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Abstract: An annealed Inconel 718 alloy was surface-treated by pulsed laser at three different powers (100, 50 and 25 W).
Microstructural changes induced by the laser treatments were characterized by use of electron backscatter diffraction and electron
channeling contrast imaging techniques. Results show that both annealing twins and strengthening precipitates profusely existing in
the as-received specimen are dissolved at elevated temperatures during the laser irradiation. Meanwhile, in the melting zone (MZ),
densities of low angle boundaries (LABs) are greatly increased with a large number of Laves phases preferentially distributed along
such LABs. For different specimens, widths and depths of their MZs are found to be gradually reduced with decreasing the laser
powers. Orientation analyses reveal that the columnar grains in the MZ of the 100 W specimen could inherit orientations existing in
the matrix while lower laser powers promote the formation of more nuclei with scattered orientations to grow to be granular grains in
the MZ. Hardness tests reveal that the MZs of all laser-treated specimens are softer than the matrix probably due to both precipitate

dissolution and grain coarsening.
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1 Introduction

As a nickel base superalloy, Inconel 718 alloy has
wide application in nuclear, aeronautics and power
industries thanks to many attractive properties like
satisfactory corrosion resistance and superior mechanical
properties at high temperature up to 650 °C [1-4].
However, fretting wear occasionally appears on the
surface due to the interfacial debonding of carbide
compounds (NbC) with the Nb segregation when the
temperature approaches 1050 °C [5,6]. These precipitates
usually lead to premature failures of components and
thus affect the surface mechanical properties. To date,
various techniques have been attempted for Inconel 718
alloy to obtain optimized surface properties. Among
them, laser surface treatment was reported to own many
advantages such as operation precision and efficiency
without modifying the alloy bulk properties [7,8].
Specifically, laser surface processing can selectively heat

and even melt a narrow volume, accompanied by the
formation of large temperature gradient and high thermal
stress fields. It was reported that significant
microstructural and property modifications could be
reached after laser-related processing. TUCHO et al [9]
reported that grain structures of selective laser melted
Inconel 718 specimens were generally separated by
sub-grain boundaries and high density of dislocation
networks. PARIMI et al [10] attempted to characterize
microstructures and textures of Inconel 718 prepared by
the direct laser fabrication method and found that
columnar grain structures with a (001) fiber texture could
be formed using a high laser power input. Stress analyses
for the laser-modified zones of Inconel 718 alloy were
recently performed by YILBAS et al [11] and they found
that the maximum value of residual stress could be close
to the yielding limit of the alloy.

In spite of the above results documented for
laser-treated nickel base superalloys, attention paid to
their microstructural characteristics remains to be rather
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limited, compared with efforts made for other metallic
materials [12—16]. In the present study, therefore, laser
surface treatments at three different powers were carried
out for an Inconel 718 superalloy, with detailed
microstructures in the laser-modified zones characterized
by electron backscatter diffraction (EBSD) and electron
channeling contrast (ECC) imaging techniques. Hardness
measurements were also made for the laser-treated
specimens. Results presented in this work are expected to
facilitate better understanding on effects of laser surface
treatments on the nickel base superalloy.

2 Experimental

The as-received Inconel 718 material was a d20 mm
rod after solution heat treatment at 720 °C for 8 h and
aging treatment at 620 °C for 8 h, with its chemical
composition listed in Table 1. Rectangular specimens
with dimensions of 15 mm % 10 mm % 3 mm along three
orthogonal directions (namely rolling direction (RD),
transverse direction (TD) and normal direction (ND),
respectively) were cut from the as-received material.
RD-TD surfaces of the specimens were irradiated by a
pulsed laser device (600W Nd: YAG) at three different
powers (100, 50 and 25 W), with detailed processing
parameters listed in Table 2.

Table 1 Chemical composition of Inconel 718 material (mass
fraction, %)

Ni Cr Fe Nb Mo
52.6 18.91 18.63 5.03 32
Ti Al Si Mn P
1.03 0.51 0.075 0.015 0.006

By use of ECC imaging and EBSD techniques in a
Zeiss Sigma HD field emission scanning electron
microscope (FEG-SEM), RD-ND planes of the
laser-treated specimens were carefully examined to
reveal their microstructural characteristics. High-quality
ECC images have been manifested to be capable of well
revealing morphologies of (sub-)grains and structural
defects like precipitates and twins in various metallic
materials [12,13,16].  Crystallographic orientations
corresponding to those microstructural features could be
further investigated quantitatively by the EBSD

Table 2 Processing parameters of pulsed laser surface treatments

technique. The EBSD system attached to the FEG-SEM
comprised an Oxford Instruments NordlysMax” detector
and AZtec 2.4 software for data acquisition, with an
HKL Channel 5 software package used for data post
processing Before ECC and EBSD
examinations, the to-be-analyzed planes
mechanically ground using SiC abrasive papers and then
electro-polished in a mixed solution of 10% perchloric
acid and 90% (volume fraction) ethyl alcohol at 30 V and
—30 °C for about 1 min.

