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ABSTRACT

Multilayer direct laser deposition (DLD) is a fabrication process through which
parts are fabricated by creating a molten pool into which metal powder is injected as.
During fabrication, complex thermal activity occurs in different regions of the build; for
example, newly deposited layers will reheat previously deposited layers. The objective of
this study was to provide insight into the thermal activity that occurs during the DLD
process. This work focused on the effect of the deposition parameters of deposited layers
on the microstructure and mechanical properties of the previously deposited layers.
Varying the parameters was shown to produce different effects on the microstructure
morphology and property values, presumably resulting from in-situ quench and tempering.
A commercial ABAQUS/CAE software was used to model this process by developing a
thermo-mechanical 3D finite element model. This work presents a 3D heat transfer model
that considers the continuous addition of mass in front of a moving laser beam using
ABAQUS/CAE software. The model assumes the deposit geometry appropriate to each
experimental condition and calculates the temperature distribution, cooling rates and re-
melted layer depth, which can affect the final microstructure. Model simulations were
qualitatively compared with experimental results acquired in situ using a K-type
thermocouple.

Moreover, the work focused on the effect of cooling rate and other processing
variables on microstructure and mechanical properties. The influence of the cooling rate
on the microstructure and mechanical properties was investigated. The differed cooling

rate led to varied grain size and resulted in affected varied hardness and tensile strength.
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1. INTRODUCTION

In the direct laser deposition (DLD) process, the material in a single deposited
layer typically is not enough to create a part. Several layers must be deposited to achieve
a fully built part. With each newly deposited layer, the previously deposited layers begin
to reheat, just one example of the multiple temperature gradients at play in the additive
layering process that influence the material deposition.

The thermal behavior that occurs during the DLD process results in a complex
microstructure evolution. Attributable to its stepwise additive nature, the thermal cycles
associated with the DLD process can involve several reheating cycles. Thus, the goal of
any assessment of microstructural evolution is to determine the response of the alloy to
these cycles [1].

During the DLD process, the complex thermal distribution resulting from the
repeated non-uniform heating and cooling process not only affects the mechanical
performance and the post-machining precision of the fabricated component, but also
results in fabricated component distortion, and possibly even cracking.

The microstructure of the material formed by the molten pool is related to the
cooling rate during the solidification process. Further microstructural evolution takes
place in the solid state depending on the subsequent temperature field and profiles
developed within the samples as the laser is traversed during the build operation. Thus, it
is important to control the temperature profiles during the DLD process so that an ideal
microstructure can be achieved in the fabricated component. The most important DLD
parameters include the laser power (W), travel speed (mm/min) and powder feed rate
(9/min), which all significantly affect the microstructure of the formed parts [2].

The microstructure of DLD-fabricated materials clearly depends on the cooling
rate and temperature gradient of the melt pool. Much research on the thermal behavior
has concentrated on investigating the temperature distribution and cooling rate during the
solidification process. However, the DLD process is more complicated than a series of
successive solidifications of molten pools. During laser deposition, the previously
deposited layers reheat when a new layer is deposited on top of them. The temperature of

the sample varies from one location to another and from one point in time to another.



Ghosh (2006) developed a model to simulate the temperature distribution and
residual stresses in the single-pass laser cladding process, which is very similar to DLD
[3]. Giuliani (2009) developed a model to predict the powder temperature distribution for
a laser with top-hat and Gaussian intensity distribution, as well as the temperature profile
for a single-track laser [4]. Vahid et al. (2011) developed a model to simulate the shape
and geometries of the real-time melt-pool and to predict the local solidification condition
along the solid/liquid interface for a single-track laser [5]. However, it is important to
understand and control the thermal behavior and reheating cycle attributed to building
subsequent layers during the laser deposition process. So far, however, research on the
effect of the reheating process that accompanies a multilayer build has been limited. In
order to understand the evolution of and to control the microstructure, it is important to
understand the thermal history of the deposited component during the DLD process, as
was the focus of this work. Additionally, a transient thermal model of multi-thin wall
multi-layers was developed to reveal the heating and reheating cycles during layer-by-
layer deposition in the DLD process. The model was used to predict the temperature
distribution, thermal gradient, re-melted layer depths, peak temperatures and cooling rate
as a function of the DLD process parameters, such as laser travel speed (mm/min) and
laser power (W).

The temperature history during the DLD process was measured by three
thermocouples positioned to validate the model on the underneath surface of the substrate
at the midpoint and ends of the laser track. The locations at which temperatures were
measured were determined from finite element analysis (FEA) model; regions were
selected in which the temperatures would not damage the thermocouples. These locations
will be referred to as the reference positions for the measured temperatures. The
thermocouples were connected via an interface box to a computer that monitored the
temperatures at those positions during material deposition. The modeling results were
qualitatively compared with experimental results acquired in situ using a K-type
thermocouple. Moreover, the model ensures a constant molten pool temperature
consistent with the number of deposited layers by reducing the laser power and

increasing the laser travel speed as more layers are deposited.
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ABSTRACT

Multilayer direct laser metal deposition is a fabrication process in which the parts
are fabricated by creating a molten pool into which metal powder particles are injected,
and a layer is laid down by moving the pool. Height is added by creating additional layers
on top of the first layer. During fabrication, a complex thermal history is experienced in
different regions of the build. The thermal history includes the reheating process for
previously deposited layers caused by subsequently deposited layers. The objective of
this study is to provide insight into the thermal history during the direct laser deposition
process. Using the commercial ABAQUS/CAE software, a thermomechanical 3D finite
element model was developed. This work presents a 3D heat transfer model that
considers the continuous addition of powder particles in the front of a moving laser beam
using ABAQUS/CAE software. The model assumes the deposit geometry appropriate to
each experimental condition and calculates temperature distribution, cooling rates, and
remelted layer depth which can affect the final microstructure. Model simulations were
qualitatively compared with experiments results acquired in situ using a Ktype
thermocouple.

Keywords: Direct laser deposition process, 3D finite element modeling, heat transfer



1. INTRODUCTION

Over the last few years, the technology of direct laser deposition (DLD) has
gained increasing interest in the industry for rapid manufacture, repair of parts, and
modification of metallic components. Building a part involves the application of a
concentrated laser beam on the substrate to create a small melt pool into which powder
particles are injected. As the laser beam moves away, the molten material solidifies
thereby creating the shape for each layer. After depositing a layer, the laser beam with
powder delivery nozzle is raised up an incremental distance and a new layer is started.
The next layer remelts some of the previous layer and upon solidification the two layers
are joined by a strong metallurgical bond. Consecutive layers are sequentially deposited,
thereby creating a three-dimensional metal component. In addition to the remelting of the
previous layer’s top surface, several previous layers may see some degree of reheating.
Thus, the layering process will cause multiple temperature gradients during the course of
the deposition.

Some finite element modeling studies have been reported for the application of
some materials including titanium alloys, stainless steel alloys, nickel-based alloys, tool
steel and other specialty materials, as well as composite and functionally graded material
deposition using simultaneous feed of powder and wire in DLD processing with single
layer. Fu (2010) developed a model to simulate the temperature distribution and residual
stresses in the single-pass powder laser deposition process, the results showed that less
difference of thermal conductivity and thermal expansion coefficient between powder
material and substrate material produces lower residual stress; higher laser power, laser
scanning speed, and smaller laser beam diameter can lead to higher peak temperature and
higher residual stress [1]. Giuliani (2009) developed a model to predict the powder
temperature distribution for a laser with top-hat and Gaussian intensity distribution, as
well as the temperature profile for a single-track laser The results showed that a more
vertical position of powder delivery nozzle will lead to a higher and more uniform
particle temperature distribution, in particular for the top-hat intensity distribution case
[2]. Vahid et al. (2011) developed a model to simulate the shape and geometries of the

real-time melt pool and to predict the local solidification condition along the solid/liquid



interface for a single-track laser, the temperature gradient and interface velocity can be
accurately evaluated along the predicted solid/ liquid interface [3]. However, it is
important to understand the thermal behavior and reheating cycle attributed to building
subsequent layers during the laser deposition process, and subsequently to control it. In
this work, a transient thermal model of multithin wall multilayers was developed to
reveal the heating and reheating cycles during layer by layer deposition in the (DLD)
process. The model assumes certain geometries appropriate to process parameter
combinations and was used to predict the temperature distribution, thermal gradient,
remelted layer depths, peak temperatures, and cooling rate as a function of process
parameters, such as laser travel speed (mm/min) and laser power (W) which can affect
the final microstructure and elemental distribution in the part as well as the mechanical
properties of deposited material.

In order to validate the model, the temperature history during the (DLD) process
was experimentally measured by three Ktype thermocouples positioned on the
underneath surface of the substrate at the midpoint and the ends of the laser track. The
depth was varied such that the thermocouples were located 1, 2, and 3 mm below the top
surface of the substrate as shown in Fig. 1.1. These locations were evaluated with the
FEA model output as ones where the temperatures attained in that region would not
damage the thermocouples. These locations will be referred to as the reference positions
for the measured temperatures. The temperatures were recorded with a data logging
system at a rate of 100 Hz reading per second. The data logging system was initiated
prior to the deposition and continued for several minutes after the deposition had
finished. The thermocouples were connected via an interface box to a computer that
monitored the temperatures at those positions during material deposition. As a result, the
whole thermal history of the instrumented locations during the deposition process,
including the cooling period after the deposition, was recorded. The modeling results
were compared with the experimental results. The model is important to determine the
parameters that would assure a constant molten pool temperature consistent with a
multilayer deposition and therefore this validation step is critical in the development of

this model.
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Figure 1.1. Scheme for locating thermocouples on the substrate



2. THERMAL MODELING

Figure 2.1 depicts a flow chart showing various steps in the computational
scheme employed in the study. The entire deposition process was modeled as a multistep
transient heat transfer analysis in which each time step was further divided into a number
of smaller time increments. The continuous addition of metal powders was considered by
means of the successive, discrete addition of a new set of elements into the computational
domain at the beginning of each time step, which was fixed such that the laser beam
scanned a distance equal to a set of newly activated elements.

The number of elements activated at each time step was determined from the
volume of powder materials expected to enter the melt pool during that time step, which
depended on powder feed rate (f), and the travel speed of the laser (v).

A 3D finite element temperature field model for DLD developed by
ABAQUS/CAE software demonstrated the model’s thermal history in stainless steel
SS316L. Transient thermal analysis first was performed within ABAQUS/CAE to
determine the temperature history at each point of interest in the deposited material. Eq.
(1) is the heat conduction governing equation:

0 oT 0 or 0 oT orT

where p, Cp, and K refer to density, specific heat, and thermal conductivity,
respectively of the metal powder and the substrate material; T and t refer to temperature
and time variable, respectively. The terms on the left side of the Eq. (1) refer conductivity
heat transfer in X, y, and z directions, respectively. The term on the right side of the Eq.

(2) refer to the transient nature of the heat transfer process.



Figure 2.1. Flow chart showing various steps involved in the temperature distribution
model

The first step began with a substrate material, TO, initially at room temperature, as
shown in Eq. (2). At beginning of each subsequent step, a new group of finite elements

was activated.

T(x,y,2)=T, )

Given the melt generation and resolidification associated with the phase change

effects, the specific material properties used as inputs in the current analysis were



density, thermal conductivity (k), specific heat, expansion coefficient alpha, and latent
heat for varying temperature ranges. Numerical values of these material properties as
adopted from [4] and used in the analysis appear in Table 2.1. All substrate surfaces

exposed to the environment were assumed to have lost heat due to free convection.

Table 2.1. Thermal material properties for stainless steel 316L as used in the finite
element modeling
Temperature (K) 300 500 700 1000
Specific heat (kj/kg k) 468 527 563 602
Expansion Coefficient alpha (m/mk) 1.52E-5 1.69E-5 1.79E-5 1.88E-5

conductivity (w/mk) 13.4 16.75 19.8 24.2

In order to simulate mass addition (powder deposition), the “birth and death”
feature in ABAQUS/CAE was used. Initially, all elements in the deposited track were
“killed.” The total time required for the laser beam to travel along the deposited track of
each layer was divided into a number of small time steps to which variable flux and
boundary conditions were applied. The first born of the element set appeared with
applying these conditions. For the subsequent element sets, the model used the results of
the previous step as the initial condition for the new active element set.

Finally, according to Rosenthal’s Eq. (3), the moving heat source was simulated
by applying a concentrated surface heat flux on the model for a time equal to the distance
between the model element sets divided by the laser travel speed. A user subroutine was
written to calculate the position of the laser at a given time as a function of its speed (v)
and the Gaussian flux distribution in terms of spatial coordinates.

In DLD process, a moving laser beam strikes on the substrate at time t=0. The
metal powder being added gets melted and subsequently solidified after cooling to form
the deposit. The transient temperature distribution T(X,y,z,t) is obtained from the three-

dimensional heat conduction equation in the substrate as:
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where T is temperature filed, Q is the power generation per unit volume of the
material (W/m3), K is the thermal conductivity (W/mK), Cp is specific heat capacity
(J/kgK), p is density (kg/m3), t is time (s), and v is the travel speed (m/s).

As assumed in the simulation, the interaction of the heat flux with both the
substrate and the deposited material follows the schematic in Fig. 2.2, such that at time t
during beam scanning, the heat flux as the source of heat from the laser beam was
modeled at the location Lt on the surface of the substrate along the path of scanning. This
simulated the impingement of the laser beam onto this surface at that instant, resulting in
the generation of the melt pool. The deposit was the solidified volume of powder
particles added into the melt pool, so it was modeled on top of the heat source to simulate
the volume of added powder particles.As the beammoves to a new location after a time
t+dt, the heat flux correspondingly moved to the location, Lt+dt, with vdt being the

length of deposited material over the incremental time dt.
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=t

v

L

Substrate

\4

Previously deposited material, when beam was at location L; at time t
B8 Currently deposited material, when beam was at location L., 4 at time t+ dt

Figure 2.2. Schematic illustration of beam/substrate interaction substrate at different
times during beam scanning and length of clad, vdt, which is manufactured in every scan
over a time of dt

The analysis was divided into several steps in order to move the heat flux from

the laser over the nodes in the laser path. The process parameter combinations used in the
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model and also in the experimental runs are shown in Table 2.2. DOE model was used
with three levels for each of the three parameters. The DOE was repeated for build
schemes which used a zigzag laser scan versus a parallel laser scan. Residual stress was

not investigated in this study.

