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Abstract 

Laser Engineered Net Shaping (LENS) is a direct fabrication process in which metal 
powders are deposited into a laser melted pool, with succeeding layers being deposited to 
build up complex engineering shapes. This process is a rapid, low cost, low footprint, 
direct fabrication technique that lends itself to the concept for advanced manufacturing. 
It is especially suited for rapid prototyping and small lot production. However, previous 
work has developed LENS as an advanced manufacturing tool, rather than exploiting its 
potentially unique attributes. These attributes include: real time control of microstructure, 
tailored material properties at different locations in the same part, the production of 
graded thermal expansion parts, etc. In this program, the important metallurgical 
parameters, solidification velocity and cooling rate, have been characterized and process 
models developed that are being used as input to microstructural models. Residual 
stresses were measured and process maps developed for controlling residual stresses and 
melt pool size that are critical for controlling part dimensions and quality. Tool steels and 
two stainless steels have been used as model systems to demonstrate the concept and 
feasibility of utilizing the high solidification velocities and cooling rates to design 
microstructures and properties to meet functionality. It has also been shown that starting 
powder characteristics can greatly affect build quality, especially intralayer porosity. 
Limited work on ceramic materials indicates that novel material can be fabricated using 
this technology. This work has added a new dimension in designing and fabricating 
engineering components with novel microstructures and properties using this rapid 
prototyping technology. 
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Introduction 

The concept of near net shape fabrication using additive processes like LENS is an 
intriguing concept that is now starting to experience early rapid prototyping and 
production applications. However, it was recognized that much of the early work had 
been dedicated to the development of CAD programs and the process engineering 
required to prove this a viable technique to be used for rapid prototyping. Very little 
work had been done in understanding the metallurgical characteristics and the potential 
this process may have for producing unique components with novel microstructure and 
properties. The goal of this LDRD was to determine to what extent this capability may 
exist. Paramount to this task was the development of the understanding of the important 
solidification parameters, solidification velocities, cooling rates and thermal 
environments. It was also recognized that thermal stresses were important to both part 
performance as well as dimensional tolerances. Furthermore it was recognized that for 
some novel material development such as transitions from metals to ceramics 
management of thermal stresses would be critical. The ability to tailor unique 
microstructures and properties, and the ability to process for properties would be a very 
important attribute for the success of the LENS process. It was recognized that this 
would require the integration of the process attributes, solidification velocity and cooling 
rates, and alloy design that would exploit these attributes. This report summarizes, in 
individual sections, different aspects of the program. More complete details of the work 
funded under this program are contained in the publications listed in the last section of 
the report. 
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Section 1. Solidification Parameters: Velocity and Temperature 
Measm-ements 

Sample Configurations and Solidification Rates 

One of the first goals of the program was to develop a thorough understanding of the LENS 
process in terms of how it impacts solidification and microstmcture development. 
Solidification velocity and cooling rates are the two main parameters which are required to 
develop and predict microstructures, but which had not been characterized in the LENS 
process. It was decided in the beginning of the program that two sample configurations 
would be used: shells and blocks shown schematically in figure 1.1. Single-width line 
deposits were used to build 6.35 cm square layered shells several cm high. The size of each 
individual layer was approximately 0.25 mm high and - 0.75 mm wide. Solid blocks 7.6 cm 
long and 9.5 mm tide were built using parallel multipass layers with passes oriented at 90” 
between each layer. The height of each layer of the several-cm high deposit was 
approximately 0.25 mm, and the individual pass width within the layers was approximately 
0.4 mm. It should be noted that the actual dimensions of the laser passes were dependent on 
the specific processing parameters with the size of the individual passes decreasing with 
increasing travel speed and decreasing laser power. In several cases other configurations 
were used which included a single line width wall build. It was found with stainless steel and 
H-13 tool steel powders that solid builds of both configurations could be made with travel 
speeds from - 4.2 to 33.9 mm/s (-10 to 80 ipm). Laser powers ranged from - 200 to 700 
watts with the 1 kW continuous YAG laser. The higher powers were used for the higher 
speed builds. Although this range in travel speeds may be extended, it was sufficiently wide 
for tailoring build microstructures. When modeling solidification, knowledge of the solid- 
liquid interface and dendrite tip velocity is also required. However, these can be determined 
knowing travel speed, melt pool shape and dendrite orientation. 

Figure 1.1. Schematics of shell (left) and block (right) builds. 



