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3anpononosano modenv Kpucmanizayii nazepHoi 6aHHu, 6 AKil PO32NA0AIOMbCA  KOHKYPYIOUl
MEXAHI3MU POCY MAMPUYHUX KPUCMANIE 8i0 epaHuyi oniaeneHHs (J-mexaHizm) ma YmeopeHHs HOBUX
Kpucmarnie 6 piokit yacmuni 06'emy (NQ-mexanizm), a makoxic 6paxo8yeMvpCsi eexm GUKPUBLCHHS opmu
ma po3mipie ng - KpUCmanie HACIIOOK ix 63aemMo0ii 3 (hpoHmom g-Kpucmanis, wo pyxacmucs, ma GiIbHON0
nosepxuero onaasnenoi 30Hu. Ompumaro KiHemuuHi pIiGHAHHS, AKI 003608I0Mb GUHAYUMU GIOHOCHI
BHeCKU Xg Ma Xng 060X MEXAHI3MIE NepemeoOpeHHs 6 3a2albHy YACMKY X 3aKpUCmanizoeano2o 006'emy.
Ioxazano, wo maxcumanvhe 3HUdNCEHHS 00'emHOi wacmxu NQY-KPUCMANIE 34 PAXYHOK iX ONOKYy8aHHA
epaHuyHumMu nosepxusamu ckaiaoae 0,42.

Knouosi cnosa: nasepna eawHa, KiHemuka Kpucmanizayii, KOHKYpylOUYi g- ma Nng-MeXauizmu,
ONIOKYBAHHA NG-KPUCIMATLIB NOBEPXHAMUL.

The model of laser bath crystallization which examines the competing mechanisms of the matrix crystals
growth from the fusion border (g-mechanism) and the formation of new crystals in the liquid part of the
volume (ng-mechanism) has been proposed. The model is based on the following assumptions:g-type crystals
acquire a columnar shape and predominant spatial orientation on the direction along the heat sink. They're
advancing into the melt in the form of a flat front, parallel to the boundary melting, forming an independent
structural zone and the share the crystallized volume X,. The second mechanism of crystallization is realized
in the bath areas free of columnar crystals. It lies in a homogeneous spherical nuclei formation and
subsequent isotropic crystal growth. A homogeneously crystallized part of the laser bath consists of three
zones: central (1) and two critical, one of which (I1) abut on the free surface, and the other (l11) — is located
along the front of the matrix crystals (FMC). ng-crystals nucleating in the central zone do not reach the
surfaces bounding the examined area of the bath and retain full length spherical shape in the growth
process. Crystals that arise within critical zones Il and Ill, are experiencing a blocking effect either of the
free surface or of moving FMC, thereby fixed in the form of truncated spheres or spherical segments. The
total contribution of ng-mechanism to share the converted volume is consist of three components. The shares
of crystallized volume formed by two competing mechanisms are related to the fraction of liquid phase
persisting in a bath. Within the limits of proponed assumptions the kinetic equations to calculate the value of
Xg and xnq are derived. It was shown that the maximum reduction of the ng-crystals volume fraction due to
their blocking by boundary surfaces is 0,42.

Key words: laser bath, crystallization kinetics, competing g- and ng-mechanisms, blocking of ng-crystals
by surfaces.
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Introduction

The design-theoretical investigations  of
crystallization processes of metallic materials
undergoes the surface melting by laser emission are
usually based on the model of matrix crystals
sprouting from the melting boundary to the
treatment plane [1 — 3]. Within the limits of this
approach the impact of technological factors to the
characteristic dimensions of the microstructure
elements formed at the high-speed crystallization of
the laser bath is analyzed [1, 2], as well as the
conditions under which the melted surface layers
transferred to the amorphous state [3].

