
Generator figg & [T =
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Fig. 4. The schematic diagram of the EUIT process and installation.

processing technology in China. Despite or maybe
even due to this novel technology and the empha-
sis on the process advantages and principles with-
out comparable mentioning the production cost,
which might have led to disappointment. This
might be ascribed to the following open questions
and unsolved problems, which demonstrate the
need for the future work.

REFERENCES

1. Sprecher A.F., Mannan S.L., Conrad H. On the
mechanisms for the electroplastic effect in me-
tals // Acta Metal. Mater. 1986. No. 34. P. 1145
—1162.

2. Lv B., Qiao S., Sun X. Exploration on repairing
fatigue damage of steel specimens with mag-

netic treatment // Scripta Mater. 1999. No. 40.
P. 767 - 771.

3. Liu Y., Zhao X., Wang D. Determination of the
plastic properties of materials treated by ult-
rasonic surface rolling process through instru-
mented indentation // Mater Sci Eng: A. 2014.
No. 600. P. 21 — 31.

4. Okazaki K., Kagawa M., Conrad H. A study of

the electroplastic effect in metal // Scripta
Metal. Mater, 1978. No. 12. P. 1063 — 1068.

5. Fan Z. International Materials Reviews, 2002.
No. 47.P.1-37.

6. Tang M., Xu J., Zhang Z., Bai Y. Effects of
annulus gap on flow and temperature field in
electromagnetic direct chill casting process //
Trans. Non-ferrous Met Soc. China. 2011. No.
21.P. 1123 -1129.



Bectark CHOMPCKOTro rocyJapcTBEHHOTO HHAYCTpHANIbHOro yHuBepcutera Ne 3 (21), 2017

7. Dong J., Cui J. Effect of low-frequency elec-
tromagnetic field on microstructures and mac-
rosegregation of ®270 mm DC ingots of an
Al-Zn-Mg-Cu-Zr alloy // Mater Letts. 2005.
No. 59. P. 1502 — 1506.

8. Dong J., Cui J., Ban C., Liu X. Effect of Low
Frequency Electromagnetic Casting on the
Castability, Microstructure, and tensile proper-
ties of DC cast Al-Zn-Mg-Cu Alloy // Metal-
lurgical and Materials Transactions A. 2004.
No. 35. P. 2487 — 2494,

9. Conrad H., Sprecher A.F. Dislocations in Sol-
ids. — Elsvier: Amsterdam, 1989. P. 497 — 540.

10. Liu W., Liang K., Zheng Y., Cui J. Influence
of homogenization treatment in an electric
field on the workability of 1420 Al-Li alloy
during hot rolling // Journal of materials sci-
ence letters. 1996. No. 15. P. 1918 — 1920.

11. Jiang Y., Tang G., Shek C., Zhu Y., Xu Z. On
the thermodynamics and kinetics of electro-
pulsing induced dissolution of B-Mgl7Al12
phase in an aged Mg-9Al-1Zn alloy // Acta
Mater. 2009. No. 57. P. 4797 — 4808.

12. Liu W., Cui J. A study on the ageing treatment
of 2091 Al-Li alloy with an electric field //
Journal of materials science letters. 1997. No.
16. P. 1410 - 1411.

13. Conrad H., Guo Z., Sprecher A. Effect of
electropulse duration and frequency on grain
growth in Cu // Scripta Metal. Mater. 1990.
No. 24. P. 359 — 362.

14. Xu Z., Tang G., Ding F., Tian S., Tian H. Ap-
plied Physics A. 2007. No. 88. P. 429 — 433.
15. Gromov V.E., lvanov Y.F., Stolboushkina

O.A., Konovalov S.V.. Dislocation substruc-
ture evolution on Al creep under the action of
the weak electric potential // Mater. Sci. Eng:

A. 2010. No. 527. P. 858 — 861.

16. Asai S. Recent development and prospect of
electromagnetic processing of materials // Sci.
and Tech. of Advanced Materials. 2000. No. 1.
P. 191 - 200.

17. Hao H., Jin J., Zhang X. Joule heating in
electromagnetic casting // Sci. and Tech. of
Advanced Materials. 2001. No. 2. P. 93 — 96.

18. Troitskii O.A., Likhtman V.I. The anisotropy
of the electron and gamma-irradiation action
on the deformation process of zinc single crys-

-10 -

tals in a brittle state / Dokl Akad Nauk
S.S.S.R, 1963. No. 148. P. 332 — 334.

19. Kravchenko V.Y. Role of electron wind in
electroplastic deformation of metals // J. Exp.
Theoret. Phys. U.S.S.R. 1966. No. 511. 976 p.

20. Klimov K.M., Shnyrevm G.O., Novikov L.I.
Electroplastic effect in metals // Soviet Phys.
Dokl. 1975. No. 19. P. 787.

21. Wang H., Zhu M., Yu H. Numerical Analysis of
Electromagnetic Field and Flow Field in High
Casting Speed Slab Continuous Casting Mold
With Traveling Magnetic Field // Journal of Iron
and Steel Research. 2010. No. 17. P. 25— 30.

