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ABSTRACT

Laser Engineered Net Shaping (LENS) is a novel manufacturing process for fabricating
metal parts directly from Computer Aided Design (CAD) solid models. The processis similar to
rapid prototyping technologies in its approach to fabricate a solid component by layer additive
methods. However, the LENS technology is unique in that fully dense metal components with
material propertiesthat are similar to that of wrought materials can be fabricated. The LENS
process has the potential to dramatically reduce the time and cost required realizing functional
metal parts. In addition, the process can fabricate complex internal features not possible using
existing manufacturing processes. The real promise of the technology is the potential to
manipulate the material fabrication and properties through precision deposition of the material,
which includes thermal behavior control, layered or graded deposition of multi-materials, and
process parameter selection.

INTRODUCTION

Direct laser metal deposition processing is a promising manufacturing technology, which
could significantly reduce the length of time between initial concept and finished part. To
facilitate adoption of this technology in the manufacturing environment, further understanding is
required to ensure routine fabrication of robust components with desired material properties.
This requires understanding and control of the material behavior during part fabrication. This
paper describes our research to understand solidification aspects, thermal behavior, and materia
properties for laser metal deposition technologies.
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Figurel: (a) Schematic of LENS process. (b) In-situ wall fabrication.




The specific laser metal deposition technique used for this study is the Laser Engineered
Net Shaping (LENS) process [1-5]. Figure l1a shows a schematic of the LENS process. A
component is fabricated by focusing a laser beam onto a substrate while simultaneously injecting
metal powder particles to create a molten pool. The substrate is moved beneath the laser beam in
the X-Y plane to deposit a thin cross section, thereby creating the desired geometry for each
layer. After deposition of each layer, the powder delivery nozzle and focusing lens assembly are
incremented in the positive Z-direction, thereby building a three dimensional component layer
additively. Figure 1b shows the deposition of a single pass wall in 316 stainless steel. LENS
components have been fabricated from various alloys including stainless steel, tool steel, nickel-
based super alloys, and titanium.

Any LENS fabricated component has a complex thermal history. It isimportant to
understand the bulk and transient thermal behavior to reproducibly fabricate parts. The ultimate
intent is to monitor the thermal signatures and to incorporate sensors and feedback algorithms to
control part fabrication. With appropriate sensors and feedback, the geometric properties
(accuracy, surface finish) as well as the materials properties (e.g. strength, ductility) of a
component can be designed into the part through the fabrication parameters.

To advance direct fabrication capabilities, the LENS process must be able to
accommodate a wide range of materials and deposition styles. Over the past few years, we have
built up an extensive material database to understand the range of materials processable by
LENS. However, because LENS is a precision, point by point, fabrication process, we have
expanded the deposition capability to include composites and graded structures [6]. Therefore,
the designer can tailor physical properties critical to component performance. Examples include
graded deposition for matching coefficient of thermal expansion between dissimilar materials,
layered fabrication for novel mechanical properties, and new aloy design where elemental
constituents and/or alloys are blended to create new materials.

In this paper, we will discuss our efforts to understand, model, and control microstructural
evolution and material properties. We will also show advanced capabilities that are possible
with a precision deposition process to tailor and enhance performance.

MATERIAL PROPERTIES

Material Database

As stated in the introduction, many aloys have been used to fabricate parts by LENS.
Table | isapartial list of the room temperature mechanical properties for alloys ranging from
stainless steels to titanium to nickel-based aloys. 1n most cases, the LENS properties are as
good asif not better than the traditionally fabricated material. For stainless steel 316 (SS316),
the yield strength is double that of wrought, while retaining a ductility of nearly 50%. Thisis
most likely due to Hall-Petch grain size refinement, where finer grain sizes results in higher yield
strengths. Typical LENS-processed grain sizes range from 1-10 microns, where traditional
wrought material is around 40 microns. At 40 microns, thistrandates to ayield strength of 30
ks, versus a 1 micron grain size should be equivalent to ayield strength 67 ks [7]. As-process
LENS SS316 has ayield strength of 63 ksi, indicating that grain size refinement is controlling
strength properties.



Table I: Room temperature mechanical properties for various alloys fabricated by
LENS. LENS properties are from as-process parts except where noted (*annealed, **
solution treated + annedled). LENS properties are compared to wrought material
except when heat treated (HT), and properties are compared to same HT for traditional
processing.

