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The results of studies concerning the formation of the structural state of single
crystals and polycrystals of iron and its alloys under sharply unbalanced conditions
of pulsed laser treatment are reviewed and analysed. As shown, significant heating—
cooling rates during laser treatment result in a decrease in the temperature of the
y—a-transformation and in the formation of the y-phase. In this case, recrystalliza-
tion of single crystals of a-iron is observed, as a result of which, a polycrystalline
component of a-iron is formed with a b.c.c.-lattice parameter that corresponds to the
initial one and, during remelting in a narrow range of energy densities, a single-
crystal region of the y-phase with an increased f.c.c.-lattice parameter and signifi-
cant texture is for-med too. As established, the mechanical properties along the depth
of the laser influence zone are determined mainly by structural factors and change
according to nonmonotonic curves with a maximum. The influence of energy para-
meters of pulsed laser irradiation on the formation of wavy microgeometry of the
surface is revealed.
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1. Introduction

Laser treatment (LT) is used in almost all industries. In the last 15-20
years, the intensive development of modern electronics, the development
of materials for medical purposes and functional materials have put for-
ward increased requirements for LT technology [1-5]. The ever-increasing
requirements of the industry have led to the need for a more complete use
of the reserves of LT [6—10]. This can be achieved only with purposeful
control of the parameters of structural and phase transformations that oc-
cur during laser heating and subsequent cooling.

The development of LT technology and its wide application in industry
requires an in-depth study of the regularities of physical processes during
LT, the development of adequate models that take into account all the
diversity of the structural and phase state of alloys that were formed un-
der conditions of ultrafast heating. The structural state of steels formed
with the help of continuous LT has been studied quite fully; however, the
features of structural and phase transformations under sharply nonequi-
librium conditions of pulsed LT have remained insufficiently studied. This
situation complicates the establishment of a relationship between the pa-
rameters of LT and the complex of physical-and-mechanical characteristics
of local areas of processed alloys. With pulsed LT, the temperature gradi-
ent in the surface layer of 100—150 pm thick is up to 10° °C/cm, and the
heating and subsequent cooling rates are of 10°-108 °C/s and 10*-10° °C/s,
respectively. The latter far exceeds the critical cooling rates sufficient for
quenching under normal heating conditions. As a result, highly dispersed
structural components with a high content of crystal structure defects and
a specific distribution of alloying elements are formed in the surface layers
[11-14].

X-ray diffraction studies of steels after LT were traditionally carried
out on polycrystalline samples, which made it possible to reveal the most
significant changes in the structural and phase state. With the low sensi-
tivity of the polycrystalline method, subtle structural effects remained
unexplored. The need to study subtle structural changes and the behav-
iour of individual substructural components in steel requires the use of
single-crystal samples. X-ray diffraction of single crystals makes it pos-
sible to observe subtle diffraction effects, measure small amounts of phase
components, and investigate crystallographic orientation aspects of the
structural state.

Due to the high temperature gradient and cooling rate during pulsed
LT, a specific structural state is formed with a special distribution of re-
sidual stresses, which is determined by both thermal processes and struc-
tural changes in the surface layers. The need to study the nature of re-
sidual stresses is associated with their ability to activate or slow down
phase and structural changes, act as a strengthening or weakening fac-
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tor, which is especially important for parts that operate under cyclic
variable loadings.

This review analyses the experimental results of studying the influ-
ence of pulsed LT regimes on structural and phase transformations and
the structural and stressed state of iron-based metastable alloys.

An analysis of the results of studies of the formation of the struc-
tural state of single crystals and polycrystals of iron and iron-based alloys
under sharply nonequilibrium conditions of pulsed laser treatment is
made. As shown, a significant heating—cooling rate during laser treatment
leads to a decrease in the temperature of the y—a-transformation and for-
mation of the y-phase. In this case, the recrystallization of single crystals
of a-iron is observed, as a result of which a polycrystalline component of
o-iron is formed with a b.c.c.-lattice parameter that corresponds to the
initial one, and, during melting in a narrow range of energy densities, a
single-crystal region of the y-phase with an increased f.c.c.-lattice parame-
ter and significant texture is formed too. It has been established that the
mechanical properties with respect to the depth of the laser effect zone are
determined mainly by structural factors and vary along nonmonotonic
curves with a maximum. The influence of the energy parameters of pulsed
LT on the formation of wavy surface microgeometry is revealed. The de-
pendence of the nature of residual stresses on the regimes of LT on carbon
steels is described.

2, Recrystallization of o-Fe
Single Crystals Stimulated by LT

During the formation of the structural state of iron under sharply non-
equilibrium conditions of rapid cooling, there is a tendency to lower the
temperature of the y—o-transformation and the formation of the y-phase.
In iron alloys, as a result of heating in the y-region and subsequent cooling
to room temperature, polymorphic transformations occur, which can be
realised both by a crystallographically ordered and disordered mechanism.
Rapid cooling can retard the disordered diffusive displacements of atoms.
Therefore, depending on the rate of heating and cooling, the contribution
of each of these mechanisms can vary significantly [15—-20].

In technically pure iron, by rapid cooling, it was possible to reduce the
temperature of the y—a-transformation and implement it according to the
martensitic mechanism [21]. In the process of iron cooling at different
rates, this transformation was stepwise, and the lowest temperature step
of the y—a-transformation, accompanied by the formation of a characteris-
tic relief, was fixed at 420 °C [21].

In works [17, 19, 22—-24], the effect of pulsed LT on the structural and
phase state and the change in the parameters of martensitic transforma-
tions in iron alloys was studied.
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The x-ray photo method of single-crystal samples is more reliable and
informative than the traditional polycrystal method. It allows observing
small amounts of phases and subtle diffraction effects that are not com-
plicated by the influence of interphase boundaries. These effects can re-
flect the orientation aspects of y—a- and oa—y-transformations, in particu-
lar, the degree of crystal lattice fragmentation, the crystallographic rela-
tionship between the lattices of the transforming phases, the transforma-
tion texture, etc.

LT of single-crystal samples was carried out in an air atmosphere us-
ing QWANT-18 M equipment by pulses with duration of 8 ms. During
laser treatment of massive ingots, the subsequent cutting of cylindrical
samples for x-ray studies inevitably led to the need to remove the hard-
ened layer, comparable in thickness to the layer treated by the laser beam.
Under such conditions, it was not possible to achieve the full effect of
autoquenching by ultrafast cooling at a rate of 10°>-10°¢ °C/s. The energy
of the laser beam was successively increased from 5 J to 15 J. In this case,
the regime was provided from heating in the y-region without melting
(0.5-3 J/mm?2) to premelting (3—6 J/mm?), melting (6.5-18 J/mm?) and
melting of the surface almost to the centre of the sample (18—-25 J/mm?).
In the latter case, a welding nozzle was used. X-ray investigation was
made after each laser treatment. The crystal lattice parameters were de-
termined from the position of diffraction reflections relative to the lines
of the standard. At room temperature, using the pole figure of b.c.c. iron,
the intervals of sample rocking angles corresponding to certain diffraction
reflections were found. The saturation magnetisation of iron samples was
studied by the magnetometric method in a differential magnetometer.

Studies of single-crystal samples of austenitic alloys with an f.c.c. lat-
tice showed that LT did not cause their recrystallization. In this case, the
reflections of the y-phase turned out to be more diffuse in the azimuthal
direction, which indicated a misorientation of the austenite fragments. An
increase of the energy density of laser radiation led to an increase of the
angle of maximum misorientation of the austenite lattice. In this case, the
crystal lattice parameters of the binary N3O alloy (Fe—0.02 C-30 Ni, wt.%)
did not change, while the parameters of the 180N5 carbon alloy (Fe—
1.8 C-5 Ni, wt.%) slightly increased due to the dissolution of graphite
globules in it. LT in the premelting mode led to the formation of a large
number of y-grains orientationally unrelated to the initial y-phase.

Thus, the LT of alloys with the f.c.c. lattice did not lead to significant
structural changes, and studies were continued on single crystals of me-
tals with the b.c.c. lattice.

Single crystals of Armco and siliceous a-iron were used as objects of
study. X-ray rotation diffraction patterns of the initial single crystals, as
well as diffraction patterns from a stationary sample, the position of
which changed successively after 2° in the range of angles of 45°, had the
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Fig. 1. X-ray diffraction patterns of a-Fe
single crystals. Here, a — initial state;
b — LT + heating to 550 °C; ¢ — LT +
+ cooling in liquid nitrogen [16]

diffraction reflections only from the b.c.c. lattice (Fig. 1, a). The lattice
parameter a, of Armco-iron single crystal turned out to be equal to 0.2866—
0.0001 nm, and that of a silicon iron crystal to be equal to 0.2864—0.0001 nm.
The reduced value of a, in the latter case is associated with the presence
of silicon in the a-solid solution [25].

The regularities of the formation of the structural state during laser
heating and subsequent recrystallization of single crystals turned out to
be similar for Armco and silicon iron. Therefore, in the following, the
characteristics of the structure of single crystals are given mainly for
Armco iron.

A further increase in the energy of the laser beam did not change the
diffraction pattern, but heating in the melting mode led to significant
changes in the diffraction pattern and, accordingly, in the structural state
of the initial o-iron single crystal. Rapid cooling of the surface layer of
the sample from the liquid state led to the formation of polycrystalline
o-iron with a b.c.c. lattice having a crystal lattice parameter coinciding
with the lattice parameter of the original sample [17]. This was evident
from the formation of continuous Debye lines of a-iron passing through all
diffraction reflections from the initial single crystal. In this case, the recrys-
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Fig. 2. Microphotometer curves of the x-ray (211), reflexes: initial single crystal (1),
{211}, single- (2) and polycrystalline (3) components of a-phase after LT of 16 J/mm?
energy density [53]

Fig. 3. Pole figure of a single crystal of Armco iron after LT (22 J/mm? energy den-
sity): 1, 2 — (200),, (220), initial single crystal of a-iron; 3-6 — (200), y-phase with a
relative intensity of 100, 40, 25, and 10% [16]

tallization of the surface layer did not occur completely. The reflections
from the initial single crystal did not change their angular position on the
x-ray pattern, which indicated that the crystallographic orientation of the
lattice of a certain volume fraction was retained during crystallisation.

Figure 2 shows the shape of diffraction reflections in the form of mi-
crophotometric curves. It can be seen that the half-width of the reflections
from the polycrystalline component of the a-phase increased in comparison
with the reflection from the lattice of the initial single crystal. The half-
width of reflections from the single-crystal region of the a-phase increased
further, since such reflections were superimposed by solid Debye lines
from the polycrystalline a-phase. An increase in the half-width of reflec-
tions indicated an increase in the density of dislocations in the melted
layer, which appeared, when shock waves appeared during laser heating,
as well as due to phase hardening.

Comparison of the intensity (according to microphotometric curves) of
individual reflections from the a-phase and solid Debye lines with the
same Miller indices shows that in the surface layer after melting, the pro-
portion of the polycrystalline component of the a-phase was 10-80% at an
energy density of 12-24.5 J/mm?2.