22. Zhang H., Cui J. Production of super-high
strength aluminum alloy billets by low frequency
electromagnetic casting // Trans. Non-ferrous
Met. Soc. China. 2011. No. 21. P. 2134 — 2139.

23. Li X., Tang G., Kuang J., Li X., Zhu J. Effect
of current frequency on the mechanical proper-
ties, microstructure and texture evolution in
AZ31 magnesium alloy strips during electro-
plastic rolling // Mater. Sci. Eng: A. 2014. No.
612. P. 406 — 413.

24. Li X., Wang F., Li X., Tang G., Zhu J. Im-
provement of formability of Mg-3AIl-1Zn al-
loy strip by electroplastic-differential speed
rolling // Mater. Sci. Eng: A. 2014. No. 618. P.
500 — 504.

25. lon S.E., Humphreys F.J., White S.H. Dynam-
ic Recrystallisation and the Development of
Microstructure during the High Temperature
Deformation of Magnesium // Acta Metallur-
gia. 1982. No. 30. P. 1909 — 1919.

26. Liu D., Li X., Tang G., Chen L., Wang H. An
ultrasonic-electric surface modification of
stainless steel treatment // Materials Science
and Technology. 2014. Submission.

27. Ye Y., Li X., Tang G. The effect of electro-
pulsing assisted ultrasonic impact treatment on
the mechanical properties and microstructure
evolution of steel // Materials Science and
Technology. 2014. Submission.

© 2017 2. Guoyi Tangl,
Xiaohui Li, Guolin Song,

V.E. Gromov

IToctynuna 15 aBrycra 2017 r.



Bectark CHOMPCKOTro rocyJapcTBEHHOTO HHAYCTpHANIbHOro yHuBepcutera Ne 3 (21), 2017

VJIK 621.777:669.715

A.H. Ilpyonukoe, M.B. Ilonosa, B.A. Ilpyonukoe

Cubupckuii rocyiapcTBeHHbI HHAYCTPHAJIBHBIH YHMBEPCUTET

BO3JIEMCTBUE JE®OPMALIMN HA CTPYKTYPY U CBOMCTBA CUJIYMUHOB"

B HACTOsILIEE
BpeMs HEKOTOpBIE MeTaIMYecKHe MaTepHa-
JIBL HE MOTYT OBITH HUCIIOJIB30BAaHbI B IIPOMBILIUICH-
HOCTH JUTSI TIOTYYCHUS U3ICTHI IMyTeM 00paboTKH
JaBICHUEM H3-32 UX HU3KOW TUIACTHYHOCTH WIIN
noJHoOro ee orcyrcTBus. K Takum marepuanam
MOKHO OTHECTH 3a3BTEKTHYECKHE CHIyMHHBIL.
[epBbie paboTel MO AeopMaMy TaAKKX CHIYMH-
HOB IOSIBUJIMICH CPAaBHUTEIHHO HEJAaBHO — B KOHIIE
XX Beka, xot4 eme B 1930-s1e Togsr C.M. Bopo-
HOB yCTaHOBWJI BO3MOXKHOCTh OOpabOTKH IaBiie-
HHEM CIUIaBOB, cozepxamumx 10 20 % rhtvybz [1].
B nocnennne HECKOIBKO NECATHIIETHI TOSABHIINCH
paloThl, MOCBAIICHHBIC PA3IMYHOTO BHIA IUIa-
CTHYECKOH eopMalii BEICOKOKPEMHHUCTBIX CH-
mymuHOB. Tak, B paboTax [2 — 6] moka3aHa CBsI3b
XMMUYECKOT0 COCTABA 3a9BTEKTUYECKHUX CHIYMH-
HOB C PECypcoM IUIACTHYHOCTH M C 3HEPTOCHIIO-
BBIMH M TEPMOCKOPOCTHBIMH TMapaMeTpamH Mpo-
LIECCOB TOPAYEro MPECCOBAHUS M MPOKATKU, OCY-
HIECTBISIEMBIX pa3IMyHbIMH criocobamu. B pabo-
TaX, TOCBSIIEHHBIX TEXHOJOTHSM H3TOTOBIICHHS
3aroTOBOK M TOPIIHEH nBUTareneil oOpaboTKOiM
JaBICHUEM M3 JIETMPOBAHHBIX 3a3BTEKTHUECKUX
cIyMHHOB [7 — 12], pe3ynabTaTbl MOJyYeHBI B
MPOMBIIIJICHHBIX ycioBusiX. OnHako paboT, BEI-
MOJIHEHHBIX 10 3TOM TeMaTuke B 00JacTH 3a3B-
TEKTUYECKUX CHIYMUHOB, HeJocTaTouHo. Kpome
TOr0, HEOOXOJWMO YYWTHIBATH TPHCYTCTBHE B
AIFOMHHUEBBIX CIUIaBax Bojopoaa (00beM KOTo-
poro cocrapusier 60 — 90 % ot obmiero o0bema
ra3oB), KOTOPbIN CIIOCOOEH B3aWMOECHCTBOBATH C
METaJIJIOM B Tiporiecce ero aedopmupopanus [13].
CBezneHusi, IPUBOAUMBIE B JIUTEPATYpPE, B OCHOB-
HOM HOCSIT OTPBIBOYHBINA XapakTep W, B IO/aBIs-
fonieM OOJIBIIMHCTBE, HE YYHTBIBAIOT CBSI3b CO-
JepKaHUsL BOAOPOJA CO CTPYKTYpOM W Mexa-
HUYECKUMH CBOMCTBaMU TIpU AedopMariuu cuiry-
MUHOB.
B nacrosmeli pabote mpoBeneHO HCCIIEn0Ba-
HUe BIUSHMA AedopManvyi Ha MHUKPOCTPYKTYpY,

