Thermal Behavior and Microstructure Evolution during Laser
Deposition with Laser-Engineered Net Shaping: Part Il.
Experimental Investigation and Discussion
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The thermal behavior during laser-engineered net shaping (LENS) processing was numerically
simulated using the alternate direction explicit finite difference method in Part I of this work. In
this article, Part II, the numerical simulation results were compared to experimental results
obtained with LENS-deposited 316L stainless steel. In particular, the cooling rate that is present
during LENS deposition was established on the basis of dendrite arm spacing (DAS) mea-
surements with and without a melt pool sensor (MPS) and a Z-height control (ZHC) subsystem.
The microstructure of the deposited materials was characterized and analyzed, and the corre-
sponding microhardness was measured as a function of distance from the substrate. The
influence of thermal history on microstructure evolution was analyzed and discussed based on
both modeling and experimental results. The results discussed in this article suggest relatively
good agreement between experiments and modeling.
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I. INTRODUCTION

A two-part investigation is described in the present
work aimed at providing insight into the relationship
between thermal conditions and microstructural evolution
during laser-engineered net shaping (LENS)* deposition.

*LENS is a trademark of Sandia National Laboratories, and is
commercialized by Optomec, Inc., Albuquerque, NM.

In Part I,/Y we described the numerical framework used to
predict the thermal profile that is present during LENS
processing. More specifically, an alternate-direction
explicit (ADE) finite difference formulation was used to
establish the influence of laser output power, travel speed,
and initial temperature of the substrate on the resulting
thermal profile characteristics within deposited materials,
notably the maximum temperature and cooling rate at
various locations and times during LENS deposition. It
was predicted that the deposition of individual layers leads
to thermal fluctuations that appear as periodic pulse waves,
and that the amplitude of wave peak temperature tends to
dampen as more layers are deposited. High cooling rates of
10% to 10* K /s can be achieved during the initial stages of
deposition, and the rapid quenching effect decreases with
thickening due to heat accumulation in the deposited
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materials. In Part II, we describe a series of experiments
completed with LENS-deposited 316L, in an effort to
provide experimental validation to the numerical results, as
well as to provide insight into microstructural evolution.

It is well established that cooling rate has a profound
effect on the microstructure evolution of stainless steel
alloys.>® For example, five modes of solidification and
twelve morphologies of Fe-Ni-Cr stainless steels were
observed during the different solidification processes
with different cooling rates.”! High cooling rates can be
produced by high power density welding, resulting in
microstructures that are far from equilibrium. The
temperature profile surrounding the melt pool of 316L
fabricated parts were measured by Hofmeister er al.,
and the coolin§ rates at the solid-liquid interface ranged
from 107 to 10° K/s. In the case of LENS processing, the
thermal field is influenced by several interrelated vari-
ables, such as laser power, displacement speed, and
powder flow rate, and accordingly, the cooling profile is
complex and poorly understood.

The relationship between dendrite arm spacing (DAS)
and cooling rate provides a useful approach to establish
the precise effect of thermal conditions on microstruc-
ture. The relationship between second dendrite arm
spacing (SDAS) and cooling rate has been experimen-
tally determined for a number of alloy systems and,
accordingly, there is extensive data available.” ') The
ge{:lngerﬁl relationship between cooling rate and SDAS
st

SDAS = A(T)™ 1]

where 7 is cooling rate (K/s) and A4 and n are constants
that depend on the particular alloy system being studied.
Table I shows some A and n values for different alloys
from the literature.’” ' The calculated cooling rate for
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Table I. Values of Constants 4 and n Used in Equation [1]

Researcher A n Materials Condition
Lavernia et al.®® 50 0.3 Al alloy deposit
Caceres et al.”) 49.0 0.42 Mg-8 pet Al-0.7 pet Zn casting
Labrecque et al.'” 49.9 0.34 AZ91 Mg alloy casting
Dube er al.l'!l 35.5 0.31 AZ91D Mg alloy casting
Stone et al.l'? 50 0.33 Al-4 wt pct Cu powder
Mizukami er al.!' 100 0.35 Fe alloy deposit
Joly et all'¥ 39.8 0.3 Ni superalloys powder
Katayama!'”! 25 0.28 3108S Ist DAS
Katayama!'™! 80 0.33 310SS 2nd DAS
310 type stainless steel varied from 7 K/s for the casting I ZHC Video
to 7.5 x 10° K/s for the highest speed electron beam y
surface melting.”! R AE—

