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Residual stresses are a result of elasto-plastic deformations induced in the workpiece material during the
heat treatment process. The extent and magnitude of internal stresses depend on temperature conditions
in heating and cooling and physical properties of the workpiece material. This contribution discusses the
extent and distribution of residual stresses after laser remelting a thin surface layer on ductile iron 80-
55-06 (ASTM specification) or Gr 500-7 according to ISO. Residual stresses are not only induced by
temperature differences but also result from stresses due to microstructural changes between the surface
and the core of the specimen subsequent to cooling to the ambient temperature. The distribution and
extent of residual stressesin theremelted thin surface layer depend mostly on melt composition and cooling
conditions. Different rates of solidification and subsequent cooling of the remelted layer are reflected in
the volume proportions of the created cementite, residual austenite, and martensite in the microstructure.
The rate of heating and cooling of the thin surface layer is a function of laser power, beam diameter on
the workpiece surface, and interaction time. In addition, the number of passes of the laser beam over the
workpiece surface and different degrees of laser trace overlapping were increased to see how these can
affect the thermal conditions in the workpiece. To deter mine the residual stresses, the relaxation method
was used. Thisis based on measuring the specimen strain during electrochemical material removal.
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1. Introduction

Ductile iron is commonly used in awide range of industrial
applicationsdueto itsgood castability, good mechanical proper-
ties, and low price. By varying the chemical and microstructure
composition of castirons, it is possibleto change their mechani-
cal properties as well as their suitability for machining. Ductile
irons are a so distinguished by good wear resistance, which can
be raised even higher by additional surface heat treatment. With
the use of induction or flame surface hardening, it is possible
to ensure a homogeneous microstructure in the thin surface
layer; however, thisis possible only if cast irons have a pearlite
matrix. If they have a ferrite-pearlite or pearlite-ferrite matrix,
a homogeneous microstructure in the surface hardened layer
can be achieved only by laser surface remelting. Since it has
become possible to accurately control the laser beam energy
input into the workpiece, a number of authors have successfully
applied different thermodynamic modelsto cal culate thetempera-
ture cycles in the surface and subsurface layer, from which they
defined the depth of the remelted and hest-affected layer.*-%
The proposed thermodynamic models have enabled optimal
selection of heat treatment conditions with respect to thedesired
depth of the modified layer. In the professional literature, we
can find a number of contributions that deal with calculations
of residual stresses by the finite element method,"® and
numerous reports on experimental investigations of residual
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stresses.[*101 |n all of these research studies, measurements
of the extent and distribution of residual stresses were made
by the x-ray diffraction method. Grum and Sturml*?1314 gg-
gested the use of an integrated analysis of the laser-modified
layer by the so-caled “surface integrity” method, which
includes a full description of the modified layer by microhard-
ness measurements and measurements of the size of theremelted
and hardened layer, complemented by a complete microstruc-
ture analysis supported by x-ray phase analysis and residual
stress measurements. The same authors*>19! also focus attention
on the selection of those remelting conditions that will ensure
the smallest tensile or higher compressive residual stresses.
Only this carefully selected and integrated treatment can con-
tribute to longer lifetime of machine components subjected to
dynamical loads.

2. Experimental Procedure

2.1 Material

The flat specimens were made from ductile iron 80-55-06
according to ASTM specification, with a pearlite-ferrite matrix
that contained graphite nodules. Its chemical composition in
volume percent and the carbon equivalent (CE) are listed in
Table 1.

2.2 Remelting Conditions

After laser remelting of a thin surface layer of ductile iron,
a thin modified layer consisting of a remelted and hardened
layer is obtained. Given that the remelting process was very
rapid and the specimen mass sufficiently high, a very rapid
cooling was ensured. The actual cooling rates are considerably
higher than the required quenching rates and are achieved by
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Fig. 1 Laser surfaceremelting conditions and description of modified
specimen surface layer