Micro hardnesses of the Inconel 718 superalloy
were also measured for the laser surface-treated
specimens using a Vickers indentation tester
(HVS—1000). The hardness indentations were made
across the laser-modified zones at an interval of 200 pm
and a load of 100 g. For each specimen, more than ten
indentations were made along each measuring path and
such measurements were repeated at least five times.

analyses.
were

3 Results and discussion

3.1 Starting microstructure

Figure 1 shows microstructural characteristics of the
as-received material (before the laser surface treatment)
revealed by ECC and EBSD techniques. Clearly, the
microstructures consist of equiaxed austenitic grains and
numerous second phase particles (SPPs) which are
mainly distributed along grain boundaries. The average
size of the equiaxed grains is measured to be about
7.3 pm. Direct observation from Fig. 1(a) reveals many
annealing twins that divide their parent grains by straight
boundaries. A boxed region in Fig. 1(a) is magnified in
Fig. 1(b), from which one can see that a few SPPs also
appear in grain interiors. In Inconel 718 alloys, main
strengthening phases contain three types: " (NizNb),
y" (Ni3(ALTi)) and 6 (NisNb). The y"” and y’ are the
primary and the secondary precipitation strengthening
phases, respectively. The 0 precipitate is the equilibrium
substitution of the metastable y” phase. According to
earlier works [17-20], morphologies of these
strengthening phases would vary a lot at different
temperatures. The y” phase with the sphere shape exists
in the temperature range of 600—900 °C while the o
phase with the long needle shape often appears in
the temperature range of 750-1020 °C [15].
Morphologically, it is hard to differentiate the y’ phase

Scanning velocity/ Laser Beam Pulse duration/ Pulse frequency/ Power density/  Energy density/
(mm-s ™) power/W  diameter/mm ms Hz (W- mm ) (J'mm™)
8 25 2 2.5 20 31.85 3.13
8 50 2 5 20 63.7 6.25
8 100 2 5 20 127.4 12.5
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Fig. 1 ECC (a, b) and EBSD (¢, d) maps (step size 0.2 pm) of as-received specimens

from the y” phase. Thus, the annealing condition of
720 °C for 8 h for the initial specimen is thought to be
insufficient to dissolve the strengthening phases. In
Fig. 1(b), the long needle phases and the short
rod/granular precipitates are believed to be ¢ and p”
phases, respectively, as indicated by black arrows. These
dispersed phases could impede dislocation movements
during deformation, leading to a precipitation hardening
effect.

Figures 1(c) and (d) are EBSD inverse pole figure
(IPF) and grain boundary (GB) map of the as-received
specimen. Grain orientations are colored according to the
standard triangle inset in Fig. 1(c) and the varying colors
represent different crystal orientations. It is noticed that
orientations of the grains are rather scattered in this map,
indicating the absence of a crystallographic texture.

Special coincident site lattice (CSL) boundaries
with 23" (1=<n<3), along with random high angle
boundaries (HABs, 6>15°) and low angle boundaries
(LABs, 2°<6<15°), are presented in Fig. 1(d). Such a
map is able to reveal connectivity of the grain boundary
network [21]. It can be observed from Fig. 1(d) that the
type of 23 boundary is the most dominant one. Earlier
studies indicated that 23 boundaries had low interface
energies and could thus be readily generated by virtue of
twin events [22—25].

3.2 Microstructures after laser surface treatments
Cross-sectional views of microstructures in the

laser-treated specimens are exhibited in Fig. 2. The

irradiated zones and the substrate are found to have

Fig. 2 Cross-sectional observations of laser surface-treated
specimens at different powers: (a) 100 W; (b) 50 W; (¢) 25 W
(Dashed lines roughly outline the melting zones with
measuring ranges of their widths and depths schematically
indicated by double-arrow lines in (a))

distinct morphologies. The melting zones (MZs) in all
the specimens show bowl-like morphologies, as
indicated by the dashed lines. For the 100 W specimen,
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the maximum width and depth of its MZ are measured to
be about 850 and 420 pm, respectively. For specimens
laser-treated at lower powers, the maximum widths and
depths of their MZs are found to be reduced, i.e., 780 pm
and 270 um for the 50 W specimen and 690 pum and
110 pum for the 25 W specimen, respectively. The smaller
MZs could be ascribed to lower energy input and thus
easier heat extraction by the substrate in the 50 W and
25 W specimens.