Thermocouple Measurements 

A relatively easy way to obtain the thermal history during LENS processing is by inserting 
thermocouples (TC) directly into the sample during fabrication. Fine diameter (250 micron) 
Type C thermocouple wire was used for measurements with care taken to insert the TC bead 
into the deposition zone for accurate temperature measurements. A photograph of the 
experimental set-up is shown in figure 1.2. Figure 1.3 shows typical temperature readings for 
twenty deposition layers from a representative thermocouple inserted during fabrication of an 
H13 tool steel shell build made at a travel speed of 7.6 mm/s. Each peak in temperature 
represents the thermocouple response as the laser passes over or near the thermocouple, from 
initial insertion through subsequent pass depositions. The thermal excursions dampen out 
when either the energy source moves away from the thermocouple during fabrication of a 
layer 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. Each subsequent pass reheats the previous layers, such that after the 
fifth single pass layer is deposited, the thermocoupled layer still receives thermal excursions 
to 900 “C. After thirteen deposition layers, the peak temperature is 500 “C. The resolution of 
the time scale shown in the figure is not sufficient to determine the accurate cooling rate. 
However, the point to be made is that once a pass is deposited, the material experiences a 
number of high temperature thermal cycles that may control the final microstructure and 
residual stresses. At higher resolution, the maximum cooling rates after solidification were 
determined to be -3500 Wsec. These were the first temperature measurements on LENS 
fabricated parts that showed cooling rates should be sufficiently fast to allow the tailoring of 
unique microstructures. This cooling rate is of course dependent upon processing conditions. 
Similar measurements were made on block builds that also recorded the multiple thermal 
cycles. In block builds cooling rates even higher than those obtained with shells were 
obtained. 

Figure 1.2. Experimental set up for temperature measurements showing thermocouples that have 
been inserted into a shell build during different stages of processing. 
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Figure 1.3. Measured thermal cycles of H-l 3 shell build. 

Thermal Imaging 

Although thermocouples can very accurately measure cooling rates, it was desirable to 
develop a better understanding of the thermal field in the region of the liquid pool. It is 
known that thermal gradients exist across the molten pool and into the bulk material created 
by the LENS process. However, the nature and extent of these gradients had not been 
previously characterized. It was desirable to use non-invasive thermal imaging to measure 
the temperature profile and gradients and to possibly use these thermal profiles in a feedback 
control scheme. 

Collaborating with Prof. William Hofmeister of Vanderbilt University, localized thermal 
measurements were made on a single line wall build, using ultra high speed digital imaging 
techniques [ 1,2]. For the LENS studies, a digital 64x64 pixel CCD video camera was 
employed. This camera digitizes monochrome images to 12-bits and passes the frame data to 
a personal computer for storage and processing. A telephoto lens and broad band-pass filter 
centered at 650 nm were used in the image path. The camera, lens, and filter were calibrated 
for temperature measurement with a tungsten strip lamp radiance source obtained from the 
National Institute of Standards and Technology. A picture of the LENS process, figure 1.4a 
and schematic of the experimental setup is shown in figure 1.4b. The powder and laser focus 
do not move in the x-y plane so that the build could be tracked by adjusting the tilt of the 
camera. The camera angle was measured with a clinometer and was adjusted as the build 
progressed. Images were taken at up to 990 frames per second. At the end of each set of 
imaging experiments, a molten pool was formed with no translation of the work piece to 
observe the freezing plateau for in situ calibration. 
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Figure 1.4 (a) fabrication of LENS wall build, (b) schematic of the ultra high speed digital 
imaging techniques. 

Figure 1.5a shows a typical view of the molten pool as seen from the top. The image has 
been converted to temperature according to the adjacent scale. In the 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 is monitored in real time. Note the relatively high degree of 
superheat within the molten pool (greater than 250 K), that will effect the thermal gradients 
at the solid liquid interface and solidification microstructures. The temperatures in regions 
behind the laser pool can also be determined, figure 1.6a. 