High cooling rates allow less time for lateral diffusion ”
of the rejected solute and therefore require smaller DAS A—— o

LENS Laser Beam splitter

to avoid constitutional supercooling. Thus, nonequilib-
rium microstructures can develop during rapid solidifi-
cation processing,!'® and more specifically during laser-
based processing.'® 2! In the presence of a high
cooling rate, secondary dendrite arms do not grow, as
occurs in cellular or degenerate dendrite solidification.
In this case, the observed DAS, instead of the conven-
tional SDAS, is known to depend on the thermal
gradient and correlates with the cooling rate in the
solidifying material.[?>?3

Previously published experimental and numerical
studies on LENS deposition have shown that the
temperature of a deposited component can increase
during deposition due to heat accumulation.!""'?**) The
melt pool size is proportional to the laser power input,
and the overall deposition distance increases with
decreasing traverse speed. During LENS deposition,
maintaining consistent melt pool size and deposition
distance is critical, in particular, as far as the micro-
structural homogeneity and dimensional accuracy of the
components. Accordingly, it is necessary to provide
proper thermal management of the melt pool during
deposition. This can be achieved by two means: one is
proper choice of process parameters; another is via the
implementation of external sensor and control strategies
to ensure that the melt pool size and deposited thickness
are stable during the course of deposition.**! Therefore,
a real time melt pool sensor (MPS) and a Z-height
control (ZHC) subsystems have been developed and
applied to our LENS experiments, as shown in Figure 1.

The developed MPS subsystem is designed to auto-
matically adjust the laser input power level to maintain a
constant surface area of the molten pool, which is useful
for the deposition of variable materials as well as for
eliminating melt pool size variations that can occur due
to geometrical changes in the component. The developed
ZHC subsystem is designed to automatically retain the
same deposition distance by changing the laser travel
speed. The challenge of controlling microstructure and
component dimensions requires a quantitative under-
standing of the relationship between process parameters
(such as laser output power and travel speed), dimen-
sion, cooling rate, microstructure, and properties by
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Fig. 1—Schematic of real time MPS and ZHC system applied to the
LENS process.

developing a fundamental understanding of the associated
transport phenomena. Therefore, the objective of this
study is to experimentally validate the calculated cooling
rates, and describe the effects of thermal behavior on the
morphological features of microstructure that developed
during LENS deposition. The correlation between
thermal history, microstructure, and properties of the
deposited components with and without MPS and ZHC
(closed-loop/open-loop) are analyzed and reported in
this article.

II. EXPERIMENTAL PROCEDURES

As-received gas-atomized 316L SS (C < 0.03 pct,
Si0.7 pct, Mnl.7 pct, Mo3 pct, Nill pct, Crl8 pct, bal-
ance Fe) powder with a size range of 45 to 150 um in
diameter was used as feedstock material. Bulk samples
were prepared by melting the feedstock powder using the
focused laser beam and deposition of the melt in a layer-
by-layer fashion on the substrate of 316L SS plate with a
thickness of 6.35 mm, which was degreased and cleaned
using acetone and ethanol before deposition.