A qualitative change in the diffraction pattern was observed when the
energy density reached 12—14 J/mm?. In this case, the y-phase was addi-
tionally recorded, the reflections from which had the form of reflections
from single-crystal grains (Fig. 1, b). The polycrystalline component of the
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v-phase was not observed under any laser treatment regimes. In various
experiments, from two variants to four ones of the lattice orientations of
the y-phase relative to the lattice of the initial single crystal with a b.c.c.
lattice were fixed. The intensity of reflections (200), from lattices of dif-
ferent orientations differed significantly, and this difference was by 2—5
times (Fig. 3). The misorientation angle ¢, of the lattice of the y-phase was
equal to 1.6—2.6°, which is significantly less than for the a-phase. For ori-
entations of lattices formed in a smaller amount, the angle ?, somewhat
decreased. In this case, the intensity of the y-phase reflections for the
silicon iron was higher compared to technical iron at the same energy den-
sity of the laser beam. In some experiments, the excess of the intensity,
for example, of the (200), reflex reached 8-10% . This was caused by an
additional decrease in the critical temperature of the a—y-transformation
(along with a high cooling rate and the possible dissolution of nitrogen
from the atmosphere in the molten bath) and, as a result, the formation of
an additional amount of overcooled austenite when alloying the solid solu-
tion with silicon. In addition, the effect of an increase in the intensity of
the (200), reflection, apparently, can also be associated with an increase in
the texture mismatch in the diffraction pattern.

Laser melting at high energy densities (above 20 J/mm?) no longer led to
the formation of the y-phase. Therefore, the formation of y-iron was ob-
served during LT in a certain range of energy density (from 12 to 18 J/mm?2).
Similarly to this dependence, it was previously shown [25, 26] that in iron
powders obtained by rapid cooling from a liquid state, the f.c.c. phase of
iron was formed in a narrow range of cooling rates of 105-10° °C/s at par-
ticle sizes of 30—280 um. A further increase in the cooling rate caused the
formation of only the b.c.c. phase in iron powders, similarly to how, in our
experiments, laser heating with an energy density above 20 J/mm? again
led to the formation of a b.c.c. structure in the surface layer. Such a rule
in the change of the structure of iron from b.c.c. to f.c.c. and again to
b.c.c. lattice with an increase in the cooling rate above a certain critical
value both after laser heating and during ultrafast quenching from a liquid
state [26] may indicate the implementation of an incomplete y—a-trans-
formation, and then fixing the &-phase.

An analysis of changes in the diffraction pattern and the magnitude
of the crystal lattice parameters of the phase components makes it possible
to present the mechanism of structure formation of technical iron after
laser treatment as follows.

As a result of crystallisation after laser melting, grains of the y-phase
were formed, which, upon further cooling at the point of the y—a-trans-
formation, completely recrystallized into a polycrystalline aggregate of
the o-phase. It can be assumed that those regions of the y-phase were re-
crystallized, in which the dissolution of interstitial impurities from at-
mospheric air did not take place. This is evidenced by the fact that the
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crystal lattice parameter of the a-phase is equal in the original sample and
after laser melting. The local regions of the y-phase, in which the dissolu-
tion of impurities from the atmosphere occurred, had a significantly lower
point of the y—a-transformation, did not undergo the indicated recrystal-
lization, which made it possible to observe y-reflections on x-ray patterns
in the form of reflections from single-crystal regions with an f.c.c. lattice.

In addition to the impurity factor, one should also take into account
the possibility of the dislocation factor of lowering the y—a-transformation
point. In Ref. [27], the possibility of martensitic transformation through
an intermediate hexagonal close-packed phase was studied. As a conse-
quence of such a rearrangement, it was indicated that there are a large
number of dislocations and packing defects in the newly formed y-phase,
which significantly inhibit the possibility of recrystallization processes
immediately after the phase transformation. During high-speed cooling in
the LT process, the appearance of newly formed dislocations will slow
down the removal of phase hardening and the possibility of dislocation
creeping of the a-phase. Consequently, some volume of the y-phase with a
defect structure may turn out to be stabilised from being able to complete
the phase transformation. In Ref. [27], it was noted that, regardless of the
carbon content in the steel, the first portions of the formed y-phase have
a composition close to eutectoid (with 0.7-0.8% C).

The b.c.c. lattice parameter for all laser treatment modes turned out
to be practically the same for single- and polycrystalline components of
the a-phase. The fact of an increase in the amount of the polycrystalline
component of b.c.c. iron under regimes when the regions of f.c.c. iron
were not detected by x-ray diffraction suggests that the a-phase was
formed mainly in the form of a single-crystal component with an orienta-
tion coinciding with the initial orientation of the single crystal, and
d-phase in the form of a polycrystalline component.

For comparison, it should be noted that the quenching of iron in orga-
nic liquids led to the formation of a- and y-solid solutions with an increa-
sed parameter of their lattices, and when quenched in water, the parame-
ters of b.c.c. and f.c.c. lattices had values corresponding to the state of a-
and y-iron without introduced implementations; when quenched in ethanol,
the iron powder contained up to 1.5 wt.% carbon and 0.5 wt.% oxygen [26].
In Ref. [26], carbide Fe,C and wiistite FeO, which were formed as a result of
the developed active surface of dispersed iron particles, were fixed as accom-
panying phases. In our experiments, these phases were not observed due
to the much smaller active surface of the layer heated by the laser beam.

The y-Fe was also detected in electroerosive iron powders [28], in ul-
trafine powders as products of plasma-chemical reactions of pyrolysis of
iron carbonyls at a high-voltage discharge [29], in iron films grown on a
substrate of other metals [30—34], in the volume of amorphous films [30]
or during their subsequent crystallization [35] after forced nitrocarburi-
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zing in propane-butane-nitrogen [36]. Consequently, the tendency to the
formation of the y-phase manifests itself during the formation of the
structural state of iron under certain nonequilibrium conditions (high hea-
ting and cooling rates, dispersed powders, thin films, surface layers, etc.).

The maximum misorientation angle ¢, which characterises the degree
of fragmentation of the b.c.c. lattice, was determined from the azimuthal
smearing of the reflections (200), and (211), according to the formula [37]:

2 _ 2
Q= 2arcsin1/M, (1)
4bc

where a is the length of the x-ray spot in azimuth;

b=\h’+r’; c=h’+r*

h, and h, are the distances from the beginning and end of the spot to the
equator of the x-ray film, respectively; r is the x-ray camera radius.

In the initial state, the angle ¢, was equal to 1.8° for an Armco iron
single crystal. Laser pulse heating by 5—20 J/mm?2 led to some increasing
of ¢, and practically did not change the parameters of the b.c.c. lattice.

X-ray investigations of the sample after chemical etching showed that
reflections from a single crystal of the initial orientation were formed at
a depth less than the penetration depth of x-rays. For the radiation of an
iron anode in the study of alloys based on iron, this depth is about 10 pum.
This means that the formation of reflections of the initial orientation is
associated not only with reflection from the layers of the sample located
under the melted layer. But also, apparently, from layers formed as a re-
sult of a partial epitaxial effect of melt crystallisation on an oriented
single-crystal substrate, which was the unmelted part of the sample.

Indeed, at the stage of crystallisation of the laser melting zone, the
grains of the unmelted substrate can affect the growth of crystals during
solidification of the liquid bath as effective nuclei. In particular, the in-
fluence of the grain size of the unmelted substrate on the grain size formed
during the solidification of the laser melting zone in chromium steel and
technical iron was found [38], and it was also shown that unmelted grains
can serve as the beginning of the growth of dendritic crystals in the mel-
ting zone [39].

The ¢, angle after melting turned out to be much larger than for the
original single crystal, and amounted to 3—4°. Such a change in the struc-
tural state of the a-phase was not associated with a change in its chemical
composition, since the parameter a_ did not change after laser melting. An
increase of the ¢, angle in the surface layer was associated with signifi-
cant internal stresses arising during rapid crystallisation, as well as with
a decrease in the driving force of epitaxial crystallisation.

When analysing the diffraction pattern of the y-phase lattice, a sig-
nificant textural discrepancy between the intensity of reflections draws
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attention. The intensity of the (200), reflection during laser melting sharp-
ly increased relative to the (111), reflectlon The intensity ratio I, (2OO)V/I a1ty
for the untextured f.c.c. phase is of 0.64 [40]. Such a discrepancy is usual-
ly observed in the dendritic structure of the sample, which is charac-
teristic of rapid cooling of the molten metal. A microstructure study
showed that after laser melting, the samples indeed have a dendritic struc-
ture. This regularity was noted in the literature earlier [41, 42]. In the
zone of laser melting, e.g., AISI 52100 steel, a well-pronounced dend-
ritic structure was observed, for which there was a textural discrepancy
between the intensity of x-ray reflections: the intensity of the (200), line
relative to the (111), line increased by 7—8 times, when passing through
the melting threshold [42]. In our experiments with technical iron, a sig-
nificantly higher ratio of the intensity of these reflections was achieved:
10 times or more. When melted by a laser beam with an energy density of
14-18 J/mm?, at a sufficiently high intensity of the (200), reflex, only
traces of the (111), reflections were recorded, and for some orientations of
the y-phase, the latter reflections were not observed. In this regard, the
determination of the amount of residual austenite in iron-based alloys
after laser melting can be correctly carried out only by a pair of lines
(111),—(110),, which is included in the Kurdjumov—Sachs orientation rela-
tion between the austenite and martensite lattices. This relation is ful-
filled in steel that has been subjected to laser remelting [43]. This possibi-
lity remains since during the y—a-transformation the (111), plane remains
parallel to the (110), plane, which means that the intensity ratio of the
corresponding x-ray reflections is preserved. For any other pairs of reflec-
tions, this is not the case, and the amount of residual austenite determi-
ned from the ratio of their intensity may differ from the actual one by
several times.

3. The Change of the y-Phase Crystal
Structure as a Result of Laser Melting

Changes in the crystal structure of austenite and the possibility of dissolu-
tion of introduced atoms in it as a result of high-energy processing of Fe-
based alloys were studied in works [44—-53].

