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STUDY OF THE POSSIBILITY
OF CONTROLLING THE FORMATION OF CRYSTAL
STRUCTURE OF METAL ALLOYS

Introduction. The modern trend in the development of engineering is characterized by ever-increasing de-
mands on the quality of the metal products used for this. It is impossible to improve the quality of metal pro-
ducts without improving technologies for the smelting and casting of metal alloys.

Problem Statement. It is known that metal products made from the cast billets with a dispersed crystalline
structural structure have a minimum level of licensing and favorable results of non-metallic inclusions, and have
the highest level of mechanical properties. 1o obtain a cast metal with such a structure, it is necessary to ensure the
maximum crystallization rate and the amount of supercooling at the phase boundary, which, when real billets are
Jformed, progressively decrease as the thickness of the hardened metal crust increases (5—10 times).

Purpose. Development of scientifically based technological methods for controlling the formation of a cast
structure of metal billets by means of thermo-force external influences on liquid and hardened metal.

Materials and Methods. An alloy of camphene with tricycylene, which, like metals, crystallizes in the tem-
perature range (45—42 °C) with the formation of a dendritic structure, and also has the following original prop-
erties. Aluminum of technical purity A5, which crystallizes with the formation of a very wide transcrystallization
zone, was used as a metal system in the work. And it is convenient to evaluate the relative effectiveness of the
impact of various methods of external influences on the formation of the crystalline structure of metals by their
influence on the width and dispersion of the transcrystallization zone.

Results. Experimental studies have confirmed the ability to control the formation of the structure of cast met-
als using various methods of external thermo-force effects on liquid and hardened melt.

Conclusions. The results obtained open up the prospect of developing new metallurgical technologies for the
effective management of the cast metal structure at the first stage of production of billets.

Keywords: melt, subcooling, overheating, cooling intensity, vibration, crystallization, billet, and structure.

The quality of the final metal products is largely determined by crystal structure of cast
billets at the first stage of their production. The main task is to obtain billets with a dis-
persed crystal structure and a high physical and chemical homogeneity. To obtain a cast
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Fig. 1. Dependence of model alloy crystallization rate on
overheat temperature and hardening melt cooling rate: I —
W, ;=35 °C/min; /I — 16 °C/min; /1] — 6 °C/min
metal with these properties, it is necessary to en-
sure the maximum crystallization rate and the
degree of supercooling at the phase boundary,
which depends on several factors and, while shap-
ing real workpieces, progressively decreases as
the thickness of solidified skin increases. These
processes can be actively controlled by external
influences on liquid and crystallized metal [1—4].
During the melt-crystal phase transition, melts
can be in a non-equilibrium state on both sides of
the process because of a slow variation of their
microscopic characteristics. The process of melt
transition into a microscopically homogeneous
state can be accelerated by external influences on
it [5—8], and the establishment of regularities of
these influences on the formation of the structure
of cast billets is an urgent task to be solved. The
properties of crystalline structure of cast metal
are determined by the two parameters: crystalli-
zation rate (R) and degree of supercooling at the
phase boundary (At,). These parameters depend
on several factors: metal fineness, overheat tem-
perature, melt cooling rate, etc. and are interre-
lated as [3]:

R=Fk-At,
where £ is solidification coefficient.
The dispersion of the dendritic structure of

cast metal also depends on the rate of melt crystal-
lization [6]:

(1)

(2)
where A, is the distance between the first order
axes; A is experimental coefficient; C is the initial
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concentration of segregating impurities; G is the
temperature gradient in front of the solid phase
boundary.

Also, the length of fringe crystals (L) is determi-
ned by the above mentioned parameters (R, G) [8]:

_L—L D
L==6""%

(3)

where ¢ , ¢_is liquidus and solidus temperatures
of the alloy; D is the diffusion coefficient of im-
purities..

This elementary analysis has shown that ad-
justing these parameters, one can control the for-
mation of the crystalline structure of cast metal.
The results of studying the influence of overheat
temperature, cooling rate, and vibration on the
formation of the structure of model (camphene)
and metal (aluminum alloy A5) alloys obtained
in this research have confirmed this.

The influence of overheat temperature and
heat dissipation intensity on the solidification of
the model alloy can be estimated by change in its
crystallization rate (Fig. 1). One can see that as
melt overheat increases from 3 to 12 °C (that cor-
responds to carbon steel overheat by 100—300 °C),
the crystallization rate decreases more than three
times, depending on the heat dissipation intensity.
Here, one can see that the negative effect of ex-
cessive overheat on the crystallization rate can be
partially compensated by regulating the intensity
of heat dissipation from a solidifying melt (Fig. 1,
curves I, I, and IIT). Consequently, according to
dependence (2), it is possible to influence the dis-
persion of the dendritic structure, which has been
confirmed by the data of Fig. 2.