Table 2.2. Process conditions monitored

Sample# | Laser power(w) memwgmw Pmmmmgdmm
(mm/min) (g/min)
1 600 300 8
2 600 375 10
3 600 450 12
4 750 300 10
5 750 375 12
6 750 450 8
! 900 300 12
8 900 375 8
9 900 450 10

2.1. GEOMETRIC MODEL OF THIN WALL

In order to predict the temperature distribution of the deposited thin wall in the
DLD process, a 3D finite element and meshes were built using Hypermesh software, as
shown in Fig. 2.3. The mesh on the geometry, which represents its discretization into the
elemental form, is made of thermal 8-node linear brick type elements. It was generated
such that the wall region, where fusion occurs and more severe temperature gradients are
expected, was assigned the finest mesh, and regions further from the wall were assigned a
relatively coarse mesh [5-8]. The DLD process was simulated using ABAQUS/CAE.

The structure of the deposited thin wall in the modeling was built by depositing
multiple single layer tracks on top of each other with a length of 30 mm, height of 14

mm, and width of 2.5 mm. The wall was fabricated on a substrate of 316L stainless steel



12

that was 50 mm wide, 50 mm long, and 12.7 mm thick, as shown in Fig. 2.3. To simulate
the laser deposition process, the following assumptions were made:
= An initial temperature of the workpiece was assumed as 295 K. The
workpiece and the coordinate mesh were fixed. The laser beam was
moved in positive and negative Z-direction with a constant speed v. For
newly deposited layers, the laser beam was moved up in positive
Ydirection.
= A subroutine was written to consider the effect of conduction, convection,
and radiation during the laser deposition process.

= The following boundary conditions were applied to the deposited thin

wall:
q=-h(T-T,)
gq= O'(T4 _T04)

where ¢ is heat flux per unit area, h is the convective heat transfer coefficient is
emissivity, ¢ is the Stephan-Boltzmann constant, and Ty is ambient temperature.
= The thermophysical properties for stainless steel 316L was considered as
function of temperature as illustrated in Table 2.1.
= A radiation boundary condition was applied to the entire deposited thin
wall and the emissivity was assigned a value 0.4.
The thin walls were built using a 1-kW diode laser, a multiaxis numerical control
working table, and a powder feeder with coaxial nozzle.
The thermal load applied as a function of the distance for a Gaussian beam was

determined using Eq. 4

DFLUX (1) = —q(0) xe™*" (4)
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Where r=x2+y2+z12, and zl1=z—v(T—t). v is the speed of movement in z-direction,
T is the lag factor that defines the time at which of the laser gun is at first position, t is

time, z1 is movement along z-axis, and z is a fixed coordinate axis.

Figure 2.3. Three D finite element model build and meshes using Hypermesh software



14

3. RESULTS AND DISCUSSIONS

Figure 3.1 illustrates the transient temperature distribution contour plot for the
first deposited layer for the case of laser power=600 W and travel speed=300 mm/min.
The location of the laser beam is evident from the intensity of the temperature
distribution, where the maximum contour limit of 1,996 °C signifies the melt pool. The
thermal history was essentially independent of the vertical free edges once the laser
reached the center of the wall, where the mesh was highly refined, as shown in Fig. 2.3,

for accurate extraction of the thermal gradient and cooling rate.
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Figure 3.1. Temperature contours for Q=600 Wand V=300 mm/min

Figure 3.2a and b illustrates the temperature distribution along the deposited
layers and substrate simulated using the defined laser parameters. The temperature of
each nodal point within the solid was calculated as a function of time. The bottom of the
deposited layers cooled faster than the top because of heat conduction to the substrate,
while showing significant temperature gradients along the height of the deposited layers.

Thermal energy from the laser increased the node temperature beyond the melting

temperature. Once the laser moved away along its track, the node began to cool. The next



15

pass of the laser caused the temperature of that node to increase higher than during the
previous laser pass.

As seen in Fig. 3.2a and b, the numerical results are similar to the experimental.
The simulated results for different values of absorptivity were compared with the
experimental results, and a maximum error of approximately 20 % was observed in the
simulated results for absorptivity of 0.6. The difference in the measurement compared to
the model was approximately 100 °C at the maximum temperature. Also, a slight phase
shift is apparent between the graphs of the simulated and experimental graphs results.
This difference was somewhat reduced during the cooling stage; this difference in
temperature between model and experiment has been observed by other experiments [7,
9]. One explanation was that the acceleration/deceleration of the laser and the dwell times
while changing laser tracks between layers was not considered in the model [7]. Another
explanation for the difference in temperature is that it may be caused by the differences
of the real material properties, processing conditions, shielding gas, and powder delivery

gas, and those from the literature that were used in the modeling.
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Figure 3.2. The simulation and experimental results comparison predicted at the
reference position, a 600 W, 450 mm/min, 12 g/min and b 900 W, 375 mm/min, 8 g/min

The cooling rate of the FEA model was extracted from the time difference

between when the nodes in the center of the deposited material were seen at the last
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liquids temperature and at the next solidus temperature. At each nodal location, the

solidification cooling rate was determined using Eqg. (6):
oT
E=|T1_Ts|/|t1_ts| (6)

Where dT/dt is the cooling rate, T\—Ts is the difference between the liquids and
solid temperatures, and t|—ts is the time interval between T, and Ts.

The computed results of the FEA model showed that the cooling rate of the thin
wall was affected by the height of the built wall. The cooling rate was high at the
beginning of the deposition process in the first and second layers because of the greater
heat transferred to the substrate, but then it decreased with the addition of subsequent
layers. The predicted cooling rate at the top of the build was 200 °C/s, while adjacent to
the substrate was 5,500 °C/s. This large difference in the cooling rate could be
detrimental to the building of a uniform microstructure. Controlling the laser power to
follow the increasing height of the deposition would be required to alleviate this
phenomenon.

The model was also used to predict the remelting depth during laser deposition, an
important factor to consider. The frequent remelting of previous layers can lead to
unwanted precipitation of phases or solutes, which can become detrimental
metallurgically. Figure 3.3a and b shows the simulated remelted layer depths of deposited
layers. These results were extracted from the simulation when the solidified node
remelted (T>Tm) each time the laser beam passed over it. In general, the depths of the
remelted layers were high, except for in the first layer, which was adjacent to the
substrate and had difficulty melting completely because of the heat extraction by the
substrate via heat conduction.

Figure 3.3a and b illustrates that the remelted depth accompanying the parallel
laser scanning path was lower than that accompanying the zigzag path during the early
stage of deposition because of the slightly higher cooling rate, though this effect
eventually disappeared. Also, a lower laser power resulted in fewer remelted layers as a

result of the higher cooling rate of the build wall.
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Increasing the laser travel speed and/or decreasing the laser power reduced the
melt pool depth. All of these extracted results provide important metallurgical

information.
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4. CONCLUSION

The thermal behavior associated with the DLD process involves numerous
reheating cycles. As a result, the temperature history of the deposited materials can be
considered as a series of discrete pulses. A 3D transient thermomechanical finite model
with a moving laser beam was developed to predict the temperature at any location and
time during the laser deposition process. Element removal and reactivation technology
was used in the modeling to realize the stepwise pattern of material addition.

The FEA model revealed the significant effects of the processing parameters, such
as the laser power and travel speed. The results showed that increasing the laser power
and/or decreasing the laser travel speed markedly increased the peak temperatures,
cooling rates, and dimensions of the melt pool.

A k-type thermocouple was used to measure the temperature history of multiple
layers of deposited material. The measurements were qualitatively and quantitatively
compared with the prediction of the 3D transient thermomechanical finite model.

The model can be used to determine the laser parameters that would assure a
constant molten pool temperature consistent with a multilayer deposition and therefore
this validation step is critical in the development of this model. The model accurately
predicted the shape of the heating and cooling curves but had a 20 % lower maximum
temperature similar to what other experimenters have reported.

The remelted depth accompanying the parallel laser scanning path was lower than
that for the zigzag path during the first layers to be deposited; therefore, the cooling rate
was higher in the parallel path deposition when compared with the zigzag case. The
remelted depth increased approximately linearly with layer height up to a total height of
14 mm for both parallel and zigzag cases, indicating that the cooling rate decreases with

subsequent layers in this range of height values.
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ABSTRACT

A potential problem in applying the direct laser deposition (DLD) technique to
material fabrication is the effect that subsequent deposited layers have on reheating
previous laser deposition layers. Most of the previous investigations examined the effect
of the laser deposition parameters on the microstructure and mechanical properties of a
single layer. This work focused on the effect of the laser parameters of subsequent layers
on the microstructure and mechanical properties of the deposited layers to select proper
parameters and characterize the effect. The microstructure morphology and property
values are affected by the varied parameters. This leads to some tempering and aging
effects in the steels. The microstructure of the top layer was equiaxed, while the near
substrate region was fine dendritic. Typically, both of the travel speed and power of the
laser show the significant effects on microstructure and hardness.
Keywords: Laser deposition, Direct laser deposition (DLD) technique, Microstructure
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1. INTRODUCTION

A single deposited material layer typically is not enough material deposition to
create a part. Several layers have to be deposited in order to build a complete component.
With each subsequent layer, previous layers may be reheated. The additive layering
process causes multiple temperature gradients to influence the deposition.

The complex thermal behavior that occurs during the direct laser deposition
(DLD) process results in a complex microstructural evolution. Mostly attributable to its
stepwise additive nature, the thermal cycles associated with the DLD process can involve
several reheating cycles as shown in Fig. 1.1. However, in building complex geometries,
adjacent deposition tracks, junctions, and interrupted deposition could all add further
reheating steps to a reference volume. Thus, the goal of any assessment of
microstructural evolution is to determine the response of the deposited alloy to these
cycles [1].

During the DLD process, the complex thermal history, resulting from the repeated
non-uniform heating and cooling process, not only affects the mechanical performance
and the post-machining precision of the fabricated component, but also results in
fabricated component distortion, even possibly cracking.

The microstructure of the material formed from the molten pool is most strongly
related to the cooling rate during the solidification process. Further microstructural
evolution takes place in the solid state depending on the subsequent temperature field and
profiles developed within the samples as the laser is traversed during the build operation.
Thus it is important to control the temperature profiles during the DLD process so that an
ideal microstructure can be achieved in the fabricated component. The most important
parameters for the DLD process are laser power (W), travel speed (mm/min) and powder
feed rate (g/min), which all have been suggested to have significant effects on the
microstructure of the formed parts [2].

It is clear that the microstructure of fabricated materials by DLD depends on the
cooling rate and the temperature gradient of the melt pool. A significant number of
research efforts on the thermal behavior has concentrated on investigating the

temperature distribution and cooling rate from the solidification process only. On the
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other hand, the DLD process is more complicated than a series of successive
solidification of molten pools. During laser deposition, the pervious deposition layers will
be reheated when a new layer is deposited on top of them. The temperature of the sample

varies from one location to another and from time to time.

Substrate 1% layer 1% layer 2sec layer 2 sec layer 3th layer 3th layer
Heating Cooling Heating Cooling Heating  Cooling

Figure 1.1. Schematic illustrating the method used to simulate additive layer deposition
for multilayers

There have been a number of studies looking at deposition parameters on the
resulting properties and structure. Zhang [3] carried out some experiments depositing
316SS to determine the influence of processing parameters on dilution ratio in the laser
clad layer. The results showed that the influence of the degree of scanning speed is most
significant, while that of laser power is relatively slight [3]. Wu [4] studied the effects of
processing conditions, such as laser power, scan speed, and powder feed rate. On the
microstructure of Ti—6Al-4 V. They concluded that the microstructure of deposited Ti—
6AIl-4 V is influenced by laser power, scan speed or powder feed rate, but the effects of
each parameter are not straightforward [4]. Rasheedat [5] investigated the influence of
the scanning velocity on the evolving physical properties, the microstructure, the

microhardness and the wear resistance behavior of Ti6AI4V/TiC composite. The deposit
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was crack free at scanning velocities between 0.015 and 0.105 m/s at an interval of 0.01
m/s. As the scanning velocity was increased, the microhardness also increased. Also, the
wear resistance performance of the samples increased as the scanning velocity was
increased [5].

Much fundamental research on the thermal behavior has concentrated on
investigating the temperature distribution and cooling rate during the solidification
process. However, the DLD process is more complicated than a series of successive
solidifications of molten pools. As already stated, during laser deposition, the previously
deposited layers reheat when a new layer is deposited on top of them. The temperature of
the sample varies from one location to another and from one point in time to another. So
far, however, there has been limited research on the effect of the reheating process which
accompanies a multilayer build. In order to understand the evolution of the
microstructure and control the microstructure, it is important to understand the thermal

history of the deposited component during the DLD process.
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2. EXPERIMENTAL PROCEDURE

The apparatus used for DLD consists of a 1-kW diode laser (coherent diode laser),
a powder feeder and a 5-axis FADAL computer numerical control CNC (VMC3016. This
system has been described in more detail previously [6]. A computer aided design (CAD)
file and CNC control system were used to control the X and Y movement and Z
increment. A diode laser of wavelength 808 nm (maximum power of 1 kW, spot size of
2.5 mm, top hat power profile) was used for materials processing. The influence of laser
parameters on the shape and size of the laser melt pool is evaluated by specifying the
power density (P), travel speed (v) and beam diameter (Db) as the specific energy (Es) by

means of Eq. 1.
E. =P/(D, xV) 1)

A series of multilayer thin walls were deposited. The process parameter
combinations used in the experimental runs are shown in Table 2.1. A DOE model was
used with three levels for each of the three parameters. The values for laser power and
powder mass feed rate are chosen on the basis of experience and previous experiments as
being those values of specific energy and line mass close to the limits required for
successful deposition. In order to examine the influences of these parameters on the
microstructure and properties of the deposited layers, the change of the microstructure of
the cross-sections of the deposited layers obtained at different laser powers and traveling
speeds was observed and analyzed using a scanning electron microscope (SEM).
Subsequently, the mechanical properties, such as hardness, were examined at different
positions in the deposited wall layers.

The temperature history during the DLD process was experimentally measured by
three K-type thermocouples positioned underneath the top surface of the substrate at the
midpoint and the ends of the laser track. The depth was varied such that the
thermocouples were located 1, 2, and 3 mm below the top surface of the substrate as
shown in Fig. 2.1. The temperatures were recorded with a data logging system at a rate of

100 Hz. The data logging system was initiated prior to the deposition and continued for
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several minutes after the deposition had finished. The thermocouples were connected via
an interface box to a computer that monitored the temperatures at those positions during
material deposition. As a result, the whole thermal history of the instrumented locations

during the deposition process, including the cooling period after the deposition, was

recorded.
Table 2.1. Process conditions monitored
Traveling .
Sample # Laser power(w) speed(mm/min) Powder feed rate(g/min)
1 600 300 8
2 600 375 10
3 600 450 12
4 750 300 10
5 750 375 12
6 750 450 8
7 900 300 12
8 900 375 8
9 900 450 10
500
600 W, 375 mm/min, 10 g/min Tl 12 3
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Figure 2.1. Thermal history at the underneath of the first deposited layer, while
additional 87 deposited layers arrive in sequence
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The substrate material and the deposition powder was 316 L stainless steel, a
common commercial alloy. The substrate measured 50x50%x12.7 mm
(lengthxwidthxheight). The chemical composition range of 316 L stainless steel is listed
in Table 2.2. The offset between the laser head and deposition point was a constant 5mm.

