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VIDEO MONITORING AND CONTROL OF THE LENS PROCESS
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ABSTRACT
QSTI

The LENS (Laser Engineered Net Shaping) process has significant potential impact to the

manufacturing community in producing near-net shape rapid prototypes, tooling and

customized small lot parts. LEINShas its roots in stereolithography and weld surfacing.

Parts are built up in layers by delivering powder carried in an inert gas stream directed

via nozzles to a laser-produced molten pool. A robust implementation of this technology

requires a thorough understanding of how the thermal history during part fabrication

influences the dimensions, microstructure and properties of the part. This understanding,

in combination with effective closed loop feedback control of the process, and modeling

of the part to be formed, is required to ensure routine fabrication of components with

appropriate properties Thermal behavior at high temperatures (above 800”C) can be

- readily monitored by visible light radiation pyrometry. In this work a high speed digital

camera with a narrow bandpass optical filter was used to obtain thermal images of the

LENS process zone. The thermal imaging system was incorporated into the optical path

of the laser so that the melt pool and adjacent areas of the part could be monitored

without intrusive hardware add-ens at the lens/powder nozzle/process zone vicinity. The

output of the digital camera was collected by a fiarne grabber card in a personal computer

(PC). Characteristics of the melt pool were evaluated and then used as inputs to a

Proportional-Integral-Derivative (PID) control algorithm also running on the PC. The

output of the PID algorithm was then used to control the laser power. Running the closed

loop control resulted in significant stabilization of the melt pool size during simulated

fabrication experiments. We will describe the equipment, algorithms, experiments and

results obtained from LENS-formed simple shapes of316 Stainless Steel.

INTRODUCTION

LENS (Laser Engineered Net Shaping) is a process for building solid metallic structures

by injecting fine powder into a laser-sustained fusion zone. LENS has its roots in

stereolithography and weld surfacing. Parts are built up in layers by delivering powder

carried in an inert gas stream directed via nozzles to a laser-produced molten pool. The

powder (which is preheated by the laser beam) melts in the fusion zone, adding to its
.
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volume, thus building up a solid structure as shown in Figure 1. By tailoring the relative

motion of the heat source and the part being built, an almost unlimited variety of solid,

hollow, or cavity-containing shapes can be made. Obviously, the larger the pool (limited

by laser power), and the greater the rate of powder injected into it, the faster the ‘build’.

For the work described herein, a 500 W continuous wave ,(cw)Nd:YAG laser system was

used, with powder feed rates of 14 ghnin; this suffices to deposit a 12.7 mm cube in

about 15 minutes. Since the subsequent mechanical properties are dependent upon

atmospheric contamination, the system is run in an enclosed atmosphere chamber

containing argon at ambient pressure.

Figure 1: BuildingaTWJlof316 stainless Steel by the LENS process.

nozzle is surrounded by four powder injectors. -1X

The inner laser

The LENS process has significant potential impact to the manufacturing community in

producing near-net shape rapid prototypes, tooling and customized small lot parts. A

robust implementation of this technology requires a thorough understanding of how the

thermal history during part fabrication influences the dimensions, microstructure and

properties of the part. This understanding, in combination with effective closed loop

feedback control of the process, and modeling of the part to be formed, is required to

ensure routine fabrication of defect-free components with appropriate properties.

The first goal of this work was to obtain information about the interaction between

process control variables and the resulting object produced. Namely, how much material

is deposited at a given laser energy, travel speed and powder feed rate. The thermal

distributions are alSO of interest to determine the thermal history of each volume of

material. The dimensions of the resulting shape were compared with the expected shape

as well. Since robustness also implies strict repeatability, the characterization parameters,r.. I
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were used in implementation of feedback control of the process,

fidelity shape generation and ultimately microstructural control.

