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SUMMARY

Multikilowatt COjy (cW) laser welding was shown to be a high-
speed, low-distortion process that should be considered for the
manufacture of aerospace structures whenever:

.There is need for high welding speeds

-Emphasis is placed on low distortion in
large weldments

-Special access problems are encountered
during welding

.Critical weld toughness or resistance to
stress corrosion are required

.Automation of welding is considered -

In the course of the program certain limitations on the
applicability of the laser process were observed. These in-
clude:

.Failure of aluminum alloys and thick (1/2
inch) nickel base alloys to respond to
procedure development efforts.

-Requirement of full hood shielding for Titanium.

Studies of the equipment revealed stable and reproducible
control systems. Final evaluation of welds revealed some focus
instability in one optical train. This led to the conclusion
that moving beam stability tests should be considered instead
of single point sampling of weld cross sectiors when evaluating
focus stability. )

A review of nine procedure variables was carried out.
Helium was observed to be the most effective shielding gas for
transmission of beam energy to the work piece. Argon exhibited
poor transmission as did still air. Very high speed welds re-
quired a mixture of helium with a small amount of argon to
improve blanketing. Combination shields using helium in the
beam area and argon on the solidifying weld were tested at
speeds up to 240 ipm.

optimum focus settings were found to be considerably below
the work surface. These settings produce a "V" shaped weld
that avoids cracking. Under proper focus settings high strength

steel (280 ksi ULF) could be welded without preheat.

Thicker plates, 1/2 inch and higher, required a beam with
relatively straighter sides than that used on 1/4 and 3/8 inch

plate.

iii




These straight sided beams were used to determine the max-
imum thickness that could be penetrated using 16 kW on the work
surface (18 kW from the laser). These observed maximum thick-
nesses were:

‘Low alloy steel and titanium: 0.6 inch

‘Stainless steel and nickel base alloys
(Inco 718): 0.54 inches

‘Aluminum (at 14 kW on work): 0.5 inch

Nondestructive tests indicated relative freedom from poro-
sity. The following average distances between isolated pores
were observed:

‘Titanium (1/4 inch): 25% inches
-Carbon Steel (1/4 inch): 25% inches
*Nickel Base Alloy: Greater than 30 inches

Isolated problems with very limited titanium contamination
while using a helium jet to suppress the beam impingement plasma
lead to the conclusion that full hood shielding is preferred.

Mechanical tests, and post test examination of the all
fracture surfaces, showed that there are no special laser related
effects in laser welds. However, a characteristic defect can
occur if the focal point periodically lifts upward. The weld
cross section becomes pinched near the surface and blocks metal
from the solidifying body of the weld. 1In the case of steel
the result was randomly oriented freezing defect in welds
made with a particular optical train.

Mechanical test performance of laser welds generally
equaled that of the base metal reference in fatigue and tensile
tests. Fracture toughness tests, performed on high strength
steel and titanium indicated very good toughness. Precracked
high strength steel specimens exposed to sea water performed
exceptionally well with respect to the toughness tests. Titan-
ium performance was typical for the material. Smooth bar speci-
mens of high strength steel always failed in the base metal when
exposed to stress near their yield and alternate salt water
immersion providing welds were sound.
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PREFACE

The report was prepared by Sciaky Bros., Inc., Chicago,
Illinois, under USAF Contract F33615-73-C-5004, "Establishment
of a Continuous Wave Laser Process". The work was admini-
stered under the technical direction of Mr. Frederick R. Miller
(AMFL/LTM) , Air Force Materials Laboratory, Manufacturing
Technology Division, Metals Branch, Air Force Wright Aeronauti-
cal Laboratories.

This_report covers work conducted from 1 July 1973 to
1 October 1976 and is submitted in fulfillment of the contract.
The technical report was released by the author in August, 1976.

The program was directed by Mr. Frederic D. Seaman, Project
Manager. Other Sciaky personnel contributing to this program
were Mr. H. Harvey, Mr. W. Rudin, Mr. Stanley Ream and Mr. R.
Reynolds. Assisting and associate contractors to the program
were Avco Everett Research Laboratories, Inc., with Mr. R. Hella
serving as Program Manager assisted by Messrs. R. Neal, and G. Gay:
Douglas Aircraft Company, a division of McDonnel Douglas
Corporation with Mr. M. Hayase assisted by Dr. T. Makey.

A special consideration is given to Mr. C. Harmsworth of
AFML/MXB for his assistance in the testing of high strength steel
welds,

This project has been accomplished as a part of the Air
Force Manufacturing Methods Program, the primary objective of
which is to develop on a timely basis manufacturing processes,
techniques, and equipment for use in economical production of
USAF materials and components.

Your comments are solicited regarding the potential utili-
zation of the information contained herein as applied to your
present and/or future production programs. Suggestions concern-
ing additional manufacturing methods development required on
this or other subjects will be appreciated.’
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SECTION I

INTRODUCTION

A, BACKGROUND

Lasers produce energy in the form of coherent light.
Coherent light, in contrast to thermal light, which is used
for broad area illumination, can be brought to a very sharp
focus. Thermal light when focused can burn wood. Focused
coherent light can evaporate steel. Specific energy levels
exceeding one million watts per square inch can be obtained,
by focusing coherent light.

B. HIGH ENERGY DENSITY BEAMS IN INDUSTRY

The industrial significance of million-watt-per-square-
inch beam technology can best be appreciated by reviewing
the advantages that a similar beam, the electron beam, has
brought to the industry in the past few years.

Recognized beam welding advantages:

Deep narrow welds

Weld strength approaching base metal strength
Minimum, consistent predicatable distortion
Simplified weld tooling

Increased welding speeds

Single pass penetration in very thick plate
Unique welding capabilities

More efficient part design

However, because the beam is made up of electrons, certain

limitations on the welding of large aerospace structures are
generally recognized. These are listed below.

Electron Beam Limitations:

Electron gun must be in vacuum
Workpiece completely or partially in vacuum




Large vacuum chambers are

- Expensive

- Inflexible

- Long lead procurement items

Beam-joint alignment influenced by magnetic
or electrostatic fields

The practical impact of these limitations has been suffic-
ient to stimulate development of specialized local vacuum
chambers and sliding seals - methods for reducing the constraint
of the vacuum chamber.

C. LASER BEAMS AS WELDING TOOLS

The substitution of the laser beam for an electron beam
lifts the vacuum constraints and can further improve on some of
the electron beam advantages. These are listed below.

Potential Advaatages From Substitution of a Laser Beam for
an Electron Heam

No need for vacuum at workpiece

No constraints from chamber dimensions
Magnetic or vacuum tooling can be used
- Beam projected long distances

No magnetic deflection

No electrostatic deflection

There are also economic implications which result from the
substitution of & laser for electron beam when large aerospace
weldments are considered. Both processes require sizable and
roughly equivalent, capital investment. It may be possible,
under certain conditions, to realize a greater return for a
given investment from a laser than from a large chamber electron
beam installation.

For example, if size or shape of the component to be welded
may change over a period, the laser should be considered. The
electron beam chamber is closely linked to workpiece size and is
the most expensive element of the electron beam system. An
electron beam welding changeover may involve the cost and lead
time requirement associated with pumps and chamber. A change
in optics and workpiece tooling might be all that was required
for a laser changeover.
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Additionally the economics of E.B. are not improved by
servicing three or four vacuum chambers of different dimensions
and configurations from one energy source and control, because
the latter equipment represents such a small portion of the
total investment when compared to the cost of multiple chambers.