Table 2.2. The Chemical Composition Range of 316L Stainless Steel

Element C Mn P S Si Ni Cr Mo Fe

(W%) | <003 <2 <0.045 <003 <1 10-14 16-185 2-3 Bal

Hardness tests were performed using a Vickers indenter and a 1-kg load. The
substrate’s original hardness was tested and an average hardness of 215 VHN was
determined. Hardness was also evaluated after deposition as a function of depth as
measured from the original substrate surface. The full height of the deposit was covered

and tests were also carried out to below the heat affected zone.
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3. RESULT AND ANALYSIS

3.1. THERMOCOUPLES MEASUREMENT

It is important to control the thermal behavior to reproducibly fabricate parts. In
order to record the thermal gradient of the laser track as well as the reheating process due
to the subsequent layers and correlate the evolution of unique microstructural features in
multilayer builds, a new scheme has been designed for locating thermocouples on the
substrate. Regarding the thermal histories within the deposited material during
deposition, Fig. 3.1 shows the temperature variation of the underneath surface of the first
deposited layer at right end (T1), middle (T2) and left end (T3) of deposited wall with
different depths (1, 2, and 3 mm, respectively), which directly impinges on the substrate,

while the subsequent 87 layers were deposited with a parallel track deposition.
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Figure 3.1. Scheme for locating thermocouples on the substrate

Oscillations are the most obvious characteristic of the temperature measurements.
Each temperature peak represented the thermocouple’s response as the maximum in the
temperature field reached it. The temperature increased when more and more energy was

transferred to this position by heat conduction. The thermal excursion decayed when
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either the energy source moved away from thermocouple position during the deposition
of a layer or when subsequent layers were deposited. The thermocouples were attached
on the substrate, so the measured temperatures were much lower than those near the
molten pool.

3.2. MICROSTRUCTURE

Microstructure plays a very crucial role in determining the properties of a
component. In the present study, optical and scanning electron micrographs of the top
surface and crosssection of laser assisted fabricated layer were observed in detail to study
the morphology and secondary dendrite arm spacing, as well as how these were effected
by the laser parameters.

The SEM micrographs of different positions of the laser deposition zone prepared
with a nominal power of 600 W, laser travel speed of 300 mm/min and beam diameter of
5 mm are displayed in Fig. 3.2. Whenever the power of the laser increases, the dendrite
structures of the deposited transitions from thin to coarse gradually, which means that the
primary dendritic spacing augments, while the dendrite grows.

As the laser travel speed increases, the microstructural characteristic of the
deposited layer changes from coarse dendrites to fine dendrites, which is attributed to a
decrease of the ratio of the temperature gradient to the solidification rate. According to
the literature [7], the ratio of the temperature gradient to the solidification rate can be
estimated according to the following equation:

G/R =2iK(T —T, )’ /nPvCOSO )

where G is the temperature gradient, R is the solidification rate, v is the laser
traveling speed, T is the temperature of the liquid, Ty is the preheated temperature of the
substrate, 1 is the laser absorption coefficient, P is the laser power and K is the thermal

conductivity of the material.
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Figure 3.2. Microstructure at 600 W, 300 min of different positions of the laser
deposition zone: a top layers, b bottom layers

A homogenous and defect free stainless steel 316 L deposited microstructure has
been obtained and the microstructure of deposited material has been shown to be highly
dependent on laser deposition process parameters. Figure 3.3 shows a cross-section view
of the homogenous cellular appearance of the microstructure of DLD of stainless steel
316 L using the conditions defined in the caption. The deposition is crack free and the
microstructure is mostly cellular, with an average secondary dendrite arm spacing
varying from 15 to 35 pum. The highest hardness value also correspond to when a

homogenous microstructure and small secondary dendrite arm spacing is occurred [8, 9].
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Figure 3.3. Homogenous cellular appearance microstructure of laser deposited stainless
steel 316 L600, 450 mm/min

In the process of rapid directional solidification with an ultra-high temperature
gradient, it is beneficial to obtain an ultrafine microstructure, resulting in a more uniform
distribution of the components, and higher strength. The microstructure that forms in
DLD parts is dependent on the cooling rate of each layer from the peak temperature
during a certain time of the peak temperature period. The slower cooling rates results
from conditions of high incident energy (high power setting and low travel speed); on the
other hand, a low laser power and high laser travel speed result in faster cooling rates.

3.3. HARDNESS ANALYSIS

The hardness analysis of the deposited specimens showed that the average
hardness varied from 185 to 280 HVacross all the samples in this work [10]. Hardness
variations were observed in both the deposited and heat affected zone. The level of
hardness was affected by the process parameters. Hardness in the deposit was similar to
the baseline hardness of the substrate, while the hardness in the heat affected zone was
actually higher than the baseline.

The hardness profiles of stainless steel 316 L samples subjected to the
investigated laser parameters are illustrated respectively in Fig. 3.4a and b. Hardness
measurements were taken at increments of 1,000 pm for the deposited region and 500 pm

for the substrate.
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The effect of the laser parameters on the hardness of the deposited material and
heat affected zone are summarized in Fig. 3.5. It is important to mention that the hardness
values reported in Fig. 3.5 are the average values of the hardness measured in the
deposited material and heat affected zone. In general, the hardness of the deposited
material decreased with increasing laser power and also decreased towards the topmost
layers. At constant power, the deposit hardness increased with increased travel speed of
the laser beam. At constant travel speed, the hardness decreased with increased laser
power. The heat input has a direct relationship with the laser power. The higher power
decreases to some limit the cooling rate after solidification. As a consequence of the
relatively high cooling rate (that of lower power) the rapid cooling can refine the
microstructure, which improve the hardness.

On the other hand, the hardness value of the heat affected zone is greater than that
for the deposited material (and the baseline hardness) and decreased towards the topmost
layers of the substrate. The hardness of the heat affected zone increased with increased
laser power. At constant laser power, the hardness of the heat affected zone decreased
with increased travel speed of the laser beam.

The rapid heating and cooling cycles associated with the laser deposition process
increased the thermal stress and as a result the dislocation density. The most important
factor in determining the secondary dendrite arm spacing and thus the hardness is the
cooling rate. Increasing the cooling rate during solidification could produce deposited
material with finer grains. Using high laser power leads to an important phenomenon. It
lowers the cooling rate and as a result produces coarse dendrites which results in lower
hardness.

Published work results showed that the thermal excursions dampen out when the
energy source moves away from a substrate during the deposition. Early in the building
of the layers, the heat is quickly dissipated away via heat conduction into the substrate.
This initial thermal transient leads to a very rapid quenching rate effect at the beginning,
resulting in a higher hardness [11].



e GOOW, 3TSr0mfmin - === GOOW, A50mmy/min  ==s= GO0W, 300mmymin

Hardness (HV)

Wy A
¥ = b
Distance from substrate surface In mm

o
b |

== GU0W 200mm/imin —s=—900W, 375mmfmin  —s—900W,450mm/min

25

E e
Be MmN SO T D th:_’?gzﬂ

Distance from substrate surface fn mm

b
Figure 3.4. Hardness Profile at 300, 375 and 450 mm/min: a 600W, b 900 W



34

m Heat affected cone m Deposited material

300 -

e00/300 6007375  G00/450 9007300 9007375 8007450

Laser parameters = power(W)/speed [mm/min)

Hardness (Hv)
(=" - P sd
£ 8 £ 8 &

o

Figure 3.5. The effect of laser parameters on the hardness of deposited material and heat
affected zone

In the heat-affected zone, the hardness varied according to the location in which it
was measured. The region close to the deposited material had higher hardness values than
those far away from the deposited material. An increase in hardness was observed with
increased travel speed at constant laser power. This was mainly due to the short time of
interaction between the laser beam and the powder, as lower energy was supplied during
the melting. The low energy limited time for growth, and hence increased the hardness.
3.4. SECONDARY DENDRITE ARM SPACING

In general, the cooling rates experienced by laser-deposited stainless steel 316 L
samples decreases with increasing distance from substrate due to the heat increasing and
mass build up during deposition. When observed from the side, the surfaces of the
components exhibit a layered structure from the laser deposition as well as shows large,
elongated grains. These grains were growing epitaxially, inclined in a direction to the
layers following the temperature field resulting from the moving laser beam.

The secondary dendrite arm spacing decreases with increasing traverse speed as
shown in Fig. 3.6, but was most strongly affected by power level. Thus, secondary
dendrite arm spacing also tended to increase with incident energy (=laser power/laser
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traverse speed) as seen in Fig. 3.7. The observed trend of increasing secondary dendrite
arm spacing with incident energy is as expected because secondary dendrite arm spacing
tends to decrease with increasing cooling rate. A high energy results from a combination
of high power and low travel speed, yielding a lower cooling rate. Conversely, low
energy results from a combination of low power and high travel speed, yielding a higher

cooling rate [12].

Figure 3.6. Microstructure at 750 W, a 300 mm/min, b 450 mm/min

The secondary dendrite arm spacing was measured and is shown in Fig. 3.8a, b
and c. The relationship between the hardness of the 316 L stainless steel and the
secondary dendrite arm spacing is plotted in Fig. 3.9. The curve clearly indicates that the
hardness of the 316 L stainless steel increases as the secondary dendrite arm spacing
decreases. The hardness of the 316 | stainless steel was correlated with the secondary
dendrite arm spacing (d) using a straight line (Eq. 3).

H=Ad+B 3)
where A and B are constants, and H=—1.56d+220.6.
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The secondary dendrite arm spacing cell size was determined using Eq. 4
d=(d, +d,)/2 (4)

where d1 is the length of a secondary arm and d2 is the approximate diameter.

100 um

Figure 3.7. Microstructure at 900 W, 300 min/mm

In this work, it was found that the secondary dendrite arm spacing of the 316 L
stainless steel decreases as the cooling rate increases. As the cooling rate decreases there
is enough time for small dendrite arms to melt and disappear [6]. This occurs as a result
of their high surface area to volume ratio that increases their total energy per unit volume.

As the small dendrite arms disappear, the secondary dendrite arm spacing of the alloys
increases [7].
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Figure 3.8. Range of secondary dendrite arm spacing (d) as function of applied laser
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mm/min, =12 g/min
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Figure 3.8. Range of secondary dendrite arm spacing (d) as function of applied laser
power for direct laser deposition of 316 L stainless steel with a travel speed (v) of 300
mm/min, powder feed rate (f) of 12 g/min; b v= 450 mm/min, f=8 g/min; ¢ v= 450
mm/min, f=12 g/min (cont.)

Secondary dendrite arm spacing of the 316 | stainless steel decreases as the
cooling rate increases during solidification of laser deposition process. As the secondary
dendrite arm spacing decreases, the hardness of the 316 | stainless steel increases.

An ANOVA analysis was employed to investigate the effect the process
parameters (laser power, travel speed, and powder feed rate) had on both hardness and
secondary dendrite arm spacing. The analysis showed that laser power and travel speed
are strongly significant factors, while powder feed rate is not significant at all. Figure
3.10a and b shows the effect of these parameters. A good model was obtained for those
two factors for both hardness and secondary dendrite arm spacing. The hardness relation

is given above. The relation for secondary dendrite arm spacing is:

SDAS (xm) = 8.61+ 0.0244 power (kW) —0.0311speed (mm/ min)
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hardness of the 316 L stainless steel

The fact that the powder feed rate seems to have no effect on the deposit

parameters can be explained by two competing factors. As the powder feed rate increases

the melt pool temperature decreases, while the volume of the melt pool also increases.

Thus, the amount of energy which must be conducted away remains the same.
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4. CONCLUSION

The temperature field evolution, thermal cycling characteristics, temperature
gradient and effects of different depositing directions on the thermal process of single-
pass, multilayer laser deposition fabrication was investigated. Three process parameters
(laser power, travel speed, and powder feed rate) were investigated.

The temperature distribution during the deposition cycle as well as the reheating
process due to the subsequent layers was monitored by using thermocouples. The thermal
behavior associated with the DLD process involves numerous reheating cycles. As a
result, the temperature history of the deposited materials can be considered as a series of
discrete pulses.

In general, the travel speed and laser power were shown to significantly affect the
microstructure. The deposition was free of cracks, and the microstructure was mostly
cellular, with secondary dendrite arm spacing s ranging from approximately 15 to 35 pm.
The microstructure that forms in DLD parts is dependent on the cooling rate of each layer
from the peak temperature at a certain point in the peak temperature period. The most
important factor in determining the secondary dendrite arm spacing and thus the hardness
is the cooling rate that associated with the DLD process. Increasing the cooling rate
during solidification could produce deposited material with finer grains. The DLD
process in the same deposition direction exhibited larger temperature gradients than in the
reverse deposition direction, and heat diffusion in the same deposition direction was
better.

Hardness distributions across the transverse cross-section of the samples show
that as the laser scanning speed increases, the hardness of the deposited material
increases. The hardness of the deposited material also decreased with increasing laser
power. This is attributed to the finer microstructure. The hardness of the substrate was
raised in the heat affected zone and was highest at a depth of around one to three

millimeters below the original surface.
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ABSTRACT

Several techniques can be used to improve surface properties of metals. These can
involve changes on the surface chemical composition such as alloying or on the surface
microstructure, such as hardening. In the present work, melting of the surface by a 9 kW
CO2 CW laser of wavelength 10.6 um was used to alter surface features of D2 tool steel.
Carbon powder and nitrogen gas were used as sources of alloying elements during laser
processing. The effect of various laser parameters (power and speed) on the
microstructure and hardness of D2 tool steel was investigated. Laser powers from 1 to 8
kW and laser speeds from 5 to 15 mm/s were employed. It was found that as the laser
power increases, the hardness of the melted zone decreases while that of the heat affected
zone increases. On the other hand, the depth of both of melted and heat-affected zones

increases with power.

Keywords: Laser surface treatment, Laser surface alloying, Material heat treatment.
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1. INTRODUCTION

A process of laser melting is being developed which includes compositional
change in addition to the structural change. Alloying elements in the form of powder, thin
foil or wire are pre-placed on the surface of the metal being treated. When the laser is
applied, the surface of the alloy melts and the alloying elements can add to the
composition resulting in an altered chemical composition after solidification. The
composition and dimensions of the newly alloyed layer depend on many factors such as
laser beam power density and the processing speed. Due to the change in surface
chemical composition which takes a place during melting of the substrate and alloying
elements, the process is known as laser surface alloying (LSA).