MATERIAL UTS YTS El

(KSI) (KSI) (%)

Wrought LENS™ Wrought LENS™ Wrought LENS™

SS 316 85 110 34 63 50 46
SS 304L 95 40 47 55 70
H-13 250 247 210 212 12 1-3
Ti-6Al-4v* 135 130-145 124 120-140 10 1-16
IN718** 200 203 168 162 20 16
IN 625 121 135 58 89 37 38
IN 600 106 62 40

Effect of Layered Deposition

For LENS components that will be used in the as-processed state, it is important to
understand the effect of layered deposition and the many layer interfaces on the resulting
mechanical properties. Inthe worst case, the layers are not well fused during fabrication,
forming large pores, resulting in poor mechanical properties. But for fully dense material, it is
necessary to determine the effect of the layered deposition on resulting performance. This will
be important as more complex schemes are used to deposit material (e.g. multi-axis).

Simple sample geometries were chosen where the tensile direction is either parallel (H)
or perpendicular (V) to thelayers. Table 11 shows the results for two stainless steel alloys and
two nickel superalloys. The stainless stedl aloys show the greatest effect of the layered
deposition, where the strengths are lower for the vertical samples. Thisis most likely due to
stress state condition where the layers are perpendicular to the pull direction and any
imperfections will initiate fracture. 1nspection of the fracture surfaces shows fracture initiation
occurs at alayer interface [8]. However, microstructural inspection does not reveal any defects
or other features at the interface that would result in this behavior. The yield strengths are much
higher for the horizontal samples, with a tradeoff in ductility. The horizontal specimens do show
secondary cracks forming at the interface, further indicating that there is some sort of weak
microstructure at the interface. Further microstructural analysisis required to understand the
effect of the interfaces on resulting properties.



The nickel superalloys show little effect of the layered deposition, and variations in
properties are more likely aresult due to the small sampling of parts. It should be noted that
many LENS parts are post-heat treated, and after a solution heat treat, the layered deposition
structure completely disappears.

Table Il1: A comparison of build direction on as-processed room temperature
tensile properties for two stainless steel and two nickel alloys.

MATERIAL uTsS YTS El

(KSI) (KSI) (%)

V SS 316-V 115 65 66 H

SS 316-H 117 86 30
SS 304L-V 95 47 70
SS 304L-H 103 65 59
IN 625-V 135 89 38
IN 625-H 136 75 37
IN 690-V 88 56 45
IN 690-H 108 63 48

Effect of Process Parameters

One of the main goals of thisresearch is to determine the effect of various process
parameters on resulting material properties. With an understanding of their effect, we hope to
predict and tailor the final performance behavior. An initial set of experiments was performed
using H13 tool steel. Simple hollow boxes (shell build), one line wide, were fabricated with the
following dimensions and deposition parameters:

Size: 101.6 mm x 101.6 mm x 152.4 mm

Layer increment = 250 nm

Power: 200, 250 and 300 Watts

Velocity: 5.92, 7.62, and 9.31 mnvs
By changing the power and velocity values, the deposition energy or thermal input is varied
which could have an effect on final strength and ductility properties. Figure 2 shows the room
temperature tensile results for nine power and velocity combinations. By modifying the
deposition energy, one can tailor the strength and ductility values. For low energy input, through
low power or high traverse velocity, the molten bead will solidify quickly resulting in high yield
and ultimate tensile strength values. If the performance requires significant ductility or strain
capability, parts should be fabricated at high energy input using high power and/or slow traverse
velocity. Aswith many fabrication technologies, and in the case of H13 tool steel, one cannot
achieve the highest strength and ductility values simultaneously. The designer must consider
what are the performance priorities and match the processing conditions to achieve those
properties.
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Figure 2. Comparison of room temperature tensile properties for H13 tool steel shell
build samples fabricated at various power and velocity values.

MATERIAL UNDERSTANDING AND CONTROL

In order to understand the development of structure and properties in the solidified
material, it isimportant to know the thermal gradients and cooling rates in and around the molten
pool. These gradients control the morphology and scale of the first solid to form, and are a
primary factor in determining the properties of the sample. Thermal measurements,
microstructural studies, and modeling can be combined to develop process parameters to control
microstructural development and tailor the properties of samples for particular applications.