The parameter a, of y-phase of the Armco iron after laser melting was
of 0.3593 nm that is significantly higher than the value obtained by ex-
trapolating the austenite lattice parameter to zero concentration of inter-
stitial atoms. It should be noted that the last value of the parameter turns
out to be different, when extrapolated to zero concentrations of carbon
(0.83556 nm) and nitrogen (0.3566 nm) [44, 45]. For comparison, we point
out that the parameter a, of the a-Fe phase, obtained by extrapolating the
martensitic lattice parameter to zero concentration of both carbon and
nitrogen, turns out to be equal to 0.2866 nm [44].
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The increased a, value was associated with the dissolution of nitrogen
and carbon atoms from the atmosphere in the iron melt during its laser
melting. This possibility has been repeatedly noted in the literature [45—
47]. In addition, during electric-arc processes (melting in arc furnaces,
welding), an intensive absorption of nitrogen from atmospheric air by
liquid metal was observed [48]. In Ref. [49], based on the analysis of the
chemical composition of the metal after plasma remelting, it was con-
cluded that using plasma, nitrogen can be introduced into the metal in an
amount significantly exceeding the equilibrium for ordinary melting con-
ditions at the same partial pressure of nitrogen in the gas phase. In this
case, the plasma is presented as a kind of pump for pumping nitrogen into
the melt. Similarly, during LT, gas breakdown and the formation of a
plasma cloud in the irradiation zone can occur. As a result of the interac-
tion of plasma with the surface (molten metal), the chemical composition
of the surface layers changes and nitriding or cementation takes place.
Therefore, this type of treatment is also called laser—plasma synthesis. As
is known, during laser—plasma synthesis, during the action of a laser
pulse, the material being processed is heated with the formation of a
plasma torch near the surface. Due to the ambivalent diffusion of particles
from the plasma volume, the treated surface is charged negatively to a
potential of 4-6 V. The appearance of a negative potential, therefore,
causes an accelerated movement of ions to the sample surface.

It is necessary to take into account the possibility of the absorption of
carbon by the molten metal as well (with the predominant absorption of
nitrogen). In this case, in the presence of carbon, the solubility of nitrogen
can increase sharply, as was the case, e.g., in arc processes [49].

The nitrogen content in the y-Fe solid solution can be estimated ac-
cording to Ref. [54] using the formula

a, = 0.3566 + 0.0008Cy, (2)
and the carbon content can be estimated according to the formula
a,=0.3556 + 0.00095C, (3)

where Cy and C, are the atomic concentrations of nitrogen and carbon,
respectively.

It can be seen that the dependences of a, on the content of nitrogen
and carbon are very close; however, as noted above, extrapolation of a, to
zero concentration of nitrogen and carbon gives different values of the
pure iron parameter. The difference between these values is 0.001 nm,
which is much higher than the accuracy of measuring the crystal lattice
parameter.

If we assume that the value of a, is determined mainly by the sa-
turation of the solid solution by nitrogen, then its content can reach
0.862 wt.%. In the case of dissolution of carbon in y-iron, its content
turns out to be close (0.864 wt.%). In fact, in y-Fe, apparently, both C was
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dissolved during the dissolution of cementite particles, and N was dis-
solved during the formation of plasma from atmospheric air. Therefore, it
could be considered that the value of 0.86 wt.% corresponds to the total
content of nitrogen and carbon in y-solid solution.

However, the total content of nitrogen and carbon in y-iron may, ap-
parently, turn out to be overestimated, since the expressions given above
are valid for a massive sample, as noted in Ref. [61], and in our case we
are talking about dispersed particles of the y-phase with a small volume
fraction (2-3%) distributed in a-iron. Its dispersivity and high level of
internal stresses can significantly change the conditions of nitrogen dis-
solution in it. In addition, it should be taken into account that during
pulsed laser heating, a significant heating of the metal bath takes place
and a high-pressure zone up to 105-107 Pa [54] appears, in which the dis-
solution of nitrogen can be facilitated.

However, the total content of nitrogen and carbon in y-iron may turn
out to be overestimated, since the given expressions are valid for a mas-
sive sample, and work [51] refers to dispersed particles of the y-phase with
a small volume fraction (5-7%), distributed in a-iron. Their dispersion
and high level of internal stresses can significantly change the conditions
of nitrogen dissolution. In addition, it is necessary to take into account
that during pulsed laser heating, a significant heating of the metal bath
takes place and a high-pressure zone up to 10%-107 Pa [54] occurs, in
which the dissolution of nitrogen can be facilitated.

The a, parameter in the initial state and after LT was practically the
same. It means that, in the b.c.c. iron, the atmospheric nitrogen practi-
cally did not dissolve. From the fact of the increased parameter a , we can
conclude that the y-phase was formed not due to overcooling of iron from
the y-region, but due to a decrease in the temperature of completion of the
v—a-transformation below room temperature due to saturation of the
v-solid solution with atmospheric nitrogen.

In Ref. [35], it was reported that it is possible to obtain y-iron of an
amorphous ribbon by rapidly cooling the liquid melt from a temperature
of 1390 °C, and the parameter of the obtained y-phase, equal to 0.3559 nm,
is close to the parameter of austenite at room temperature. However, the
cooling rates in this case were significantly lower than those achievable
with LT, which affected the significant texture of the y-phase. The ribbons
obtained in a certain range of cooling rates contained both (111), and (200),
reflections, the intensity ratio of which significantly exceeded the tabu-
lated values. Previously, it was established that at cooling rates of 105—
10 °C/s, which are also achievable with LT, the content of residual aus-
tenite in technical iron was close to zero [41].
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4. The y—o-Transformation in Armco Fe as a Result of LT

Additional information about the phase and structural state of Armco iron
after LT can be obtained by measuring its saturation magnetisation. By
cooling to liquid nitrogen temperature and subsequent heating to room
temperature, the magnetisation of the initial sample changed almost lin-
early, and repeated cooling-heating cycles did not change the character of
the temperature magnetisation curve (Fig. 4, curve 1). This indicated the
absence of structural changes in the noted temperature range. After that,
the sample was melted by a laser beam. The entire surface of the cylindrical
sample was treated, including both ends, with laser spots overlapped by 50% .
Melting took place almost to the centre of the sample, and thus the sample
was remelted by approximately 85-90% . The magnetisation of such a sam-
ple turned out to be greater than that of the original one (Fig. 4, curve 2).

An increase in the magnetisation of Armco iron after laser melting
seems to be a complex effect and, apparently, is determined by several fac-
tors. In the initial state, the sample contained several (from 3 to 5) crys-
tals of the a-phase with different crystallographic orientations relative to
the easy magnetisation axis (100). In such a sample, the total magnetic
moment is always less than the value corresponding to the state of mag-
netic saturation. Indeed, it is known that the isotropy of the magnetic
properties of Fe is reduced to the fact that the magnetization of a single
crystal with a cubic axis (100) parallel to the direction of an external mag-
netic field, e.g., with a value of 200 Oe, is of about 1700 G, with an axis
along the diagonal of the face (100) is of about 1500 G, and with the axis
along the spatial diagonal (100) is of about 1400 G [55]. The formation of
a polycrystalline component after laser melting could lead to a texture, in
which the easy magnetisation axes of a large number of crystals would
be parallel to each other, which, in turn, would lead to the appearance
of a magneto-crystallographic preferential direction in the sample. As a
result, the saturation magnetisation and, accordingly, the coercive force
increase. Similarly, during magnetic-pulse processing of AISI T1, M2

I/1, %
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2 —
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steels, a reorientation of martensite crystals was previously observed
mainly along the direction of the easy magnetisation axis, which cont-
ributes to an increase in magnetisation and an increase in the exploita-
tion stability of the tool [56]. However, if the reorientation of crystals
in a certain predominant direction during magnetic-pulse treatment oc-
curred under the action of an external magnetic field, then, during la-
ser melting, it apparently occurred under the action of a temperature
gradient.

During LT, local thermal stresses are induced in the surface layers of
the material, which change the nature of the domain structure in the re-
gions adjacent to the zones of laser influence [567]. If we consider indi-
vidual structural components as domains, then the improvement of the
magnetic properties of highly-textured iron with a coarse-grained struc-
ture is ensured by their crushing, which is characteristic of LT. The frag-
mentation of domains is carried out mainly due to the impact of a laser
pulse, as a result of which regions with an increased density of disloca-
tions are created in the metal, forming new domain walls, which, in turn,
form the closing domains. The main contribution of the domains is that it
plays the role of nuclei in the magnetisation reversal process [58]. Magne-
tostructural barriers introduced after LT in the direction perpendicular to
the texture axis create additional magnetic flux stray fields, serve as a
source of re-magnetisation, and significantly reduce the total magnetic
losses [57]. The reason for the increase in magnetisation after LT may also
be the formation of nitrides and oxides, since their magnetic moment is
higher than that of pure iron.

To study the degree of stability of the y-phase contained in samples of
Armco iron after laser melting, with respect to the subsequent y—a-trans-
formation, x-ray studies of such samples were carried out both after coo-
ling to cryogenic temperatures (—185 °C) and after heating to higher tem-
peratures (200-800 °C) [59, 60].

Low-temperature x-ray investigations of cylindrical coarse-grained
samples (2—4 grains per sample) with a diameter of 0.6—0.7 mm were car-
ried out in a low-temperature x-ray rotation chamber for single crystals
[61]. The chamber is designed for x-ray study of phase and structural
transformations occurring with the fulfilment of crystallographic orienta-
tion relationships between the crystal lattices of the transforming phases.
The design of the chamber made it possible to rotate the cooled sample
during x-ray diffraction process, as well as swing it in a given angular
range of the chamber limb, photographic recording of the main x-ray re-
flections from the faces of the crystal lattice and stabilization of tempera-
tures in the range from temperatures close to the temperature of liquid
nitrogen (-185 °C) to room temperature with an accuracy of no worse than
0.5 °C. The samples were soldered with Wood’s low-melting solder into a
holder installed at the bottom of a vessel with liquid nitrogen. A micro-
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heater made of nichrome wire with a diameter of 0.1 mm and a power of
20 W was placed on the holder.

Samples with y-phase after laser melting were kept for six months at
room temperature. Rocking x-ray patterns, as well as x-ray patterns from
a stationary sample, successively rotated through 2° in intervals of 30°,
did not contain signs of y-phase decomposition. The volume fraction of the
v-phase did not change, and the degree of textural discrepancy between
different x-ray reflections remained too. The magnetisation of such sam-
ples did not change for six months. These facts indicated that y-iron ob-
tained by laser self-hardening is quite stable at room temperature.

After cooling in liquid nitrogen, the y-phase was no longer fixed by
x-ray photography at room temperature, because the temperature at the
end of the martensitic y—o-transformation was below room temperature.
At the same time, it was not possible to observe x-ray reflections from the
a-phase formed from the y-phase upon cooling in the form of isolated re-
flections (as from single-crystal regions) because they were superimposed
on the continuous Debye lines from the polycrystalline a-phase component
formed by laser autohardening. For this reason, it was not possible to de-
termine the orientation relationships between the crystal lattices of y- and
o-phases. However, there is a reason to assume that they are close to the
Kurdjumov-Sachs relations, as was the case in steels containing carbon in
an amount close to the amount of nitrogen in the studied samples [51].

Subsequently, x-ray studies of samples with the y-phase were carried
out with a successive decrease in temperature below room temperature. A
decrease in the intensity of the reflexes of the y-phase was observed with
a decrease in temperature to approximately —10 to —-30 °C. At the tem-
peratures from —-40 to —-50 °C, the reflexes of the f.c.c. y-phase were no
longer recorded.