As the laser beam moves away from the melt zone (MZ) the latter cools quickly
as heat is conducted into the bulk material which functions as an efficient heat sink. As a
result, the MZ solidifies rapidly via conducting its heat to the layers beneath it.
Accordingly, these underlying layers are heated rapidly to temperatures below the
melting point of the material and then cooled quickly to the ambient temperature due to
conduction to the bulk material [1-5]. Themaximum temperature reached in these layers
as well as the rapid heating and cooling rates altering the nature of phases present and as
a result the mechanical properties. According to Bourithis [6], the heating and cooling
rates associated with laser application can be up to 106 and 104 °C/s, respectively. The
layers which are heated to temperatures lower than the melting point of thematerial are
called the heat-affected zone (HAZ). The depth and mechanical properties of the HAZ
are strongly dependent on the laser parameters used. The base metal (BM) is the zone
which has not been affected by the laser application.

Although there are a number of investigators who have studied the effect of laser
surface melting on ferrous alloys, little work has been published on the use of carbon
powder and nitrogen gas to alter the surface chemical composition of steels. Also, a CO,
laser was used in this study due to the fact that efficiency of the Nd-YAG laser is only 2—
3 % of that of CO, laser. The extremely rapid solidification rate associated with laser

surface melting produces phases cannot usually be formed by conventional methods.
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A number of D2 tool steel samples were subjected to various laser melting
treatments in which several laser parameters (power and traverse speed) were used. Laser
surface treatment involves directing a laser beam of a desired size, shape and with the
required power at the surface of the material being treated. The absorption of laser energy
and the conversion of its energy into thermal energy lead to very rapid surface heating.
Melting of the surface will occur when heated to a temperature above its melting point.
The layer melted at the surface is usually called the MZ.

Various laser parameters were employed in this study, some of them have
exhibited the best combination of depth and hardness of the melted and heat-affected
zones, and thus were selected for further study in this work. Microhardness
measurements and metallographic inspections were employed to determine the hardness,
nature of phases present, grain size, and the geometry (depth and width) of the melted
and heat affected zones. In addition, X-ray diffraction technique was used to investigate

the effect of laser parameters on the volume fraction of phases present in the melted zone.
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2. EXPERIMENTAL PROCEDURE

2.1. MATERIAL

Cold work tool steels include the high-carbon, high-chromium steels or group D
steels. Type D2 steel is the most commonly used steel among the group D steels. The
nominal composition of D2 Cold Work Tool steel is 1.40 to 1.60 % of carbon, 11 to
13%of chromium, 1.10%max of vanadium, 0.6%max of both manganese and silicon, and
0.70 to 1.20 % of molybdenum. The alloy investigated in this study was D2 tool steel
which was analyzed as having the following chemical composition, Table 2.1.

Table 2.1. Chemical Composition of the Material Used Investigation wt%
Elements C% Si% Mn% Cr% Mo% V% Fe%
Tool steel D2 1.55 0.25 0.35 11.8 0.8 0.95 balance

2.2. EXPERIMENTAL DEVICE

The surface treatment was carried out using CO2 laser, operated at powers up to 8
kW and travel speeds up to 15 m/min.

Figure 2.1, shows schematic diagramof the experimental setup. In this study,
specimens of 30 mm thickness were fixed on the machine table and irradiated with the
laser beam. Samples were divided into two groups. The first group of samples was coated
with a carbon powder with an average of particle size of 25-50 pum before being
subjected to laser melting. While the second group was shielded by nitrogen gas during
laser processing.

A number of experiments were carried out on D2 tool steel including surface
melting were performed using CO2 CW laser Gaussian beam with 1 mm of beam
diameter at different laser beam energies and travel speed as shown in Table 2.2. The D2
samples were placed at a constant distance, the focus point of 10 mm. The specimen
surface, the before laser treatment, were ground using a grinder to reduce the surface

reflectivity. The samples were then cleaned with alcohol and dried. During treatment, a
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total of three trackswere applied to each specimen with sufficient spacing between each

track to prevent interaction.

J

7 |
L ——=——0=Cas

| Laser track

A

1. CO2 Laser; 2. Laser Beam; 3. Mirror; 4. Lens;
5. Worktable; 6. Workpiece; 7. Cap with Gas Jet Nozzle

Figure 2.1. Schematic diagram of laser surface heat treatment



Table 2.2. Condition of laser processing parameters

Specimen no. according to alloying Laser parameters
element
C N> Power Speed
kw mm/s
1 13 1 5}
2 14 1 10
3 15 2 5}
4 16 2 10
5 17 3 5
6 18 3 10
7 19 6 10
8 20 6 15
9 21 7 10
10 22 7 15
11 23 8 10
12 24 8 15

49

Surface alloying of tool steel with carbon was carried out by pre-coating the

specimen surface with graphite mixed with an acetone-resin solution. The coated

thickness of the carbon powder mixture was about 50-100 um. Argon gas was used as a

shield gas. Surface alloying of tool steel with nitrogen gas was achieved by using

nitrogen gas as shielded gas to flow. The nitrogen gas flow rate was maintained at 1,500

L/h.

After the laser treatment, transverse sections were cut from each treated zone

using a saw with a jet of coolant liquid. This was to prevent any change in the

microstructure. Standard methods of sample preparation for metallographic inspections

were followed. To prevent the rounding off of edges of the small samples during

grinding, a special fixture made of hard steel was manufacture and the fixture and sample

were cold mounted together.
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3. RESULT AND DISCUSSION

3.1. RESULTS

The D2 tool steel was supplied in the annealed condition which was heated to 850
°C followed by cooling at 10 °C/h to 650 °C and finally air cooled. It can be seen that the
microstructure of the starting material consisted of coarse carbides (white phase) of

different shapes and sizes embedded in a pearlitic matrix as shown in Fig. 3.1.

Figure 3.1. Microstructure of the as Received D2

The microstructure of the MZ in all laser melted samples consists of austenite
cells surrounded by segregated carbides; such a structure is known as ledeburite. The
rapidly solidified microstructure is refined. The grain size measurements show that the
austenite grain size increased with increasing laser power, Fig. 3.2. When the laser power
was kept constant, the grain size of austenite decreased as the laser speed was increased,
Fig. 3.3. The influence of the laser parameters on the grain size of austenite in the MZ is

shown in Table 3.1.
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Themicrostructures of the HAZ in samples subjected to the applied laser
parameters consisted of coarse carbides embedded in a matrix of martensite and retained
austenite. At different distances from the MZ, the material in the HAZ was austenitized at
differing temperatures and as a result, the hardness at any given distance from the MZ
was strongly dependent on the laser parameters used. For the purpose of this
investigation, the HAZ is defined as the depth beneath the melted zone with hardness
greater than 5 % of that of the base metal, which had a average hardness of 300 HV. The
BM is the zone which has not been affected by the laser application.

Figure 3.2. Microstructure of the laser melted zone at travel speed 15mm/s, at different
energy level: a 7 kw, b 6 kw

Microhardness measurements were made on a cross section of heat-treated area
and were taken at different increment. The increment was 50 um for low laser powers (1,
2, and 3 kW) samples. The increment was 125 um for high laser powers (6, 7, and 8 kW)
samples because of larger heat-treated area which was produced in those samples. The
hardness values presented in Table 3.2 are the average of three readings taken along a
center line from the surface of the sample towards the center at the same depth from the
surface, Fig. 3.4.
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Figure 3.3. Microstructure of the laser melted zone at energy level 3 kW, at different

Table 3.1. The influence of laser parameters (power and travel speed) on grain size

travel speed: a 5 mm/s, b 10 mm/s

Laser parameters (power KW, travel speed Grain
mm/s) size (ums)
1,5 2.50
1,10 2.10
2,5 2.97
2,10 2.56
35 3.86
3,10 3.68
6,10 5.00
6,15 4.81
7,10 6.82
7,15 6.61
8,10 7.12
8,15 6.98
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Figure 3.4. Microhardness indentation of sample with carbon alloying processed at (3
kW, 10 mm/s)

Table 3.2. The effect of laser parameters on the hardness of mz, haz zones

ing Elements Carbon Nitrogen
Laser Parameters

Average of Average of Average of Average of
P(ﬁue)r (?r?ris(sj) hardness of MZ hardness of HAZ | hardness of MZ  hardness of
(HV) (HV) (HV) HAZ (HV)

1 5 745 415 605 405

1 10 695 345 590 400

2 5 615 430 580 420

2 10 585 345 585 420

3 5 580 480 570 535

3 10 585 450 565 530

6 10 590 480 535 445

6 15 560 465 500 440

7 10 535 490 490 460

7 15 520 480 470 450

8 10 510 540 465 470

8 15 500 525 460 455




54

In general, the average of hardness of the MZ decreased linearly with the increase

in power for a constant traverse speed of 10 mm/s as shown in Fig. 3.5.

® Nitrogen Case W Carbon Case
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Average of hardness of MZ (HV)
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0 1 2 3 P S 6 7 8 9
Laser Power (kW)

Figure 3.5. Average of hardness of the mz with change in power at a constant traverse
speed 10 mm/s

Metallographic inspections and microhardness measurements were used to
determine the depth and width of melted and heat-affected zones. Results showed that
laser parameters used have a pronounced effect on the geometry (depth and width) of the
generated hardened zones, i.e., MZ and HAZ. Figures 3.6 and 3.7 demonstrate the effect
of laser parameters on the depth and width of melted and heat-affected zones, while
Table 3.3 summarizes these results. However, the following observations were noted:

e In general, the depth of theMZ increased linearly with the increase in power from

1 to 7 kW for a constant traverse speed of 10 mm/s as shown in Fig. 3.8, however,

when the power was further increased to 8 Kw the depth of MZ has surprisingly

decreased. This was more pronounced in samples laser treated with nitrogen.
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e The width of MZ and HAZ increased as the laser power was increased, this was
more obvious in samples alloyed with carbon comparing to those alloyed with
nitrogen.

e When the laser power was kept constant, the depth and width of MZ and HAZ

decreased as the speed of the laser beam was increased.

Table 3.3. The effect of laser parameters on MZ, HAZ depth and width

oying Elements Carbon Nitrogen
Laser Parameters
Speed Depth of Thickness Me_:lted Depth of Thickness Mt_alted
Power (kW) (mmis) MZ of HAZ  width MZ of HAZ width
| (Lm) (m)  (um) | (um) (um) (um)
| 1 5 685 200 995 645 185 950
1 10 605 190 970 555 175 850
2 5 1205 295 | 2005 1100 265 1850
2 10 1115 270 1700 950 225 1530
3 5 2015 565 | 2765 1930 455 2625
3 10 1665 500 2145 | 1425 345 2230
6 10 2225 505 2965 | 2100 550 2885
6 15 2200 545 2900 | 2010 460 2710
| 7 10 2295 615 3335 | 2150 590 3250
\ 7 15 2100 595 3015 | 2050 560 2995
\ 8 10 2195 600 | 3550 1950 555 3450
| 8 15 2045 585 3485 | 1900 505 3345
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Figure 3.6. The width and the depth of the laser melted zone with nitrogen alloying at
travel speed 10 mm/s, at different energy level: a 2 kW, b 3 Kw

Figure 3.7. The width dimension samples with nitrogen alloying at energy level 3 kW, at
different travel speed: a 5mm/s, b 10mm/s
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Figure 3.8. Variation of depth of MZ with change in power at a constant traverse speed
10 mm/s

X-ray diffraction techniques showed that at a constant speed, as the laser power
was increased the volume fraction of the austenite increased and that of carbides
decreased. It was also noted the presence of iron nitrides (Fe24 N10) when the nitrogen
gas was used for shielding. X-ray diffraction results are shown in Figs. 3.9 and 3.10.

The effects of the laser parameters on the hardness of melted and heat-affected
zones indicate the following:

e The hardness of the MZ decreased with increasing laser power. On the other
hand, the hardness of the HAZ increased with power.

e At a constant laser power, the hardness of MZ and HAZ decreased with
increasing the traverse speed of the laser beam.

e At constant laser parameters, the hardness of MZ and HAZ in samples coated
with carbon powder for shielding were higher than the corresponding hardness of

samples in which nitrogen gas was used for shielding.
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3.2. DISCUSSION

The microstructure of D2 tool steel in the annealed condition consisted of
carbides embedded in a pearlitic matrix. These carbides have a chemical formula of
(Fe+X),3Cs. These hard carbides are usually called K1 type carbides, the hardness of
which can be up to 73 HRC. The microstructure of the MZ of all samples subjected to the
different laser parameters consisted of austenite cells surrounded by segregated carbides.
In fact, neither martensite nor any other phase was found in the microstructure of the
melted zone of laser-treated samples. This is due to the effect of the alloying elements,
particularly carbon and chromium, on the MS temperature. The influence of the former
on the MS is shown in Fig. 3.11. It can be noted from this figure that as the percent of the

carbon dissolved in austenite increases the Ms and M fall rapidly.
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Furthermore, the combined effect of C and Cr and other alloying elements on the
MS temperature is given by [7]:
MS (°F)=1,000 — (650 x %C) — (70 x %Mn) — (35 x Ni) — (70 x %Cr) — (50 x Mo) (1)

Thus, if only 0.7 % C and 8 % Cr have dissolved in the molten metal during laser
melting and remained in the austenite as a result of the high cooling rate associated with
the laser process, the MS temperature would be (—66 °C). This value of MS is enough to

render a thermally stable austenite at room temperature.
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Figure 3.11. The MS and Mf temperatures both fall rapidly as%C in austenite increases

Metallographic inspections showed that the grain size of austenite cells increased
as the power of the laser beam was increased. On the other hand, quantitative X-ray

diffraction analysis showed that increasing laser power resulted in an increase in the
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volume fraction of austenite phase and a decrease in the volume fraction of the
segregated carbides.

In fact, it cannot be claimed that the laser parameters employed in this work have
resulted in complete dissolution of carbides in the molten metal during laser treatments.
This may explain the increase of the grain size of austenite and its volume fraction at
expense of the volume fraction of carbides with increasing laser power. In other words, it
was assumed that lower laser powers led to partly dissolving of carbides during melting.
This is due to the short laser processing time. Although, the laser power densities used in
this work were enough to raise the temperature of the surface to a temperature above the
melting point of the alloy, however, a certain period of time is required to completely
dissolve the massive coarse carbides present in the matrix [7]. In low laser powers, when
the molten metal started to solidify as a result of eliminating the heating source, the partly
dissolved carbides prevented the growth of austenite grains [8, 9].