Figure 3 presents ECC observations for the
laser-modified zones in various specimens. Coarse
columnar grains (hundreds of micrometers in length and
tens of micrometers in width) can be seen in the MZ of
the 100 W specimen (Fig. 3(a)), with their long axes
towards the laser beam center. These columnar grains are
believed to result from the melt solidification during the
laser irradiation. Inside them, there exist a large number
of SPPs with morphologies distinctly different from
those observed in the as-received specimen. These SPPs
have an average size of (904+25) nm and a net-like
distribution, as clearly shown in Fig. 3(b). In the
specimens with lower laser powers (25 and 50 W), the

solidified grains seem to be more granular with dense
SPPs in their interiors as well (Figs. 3(c) and (e)).
Morphologies, sizes and densities of those SPPs are
found to be similar in all the laser-treated specimens.
Nevertheless, with decreasing laser powers, it seems that
their network distribution tends to change to be band-like
distribution (Figs. 3(b), (d) and (f)). Previous studies
showed that the highest temperature during the laser
surface treatment of nickel base alloy would be easily
above 1100 °C [7]. However, the main strengthening
phases in the Inconel 718 alloy will be fully dissolved in
the temperature range of 950—1020 °C. Since y-type and
o precipitates are no longer detected in the laser-modified
zones in the present work, one could deduce that they are
dissolved at elevated temperatures. In fact, such net-like
or band-like distributed SPPs have been well
characterized and determined to be Laves phases in
earlier works [9,10,17]. Note that the Laves phases
were reported to be detrimental to the mechanical
properties [9,26].

EBSD maps revealing the orientation-related
microstructural features of the 100 W specimen are

Fig. 3 ECC observations for 100 W (a, b), 50 W (c, d) and 25 W (e, f) specimens (Arrows in (b), (d) and (f) indicate Laves phases)
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shown in Fig. 4. From Fig. 4(a), the irradiated region and
the substrate can also be roughly distinguished, as
indicated by the black dashed lines. The average grain
size measured for the laser-modified zone in the
specimen is about 9.3 um, larger than that of the
substrate (7.3 pum). In the MZ, the grain orientations are
noticed to be still scattered (Fig. 4(b)). In the earlier
work, YILBAS et al [11] performed a systematic study
on temperature prediction in laser-irradiated region using
the finite element method. They concluded that the
temperature variation around the laser beam intensity
distribution along the RD was low during heating and
became high in the cooling period after the melting
initiation. This suggested that the temperature was higher
near the surface than around the bottom of the MZ and
gradually decreased from the laser beam center to
regions far away. As the pulse duration is very short in
the present work, sufficient heat extraction through the
cold substrate could lead to a remarkable self-quenching

Fig. 4 EBSD IPF map (step size 2 um) for laser-modified zone
of 100 W specimen (dashed line roughly outlines melting zone)
(a), and enlarged maps (b, c) of boxed region in (a) with black
and gray lines indicating HABs and LABs, respectively

effect. The formation of columnar structures should be
related to preferable growth of nuclei in the melt along
the direction of temperature gradient decrease. Besides,
the presence of many LABs indicates a high density of
entangled dislocations. Such dislocation structures are
believed to be induced by accumulated thermal stresses
during the laser treatment. The dislocation networks
could impede subsequent dislocation movements across
cellular microstructure, as reported by LIN et al [27].

In regards to profuse annealing twins existing in the
as-received material, careful microstructural observation
suggests their disappearance in the laser-modified zones.
It is known that sufficient boundary migration is usually
needed for the formation of annealing twins [25].
However, in the laser-modified zone, rapid solidification
occurs so that such twins could not be developed due to
limited time for diffusion.

A similar analysis to Fig. 4 was also made for
the 50 W specimen, as presented in Fig. 5. As already
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Fig. 5 EBSD IPF map (step size 2 um) for laser-modified zone
of 50 W specimen (dashed line roughly outlines melting zone)
(a) and enlarged maps (b, c) of boxed region in (a) with black
and gray lines indicating HABs and LABs, respectively
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noticed in Fig. 2, the MZ of the 50 W specimen is
smaller than that of the 100 W specimen. Along with the
reduced laser-modified volume, grains in the MZ of the
50 W specimen are also found to be slightly refined. This
may be attributed to the lower temperature and the higher
cooling rate induced by the lower laser power, leading to
suppressed grain growth [28]. For the specimen
laser-treated at even lower power (25 W), its main
microstructural features greatly resemble those revealed
for the 50 W specimens, except a further refined grain
structure (not shown here).