The LENS system used in this study consists of a
continuous-wave (CW) mode Nd:YAG laser operating
to 650W, a four-nozzle coaxial powder feed system, a
controlled environment glove box, and a motion control
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Table II. Process Parameters and Mean Intercept Length 4 of Cell

Sample A B C
Closed-loop sensor ZHC and MPS off ZHC on MPS on
Laser output power (W) 395 395 ~395
Stage travel speed (mm/s) 12.7 ~12.7 12.7
Powder feed rate (g/min) 10 10 10
DAS at top of sample Afine (um) 1.44 1.69 1.38
Acoarse (1) 2.65 2.75 2.44
DAS at bottom of sample Afine (pm) 1.36 1.35 1.31
Acoarse (1) 2.41 2.43 2.38

system. The nominal laser beam diameter is 6.3 mm
and has a <0.5-mm diameter circular beam waist at the
focal zone with a Gaussian intensity distribution. The
energy density used in the present experiment was in
the range of 10° to 10’ W/ecm?. Two powder hopper
feeders can be used to deliver powders separately, and
their feed rates are computer controlled individually by
regulating the motor rotational speed in each powder
feeder. In the case of the experiments reported herein,
only one powder feeder was used.

The entire process was carried out in an Ar environ-
ment to minimize oxidation during deposition. The
main process variables used for the present study were
laser output power P, laser travel speed v, and powder
feed rate F. Information on the process variables used in
the present study is summarized in Table II.

The microstructure of laser-deposited 316L SS sam-
ples was examined via scanning electron microscopy
(SEM) using a PHILIPS** XL-30 SFEG. The samples

**PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

for metallographic examination were prepared using
standard techniques. The polished surface was etched
using an electrolytic etching method. The electrolyte
consisted of 10 g oxalic acid and 100 mL distilled water.
The etching was performed to delineate the austenite cell
boundaries for 20 seconds with a voltage of 3 to 6 V.
Grain or interdendrite spacing was measured by the
linear intercept technique. Microhardness was measured
with a force of 100 kg with a Buehler MicroMet 2004
apparatus (Buehler Ltd., Lake Bluff, IL). According to
ASTM standard ES, tensile testing was conducted at a
test speed of 1073/s at ambient temperature with an
Instron 8801 apparatus (Instron Inc., Norwood, MA).
The test specimens were machined from the center of
LENS-deposited coupons, producing round dogbone-
shaped specimens with a gage length of 16 mm and
diameter of 3.2 mm for the tensile test. Prior to testing,
the surfaces of the specimens were ground and polished
to remove surface defects.

III. RESULTS AND ANALYSIS

The solidification microstructures of LENS-deposited
316L SS are complex and varied as one might expect for
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the case of a melt-pool rapidly solidified microstructure.
In general, a dendritic microstructure with columnar
growth morphology predominates near the interface of
the molten pool, which is clearly shown in Figure 2.
Figure 2(a) shows the typical cross-section microstruc-
ture perpendicular to the laser travel direction and
substrate obtained with optical microscopy, which
reveals the inhomogeneity of the melt pool. The
characteristic rows and layers of the LENS material
reflect solidification from the continuously moving laser
melt pool tracks.

In Figure 2(b), strong evidence of epitaxial growth off
the prior solid interface can be observed within each
layer. Figure 2(c) is a magnified view of a fine columnar
structured region, and Figure 2(d) is a magnified view
of a coarse columnar structured region shown in
Figure 2(b), which displays the typical columnar den-
drite structure grown toward the top center of the melt
pool. Around the center, there is also a small fine
equiaxed structure zone, which is the cross section of
columnar dendrites parallel to the laser travel direction.
The grain size at the boundary of the solidified melt pool
is obviously coarser than that inside the solidified molten
pool due to remelting and heat effect of the previous
deposited materials with a relatively lower cooling rate.

During melt solidification, the crystals grow perpen-
dicularly to the solidification front, which corresponds to
the maximum temperature gradient.'®*! Equiaxed and
columnar crystals are the two types of grain morphologies
that can be formed during melt pool solidification of a
metal. A columnar structure is formed due to a heat flux
that is unidirectionally oriented (at least locally) perpen-
dicular to the interface of the melt pool. During columnar
crystal growth, the heat flows from the superheated melt
into the cooler solid. The growth of a columnar crystal
follows the maximum temperature gradient. On one
hand, dendrites always try to grow in a direction as near
normal to isotherms as their crystallography allows. On
the other hand, an equiaxed structure is formed due to the
growth of crystal nuclei in an undercooled isothermal
melt, i.e., it proceeds equally in all directions and so does
the local heat flux. The transition from predominantly
columnar crystal growth to equiaxed growth is due to the
high amount of segregation associated with the final
stages of solidification.