Thermal 1maging

It is known intuitively that a thermal gradient exists across the molten pool and into the
bulk material created by the LENSprocess. The nature and extent of this gradient has not been
fully characterized. Since mechanical properties are dependent upon the microstructure of the
material, which in turn is a function of the thermal history of solidification, an understanding of
the temperature gradient induced by LENS processing is of special interest. It would be
particularly beneficial to use non-invasive thermal imaging to measure the temperature profile
and gradients and to use these thermal profilesin feedback control.

Preliminary experiments were conducted using ultra high speed digital imaging
techniques [9-11] during LENS processing to provide insight asto the size of the molten pool
and the thermal gradientsin 316 stainless steel (SS316) samples fabricated using the LENS
process. Figure 3 shows atypical view of the molten pool seen from the top. The image has
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Figure 3: Image of molten pool during LENS processing. Dotted outline represents the
solidification interface temperature, 1650 K, for stainless steel 316.

been converted to temperature and colorized according to the adjacent scale. Inthe figure, the
bead motion is from top to bottom, as signified by the thermal tail. The solidification interface,
or pool area, at 1650 K is outlined and thisis monitored in real time. Note there is an abundance
of extra energy or superheat within the molten pool (greater than 250 K), which will effect the
thermal gradients and solidification microstructures.

The thermal profiles of the build reveal interesting non-linearities in the build process.
Profiles were compiled for wall geometry builds as a function of laser power. These are
presented in Figure 4 for SS316 alloy. The laser power for each profile is shown in the legend.
The molten pool size increases with power up to 275W. Above 275W the energy of the laser
drives the pool temperature up without significant change in the length of the molten zone. Note
also that the slopes of the temperature profiles outside the molten zone generally increase as the
power decreases. Higher power results in more bulk heating of the sample away from the molten
zone. Thisresultsin alower cooling rate in the sample after solidification. For example, the
cooling rate of the 275W sample 0.5 mm from the solid-liquid interface is twice that of the 410W
sample. The initial scale of the microstructure, however, should be determined by the cooling
rate at the solid-liquid interface.

A complete series of line builds was analyzed to determine the cooling rate at the solid-
liquid interface. These determinations are shown in Figure 5. At the interface the cooling rates
are substantially higher at the low power levels and remain fairly constant at the higher powers.
Thus, the highest quench rates are available at the lowest power, when the molten zone is small.
Asthe laser power isincreased, the quench rate at the interface settles at 1000-1500 K/s. All
these results are for thin-walled features which show a great change in thermal gradients for
changesin power. In contrast, for bulk solid fabrication, the cooling rates are not so varied. At
the highest powers, the cooling rate is much lower, about 500 K/s, so that one may expect a more
coarsened microstructure due to grain growth. With information about temperatures in and
around the molten pool, pool size, and thermal gradients, we hope to utilize in-situ control to
improve the capabilities of parts fabricated by LENS.
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In-situ Control of Thermal Signature using Visible Imaging

With an understanding of the molten pool temperatures, thermal gradients, and steady
state pool sizes, this information can be utilized to control the process. By matching the pool
areato the specific thermal condition, one can extend the overhang capability in a 3-axis LENS
system. Figure 6 shows athin-walled hollow tube, two lines wide, with a 40 ° overhang.
Without any control over the thermal behavior or molten pool area, only a 20 ° overhang is
possible. Now, the pool areais matched to the geometric condition, in this case supported versus
partially supported sections, to maintain a consistent, reliable build at 40°.

Figure 6: Photo showing advanced
capability using closed loop control
to fabricate double thick wall tube

with 40° angle.
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Figure 7: Temperature traces at one position as
twenty layers are deposited on top of thermocouple
inserted into H13 LENS shell build.