The influence of the melt overheat tempera-
ture and the cooling rate manifests itself not only
in increasing or decreasing the linear rate of melt
crystallization, but also in changing the rate of
nucleation and morphology of seeds (Fig. 2). In
this case, the most favorable dispersion of the
crystalline structure of the model alloy is report-
ed in the case of minimum overheat of the melt
(Fig. 1, a—c). These results correlate well with
the foundry practice, in which the steels are cast
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Fig. 2. Camphene macrostructure depending on overheat temperature and hardening melt cooling rate (x5): a, b, ¢ — =

=6°C/min; At = 2, 4, 8 °C respectively; d, e, f — At =8 °C; W,

within the range of at most 30—50 °C above the
liquidus temperature. At a higher overheat tem-
perature, the crystallite size increases and the in-
ter-crystallite boundaries are enriched with non-
metallic inclusions [9].

Sometimes, in practice, to bring a molten metal
into equilibrium state, it is necessary to create a
high overheat temperature that is the main rea-
son for the formation of coarse-grained crystal
structure [3, 10]. In such cases, the negative ef-
fect of overheat on the dispersion of the dendri-
tic structure of workpieces can be practically le-
veled by regulating the rate of heat dissipation
(Fig. 2, d—e).

At a significant overheat, it is not always pos-
sible to provide a high rate of crystallization of
the melt to obtain a crystalline structure with a
high dispersion. In such cases, external physical
influence on hardening alloys, such as vibration,
can be used as a means of controlling the forma-
tion of the structure and properties of cast billets.
A significant influence of vibration on the pro-
cesses of crystallization, formation of the struc-
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=6, 16, 35 °C/min, respectively

cool

ture and properties of metal alloys in the case of
normal overheat of their melts (up to 50 °C) has
been proved in [3, 4, 11, 12].

The data obtained as a result of the research
have shown that vibration radically changes the
macro- and microstructure of the model alloy
even in extreme conditions, i.e. at a significant
overheat of melts (Az,, = 12 °C) and low cooling
rates (W_ = 6 °C/min). These conditions are
equivalent to overheat of medium carbon steels
by 300 ° C and their hardening in a sand mold.
One can see that in the reference experiment, the
macrostructure of billet consists of large fringe
and equiaxed crystals of irregular shape (Fig. 3, a).
Under the action of vibration, a high- dispersion
granular structure is formed almost along the en-
tire cross section, except for a small zone of fine
fringe crystals on the heat-dissipating faces of the
mold (Fig. 3, b).

Under the influence of vibration, the dendritic
structure of the model alloy changes as well. In
the case of normal hardening of alloy, the dendri-
tic structure has clear boundaries between indi-
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Fig. 3. Camphene macro- and microstructure in the case of melt overheat A¢, ; = 12 °C and cooling rate W,

=6 °"C/min:

cool.

a, ¢ — without vibration (x0.5); b, d — under the action of vibration (x100)

vidual crystallites (Fig. 3, ¢). The microstructure
of alloy that is hardened under the influence of
vibration is characterized by the absence of den-
drites because of their destruction, and the frag-
ments of high-dispersion dendrites are evenly
distributed over the section (Fig. 3, d).

The experiments with aluminum alloy A5 (¢,=
= 657 °C) to study the effect of overheat tempe-
rature, heat dissipation, and vibration on the for-
mation of the structure of billets made of it have
confirmed the adequacy of the results of physical
modeling. The chemical composition of the stu-
died alloy is given in Table below.

The rate of heat dissipation from molten metal
overheated to different temperatures (¢,, = 680,
770 and 860 °C) widely varies in the experiments
(Fig. 4), where the temperature is regulated by

Chemical Composition of Aluminum Alloy A5

Components and their shares, %

Al Fe | Si | Mn | Ti Cu | Mg | Zn Ni
0.22]0.07{0.02|0.011 { 0.03 [ 0.06 [ 0.025 | 0.05

At least,
99.6
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pouring the metal into molds with different ther-
mal conductivity and heat capacity (vologran (ref-
ractory material) and steel molds with a wall
thickness of 8 =1, 101 20 mm). For processing the
hardening billets by elastic oscillations, the molds
are fixed on a plate of vibrotable, which is oscilla-
ting with the parameters: A = 0.2 mm and v =60 Hz.