EXPEm~~ PROCED~S

initially to obtain high

Temperature fields at high temperatures (above 800”C) can be readily monitored by

visible light radiation pyrometry.’ In this work a high speed digital camera with a narrow

bandpass optical filter (the laser radiation must be filtered out!) was used to obtain

thermal images of the LENS process zone. AU pixels of the video camera were

calibrated with a NIST traceable tungsten strip lamp to determine the effective

wavelength of the camera, lenses, and filter set. During the experiments, an in situ

calibration was performed by observing the freezing of a 3 mm ball of the deposited

material. The temperature uncertainty is +/-7K. The thermal imaging system was

incorporated into the optical path of the laser (as shown in Figure 2) so that the melt pool

and adjscent areas of the part could be monitored without intrusive hardware add-ens at

the lens/powder nozzle/process zone vicinity. The output of the digital camera was

collected by a frame grabber card in a personal computer (PC).
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Figure 2: Video monitoring set-up and schematic of optical path modifications.

After converting the intensity data to temperature vs location maps, characteristics of the

melt pool and local temperature conditions were evaluated as a function of the build
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parameters (laser power and scanning speed). These included the Ieneti and width of the

molten zone, its area, and temperature gradients at the liquid/solid interface. The area was

later used as an input to a l?roportional-Integral-Derivative (Pill) controller also running

on the PC which controlled the laser output power. Additional information was also

needed, such as whether a boundary or a fii.pass was being made, and whether the laser

shutter was open or closed. This information was obtained from the X-Y-Z tableflens

height controller, running on a separate PC. The output of the PI.D zdgorithm was then

used to control the laser power in such a manner as to maintain the projected area of the

molten zone constant. ‘All manipulations to the intensity data were performed using

LabView software.

The ranges of power and travel speed investigated are shown in Figure 3; where the

resulting isotherm area of the melt pool is plotted. As is expected from the different heat

sink conditions, the isotherm area for a given set of conditions changes markedly

depending upon whether one is building a line, at the border of a solidi or at the interior

of a solid. As may be seen, the isotherm area decreased in that order, with the fill

- condition having less than haif the isotherm mea of a line budd at equivalent conditions.
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Figure 3: Melt isotherm area as a function of laser power and travel speed.

VIDEO MONITORING RESULTS & DISCUSSION

In order to determine if the melt isotherm video measurements were correctly calibrated,

a number of runs were subjected to metallographic verification. These are noted in Figure
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4 for the line build data. As can be seen, the video and metallographic pool width results

both increase with absorbed laser energy (laser power times absorptivity divided by the

travel velocity; with 0.35 used for absorptivity), and are in excellent agreement at low

values of absorbed energy; however, at higher values the agreement deteriorates and the

width measured by microstructural analysis is smaller than the width indicated by video.

A smooth relation was found for the video-measured pool length shown in Figure 5. The

melt pool area isotherm also smoothly increased with absorbed ener,gg as shown in

Figure 6, with a linear fit of the relation of the isotherm area to absorbed energy.

Metallography of the bead cross-sections for the 7.62 m.ds travel speed builds, allowed

calculation of the bead height and volume. This ratio (0.76) was found to be constant at a

given travel velocity, independent of laser power. Assuming that the bead height-to-width

ratio was constant and 0.73 for the 5.93m’ds builds, and 0.89 for the 9.32 rnmls

conditions zdlowed all three volume vs absorbed energy to be brought into concmence as

shown in Figure 7. This corresponds with having a relatively taller bead at slower

speeds. In welding, it is common for slower speed pools to be more isotropic is shape,

- with faster speeds leading to more elongated pools.
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Figure 4 Melt pool width vs absorbed laser energy, line build.

, The cooling rate at the liquid.holid interface, derived from the temperature gradient and

travel speed product, showed a greater amount of scatter, but generally decreased as the

absorbed energy increased. It maybe noted that the cooling rate is in excess of 500WS

even at the’absorbed energy values. This is conducive to fme solidification structures.
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Figure 5: Melt pool length vs absorbed laser energy, line build.
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Figure 6: Pool melt isotherm area vs absorbed laser energy, line build.