At the same time, according to the
metallographic studies data [4, 5], under the certain
conditions of laser treatment in the cross sections of
melted layers two distinct structural zones are
revealed: the zone of columnar crystals adjacent to
the not-fritted target area, or dendrites which are
oriented along the heat-removing direction, and
located above it the area of small equiaxed crystals.
These results indicate that, in addition to the
traditionally  analyzed  mechanism of the
advancement of the front matrix crystals (FMC) in
the melt, the hardening of the laser bath can be
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realized by the formation of new crystals in the
upper horizons of bath located above the FMC.

In works [6 — 8] the model of competitive
crystallization of laser infusion zone by means of
two co-occurring mechanisms that further will be
denoted by the symbol "g" (the mechanism of
matrix crystals growth) and "ng" (the mechanism of
nucleation and growth of new crystals) has been
proposed. The Kkinetic equations permitting to
determine the relative contributions of analyzing

mechanisms X,, X,, in the total amount of

crystallizing fraction x has been obtained.
The disadvantage of this approach is that in the

calculations of X, values the effects of the form and

size distortion of the new crystallization due to their
interaction with the FMC and the free surface of the
fused zone are not taken into account. The presented
below improved model of laser bath crystallization
lacks this disadvantage. It allows obtaining more
correct estimates of the relative contributions of g-
and ng-mechanisms in the volume fraction that has
undergone the transformation.

9
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Fig. 1. The crystallization scheme of fused by laser layer: 1 — fusion boundary; 2 — partially fused target
crystals; 3 — columnar crystals growing from the fusion boundary; 4 — 9 — the hypothetical spherical crystals
forming in the liquid part of the zone which lies over the FMC: 4-6 — the full-sized crystals nucleated at t' in
the interior (4) or at the boundaries (5, 6) of the central zone I; 7 — the truncated crystal formed in the time
interval t'—t within the limits of near-surface critical zone 1l; 8, 9 — the crystals arising in the front critical
zone 111 and undergoing the blocking (8) or partial absorption (9) by moving FMC.
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Physical assumptions of the model

The essence of the proposed model explains the
scheme of competitive laser bath crystallization
processes, which reflects the probable results of the
interaction of ng-type crystals with surfaces,
limiting the volume of fused zone (Fig. 1).

The constructing of the given scheme is based
on the following assumptions:

1) The partially melted crystals located on the
interface 1 of treated material 2 form the extensive
surface where the formation of crystallization
centers is facilitated, germinating in the liquid
layers of a bath at cooling below the melting point
Th.

2) g-type crystals growing out of these centers
acquire dendritic or columnar form and primary
spatial orientation along the heat removal direction.
They're moving into the melt in the form of a flat
front, parallel to the fusion boundary forming the
independent structural zone 3 and the crystallized

volume fraction Xg -

3) The second mechanism is realized in the
crystallization bath sections which are free of
columnar crystals. It consists formation of the
homogeneous spherical nuclei formation and
subsequent isotropic crystal growth.

4) Homogeneously crystallizing part of the
laser bath consists of three zones (fig. 1): the central
zone (1) and two critical, one of which (Il) is
adjacent to the free surface, and the other (Ill) is
located along the FMC. The crystals 4 — 6
nucleating in the central zone in the course of
growth does not go beyond the surfaces bounding
the considered area of baths and retain a full-length
spherical form. The crystals 7 — 9 arising inside the
critical zones Il and Il undergo the blocking action
of either free surface (7) or moving FMC (8, 9),
hereupon they are fixed in the form of truncated
spheres (7, 8) or spherical segments (9).

5) The growth rate of columnar and the newly
formed spherical crystals is characterized by the

effective parameter u® (t) which is proportional to

the volume fraction of the parent phase in the zones
I = HI lying over the FMC, and is calculated using
the expression [6-8]:
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1-Xg (1) = Xy () .
1-x4(t)

u®f (t) = u(t), 1

where u(t) is the physical rate of crystal growth
depending on the process mechanism and of thermal
conditions at the interface.

6) The width of the critical zone Il is specified
by condition that the crystals nucleated at its
boundary at t'(crystal 5 in Fig. 1), in another
control moment of time t> t' reach the free surface
of the bath, i.e.:

b (1) =R (') + [u" (t")dt", 2)

where R, (t") is the radius of the critical nucleus.