Tablel Chemical composition and CE of ductile iron
80-55-06

Carbon
Chemical composition element (vol.%) equivalent
C Si Cr Cu Mn CE
3.77 2.26 0.04 0.33 0.13 4.19%

thermal conduction into the remaining cold part of the specimen.
Due to self-hardening, the process is very clean and simple,
which playsanimportant roleinindustrial applications. Another
important factor in laser machining processes is laser light
absorptivity in the interaction with the workpiece surface. This
depends on the laser light wavelength, type of workpiece mate-
rial, and its temperature. Laser light absorptivity of a CO, laser
of wavelength —10.6 um is only a few percent and increases
to about 50% at the melting temperature. Because of these
low values, the specimens were chemically treated in a Zn-
phosphate bath at a temperature of 40 °C. In this way, the
absorptivity was increased to 80% and a greater depth of the
modified layer and repeatability in terms of its size and quality
were achieved.

Figure 1 is a schematic presentation of the laser surface
remelting process. The selected laser source was a CO, laser
with a wavelength of A = 10.6 um. Two laser beam power
values were chosen, P = 1.0 and 1.5 kW. The optical and
kinematic conditions were chosen so that the laser remelted the
surface layer of the specimen material. The focusing lens has
afocal distancef = 127 mm and three degrees of defocus zs; =
22 mm, zs, = 28 mm, and Zgz = 34 mm. This also defined the
size/diameter of the laser beam on the specimen surface, which
is Dy; = 3.3 mm, Dy, = 42 mm, and Dyz = 5.1 mm. The
laser beam scan was V,; = 15 mm/s, v, = 18 mm/s, and Vi3
= 21 mm/s. The complete remelting of the specimen surface
was ensured by varying the degree of laser trace overlapping,
which was adjusted by moving the specimen crosswise to the
motion of the laser beam.
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Fig. 3 Different modes of laser beam guiding

Figure 2 gives the dimensions of the specimen and the size
of the remelted and hardened surface layer. The laser beam
was guided in the transverse direction across the specimen,
with the outer laser beam traces being 14 mm away from the
specimen edge. The entire width of the modified layer was
equal in all experiments irrespective of the energy input. Since
the width of the modified layer in a single laser beam passage
depends on the degree of defocusing and laser beam scan, in
order for each adjacent trace to be modified, it is important
that the laser head motion be very accurately defined. Another
condition that should be fulfilled isthe touching of the remelted
traces or their overlapping expressed in percent with respect to
the width of a single remelted trace.

Considering the very small depth of the modified surface
layer with respect to the specimen thickness, we decided to
apply different modes of laser beam guiding acrossthe specimen
surface. The chosen modes of laser beam guiding are presented
in Fig. 3. Different modes of guiding the laser beam over the
specimen surface were selected, i.e., zigzag (A), square-shaped
spiral toward the center (B), and square-shaped spiral away
from the center (C), with the laser beam turning round outside
the specimen to achieve more uniform thermal conditions in
the material. In this way, it was possible to achieve different
thermal conditionsin thethinflat specimen during theremelting
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Fig. 4 Experimental system for electrochemical removal of the speci-
men modified layer and strain measurement with calculation of resid-
ual stresses

process as well as during cooling, which influence the pre-
heating of the specimen prior to remelting and the tempering of
the created modified microstructure. Because of the predefined
width of the entire modified surface layer of 22.0 mm, in
different laser remelting conditions, different degrees of laser
traces overlapping 15 to 22 laser beam passages were made.
After each laser beam pass across the specimen surface, the
laser beam was turned round 5.0 mm away from the specimen
edge. By turning the laser beam round outside the specimen,
overheating of the specimen edges was avoided.

To measure the effects of different modes of laser beam
scan and the different number of laser beam passes across the
surface, thermocouples were placed on the bottom side of the
remelted layer so that they registered partial temperature during
the heating process.