In the case of the laser, the energy source and its associ-
ate equipment is the most expensive element in the total welding
system. The energy source can operate continuously, and the
laser beam can be transported large distances without attenu-
ation. Thus, once an initial investment is made, a gingle
energy source can service a large number of welding fixtures,
providing a substantially lower incremental investment and
shortened lead time for each new application.

These same time sharing economics can be applied when it is
advantageous to apply beam welding to several components on a
single program. Additionally, the stations can also embrace
heat treating and cutting since the laser is capable of both
applications. Therefore:

Economic Advantages for the lLaser

- Low incremental cost for each application

- Ability to service several applications on a time
sharing basis

- Ability to do several metalworking operations

- Short lead time to minimize impact of inflation
on program

D. PROGRAM OBJECTIVE

This program established a continuous wave (CW) Carbon-
dioxide laser welding process.

The establishment of the process involved several steps
carried out in sequence during two tandem phases.

PHASE I COy Laser Evaluation
Equipment Performance Testing
Process Technology

Preweld Preparation
Tooling




AR i 3 AR A

A e e R U ¥ S S el

Shield Gas Performance

Gas Shields

Beam-Workpiece Interactions
Maximum Penetration Trials

PHASE II Weld Testing
Procedure Development
Test Panel Welding
Non-Destructive Tests
Mechanical Tests
Analysis of Results (Correlation)




SECTION I1

PQUIPMENT

An important requirement for equipment in any program
that is directed toward development of welding procedures
for the aerospace industry is commercial availability. The
most powerful commercial laser available to this work was an
AVCO HPL.* The nominal, warranted output of the cavity was
10 kWw. However, power supplies were large enough to permit
operation at power levels up to 15 kW (or higher).

A. DESCRIPTION OF THE SYSTEM

The AVCO HPL system has the following characteristics:
Basic Characteristics:

Operates in the CW mode
Emits light at 10.6 microns
Uses CO3, N3, He and CO as a lasing medium
Recirculates the lasing medium
Performs with approximately 10% efficiency
. Near room temperature
. At .l atmosphere
Preionizes the gas (with a controllable electron
discharge)
Utilizes a high current moderate voltage electrical
discharge to pump the gas
rroduces more than 10 kW beam power

Additionally the device has other features that are use-
ful in manufacturing:

*Registered trade mark - Designed, developed, manufactured,
and sold by the AVCO Everett Research Laboratory (A subsidiary
of the AVCO Corp.)
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Industrial Features:

Uses simple copper mirrors in external optics

Closes its control circuit on beam power

Permits rapid electronic shut-down or start-up
of beam

Can close out welds using up slope and down slope

Operates over a broad range of power settings

8 Can be preset to desired power level

1 Operates unattended using guard circuits

While the laser is the heart of the system there are
six other important sub-systems that are required (Fig. II-1).
A list of all sub-systems would include:

Basic Elements of a Laser System

l. Laser Chamber
2. Controls
Power Level
Sequence, Operating'& Start-up
Tooling Motion
Safeguard Shutdown
3. Power Supplies
Discharge Sustainer Supply
Preionizer Supply
Other Special Power Requirements
4. Mechanical Services
Vacuum
Gas Makeup
Pneumatic Control Pressure
Cooling
Gas Stream after Discharge
Optical Elements
5. External Optics
Collimation
Transmission
Switching
Focusing
6. Tooling
Gas Shields
Work Piece Support
Work Piece Translation

II-2
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Focal Point Placement ,;
Within the Work i
On the Weld Path

B. OPTICS

The optics of most metalworking laser systems, including
the system used in this program (Fig. II-1), can be divided
by function into two portions:

Functions of External Optics
Beam Transfer
Beam Focus (Working Optics)

Beam transfer optics may simply direct the beam to the
working optics or they may perform several other functions:

N e

Functions of a Beam Transfer System
Beam Power Sampling
Collimation
Switching (Time Sharing)
Splitting* -
Dithering* |
t Transmission

Optical component transmission efficiencies are low for
§ ' most materials in the infrared region. Potassium chloride
and semi ronductors such as gallium arsenide are exceptions.
At the multikilowatt power level, energy densities impinging
on optical components made of these materials are often high
enough to create stability problems which affect integrity or
optical stability. 1In order to avoid such problems, polished
copper reflectors were chosen instead of transmission lenses
as the basic optical element for the 10 kilowatt system used
in this program.

A

| The beam energy lost at each polished copper mirror is
1.3 - 1.5% of the impinging power. Thus, the off axis F/21

: telescope in Fig. II-1l directs about 90% of the emitted beam
onto the work surface using seven copper reflecting surfaces.
This value has been verified by calorimetric tests.

* Not used in Program
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The coaxial F/7 telescope has 95-96% of the beam de-
livered to its lower (small) mirror. However, calorimetric
checks suggest that some of the beam bypasses the small
mirror and is dissipated over a broad area on the work. As
a result, only 70% (estimated) of the energy entering the
F/7 telescope reaches the focal point. This is a character-
istic of the specific telescope used in this program only.
It is not a generic characteristic of coaxial telescopes.

The transmission discrepancy and low efficiency of the
F/7 did not affect the program since sufficient power was
available to produce working focal points with equivalent
power in either system up to 12.5 Kw on the work. The F/21
could operate at 16.2 kw using the same power from the laser.

Note: 1In this program all comparative data involving
the two telescopes and all referenced procedures
are based on the power delivered to tha focal
point on the work unless specified as beam power
or power at the aerodynamic window.

C. TOOLING

Workpiece movement was achieved and controlled through
the use of calibrated D.C. motor drives attached to the feed
screws of milling machine bases. The maximum stroke was
21-3/4 inches. Speeds up to 400 ipm could be obtained.
Stroke length was varied by repositioning limit switches, by
limiting run time, or by stopping the system manually.

Workpiece hold down was accomplished by mechanically
clamping to a heavy carbon steel plate with a l-inch-deep,
l-inch-wide underbead gas channel. A stiff bridge clamp with
threaded force points was used on half inch plate welds to
iron out waviness in the test coupons.

Several important elements of tooling were included in

the experimental program and are discussed in Section 1V.
These are:

Experimental Tooling Evaluations

Gas Shields (Existing Types)
Underbead Chills
Beam Stops

I1-4
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The shields were explored to optimize upperbead configura-
tion. Underbead chills and beam stops were evaluated with
respect to control of the prominent underbead extension that
characterizes deep single pass welds. The beam stops were
also evaluated with respect to the amount of beam energy
that exists from the bottom of the cavity. Guidelines for
the design and use of shields and chills will be found in
Section IV - Process Technology.