Thermocouple measurements to determine macro-thermal transients

A relatively easy way to obtain the thermal history during LENS processing is by
inserting a thermocouple (TC) directly into the sample during fabrication [9]. Fine diameter (10
mm) Type C thermocouple wire is used for measurements to ensure no reaction during
deposition, and care was taken to insert the TC bead into the deposition zone for accurate
temperature measurements. Figure 7 shows the in-situ temperature readings for twenty
deposition layers from a representative thermocouple inserted during fabrication of H13 tool
steel. Each peak represents the thermocouple response as the laser passes over or near the
thermocouple, from initial insertion to subsequent layer depositions. The thermal excursions
dampen out when either the energy source moves away from the thermocouple during
fabrication of alayer or subsequent layers are deposited. After the initial peak in temperature,
approximately 1500 °C, the heat is quickly conducted away in about 15 seconds to a nominal
value of 150 °C for the first layer. Thisinitia thermal signature should result in a solidification
process producing a high strength microstructure. Yet, for LENS processing, each subsequent
pass reheats the previous layers, such that after the fifth layer is deposited, the initial layer still
receives thermal excursionsto 900 °C. Following thirteen deposition layers, the thermocouple
nominally reads 500 °C. This complicated thermal cycling affects the material properties
including residual stress and mechanical strength due to tempering or aging effects. This thermal
behavior and effect on final properties is discussed in the next section.

Microstructure Evolution in LENS Fabrication

The characteristics of microstructural evolution in LENS fabrication can be complex due to
the thermal transients and are dependent on the alloy system. However, some generad
considerations can be illustrated by discussion of a specific alloy system and the models which
must be developed to describe the response of the aloy to processing. H13 tool steel provides a
good example of an alloy system where there are several mechanisms for microstructural
changes during processing. The LENS processing of this system has recently been described in
more detail [12]. Thisisacommercialy available secondary hardening alloy that is of
significant industrial importance that, when conventionally heat treated, exhibits a martensitic
structure strengthened by the formation of Mo and Cr containing alloy carbides.

Due to the layer additive nature of the LENS process, the thermal cycles associated with
the LENS process can involve numerous reheating cycles. Thus, the goal of any assessment of
microstructural evolution isto determine the response of the alloy to these cycles. For a shell
build of H13, the peak temperature of the cycle provides a convenient meansto classify the cycle
and the response of the material. As shown in Figure 8, the build microstructure can be related
to the H13 phase diagram, although it must be noted that, given the rapid heating and cooling
rates, non-equilibrium conditions exist and the diagram can only be used as a general guide. The
microstructure shown was taken from the final portion of the build, and can be separated into
three different regions corresponding to peak temperature. Also shown is the height of the
individual build passes.

Region | is composed of as-solidified H13 (last pass) and supercritically reheated (fully
reaustenitized) material. Some segregation of aloying elements occurs as aresult of partitioning
during solidification, and little alloy element homogenization occurs due to the slow diffusion
rates of substitutional alloying elements in austenite [13]. The exception is carbon for which the
diffusivity is much more rapid and a uniform distribution is expected [13]. The supercritical
region extends from the liquidus temperature to the ferrite + carbide two-phase region, which on
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Figure 8: Correlation between measured thermal cycles, microstructure, and the
phase diagram for H13 (0.04 wt% C) shell build. Three thermal regions are used to
describe the behavior. The pass height for these conditions is approximately 0.25
mm.

the equilibrium diagram is approximately 925°C. The light etching material of the supercritical
region is untempered martensite (hardness of 59 HRC) in which no carbides were detected using
transmission electron microscopy (TEM).

Region |1 corresponds to material cycled into the intercritical two-phase and narrow
three-phase regions shown on the diagram and corresponds to the fifth layer from the top of the
build. This material had been previoudly cycled into the supercritical region, and isthe
uppermost dark etching region in Figure 8. It isinteresting that the height of thisregion is close
to that of a single pass height, and based on the phase diagram, would have contained a thermal
gradient of roughly 150°/0.25 mm (~600°C/mm). For the thermal cycles shown, only the peak
temperature of the fifth thermal cycle lies within thisregion. The region therefore consists of a
mixture of carbides and martensite (formed from the austenite present at the peak temperature).

Region |11 contains the material that in addition to having experienced thermal cyclesin the
upper two regions, also experienced subcritical thermal cycles. For H13, the subcritical cycles
can result in additional alloy carbide precipitation and/or carbide coarsening. The final
microstructure (in the bulk of the build) therefore consists of martensite containing several types
of alloy carbides. In thisregion, the hardness initially dropsto avalue of 54 HRC and can
further reduce depending on the processing and thermal history [12].