There is initially a steep temperature gradient in the
melt pool because the temperature beneath the laser
beam is high, and the substrate is an efficient heat sink.
The LENS processing is essentially a dynamic process
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Fig. 2—(a) through (d) Laser track cross-sectional microstructures of deposited 316L stainless steel.

because the heat source is continuously moving. As the
laser beam moves away, the maximum temperature
gradients are constantly changing direction. The grow-
ing columnar crystals are thus trying to follow the
maximum temperature gradients while still maintaining
their preferred (100) direction, as shown in Figure 3, the
upper surface microstructure of laser scanning track and
crystal growth. This can result in changes to the crystal
growth direction. The change in crystal growth direction
at the melt pool center is due to the solidification front
trying to keep pace with the moving laser beam. Because
the crystal growth velocity attempts to keep pace with
laser travel velocity, the velocity of the solidification
front can be given by

R =v-cosl 2]

where 0 is the angle between the scan direction and the
growth direction, and v is the laser travel speed. The
vector of R representing crystal growth rate needs to
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continuously adjust itself as growth proceeds toward the
laser track centerline. From Eq. [2], the solidification
rate is largest when 0 is about zero. The initial crystal
growth rate is low and associated with a planar
solidification front, and the front changes to cellular as
the growth rate increases. Another reason for the local
change in columnar growth direction is that renucle-
ation occurs from the fragments of dendrite arms, which
are fractured and dispersed by the turbulent convection
in the melt pool. Variations in the laser travel speed can
also influence the columnar direction since the growing
crystals try to follow the highest temperature gradients.

Figure 4 is a magnified view of the top surface
showing the microstructure of the cross section parallel
to the substrate surface. It reveals a typical fine
solidification cellular microstructure, which represents
the cross section of the columnar dendrites, as shown in
Figure 2(b). The morphology is primary austenite cells
with intercellular ferrite presented at the cell boundary

METALLURGICAL AND MATERIALS TRANSACTIONS A



(b)

Fig. 3—(a) Upper surface microstructure of laser deposition track
and (b) an illustration of columnar crystal growth.

Fig. 4—Upper surface optical micrograph showing austenite solidifi-
cation cellular microstructure including positions VP and VA to the
axis of the columnar.

triple points and cell walls. Since 316L is an austenitic
stainless steel, austenite formed extensively and was the
primary phase formed during the solidification process.
Rejection of solute at the solidifying interface will enrich
the intercellular regions with chromium and molybde-
num." Compositional variations caused by microsegre-
gation at the boundaries outline the austenite cells by
etching darker than the interior of the cells. The ferrite
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Fig. 5—Variation in melt pool dimension with laser incident energy.

content decreases with increasing cooling rate because of
the reduced time for solute redistribution at high rates.?!
The overall appearance of the microstructure is a
regular array of cells appearing as a mesh. When viewed
perpendicular (VP) to the axis of the columnar, the
austenite boundaries appear as a hexagonal cells, and
when viewed at an angle (VA) to the axis of the
columnar, the austenite boundaries can be elliptical or
long parallel laths in shape at high cooling rates.

Laser output power and laser travel speed played
significant roles in determining the final dimensions of
the deposited components. It was noted that reducing
the laser power subsequently reduces the melt depth and
reduces the build-up rate. The build-up height increases
were nearly linear with increasing laser incident energy
(laser output power divided by laser travel speed).
Figure 5 shows the variation in melt pool dimension
with laser incident energy. The width and depth (size) of
the melt pool increase with increasing laser incident
energy due to the melt pool receiving more energy, and
therefore increasing in size and temperature. However,
the deposited thickness for each layer does not change
(about 0.4 mm), since there is remelting of previously
deposited layers, which helps to develop strong metal-
lurgical bonding between deposited layers.