Fig. 4 shows that, depending on the material of
the molds and the thickness of their walls, the
cooling rate of hardening melts varies widely
(from 0.3 °C/s for the vologran mold to 5 °C/s for
the steel mold with a wall thickness of 20 mm).
The total hardening time for the billets varies
correspondingly to the cooling rates and, in the
extreme cases, decreases about 6 times.

In the case of vibration treatment of hardening
metal, there is a more intensive heat dissipation
from it: on average, for all cases, the cooling rate
of hardening melts increases 1.6 times, and the
total duration of hardening decreases more than
1.5 times (Fig. 4, b).

The comparison has shown that the macro-
structure of the billets made of the studied alumi-
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t,°C
Fig. 4. Temperature curves of har-  ggo |-
dening aluminum alloy A5 cooling: 660
A — steel mold with & = 20 mm; e — sa0l

steel mold with 8 = 10 mm; m — steel
mold with § = 1 mm; ¢ — vologran ~ 620
mold; a — reference sample (with- 600 [
out vibration); b — under the action 580 }

of vibration: A = 0.2 mm; v = 60 Hz 560 . .
0 50 100

150 200 250

3000 50 100 150 200 T,c

Fig. 5. Macrostructure of test bil-

lets made of aluminum alloy A5:
a, d — steel mold with § = 1 mm;
b, e — steel mold with & = 10 mm;
¢, [ — steel mold with & = 20 mm;
a, b, ¢ — reference sample (without
vibration); d, e, f — nunder the ac-
tion of vibration: A = 0.2 mm; v =
=60 Hz

num alloy A5 with the positively correlates with
that of the model alloy (Fig. 5). The structure of
all reference billets has zones of fringe crystals,
the dispersion of which is determined by the rate
of heat dissipation (Fig. 5, a—c).

In the reference experiments, the macrostruc-
ture of billets is formed by fringe crystals of dif-
ferent dispersion; their size ranges from 5 to 15 mm
and the size factor varies from 3 to 40 (Fig. 5, a—c).
The crystallite boundaries are characterized by a
large length and have a coarse structure.

Under the influence of vibration there is a
completely different nature of the formation of
billet structures. A significant part of macro sec-
tions of billets is occupied by a high-dispersion
uniform granular structure (Fig. 5, d—e). Therefo-
re, a slight enlargement (5 times) does not enable
detecting the grain boundaries by optical micros-
copy. They can be barely visualized at 100 times
magnification. Because of poor detection of boun-
daries, even with such enlargement, it is difficult
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to provide statistically significant data on grain
sizes. Considering the detected grains, it can be
stated that their size does not exceed 100—200 pm,
and the size factor is 1—1.3. That is, the macro-
structure is close to equilibrium one. The width
of the grain boundaries is, at least, 5 times lower
than the grain boundaries in the reference samp-
le, without vibration. It should be noted that at a
high rate of heat dissipation (solidification of bil-
lets in metal molds with a wall thickness & = 10
and 20 mm), in the cross section of billets the-
re remains a small area of dispersed fringe crys-
tals (Fig. 5, d and e, similar to physical modeling
(Fig. 3, b)).

The effect of vibration manifests itself in the mic-
rostructure of the aluminum alloy (Fig. 6, a—c).
The structure of all billets in the surface zone is
practically the same and consists of dispersed crys-
tals of solid aluminum solution (Ala) and eutec-
tic Alo + Si with a size of 50—150 pm and a size
factor of, at least, 5—10. Towards the center, in
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Fig. 6. Microstructure of axle zones of billets made of aluminum alloy A5: a, b — reference; ¢ — option with vibration; a, ¢ — steel
mold with & =1 mm; b — steel mold with § = 20 mm

the case of reference billets (obtained without vib-
ration), the grain size increases and more comp-
lex eutectics Mg2Si, Mg5Si8 appear in the form
of a dark grid at the grain boundary Al (Fig. 6, a, b).

After the action of vibration, the size of crys-
tals decreases 3—35 times, on average, and their size
factor decreases in the same proportion. After vib-
ration, dispersed crystallites remain in the central
zones as well, however there is reported a certain
decrease in the volume fraction of eutectic that is
more uniformly distributed (Fig. 6, ¢), which means
the destruction of interatomic bonds in clusters
such as MgxSiu. As a result, a supersaturated so-
lid solution of aluminum with a higher microhard-
ness is formed (microhardness increases by 30%
as compared with the reference samples).
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ITHHOBAIIVHI HIJIIXW KEPYBAHHS ITPOITECOM
®OPMYBAHHS KPUCTAJIYHOI BYTOBU METAJTEBUX CILJIABIB

Beryn. CyyacHa TeH/EHIsE PO3BUTKY MAIIMHOOYIYBAHHS XapaKTEPU3YEThCS 3POCTAUYUMU BUMOTaMU JI0 SIKOCTI BUKOPHUC-
TOBYBaHOI MeTasonpoaykitii. IliABUIINTH SKICTh OCTAaHHBOI HEMOKJIUBO O€3 BIOCKOHAJIEHHS] TEXHOJIOTIIl 3 MJIABJIEHHS Ta
JINTTS] METAJIEBUX CILJIABIB..