2.3 Measuring System for Residual Stress Measurements

To measure the residual stresses on thin flat specimens,
we decided to use the relaxation method with electrochemical
remova of the stressed layer. A result of electrochemical
removal of the stressed layer isrelaxation and anew mechanical
equilibrium state of the specimen. By measuring the strain in
a new equilibrium state of the specimen, we can define the
stressin the removed layer. Measuring the strain of the specimen
after different removal times or different removal depths, we
can define the residual stress variation as a function of the
modified layer depth. For the calculation of residual stress, it
is necessary to know the history of the removal for a given
material. In this way, after a certain time of electrochemical
removal, it is possible to define the depth of the removal as
well as the remaining thickness of the specimen, which is
necessary for the calculation of the inertia and resistance
moment of the flat specimen. On the basis of the data obtained
in this way, we can calculate the extent of residual stresses
existing below the surface of the specimen. The experimental
system for measuring the strains of the flat specimen after
relaxation and the calculation into residual stressesisillustrated
in Fig. 4.

The specimen for measuring residual stresses is connected
to the anode, whereas the cathode is made of stainless steel.
Both electrodes are immersed in an electrolyte containing a 5%
water solution of NaCl. Uniform density of the electric current
between the anode and the cathode is ensured by a forced
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circulation of electrolyte and simultaneous filtering of the
electrolyte.

On the basis of previous experiments, an optimal time char-
acteristic of the electrochemical removal was defined, which
was 0.01 mm/min for the current density 0.5 A/cm?, and the
size of the gap between the electrodes was 3.0 cm.

For continuous measurement of strain of the flat specimen
during electrochemical removal of the stressed layer, a three-
legged, 45 ° resistance measuring rosette manufactured by Hot-
tinger Baldwin Messtechnik (Darmstadt, Germany), type RY 91,
was used. The resistance-measuring rosette was placed on the
side oppositeto the el ectrochemical dissol ution of the specimen.
A characteristic of this rosette is that, due to heating of the
electrolyte and specimen, another compensation rosette of the
sametypeis necessary inthevicinity of the anode. The compen-
sation resistance-measuring rosette is exposed to the same tem-
perature as the active-measuring rosette, but no force is acting
on it or the specimen.

The resistance strain gauge on the specimen and compensa-
tion resistance strain gauge were connected in a half-bridging
connection so that the difference in the voltage between them
was measured considering the compensation of the temperature
dilatation of the material. The measured voltage signal was
amplified and processed with the AT-MI0-16XE-50 hardware
card and LabVIEW software package by National Instruments
(Austin, TX) and presented on the screen as the residual stress/
depth profile.

Figure 5 and 6 show a specimen made to measure strains
connected as anode. The specimen has a length of 50 mm, a
width of 33.5 mm, and athicknessof 5.5 mm. Theflat specimens
were laser remelted in the middle part of the specimen on a
length of 22.0 mm and across the entire width of 33.5 mm. On
the opposite side of the anode specimen, a 45 ° three-legged
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Fig.8 Laser surface modified layer at 30% overlap of the width of
the remelted traces; P = 1.0 kW, z; = 22 mm, and v, = 21 mm/s

resistance-measuring rosette was attached in the middle of the
specimen with the direction of the strain gauges “a,” “b,” and
“c,” as shown in the figure. The electrochemical dissolution
was going on across the entire specimen surface. The removal
was uniform in time, although the middle part of the specimen
with the modified layer and the remaining part to the left and
right were in soft state.

Experimental Results

3.1 Microstructure Analysis

After thelaser beam had passed acrossthe thin flat specimen,
we obtained amicrostructurally modified area, the cross section
of which was shaped like part of a sphere (Fig. 7). To achieve
auniform thickness of the remelted layer over the entire surface
of the flat specimen (Fig. 8), the kinematics of the laser beam
were adapted so that a 30% overlapping of width of the remelted
traces was ensured.

The microstructure changes in the remelting process of the
ductile iron are dependent on temperature conditions during
surface layer heating and cooling. In all of the cases of the
laser surface remelting process, a modified layer was obtained
consisting of two characteristic microstructure layers, i.e., the
upper remelted layer and the lower hardened or heat-affected
layer.

Remelted Layer

«  The microstructure in the remelted surface layer is fine
grained and consists of austenite dendrites, with very fine
dispersed cementite, together with a small proportion of
coarse martensite. X-ray phase analysis of the remelted
layer showed the following average volume percentages
of the particular phases: 24.0% austenite, 32.0% cementite,
39.0% martensite, and 5.0% graphite (Fig. 9).
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Fig. 10 Microstructure of the hardened layer

*  Especialy on the surface and to a smaller extent in the
immediate subsurface of the remelted layer, a smaller num-
ber of graphite nodules are present that represent the
remainders of large nodules that have partly dissolved in
the melt.