When the laser power was increased, much more heat was given to the material.
Consequently, much more time was needed for the alloy to lose the heat given. This has
delayed solidification for longer times. As a result, more time was given to carbides to
proceed in dissolving which has led finally in a great reduction in the volume fraction of
carbides as the laser power were further increased. Thus it can be concluded that the
elimination of carbides enhanced austenite grains ability to grow during solidification
when high powers were employed. X-ray diffraction results support this hypothesis. The
volume fraction austenite and carbides at a laser power of 7 kW were 30 and 51 %,
respectively, Fig. 3.10. Raising the laser power to 8 kWand keeping the laser speed
constant, altered the former volume fractions to 60 and 25 % respectively, Fig. 3.9.

The effect of laser parameters on the microstructure of the heat-affected zone was
obtained for various laser parameters. As was mentioned in “Results” section, the
microstructure of the HAZ generally consisted of martensite and retained austenite. These
layers have been heated to different austenitsing temperatures. Layers in the HAZ located
close to the boundary between the MZ and HAZ were austenitized at high temperatures.

The austenizing temperature falls as a function of depth in the HAZ. As the
diffusion of carbon and other alloying elements in austenite is strongly dependent on the

austenitizing temperature (Ty) and austenitizing time (ty), different layers in the HAZ
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were saturated with different fractions of carbon [10]. Due to the high quenching rate
associated with the laser application, martensite and retained austenite of different carbon
content and volume fractions were obtained in the HAZ. The closer the location to the
boundary between the MZ and HAZ, the higher is the volume fraction of retained
austenite and the carbon content of martensite.

The influence of laser parameters on the depth and width of MZ and HAZ, as
mentioned earlier, the depth of the melted and the heat-affected zones increased as laser
power was increased from 1W to 7 kW. Further increase in the power to 8 kW caused a
remarkable reduction in the depth of both layers. This was true in all samples either
coated with carbon powder or laser treated in the presence of nitrogen gas. In fact, the
reduction in the depth of these zones was more pronounced in the later case.

This increase in the depth of both layers, with increasing power from 1 to 7 kW, is
due to the increase of the input heat. On the other hand, the reduction in the depth of the
melted zone can be attributed to vaporization. Higher laser densities can raise the surface
temperature to the vaporization point. Two vaporization mechanisms may take place,
namely surface or volumetric vaporization. The latter mechanism, results in a more rapid
rate of material removal than the former [11, 12].

The laser surface melting process is followed by rapid selfquenching, leading to a
high cooling rate of up to 106 °C/s [13, 14]. Thus, the cooling rate is the most important
factor in determining the grain size and thus the hardness, as the, higher cooling rate
during solidification would produce material with finer grains. As it has been mentioned
before, using high laser power leads to two important phenomena. Firstly, it lowers the
cooling rate and as a result austenite with coarse grains formed. Secondly, it lowers the
volume fraction of carbides [15].

In fact, there are many mechanisms for strengthening (hardening) of materials
[10, 16, 17]. Two of them are the grain refinement hardening and dispersion hardening.
The first means decreasing the grain size of the matrix while the second means increasing
the number of particles embedded in this matrix. Actually, as the grain boundaries and
the number of small separate particles in a microstructure increase, they both impede the

movement of dislocations which causes a hardness increase. Thus, it can be claimed that
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softening of materials occurs as grain size of the matrix increases and the volume fraction
of particles embedded in it decreases.

In this study, it was noted that when higher laser powers were used, the cooling
rate was lowered causing austenite with large grains. Furthermore, the carbide volume
fraction was decreased. This implies that dislocations were able to move easily in the
resultant structures by using high powers, and this can explain the observed reduction in
hardness.

The reduction of hardness observed with increasing the traverse speed at constant
laser powers is due to the reduction in the amount of heat given to the material. However,
the relative higher hardness values exhibited by samples coated with carbon comparing to
the corresponding samples laser treated in the presence of nitrogen gas can be attributed
to the increase of the carbon content of the melted zone as a result of dissolving the
carbon powder in the molten metal; in general, increasing carbon content increases the
hardness.

In the HAZ, the hardness was varied according to the location in which it was
measured. Layers close to the MZ exhibited higher hardness values than those far away
from the MZ. This is due to the difference in austenitising temperatures (Ty). As Ty
increases more carbon and alloying elements dissolve in austenite. This is due to faster
diffusion of carbon and alloying elements at higher temperatures. Austenite with higher
carbon content yields harder martensite when rapidly quenched to room temperature.
However, increasing carbon content increases the volume fraction of retained austenite.

As we go far from the boundary between the MZ and HAZ towards the base
metal, the austenitzing temperature decreases. As a result, the present of carbon and
alloying elements dissolved in austenite as well as the diffusivity of these elements in
austenite decreases. Consequently, martensite with lower hardness values and a lower
volume content of retained austenite is obtained. This explains the gradual decrease in the
hardness of the hardness of the HAZ as distance from the samples surface increase. The
reduction of hardness observed with increasing the traverse speed at constant laser

powers is due to the reduction in the amount of heat given to the material.
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4. CONCLUSIONS

Laser surface melting of D2 tool steel can be used to melt 2,150 pum it nitrogen is
used as a shielded gas and 2,225 um it carbon is used as a coating powder. In both
cases the melted zones were free of crakes.

The width of the melted zone is strongly dependent on the laser power.

Laser surface melting of D2 tool steel in presence of nitrogen resulted in the
formation of some nitrides which generally improve the corrosion resistance of
the alloy.

Coating the D2 tool steel samples with carbon powder in laser melting produces
deeper hardness layers than in samples treated with shielded nitrogen gas. This
due to the reduction in the reflectivity of the laser beam.

In general, low powers produce higher hardness melted zones than higher powers
due to the partially dissolving of hard carbides.

Laser surface melting of D2 tool steel in presence of nitrogen resulted in the
formation of some nitrides which may improve the corrosion resistance of the

alloy.
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ABSTRACT

Multilayer direct laser deposition (DLD) is a fabrication process through which
parts are fabricated by creating a molten pool into which metal powder is injected as.
During fabrication, complex thermal activity occurs in different regions of the build; for
example, newly deposited layers will reheat previously deposited layers. The objective of
this study was to provide insight into the thermal activity that occurs during the DLD
process. This work focused on the effect of the deposition parameters of deposited layers
on the microstructure and mechanical properties of the previously deposited layers. It is
important to characterize these effects in order to provide information for proper
parameter selection in future DLD fabrication. Varying the parameters was shown to
produce different effects on the microstructure morphology and property values,
presumably resulting from in-situ quench and tempering of the steels. In general, the
microstructure was secondary dendrite arm spacing. Typically, both the travel speed and
laser power significantly affect the microstructure and hardness. A commercial
ABAQUS/CAE software was used to model this process by developing a thermo-
mechanical 3D finite element model. This work presents a 3D heat transfer model that
considers the continuous addition of mass in front of a moving laser beam using
ABAQUS/CAE software. The model assumes the deposit geometry appropriate to each
experimental condition and calculates the temperature distribution, cooling rates and re-
melted layer depth, which can affect the final microstructure. Model simulations were
qualitatively compared with experimental results acquired in situ using a K-type
thermocouple.
Keywords: Direct metal deposition, Microstructure, 3D finite element modeling,
Stainless steel 316L.
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1. INTRODUCTION

In the direct laser deposition (DLD) process, the material in a single deposited
layer typically is not enough to create a part. Several layers must be deposited
sequentially to achieve a fully built part. With each subsequent deposited layer, the
previously deposited layers are reheated. This is but one simple example of how multiple
temperature gradients can be created during the additive layering process, which could
influence the material being deposited. These gradients, resulting from the repeated
nonuniform heating and cooling process not only affects the mechanical performance and
the post-machining precision of the fabricated component, but also results in fabricated
component distortion, and possibly even cracking.

The complex thermal behavior that occurs during the DLD process results in a
complex microstructure evolution. Mostly attributable to its stepwise additive nature, the
thermal cycles associated with the DLD process can involve several reheating cycles.
However, in building complex geometries adjacent deposition tracks, junctions, and
interrupted deposition all could add further reheating steps to a reference volume. Thus,
the goal of any assessment of microstructural evolution is to determine the response of
the deposited alloy to these cycles [1].

The microstructure of the material formed from the molten pool is most strongly
related to the cooling rate during the solidification process. Further microstructural
evolution takes place in the solid state depending on the subsequent temperature field and
profiles developed within the samples as the laser is traversed during the build operation.
Thus, it is important to control the temperature profiles during the DLD process so that an
ideal microstructure can be achieved in the fabricated component. The most important
DLD parameters include the laser power (W), travel speed (mm/min) and powder feed
rate (g/min), which all significantly affect the microstructure of the formed parts [2].

There have been a number of studies looking at deposition parameters on the
resulting properties and structure. Zhang carried out some experiments depositing 316 SS
to determine the influence of processing parameters on dilution ratio in laser clad layer.
The results showed that the influence degree of scanning speed is most significant, while

that of laser power is relative slight [3]. Wu studied the effects of processing conditions,
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such as laser power, scan speed, powder feed rate on the microstructure of Ti6AI4V.
They concluded that the microstructure of deposited Ti6Al4V is influenced by laser
power, scan speed or powder feed rate, but the effects of each parameter are not
straightforward [4]. Rasheedat investigated the influence of the scanning velocity on the
evolving physical properties, the microstructure, the microhardness and the wear
resistance behavior of Ti6AI4V/TIC composite. Ti6AI4V. The deposit was successfully
at various scanning velocities between 0.015 and 0.105 m/s at an interval of 0.01 m/s. As
the scanning velocity was increased, the microhardness also increased. Also, the wear
resistance performance of the samples increased as the scanning velocity was increased
[5].

Much fundamental research on the thermal behavior has concentrated on
investigating the temperature distribution and cooling rate during the solidification
process. However, the DLD process is more complicated than a series of successive
solidifications of molten pools. As already stated, during laser deposition, the previously
deposited layers reheat when a new layer is deposited on top of them. The temperature of
the sample varies from one location to another and from one point in time to another. So
far, however, there has been limited research on the effect of the reheating process which
accompanies a multilayer build. In order to understand the evolution of the
microstructure and control the microstructure, it is important to understand the thermal
history of the deposited component during the DLD process.

There has been some work on the modeling of the thermal history of deposited
metals. However, most of this work has been limited to modeling a single layer and has
ignored the effects of subsequent deposition on the already deposited material. Finite
element modeling studies have been reported for the application of some materials
including stainless steel alloys, titanium alloys, nickel-based alloys, tool steel and other
specialty materials, as well as composite and functionally graded material deposition
using simultaneous feed of powder and wire in DLD processing for a single layer.

Fu, developed a model to simulate the temperature distribution and residual
stresses in the single-pass powder laser deposition process, the results showed that less
difference of thermal conductivity and thermal expansion coefficient between powder

material and substrate material produces lower residual stress; higher laser power, laser
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scanning speed and smaller laser beam diameter can lead higher peak temperature and
higher residual stress [6]. Giuliani, developed a model to predict the powder temperature
distribution for a laser with top-hat and Gaussian intensity distribution, as well as the
temperature profile for a single-track laser The results showed that a more vertical
position of powder delivery nozzle will lead to a higher and more uniform particle
temperature distribution, in particular for the top-hat intensity distribution case [7]. Vahid
et al. developed a model to simulate the shape and geometries of the real-time melt-pool
and to predict the local solidification condition along the solid/liquid interface for a
single-track laser the temperature gradient and interface velocity can be accurately
evaluated along the predicted solid/liquid interface [8]. Pinkerton and Li developed a
simple thermal model to analyze the temperature distribution and estimate the molten
pool size in laser cladding [9]. Liu and Li established a model to investigate the effects of
process parameters on laser direct formation of thin wall [10]. Jendrzejewski et al.
developed a two-dimensional thermal model to understand the temperature distribution in
laser multi-layer cladding [11].

In this work, a transient thermal model for a thin wall build by succeeding
multiple layerswas developed to reveal the heating and reheating cycles during the DLD
process. The model assumes certain geometries appropriate to process parameter
combinations and was used to predict the temperature distribution, thermal gradient,
remelted layer depths, peak temperatures and cooling rate as a function of process
parameters, such as laser travel speed (mm/min) and laser power (W), which can affect
the final microstructure and elemental distribution in the part as well as the mechanical
properties of deposited material.

A 3D finite element temperature field model for DLD developed using
ABAQUS/CAE software demonstrated the model's thermal history in stainless steel SS
316L. Transient thermal analysis first was performed within ABAQUS/CAE to determine
the temperature history at each reference position in the deposited material. Eq. (1) is the

heat conduction governing equation:



71

2. THERMAL MODELING

Fig. 2.1 depicts a flow chart showing various steps in the computational scheme
employed in the study. The entire deposition process was modeled as a multistep
transient heat transfer analysis in which each time step was further divided into a number
of smaller time increments. The continuous addition of metal powders was considered by
means of the successive, discrete addition of a new set of elements into the computational
domain at the beginning of each time step, whichwas fixed such that the laser beam
scanned a distance equal to a set of newly activated elements.

The number of elements activated at each time step was determined from the
volume of powder materials expected to enter the melt pool during that time step, which
depended on the powder feed rate (f) and the travel speed of the laser (V).

A 3D finite element temperature field model for DLD developed using
ABAQUS/CAE software demonstrated the model's thermal history in stainless steel SS
316L. Transient thermal analysis first was performed within ABAQUS/CAE to determine
the temperature history at each reference position in the deposited material. Eq. (1) is the

heat conduction governing equation:

0 oT 0 or 0 oT orT

where r, Cp, and k refer to the density, specific heat, and thermal conductivity,
respectively, of the metal powder and the substrate material; and T and t represent the
temperature and time variables, respectively. The terms on the left side of Eq. (1) refer to
the conductivity heat transfer in the X, y, and z directions, respectively.

The terms on the right side of Eq. (1) refer to the transient nature of the heat
transfer process.

The first step began with a substrate material, Ty, initially at room temperature, as
shown in Eqg. (2). At the beginning of each subsequent step, a new group of finite

elements was activated.
T(x,y,2)=T, @
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Figure 2.1. Flow chart showing various steps involved in the temperature distribution
model

Given the melt generation and resolidification associated with the phase change
effects, the specific material properties used as inputs in the current analysis were
density, thermal conductivity (k), specific heat, enthalpy (H) and latent heat for varying
temperature ranges. Numerical values of these material properties as adopted from Ref.
[12] and used in the analysis appear in Table 2.1. All substrate surfaces exposed to the

environment were assumed to have lost heat due to free convection.
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Table 2.1. Thermal material properties for stainless steel 316L as used in the finite

element modeling

Temperature (K) | 300 400 500 600 700 800 1000
Specific heat

(ki/kg K) 468 504 527 550 563 602 602
Expansion

coefficient 152E-5 1.61E-5 169E-5 1.75E-5 1.79E-5 1.83E-5 1.88E-5
alpha (m/m K)

Conductivity

(W/m K) 134 15.2 16.75 18.3 19.8 21.3 24.2

In order to simulate mass addition (powder deposition), the “birth and death”
feature in ABAQUS/CAE was used. Initially, all elements in the deposited track were
“killed”. The total time required for the laser beam to travel along the deposited track of
each layer was divided into a number of small time steps to which variable flux and
boundary conditions were applied. The first born of the element set appeared with
applying these conditions. For the subsequent element sets, the model used the results of
the previous step as the initial condition for the new active element set.