A typical side view image of a line build is shown in figure 1 Sb. The image has been 
converted to temperature according to the adjacent scale. The angle of the image to the x-y 
plane is approximately 30’ so that the top surface as well as the front face of the build is 
visible. Since the angle of the plane of the camera to the sample is known, the distances and 
temperatures can be corrected for the angle of view. Images of the kind shown in figure 1.5 
were analyzed to determine the isotherms on the side-wall of the build. The gradients in the 
previous build layer below the laser are as high as 400K 111ll1.’ and taper off to less than 200K 
mm-’ in the trail of the molten pool. Since the sample is moving in the x-direction, it is also 
possible to scale these gradients with the sample velocity to derive cooling rates for material 
deposited in the x-direction. 
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Figure 1 S. High speed digital images taken from (a) top of laser melted pool (b) side view 

A complete series of wall builds was analyzed to determine the cooling rate at the solid- 
liquid interface. These determinations are shown in figure 1.6b. 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 cooling rates are achieved at the lowest power, when the molten 
zone is small. As the laser power is increased, the cooling rate at the interface settles at 1000. 
1500 K/s. With information about temperatures in and around the molten pool, pool size, and 
thermal gradients, it may be possible to utilize in-situ control to improve the capabilities of 
parts fabricated by LENS, 

” “5 1 15 100 150 200 250 300 350 400 450 mo 
Dirtancshom CemB Ofpool (mm, Laser Power pnr) 

Figure 1.6. Data taken from 304L wall builds (a) temperature in the trailing direction of the melt 
pool for different laser powers (b) cooling rates near the solid liquid interface. 

Analytical Solutions for Temperatures 

Analytical solutions for a 2-D conductive heat transfer solution for a point heat source 
moving across a semi-infinite substrate developed by Rosenthal [3] has been used for many 
welding applications. These solutions are also applicable to shell and wall builds made with 
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the LENS process. As suggested by these solutions the melt pool length can be represented 
through three dimensionless variables: the normalized melt pool length, the normalized 
height of the substrate, and the normalized melt temperature. The normalization technique 
and assumptions made for the LENS process are discussed in detail in SAND reports by 
Dykhuizen and Dobranch [4,5] and in collaborative papers with Prof. J. Beuth of Carnegie 
Mellon University [6,7]. 

Figure 1.7 provides a comparison of measured melt pool lengths as a function of laser power 
and velocity to predictions provided by the process maps using several rules: (1) thermal 
properties at 1 OOOK are used in the normalization (2) for changes involving a difference in 
preheat, a linear dependence in thermal conductivity with a preheat temperature is assumed 
as: k= 24.3 + 0.013 (Tbase -30) W/mmK) (3) for predicting steady-state melt pool lengths due 
to a change in processing variables, wall thickness is assumed to scale proportionally with 
melt pool length, and (4) it is assumed that the melt pool length/wall thickness scaling is 
unaffected by velocity. The only inputs used to generate the predictions from the process 
map were a single experimentally measured wall thickness oft =1.3 mm for ambient 
conditions of V= 7.6 mm/s and aQ=105 W where Q is laser power and a fraction of laser 
power absorbed by the wall) a = 0.35 as suggested by Dorbranich and Dykenhuizen(4,5). 
Measurements were made using the real-time thermal imaging methods described above. 
The experimental results presented are for a single set of observations and reflect the 
variability seen in measured results at nominally identical conditions, which can easily be on 
the order of 5%. Because a is not known precisely, caution is suggested in directly 
comparing measured and predicted values. However, the predictions of the process map are 
clearly capturing the trends in the measured results, which was a goal of this work. 

2.5 I I , 
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Figure 1.7. Melt pool lengths of wall 
builds of 304L stainless steel 
calculated by normalization scheme 
and compared with experimental 
measurements 

Absorbed Power, aQ, (W) 

Summary 
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The solidification velocities and cooling rates measured here show that the LENS process do 
not approach the regime of rapid solidification processing that is common in technologies 
such as melt spinning, laser welding, laser surface heat treating or laser glazing. With these 
technologies velocities can be on the order of m/s with cooling rates to as high as 10s5 to 10” 
K/s. The lower solidification velocities and cooling rates are of course due to the fact that 
LENS is an additive manufacturing process where a melt pool must be established with 
sufficient superheat to completely melt the incoming powder. Nevertheless, rates may still 
be sufficiently fast to obtain tailored microstructure in specially designed alloy systems. The 
thermal measuring techniques developed can be used to provide the critical metallurgical 
parameters required for microstmctural predictions. 