The SEM studies showed various proportions of the
columnar structure at different locations in the sample.
A fine structure (1.2 to 2.4 um) was found in the layers
near the substrate, which then became coarser (1.5 to
3.0 um) in the later deposited layers. The fine scale of
the microstructure, evident from Figure 2, is attributed
to the rapid solidification velocities, which resulted from
the high cooling rate present during LENS processing,
which can be determined by measuring the DAS. The
DAS, A, of different positions was measured 10 times,
and a mean value of the measurements was used, as
reported in Table II.

Relationships between the DAS 4 (um) and cooling
rate T(K/s) have been developed, and these show that a
linear relationship exists between log A and log7.!'®
Equation [3] is an experimental relationship between the
cooling rate 7 and the DAS / for 316L SS!!*
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The cooling rate is determined to be in the range of
10° to 10* K/s, as shown in Figures 6 and 7, which is
in agreement with the numerical simulation results
discussed in Part I'"! of this work. The cooling rates
experienced by laser-deposited 316L SS samples gener-
ally decrease with increasing distance from substrate due
to the heat accumulation and mass build up during
deposition. The higher temperature of previously depos-
ited layers effectively decreases the cooling rate by
decreasing the thermal gradient between the melt pool
and the surrounding solid. It was also found that both a
finer microstructure and a higher cooling rate were
obtained by decreasing the laser output power and
increasing the laser travel speed, for the range of values
studied herein.
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Published experimental and numerical resultst'=*"

show that the thermal excursions dampen out when
the energy source moves away from the substrate during
deposition. After the initial temperature peak, the heat is
quickly dissipated away, leaving a thermal increase of
about 100 K for the first layer. This initial thermal
transient leads to a rapid quenching effect at the initial
deposition stage, ultimately yielding a harder material
(Figure 8). The microhardness values decrease with
increasing distance from the substrate for both cases,
with or without ZHC, which suggests that while the
ZHC function can improve the accuracy of deposit
dimension, it does not help to improve the microstruc-
tural homogeneity.

Using the MPS, however, leads to a more uniform
microstructure and microhardness of deposited materials
(Figure 9), comparing the cooling rate variation shown
in Figure 7. The cooling rate is inversely proportional to
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Fig. 8—Variation in microhardness vs distance from substrate with
or without ZHC.
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the power level used in the experiments. Thus, the
higher quench rates are available at the lower laser
power output when a small molten pool size setting is
used. When a higher laser power is used, significantly
coarser dendrites are evident, which is consistent with
the lower microhardness values shown in Figure 9.
Hence, the application of the melt pool sensor control
improves the homogeneity of the solidified microstruc-
ture, and results in more uniform properties of the
deposited materials. Figure 10 shows the tensile test
results for the LENS-deposited 316L SS sample com-
pared with those of conventional wrought 316L SS.1**
The yield strength is more than 25 pct higher than that
of wrought 316L SS, while the ductility is 100 pct higher
than that of wrought 316L SS. The improvement in
strength is attributable to the overall refinement in
microstructure of the LENS-deposited material. For
example, LENS-processed grain sizes range from 1 to
5 pm, whereas the grain sizes for conventional wrought
316L SS are 40 to 50 um."” The influence of grain size
on the deposited 316L SS strength can be expressed by
the Hall-Petch equation:!*’!

0, =00+ ky-d_l/2 [4]

where g, is the conventional strength of 316L SS alloy,
k, is the empirical constant, and d is the grain size.
When grain size decreases from 45 to 3 um, the strength
increases to about 3.87 times that of conventional
wrought strength. Whereas the computed value should
be interpreted as an upper bound, it does confirm the
importance of grain size. In fact, there are other
microstructural artifacts and defects, such as porosity
and segregation, which will influence the actual prop-
erties of deposited 316L SS alloys. The documented
increase in ductility may be attributed to the presence of
a columnar structure parallel to the tensile direction.
The weavelike texture of microstructure formed during
LENS processing, as shown in Figures 2 and 4, also
likely contribute to the higher strength and ductility
of LENS-deposited 316L SS. In a normal LENS
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processing, the direction of laser travel changes fre-
quently. The laser movement direction is perpendicular
to each consecutive two layers, and each layer also has a
complex columnar structure, which forms the observed
weavelike texture of microstructure. This type of
microstructure may be beneficial in terms of fracture
toughness, creep resistance, and lower fatigue crack
growth rate.® The discrete additive nature of the
LENS process also results in a cyclic thermal environ-
ment as each pass reheats the previously deposited
material. Solid-state transformations are likely to occur
during this complex thermal cycling, possibly leading to
some tempering and aging effects.