Finally, according to Rosenthal's Eq. (3), the moving heat source was simulated
by applying a concentrated surface heat flux on the model for a time equal to the distance
between the model element sets divided by the laser travel speed. A user subroutinewas
written to calculate the position of the laser at a given time as a function of its speed (v)

and the Gaussian flux distribution in terms of spatial coordinates.
oT
PCP—-+ pCpV.(VT)=V(KVT)=Q 3)

Where T is the temperature and Q is the power generation per unit volume of the
material.

As assumed in the simulation, the interaction of the heat flux with both the
substrate and the deposited material follows the schematic in Fig. 2.2, such that at time t
during beamscanning, the heat flux as the source of heat from the laser beam was

modeled at the location Lt on the surface of the substrate along the path of scanning. This
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simulated the impinging beam onto this surface at that instant, resulting in the generation
of a melt pool. The deposit was the solidified form of powder particles added into the
melt pool, so it was modeled on top of the heat source to simulate the volume of added
powder particles. As the beam moved to a new location after a time t p dt, the heat flux
correspondingly moved to the location Lt p dt, with vdt being the length of deposited
material over the incremental time dt. The analysis was divided into several steps in order

to move the heat flux from the laser over the nodes in the laser path.

vdt

Subsmrate

4 Previously deposited material, when beam was at location L, at ime 7
Currentlv deposited material. when beam was at location L.~ 4r at ime -+ 4

Figure 2.2. Schematic illustration of beam/substrate interaction at different times during
beam scanning, and length of clad, vdt, which is manufactured in every scan over a time
of dt.

2.1. GEOMETRIC MODEL OF THE THIN WALL

In order to predict the temperature distribution of the deposited thin wall in the
DLD process, a 3D finite element and meshes were built using Hypermesh software, as
shown in Fig. 2.3. The mesh on the geometry, which represents its discretization into the
elemental form, is made of thermal 8-node linear brick type elements. It was generated
such that the wall region, where fusion occurs and more severe temperature gradients are
expected, was assigned the finest mesh, and regions further from the wall were assigned a
relatively coarse mesh [13e16]. The DLD process was simulated using ABAQUS/CAE.

The structure of the deposited thinwall in themodel was built by depositing multi-
layer and single-layer tracks on top of each other with a length of 30mm, total height of

14mm, and width of 2.5mm. The wall was fabricated on a surface of 316L stainless steel
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that was 50 mm wide, 50 mm long and 12.7 mm thick. To simulate the laser deposition
process, the following assumptions were made:

e The initial temperature of the workpiece was assumed as 295 K. The workpiece
and the coordinate mesh were fixed. The laser beam was moved in both the
positive and negative z-direction with a constant speed v. For newly deposited
layers, the laser beam was moved up in the positive y-direction.

e A subroutine was written to consider the effect of conduction, convection and
radiation during the laser deposition process.

e The following boundary conditions were applied to the deposited thin wall:
q= _h(T _To)
q=olT*-T;)

Where q is the heat flux per unit area, h is the convective heat transfer coefficient,
€ 1s emissivity, s is the Stephane Boltzmann constant and TO is the ambient temperature.

e The thermo-physical properties of 316L stainless steel were considered as
function of the temperature, as illustrated in Table 2.1.

e A radiation boundary condition was applied to the entire deposited thin wall. The
phase transformations in metal powder during deposition, melting and
solidification results in changes of emissivity, a constant value of 0.4 was
assumed.

The thermal load, applied as a function of the distance, was determined using Eqg.

(4):
DFLUX (1) = —q(0) xe™*" (4)

where r=x2+y2+z12, and z1=z—v(T—t). v is the speed of movement in z-direction,
T is the lag factor that defines the time at which of the laser gun is at first position, t is

time, z1 is movement along z-axis, and z is a fixed coordinate axis.
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Figure 2.3. Three D finite element model build and meshes using hypermesh software
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3. EXPERIMENTAL PROCEDURE

The apparatus used for DLD consists of a 1 KW diode laser (coherent diode laser)
with a 5 mm beam diameter, a powder feeder and a 5-axis FADAL computer numerical
control CNC (VMC3016). This system has been described in more detail in Ref. [17]. A
computer-aided design (CAD) file and CNC control system were used to control the X, Y
movement and Z increment.

The substrate material and the deposition powder was 316L stainless steel, a
common commercial alloy. The substrate measured 50 * 50 * 12.7 mm in length, width
and height, respectively. The chemical composition range of 316L stainless steel appears

in Table 3.1. The offset between the laser head and deposition point was a constant 5mm.

Table 3.1. The chemical composition range of 316L stainless steel

Element C Mn P S Si Ni Cr Mo Fe

(W%) | <003 <2 <0.045 <003 <1 10-14 16-185 2-3 Bal.

A series multi-layer thin walls were deposited. The process parameter
combinations used in the model and also in the experimental runs are shown in Table 3.2.
A DOE L9 Taguchi model was used with three levels for each of the three parameters.
The DOEwas repeated for build schemes which used a zigzag laser scan, where
alternating layers are deposited in the reverse direction versus a parallel laser scan where
all layers are deposited in the same direction. In order to examine the influences of these
parameters on the microstructure and properties of the deposited layers, the change of the
microstructure of the cross-sections of the deposited layers obtained at different laser
powers and traveling speeds was observed and analyzed using scanning electron
microscope (SEM). Subsequently, the mechanical properties, such as hardness, were
examined at different positions in the deposited wall layers.
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In order to validate the model, the temperature history during the (DLD) process
was experimentally measured by three K-type thermocouples positioned on the
underneath surface of the substrate at the midpoint and the ends of the laser track. The
depth was varied such that the thermocouples were located 1, 2, and 3 mm below the top
surface of the substrate. These locations were evaluated with the FEA model output as
ones where the temperatures attained in that region would not damage the thermocouples.
These locations will be referred to as the reference positions for the measured

temperatures.

Table 3.2. Process conditions monitored

Sample # | Laser power(w) Traveling .speed Powder fe.ed rate
(mm/min) (g/min)
1 600 300 8
2 600 375 10
3 600 450 P
‘ 750 300 10
5 750 375 2
6 750 450 8
! 900 300 P
8 900 375 8
9 900 450 10

The temperatures were recorded with a data logging system at a rate of 100 Hz.
The data logging system was initiated prior to the deposition and continued for several
minutes after the deposition had finished. The thermocouples were connected via an
interface box to a computer that monitored the temperatures at those positions during
material deposition. As a result, the whole thermal history of the instrumented locations
during the deposition process, including the cooling period after the deposition, was

recorded. The modeling results were compared with the experimental results. The model
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is important to determine the parameters that would assure a constant molten pool
temperature consistent with a multilayer deposition and therefore this validation step is

critical in the development of this model.
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4. SIMULATION ANALYSIS

The influence of the laser parameters on the shape and size of the laser melting
poolwas evaluated by specifying the actual power (P), travel speed (v) and beam diameter

(DDb) as the specific energy (Es) by means of Eq. (5).

E. =P/(D, xV) (5)
4.1. TEMPERATURE DISTRIBUTION DURING BUILD

Fig. 4.1 illustrates the transient temperature distribution contour plot for the first
deposited layer for the case of Q = 600 W and V = 300 mm/min. The location of the laser
beam is evident from the intensity of the temperature distribution, where the maximum
contour limit of 1996 °C signifies the melt pool. The thermal history was essentially
independent of the vertical free edges once the laser reached the center of the wall, where
the mesh was highly refined, as shown in Fig. 2.3, for accurate extraction of the thermal

gradient and cooling rate.
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Figure 4.1. Temperature contours for Q=600 Wand V=300 mm/min
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Fig. 4.2a and b illustrates the temperature distribution along the deposited layers
and substrate simulated using the defined laser parameters. The temperature of each
nodal point within the solid was calculated as a function of time. The bottom of the
deposited layers cooled faster than the top because of heat conduction to the substrate,
while showing significant temperature gradients along the height of the deposited layers.

Thermal energy from the laser increased the node temperature beyond the melting
temperature. Once the laser moved away along its track, the node began to cool. The next
pass of the laser caused the temperature of that node to increase higher than during the
previous laser pass.

Regarding the thermal histories within the deposited material during deposition,
Fig. 4.3 shows the temperature variation of the underneath surface of the first deposited
layer at the right end (T1), middle (T2) and left end (T3) of the deposited wall with
depths of 1, 2, and 3 mm, respectively, which directly impinged on the substrate, while
the subsequent 87 layers were deposited in sequence with parallel deposition.

Oscillations were the most obvious characteristic of the temperature
measurements. Each temperature peak represented the thermocouple's response as the
laser passed over it. The temperature increased when more and more energy was
transferred to this position by heat conduction. The thermal excursion decayed when
either the energy source moved away from the thermocouple during the deposition of a
layer or when subsequent layers were deposited. The thermocouples were attached on the
substrate, so the measured temperatures were much lower than those near the molten
pool.

As seen in Fig. 4.2a and b, the numerical results are similar to the experimental
results, although somewhat lower. The simulated results using different values of
absorptivity were compared with the experimental results, and closest fit, approximately
20% difference, was observed for an absorptivity of 0.6. This temperature difference was
significantly lower during the cooling stage. The difference in the measurement was
approximately 100 °C, which could have been slightly higher because the thermocouple
beads were exposed to some laser energy by radiation. Another explanation could be the
thermos physical properties used were not appropriate. A slight phase shift was also

observed between the graphs of the simulated and experimental results. This shift could
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have been due partially to the acceleration/deceleration of the laser; additionally, the
dwell times while changing laser tracks between layers was not considered in the model
[15].

The cooling rate of the FEA model was extracted from the time difference
between when the nodes in the center of the deposited material were seen at the last
liquids temperature and at the next solidus temperature. At each nodal location, the

solidification cooling rate was determined using Eq. (6):

orT

E:|T1_Ts|/|t1_ts| (6)

Where dT/dt is the cooling rate, T, - Ts is the difference between the liquids and
solids temperatures, and t; - ts is the time interval between T, and Ts.
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Figure 4.3. Thermal history at the underneath surface of the first deposited layer, while
87 subsequent layers are deposited.

The computed results of the FEA model showed that the cooling rate of the thin
wall was affected by the height of the built wall. The cooling rate was high at the
beginning of the deposition process in the first and second layers because of the greater
heat transferred to the substrate, but then it decreased with the addition of subsequent
layers. The predicted cooling rate at the top of the build was around 200 °C/s, while
adjacent to the substrate was around 4000 °C/s. This large difference in the cooling rate
could be detrimental to the building of a uniform microstructure. Controlling the laser
power to follow the increasing height of the deposition would be required to alleviate
these phenomena.

4.2. REMELTING DURING BUILD

The model was also used to predict the remelting depth during laser deposition, an
important factor to consider. The frequent remelting of previous layers can lead to
unwanted precipitation of phases or solutes, which can become detrimental
metallurgically. Fig. 4.4a and b shows the simulated remelted layer depths of deposited
layers. These results were extracted from the simulation when the solidified node

remelted (T > T,) each time the laser beam passed over it. In general, the depths of the
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remelted layers were high, except for in the first layer, which was adjacent to the
substrate and had difficulty melting completely because of the heat extraction by the
substrate via heat conduction.

Fig. 4.4a and b illustrates that the remelted depth accompanying the parallel laser
scanning path was lower than that accompanying the zigzag path during the early stage of
deposition because of the slightly higher cooling rate, though this effect eventually
disappeared. Also, a lower laser power resulted in fewer remelted layers as a result of the
higher cooling rate of the build wall.

Increasing the laser travel speed and/or decreasing the laser power reduced the
melt pool depth. All of these extracted results provide important metallurgical

information.
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4.3. COOLING RATE DURING BUILD

The cooling rate at each location of the build is expected to effect both the
microstructure and the hardness of the deposited material. The simulation was used to
predict cooling rates and experiments were used to check the predictions.

Fig. 4.7 shows the FEA and DOE results of the effect of the laser parameters on
the cooling rate at nine runs. The cooling rate values are the slope just after the peak
temperature when the laser beam passes the measured point during the cooling time. The

calculated cooling rate values were measured above 900 °C during the cooling time and
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were the average of the slope of first few temperature peaks. In the process of rapid
solidification with an ultra-high temperature gradient, it is beneficial to obtain an
ultrafine microstructure, which results in a more uniform distribution of the components.
The microstructure that forms in DLD parts is dependent on the cooling rate of each layer
from the peak temperature at a certain point in the peak temperature period. Slow cooling
rates result from conditions of high incident energy (high power setting and low travel
speed), while fast cooling rates result from low laser power and high laser travel speed.

In general, the cooling rates experienced by laser-deposited 316L stainless steel
samples decreased as the distance from the substrate increased due to the increased heat
and the build-up of mass during deposition. Also, the highest cooling rate in any layer
occurs at the highest travel speed and lowest laser power.

4.3.1. Microstructure. The microstructure plays a crucial role in determining the
properties of a component. In this study, the optical and scanning electron micrographs of
the top surface and cross-section of the laser deposited walls at each DOE point were
observed in detail to study the morphology and secondary dendrite arm spacing (SDAS),
as well as how these were affected by the laser parameters.

Fig. 4.5 shows SEM micrographs of different positions of the laser deposition
zone prepared with an actual power of 600 W, laser travel speed of 300 mm/min.
Whenever the laser power increased, the dendritic structures of the deposited material
gradually altered from thin to coarse, which means that the primary dendritic spacing was

augmented as the dendrite grew.
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As the laser travel speed increased, the microstructural composition of the
deposited layer changed from coarse dendrites to fine dendrites. This change was
attributed to a decrease in the ratio of the temperature gradient to the solidification rate,

which can be estimated using Eq. (7) [18]:
G/R =2AK(T —T, )’ /nPvCOSH (7)

where G is the temperature gradient, R is the solidification rate, v is the laser
traveling speed, T is the temperature of the liquid, TO is the initial temperature of the
substrate, h is the laser absorption coefficient, P is the laser power and K is the thermal
conductivity of the material.