The magnetisation of Armco iron increased with decreasing tempera-
ture, and, when warmed from —196 °C, it was restored (Fig. 4, curve I).
The magnetisation of the samples, in which the y—a-transformation took
place upon cooling, increased irreversibly in the approximately same tem-
perature range, in which the weakening and disappearance of the y-phase
reflexes were observed (Fig. 4, curve 2). This meant that the increase in
magnetisation upon cooling is associated with the formation of a mag-
netic a-phase from the y-phase. Subsequent heating of the samples from
liquid nitrogen temperature to room temperature led to a decrease in mag-
netisation (heating curve). Repeated cycles fulfilment of samples cooling
to —196 °C and heating to 20 °C were accompanied by a change in magne-
tisation along the same curve characterising its temperature dependence.

X-ray study of samples at room temperature after successive heating
to higher temperatures and cooling in cold water indicated that the y—a
transformation in such samples also occurred during heating. Heating to
200-400 °C did not change the intensity and angular position of the a- and
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v-phase reflexes. After holding at 550 °C for 10 min, no reflexes of the
v-phase were observed. The change in the magnetisation of a sample hea-
ted to 500 °C and cooled in cold water showed an increase by 3-3.5%.
From this, it followed that after laser melting, the y—a transformation
was realised in the process of cooling of the sample to room temperature.

5. Formation of Microstructure of the Steels as a Result of LT

The structural state of the surface layer treated by the laser deter-
mines the whole complex of physical, mechanical and operational cha-
racteristics of the surface of the detail. The main regularities of the
structure formation of steels after LT by both continuous and pulsed
radiation are described in the literature. Herewith, LT with milli- and
nanosecond pulses leads to subtle phase and structural changes, to a
more developed substructure, which is due to rather high heating—cool-
ing rates and a significant nonuniformity of the temperature gradient
along the depth of the laser influence zone (LIZ). Taking these features
into account, one can expect the formation of a structure qualitatively
different from the previously studied structure under pulsed LT.

In the works [49, 51-53, 60], the microstructure of steels and their
mechanical properties were mainly analysed in the end plane along the
depth of the LIZ. This methodological approach is determined by the
practical interest in the issues of wear of the surfaces of details after
LT. In some cases, it is important to study the regularities of micro-
structure formation on the working surface of a detail, i.e., in the LT
plane. In this case, it is of practical importance to study the influence
of the parameters of pulsed laser heating, in particular, the energy and
the multiplicity of pulses, on the character of the microstructure, its
uniformity in the hardened layer, and the microgeometry of the sur-
face. The results of such studies can be useful in determining the
regularities of the relationship between the LT regimes and the struc-
tural and phase state of the irradiated layer, as well as the complex of
its physical and mechanical characteristics.

LT by single pulses with surface melting leads to the formation of a
laser spot microstructure bounded by an irregularly shaped circle. None of
the numerous experiments succeeded in forming a strictly circular laser
spot on the sample surface. This was due both to the inhomogeneity of the
structure and properties of the surface layer of the sample, and, to a
greater extent, to the uneven distribution of energy over the laser beam
cross section. It should be noted that when using two active elements of a
circular cross section, the unevenness was 10%, and when using a solid
active element of a rectangular cross section, it was only 5% . In accord-
ance with this, the deviations of the shape of the laser spot from the geo-

462 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 3



Laser-Stimulated Structural and Phase Transformations

Fig. 5. Microstructure of Armco iron in LIZ after LT with energy density of 3 (a) and
6 (b) J/mm? [60]

metric circle were somewhat smaller when active elements of a rectangular
cross section were used. During treatment by a series of several pulses and
repeating the melting—crystallisation cycles, the noncircularity of the la-
ser spot increased due to the change of the energy distribution in succes-
sive pulses.

Two zones were clearly observed in the structure of the laser spot af-
ter LT with an energy density of 83—-23.6 J/mm?: the transition zone and
the remelting zone (Fig. 5). The boundaries of the zones were quite clear
and were well etched even with a short exposure time in the etchant. This
indicated the accumulation of a significant number of defects along the
boundaries of the zones.

The initial sample of Armco iron contained equiaxed grains of 50—
100 pm. The size of the grain at the boundary of the transition zone was
retained in comparison with the initial, before LT, state, and its micro-
structure differed from the initial one only by greater etchability. Sepa-
rate grains were observed, through which the boundary of LIZ and the
initial metal passed. Such grains did not have discontinuous or broken
boundaries.

In the transition zone, a noticeable refinement of the initial structure
took place, but the structural transition was not smooth, as might be ex-
pected, but stepped, with a jump in grain size up to 3—5 um. The crushed
grains of the transition zone in most cases are formed inside the bounda-
ries of the original grains; this indicates the absence of significant diffu-
sion mixing [62—68]. The intermittent change of the structure, apparent-
ly, was associated with significant cooling rates, when the thermal stress
fields propagating in the form of concentric circles from the centre of the
laser spot changed their magnitude stepwise.

The remelting zone was separated from the transition zone by a fairly
wide boundary. The remelting zone at energy densities up to 5 J/mm? was
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Fig. 6. Microstructure of Ar-
mco iron in LIZ after LT with
energy density of 14 (a, b)
and 21 (¢) J/mm? [59]

a convex cone-like weakly etched formation formed as a result of crystal-
lisation of the molten metal. The microhardness of this zone was of 3.1—
3.2 GPa (with an initial value of 1.5-1.6 GPa), and its dependence on the
spot diameter was a curve with a maximum at the centre. The microhard-
ness of the transition zone in Armco iron increased insignificantly and
was of 2.0-2.2 GPa.

With a subsequent increase in the energy density of laser radiation,
the diameter of the laser spot and the width of the transition zone in-
creased. Significant changes in the diameter of the melt zone were not
observed (Fig. 5, a and b). Apparently, this is due to the peculiarities of
the distribution of laser energy in the beam.
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In the range of energy densities of 6.3—-19 J/mm? in the structure of
the laser spot, in addition to the described zones, a zone was observed
consisting of waves that arose on the surface of the melt (Fig. 6, a), which
can be conditionally called surface waves. The central part of the melt
zone had a crater form, indicating the ejection and evaporation of metal
from this area. This is characteristic of thermal laser impact. The ejected
metal formed a shaft of about 50—100 pm high, similar in etchability to
the ‘white layers’ structure. Surface waves were concentric closed circles
of irregular shape; the height of their crests was of 5—10 um. The distance
between them increased monotonically with distance from the centre of
the laser spot. In various experiments, the number of waves ranged from
3 to 25 (Fig. 6, b). The measurement of microhardness on the surface of
wave crests was associated with significant methodological difficulties
due to the small surface of their peaks, which did not allow the formation
of a normal indenter imprint. Such an imprint appeared only when the top
of the crests was ground down to a depth commensurate with the height
of the crests. Microhardness measurements on the surface of the ground
crests showed no difference compared to neighbouring areas of the laser
spot.

Consequently, the appearance of the described waves is not associated
with liquation of the chemical composition or other inhomogeneities of the
melt, but is determined only by the features of the propagation of shock
waves in the liquid bath of the melt. Etching or grinding off the laser spot
area to a depth of 100 um did not reveal any traces of surface waves in the
metal bulk. This testified to the surface nature of the wave structure.

It was shown in Ref. [69] that, in a layer of molten metal upon heating
by concentrated sources, in addition to ordinary gravitational—capillary
waves, the natural frequency of which is determined by the dependence [70]

3
®, = /Ik+i, (4)
p

there are also thermocapillary waves, i.e., weakly damped surface waves
with a dispersion law of sound type:

(DOCk[dT, (5)
dz

where I is a power density, k£ is a wave vector, o is a coefficient of surface
tension of the melt, p is a density, T is a temperature, and z is a crystal-
lisation co-ordinate.

From the resonance condition, the maximum frequency of the resul-
ting surface waves is o, = w,k/2. For iron and steel at I = 10° W/sm? and
k=102 cm™, o, will be equal to =10® Hz [71]. Therefore, the frequency of
these oscillations is quite high, and they can be observed, when the sample
is melted by pulsed laser radiation of the millisecond range (1/®, = 102 s),
which corresponds to the irradiation conditions in our case (t., = 8-1073 s).

imp
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A similar wavy structure was observed in the case of through piercing
of thin aluminium foils [72], with surface LT of niobium [73] and DIN 105
WCr 6[74]. In Ref. [72], a wavy structure was formed on both sides of a
foil of thickness & satisfying the condition 2 <« (ct)?, where y is the ther-
mal conductivity and t is the laser pulse duration. With an increase in the
foil thickness in similar irradiation regimes, this structure was not ob-
served. All works, in which a surface wavy structure was observed, are
united by the fact that the treatment was carried out by pulsed radiation
with pulse duration of the same order (~1072 s). In the case of laser treat-
ment in the free generation mode (in the presence of spikes in the pulse),
wave fixation was not observed [73].

There is no consensus on the influence of the energy characteristics of
laser radiation on the conditions of the formation of a wavy structure. In
Ref. [73], it was concluded that the higher the radiation flux density, the
more pronounced the wavy structure. But, on the other hand, it was found
that there is a certain limit or critical energy density [69], above which
the wavy structure was not fixed, because destruction of the metal surface
with abundant vaporisation began. Based on an analysis of resonance con-
ditions for waves of two types in Ref. [69], the threshold value of the
power density was calculated (for iron and steels, W, = 8 kW /sm?), at
which conditions are created for the formation of an unstable wavy struc-
ture on the surface. Therefore, we can tell about the existence of two
threshold values of the energy density, lower and upper, in the range of
which conditions are created for the formation of a surface wavy struc-
ture. For our experiments, these values are equal to 6.3 J/mm? — the
lower limit of the energy density, up to which the wave structure was not
observed, and 19 J/mm? — the upper limit, above which a crater was
formed (Fig. 7). Note some stability of the number of waves of 7—10 in the
range of energy densities 11-18.9 J/mm?2.

Estimated recalculation of energy density into power density W, (in
W /cm?) can be performed according to the dependence [75]

_4E | (6)
Pond®t

where E is energy of laser radiation per pulse (J); t is pulse duration (s);
d is diameter of the laser spot (cm). For energy values of 4 and 12 J (at
t=8-103%s and d = 0.09 cm), the estimated values of the lower and upper
thresholds of power density will be equal to 78.6 kW /sm? and 235.7 kW /cm?,
respectively, that agrees satisfactorily with the calculation data in Ref. [69].
The appearance of a wavy structure is associated with the instability

of the melt surface that occurs in a vapour flow during thermal shock
[72], which is associated with the development of vortex gas-dynamic per-
turbations. In this case, apparently, the effect of self-oscillations [76] has
a certain significance, which consists in the fact that, when the metal is
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heated by laser radiation with an en- N
ergy density exceeding a certain criti-
cal value, the temperature on the melt
surface begins to fluctuate. The pres-
ence of temperature fluctuations, 2"
which are weakly damped in time, in-
dicates the existence of resonant met-
al heating modes and has the follow-
ing interpretation. Under laser treat- ! !
ment, the maximum temperature is at
the depth of metal in the near-surface
layers. If the perturbation of the sur- Fig. 7. The numper of surface waves vs.
face is a depression, then, the tem- the energy density [60]

perature in this place increases, because this section corresponds to a more
heated zone. With an increase in temperature, the evaporation rate in-
creases, the depression increases, and this area heats up even more, which
contributes to the next cycle of evaporation—heating [71].