Hardened Layer. In the hardened layer, the heating phase
leadsto austenitization of the pearlite-ferrite matrix. The austen-
ite matrix al so becomesricher in carbon because of the diffusion
processes of the latter from graphite nodules. On cooling, the
carbon-enriched austenite transforms into martensite and resid-
ual austenite, while the austenite with very low carbon content
transforms back into ferrite. Figure 10 shows a hardened layer
consisting of martensite with a presence of residual austenite,
ferrite, and graphite nodules. Graphite nodules are surrounded
by ledeburite and/or martensite shells. Typica ledeburite or
martensite shells have formed around the graphite nodules. The
preconditions for the formation of the ledeburite or martensite
shells are a ferrite microstructure around the graphite nodules,
heating above the austenitization temperature, and a high-
enough cooling rate.
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Fig. 11 Microhardness profiles across the laser modified layers at 0 and 30% overlapping degrees

3.2 Microhardness Analysis

Microhardness measurements used a Vickers unit, and the
load was 1.0 N. The microhardness of the base materia in the
soft state ranges between 280 and 300 HVy; and, after the laser
remelting process, increases to 600 to 960 HV; across the
modified layer. The results of microhardness variation across
the modified layer of a given ductile iron are presented in Fig.
10. In the ductile iron, we can note extremely high microhard-
ness around 960 HV,; on the surface of the remelted layer,
which falls uniformly to the value 570 to 610 HV,, in the
hardened layer. The drop in microhardness then reoccurs at a
depth of the remelted layer dz = 0.28 mm at zigzag laser
beam scan mode, which is attributed to changes in austenite
to martensite.

Figure 11 also presents a comparison of microhardness pro-
files subsequent to surface remelting by a single trace and by
severa overlapping traces. The results of microstructure analy-
sis and the measured microhardness across the modified layer
confirm that, in surface remelting, by overlapping the remelting
traces, we achieve the effect of annealing of martensite micro-
structure in ductile iron and, due to that, the lowering of the
microhardness.

3.3 Influence of Time-Temperature Variation on the Size
of the Remelted and Hardened Layers

Figure 12 shows different modes of laser beam scan across
the flat specimen surface and the time-temperature variation in
the bottom side of the specimen. Thetime-temperature variation
gives information on the temperature changes in heating and
cooling of the material on the bottom side of the specimen.
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Considering the three different modes of laser beam scan across
the specimen surface, we can state the following.

e The lowest maximum temperature on the bottom side of
the specimen is reached with the circular mode of laser
beam scan in the shape of the square spiral, starting in the
middle and ending on the edges of the remelted area.

+  Somewhat higher temperatures of the material are achieved
by zigzag laser beam scan.

*  The highest maximum temperature in the material on the
bottom side of the remelted layer is achieved with the
circular mode of laser beam scan in the shape of the square
spiral, starting on the edges of theremelted layer and ending
in the middle of the remelted area.

Each laser beam passage across the specimen surfaceinduces
gradual heating of the material on the bottom side of the
remelted layer, the result of which is preheating of the material
before the next passage. Theincreased temperature of the speci-
men makes the yield point of the material dightly lower, which
may, with the given internal stresses, result in greater deforma-
tion of the specimen and a lower residua stress.

Table 2 presents some typical dimensions of the modified
layer as afunction of selected remelting conditions. As we can
see, theamount of the energy supplied changesfrom 14.4t0 16.3
Jmm?, affecting the increase of the depth of the modified layer.

In Fig. 12, the measurements of the depths of the modified
layer are presented for different modes of laser beam scan
and different surface remelting conditions. The influence of
preheating the specimen with different modes of laser beam
scan across the specimen surface shows in the depth of the
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Fig. 12 Selected modes of laser beam guiding across the flat specimen surface

remelted layer dg and in the depth of the modified layer dy,
respectively. In the comparison of the influences of preheating,
two remelting conditions, i.e., the lowest energy input E; = 14.4
Jmm? and the highest one E; = 16.3 Jmm?, were also included.