D. CONTROLS

Each work station shown in Fig. II-1l is equipped with
a set of ccntrols that permits establishment of a welding
procedure. These controls are:

Basic Work Station Controls

Power

Run

Upslope

Downs lope
Process Speed
Travel Delay
Run Time (If Used)
Shield Gas Delay (Station #1l Only)
Stand by (Window Open)
Sequence Start

Other set-up controls were placed on the main console.
These include:

Set-up Controls

Automatic Start~up Sequence (beginning of shift)
Automatic Shut~down Sequence (end of shift)
Sustainer

Preionizer

Make up Gas Controls

This set of controls was not involved in program test series.
E. WORK PIECE ALIGNMENT AUXILIARY He/Ne LASER

In deep penetration welding it is important that the rela-
tively small spot be placed on the joint (and that the faying




EB SYABILIZATION

FOWER SUPPLIES

1 COOLING
i Em HIGH VACUUM PUMP
£ VACUUM PUMP
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TELESCOPE
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e
| PENDANT
CONTROL
" # POWER FOR FANS, STABILIZATION AND DISCHARGE
! & % VACUUM (EB STABILIZATION AND GCAVITY), MAKE UP GAS, AND COOLING (GAS AND MIRRORR)
Figure II-1. BASIC ELEMENTS OF A CO2 (CW) LASER SYSTEM
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surfaces of the joint be .parallel to the beam axis for the
entire section thickness). 1In the welding system used for
this program, an auxiliary milliwatt (class 1) visible-red,
beam is automatically injected into the external optical
system whenever the main CO; beam is not being used.

The characteristics of this auxiliary system are:

Auxiliary Alignment Laser Sub-System

Power: 1.0 milliwatts
Injection: Silvered mirror actuated when
aerodynamic window opened
or closed
Transmission to Work: Coaxial with Main Beam
+0.010"
Focus At Work: Coincident with CO2 Beam
+0.030"

The operator visually aligns the red spot with the top of the
tightly closed butt weld. Periodically the spot position is
checked by a very light tack weld made on a surface with the
main beam. The red He/Ne spot is switched on to determine
that its center visually coincides with the center of the
tack weld.

Coincidence can be judged within about a half spot.
Visual acuity plays a role in alignment. However, there is
invariably a slight gap in the joint. The reflected light
drops off noticeably as the major portion (approximately
the center one third) of the small red spot coincides with
this gap. This drop-off can be detected by anyone observing
the operation. Thus, alignment really implies that the joint
lies within the center one third of red He/Ne spot.

The alignment spot is approximately 0.015 + 0.005 inch
in diameter, thus the one third diameter target area represents
about 0.005 inch and constitutes an envelope of uncertainty
in spot-joint alignment. An F/7 CO, beam spot is approxi-
mately 0.040 inch in diameter. Thus, the 0.005 inch wide
area of uncertainty represents about 1/8 of the working spot
diameter exclusive of a possible 0.007 inch calibration error.

F. SAFETY

All work was accomplished within a light barrier type of

II1-7




enclosure made of acrylic plastic. Eye level joints in the
enclosure were inspected for radiation. Access was controlled
by interlocks. Opening the enclosure to enter shuts off the
preionization source, thus shutting down lasing action. The
same action mechanically places a metal barrier in front of
the beam exit in the side of the chamber. After personnel
have left the enclosure and closed the doors these beam
constraints can be removed. Removal requires two separate
actions on the part of the operator at the console who must
remove the barrier and activate the ionizer. Audible and
visual warnings are activated when the first constraint (the
metal barrier in the aerodynamic window) is removed.

With fixed hood type shielding and beam path enclosure
to the shield, an enclosure might not be required. Very little
radiation escapes from under a hood placed tightly against
the work according to reflection tests run during the program.
Appendix A discusses laser safety and maintenance in detail.

G. SYSTEMS TESTS

The application of a high power density energy source,
such as the laser beam, to critical aerospace structural welding
requires precise control and repeatability. The ability of
the energy source to produce an output power equal to the
preset power and to precisely control that output for the
duration of the weld is as important in performing a welding
development program as it is in welding.

Not only must the amount of power be controlled, but,
since a sound weld joint is the objective of any welding pro-
cess this power must be placed correctly on the workpiece to be
joined. Assurance must be given that otherwise stable support
structures do not move as the mirrors which they support deal
with the thousands of Watts of power in the beam of multikilo-
watt (CW) lasers.

Additionally, if the He/Ne alignment laser is to be used
as a reference it is important that its beam stay coincident
with that of the 10.6 Micron beam during long, full-power runs.

The purpose of the experiments described under System

Tests was to systematically and quantitatively evaluate the
performance of the existing beam power control system and
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also the stability of the external beam transmission and
focusing optics (with their associated visible beam alignment
laser) so that the effect of these control sub-systems could
be related to the results obtained during the remainder of
the program.

1. Controllability

The objective of this task was to verify the corres-
pondence between the setting of the power and the actual
powar output delivered from the aerodynamic window of the
laser (Fig. II-2). These define controllability which in
turn is made up of two characteristics:

Repeatability of measuring instrument
Linearity of response

In these tests a reference IR detector replaced the fast
response pyro electric detector normally used. The laser
power was monitored by instrumentation which received a
sample of the beam power many times per second from a set
of rotating reflectors at the aerodynamic window. The
instrument is a continuous power meter, commercially
available from Coherent Radiation Laboratories, for CO,
-laser power measurements. The CRL meter gives a continuous,
on-line readout of laser power. A second part of this task
was to compare the response of the CRL meter to power
changes against a calorimeter which absorbs a large part of
the energy of the beam and responds by changing temperature
in direct proportion to laser power. By using the time-
temperature response of such a calorimeter it is possible to
verify that CRL meter response is proportional to power.

The experimental procedure was as follows:

1. Determine Percentage of Beam Sampled for IR

Detector.
Observe IR Detector Output at Five Power Levels.
Repeat Step 2 seven times in a 48 hr. period.
Convert Detector Output to Beam Power Using

Data from 1.
5. Determine Calorimeter Output at Highest of the

5 power levels.
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Figure II-2. SYSTEM CONTROLLABILITY TESTS
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6. Observe proportional relationship at other 4 power
levels.

The observed results suggest that the beam energy called for
by the control dial settings was delivered by the laser to

the instrumentation in seven tests at eight power levels
during the two day test with accuracies of + .5% over a range
of powers from 4.1 kW to 14.5 kWw. A slightly reduced re-
peatability was observed at l1ll.5 kWw. Using the time-tempera-
ture response of a calorimeter as a reference it was deter-
mined that the power values reported by the CRL meter reliably
respond to changes in beam power resulting from proportional
changes in control settings.

The absolute value of the power delivered from the
aerodynamic window was established by IR instrumentation
techniques that represented the industry standard - a CRL
power meter. Power levels up to 14.5 kW were thus measured.

2. Regulation

The laser used in this program is capable of continuous
operation at maximum power for sustained periods of time.
Maximum power operation is only acceptable for aerospace man-
ufacturing if it:

Can Be Sustained for Long Periods of Time
Represents Preset Value
Can Be Regulated Thruout Length of Run

This task demonstrated the program laser's ability to meet
these requirements.

For these tests, the laser was bperated on automatic
control by first setting the power dial at the desired power
and then pushing the laser "On" button. The controls were
not touched by the operator for the duration of the run.
Fig. II-3 illustrates the arrangement of the laser for these
tests. The fast response pyro-electric detector monitored
the laser power and supplied a signal to the closed loop
control system which maintained the constant preset output
power value. The signal from the detector is proportional
to the power directed into it. If the power into the de~
tector changes from the preset value, the closed loop system
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automatically makes the appropriate corrections to increase
or decrease the laser power to keep the signal coming into
the detector at the desired value.