From our point of view, it is technologically expedient to use a deve-
loped wavy structure to retain lubricant at the points of contact of rub-
bing surfaces.

An increase in laser energy density in the range of 14.9-19 J/mm? led
to the fact that the crater formed in the central part of the laser spot be-
gan to grow, indicating an increase in the volume of evaporated metal. At
this, the formation of additional surface waves was observed mainly on
the periphery of the remelting zone. The structure in this range of energy
densities is interesting in that a large number of columnar dendritic crys-
tals were observed at the place of crater formation (Fig. 8). The orienta-
tion of axes of these crystals was both regular, towards the heat removal,
and chaotic. This indicated a significant inhomogeneity of the tempera-
ture gradient in the plane of the laser spot. Radial orientation of the axes

[y
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T
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Fig. 8. Microstructure of Armco iron in LIZ after LT with an energy density of
17 J/mm? [16]
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of columnar crystals from the centre of the laser spot to the initial matrix
was observed in the transition zone.

The features of crystallisation during pulsed LT are that a large tem-
perature gradient and supercooling appear at the melt—initial matrix in-
terface, which promote the growth of columnar dendritic crystals in the
direction of heat removal, i.e., perpendicular to the edge. In the direction
of heat removal, crystals begin to grow first and grow faster than in
other directions. In the centre of the laser dimple, there is no definite
sharp direction of heat removal; the metal is retained longer in the form
of a melt, which contributes to its local mixing under the action of ther-
mocapillary forces [69].

It is known from the theory of crystallisation that only some of the
initially formed crystals are nucleated on the mould wall [77]. If the wall
of the mould is inferior in its ability to form nuclei to particles in the
melt, then, crystallisation centres are formed only in the bulk of the liquid
and begin to grow towards the walls.

During local laser heating, the formation of a melt in a massive mat-
rix contributes to the fact that the crystallisation front begins at the
boundary of the maximum heat removal from the melt—initial matrix and
moves towards the centre of the laser hole. In this case, one of the first to
form is columnar crystals growing in the direction of the heat removal. In
addition, the process of crystallisation in the laser hole is affected by the
mixing of the liquid, as evidenced by the formation of a finely dispersed
structure and surface waves. During the short time of the laser pulse ac-
tion, the metal quickly heats up to the melting and boiling point.

Similar regularities of crystallisation were observed in the melt du-
ring its rotation in the mould by means of electromagnetic stirring [77].
The rotation of the liquid phase during its crystallisation was accompanied
by a decrease in the grain size and a reduction in the length of the colum-
nar zone; the columnar zone inclined toward the interface in the direction
of rotation. If the crystallisation of the melt began after the rotation of
the liquid at a constant speed was established, the usual coarse-grained
structure was formed, which is characteristic of a fixed-mould casting.
However, a periodic change in the direction of rotation led to the forma-
tion of a finely dispersed structure due to viscous shear in the liquid.

Apparently, an equiaxed finely dispersed structure can be obtained at
any stage of crystallisation by forced shear of the liquid relative to the
solid phase. On the one hand, this can be explained by the breaking off of
the tips of dendritic crystals under the action of the generated viscous
forces; on the other hand, apparently, the convection effect of mixing on
crystals already growing in the liquid and faster cooling of the liquid due
to the intensification of heat removal to the columnar zone. Increasing the
energy density above 20 J/mm? again led to the formation of two zones,
the central of which (remelting zone) was a crater of considerable size
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Fig. 9. Microstructure of Armco iron in
LIZ after LT with an energy density of
14 J/mm? [52]

(Fig. 6, c¢). At this point, the thermal
zones and boundaries between them
were preserved.

To reveal the fine-grained struc-
ture in the LT plane, the surface re- ==
lief of the laser spot was ground down to a depth of 20-50 pum, counting
from the maximum peaks, and subjected to chemical etching. End sections
were prepared by forming a chain of laser spots in the immediate vicinity
of the end edge and grinding the indicated edge almost to the centre of the
laser spots, followed by polishing.

Metallographic observations showed that a high cooling rate after la-
ser melting led to the formation of a more finely dispersed structure with
certain regularity in the grain size distribution over the LIZ. Previously,
it was shown that LT in the continuous mode is characterised by strong
block refinement and a certain size distribution of structural components.
In this case, two distinct layers were observed, which differed in the de-
gree of completion of phase transformations. In the case of pulsed treat-
ment in the LIZ, as in the LT plane and in the end plane, three layers with
different grain sizes were observed. It should be noted that, in the end
plane, the LIZ had a phial-like shape with a modified structure, the total
depth of which for the indicated treatment modes did not exceed 160—
180 um. When considering the change in the structure along the depth of
the LIZ, it is easy to see the three indicated layers (Fig. 9). The first layer
up to 15-20 um deep was characterised by finely dispersed equiaxed grains
with an average size of 1.5-3 pm (Fig. 10, b). The second layer up to
100 pm deep had larger grains with an average size of about 10 pm. The
third layer located at the boundary of the LIZ is the initial matrix con-
sisted of grains elongated along the heat removal axis with a diagonal of
about 20 pm.

The physical essence of the formation of mainly three layers with dif-
ferent grain sizes in the laser-melted zone appears as follows. During laser
melting, due to high cooling (crystallisation) rates, there was a predomi-
nant growth of the main axes of dendrites directed perpendicular to the
melt—initial matrix interface, which formed the third layer of columnar
crystals. At the same time, in the upper near-surface layers of the laser
dimple, due to the lower temperature gradient and oscillatory motions of
the melt, the metal was in a liquid state for a longer time and was mixed.
These processes led to significant grain refinement due to phase a <y re-
crystallization and, possibly, plastic deformation under the action of ther-
mal stresses followed by recrystallization. All this contributed to the
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Fig. 10. Microstructure of Armco iron in LIZ after LT with an energy density of 14 J/
mm?, where a and ¢ — in the plane of treatment at a depth of 20-50 ym, b — in the
plane, which is perpendicular to the plane of treatment. Here, fragment b is from
Fig. 5; I, II, III denote layers with different size dimensions [52]

formation of the first near-surface layer with a finely dispersed equia-
xed grain.

In the LT plane, a certain distribution of structural cells was observed
in the radial direction (Fig. 10, a). Although the grain boundaries in this
case were etched more strongly, especially, in the central part of the laser
spot, some grains, mainly in the zone of columnar crystals, did not etch
easily, even with etched boundaries.

The initial microstructure of Armco iron consisted of large grains of
ferrite and cementite, which were located at the boundaries of ferrite
grains in the form of an edge. After LT, the microstructure of the spot in
the melting zone was crushed ferrite, along the newly formed boundaries
of which, near cementite areas, dark-etched martensite packets were
formed, indicating the formation of austenite in these areas during heat-
ing (Fig. 10, c¢). During pulsed laser heating, the appearance of austenite
regions with increased carbon content probably occurred only near indi-
vidual cementite particles. A similar regularity in the structure formation
of martensite in Armco iron was observed in Ref. [78] after treatment
with a continuous CO, laser. The formation of a martensitic structure was
observed mainly in the near-surface layers in the LT plane. Thus, the mi-
crostructure of Armco iron after pulsed LT can be highly inhomogeneous
due to the short time required for diffusion alignment of the composition
of resulting austenite and is determined by the local distribution of cemen-
tite along the boundaries of ferrite grains in the newly formed structure.

Some features of the structure formation of Armco iron during LT by
a series of several pulses were identified. The number of pulses in diffe-
rent experiments varied from 3 to 10 with a frequency of 0.5—1 Hz. Quali-
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Fig. 11. Microstructure of Armco iron in the plane of LT by series of pulses: number
of pulses — 3, energy of pulse — 9 J [19]

tative changes in the character of the structure were discernible after the
fourth pulse. In this case, an equiaxed finely dispersed structure with a
grain size of <6 pym was formed (Fig. 11, a) as well as, additionally, a
structure similar to the eutectic (Fig. 11, b). The eutectic was observed
only in the LT plane in the near-surface layers. The contours of eutectic
formations were also seen on the microstructures after LT by a single
pulse in the transition zone. As a result of treatment by a series of laser
pulses, the eutectic was more formed and represented distinct formations
with a size of #50 pm. The eutectic grew predominantly along the bounda-
ries of the initial ferrite grains, exactly where the initial structure con-
tained carbon. It is known that, regardless of the initial carbon composi-
tion of the steel, the first portions of the formed austenite always have a
composition corresponding to the state diagram and close to eutectoid
(0.7-0.8% C) [27]. It can be assumed that the melt was also saturated with
interstitial atoms from the atmosphere. The microhardness of the newly
formed finely dispersed structure was of 2.6—2.7 GPa, but the microhard-
ness of the eutectic formations was somewhat higher and amounted to
3.1-3.3 GPa.

Thus, in the case of a pulsed LT with a series of several pulses, the
exposure time is quite sufficient for the diffusion redistribution of carbon
in the near-surface layers and the creation of regions with a carbon con-
centration close to the eutectic one.

In the case of LT by a series of pulses, the process of formation of a
laser dimple in depth was also of interest. In a metallographic study on the
end plane after pulsed LT, a correlation was noted between the number of
crystallisation zones and the number of laser pulses (Fig. 12). In some
cases, the number of crystallisation zones separated by fairly clear bounda-
ries corresponds to the number of pulses. If, for example, the treatment
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Fig. 12. Microstructure of Armco iron in LIZ after multiple LT. Number of pulses —
5, energy of pulse — 9 J [19]

was performed by a sequence of five
pulses, then, five crystallisation zo-
nes could be distinguished on the
structure by the depth of LIZ. Under
some modes of multiple LT, the first
zone contained white layers of struc-
tureless high-carbon martensite with
increased microhardness (Fig. 13).

The initial microstructure of
AISI 1035 steel was a mixture of fer-
s 13 Mot of s o e 2, Pt Oivouely, durin
in LIZ after multiple LT. Number of ’
pulses — 5, energy of pulse — 10 J[81]  the first to form in pearlite regions.

Due to the uneven temperature gradi-

ent along the depth of the laser hole, the upper layers were at a high tem-
perature for a longer time. It was in these zones that pearlite first turned
into high-carbon austenite, and when cooled, into structureless martensite
with high microhardness (Fig. 14). The microhardness of light areas of
structureless high-carbon martensite was 2 times higher than the initial
one and amounted to 2.9-3.2 GPa. According to the literature data, struc-
tureless martensite obtained after LT consists of lenticular crystals of 0.2—
1.0 ym wide [78]. The near-surface layers of structureless martensite, when
advancing along the depth of the LIZ, passed into a zone with the struc-
ture of low-carbon martensite, which was formed mainly from ferrite. The
highest carbon structure based on the microhardness curves (Fig. 14) was
at a depth of 20—40 pm. Therefore, at high-speed LT, there are additional
factors that allow, in such a short time, the mass transfer of carbon.