IV. DISCUSSION

Similar to most other additive processes, LENS laser
deposition involves numerous thermal heating and
cooling cycles consisting of heating of deposited struc-
ture by newly deposited metal and cooling after the
newly deposited layer is solidified, as shown in the
modeling results of Figure 4 in Reference 1. Thus,
the goal of any assessment of microstructural evolution
is to determine the response of the alloy to these thermal
cycles.

There are two trends in the temperature of the
deposited materials during laser deposition with LENS.
First, the peak temperature decreases with increasing
number of deposition cycles as a result of an increase in
the distance between the molten pool and the bottom
surface. Second, the temperature at the end of each
deposition interval, corresponding to slow cooling,
increases with increasing cycle number as a result of
the increased substrate temperature. It is noted that
when the cycle number reaches a certain value, the
increase in temperature change at the bottom surface of
the deposited material decreases, as shown in the
modeling results in Figure 7 of Reference 1, indicating
that the LENS process attains a quasi—steady state.

During deposition, when a new layer impinges onto the
growing deposited material’s surface, it is convenient to
divide its cooling process into two different stages: before
and after the thermal equilibrium between the new
deposited layer and the previously deposited material.
This process can finish within one time interval under
certain parametric conditions. Prior to attaining thermal
equilibrium, cooling is relatively fast (approximately
10% to 10* K/s), due to the rapid heat conduction across
the interface between the new layer and the previously
deposited material. This phenomenon is analogous to
rapid quenching. As a result, the cooling rate of the new
deposited layer is initially very high (the modeling results
in Figure 5 of Reference 1). However, after thermal
equilibrium is attained, cooling depends on the cooling
environment of the local material and is usually slow, as
shown in the modeling results in Figure 6 of Reference 1.

If the temperature at the surface is lower than the
solidus temperature at the end of a time interval, the
deposited layer is completely solidified and the solidifi-
cation front reaches the deposited material’s surface
prior to arrival of the next layer. In this case, the
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quenching effect is significant. In the initial stage of
deposition, since the substrate and deposited materials
remain at a low temperature, and heat is quickly
dissipated from the deposited material to the substrate,
the preceding layers have completed their solidification
prior to the arrival of the following ones. In this case,
the rapid quenching dominates the overall cooling
process of the layers. It is well known that microstruc-
tural characteristics strongly depend on the cooling rate
during solidification. As a result, the microstructure of
the initially deposited material is, to a large extent,
related to this rapid solidification process, and a fine
microstructure is obtained with high strength property,
as shown in Figures 6 and 8.

The temperature of deposited materials monotoni-
cally increases with increasing thickness. The tempera-
ture at the end of a deposited upper layer is much higher
than that of a lower layer, as shown in the modeling
results in Figure 7 of Reference 1. For the case
consisting of a short time interval, a high laser power
input, and a high substrate preheat temperature, the
temperature at the end of each cycle increases rapidly, as
shown in the modeling results in Figures 9 through 11 of
Reference 1. If the temperature on the upper surface of
the current deposited layer remains above the solidus
temperature, even after the arrival of the next layer, the
current layer has not solidified completely, which implies
that the solidification front has lagged behind the
deposited material’s surface. As a result, a mushy layer
begins to form at the top portion of the deposited
material. After that, the deposited material’s surface
remains in a mushy state even after the arrival of the
next layer. This condition is commonly reported for

- [27.28] :

spray forming, but seldom occurs during laser
deposition due to its very fine melt pool and slow
deposition rate. Although cooling is initially fast due to
the rapid quenching effect, it leads to only partial
solidification during that time period. After having
reached thermal equilibrium, the local cooling rate
environment determines solidification, and this is gen-
erally slow. Thus, the later thermal history gradually
plays an important role in the cooling process of the
upper deposited layer. In addition, if the top surface
remains in a mushy state, it is difficult to control
component geometry. As the temperature at the depos-
ited material’s surface is very close to the initial
temperature of incoming layers, the rapid quenching
effect disappears, and a slow cooling environment
dominates the overall cooling process of upper depos-
ited layers.