To assure detection of small changes in power the gain
of the recorder was set maximum. As a result there is con-
siderable noise in the trace produced by the recorder as
shown in Fig. II-3.

The laser power was monitored by observing and record-
ing the output of the fast detector for three 25 minute
runs in the 14-15 Kw range. Fig. II-3 illustrates a
typical run. RMS displacement of the power curve was in-
vestigated by selecting six points (such as points A-E in
Run 1382, Fig. II-3) that appeared to represent maximum and
minimum power levels and determining the location of a point
midway between the extremes of high frequency noise pattern.

An analysis of six sample power levels for each beam
power trace suggests that up to 15 Kw the RMS variation
over the 25 minute run was less than 115 watts out of 15,000
watts (0.7% of the nominal power). At 15.5 Kw the RMS
variation increased to 298.6 watts over the entire run.

3. Stability of Spot Location

This task verified the reproducibility of the six water
cooled copper mirrors that form the optical path between the
aerodynamic window and the beam impingement point on the work-
piece. A secondary objective established the coincidence
of the visible beam from the Helium-Neon alignment laser
relative to the impingement point of the invisible 10.6 micron
beam from the CO, laser. The Helium-Neon laser used the same
mirrors as the main laser beam, plus an additional set of
mirrors and lenses to introduce its beam into the main beam
optical path.

For these tests several series of experiments separated
by a run at high levels of power were carried out as follows:

Step 1 Prerun Tests

1.1 Place unmarked graphite target under beam

II-12
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l.2 Measure location of alignment spot (+ 0.001")
1.3 Fire COy laser.
1.4 Observe (+ 0.01" at 5x) coincidence of CO,

mark on graphite alignment laser spot.
1.5 Repeat 1.1, 1.2, 1.3, 1.4 six times

Step 2 Run CO3 Laser 30 minutes at 15 kw

2.1 Leave workpiece in place
2,2 Deflect beam into dump

Step 3 Post Run Tests

3.1 Place unmarked graphite sample in target
3.2 Measure location of alignment spot

3.3 Fire CO, laser

3.4 Repeat 3.1, 3.2, and 3.3 six times

Step 4 Measure all CO, Target Marks (+ 0.001")
Step 5 Compare Data from Step 1 with Data from Step 3
Step 6 Analyze significance of Step 5 comparison

Fig. II-4 illustrates the experimental set up. 1In carry-
ing out the above steps three measurement technigques were
required. These are described in Table II-l.

Note: Fixed blade of micrometer located against machined
surface of target for reference. Same surface used with
cross hairs. '

These techniques are illustrated in Fig. II-4.

The observed arithmetic averages of the CO; beam spot
marks from Step 1 and Step 3 suggested that the location of
one diameter shifted 0.0055 inches (less than % of a F/7
focal spot diameter). The other diameter did not shift
(Fig. II-5). This shift in recorded position of the beam
spot was analyzed statistically and was determined not to be
significant. Additionally, an almost identical shift in the
position of the same diameter was reproduced simply by re-
measuring the same target six times - suggesting that the
shift results from block placement for measurement.
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Method

Variable

Measuring Tool

Remarks

Alignment spot location

on graphite target
(Step 1.2 & 3.2)

Vernier Caliper with
special reference

line on moving blade.

Line placed coincident with
spot dia. using SX eye loop.
Vernier read to nearest 0.001"
Two observations 90° apart,

CO2 laser spot location

in graphite target
(Step 1.3 & 3.3)

Micrometer stage on
25X microscope with
cross hair reticle in
eye plece.

Cross hair placed coincident with
diameter of hole in target using
25X microscope. Micrometer read
to nearest 0.001". Two observa-
tions 90° apart.

Coincidence of align-
ment spot with mark in
target

Scribed reflector at
target surface cover-
ing 1/2 of mark in
target.

Estimated using 5X eye loop
(0.01")., Two observations
90° apart.

Table II-1.
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E
r The findings are summarized in the following paragraphs:

The position of the auxiliary low power laser in the
visible range was checked at 5x against a scribed mark on a
precision vernier caliper and there was no observed shift
from run-to-run or between groups of runs separated by a
30 minute full power run.

The reproducibility and control of the mirror focusing
system for the 10.6 micron welding beam was verified by
accurately measuring the position of target marks produced
prior to and after the 30 minute full power run. The indi-
cated movement is less than 25% of the beam diameter and has
] no statistical significance. The apparent movement appears
; -0 come from experimental error in placement of the block
for measurement,

4. Repeatability Under Welding Conditions

In these tests all the elements of the laser system
associated with making welds were tested by producing butt
welds with a time interval of at least 48 hours between each
weld. This demonstrated an ability to reproduce a desired
weild after an extended period of time during which the laser
was used for other tasks.

Eight plates of Type 321 stainless steel, 0.250" thick,
6" wide, and 12" long were prepared by machining and cleaning
with acetone. The eight plates provided material for four
butt weld samples using the following procedure:

Laser Power: 15 kW (aerodynamic
at window) *

Speed: 100 IPM
Focus: 1/16" below plate surface
Beam iingle: 90° to plate surface
Beam Spot Size (F/NO): F/7
Type and Place of

Shielding Gas: Top: Helium in off axis

gas lens 45° 200 CFH
Bottom: Argon 6 CFH in
1"x1" back up channel

* 10.5kW on work
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On each of four days, spaced at least two days apart,
each sample was welded by setting the procedure variables
directly onto the controls without adjustment and initiating
the automatic welding cycle. The laser was used for other
tasks during the time interval between the welds. The pro-
cedure selected to produce the weld was based on prior
welding experience. It is not intended to represent an
optimum combination of welding variables as Task 6 was
aimed at exploring the interaction of power, speed, focus,
beam angle and selecting the best combination.

The off axis shield was used to provide a non-turbulent
flow of Helium Gas over the beam interaction point. With-
out the inert gas, a standing ionization or plasma cloud
would form above the weld, absorbing a large portion of
the laser power and thus preventing the desired weld pene-
tration. This type of shielding over the weld samples was
sufficient for this task. The welded samples were sectioned
and etched to allow a visual observation of the weld zone.

The weld profiles, Fig. II-5 indicate the same depth-to-
width ratio of the molten zone. The small changes in the
cross section profiles were typical of variations seen along
the length of any given welded seam. The top bead may be
influenced by the gas shielding but does not change signifi-

cantly. All the welds had complete penetration along the entire

length of the seams.
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MATERIAL — AISI TYPE 32I

THICKNESS — 174"
POWER — 15 KW BEAM POWER

SPEED — 100 IPM
SHIELDING GAS — HELIUM (TOP)

..... - -

ARGON { BOTTOM )

Figure II-5. REPEATABILITY TEST WELDS
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IITI - PROGRAM MATERIALS

Aerospace structures are produced from a large number
of materials. The materials selected for this program represent

a broad cross section of useful engineering and manufacturing
characteristics.