To better probe the misorientation characteristics of
the laser-modified zones in the 100 W and the 50 W
specimens, their misorientation histograms are compared
with that of the substrate. From Fig. 6(a), one can see
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Fig. 6 Misorientation angle distribution histograms of as-
received (a), 100 W (b) and 50 W (c) specimens, corresponding
to EBSD data in Figs. 1(c), 4(b) and 5(b), respectively

that an evident peak around 60° with a rotation axis
focused on (111). Such a 60°/111) misorientation is
known to correspond to the annealing twin relationship
(23) in face centered cubic metals. This result is in a
good agreement with that observed in Fig. 1(d),
confirming the abundance of annealing twins in the
as-received Inconel 718 alloy. After laser surface
treatments, however, Figs. 6(b) and (c) reveal that the
60° peak is greatly suppressed, consistent with the
disappearance of annealing twins by microstructural
observation (Figs. 4(b) and 5(b)). In contrast, the fraction
of low misorientation angles (<15°) is evidently
increased in the laser-modified zones, much higher than
that of the substrate. As above mentioned, these LABs
should be aroused by laser-induced thermal stresses.

Since the EBSD technique allows orientations of
both the MZ and the substrate to be simultaneously
obtained, the orientation relationship between them could
then be analyzed (Fig. 7). Figure 7(a) shows an ECC
image covering a few columnar grains in the
laser-modified zone of the 100 W specimen and several
neighboring equiaxed grains belonging to the substrate.
Figures 7(b) and (c) show IPF and GB maps roughly
corresponding to Fig. 7(a). Close observation reveals that
the columnar grains at the bottom of the MZ prefer to
inherit orientations of some equiaxed grains in the
substrate (Figs. 7(b) and (c)). For example, along the
arrows 1 and 2, uniform orientations corresponding to
parts of both columnar and equiaxed grains can be
clearly seen. Such results suggest that the columnar
grains in the MZ should have nucleated by relying on
some equiaxed grains so that the existing orientations
were inherited in an epitaxial growth way. For specimens
with lower laser powers, the columnar grains are
replaced by more granular grains in the MZs (Fig. 3) and
the epitaxial growth of existing orientations is not
noticed (Fig. 5). Smaller melting pools (Fig. 2) are
produced with decreasing laser powers which lead to
higher cooling rates due to easier heat dissipation. As a
result, this could produce a larger undercooling and thus
more nuclei in the melt. In contrast with the preference
of columnar grains in the 100 W specimen, the presence
of abundant nuclei can grow to be more granular grains
with random orientations in the 25 W and the 50 W
specimens.

3.3 Hardness variation

In addition to the microstructural characteristics as
detailed above, hardness tests for the laser-treated
specimens are given in Fig. 8. An example illustrating
sites and morphologies of the hardness indentations
made on a laser-scanned surface is shown in Fig. 8(a).
Generally, as indicated by the varying indentation
sizes, the substrate seems to be harder than the laser
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Fig. 7 lllustration of grain orientation relationship between melting zone and substrate of 100 W specimen: (a) ECC; (b) IPF; (c) GB

map (step size 0.3 pm)
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Fig. 8 Surface hardness variation across laser-modified zones in laser-treated specimens: (a) Indentation sites and morphology;

(b) Variation of hardness (Dashed lines in (a) roughly distinguish the laser-modified zone and the matrix)

surface-treated zones. Measurements show that the
hardness of the substrate is HV (440+10). For all the
three laser-treated specimens, the MZs near the beam
center seem to be the softest locations. The lowest
hardness value is HV (275+20), keeping stable with the
change of laser powers. Thus, there is a near 40%
hardness drop after the laser treatments.

Main reasons for the softening of the MZ are
tentatively analyzed as follows. Firstly, the strengthening
SPPs including y”, y" and ¢ phases in the as-received
material (the substrate) are dissolved in the laser-treated
regions. Therefore, the prior strengthening effect due to
SPPs is removed. Secondly, the columnar/granular grains
in the MZs are coarser than the initial equiaxed grains,
leading to weaker hardening of grain boundaries.
Although more LABs are produced after the laser
treatments, their impedance to dislocation movements
seems to be limited.

4 Conclusions

1) For specimens laser-treated at different powers,
widths and depths of their MZs are gradually reduced

with decreasing laser powers.

2) After being pulsed laser treatments, annealing
twins profusely existing in the as-received material were
absent in the MZs, with many LABs appearing due to the
accumulated thermal stresses.

3) Columnar grains formed in the MZ of the 100 W
specimen could inherit orientations existing in the
matrix, while decreased laser powers promote the
formation of more nuclei with scattered orientations to
grow to be granular grains.

4) The dissolution of the strengthening phases and
the coarsened grain structures jointly lead to decreased
hardness in the MZ.
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