A homogenous, defect-free, 316L stainless steel deposited microstructure was
obtained. Fig. 4.6 shows the homogenous cellular appearance of the microstructure at the
cross-section after the direct laser deposition of 316L stainless steel using the defined
conditions. The deposition was free of cracks, and the microstructure was mostly cellular,
with SDAS ranging from approximately 15-35 mm.

The microstructure of the deposited material has been shown to depend highly on
the laser deposition process parameters. Under a narrow range of parameters, a defect-

free, homogenous microstructure can be obtained [19,20].



Figure 4.6. Appearance of homogenous cellular microstructure of laser-deposited
stainless steel 316L600, 450 mm/min

90
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Figure 4.7. Cooling rates (°C/s) calculated from the FEA model for the first few
deposited layers at the nine L9 deposition parameters. Note highest cooling rate at highest
travel speed and lowest laser power

Observed from the side, the surfaces of the components exhibited a layered
structure from the laser deposition and showed large, elongated grains. These grains grew
epitaxially, inclined in a direction toward the layers following the temperature field
resulting from the moving laser beam. Fig. 4.8 shows the experimental and DOE results
of the effect of the laser parameters on the SDAS of the nine runs. The SDAS decreased
as the traverse speed increased, as shown in Fig. 4.9a and b, but was largely affected by
the power level. Thus, the SDAS also tended to increase with incident energy (= laser
power/laser traverse speed), as seen in Fig. 4.9c. This trend was expected because SDAS
typically decreases as the cooling rate increases. High energy results from a combination
of high power and low travel speed, yielding a low cooling rate. Conversely, low energy
results from a combination of low power and high travel speed, yielding a high cooling
rate [23]. The SDAS was measured and is illustrated in Fig. 4.10a-c. The SDAS
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correlates very strongly with the predicted cooling rates, providing confirmation of the

models validity.
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Figure 4.8. Measured SDAS (mm) for the nine L9 set of deposition parameters. Note the
smallest spacing occurs at the highest travel speed and lowest laser power, correlating
with the predicted cooling rates

In this work, the SDAS of the 316L stainless steel decreased as the cooling rate
increased. As the cooling rate decreased, there was enough time for the small dendrite
arms to melt and disappear, which occurred as a result of their high surface area to
volume ratio increasing their total energy per unit volume. As the small dendrite arms

disappeared, the SDAS of the alloys increased [2].
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4.3.2. Hardness. The microhardness analysis of the deposited specimens showed
that the microhardness varied from 185 to 280 HV across all samples. Hardness
variations were observed in both the deposited and heat affected zones. Increased
hardness was attributed to the process parameters [21]. A comparison of the hardness
values at each set of parameters did not show any correlation with the model or the
measured SDAS. Ordinarily, in as-solidified materials, the hardness increases as the
SDAS decreases, yet this trend was not observed. Apparently, the subsequent reheating
of the deposited layers effected the resulting hardness in a complicated way.

The microhardness profiles of 316L stainless steel samples subjected to the
investigated laser parameters are illustrated in Fig. 4.11a and b. Microhardness
measurements were taken at increments of 1000 mm for the deposited region and 500
mm for the substrate.

The effect of the laser parameters on the hardness of the deposited material and
heat affected zone are summarized in Fig. 4.12. The hardness values reported in the
figures are the average values of the hardness measured in the deposited material and heat

affected zone.
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In general, the hardness of the deposited material decreased as the laser power
increased and as deposition progressed toward the top layers. On the other hand, the
hardness of the heat affected zone increased with the laser power. At a constant laser
power, the hardness of the deposited material decreased as the travel speed of the laser

beam increased.
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Figure 4.12. The effect of laser parameters on the hardness of deposited material and
heat affected zone

Results published in the [22] literature showed reduced thermal activity as the
energy source moves away from a substrate during deposition. At the beginning of
material deposition, the heat quickly dissipated via the heat conduction of the substrate.
This initial thermal transience produced a rapid quenching rate effect at the beginning
stage of the laser deposition process, which resulted in increased hardness. As a result,
the hardness the heat affected zone varied according to the location at which it was
measured. The region close to the deposited material had higher hardness values than

regions far away from the deposited material.
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5. CONCLUSION

The temperature field evolution, thermal cycling characteristics, temperature
gradient and effects of different deposition directions on the thermal activity of single-
pass, multi-layer laser deposition fabrication were investigated through an FEA
simulations and experimental verification.

The thermal behavior associated with the DLD process involves numerous
reheating cycles. As a result, the temperature history of the deposited materials can be
considered as a series of discrete pulses. A 3D transient thermo-mechanical finite model
with a moving laser beam was developed to predict the temperature at any location and
time during the laser deposition process. Element removal and reactivation technology
was used in the modeling to realize the stepwise pattern of material addition.

The FEA model revealed the significant effects of the processing parameters, such
as the laser power and travel speed. The results showed that increasing the laser power
and/or decreasing the laser travel speed markedly increased the peak temperatures,
cooling rates and dimensions of the melt pool.

The model can be used to determine the laser parameters that would assure a
constant molten pool temperature consistent with a multilayer deposition and therefore
this validation step is critical in the development of this model. A k-type thermocouple
was used to measure the temperature history of multiple layers of deposited material. The
measurements were qualitatively and quantitatively compared with the prediction of the
3D transient thermomechanical finite model. The model accurately predicted the shape of
the heating and cooling curves but had a 20% lower maximum temperature similar to
what other experimenters have reported.

In general, the travel speed and laser power were shown to significantly affect the
microstructure of the deposited material. The deposition was free of cracks, and the
SDAS, ranged in size from approximately 15e35 mm. The microstructure that forms in
DLD parts is dependent on the cooling rate of each layer from the peak temperature at a
certain point in the peak temperature period. The most important factor in determining
the SDAS is the cooling rate that associated with the DLD process. Increasing the cooling

rate during solidification could produce deposited material with finer grains. The DLD
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process in the same deposition direction exhibited larger temperature gradients than in the
reverse deposition direction, and heat diffusion in the same deposition direction was
better. The microstructure, as measured by the SDAS correlated very well with the
predicted cooling rates of the model, while the hardness did not. The lack of a correlation
of the hardness with the microstructure size is attributed to the reheating which occurred
when subsequent layers were deposited.

The model calculated that the remelted depth accompanying the parallel laser
scanning path would be lower than that for the zigzag path during the first layers to be
deposited; therefore, the cooling rate was higher in the parallel path deposition when
compared with the zigzag case. The remelted depth increased approximately linearly with
layer height up to a total height of 14 mm for both parallel and zigzag cases, indicating
that the cooling rate decreases with subsequent layers in this range of height values.
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V. METHODOLOGY FOR STUDYING EFFECT OF COOLING RATE
DURING LASER DEPOSITION ON MICROSTRUCTURE

Tarak Amine, Joseph W. Newkirk and Frank Liou
Journal of Materials Engineering and Performance

ABSTRACT

The present paper focuses on the effect of cooling rate and other processing
variables on microstructure and mechanical properties. A specially designed, namely
“‘step shape,” was used in the current study. The influences of the step thickness were
investigated. Results show that the cooling rate is different at different steps and changes
the solidification of the deposition process. The cooling rate was deliberately controlled
by employing the substrate of varied dimensions. Thermocouples were used to measure
the local temperature of the substrate during the deposition process and cooling stage
until it reached room temperature. The results of the temperature-time relationship proved
the difference in cooling rate. The influence of the substrate dimension on the
microstructure and mechanical properties was investigated. The differed cooling rate led
to varied grain size and resulted in affected varied hardness and tensile strength. The
small samples possessed larger grains sizes formed by a slower cooling rate. The results
open the possibility to acquire continuous varied microstructure and mechanical
properties by employing a “step shape” substrate.
Keywords: Titanium Ti-6Al-4V, Microstructure, Cooling rate.
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1. INTRODUCTION

Laser direct metal deposition (DMD) has traditionally been used to build small
prototypes and in various applications like component repair and short-run component
fabrication. The DMD offer a unique combination of process flexibility, time savings,
and reduced cost in producing titanium alloy components.

The Laser DMD process features a high cooling rate due to the small processing
volume of materials at each location. A number of researches have been conducted on the
influence of cooling rate on process quality, microstructure and mechanical properties.
All of the previous researches focused on applying a heat treatment after the laser
deposition process to obtain a proper microstructure and thus good mechanical properties
[1-3]. Shuangyin et al. [1] have studied the effect of the cooling rate on microstructure
and mechanical properties of laser deposited Ti-6Al-4V alloy. The samples were solution
treated at 900, 950, and 1000 °C, followed by water quenching, air cooling, and furnace
cooling, respectively. Karina et al. [2] studied how changing the melt scan rate effected
the microstructure and macrostructure for electron beam melting of Ti-6Al-4V. He found
that increasing the melt scan rate from 100 to 1000 mmes—1 in the EBM fabrication of
oriented Ti-6Al-4V cylinders increases the cooling (solidification) rate. Shiang et al. [3]
also studied the effects of cooling rate on the microstructure and mechanical properties of
Ti-6Al-4V. The Ti-6Al-4V was solution heat-treated at 960 °C for 1 hour and then
cooling by either by water-quenching immediately or a 2 bar argon atmosphere quench,
respectively. Heat treatment after laser deposition in order to change the microstructure
of deposited metal will increase the process cost as well as become time consuming.

Titanium alloys are used widely in the aerospace field because of their high
strength-to-density ratios, excellent fracture toughness, very good oxidation and good
corrosion resistance at temperatures up to 400°C. Ti-6Al-4V is the most commonly used
of all the titanium alloys and presents an a+ P titanium microstructure when they are
heated, held in the B region and then cooled. Therefore, various transformed
microstructures can be obtained depending on the cooling rate. A martensitic structure or
fine widmanstatten structure (a mixture of the grain-boundary o phase and side-plate

phase) is formed during high cooling rates. When the cooling rate is lower, a coarse
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widmanstatten structure is formed. These structures will produce significant differences
in mechanical properties. Thus, the cooling rate is understood to play a very important
role in predicting the solidification time and grain structure of laser deposition process.
The cooling rate has a significant effect on the structure of solidified alloys. The cooling
rate determines the characteristic features of the lamellar microstructure, such as the size
of a lamellae (o plates), a colony size, and the thickness of a layers at prior  grain
boundaries. In general it can be stated that both microstructural parameters, the width of
individual a plates and the size of o colonies, decrease with increasing cooling rate [4].

By applying a “‘step shape” technique using different substrates sizes, a range of
different cooling rates can be obtained. The approach of this work was (1) to investigate
the influence of the substrate size on the cooling rate, (2) to study the influences of
associated cooling rate attributed using different substrate sizes on the resulting grain
size, which in turn will influence the mechanical properties such as hardness and tensile
strength, and (3) to characterize the relationship between the microstructure and tensile
strength of Ti-6Al-4V across varying cooling rates. This involves comparing the effects
of the cooling rates to data from tensile tests.

Moreover, in this work, a transient thermal model for a single laser track build
was developed to reveal the temperature distribution and the cooling rate for laser

deposits of Ti6Al4V on different sizes and shapes of substrates.
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2. THERMAL MODELING

A technique named ‘‘step-shape’’, consists of variation of thickness and size of
substrates was modeled. The difference in the thickness and the size of the substrate
needed to provide an explicit and sufficient way to study the influence of the substrate
thickness on the cooling rate behavior during the solidification process.

A 3D finite element temperature field model for direct laser deposition developed
by ABAQUS/CAE software demonstrates the model’s thermal history in Ti-6Al-4V.
Transient thermal analysis is first performed within ABAQUS/CAE to determine the
temperature history at each point of interest in the deposited material. The process
parameter used in the model and also in the experimental runs was a laser power of 900
W, travel speed V = 250 mm/min and powder feed rate of 10 g/min. Two cases of
substrate were developed in order to meet the desired ““step-shape:

2.1. FIRST CASE TWO LEVEL STEP SUBSTRATE SHAPE

A single substrate with two level of thickness was investigated first. The idea was
to place a single track across the entire substrate and get two distinct and widely varying
cooling rates. The dimensions of the step substrate and the transient temperature
distribution contour plot for the first deposited layer are illustrated in Fig. 2.1. The
cooling rate along a deposited laser track is shown in Fig. 2.2. The step substrate shape

doesn’t show a significant difference of cooling rate.



Figure 2.1. Temperature contours for symmetric step substrate shape
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Figure 2.2. The average of the cooling rate along deposited layer
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2.2. SECOND CASE TWO DIFFERENT SUBSTRATES OF DIFFERENT SIZES

The second idea was to use two different substrates of differing sizes, while
depositing sequentially using the exact same parameters. One of the substrates would be
significantly larger, resulting in a much higher cooling rate.

2.2.1. Small Substrate Size. The dimensions of the substrate are 25*6*4 mm in
length, width and thickness, respectively. The transient temperature distribution contour
plot for the first deposited layer is illustrated in Fig. 2.3. The average of the cooling rate
along laser track is 1500 °C/s calculated at 890 °C.

1008 IT Comeo il S

Figure 2.3. Temperature contours for small substrate
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2.2.2. Large Substrate Size. The substrate measured 50*50*25 mm in length,
width and thickness, respectively. Fig. 2.4 illustrates the transient temperature
distribution contour plot for the first deposited layer for the large substrate size case. The
average of the cooling rate along laser track is 5000 °C/s calculated at 890 °C.

Figure 2.4. Temperature contours for large substrate
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3. VALIDATION OF MODEL

All of the deposition experiments were conducted at the Laser Aided
Manufacturing Process (LAMP) lab at the Missouri University of Science and
Technology. The apparatus used for DMD consists of a LKW diode laser (coherent diode
laser), a powder feeder and a 5-axis FADAL computer numerical control CNC
(VMC3016). A computer aided design (CAD) file and a CNC control system were used
to control the X-axis, Y-axis movement and Z-axis increment. Ti-6Al-4V powder was
supplied by Starmet Corp. with size in the range of -60 - 120 mesh. This system has been
described in more detail in [5].

In order to validate the model, the temperature history during the (DMD) process
was experimentally measured by K-type thermocouples positioned at different depths on
the underneath surface of each substrate. The depth of the three thermocouples was 1mm
below the top surface of the substrate, as shown in Fig. 3.1. This location was evaluated
with the FEA model output as to be sufficiently low in temperatures the thermocouples
would not be damaged. These locations will be referred to as the reference positions for
the measured temperatures.