Program Materials

Type
Titanium Alloy (Ti6Al-4V) 1
Nickel Base Alloy (718) I
Low Alloy High Strength Steel (300M) f
Aluminum Alloy (2219-T87) f
Austenitic Stainless Steel *(AISI32l)

* Phase one only
Each alloy was investigated at several nominal thicknesses:

Program Materials
Nominal Thickness

0.25 inch
0.37 inch
0.50 inch
0.75 inch

The base metals selected for this program represent a range
of materials, compositions and strengths to show the diverse cap-~
abilities of laser welding. All are used currently throughout
the aerospace industry and will be used in the foreseeable future :
in both welded and nonwelded applications. Each has attractive ﬂ
design properties such as toughness, strength, stress corrosion
resistance and elevated temperature stability. All are con-
sidered weldable by one or more processes. Table III-1 sets
forth alloy designation. Nominal strength and procurement spec- ;
ification. Table III-2 lists program thicknesses. ;
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A. ALUMINUM ALLOY

Aluminum Alloy 2219-T87 represents an extensive background
in both welded and nonwelded zpplications, particularly where
strength is required at moderate elevated temperatures, compared
to the new or slightly higher strength 7XXX series alloys such
as 7039, 7007 and 7106. It has also demonstrated good resistance
to stress corrosion cracking with various weld, post-weld heat
treatments compared to 2XXX series alloys such as 2014, 2021 and
less weldable 2024. Recently, 2219-T851 was selected for major
air frame structures because of its good fracture toughness and
elevated temperature stability. It has also been selected as
base line alloy for liquid engine tankage.

B. STAINLESS STEEL

Stainless Steel 321 is considered a good representative of
the 18-8 type stainless series with Ti added as a carbide sta-
bilizer to avoid heat affected zone intergranular cracking from
welding or elevated temperature service. It finds wide usage
in aerospace applications requiring formability, weldability,
moderate strength at elevated temperatures and corrosion resis-
tance. Alloy 21Cr-6Ni-9Mn was also considered a candidate as
the next step to a higher strength stainless and is being init-
ially used as hydraulic tubing in several large commercial jet
aircraft. However, it is considered that 321 will be more re-
presentative of the stainless family at this time. Stainless
was welded in Phase 1 only of this program.

C. TITANIUM ALLOY

Titanium Alloy 6A1-4V is the most universally accepted
alloy for the majority of titanium applications in the aerospace
industry. It is available in all product forms and applications
range from small fasteners heat treated to 160 UTS to large plate
and die forgings in the annealed condition. Structural appli-
cations utilize the annealed condition to take advantage of good
strength and high toughness so this condition is selected for
this program. Ti-6AL-2Sn and Ti-8AL-LMo-1IV were also considered
but lower toughness and poorer weldability of the former and
fewer existing applications of the latter, generally in sheet
gauges, were their main dr-backs. The more recently developed
Beta alloys were also considered and have potential for future
application after final development. The alpha beta 6AL-4V is
more representative of current and future applications.

ITI-2
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D. NICKEL BASE ALLOY

Nickel Base Alloy 718 achieves the highest strength of the
nickel base alloys and is considered more weldable than other
popular nickel base alloys such as Waspalloy or Rene 41. Its
main advantage is stability at elevated temperatures up to
1000°F so it is applied mainly in engine areas such as hangers,
ducting fasteners and fittings. It is also used in turbine
manifolds and gas generators. It is used in both "as welded"
and "Weld plus STA", the former welds can be located in low
load areas.

E. LOW ALLOY HIGH STRENGTH STEEL

Low Alloy High Strength Steel 300M quenched and tempered,
is used extensively as heavy section high strength landing
gear components and is the highest strength commercially avail-
able steel acceptable to design engineers for critical applica-
tions. Although not universally used in components, it has
been flash welded. Repair fusion welds have been satisfactorily
accomplished. It is a good candidate for fabricating large
components by welding but undoubtedly will require quench and
tempering after welding. That post weld heat treatment was
used in this program. The Maraging steels and HP 9Ni-4Co series
alloys were also considered at lower strength levels for ease
of fabrication, forming and their higher toughness level, but
their composition does not fall within the scope of the program's
low alloy high strength steel definition.
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System Alloy 1:"I’U Capability Procurement
Classification Designation Product (DS1) Specification
Aluminum Alloy 2219-T87 Plate 62 MIL-A~8920A
Stainless Sterl 321 ANN Plate 75 MIL-S~-6721
Titanium Alloy 6AL-4V ANN Plate 130 MIL-T-9049
Nickel Base Alloy Inconel 713 Plate 180 AMS 5596 (1)
Low Alloy, High 300M, QA&T Bar 275 DMS 1935 (2)
Strength Steel

(1) Procured in solution treated condition and aged after welding.
(2) Processed in normalized condition for welding prior to Q&T.

Table III-1.

PROGRAM MATERIALS

System

Classification Specimen Thickness
Alumir.um Alloy .25 .37 .50 .75
Stainless Steel .25 .37 .50 .75
Titanium Alloy .25 .37 .50 .75
Nickel Base Alloy .25 .37 .50 .75
Low Alloy, High .25 .37 .50 .75
Strength Steel

Table III-2.

PROGRAM MATERIALS
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SECTION IV

PROCESS TECHNOLOGY

A number of the tasks throughout the program had as their
objective the development of laser welding process technology
in support of the preparation of plates for NDE and mechanical
testing. These include:

Phase I -~ Task 1l: Reflectivity
Phase I - Task 2: Evaluation of Shield Gases
Phase I - Task 3: Tooling
3.1: Tooling for Gas Shleldlng
3.2: Underhead Tooling
Phase I - Task 4: Effect of Surface Finish
Phase I ~ Task 6: Effect of Process Variables
PhaseII - Task 1: Procedure Development, Cleaning &
Preparation
PhaseII - Task 1: Procedure Development, Joint Fitup

(gaps & mismatch)

This information has been brought together in Section IV
because these tasks constitute the nucleus of a manufacturing
technology. This technology could be of assistance in evalu-
ating equipment, tooling concepts and production approaches to
the implementation of heavy plate laser welding in the aerospace
industry.

A. PREWELD PREPARATION

Preweld preparation requirements were identified during
procedure development in Phase II - Task 1. Their welds were
the first program welds to be subjected to radiography to check
internal soundness. Internal soundness is an important criter-
ion in selection of a preweld cleaning process.

1. Cleaning Prior to Laser Welding

Wire brushing plus acetone cleaning was found to be an effec-
tive method of cleaning titanium, nickel base alloy and carbon
steel. Aluminum cleaning was not reviewed. Only total oxide
removal was evaluated for aluminum.

Iv-1
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In this program the plate edges to be fusion welded were
prepared by blanchard grinding. Blanchard grinding places
a premium on deburring and cleaning. Grinding produced heavy,
rolled burrs at the edge of the plate where the wheel exited.

This edge was found to be a potential source of entrapment
for grinding fluid and wheel debris. And, had to be completely
removed by deburring. The ground face was suspected of holding
some imbedded grit particles.

Aluminum edges were prepared by dry milling.

In all, four commonly employed preweld preparation pro-
cesses were evaluated:

Method I
Method II

Deburr, Acetone clean with wire brush.
Same as Method I plus detergent wash
(Alconox - Tri Sodium Phosphate) rinse.
Method III: Same as Method II plus chemical etch/
rinse (see Table IV-1l for etchants).
Method IV : (Aluminum Only) Mechanically remove
oxide film by scraping surface with
a sharp edged tool. No other treatment
was evaluated on aluminum.