*
PaGota BBINIOJIHEHA TTOJT PYKOBOJCTBOM Hpodec-
copa B.K. Adanacsesa.
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coJiep’KaHue BOJOpOJa M MEXaHNUECKHE CBOICTBa
CHJIyMHUHOB, coaepxkamux 11 — 30 % xpeMHuUsL.

B paborte uccnemoBamu OWHApPHBIE DBTEKTHYE-
CKHE U 3a9BTEKTHUYCCKUE CHITyMHUHBI, COICpIKAIIIEC
11, 15, 20, 25 n 30 % kpemans. CruiaBsl TOTOBHIH
B DJIEKTPUYECKOW M€Y COIPOTHUBIICHUS C KapOH-
JOKPEMHHEBBIMH HArpeBaTeIsIMH M3 TEXHHUUYECKH
yrcroro amoMuaua A6 u kpemuus Kp0. Cunmymu-
HEbL, conepxante 15 — 30 % kpmenwns, Mmoaudurm-
poBasu (hochoprcToii Menpro MD-1 (conepkanue
(dochopa cocrapnsuio npumepro 10 %) B konmde-
ctee 0,1 % ot maccel pacmuiaBa. Conepxkanue ¢oc-
¢opa B cruaBax cocrasinsuio 0,008 — 0,0011 % no
MOKa3aHUAM 3MHCCHOHHOTO criekTpomerpa ARL
4460. Tlpu BbIIUIaBKE CHUIIYMHHA 3BTEKTUYECKOIO
cocTaBa MOIU(UIMPOBaHUS HE NPOBOAWIM. 3a-
JIMBKY TIPOBOJIUITN B aJIFOMHHHUEBYIO (OpPMY KBa-
pPaTHOTO CEYeHHs C pa3MepoM CTOpoHBI 80 MM H
BbicOTOM 250 MM. 11 MOJydeHUs1 3arOTOBOK IOJ
nedopMariio OT CIIMTKa OTpe3ain JOHHYIO (BBICO-
Toi 15 MM) 1 puOBUTEHYIO (BRICOTOM 50 MM) ya-
ctu. Macca 3arotoBku cocrasisuia 3,20 — 0,05 kr.
3aroToBKM mepen aedopmManyeil moaBepraad ro-
MOTEHHU3UPYIOIEMY OTXKHUTY Tpu Temmeparype 500
+ 10 °C B Teuenue 2 4. Temmneparypa HarpeBa 3a-
TFOTOBOK I0J KOBKY, KOTOPYIO NPOBOJWIM Ha
nHeBMaTudeckoM monore MB 412 ¢ maccoil ma-
nparonux vacre 150 kr, cocrasisuia 510 — 550 °C
B 3aBHCHMOCTH OT COAEP>KaHWS KPEMHHS B CHIY-
MHUHE. 3arOTOBKM M3 CIUIaBOB, cojepxkammx 11 —
15 % xpemHus, Ojarogaps 10CTAaTOUHOW TJIACTHY-
HOCTH OBUIM MPOKOBaHbI Ha MPYTOK CEYCHHUEM
15%15 MM 6e3 IpOMEKYTOUHBIX OTXKHUIOB. Temie-
parypa OKOHYaHHUSI KOBKM cocraBisuia 350 — 400
°C. Jlns cmiaBoB, copeprkarmx 20 — 30 % kpme-
HUSL, B MPOLIECCE KOBKH MPOBOAMIN MPOMEXKYTOU-
HbIe OTKUTH TIpH Temmeparype 510 — 550 °C B Te-
yenne 1,0 — 1,5 gaca. Ceuenne npyTtka 15x15 mm
OBLIO TMOJTyYeHO Mociie 3 — 5 IMKIOB KOBKH. Be-
JIM4YrHA 001ero Ko duienta ykosa (Kogy,) U1
IIPYTKOB M3 BCEX UCCIIEAYEMBIX CILUIABOB COCTAB-
nsuna 28. TloctaeopMaoHHbIA OTITYCK TOKOBOK
npoBoauau npu temmeparype 520 + 10 °C B Te-
YyeHue 2 4.