The table below Fig. 13 gives data on the depth of the
remelting layer dr and on the depth of the modified layer

Journal of Materials Engineering and Performance

dy for three selected measuring points. Figure 14 shows a
macrophoto of the specimen in cross section. The specimen
was laser remelted at the following conditions: P = 1 kW,
D, = 3.3 mm, and v, = 21 mm/min at circular laser beam
guiding from the center in the shape of square spiral across the
specimen surface. The depth of the remelted layer is 0.28 mm
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Table2 Dimensions of a single laser modified trace at given remelting conditions
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Fig. 13 Depth variation of the remelted and modified layer on ductile iron 80-55-06 achieved under the given remelting conditions
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Fig. 14 Macrophoto cross section with variation depths of the remelted layer

at measuring point “1” and 0.35 mm at measuring point “2.”
The data given are taken from Fig. 13.

3.4 Calculation of Residual Stresses

The method for measurement of residua stresses consists
of removing a thin stressed surface layer of Ah; thickness on
the one face of the specimen that was laser remelted.” A new
equilibrium state is thus established involving the specimen
strain and a new stress distribution. The principle of the present
method is to connect measured strains to calculate the residual
stresses at relaxation of the specimen by electrochemical
dissolution.

Strains (ea, &p, and g¢) of the resistance measuring rosette
in the direction of individual legs were measured. One leg of
the resistance measuring rosette “a’ was positioned perpendicu-
lar to the direction of the surface remelting layer (perpendicular
to the path of the laser scan), the second one “b” at an angle
of 45° to the direction of remelting, and the third one “c” in
the direction of remelting (Fig. 5 and 6). The specimen plane
in which the three-legged resistance rosette was placed was
defined by the rectangular X—Y coordinate system. The resis-
tance measuring rosette was positioned at the specimen so
that the coordinate axes X and a, and Y and c, agreed. After
electrochemical dissolution of the thin surface layer Ah; at the
modified surface layer, anew equilibrium state was established,
which included strain and anew stress distribution. The method
of calculating residual stresses was based on the data of the
strains measured with the known new specimen thickness h;
and after taking away the layer thickness Ah;.

The method of calculating residual stresses is based on the
following assumptions:

*  The thickness of the dissolved layer Ah; should be very
small in comparison to the other specimen dimensions so
that the expression (Ah)~2 can be neglected. This is a
necessary condition in order to presume the plane stress
condition oR° where o, # 0, 0y # 0, and 0, = 0. o° =
the principal residual stresses (MPa), and « = the principal
directions 1 and 2.

* In each dissolved layer, Ah; residual stresses are indepen-
dent of directions X and Y and change only in linear depen-
dence on the depth Ao®R® = f(2), which indicates that the
residual stresses occurring in the X-Y plane are isotropic.

»  For the strains produced by electrochemical dissolution, a
linear dependence of residua stresses released in accor-
dance with Hook's law is presumed.
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e Strains in the direction of the leg axes were measured
(ea &p, and &) with the three-legged resistance measuring
rosette. The extent of the principal strains ¢, i.e., e; and
€5, could be determined from the measured strains:[*":18]

1
8125’(8a+8c+\/(sa_sc)2+(2'8b_8a_80)2)
(Ea )
_1 2 2
82_5'(8a+80_\/(8a_8c) + (2 e~ &a— 8))

(Eq 2

With regard to the fixed rectangular X-Y coordinate system
of the specimen, the position of the principal residual stresses
was also defined. Thus, angle 6 between the fixed axis X and
the movable axis 1 was determined:

(Eq3)

0=%-arctan(—2‘8b_8a_8°)

€a — &

The result of the calculation is expected to represent the
principal residual stresses distribution:
—(h_1 — Ah)>
2-(h_y+2-Ah) - by
B iil [_3 . (h—1 + Ahy)
= (hi—y — Ahy) - (hiy + 2+ Ahy)

O'SS(h]71) = Bj,oz

hyy 1] ‘B, (=12 (Ea 4)

where E is the Young's modulus; v is Poisson’s ratio; h; is the
thickness of the specimen; Ah; is the thickness of the dissolved
layer; and Ae,, Aey, and Ag, are the differences of the strains
resulting from thin surface layer dissolution.