The differences in the cooling process are expected
to cause microstructural differences between different
regions within the deposited material, which have been
confirmed by a number of experimental observa-
tions.”* ! During deposition, the incoming layers are
not only the mass source, but also the energy source. The
later incoming layers always affect the cooling process
of the previously deposited material. Such as after the
fifth layer is deposited, the initial layer still experiences a
thermal excursion. This complicated thermal cycling
affects the material properties, including residual stress
and mechanical strength, due to tempering or aging
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effects. One common result is that the grains are finer in
the bottom region of the deposited material and become
coarse in the region away from the substrate (Figure 6).
Therefore, the developed MPS sensor is useful for
eliminating melt pool size variations and improving
microstructural homogeneity by automatically adjusting
the laser input power to maintain a constant size of the
molten pool.

During laser deposition, there is always remelting of
previously deposited materials, which is important to
the formation of a fully dense component. As the
remelting occurs, the boundaries between the deposited
layers disappear, and the effects of the interface heat
transfer coefficient are not significant. Since the temper-
ature at the deposited material’s surface increases with
thickness, the remelting also increases with thickness. In
the remelted region, therefore, porosity should decrease
with deposited material thickness. Experimental obser-
vations have shown that porosity is relatively high in the
initially deposited material, and decreases with increas-
ing distance from the substrate,*?! which is in agreement
with the previous arguments. The primary cause of gas
porosity is that gas dissolved or entrapped in the melt
may not have sufficient time to escape to the top of the
molten pool due to rapid solidification rates during
LENS deposition, therefore forming gas porosity in
deposited components. The possible gas sources include
surface entrainment during particle impact into the
molten pool, contamination by powder delivery gases,
and vaporization of deposited alloy caused by high
intense energy of laser beam. It was also reported that
the decrease of residual gas in the starting powder is
helpful to decrease the porosity in laser-deposited
materials.®®! In addition, disturbed flow in the melt
pool could give rise to high porosity, while steady flow
could give rise to low porosity. Further studies aimed at
understanding the mechanisms that govern the evolu-
tion of pores during LENS deposition are necessary.

V. CONCLUSIONS

The results described in the present article lead to the
following conclusions.

1. Fully dense metallic parts with fine microstructures
of 316L stainless steel can be directly formed with-
out tooling through laser melting of coaxially-fed
powders. Metallographic examination showed that
austenite grows epitaxially from the previously
deposited metals at layer boundaries.

2. The microstructure evolution during LENS process-
ing is generally complex due to the multiple thermal
reheating cycles, which have significant effects on
the thermal environment. The cooling rate experi-
enced by the deposited materials decreases with
concomitant coarsening of the microstructure as the
thickness of the deposited material increases.

3. The ZHC system controls the deposited layer height
by changing the stage traverse speed, and conse-
quently has a less important effect on the properties
of deposited materials. The MPS controls the melt

METALLURGICAL AND MATERIALS TRANSACTIONS A



pool size via control of the laser output power level,
thereby improving microstructure homogeneity.
Experimental results showed that the cooling rate
experienced bR/ deposited materials initially varied
from 10° to10* K/s, which is consistent with numer-
ical simulation results, and that the microhardness
values of laser-deposited 316L stainless steel can
reach 300 HV (3.18 GPa).

The laser deposition of multiple layers of 316L SS
results in a unique microstructural morphology,
which leads to improvements in mechanical proper-
ties relative to those of the conventional wrought
material.
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