Model Descriptions

Given the qualitative descriptions for the microstructural changes which occur in each
build region, it remains to develop kinetic models for the various mechanisms. Here again, it is
important to recognize that these models are necessarily alloy dependent, and must reflect the
principal strengthening mechanisms operative in the alloy. For H13, the supercritically heated
region (Region 1) is relatively simple because the hardenability and cooling rates during the



cycles are both high. Thus the microstructure after the supercitical cyclesis essentialy single
phase fresh (untempered) martensite, although there may be some residual inhomogeneity in the
aloy element distributions through the martensite. The solidification segregation of alloy
elements can be estimated with knowledge of the solidification partition coefficients and
conventional solidification models. The extent to which alloy element concentrations are
homogenized during the supercritical passes can be estimated by using conventional diffusion
calculations, but it isimportant to note that the diffusion equations must be solved over the
thermal cycle(s) and therefore generally require numerical methods.

The microstructural changes occurring in Region |1 are perhaps the most severe and
difficult to describe from a model perspective. During the intercritical cycles, the martensite
present after the supercritical cycles transforms into ferrite, austenite, and carbides. At the
temperatures involved (above 800 °C), the rate of this transformation is very high and difficult to
analyze experimentally. Efforts are underway to develop kinetics models for these types of
transformations (see, for example 14), but for the present overview it is sufficient to note that
these models must describe the nucleation and growth of the austenite and carbides as well as the
fractions of each constituent (austenite, ferrite and carbide) as they evolve during the temperature
transent. Here again, the athermal nature of the process generally necessitates a numerical
approach. It isimportant to note here that steels (and titanium aloys) are the only common
commercial alloys that undergo these types of solid state phase transformations. As aresult,
other alloys, such as Ni-based superalloys, are therefore significantly less complex in terms of
microstructural evolution.

Although the influence of the subcritical cyclesis less pronounced than that of the
intercritical cycles, the effects of these cycles can still be significant in terms of the
microstructural evolution and resultant properties. For H13, the principal effects are those
related to the precipitation and coarsening of alloy carbides. There are a number of approaches
to describing these changes, and an example of one such approach is given in Ref. 12. In that
work, hardness was selected as the property of interest, and a simple kinetic model describing the
evolution of hardness during the subcritical cycling was developed. Inasmuch as many alloys of
commercial interest are precipitation hardenable, models of this type are generally applicable to a
wide range of aloys.

EXPANDING MATERIAL DEPOSITION CAPABILITY

One of the unique aspectsto LENS is the point by point deposition style. With this type
of deposition, it is possible to optimize the build parameters in order to improve fabrication.
Software has been developed to allow the designer to choose or correlate the build parameters-
such as layer thickness, hatch spacing, power, velocity, material, etc.- to part position. Thisis
useful in many aspects. 1) deposition rate istailored to feature size, 2) surface finishis
controlled through outside border parameters, 3) feature size is correlated to deposition
parameters to improve accuracy, and 4) multiple materials can be selected to tailor propertiesin
particular part sections. Figure 9 isasimple example of tailoring the parameters for fabrication
of agear. Finer parameters (layer thickness and hatch) and a hardfacing alloy are used in the
teeth section for good surface finish, feature definition, and wear properties. The inside section
is an example of bulk deposition with a different alloy where the deposition rate is doubled and
the alloy has more ductile properties. Therefore, the choices in deposition parameters and
materials open a whole new capability in part fabrication. Results for layered and graded
fabrication have been shown elsewhere for LENS [6].



Figure 9: Anexample of tailored parameter and material fabrication for a gear section.

SUMMARY

In general, the evolution of microstructure and properties during LENS processing can be
very complex. We are currently using visible and thermocouple techniques to determine the
micro (molten pool) and macro (part) thermal history to gain an understanding of the LENS
process. With in-situ monitoring, we have initiated process control through maintaining a
setpoint for the molten pool areato extend the overhang capability. This control is coupled with
new software to select deposition parameters that are tailored to the part geometry as well as the
material performance through multi-material deposition. As we gain more knowledge of the
process and resulting properties, we will further develop our modelsto predict and control the
microstructural evolution.
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