The width of the zone 111 includes two segments
(fig. 1), one of which is equal to the radius of the
spherical crystal 6 growing during the time interval
t' —t, and a the second is equal to the distance which
overcomes the FMC for the same period of time.

It is assumed that these distances are equal and,
consequently:

hy' (t',t) = 2h," (t',1). (3)

7) The total contribution of X, mechanism of

new crystals formation in the transformed volume
fraction is composed of three components:

| I}
Xng = Xng + Xng + Xng )

(4)

1 11
ng ' Xng

nucleated within the zones I, Il and 111, respectively.

8) Crystallized volume fractionsX,, X
forming by means of two competing mechanisms
are related with the fraction of liquid phase X_

remaining in the bath by relation:

where xr',g , X - a volume fractions of crystals

Xg +Xpg X =1

(%)
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The influence of boundary surfaces of a laser
bath on the size and form of ng-type crystals

Within the bounds of considered above
assumptions, we derive the kinetic equations X 1),
Xqg (t) taking into account the effects of the

interaction of ng-type crystals with a free surface of
a laser bath and a moving FMC. Suppose that for
some moment of time t, <t'<t, (where t, is the

time of the melting temperature achievement Tp,; t,

— time of the crystallization completion) crystals
growing from the boundary fusion penetrated deep

into the melt at a distance hy(t") and occupied a
volumeV (). The increment of volume fraction

dx, (t') occupied by growing matrix crystals, for a

small period of time fromt' to t' + dt' is:

dx, (t') = (L/V,)- S, (t')dh, () =
=(YV,)- Sy (1) -ug" (t)dt’

where V, is initial volume of the bath; S (t') is the

(6)

area of columnar crystals front.

Assuming that the value S (t)=S; s

constant, by integration of the expression (6) we

obtain:
BT
(7

where hy =V, /S is an initial depth of laser bath.

t

00 =@/ [| 0% O

1-x, (t)

(t')dt’

9

Passing to the analysis of the kinetics of ng-
type crystals formation, we define the number of
crystal nuclei which are formed spontaneously in
the liquid part of the observable volume for the
elementary time interval dt":

dN(t") =V, - x (t") - 1(t")dt’, 8)

where 1(t') is the nucleation rate.
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From the total number of crystallization centers
we distinguish three parts proportional to the
relative volumes of zones I, 1I, 1l in which they
arise, and differing by final shape of crystals
growing out of them. According to fig. 1 the relative
volume of the central zone I is as follows:

K (t',t) = (hy —h, (t) -h/ (t'.1) -

—hy" (t',1)) / (h, —hy (') =1-3H (t',). ©)

where h;'and h!" is the width of near-surface
critical zones Il and 111 defined by the relations (2)
and (3);

H(t' t)=h (t',t)/(hy —h, (t")). (10)
Then the number of crystallization centres

arising within the zone | during the time interval dt'
can be found using the expression:

dN, (1) = K, (', )dN () . (11)

As agreed above, considered centers in the
growth process retains the shape of spherical
particles, radius of which R (t', t) is numerically
equal to the right side of expression (2). Hence it
follows that the increment of crystallized volume
caused by the formation of new crystals into the
zone | during the interval t' —t is:

dvn;(t',t)=%7zR3(t',t)dN,(t',t). (12)

By integrating (12) taking into account the relations
(8) — (11) we obtain the volume fraction occupied
by the ng-crystals crystals in the central zone at a
given time moment t:

X,:g () =%7z‘jm [1—3H (t',t)]xL (t") x )

1 (t')-R*(t',t)dt’
Next, we consider the second part of the

crystals which are formed in the critical zone 11 with
relative volume:
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Ky (€, 0)=hy' (©,0/(hy —hg (t) = H(t',1) (14)

At a certain time between t' and t these crystals
reach the free surface of the fused layer which
causes a reduction of their final volume.
Quantitatively, this effect can be estimated using the
model of a crystal in the form of a truncated sphere
(crystal 7 in fig. 1) and the corresponding formula
for its volume:

Ut t _
x(2R(t',1) +3R* (t', h, (t',1) — N (1, 1))

where h (t',t) is the distance from the free surface

of the laser bath to the center of crystal, which
nucleated at the moment t' in the zone Il

(0<h(t,t)<h(t',1)).