In developing the procedures for the manufacture of test
plates, several set-up welds were made using each of the above
methods under similar speed, power, focus and shield gas set-
tings. These welds were radiographed and rated according to
the amount of observed porosity. Fig. IV-1 summarizes the
ratings for each method of preparation.

Careful deburring, followed by wire brushing and acetone
sluicing exhibited the lowest porosity index for each material
on which this simple cleaning method was applied. (Carbon
steel, Titanium, and the Nickel basealloy).

Where facilities are equipped to carry out detergent
cleaning or chemical etching under close process control,
these methods might also be adopted. Their results were not
markedly different from the wire brush/acetone methods. Opti-
mization of chemical cleaning procedures, however, was not with-
in the scope of this study nor was it consistent with available
facilities.

Aluminum cleaning methods have been extensively reviewed

in other programs (Ref. IV~-l). The method chosen represents a
procedure that has been used to avoid porosity in GTA & GMA

welding of critical components. Total removal of the oxide
film eliminates the major base metal related source of hydro-
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PROGRAM MATERIAL COMPOSITION (500 ml BATCH)
Low Alloy Carbon Steel Fe Clg 30 gms
(300M)
H Cl 100 ml
H7O (Tap) 400 ml
Temp. 100° F
Time 10 - 15 minutes
Titanium Alloy HNOj 225 ml
(6A1 - 4 V)
HF 20 ml
HZO (Tap) 445 ml
Temp. 100° F
Time 10 ~ 15 minutes
Nickel Base Alloy HNO3 100 ml
(Inconel 718)
HF 10 ml
H20O (Tap) 390 ml
Iron (Fe) 5 gms
Temp. 100° F
Time 10 - 15 minutes
Aluminum Base Alloy Not etched
(2219 - T87)

Table IV-1, PREWELD ETCHING SOLUTIONS
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gen. Hydrogen is a major source of porosity in aluminum.

As noted in Fig. IV-1, even this fully developed method of
cleaning failed to produce an acceptable laser weld in alumi-
num. The basic need was therefore assumed to be for further
aluminum weldirg process development - not better cleaning.

2. Surface Finish Effect and Reflectivity.

Task 2 - Phase I measured reflection during welding to
determine if phenomena, which are characteristically associated
with deep penetration welding (particularly the cavity), actu-
ally do cause much of the beam to be absorbed. The beam of a CO,
laser (10.6 micron wavelength) exhibits high reflectivity
from metal surfaces when the power level is sufficiently low
so that the surface is not disturbed or oxidized. However, in
order to effect a narrow deep weld, several phenomena are in-

volved which may ch nge the reflectivity situation. These are:

Melting
Vaporization
Cavity Formation

Additionally, some oxidation of the weld pool may be assumed
under conditions of marginal shielding.

All of the above factors infiuence reflectivity of the
impinging beam.

In Task 4 - Phase I tests were conducted to determine if
work piece surface finish might also be a factor - one which
would have to be taken into consideration with respect to pene-
tration control in production.

The results of Task 4 suggest that the program materials
can present greatly varied surface finishes to the laser beam
without influencing the ability of the beam to penetrate the
material.

The average penetration depths observed in the presence
of the various surface finishes are shown in Fig. IV - 2.

No significant effect was observed. The maximum difference
in penetration for all surface conditions is only 3.5%.
Averaging all materials together reduces the maximum observed
difference to 1.3%%. It would be difficult to separate
effects such as these from run power variations or measure-
ment inaccuracies. If workpiece conditions did influence the
welding beam, the effect might be expected to be more
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apparent in the aluminum samples. 1In these samples one area
had been scraped and polished. This area could have had, at
most, only a light natural oxide. At the opposite end of the
same sample the aluminum was covered with a heavy mill oxide.
According to Fig. IV - 2 the penetration at both areas was
identical.

Tables IV - 2 and IV - 3 describe the conditions under
which a half inch thick plate of each program material was
prepared with four zones representing different surface con-
ditions and welded (bead-on-plate, partial penetration) with
a 15%w beam (10.5kw on work). A welded sample is shown in
Fig. IV - 3. The depth of penetration was measured metallo-
graphically at two points within each zone. Experimental
finishes ranged from bright pclished surfaces through rough
machined surface conditions to the as-received finish.

(Table 1V - 2).

A second set of reflectivity tests measured the beam
impingement region reflection at 7% of the incoming energy
when welding stainless steel, carbon steel, titanium, and
nickel base alloy. Aluminum reflected about 14% of the beam.

The experiment was conducted by placing a calibrated
thermopile at declination angles of 20°, 40°, and 75° with
respect to the laser beam. The thermopile was optically
filtered (long pass) to prevent visible and near infrared
light from entering. The power of the laser and thermopile
readings were recorded simultaneously. The data from the off
axis reading was plotted and extrapolated to 0° to permit an
estimate of the irradiance where it reaches its maximum, coin-
cident with the beam path location. Readings at various de~
clination angles were checked at a second azimuthal position
90° from the initial position to assure that reflectance was
equal in all directions. When this assumption had been veri-
fied total irradiance was calculated by integrating thermopile
readings over a hemisphere with the surface of the work piece
as its base and the weld at its center. Corrections were
then made for filter and optical train transmission. The
correct reflected power value was then divided by the recorded
laser power.

Iv-7
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(SAI- 4V) (INCO 718) (2219 -167)

Figure IV-3. OBSERVED PENETRATION

CONDITION DESCRIPTION
Mechanically Produced by placing end of test bar on
Polished metallurgical silicon carbide abrasive

polishing belt with 280 wet paper,
resulting in a bright metallic finish.

Abrasive Blasted at 90 psig with dry 250 grit non=-
Blasted recycled silicon oxide grit resulting in a
uniform matte gray finish.

Rough Generated with a single point tool mounted
Machined in a shaper so that distinct grooves (30/inch)
were scribed approximately 0.015 inches
into the surface.

Received Aluminum was left with the original gray
heat treating oxide from the mill on its
surface. All other materials were scale
free and pickled to a light matte gray as
they came from the mill.

Table IV-2. EXPERIMENTAL SURFACE CONDITION \‘
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: VARIABLE SETTING
; Power (kW) 15 (10.5 on Work)
Speed (inches per minute) 20
i Telescope-Work Distance 28-1/16
gj F/Number 7
i Surface Condition Variable
Shielding
Upper Surface Gas 90/10 HeA (126 CFH)
Lower Surface Gas none
Tooling 10" Hood

Table IV-3. EXPERIMENTAL WELDING PROCEDURE-
SURFACE FINISH EFFECT

4 5 [+
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Figure IV-4. FIT-UP TEST PLATE
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The percent reflection of as~received surfaces was as
follows:

Stainless Steel 7%
Titanium 7%
Low Alloy Carbon Steel %
Nickel Base Alloy 7%
Aluminum 14%

The true values for reflection may be slightly less than
those listed above. Unavoidable spillover of low intensity
beam energy onto the test plate occurs each time welding is
carried out. This light fell well outside of the weld zone
but within the viewing area of the detector. With its low
specific energy this spillover light would reflect rather
efficiently from any metal surface which it struck. This
extraneous source of 10.6 micron light was minimized by paint-
ing the cool area of the plate black using colloidal graphite.