The experimental techniques also provide the necessary work to validate more complex 
thermal models in addition establishing their potential for use in feed back control schemes 
where temperature or temperature measurements are related to some critical attribute of the 
build. The analytical solution using normalization schemes, clearly demonstrate the value of 
this approach in relating process parameters to build attributes. 
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Section 2. Residual stress measurements and process maps for stress 
Predictions 

Background 

Residual stress-induced tolerance loss is a concern in nearly all solid freeform fabrication 
(SFF) processes. This includes processes based on successive curing of polymers as well as 
those based on successive thermal deposition of polymers or metals such as LENS. In using 
these processes for rapid prototyping, some tolerance loss due to residual stresses is generally 
acceptable; however, many targeted applications for manufacturing techniques have strict 
dimensional limits. Residual stress-induced deformation is also becoming a greater concern 
with the fabrication of large parts, where larger part dimensions naturally lead to larger 
dimensional losses. The knowledge of residual stress magnitude and distribution is also of 
interest since they can play a significant role in structural performance. Thus it was clear that 
a better understanding of residual stresses in LENS fabrication was required, and this was a 
major milestone in the LDRD program. 

Holographic Hole Drilling Residual Stress Measurements 

In collaboration with Prof. Drue Nelson at Stanford University [ 1,2], a holographic-hole 
drilling technique [3] was used to determine the residual stress state in the LENS fabricated 
samples. In the holographic-hole drilling method, a region of a test object containing stress 
is illuminated with laser light. A hologram of the region is made by exposing a recording 
plate in a commercially available holocamera to the light of a reference beam and that of the 
object beam as reflected from the test object. The hologram is recorded electrostatically on 
an erasable, re-useable thermoplastic medium. Then a small square-bottomed hole is milled 
into the region of interest to a depth that can be varied, but which is generally a fraction of 
the hole diameter. The hole releases residual stresses locally, causing material surrounding 
the hole to deform in response to the stress relief. The resulting surface deformations, which 
are both in-plane and out-of-plane, alter the path length of the light reflected from the region, 
immediately creating a pattern of optical interference fringes on the hologram. The 
interference fringe pattern can then be analyzed to determine the residual stresses that existed 
prior to the introduction of the hole. 

Figure 2.1 summarizes some of the residual stress results obtained on 316 stainless steel [l]. 
These measurements were taken on rectangular solid builds (X =Y = 0.5 inches, Z -2 inches) 
made at several laser powers, and traverse velocities. Also shown is the corresponding 
volumetric exposure or heat input. In these samples, the residual stresses are high near the 
substrate, 50 ksi, but decreases rather sharply after -15 mm build height. During initial 
fabrication the substrate efficiently conducts the laser-generated heat from the LENS sample, 
resulting in a large thermal gradients and higher residual stress state. As the substrate and the 
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LENS part are heated during fabrication, the thermal gradient is reduced, and the residual 
stresses diminish. 

. 
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Figure 2.1. Residual stress distribution along Z direction for three 3 16 stainless steel samples 
processed at different volumetric exposures (kJ/cm3). 

It can be seen that the highest residual stresses correspond to the highest volumetric exposure 
(kJ/cm3), and also in this case, to the highest heat input calculated as the ratio of laser power 
to traverse velocity (linear heat input). The measured maximum residual stresses near the 
substrate approach the -60 ksi yield strength of 3 16 LENS deposits. 

The residual stresses in the LENS deposits were also found to be highly dependent upon 
alloy type. For example, similar residual stress measurements were made on H13 tool steel 
[2] that has a yield strength three times that of the 3 16 stainless steel alloy. In this material 
measurements were made on both the shell and block configurations shown in Section 1, 
figure 1.1. In the shell builds the measured major principal stresses never exceeded -35 ksi 
and in many cases were less than 15 ksi. Unlike those of the 3 16 samples, the magnitude of 
the stresses were uniform from the substrate to the top of the over 4 inch high build. With 
the block builds, maximum measured principal stresses never exceeded 30 ksi and in some 
regions measured stresses were actually compressive. In both build types the maximum 
measured residual stress were less than 20% of the measured yield strengths of 150 to 200 
ksi. 

The difference in the stresses of the two alloy types, 3 16 and H13, are directly related to the 
solidification and transformation behavior. At high temperatures, the 3 16 stainless steel is 
FCC austenite and retains that structure to room temperature. During cooling, the strains that 
occur due to thermal contraction are dependent upon thermal gradient. At elevated 
temperatures these strains are easily accommodated by plastic flow in the low strength 
material. As the material continues to cools, and flow stress increases until at room 
temperature the residual stresses are often on the order of the yield strength when processing 
is conducted under high thermal gradients. Of course, in addition to the magnitude of the 
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temperature and thermal gradients, metallurgical and geometrical factors play a complex role 
on the final magnitude and direction of principal stresses. 