Consequently, the increase of the converted
volume per elementary time interval dt' related with
the formation of truncated spherical crystals in the
zone |l is determined by the expression (16):

anll

9

(t',t) = vy (') - K (t, )dN(t)).  (16)

Hence we obtain the expression for the
calculation of the crystals contribution of Il zone in

a fraction of converted volume X, (t):

Xog (1) =%ﬂj H(t,t)-x (t')- 1(t)x

(17)
x[ 2R°(t,t)+ 3R* (t', t)hy, (t', 1)~ (¥,t) [d '

Last, the third part of ng-type crystals nucleates
in the critical zone Il which is located near the
moving front of matrix crystals. As can be seen
from fig. 1 the relative volume of this zone is:

Km (t’1t) = th” (tlit) / (ho - hg (tl)) =

18
=2H (t',t) (49
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Number of nuclei formed in the considered
zone for the elementary time interval dt' we find
from the expression:

dN m (t'\t) = Ko (t, AN (t). (19)

The resulting crystal form generating in the
zone 11 is specified by the plane, which corresponds
to the position on the FMC in time moment t (fig.
1). During transformation the crystallization centers
can arise on either side of this plane.

The crystals nucleating from the side of the
moving front are more or less (not less than 50% by
volume) absorbed by g-type crystals increasing from
the fusion boundary and at the control time moment
t they gain the form of a spherical segment
projecting over the FMC (crystal 9 on fig.1). The
crystals nucleating from the opposite side of the
plane FMC (t) with further growth are blocked by
moving opposite to front with the result that they
acquire the form of truncated sphere (crystal 8 in
fig. 1).

Considered above types of ng-crystals
interaction with FMK are influenced their final
volume which can be defined by the expression:

T
t't) =—x
(t',t) 3

x[ 2R*(t,t) + 3R (', t)h, . (t', 1) = 3, (t',1) ]

e (20)

where h_.(t',t) is the distance from the nucleation
point to the finishing position of the front matrix
crystals  FMC(t) (—R(t',t)<h,.(t't) <R(t'1)).
When changing h,(t',t) from —R(t',t) to O the
formula (20) gives the segment of sphere volume
and at symmetrical change in positive values h, it

gives the volume of a truncated sphere. Knowing the
number of crystallization centers arising in the zone
Il for a small period of time dt', as well as the
volume of crystals growing out of them, by the
relations analogous to (16) and (17) we can
determine the corresponding increment of the

crystallized volume dV,'(t',t) and the magnitude of

contribution of considered crystals X,

(t) in a total

fraction of transformed volume;:
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anlg:I (', 1) = vy (',1) - Ky (', )AN () (1)

Il
Xog

) :éﬂj‘ H(t',t)-x (") 1(t")x

t (22)

m

x[ 2R (t',t)+ 3R (t',t)h, (t',t) =2, (¥, 1) ]d '

As it can be seen the obtained kinetic equations
(16) and (21) contain in the integrands undefined

variables h(t',t) and h, (t',t) which have the

sense of the distances from the free surface (fs) or
the front of matrix crystals (mc) to the center of
crystals nucleating in critical zones Il and Ill. Under
the proposed model we’ll assume that the changes
in the considered parameters in time t' are described
by the following linear relations:

he (1) =R(tL1) - (1 = t,) [t -t,,). (23)

e (€,1) = RELD - (2~ t, =0 /(t=t,) . (20)

Equations (23) and (24) provide the passage by
parameters h (t',t) and h,.(t',t) specified by the

model of value intervals 0<h(t',t) <R(t',t) and

—R(t',t) <h,, (t',t) <R(t',t) when the t' changes from
tn to t. From the physical point of view, the use of
dependencies (23), (24) means that in initial time
moments the crystals are nucleated on the free
surface of the fused layer and at the boundary zone
of matrix crystals, and at the later stages of process
the nucleation points displace deep into the melt.