It is known that, in the case of LT with several pulses, the carbon
content in the solid solution increases and becomes comparable with its
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Fig. 14. Microstructure of AISI 1035 steel in LIZ and microhardness over the depth
after LT with energy density of 11 (a) and 14 (b) J/mm? [16]

average content in steel [79]. When treatment of AISI 1035 steel with a
series of several pulses done, a gradual delamination of the newly formed
structure occurred with the formation of clear boundaries (Fig. 15). In
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Fig. 15. Microstructure of AISI 1035 in LIZ and microhardness at depth after multiple
LT with the number of pulses 5 (a) and 10 (b) for the pulse energy of 9 J [16]

this case, the following were clearly distinguished: a near-surface, 30 pm
thick, white layer of high-carbon structureless martensite with high mi-
crohardness, several zones of low-carbon dark-etched martensite with dif-
ferent carbon content, and a fine-dispersed ferrite—pearlite mixture, which
passed into the initial structure. The correlation between the number of
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Fig. 16. Microstructure of AISI W110 steel in LIZ after LT without melting (a) and
with melting (b) of the surface. Energy density is of 2.4 and 9 J/mm?, respectively [51]

crystallisation zones and the number of laser pulses, established for Arm-
co iron, was preserved for AISI 1035 steel.

Features of structure formation in hypereutectoid AISI W110 steel
with an initial pearlite—cementite structure during LT were observed
along the laser path. After LT without melting, no changes in the grain
structure in the treatment plane were observed. However, in the metal
heated to the austenitic state, carbon was redistributed along the direction
of the laser beam. In the microstructure, the longitudinal redistribution
of carbon along the laser path was observed as an alternation of light and
dark areas. Probably, high-carbon austenite formed at the site of the ini-
tial cementite light zones (Fig. 16, a), and less carbon-saturated austenite
and cementite formed dark zones.

The effect of carbon redistribution along the laser track was intensi-
fied in LT with surface melting. The contours of the carbon-enriched and
depleted zones were more distinct (Fig. 16, b). In the melting zone, the
structure of high-carbon massive martensite was formed in the direction
of the laser beam and low-carbon dark-etched areas were formed too. Par-
tial melting of the metal occurred along the boundaries of the laser spots,
followed by solidification, probably, into ledeburite eutectic.

Consequently, the local mass transfer of carbon during LT, discovered
in Ref. [78], is possible not only along the depth of the LIZ, but also in the
direction of radiation moving.

Metallographic studies of AISI W110 steel in the end plane showed
that treatment with single laser pulses led to the formation of a white
layer only in a narrow near-surface region of about 20—30 pm thick. Du-
ring LT with a series of pulses, the thickness of the white layer increased
significantly. This layer had a massive martensite structure with a high
microhardness of 8-10 GPa (Fig. 17). The white layers were located star-
ting from the surface of the laser dimple, confirming the assumption that,
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Fig. 17. Microstructure of AISI W110 steel in LIZ after multiple LT. The number of
pulses — 5 (a) and 10 (b); pulse energy — 9 J [51]

during high-speed laser heating, it is in the near-surface layers and condi-
tions are created for saturation of austenite with carbon due to a longer
holding time. In addition, a characteristic feature of LT steels, regardless
of their initial state, is the formation of a large number of high-angle
grain boundaries, which appear as a white layer [78]. LT with a series of
several pulses contributes to an increase in the number of high-angle
boundaries and, as a result, a greater mobility of carbon atoms.

In the structure of the white layers of AISI W110 steel, the bounda-
ries of the crystallisation zones were clearly visible, indicating a gradual,
over a series of pulses, homogenization of the solid solution. Apparently,
there was no complete equalisation of the carbon concentration. Probably,
ultrafast heating, even at multiple LT of steels with different initial
states, does not make it possible to obtain a uniform final structure. For
this purpose, it is recommended to carry out a preliminary heat treatment,
which would level the initial structure [75].

Samples of Armco iron in the initial state had an equiaxed grain struc-
ture, the average grain size of which was of 35—50 pm. The presence of a
small number of grains with increased etchability may indicate the pre-
sence of a pearlite component, which is formed at low carbon content
(0.1-0.15%). The dislocation density in the initial samples did not exceed
1.3-108 cm 2 (Fig. 18, a).

An electron microscopic study of the Armeco iron structure after LT
was performed both in the near-surface layer of = 5 pm in the treatment
plane and in the depth of the LIZ. When the surface was irradiated in the
mode without melting (W, = 2.2-2.9 J/mm?), the near-surface layer was
heated in the y-region. Recrystallization of the initial structure was not
observed in this case; however, the internal microstructure represented
weakly expressed cells with an azimuthal misorientation of no more than
0.5° (Fig. 18, b—d). Ragged boundaries of weakly misoriented fragments
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Fig. 18. Microstructure of Armco Fe in
the near-surface layer of LIZ: a — initial;
b-d — after LT without melting; e-g —
in the premelting mode [52]

are formed in some places. After LT without melting, the density of dis-
locations in the near-surface layer at a depth of about 5 ym increased and
amounted to 0.9-1.2x10° cm2. The density of dislocations decreased
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Fig. 19. Microstructure of Armco Fe in
the near-surface layer of LIZ: a — initial;
b-g — after LT with melting [16]
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somewhat, when moving from the centre of the laser spot to its periphery
(Fig. 18, b, d).

During laser heating of the metal surface in the premelting mode
(W, = 3-5 J/mm?), a tendency to the formation of a weakly misoriented
cellular structure was observed (Fig. 18, ¢) with a dislocation density in-
creased to 10'° cm2 (Fig. 18, f). In some cases, quenched structures such
as lenticular martensite were fixed predominantly in the centre of the la-
ser spot (Fig. 18, g).

During LT with surface melting (W, = 12-14 J/mm?), recrystalliza-
tion occurred and accompanied by grain refinement. An increase in the
heating temperature in the treatment zone contributed to an increase in
the dislocation density up to 0.8-1.2x10'° cm™2 and the appearance of
separate sections, morphologically resembling packets of dislocation mar-
tensite. The internal structure of grains in this LT regime contained a
much larger spectrum of structures, from martensitic to cellular, with
an increased density of dislocations. The microstructure of the LIZ in
Armco iron after surface melting treatment is shown in Fig. 19. In the
central part of the laser spot, the structure of the melt zone was observed
(Fig. 19, f), which consisted of dispersed (less than 0.5 um) fragments
with an increased density of dislocations. The density of dislocations was
high both inside and along the boundaries of the fragments with their
significant misorientation. Such a structure can be characterised as den-
dritic. In some places of the melt zone, the structure of lenticular mar-
tensite was observed (Fig. 19, d), the formation of which is associated
with the presence of local areas with increased carbon content. The mar-
tensitic crystals formed during quenching were often twinned that indi-
cated high carbon content within them. In the melting zone, predomi-
nantly lenticular twinned martensite was formed, whose crystals were
grouped in colonies. In the LT of Armco iron by continuous CO, laser,
predominantly fine-dispersed packet martensite with a developed block
structure was observed [38]. Along the boundary of the melt and transi-
tion zones, the structures are shown in Fig. 19, b, e. The microstructure
in Fig. 19, d is close to dendritic in nature and may also indicate the pre-
sence of both dispersed dendrites and packet martensite. On the periphery
of the transition zone, an increased density of defects was observed
(Fig. 19, b, c¢), which gradually decreased, when moving towards the ini-
tial structure (Fig. 19, a).

When moving along the depth of the LIZ, the dislocation density in-
creased for both treatment modes, both along the boundaries and inside
the cells. At a depth of =40 um, a more pronounced porous structure was
observed with centre sizes of 0.5—1 pm and a dislocation density of 1.5—
10'° ¢m2. However, deeper than 80 um, the dislocation density gradually
began to decrease, and, at a depth of 120 um or more, the dislocation
structure had a form close to the initial state.
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The presented results of an electron microscopic study of the Armco
iron structure are in good agreement with the results of microhardness
measurements after LT both in the plane of treatment and along the end
face of the sample. The increase in microhardness after LT without mel-
ting is apparently associated mainly with an increase in the dislocation
density. At the same time, a more significant increase in microhardness
after treatment with melting, mainly in the central part of the laser spot,
is apparently associated with the formation of quenching structures such
as lenticular and packet martensite.

6. Mechanical Properties of Steels as a Result of LT

Strengthening of steels during LT is determined by several structural fac-
tors, the main of which are an increase in the density of dislocations,
dispersion of the structure, the formation of solid solutions with a high
content of alloying elements and the formation of excess phases. The
structural state of the treated near-surface layer determines the whole
complex of physical, mechanical and exploitation characteristics: hard-
ness, wear resistance, corrosion resistance, frictional, strength, plastic
characteristics, thermal, magnetic, electrical properties, etc.

It is not always possible to determine the mechanical properties of the
hardened near-surface layer directly after LT due to significant methodo-
logical difficulties. Therefore, in work [53], the yield strength o,, of the
near-surface layer was estimated by calculation based on the experimental
characteristics of its structural state.

Armco iron with 0.08% C was chosen as the object of study. An as-
sessment of the hardening factors of the surface layer of such a simple
single-phase system as Armeco iron is necessary for analysing the mecha-
nism of laser hardening of steels and may be useful in realising the tech-
nological resource for increasing the efficiency of LT of construction and
tool steels having more complex phase and structural state. In such a
system, no precipitation of excess phases was observed and, in addition,
there was no solid solution strengthening factor. Consequently, the main
strengthening factors in this case were the formation of a fine-dispersed
structure and an increase in the dislocation density in o-phase crystals.

Based on x-ray studies, it was found that the period of the crystal lat-
tice of a-iron practically did not change after LT, both in the melting mode
and without it, and was of 0.2866+0.0001 nm.

Statistical determination of the grain size d at a certain depth after
LT was carried out based on metallographic observations by constructing
histograms of the size distribution of structural cells (Fig. 20).

The yield strength of the near-surface layer can be additively repre-
sented as the sum:

I II
G2 = Opz T Op, (M
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Fig. 20. Histograms of dimensions of the structure cells after LT with surface melting
at depths of 20 (a), 50 (b), 90 (¢), and 130 (d) ym [51]

where o , and oy, are the yield strengths dependent on the degree of dis-
persion and the dislocation density in the structure, respectively.

The first summand in Eq. (7) can be determined from the Hall-Petch

equation: ! K

Gpy = Oy + ——> 8

0.2 0 \/E ( )

where ¢, is the yield strength of the initial sample of technical iron, and

K is a constant independent of the average grain size d. For calculations,
the following values were used: 6, = 170 MPa, K = 0.19 MN/m?%?2.