3. Effect of Variations in Joint Fit-Up

Because the beam can penetrate substantial plate thick-
nesses in a single pass, the accepted joint geometry for
laser welding is that of the butt weld. However, variations
in the preweld fit-up of butt joints occasionally occur. The
plates may not be aligned across the joint (mismatch). This
is particularly common in circumferential joints between
cylinderical sections.

The faces of the joint may not touch all points along
the length of the joint. This is called gap. 1In arc welding,
gap may affect heat flow patterns ahead of the slow moving
process. In the case of high energy beams, this effect is
probably not important. However, the gap does permit the
beam to pass between the plates and usurps the role of the
cavity. This creates a special problem for beam welding
processes which depend on the cavity.

In this program, the effects of variations in preweld
fit-up were studied as a part of Task 1, Phase II and the
following observations were made:

IV-10
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a. Mismatch. Mismatch conditions of as much as 1/16 inch
were encountered in 1/2 inch thick titanium butt welds with
no effect on the exterior appearance of the weld. The
mechanical testing of joints with mismatch was beyond the
scope of this program.

b. Gap. A specimen was designed (Figure IV-4) with segments
of the butt joint face ground back to create a series of in-
creasing gaps. Each gap was approximately 1 inch long. 1In
these studies, standard welding procedures were subjected to
inconsistent joint fit-up conditions in the form of these manu-
factured gaps in 1/4 inch plates of program materials. Gaps
up to 0.14T were investigated.

Small 0.02T (0.005")
Medium 0.04T (0.010")
Large 0.08T (0.020")

Very Large 0.14T (035)

Gaps between abutting faces of a joint cause the crown
to sink and, if the gap is severe, the underbead pulls up.
Weld cross section is reduced. Ultimately, the beam drops
through the joint without interacting with the faces of the
joint at all.

Figure IV=5 illustrates the effect of variable fit-up
in the form of gaps on weld cross section. Even the smallest
(0.02 T) gap influences joint cross section, but gaps of
about 0.04 T can be tolerated before the cross section drops
below full (100%) plate thickness.

At the 0.08 T gap, both crown and underbead were recessed
so that only a thin joint was formed at mid-thickness.

B. TOOLING

Welding processes such as electron beam and laser pene-
: trate the work by forming a vapor cavity in the joint at the
i point of beam impingement. When full penetration is achieved,
. this cavity extends through the plate. Experience in the design
l of tooling in vacuum electron beam welding has suggested that
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a portion of the beam energy (and some molten metal) exits

from the bottom of the cavity. This energy/metal stream

interacts with either the underbead tooling, or if the tool-

ing does not provide a backstop, with any work piece surfaces

that may be located within several inches of the weld underbead.
In these tests (Task 3.2 Phase I) tooling considera-

tions for laser welds were considered.

1. Backstop Tooling

The need for underbead backstop material did not appear
to be as important for laser welds as it is for electron
beam. Surfaces 1 1/4 inches below the weld were not damaged
by the laser beam. The electron beam would have affected such
surfaces. Surfaces 1/4, 1/8 and 1/16 below the surface did
receive molten metal. Surfaces 1/8 and 1/16 inches below the

| work also received beam energy, Figure IV-6.

‘i Beam stops of copper, graphite and stainless steel were
all placed 1/16, 1/8 and 1/4 inches below the workpiece to

l determine if there was an optimum placement - material com-
bination that would affect underbead width, drop thru or

l contour. No overall trend was noted.

Thus the back stc) portion of tooling appeared to rep-
resent a means for protecting other workpiece surfaces but
exercised no effect on the underbead size or contour of the
underbead.

e B e e

2. Chill Spacing

Underbead chill proved to be more effective than back-
stop placement in controlling underbead size and contour.
4 Figure IV~-7 shows the stepped test chill bar, Table IV-5
1 lists the spacing levels, and Figure IV-8 shows the tooling
Ni used to establish uniform contact with the chill.
: Increasing chill results in a sharper underbead exten- :
i sion according to Figure IV-9. Spacing chills less than one i
joint thickness apart does not appear to be desirable if a
flat smooth underbead is desired.




Weld Low Alloy Titanium Alloy Nickel Base Alloy
Parameters Carbon Steel
Base Metal 300 M 6A1-4V Inconel 718
Specification (MIL S 8844 C12 Cond. E2) (MIL-T-9046) (AMS 5596)
Heat Treat Cond. Normalized and Annealed Annealed Solution Treated
(as welded)
Thickness 0.25" 0.25" 0.25"
Travel Speed 100 ipm Same Same
Focus f/; at 21-11/32" Same Same
Surface Deburr, wirebrush and Same Same
Preparation rinse with acetone
Shielding Gas
Jet 100 CFH He Same Same
Trailer 25 CFH Argon Same Same
Set Back 7/16" Same Same
Lift Off 0.040 (nom.) Same Same
Filler Wire Not used Not Used Not Used
Tooling Conf. F24 W/RM#6 Same Same
Gap Experimental Var, Same Same
Mismatch 005 Max. Same Same

Unless Noted

* REVERSED FOR
VARIABLE CHILL

Table IV-4,

FIT UP TEST WELDING PROCEDURES

TESTS
EXHAUST .;7
U/B GAS
TO
UNDERBEAD MANOMETER
GAS IN 5
/ FOR VARIABL
BACK STOP .  CHILL TESTS
SPACER COPPER CHILL

Figure IV-6. UNDERBEAD TOOLING EXPERIMENT
Iv-14




E Figure IV-7. EFFECT OF UNDERBEAD ENERGY ON TOOLING

Figure IV-8. EXPERIMENTAL CHILL BAR
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SETTING

VARIABLE Stainless Low Alloy Titaniumn Nickel Aluminum
Steel Carbon Steel Alloy Base Alloy Alloy
(AISI 321) (AISI 4130) (6A1-4V) (Inconel 718) (2219-T87)
power (1 (xw) 15 15 15 15 14
Speed (ipm) 90 85 100 85 130
Telescope-Work (2) (2) (2) (2) (2)
Distance
F/Number 7 7 7 7 7
Surface Condition (3) (3) (3) (3) (3)
Shielding

Upper Surface

(Type) (4) (4) (4) (4) (5)
(Gas/Flow-CFH) He/50 He/50 H3/50 He/50 He/200
(Trail Gas/

Flow/CFH) A 25 A 25 A 25 A 25 N/A

Lower Surface
(He/A in CFH) 4-2 4-2 4-2 4-2 4-2

Tooling (spacing of
variable width copper
chill bars - see
Table IV-6 A A A A A

Type Off Joint BOP BOP BOP BOP BUTT

(1) Measured at beam exit from laser cavity.

(2) All experiments run at a 28 inch distance from the telescope and also a distance of 28-1/16 inches.
(3) All plates cleaned in accordance with Table III-2, :
(4) A composite hood with jet located in the forward lip of the trailer was used in all tests. k-

(5) Diffuser manifolds placed one inch apart face-face along weld and sealed to plates with tape. :
Table IV-5. EXPERIMENTAL WELDING PROCEDURES - TOOLING TESTS i
CONFIGURATION CHILL SPACING AT
ZONE A 2 ZONE B ZONE C ZONE D
Inches % (2) Inches % Inches % - Inches %
I 0,062 25 0.186 75 0.311 125 0.436 175
(27)
II 0.100 40 0.224 90 0.349 140 0.465 185 W
(99) (155) (207) 5

(1) Thickness as a percentage of the 0.25 nominal plate thickness (percentage values In parentheses refer to the
thickness-chill space relationship for the 0.227 inch thick Inconel 718 material).