Alloy H-l 3, like alloy 3 16 is also FCC austenite at high temperature, and residual stresses are 
developed on cooling in the same fashion as that described for 3 16. However, when the 
temperature reaches -300 to 250°C the material transforms to a BCT martensitic structure. 
This transformation results in a volumetric expansion of - 4.3%. This expansion relieves a 
large fraction of the tensile stresses and as indicated by the residual stress measurements, can 
even result in the stresses being compressive. However it must be recognized that 
development of the final residual stresses is very complicated is the result of numerous and 
complex thermal cycles. 

Residual Stress Process Maps 

In a manner similar to that used to develop process maps for temperature and thermal 
gradients in Section 1, process maps were also developed for residual stress in collaborative 
work with Prof. Beuth of Carnegie Mellon University. The same normalization approach 
used for temperature and thermal gradient was extended to residual stresses and has been 
published in the open literature [4,5]. 

Through the normalization scheme used, the actual temperature gradient is given by: 

&=I.2 

(where ZO is direction down from the surface of the build, p = density, c = specific heat, V = 
travel speed, Q = laser power, a = fraction of laser power absorbed by the wall, ZO =1.2 
normalized distance). 

Thus, for a fixed normalized temperature gradient, 
-I 
f_r 
fZo &I.2 

is decreased by a decrease in V. 

Figure 2.2 gives results for G -/oyi&-J of 304 stainless steel as a function of actual 
temperature gradient from thermomechanical simulations of the wall builds using five 
different base plate temperatures and the full range of laser power and velocity. The plot 
shows the dependence of residual stress on temperature gradient. Considering the results 
generated for a base plate temperature of 400 K, it is seen that different sets of process 
parameters produce approximately the same maximum stresses in the part if the 
representative temperature gradients are matched. Also, as expected, at a fixed base 
temperature, the residual stresses decrease with decreasing temperature gradient. 
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Figure 2.2, Relationship between maximum final stresses and process temperature gradient of 
304 stainless steel for five different base temperatures. 

By comparing the numerical results at different base temperatures, it is clear that uniform 
part preheating considerably reduces the residual stress. Some reduction of residual stress is 
due to reductions in strain mismatch, but most of the reductions due to preheating come from 
reducing the effective yield stress. The yield stress of SS304 decreases as the temperature 
increases, and by preheating the part, the maximum residual stress is limited by the 
maximum yield stress. The maximum reduction of residual stress by preheating the part is 
approximately 40% and achieved by preheating the part to 400°C. The final residual stress is 
after the part reaches the base temperature and the wall and base are cooled uniformly to 
room temperature. 

Summary 

Residual stresses during LENS fabrication can manifest themselves in two general ways. 
First the development and relaxation of residual stresses can lead to part distortion that can 
be rather significant especially in larger sections. Secondly residual stresses can affect part 
performance and may need to be considered in component design if a post processing stress 
relief is not employed. The holographic-hole drilling technique proved very successful in 
measuring residual stresses. In H-13, although the residual stresses were very low, it is 
known that considerable part distortion can occur during fabrication. Thus the distortion 
likely occurs during processing at elevated temperatures above the low temperature 
martensitic transformation which reduces the magnitude of the final stresses. In the case of 
austenitic stainless the measured residual stresses approached those of the yield stress in 
regions where high temperature gradients were developed. 
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The normalization technique developed to predict pool size, thermal gradients and finally 
residual stresses should help guide the engineer in selection process parameters that can 
minimize residual stresses. These calculations for example very effectively demonstrate the 
effectiveness of reducing residual stresses, The biggest pay-off in reducing residual stresses 
comes from uniform base plate preheating. The maximum reduction in residual stress that 
can result from this method is approximately 40% (from the yield stress) in 304 stainless 
steel wall builds. At large levels of base plate preheating, the reduction in residual stress is a 
very weak function of laser velocity and power. Thus at large levels of preheat, the full 
range of power and velocity can be used with minimal effects on maximum residual stress 
magnitudes. Finally, since preheating does not increase melt pool lengths significantly, any 
increase in melt pool size due to preheating can easily be eliminated by a small decrease in 
laser power or increase in laser velocity. In this way the process maps for melt pool length 
and temperature gradient discussed in Section 1 can be used together to suggest strategies for 
controlling residual stress magnitudes while still maintaining an optimal melt pool length. 

It is clear that the development of residual stresses is complicated by the complex thermal 
excursions and are very dependent upon alloy metallurgical characteristics. Only through a 
detailed FEM approach can their development be better understood. Although this LDRD 
did not have an FEM component, the data developed here would be invaluable in validating 
any such predictions. 
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