For calculations, from the histograms, cell sizes were chosen equal to

the maximum number of encounters at a certain depth. It turned out that,

when the grain size changed from 3 to 25 ym (Fig. 21, curve 1), the depth
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Fig. 21. Change in the grain size d (1) and physical broadening f of the (200), reflex
after LT with melting (2) and B after LT without melting (3) over the depth of LIZ [24]

Fig. 22 Change in the yield strength s;, (I) and microhardness H, measured on the
sample end (2) and after layer-by-layer etching (3) of the Armco iron over the depth of
LIZ [90].

of the LIZ o}, changed from 280 to 210 MPa, respectively (Fig. 22, cur-
ve 1). These values should be considered as an increase of o, , for technical
iron due to the dispersion of the structure in the process of laser melting.
At the same time, o, is increased approximately by 1.2-1.65 times com-
pared to the initial value.

To determine the density of dislocations in the LIZ, the physical wide-
ning B of the (200), diffraction reflection was measured. The dependence of
B on the depth of the treated layer was studied for LT in the modes of auto-
quenching and melting. A nonmonotonic change of  was observed in both
cases. In the case of surface melting, the value of f§ was less (Fig. 21, curve 2).

The second term in Eq. (7) can be determined from the expression [80, 81]
n _ MaGb

Go2 = > 9
0.2 \/B

where M is the Taylor multiplier (equal to 3.05 for the b.c.c. lattice), a is
a constant equal to 0.11, G is the lattice shear modulus of a-Fe (85 GPa),
b denotes the Burgers vector modulus (equal to 2.48-1071° m), and p is the
dislocation density.

The value of p is calculated from the physical broadening of the (200),
diffraction line according to Ref. [82] from the expression

_ PPetg®o
P NI D)

here, B is the physical widening of the diffraction line, 6 is the Bragg ang-
le, logarithmic function

N =ln{ﬁq 1{%0%

with ¢ = 0.11, C, = 5.5, and the function f(v, &, k, [) = (1 — I')/3 relates to

(10)
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the crystallographic orientation and elastic properties of dislocations, where
B (R°E® + B*I* + I°K?)

(R +E+ 12

The density of dislocations in the LIZ of Armeco iron was in the range
of 3x10°-5-10' ¢cm2, which is consistent with the study of carbonyl iron
foils irradiated in a pulsed mode [38]. The density of dislocations achieved
at LT is commensurate with their concentration in the deformed material
after high compression ratios. With an increase in the carbon content in
steel, the dislocation density after laser quenching increases.

Taking into account the calculated density of dislocations, we obtain
the component of the yield strength o, equal to 250-350 MPa, which is
by 1.47-2.0 times greater than the initial value of the yield strength of
Armco iron (Fig. 22, curve 2). Therefore, after laser melting, the yield
strength of Armeco iron is of 460—-650 MPa, i.e., increased by a factor of
2.7-3.7 compared to the yield strength of the initial sample, and the in-
crease due to an increase in the dislocation density turned out to be large
(Fig. 23, curve 1). The regularities of change of ,, over the depth of the
layer treated with continuous laser radiation, apparently, may be diffe-
rent due to the higher cooling rate in the case of pulsed radiation. This can
lead to both the formation of a qualitatively different fine-grained struc-
ture and the appearance of a different pattern of residual stresses.

It should be noted that the above values are conditional. The results
of the corresponding calculations should be considered only as an attempt
to qualitatively assess the ability of near-surface layers to flow. Appar-
ently, the conclusion about the nonmonotonic change in the yield charac-
teristics with depth can be useful in the analysis of the exploitation sus-
tainability of steel details under mechanical loads with a significant tan-
gential component. In particular, such regularity of change can lead to a
slowdown in the wear process at a certain degree of wear of the detail.

The increase in G,, can be compared with the value of strengthening
achieved as a result of dissolution of carbon in an iron-based a-solid solu-
tion or strengthening of metastable iron—nickel alloys as a result of phase
hardening from y—a—y-transformations [83].

r
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As shown in Ref. [84], the LT of AISI 1045 steel in the quenching
mode did not improve its mechanical properties. At the same time, LT
with subsequent tempering or surface melting somewhat increased the
mechanical properties of AISI 1045 steel. In this case, the yield strength
increased to 1040 MPa after LT and subsequent tempering, i.e., increases
only by 1.3 times. In laser strengthening of steel, all three hardening fac-
tors contribute. Therefore, it can be concluded that the effect of laser
strengthening of technical iron and low-carbon steels is more significant.
With LT high-carbon and alloyed steels, the effect of strengthening is al-
ready less.

An increase in c,, of Armco iron correlated with an increase in the
microhardness of the strengthened layer. The microhardness was measu-
red both in the plane of the strengthened layer after each etching and
along the end face of the sample. In both cases, the microhardness had a
maximum value at a depth of 60—70 um, and the microhardness measured
along the end of the section (Fig. 23, curve 2) had a greater value than
after etching (Fig. 23, curve 3).

The formation of microhardness after LT is largely affected by inter-
nal stresses, which arise, when the crystal lattice is distorted due to ther-
mal shock. Apparently, layer-by-layer etching reduces the effect of inter-
nal stresses. Therefore, by subtracting the microhardness values obtained
after etching from the total values obtained at the end of the section, it is
possible to estimate the contribution of internal stresses to the formation
of the mechanical properties of Armco iron after LT.

It should be noted that the magnitude of distortions and the concen-
tration of defects in materials subjected to laser irradiation and the action
of a shock (explosive) pulse turn out to be of the same order. This suggests
that the elastic wave, regardless of whether it arises due to a strong tem-
perature gradient during LT or due to a mechanical impulse, is the cause
of structure fragmentation, an increase in the dislocation density and the
level of lattice distortions.

7. Regularities of Residual Stresses Formation in the Armco-Fe and Steels

During pulse LT, there is an uneven distribution of temperatures over the
LIZ, as a result of which the residual stresses (c,,) are characterised by
high gradients. Most of the works are concerned with the study of the
distribution of residual stresses over the depth of the LIZ. Practical inte-
rest is the distribution in the near-surface layer of a detail treated with
laser radiation, since the magnitude and sign of residual stresses have a
significant effect on its strength, wear resistance, corrosion resistance,
fatigue strength and other physical and mechanical properties.

LT was performed by pulsed radiation with pulse energy of 3—10 J.
X-ray investigation of the samples was carried out on a Dron-3 diffrac-

484 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 3



Laser-Stimulated Structural and Phase Transformations

C..v MPa H, GPa B, rad
500 3.0 10012

i ,x,x«X-X-Ax\x\ i
200( 9.5l ra X 0.010
100f 2.0 : : 0.008
: ! i i 0.006

: ! 1.5} . !

0 i 1 1 : 1 1 1 : 1 1 : 1 1 1 : 1

0 1 2 3 4 5 6pf,rad 0 1 2 3 4 5 6 x,mm

Fig. 24. Distribution of residual stresses o.__ over the width x of the laser track in the
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Armco iron after LT. W, = 2.2 J/mm? (1) and 2.9 J/mm? (2). Dashed lines indicate the
edges of the laser track [85]

Fig. 25. The change of microhardness H, (I) and physical broadening  of the
(211), (2) reflex over the width x of the laser track in the Armco iron after LT (W, =
= 2.9 J/mm?) [85]

tometer, and residual stresses were measured using the sin?y method [85].
The distribution of the width of the laser track is formed by mutual over-
lapping (10-20% ) of laser spots.

The results of the experimental determination on the surface of Arm-
co iron are shown in Fig. 24 [86, 87]. The dependence turned out to be
close to symmetric with respect to the middle of the laser track. During
LT without surface melting with an energy density of 2—2.9 J/mm?, insig-
nificant tensile stresses (70 MPa) were observed in the centre of the laser
track, which increased to 230—270 MPa from the centre of the laser track
to the boundary of the LIZ-unirradiated metal and gradually decreased to
the initial value (=20 MPa) in non-irradiated areas. In the case of LT with-
out melting with a lower energy (W, ~ 2.2 J/mm?), the character of the
distribution was retained, but with a more symmetrical dependence and
smaller peaks in the amplitude values. The microhardness H, in this LT
mode increased slightly (Fig. 25, curve 1), reaching a value of 2.1 GPa
(the initial value of Armco iron is of 1.5—1.6 GPa), and practically did not
change along the width of the laser track in the irradiated zone. A notice-
able change in the microhardness values of Armco iron with an increase in
the laser radiation energy for the LT mode without melting was not ob-
served. The value of the physical broadening B of the (211), reflex in-
creased over the entire width of the laser path (Fig. 25, curve 2), indica-
ting an increase in the dislocation density in the near-surface layers.
Changes in the crystal lattice parameter a, were not observed.

As a result of LT with surface melting (W, = 10.2 J/mm?), there was
a change in the character of the distribution (Fig. 26). In the centre of the
laser track, stresses changed their sign and became compressive, reaching
a value of 250 MPa. The maximal compressive stresses were observed in
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Fig. 26. Distribution of residual stresses o, over the width x of the laser track in the
Armco Fe after LT. W, =10.2 J/mm? (1), 14.2 J/mm? (2) [51]

Fig. 27. The change of microhardness H, (1) and physical broadening B of the (211),(2)
reflex over the width x of laser track in the Armco iron after LT (W, = 10.2 J/mm?) [59]

the local areas with martensitic structure. At the transition boundary of
the melt-initial matrix, an abrupt change in the character of stresses was
observed. In these areas, peaks of tensile stresses were formed, the values
of which reached 100 MPa. With an increase in the radiation energy
(W, =14.2 J/mm?), the character of the distribution over the width of the
laser track was retained, but with smaller differences in values of o .
Under different LT modes with a change in the width of the laser track,
there was also a change in the width of the tensile stress zone.

The microhardness H, at LT with melting changed with a pronounced
maximum in the centre of the laser track (Fig. 27, curve 1). The depend-
ence of the physical widening () of the (211), reflex had an appropriate
character (Fig. 27, curve 2).

During LT without melting of the surface of AISI 1035 and AISI 1045
steels (W, = 2.9 J/mm?), no significant increase in microhardness was ob-
served along the width of the laser track (Fig. 28). At the same time, re-
sidual tensile stresses (up to 430 MPa) were formed on the surface of the
laser track, caused by plastic shortening deformations.