The stress B; ,, i.e., (Bj1, Bj2), can be calculated after each
dissolution of material thickness Ah; on the basis of the differ-
ence of the strains of the specimen Ag;; and Ag;,:

E

Bj,l = mz * (ASJ"]_ + VASJ"Z) (Eq 5)
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Fig. 15 Residual stresses in ductile iron 80-55-06; zigzag laser beam guiding at given laser remelting conditions

E
Bj,2 = mz : (Asj,Z + VASjyl) (Eq 6)

Taking into account the specimen thickness prior to the
electrochemical dissolution and the thickness of the dissolved
layer permitted calculation of residual stresses at a certain speci-
men depth (first term of Eq 4). This, however, was not the rea
state of residual stresses in the depth (hy). In the calculation of
the real state of residual stresses in the depth (hy), the stress
states (B;,) and (B;) in the initially removed material layers,
i.e, dl (j — 1) layers (second term of Eq 4), should also be
taken into account.[*7181

3.5 Residual Stresses Analysis

With the resistance measuring strain gauges on the rosette,
the strains were measured in the directions a, b, and ¢, and
then, using the software support, the principal residual stresses
o1 and o, and angle 6 between the principa stress o, and the
longitudinal X-axis of the specimen were calculated.
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Figure 15 showstheresults of calculations of principal resid-
ual stresses in the thin surface layer with the zigzag laser beam
guiding at the 0 and 30% overlapping of the remelted layer.
We can state the following.

* Residua stresses o, are directed in the longitudinal direc-
tion of the specimen and are, in this case, smaller than
residual stresses o, directed in the transverse direction of
the specimen.

»  During the process of laser surface remelting, the specimen
bends more in the longitudinal direction than in the trans-
verse direction. This causes additional lowering of tensile
residual stresses in the modified layer.

+ At 0% overlapping of the remelted layer, the compressive
residual stresses were achieved in the thin surface layer in
the longitudinal and transverse directions ranging between
100.0 and —5.0 MPa. These change into tensile residual
stresses in the transition area from the hardened layer into
the matrix. A higher 30% overlapping induces the occur-
rence of tensile residual stresses with maximum values to
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Fig. 16 Residua stresses in ductile iron 80-55-06 with a circular laser beam guiding in the shape of a square spiral beginning on the edge of
the remelted area and ending in the middle of the specimen at the above indicated laser remelting condition

+90 MPa in the remelted layer, which then change into
compressive residual stresses with a maximum value of 50
MPa in the hardened layer.

Figure 16 shows the results of measurements of principal
residual stresses in the thin surface layer with a laser beam
guiding in the shape of a square spiral beginning on the edge
of the remelted area and ending in the middle of the specimen
at given laser remelting conditions.

We can see the size and distribution of the calculated
principal residua stresses as a function of depth and the
direction angles of the principal residual stresses with respect
to the longitudinal X-axis of the specimen. In the given case,
the hardening procedure was carried out so that the hardening
traces touched each other on the surface, which means a0.0%
overlapping of the remelted traces. The residual stresses were
measured to the depth of 0.9 mm, which means that they
were measured to the transition of the modified layer into
the matrix.
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From the results of the measured strains of the flat specimen
during laser surface remelting as well as from the results of
calculated residua stressesin the thin surface layer, the follow-
ing conclusions can be drawn.

e Theprincipal residual stresses o, are directed perpendicu-
larly to the direction of the laser path, whereas the principal
residual stresses o, are directed in the direction of the
laser path.

* The principal residual stresses o, acting in the direction
of laser remelting and being of tensile nature are much
higher than the residual stresses o, acting perpendicularly
to the direction of laser remelting and are prevailingly
compressive over the entire modified layer.