IIpo6aemaTuka. BijoMo, 1110 METATONPO/YKIList, BUTOTOBJIEHA 3 IATUX 3aTOTOBOK i3 IUCIIEPCHOI0 KPUCTATIYHOIO CTPYKTY-
PoI0, MiHIMaJIBHOTIO JIKBAITIEIO I CHPUATANBAM PO3TANTYBAHHSIM HEMETAJiUHNX BKJIOYeHb, MA€ HAWBUIIUI PiBeHh MEeXaHiu-
HUX BJIaCTUBOCTEM. [[JIs1 OTPUMAHHS JIMTOTO METaLy 3 TAKOI CTPYKTYPOIO HEOOXiHO 3a0e31eUnT MAaKCUMAJIbHY IIBU/IKICTh
KPUCTAII3aI[l Ta BEJIMYUHY [IEPEOXOJIOKEHHS Ha Mexi (a3, siki npu (popMyBaHHI PeasibHUX 3arOTOBOK 31 30LIbLIEHHSIM
TOBIIIUHU 3aTBEP/IIOl KipKH MeTary TIPOrpecBHO 3MeHIy0Thest (y 5—10 pasis).

Mera. Po3pobka HayKOBO-00IPYHTOBAHUX TEXHOJIOTTUHIX CIIOCOOIB yIpaBiiHHst (DOPMYBAHHSIM JINTOI CTPYKTYPU MeTa-
JIEBUX 3aTOTOBOK IIJIIXOM TEPMOCUJIOBUX 30BHIIITHIX BIJIMBIB HA PiZIKUI Ta 3aTBEp/iBAl0"4Mii MeTal.

Marepiamu ta Metoau. MoJIeJIbHOIO PEYOBUHOIO CJYTYBaB CILIaB KaM(eHa 3 TPUIMKJIEHOM, SIKUii, MOAIGHO 10 MeTaJiB,
KPUCTATI3YETHCS B inTepBasi TeMmeparyp 45—42 °C 3 yTBOPEHHSIM JCHAPUTHOI CTPYKTYPH, & TAKOK BOJIO/IIE€ HU3KOTO OPHTi-
HAJIbHUX BJIACTUBOCTENL. Sk MeTazneBy crucreMy y poGoTi BAKOPUCTAHO aTIOMiHIIl TeXHIYHOT 9ucTOTH A5, SIKHii KpUCTATI3Y-
€TbCS 3 YTBOPEHHSM JIy’Ke HIMPOKOI 30HM TpaHcKpucTasisaiii. OiHIoBaHHS BiTHOCHOI e(heKTUBHOCTI BIJIMBY Pi3HUX METO-
JIiB 30BHIIIIHIX BIUINBIB HAa OPMYyBaHHsI KPUCTAIIYHOT Gy/I0BU METaIiB BUKOHAHO 32 iXHIM BIJIMBOM Ha IIIMPUHY U JUCIIEPC-
HiCTh 30HW TPAHCKPUCTAJI3ATIIi].

PesyabraT. ExcriepuMenTasbHO MiATBEP/KEHO MOKIMBICTD KEPYBaHH IIpoliecoM (popMyBaHHS CTPYKTYPH JIUTUX Me-
TaJIiB, BUKOPUCTOBYIOUN Pi3HI MPUHOMH 30BHIIIHIX TEPMOCUIOBUX BITMBIB HA PiIKMH Ta 3aTBEP/iBAIOYNI PO3TIIAB.

BucnoBku. OTpuMaHi pe3yJibraTu € NepCeleKTUBHUMU JIJIsi PO3POOKY HOBUX METaNyprilHUX TE€XHOJIOTIH eeKTUBHOTIO
YIIPABJIiHHS CTPYKTYPOIO JIMTOrO METAJIY HA IIEPIIOMY eTalli BUPOOHUIITBA 3aTOTOBOK.

Kuwouosi crosa: sazomoska, posnias, nepeoxonoonceniis, nepezpis, 0Xor00icenis, 6l0pauis, Kpucmanisayis, Cmpyxmypa.
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