During LT with surface melting (W, = 14.2 J/mm?), a martensitic
transformation occurred in the treatment zone at the cooling stage, cau-
sing the appearance of residual compressive stresses. In the central melted
part of the track on the surface of AISI 1035 and AISI 1045 steels, the
compressive stresses increased to —200 MPa (Fig. 29). This can be associ-
ated with the geometric features of the laser dimple, i.e., with the forma-
tion of a crater in the centre of the laser spot. A significant broadening of
the (211), reflection may also indicate the possibility of enriching the
central part of the laser spot with carbon due to its upward diffusion into
the crater zone.
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Fig. 28. Distribution of residual stresses o, (I), change of microhardness H, (2) and
physical broadening B3 of the (211), (3) over the width of laser track x in the AISI 1035
steel after LT [86]

Fig. 29. Distribution of residual stresses o, (I) and change of microhardness H, (2)
over the width of laser track x of the AISI W1 steel after LT. W, = 2.9 J/mm? [16]
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Fig. 30. Distribution of residual stresses &,
(1), change of microhardness H, (2) and -150
physical broadening 3 of the (211), (3) over
the width of laser track x of the AISI W110 _3qq

steel after LT. W, = 14.2 J/mm? [86]

The character of the change in stresses depending on the LT modes
was also preserved during irradiation of AISI W110 steel (Fig. 30), but with
somewhat smaller drops in amplitude stress values than in AISI 1035 steel.

As shown in Ref. [20], the magnitude and sign of stresses are deter-
mined both by the LT regimes and by the initial structural and phase
composition of the steel. In the case of LT with melting of steel, residual
compressive stresses were formed in the near-surface layers and in the
case of LT without melting, tensile stresses were formed. When the sur-
face melted, an increase in the level of compressive stresses was observed
in the central part of the LIZ. At the same time, the tensile stresses in the
transition regions from the LIZ to the initial steel structure decreased
with a gradual transition to compressive stresses.

The distribution of residual stresses (RS) during LT is also signifi-
cantly affected by the velocity of the laser beam over the sample surface
[88-90]. At a low speed (=8 mm/s), tensile stresses up to 140 MPa were
formed in the centre of the laser track after melting of AISI 1045 and
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AISI 5140 H steels, and significant compressive stresses (—440 MPa) ap-
peared along the edges of the track. With an increase in the velocity of
movement, the stresses in the centre of the track change from tensile to
compressive. For AISI W1 steel, the dependence of the character of distri-
bution of residual stresses on the change in the velocity of the laser beam
is insignificant [90].

As shown in Ref. [90], the magnitude and character of the distribu-
tion of residual stresses change significantly during treatment with over-
lapping of laser tracks. The distribution of stresses on the surface of an
AISI 5140 H steel bar across hardened tracks deposited on the surface in a
spiral by a continuous CO,-laser with overlapping turns was studied. On
the surface of the first six tracks, tensile stresses were revealed, and, on
the last two tracks, compressive ones were revealed.

Thus, despite the significant unevenness in the character of the distri-
bution of residual stresses in the near-surface layers of iron and steels,
after pulsed LT, the presented results allow us to make conclusions about
the most general regularities of their formation [85, 87—-90].

The character of the distribution of RS depends on the LT modes and
the carbon content in the steel. The value and sign of s, depend on the
ratio of residual plastic deformations caused by local thermal action, volu-
metric effects of structural transformations and melt surface saturation
by embodiment atoms processes. The character of the distribution of RS
on the surface of the laser impact zone is symmetrical with respect to the
centre of the spot and depends on the energy distribution in the laser
beam. A large temperature gradient between the melt and the matrix,
which is characteristic of LT, leads to the formation of tensile stress
peaks. The character of the change in tensile RS caused by plastic shorte-
ning deformations correlates with the dependence of changes in micro-
hardness and physical broadening of reflections. The accumulation of ten-
sile RS in the volume of the metal contributes to the initiation and develop-
ment of microcracks.

The occurrence of compressive RS is typical for LT with surface melting.
In this case, their distribution over the LIZ is a nonmonotonic dependence
that correlates with changes in microhardness, physical broadening of re-
flections, and the crystal lattice parameter. Compressive RS are formed in
the case of the formation of a sufficient amount of martensite in the cen-
tral part of the laser track during the LT process at the stage of cooling.
A decrease in the amount of martensite during LT of steel leads to a de-
crease in the volume effect during cooling and, accordingly, to a decrease
in compressive RS. Their value depends on the degree of overheating of
the metal during LT in the y-region and the cooling rate at the stage of
vy—a-transformation. The more local LT corresponds to the higher the hea-
ting—cooling rate and, accordingly, the compressive-stress values.
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8. Conclusions

To study the structural and phase state of metastable iron-based alloys
treated by laser beam, the method of x-ray investigation of single-crystal
samples was used, based on the use of crystallographic dependence of the
orientations of the crystal lattices of the austenite and martensitic phases
(the Kurdjumov—Lysak method). X-ray study of single-crystal samples
made it possible to observe subtle diffraction effects, measure a small
quantity of phase components, and study crystallographic orientation as-
pects of the structural state of y- and a-solid solutions. During the laser
melting of a-Fe single crystals, its complex recrystallization was observed,
as a result of which a polycrystalline component of o-Fe was formed with
a crystal lattice parameter that corresponded to the initial one, and, du-
ring melting in a narrow range of energy densities, the formation of sing-
le-crystal regions of the y-phase with an increased lattice parameter was
also observed. The reason for the fixation of the y-phase after LT is the
saturation of the y-solid solution with nitrogen from the atmosphere and
carbon from cementite particles. Therefore, the y-phase observed in this
work should be considered residual austenite of the Fe—N—-C system, and
not a y-modification of pure a-iron. Due to the high cooling-rate characte-
ristic of the pulsed LT, a significant textural discrepancy in the relative
intensity of the y-phase reflexes was observed. The formation of a poly-
crystalline structure after laser melting led to such a texture, in which the
axes of easy magnetisation of a large number of crystals are mutually
parallel due to their orientation mainly in the direction of heat removal.
This, in turn, leads to the emergence of a magneto-crystallographic pre-
ferred direction and an increase in the saturation magnetisation of a-iron.

The implementation of resonance conditions at LT with pulses of mil-
lisecond duration led to the formation of instability of the melt surface
with the formation of a wavy morphology during subsequent crystallisa-
tion. An interval of intercritical values of the energy density was estab-
lished, in which instability and the nature of the change in the number of
surface waves with increasing radiation energy were manifested. Based on
electron microscopy studies, it is shown that, under pulsed LT conditions,
a nonmonotonic dependence of dislocation density on depth emerges, ac-
companied by the formation of a spectrum of structures within a single
laser spot. During laser melting of a-Fe, the yield strength of the hardened
layer increased by more than three times that is compared to hardening
from phase hardening or deformation hardening with high degrees of com-
pression. The increase in the yield strength was mainly determined by the
increase in the density of dislocations and the grinding of the structure,
and the first factor is stronger. With the depth of the processed layer, the
yield strength and microhardness changed according to nonmonotonic
curves with a maximum. The characteristics of fluidity and microhardness
in the near-surface layers of steels after LT changed according to corre-
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lated curves with a maximum, and an increase in the carbon content led
to a blurring of the extremum, and an increase in the energy of laser ra-
diation to its displacement towards deeper layers. The specified strong
properties were determined by such structural factors as the density of
dislocations and dispersion of the structure, of which the first factor was
stronger. The character of the distribution of residual stresses on the sur-
face of LIZ is symmetrical with respect to the centre of the spot and de-
pends on the distribution of energy in the laser beam. A significant tem-
perature gradient between the melt and the matrix, which is characteristic
of a pulsed LT, leads to the formation of peaks of tensile stresses, and
with increasing cooling speed, the value of these stresses increases. The
emergence of residual compressive stresses is characteristic of LT with
surface melting, and their distribution over the surface of the LIZ is a
nonmonotonic dependence, which correlates with the maximum of micro-
hardness and physical broadening of reflexes.

The presented results make it possible to expand and supplement the
existing ideas about the nature of the structural state of low-carbon steels
formed under the conditions of high-speed laser heating. The revealed
regularities of the formation of residual austenite, laser hardening due to
structural factors, and distribution of residual stresses can be used in
practice in the development of new intensive methods for improving the
complex of physical and mechanical properties of local areas of the near-
surface layers of steels and related materials [91-93].

Authors’ Contributions. First author (V.Yu.D.): problem statement,
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B.IO. Jlaninvuenko, B.H. Bondap, €.M. J]3e6in
Iacruryr meranodisuku im. I'.B. KypaomoBa HAH Vxkpainu,
oynsB. AKamemika Bepuaacekoro, 36, 03142 Kuis, YKpaina

CTUMYJIBOBAHI JIASEPOM CTPYKTYPHI TA ®A30BI IIEPETBOPEHHSA
Y IIPUIIOBEPXHEBUX HNTAPAX CIIJIABIB HA OCHOBI 3AJIISA

PosrasanyTo it mpoaHaaizoBaHO pe3yJIbTATH AOCHiKeHb (POPMYBAaHHSA CTPYKTYPHOTO CTa-
HY MOHO- Ta TOJIIKPUCTAJIB 3aji3a i cmjIaBiB Ha HOTr0 OCHOBi y Pi3KO HEepPiBHOBaKHUX
yMOBax IMIIYJIbCHOTO Jia3depHOTO 00pobJsieHHsA. ITokasaHo, 1110 BMCOKi IIIBUAKOCTI HArpi-
BaHHA—OXOJIOJKEHHA IIiji Yac JIa3epHOTO O0OPOOJIeHHS CIPUUYNHAIOTH 3HUIKEHHS TeMIIe-
paTypu y—O-IepeTBOPEeHHA i yTBOPeHHA y-(hasu. 3a TaKUX YMOB BiJOyBaeThCS IMEePEKPUC-
Tajisamnid MOHOKPHCTAJJIB O-3ajid3a, BHACJIZOK UYOro (OPMYEThCA IIOJiKpHCTAiuHA
CcKJazoBa a-3aniza 3 mapamerpom OIIK-rparku, AKuil BigmoBisae BuxigHomy, a mij uac
TONJIEHHSA y BY3bKOMY iHTEepBaJi TyCTUH eHepril Takok GopMyeThCs MOHOKpPHCTATIUHA
obJsiacTs y-(pasu 3i 36imbirenum mapamerpom I'I[K-rpatku Ta 3HauHOIO TeKCTypoio. Bera-
HOBJIEHO, IIT0 MeXaHiUHi BJIACTUBOCTI 3a TIMOMHOI0 30HU JIA3€PHOTO BILINBY BU3HAUYAIOTH-
cs TIepeBaskHO CTPYKTYPHUMH UMHHUKAMHU Ta 3MiHIOIOTHCS 38 HEMOHOTOHHUMHU KPUBUMU
3 MaKCHUMyMOM. BUABJIE€HO BIJIMB €HEPTEeTUUYHUX MapaMeTPiB iMIIyJIbCHOTO JIa3ePHOTO
ONpOMiHEeHHA Ha (DOPMYBaHHS XBUJISACTOI MiKporeoMeTpii mMOBepXHi.

KarouoBi cioBa: n1azepHe 0OpOOJIEHHA, MOHOKPHCTAJ (-3aJi3a, CTPYKTypa, ayCTEHIT,
MapPTEHCUT, BAJUIIKOBI HATIPYIKEHHS.

ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 3 495