* The principal residual stresses o; are reduced aready
during the process of laser surface remelting due to low-
ering the yield strength of the material, which, due to the
temperaturefield, causes bending of the specimen, asseen
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Fig. 17 Residua stresses in ductile iron 80-55-06 with a circular laser beam guiding in the shape of a square spiral starting in the middle of the
specimen and ending on the edge of the remelted area at the above indicated laser remelting condition

from the top. The specimen undergoes convex bending in
the longitudinal direction, which causes a reduction in
tensile residual stresses in the modified surface layer. In
the transverse direction, the specimen suffers a consider-
ably smaller deformation or even a slight concave bend-
ing, which causes an increase in tensile residua
stresses o.

* The sizes of the measured strains or residual stresses
calculated from them are al so influenced by the unmelted
layer on the outer sides of the specimen. Due to convex
bending of the specimen during the laser remelting proc-
ess, the unmelted layer of the material contracted, thus
inducing small residual stresses of compressive nature.

* Residua stressesin the modified surface layer in the longi-
tudinal direction of the specimen are compressive and range
between 80.0 and 5.0 MPa when, in the transition area
from the hardened layer to the matrix, they change into
tensile residual stresses. In the transverse direction of the
specimen, residual stresses are always tensile and range
from +50 to +200.0 MPa in the modified layer.
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Figure 17 shows the results of calculated principal residual
stressesin the thin modified surface layer for the case of circular
laser beam scan in the shape of a square spiraling beginning
in the middle of the flat specimen and ending on the edge of
the remelted layer for 0 and 30% overlapping degrees of the
individual remelted traces.

From the calculated values and distribution of the principal
residual stresses at a circular laser beam scan ending in the
middle of the specimen, we can see that, in comparison with
the other modes of guiding the laser beam across the surface,
it is possible to achieve slightly higher tensile residual stresses
inthethin surfacelayer. Thisincreasein tensileresidual stresses
is largely a function of the maintained high rate of cooling
acrossthe entire remelted layer in the course of the laser remelt-
ing process, which can be explained by the fact that the input
heat energy is immediately transferred into the cold sur-
rounding material.

Considering the cal culated valuesand distribution of residual
stresses at zigzag mode of laser beam scan, we can state the
following.
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» Theincreased bending of the specimen caused by surface
layer remelting results in reduction of tensile residual
stresses in the modified surface layer.

* Anincreased degree of overlapping of the remelted trace
resultsin lowering residual stress valuesin the thin surface
remelted layer.

Based on the measured specimen strains and cal culated prin-
cipal residua stresses o; and o», we can note that, in laser
remelting of athin surface layer on thin flat specimens of small
size, there is a strong tendency of specimen bending in the
direction transverse to the laser path, i.e., in our case, along
the length of the specimen.

4. Conclusions

The process of laser surface remelting induces residua
stresses in the modified surface layer. Phase transformations
causing the volume decrease of the remelted layer give rise to
tensileresidual stressesin it. On the other hand, in the hardened
layer, martensite transformation causes an increase in volume
and gives rise to compressive residua stresses. From experi-
ments, it has been concluded that the distribution of residual
stresses is largely dependent on the cooling rate of the laser-
modified layer whose change may cause theformation of differ-
ent microstructures, at various overlapping degrees of remelted
traces. With different overlapping degrees of remelted traces,
it is possible to achieve a release of microstructure residual
stresses in the transition zone and, at the same time, preheating
of the material for the next trace, which affects the rate of
cooling within the modified layer. Experiments have proved
that the cooling rate of thin specimens can be influenced by
the choice of the laser beam scan, different degrees of remelted
traces, and adifferent choice of remelting conditions. Remelting
conditions can be chosen by changing the laser beam power,
defocusing the degree reflected in the laser beam diameter on
the specimen surface, and adjusting the scan speed of the beam.
All of these laser-remelting conditions, each in its own way,
changethe amount of the energy input and can have animportant
effect on the size and quality of the modified layer and residual
stresses. A greater amount of input energy into the specimen
results in a higher increase of temperature in it and higher
overheating of the specimen, which, on the other hand, lowers
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the cooling rate in the modified layer and gives rise to the
occurrence of small microstructureresidual stressesinthislayer.
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