CONTROL RESULTS AND DISCUSSION

The fusion zone thermal boundary conditions change appreciably during a part build. In

the initial stages the substrate is at ambient temperature and is a significant heat sink. As
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the build progresses, the substrate and part heat up, generally decreasing the gradient for

heat extraction. Thus, unless a preprogrammed decreasing laser power schedule is

incorporated into the laser controller, the fusion zone size will increase as the overall part
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Figure 7: Pool volume vs laser energy density, line build.

temperature increases and the thermal gradients decrease. This is shown by the open

loop data sets in Figure 9, where the fusion area pixel size increased by -60%. Without a

comprehensive model of the heat flow involved during the part build, this laser power

programming has to be found by experimentation. Alternatively, by incorporating the

molten zone area measured by the video system into a control loop, the laser power can

be automatically adjusted to keep this area at a set point. The results of such a video-

based controller are also shown in Figure 9 as the closed loop data sets. For this hollow

square geometry, over the four data sets represented, the laser power decreased by about

10% Whiie maintaining a constant set point area of -325 pixels or 0.66 MMz. Similar

behavior was also seen when building a solid cube of 12.7 mm edge length, as ~hown in

Figure 10. The open loop data sets vary non-monotonically because they are not at an

equ&dent distance from the side surface of the cube. Thus, the run 2 data on open loop

are closer to an outside surface (and hence are more 2-dimensiona.l) than runs 1 or 3.

Clearly the controller is working to decrease both the mean and standard deviation of the

molten pool area. The standard deviation of the molten pool area in the control samples

was 20% less than the standard deviation on the open loop samples.

Profdometer measurements were taken from four cube shaped samples (12.7 mm per

side) to evaluate the efficacy of closed loop control in maintaining dimensional control.
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Table 1 summarizes the measurements of cube height for the samples, open loop, closed

loop with border set point of 320pixels and fdl set point of 265 pixels, closed loop with a

border set point of 200 pixels, and a duplicate of the previous condition with different
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Figure 8: Cooling rate at liquidholid interface vs energy density
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Figure 9: Variability of laser power and molten zone area at various times during open

and closed loop builds of a hollow square (wall build). Laser current is proportional to

laser power. Each data set averages 20 seconds of data.
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control parameters. The flatness and center-edge differences are reduced substantially

compared with the open loop case. ~atness is defined as therms value of deviation from

mean, while the center-edge difference is the maximum d~erence between the center

and the outer edge.
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Figure 10: Three open and closed loop runs were evaluated in 5 second increments. The

error bars are the stimdard deviations of each increment.
t

By controlling the area of the fision zone, the controller has decreased the difference

It is clear thatbetween the desired true planar surface contour and the as built surface.

further improvement is necessary. However, the strategy of using isotherm area control

shows promise in improving the consistency of build volumes and fma.Ishapes.

Table 1: Summary of profiiometric results
.

Control isotherm area [pixels) Flatness Z height (mm) c-k-edge difference [mm)

Case Border Fill (mm) center edge probe protilometer
open 0.88 14.64 15.40 0.76 1.07
closed 320 265 0.64 14.38 14.90 0.52 0.78
closed 200 265 0.58 14.00 14.38 0.38 0.72
closed 200 265 0.52 14.57 14.90 0.33 0.59
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CONCLUSIONS

Thermal video imaging via visible radiation is a powerful tool for understanding

gradients, cooling rates, and parameter scaling of the LENS process.

Based upon our monitoring experiments we found that the pool length, width, area and

volume scales well with absorbed energy (absorptivity x laser power/velocity).

Control from PC-based thermal imaging based on isotherm area works, giving consistent

isotherm areas with less variance. Set point control of the fusion zone area also improved

dimensional accuracy of a simple cubic shape relative to open loop process operation.
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