Taking into account (23) and (24) the equations
(17) and (22) are transformed to the form:

xng(t)—3zrt{H(t,t) At 1)-x (1)1 (1) 5
xR®(t't)dt’,

XM (t) :gnj H(t't)-B(t',t)-x ()1 (t')x

RN L (26)
xR (t',t)at’
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where
Alt',t) =
, , s @)
=243(t'-t,)/ (t-t,) -((t'-t,)/(t-t,)) .
B(t't) =
(28)

216

= 24320 -t O/ t-t,) (21, -t)/(t-t,))

For estimation comparing of relative amounts
of ng-type crystals forming in different zones of
laser baths and for the approximate determination of

the total volume fraction of these crystals X, (t) we

substitute the functions A(t’,t) and B(t',t) for their
average variation interval t, <t'<t values: A =3,
B =2.Then:

Xog (1) = ;zj H(t',t)-x () 1(t)x

(29)

xR (t',t)dt’,
X0 (t) zfnj H(t',t) x (t)-1(t")x
s L (30)
xR (t',t)dt’,
Xag (1) = Xog (1) + X (£) + X (1)
z%ﬂj[l—%H (t’,t)]x, (t)-1(t")x

" (31)

xR®(t',t)dt"

Analysis of the kinetic varieties of ng-process

The volume fraction of ng-type crystals,
defining by equation (31), essentially depends on
the relative volume of critical zones Il and 111 within
the limits of spontaneously crystallizing laser bath.
This  value is  specified by  relation

3h, (t',t)/(hy —hy (t)) =3H (t',t) and changes in the
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values range from 0 to 1. Taking into account the
above mentioned, we consider the possible variants

of dependencies X, (t) .
1. If the time-averaged values of the critical
zones thickness is much smaller than the

corresponding linear size of the area in which the
mechanism of ng-crystallization is realized, i.e.

h /(hy —hy) >00r H —0, the interaction of the
newly formed crystals with surfaces limited by
crystallized volume of the laser bath, can be

neglected. In this case, the formation of ng-type
crystals have a purely volume character, that

provides the maximum x;, contribution of this

crystallization mechanism in the total share of the
transformed volume:

X2, (1 z%ﬁJXL(t')- 1) REEDA . (32)

2. If the total thickness of the critical zones is
commensurate with the length of spontaneously

crystallized area, i.e. 3h —(h, —hy) or 3H —1

then at this conditions all ng-crystals are blocked by
boundary surfaces, so that their total volume, and

therefore the contribution to the total value X, is

reduced to the minimum of xr?g. Corresponding

kinetic equation acquires the form:

Xog () zgﬂij(t’)- I(t') - R3(t',t)dt". (33)
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As can be seen from a comparison of equations
(32) and (33), the maximum relative reduction of the
spontaneously crystallizing volume fraction due to
the effects of interaction of crystals with the free
surface of fused layer and FMC is:

v S v
(X (£) = X5y (D) / X5 (1) =5/12 ~ 0,42. (34)
Summary
1. The improved model of Ilaser bath

competitive crystallization has been presented. In
this model the distortions of crystals size and form
spontaneously generating due to their blocking by
the free surface of the fused layer and matrix
crystals front moving from the fusion border are
estimated.

2. Within the developed model the kinetic
equations permitting to determine the relative
contributions to the total crystallized volume
fraction by g- and ng-mechanisms of transformation
at different ratios of the volumes of the central and
critical zones in formation ng-crystals regions are
derived.

3. It has been shown that the maximum
reduction of the ng-crystals volume fraction owing
to the loss of full-dimensional spherical form due to
their interaction with the boundary surfaces is 0,42.
It is significantly higher than the inaccuracy of the
model calculations and argues about the
reasonability of using the proposed model to derive
the correct numerical estimates of analyzed
parameters X; and Xng .
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