The temperatures were recorded with a data logging system at a rate of 100 Hz.
The data logging system was initiated prior to the deposition and terminated several
minutes after completion of the deposition. In this way, the whole thermal history of the
instrumented locations would be recorded, including the deposition process and the
cooling period after the deposition. It is essential to keep a constant thermal condition to
fabricate parts reproducibly by LAMP technique. The critical thermal parameters include
heat gradient and cooling rate, which act as important factors in determining the
microstructure evolution. These experiments were used to monitor the heat gradient of

the laser track as well as the cooling rate after deposition.
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Figure 3.1. Schematics of a direct laser deposition process system, also showing
positions of the reference thermocouples

All the samples were deposited with the same amount of total energy (parameters)
and same final dimensions except for the cooling rate. The process parameter
combinations used are 900W of laser power, 250mm/min of laser speed and 10g/min of
powder federate. Each of the designed ““step-shape” substrates was evaluated.

3.1. MATERIAL AND MICROSTRUCTURE

The substrate material and the powder for deposition is a commercial grade of Ti-
6Al-4V. The chemical composition range of Ti-6Al-4V is listed in Table 3.1 To render a
sufficient variation in cooling rate, two substrate plates were used with different
dimensions, as described above. The large one has a size of 50*50*25 mm in length,
width and height, respectively; while the dimensions of the smaller one are 25*6*4 mm
in length, width and height, respectively. The offset between the laser head and
deposition point was at a constant distance of 5 mm.

For optical microscopy and scanning electronic microscopy (SEM) analysis,
samples were mounted, metallographically polished, and etched using Kroll’s reagent

(2ml HF 4 ml HNO; 100ml H,0).
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Table 3.1. Chemical composition of the Ti-6Al-4V Titanium alloy powder

Element Al Fe 0] C N H V Si Ti

Content | 6.02 <0.15 0.3 <0.056 0046 001 4 <0.039 Rest
(W %)

3.2. MECHANICAL PROPERTIES

Tensile testing of the as-deposited specimens on each substrate were conducted
using a universal testing machine. The tensile testing was conducted at room temperature
according to the ASTM E-8. To obtain the displacement equivalent to 0.2% strain, the
226 MPa (113GPa * 0.002) stress line was drawn to intersect with the stress—
displacement curve. An offset line for yield strength measurement was then plotted from
the x-intercept of the intersection point and parallel to the elastic portion of the curve.
The point of intersection of the offset line with the actual curve Stress-Displacement
curve thus provides the yield strength value as shown in Fig. 3.2. The results presented
are the average from three specimens at each condition.

Hardness tests were utilized to assess the deposited material characteristics. The
samples were tested with 100 g load applied for 10 seconds using an automated Vickers
hardness tester. Hardness measurements were made on transverse section across the
deposited material started from top towards to substrate. Hardness measurements were

taken at increment of 100 um.
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Figure 3.2. Schematic representation for yield strength calculation procedure using the
Young’s modulus value
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4. RESULTS AND ANALYSIS

4.1. TEMPERATURE DISTRIBUTION

The simulated temperature distribution along the deposited layer and substrate are
illustrated in Fig. 4.1, using the laser parameters defined in the caption for both the case
of the large and small substrates. The temperature of each nodal point within the solid

was calculated as a function of time.

-Simulation Large Substrate —— Simulation Small Substrate
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Figure 4.1. Simulation result of temperature distribution of large and small substrates
size at element in the middle of laser track 900 W and V = 250 mm/min

Fig. 4.2 shows the measured temperature distribution corresponding to the
location at 1 mm underneath the deposited layer for both large and small substrates. The
temperature profile shows three stages according to the slope, which corresponded to the

thermal history the local material experienced. The temperature peak represents the
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thermocouple response as the laser passed over it. The temperature increased when more
and more energy was transferred to this position by heat condition. The thermal excursion
decays when the energy source moved away from thermocouple position during the
deposition of a layer. Since the thermocouples were attached on the substrate, the
measured temperatures would be much lower than those actually found near the molten
pool. As seen in Fig. 4.3 the simulated results of the temperature distribution are close to

the measured experimental results.

——Experimental Small Substrate ——Experimental Large Substrate

e

S TN
3 BN
I | N
SN
“TTH
\

\

Temperature (°C)

Q :f:) 430 /\°) '\QQ \rf.‘) .\"OB \1‘0 qS)Q ‘_ﬁf‘.) quQ
Time (S)

Figure 4.2. Experimental result of heat distribution of deposited material on different
substrates size
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Figure 4.3. Experimental and simulation result of heat distribution for both large and
small substrates size

4.2. MICROSTRUCTURE

The length and width of more than 20 primary a particles were measured for each
specimen to determine the particle length and width, the size distributions, and average
particle size.

For the expected Ti-6Al-4V  microstructure (Acicular, lamellar, or
Widmanstétten), as cooling rate decreases, the o lath thickness is known to increase,
leading to lower ultimate tensile strength (UTS), yield strength (YS), and microhardness
[6-12].

Titanium is allotropic. It experiences phase transformations at 885 °C (1625°F)
from Hexagonal Close Packed (HCP), to Body Centered Cubic (BCC). Titanium alloys
experience phase changes [13] at varying temperatures which depend on the alloying
elements and their concentrations. The phase change is characterized by the phase

transformation temperature known as the B transus as shown in Fig.4.3 [13]. The
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transus temperature is affected directly by alloying components that act as alpha (a) or
beta (B) stabilizers. Hydrogen, for example, is a beta stabilizer, which lowers the B
transus temperature. Oxygen, nitrogen, and carbon are alpha stabilizers, which increase
the P transus temperature. Metal impurities and alloying elements increase or decrease
the B transus depending on the element present. Alloying elements are beta stabilizers if
their crystal structure is BCC, much like B-phase Ti. These elements include tantalum,
molybdenum, niobium, and vanadium. Beta stabilizer elements do not form intermetallic
compounds with Ti. Eutectoid systems can be formed with chromium, aluminum, copper,
nickel, and other transition metals. These elements have low solubility in o-phase
titanium and act as alpha stabilizers. Together, the B transus temperature can be
controlled while taking advantage of mechanical properties given with alloys [14]. The
grain morphology is controlled by the combination of the thermal gradient and the

cooling rate. The solidification velocity is related to the thermal gradient and cooling rate

Where R is the solidification velocity, G is the thermal gradient, and dT/dt is the
cooling rate.



117

1050°C
- B transus
;_ 850°C

\

X \ 800°C

L\ e0c
Ti-6Al 4% v

Figure 4.4. Phase diagram of Ti-6Al-4V with unit cells. The B transus marks the
minimum temperature where equilibrium o does not exist [13]

The B transus plays a crucial role in determining the microstructure of the alloy.
Slow to moderate cooling from above the B transus, for example, leads to the nucleation
and growth of a- phase in plate form from B-phase grain boundaries. Slow cooling forms
coarse plate-like alpha, whereas air cooling results in finer needle-like a-phase as shown
in Fig. 4.4. Figure 4.5 shows SEM micrographs of the deposited Ti-6Al-4V on large and

small substrates size.
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Figure 4.5. SEM micrographs of the Ti-6Al-4V deposit processed by laser deposition,
(a,b) deposited on large substrate, (c, d) deposited on small substrate

Fig. 4.6 presents the microstructure of laser-deposited Ti-6Al-4V. The laser
deposited Ti-6Al-4V alloys exhibit fully lamellar microstructure, indicating the peak
processing temperature exceeded the P-transus temperature. The transformed f
microstructure shows basketweave o morphology, which is a typical laser processed Ti-
6AIl-4V microstructure [15]. It is well demonstrated that laser deposition has high cooling
rates, usually in the range of 103 — 106 K/s [16]. At such a high cooling rate, a nucleation
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of multiple variants of the Burgers orientation relation becomes dominant and favors

formation of the basketweave o over large colony morphology [17].

Figure 4.6. Optical microstructure of laser deposited Ti-6Al-4V alloys (a), (b) with small
substrate and (c), (d) with large substrate

It is noteworthy that there’s a general grain size difference between the deposited
layers with different substrate thicknesses. Comparison of the microstructure from the
same position in the two depositing as in fig. 4.6b and fig. 4.6d clearly shows the
difference. The average prior grain size were ~250 um and 135 pum in fig. 4.6b and fig
4.6d, respectively. The cooling rate plays a dominant role in determine the prior B grain
size in the laser cladding process. In the present work, Ti-6Al-4V substrate acted as the
heat sink and the cooling efficiency increased as its size increased. Higher cooling rate
restricted the grain growth during solidification and resulted in the finer prior-B grain
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size. For phase transformation during further cooling, there’s less time for a plate growth
under high cooling rate.
4.3. MECHANICAL PROPERTIES

The strength of the alloy depends upon the properties and amounts of the phases
present in the microstructure. Thus, the observed variation in strength could be explained
by considering the changes in the volume fraction of a phase due to processing difference
cooling rate.

Mechanical properties of two phase titanium alloys strongly depend on
morphology of particular phases. In the case of the alloys with lamellar microstructure,
the thickness of a lamellae and diameter of their colonies have the most significant
influence [1, 18]. For the expected Ti-6Al-4V microstructure (known as acicular,
lamellar, or Widmanstétten), as cooling rate decreases, o lath thickness is known to
increase, leading to lower ultimate tensile strength (UTS), yield strength (YS), and
microhardness [18-19].

With increasing the cooling rate, the width of primary o lath decreases, the aspect
ratio and volume fraction of primary a increases, which make the hardness and tensile
strength increases and the ductility decrease [1].

4.3.1. Tensile Test. The tensile property results obtained in this work indicate that
both 6Y and cUTS increase when the cooling rate increases from 1500 c°/s to 4500 c°/s.
An especially significant increase occurs at cooling rates when different substrate sizes
were used compared with step shape substrate as shown in table 4.1.

Table 4.1 presents the results of tensile tests carried out on the several Ti-6Al-4V
alloy cooled at different rates. The yield stress was measured at a deformation of 0.2% in
compression. The number of grains in the section of different tested samples was
measured by ImageJ software observation. The average grains size (D) decreases when
the cooling rate increases. This can be readily explained as cooling rate is decreased, the
time spent by the alloy in the high temperature a-domain is increased and grains are
allowed to grow more. For the deposited on small substrate which had low cooling rate,
the dispersion of yield stress results is due to a coarse and heterogeneous structure and to
a reduced number of grains in the section of the test pieces. On other hand, for deposited

material on large substrate which had high cooling rate, the vyield stress gains
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homogeneity due to a wholly lamellar and more homogeneous structure. In this cooling

rate domain, the average yield stress increases by 25%, from 830 to 1040 MPa. As

cooling rates increase the length and thickness of the a-lamellae decrease which leads to

higher yield strengths. Elongation remarkable increased from average from 13% to 24%

with increase in cooling rate from 1500 °C/s to 5500°C/s respectively.

Table 4.1. Tensile strength and hardness results

Cooling

1500 C°/S 5500 C°/S
rate
UTS (Mpa) YS (Mpa) Hardness (HV) UTS (Mpa) YS (Mpa) Hardness (HV)
Sample 1 845 825 415 1120 995 405
Sample 2 890 835 425 1190 1140 410
Sample 3 850 830 420 1110 985 400

The significant increase in the tensile properties with increasing the cooling rate

may be attributed to two main microstructural changes. First, the volume fraction of

primary a phase decrease with increasing the cooling rate. Second, the o + B lamellar

spacing decreases with increasing the cooling rates [20].
4.3.2. Hardness. As seen in table 4.1 the hardness is remarkably affected by the

cooling rate. The hardness increased with increasing the cooling rate. The average of

hardness of several measured points of deposited material on small and large substrate

are 405, 420 HV respectively. The samples have the lowest hardness, which is attributed

to the formation of the coarsening a laths.
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5. CONCLUSION

The current paper focuses on the influence of the cooling rate on the

microstructure and mechanical properties in the direct laser deposition process. By

applying a “step shape” technique, the investigation of the influence of the step thickness

on the cooling rater becomes feasible. Based on such work the following conclusions can

be drawn:

The two level step substrate shape did not have a significant influence on the
cooling rate. However, the two different substrates of different sizes resulted in
two significantly different cooling rates in the desired range.

The cooling rate has a notable influence on the microstructure and phase
composition of laser deposited Ti-6Al-4V.

The structure of samples cooled at a rate of 1500°C/sec was studied and showed
that increasing cooling rates yield a finer and more homogeneous structure.

The average length and width of primary a particles decrease and the aspect ratio
increases when the cooling rate is increased.

Ultimate tensile strength and yield strength increase when the cooling rate
increase.

The hardness is remarkably affected by the cooling rate, the average of hardness
of deposited material on small and large substrate are 405, 420 HV respectively.

This “step shape” technique would be applicable to a wide range of alloys, not

just Ti-6Al-4V.
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SECTION

2. CONCLUSION

The temperature field evolution, thermal cycling characteristics, temperature
gradient and effects of different deposition directions on the thermal activity of single-
pass, multi-layer laser deposition fabrication were investigated through a FEA
simulations and experimental verification.

The thermal behavior associated with the DLD process involves numerous
reheating cycles. As a result, the temperature history of the deposited materials can be
considered as a series of discrete pulses. A 3D transient thermo-mechanical finite model
with a moving laser beam was developed to predict the temperature at any location and
time during the laser deposition process. Element removal and reactivation technology
was used in the modeling to realize the stepwise pattern of material addition.

The FEA model revealed the significant effects of the processing parameters, such
as the laser power and travel speed. The results showed that increasing the laser power
and/or decreasing the laser travel speed markedly increased the peak temperatures,
cooling rates and dimensions of the melt pool.

The model can be used to determine the laser parameters that would assure a
constant molten pool temperature consistent with a multilayer deposition and therefore
this validation step is critical in the development of this model. A k-type thermocouple
was used to measure the temperature history of multiple layers of deposited material. The
measurements were qualitatively and quantitatively compared with the prediction of the
3D transient thermo-mechanical finite model.

In general, the travel speed and laser power were shown to significantly affect the
microstructure of the deposited material and the deposition was free of cracks. The
microstructure that forms in DLD parts is dependent on the cooling rate of each layer
from the peak temperature at a certain point in the peak temperature period. The most
important factor in determining the grain size is the cooling rate that associated with the
DLD process. Increasing the cooling rate during solidification could produce deposited

material with finer grains. The DLD process in the same deposition direction exhibited
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larger temperature gradients than in the reverse deposition direction, and heat diffusion in
the same deposition direction was better.

The model calculated that the remelted depth accompanying the parallel laser
scanning path would be lower than that for the zigzag path during the first layers to be
deposited; therefore, the cooling rate was higher in the parallel path deposition when
compared with the zigzag case.

Moreover this work focuses on the influence of the cooling rate on the
microstructure and mechanical properties in the direct laser deposition process. By
applying a “step shape” technique, the investigation of the influence of the step thickness

on the cooling rater becomes feasible.
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