(2) Chill Bars made from copper, specimen rests on 1/8 x 1/8 inch lip machined into upper surface of bar., Narrow ]
lip assures high unit pressure at plate-copper interface and assures good contact between specimen and chill ki
bar.

Table 1V-b. EXPERIMENTAL CHILL CONFIGURATIONG
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Data for Figure IV-9 is presented in terms of relative
change because discussion of absolute changes would have
involved absolute bead widths. At this point in the pro-
gram (Task 3.2 Phase I) no procedure development had been
carried out and absolute data may have represented over or
under welding in addition to chill effects.

3. Effect of Underbead Gas Pressure

The presence of identifiable droplets of ejected metal
on the surface of backstop implies that pressure plays a
role in the formation of the underbead. The possibility that
slight underbead pressure might counteract the drop through
of metal, was evaluated in this part of Task 3, Phase I.

These tests showed that underbead pressure has a definite
effect on the somewhat protruding underbead of deep, narrow
welds such as the laser (or electron beam) produces. Because
the laser operates in air, this pressure could be adjusted to
reduce underbead protrusion.

The effect of underbead pressure on laser welds is to
push the protruding bead up toward, or even into, the test
plate (Figure IV-10). The effect of pressure seems related
to metal density. That is, the amount that the underbead is
pushed up by a given pressure is roughly proportional to the
density of the metal.

According to Figure IV-10, an underbead pressure of
18 mm of water weculd cause an aluminum bead to become flush
with the test plate surface. A pressure of 22 mm woild do
the same for titanium. Figure IV-10 shows that the process
is critical for these materials. Therefore, establishing
and maintaining pressure within a fraction of a millimeter would
be necessary to keep the process in control.

Nickel base alloys, carbon steel, and stainless steel
respond less to a pressure change so that approximately 40 mm
is required to produce a flush underbzad. But, even 30 mm
results in a lesser underbead projection than occurs at
ambient pressure. For these heavier materials, significant
control of underbead by pressure occurs over a range of
pressures and appears to be practical.

Iv-18
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. As a corollarv to the above ideas, it should be noted
] that failure to assure proper venting of underbead gas in
tooling designs may cause inadvertent pressure changes with
a loss of control over underbead contour. This would be ;
: particularly true of aluminum. The basic tooling arrange- 1
{ ment shown in Figure IV-8 was used. 1

Measurements were taken at a point approximatel-- 2 ;
inches from the beginning of the weld. At this point the
plate was fully penetrated and gas temperature (and pressure)
had not bequn to rise. Pressure readings are accurate +2 mm
of water. The welds were produced in the test plate according
to the procedure shown in Table IV - 8. The test material was
0.25 inches thick.

C. SHIELDING GAS PERFORMANCE

Unlike electron beams, the laser beam does not need a
vacuum to produce a narrow deep weld in metals. The metals,
however, need some form of shielding if the resulting welds
are to be free of porosity.

The objective of Task 2, Phase I was to determine the
suitability of several gases, and gas mixtures. to shield
metals that were being welded by lasers. A suitable shield-
ing gas for laser welding is one whichs:

... does not interact with the laser beam and thus
reduce the amount of power available for pene-
trating the joint

... has good blanketing characteristics at the high
speeds which characterize laser welding procedures

««. is metallurgically compatible with the base material

In this task the effect on penetration of a candidate
shielding gas was given first priority. Additionally, gases
were qualitatively evaluated in terms of blanketing capa-
bility. Concepts of metallurgical compatibility were adapted
from conventional welding practice. For example, although
hydrogen mixtures were tested on austenitic stainless steel |
and carbon steels to confirm their effect on penetration, no |
endorsement of such practice without further metallurgical
evaluation is implied.
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As a corollary to the above ideas, it should be noted
that failure to assure proper venting of underbead gas in
tooling designs may cause inadvertent pressure changes with
a loss of control over underbead contour. This would be
particularly true of aluminum. The basic tooling arrange~
ment shown in Figure IV-8 was used.

Measurements were taken at a point approximately 2
inches from the beginning of the weld. At this point the
plate was fully penetrated and gas temperature (and pressure)
had not begun to rise. Pressure readings are accurate +2 mm
of water. The welds were produced in the test plate according
to the procedure shown in Table IV - 8. The test material was
0.25 inches thick.

C. SHIELDING GAS PERFORMANCE

Unlike electron beams, the laser beam does not need a
vacuum to produce a narrow deep weld in metals. The metals,
however, need some form of shielding if the resulting welds
are to be free of porosity.

The objective of Task 2, Phase I was to determine the
suitability of several gases, and gas mixtures. to shield
metals that were being welded by lasers. A suitable shield-
ing gas for laser welding is one whichs:

... does not interact with the laser beam and thus
reduce the amount of power available for pene-
trating the joint

... has good blanketing characteristics at the high
speeds which characterize laser welding procedures

... is metallurgically compatible with the base material

In this task the effect on penetration of a candidate
shielding gas was given first priority. Additionally, gases
were qualitatively evaluated in terms of blanketing capa-
bility. Concepts of metallurgical compatibility were adapted
from conventional welding practice. For example, although
hydrogen mixtures were tested on austenitic stainless steel
and carbon steels to confirm their effect on penetration, no
endorsement of such practice without further metallurgical
evaluation is implied.
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VARIABLE SETTING

Power 15 KW (except as noted in data)
Speed Low Speed (easy shielding): 60 IPM
Intermediate Speed: 120 IPM
Very Fast (diffucult shielding): 240 IPM
Telescope-Work Distance 28-1/16 inch + 1/32 inch
F/Number 7
Surface Condition Per Table III-2 each alloy
Shielding
Upper Surface 140 CFH total flow + 7 CFH (experimental
gases listed in Table V-1)
Lower Surface None (partial penetration welds)
Tooling 10 Inch Hood (see Figure V-2)

No Underbead Tooling

Note: All experimental inert gases and CO, are welding grade, Hp and Oy
are 99.999 purity.

Table IV-7. EXPERIMENTAL WELDING PROCEDURE - 1
SHIELDING GAS EVALUATION
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The full coverage hood and welding fixture are shown
in Figure IV-1l. The welding procedure is listed in Table
Iv-7.

It was observed that some shielding gasses actually
enhance penetration when the results are compared to air.
Helium results in an almost 100% improvement over air.
Hydrogen and mixtures of helium with other gasses provide
various blanketing qualities and also increase the penetrat-
ing action of the beam as opposed to its action in air.
Some of the improvements that were observed when welding
on austenitic stainless steel are:

Gas Mixture Penetration Blanketing Metallurgical
(Air = 1) Effect

100% Helium 1.78 Fair None

90% Helium, 10% Argon 1.92 Good None

70% Helium, 10% Argon 1.69 Very Good None

99% Helium, 1% Hydrogen 1.98 Poor Possible

50% Hydrogen, 50% Argon 1.14 Good Very Possible
100% co, 1.28 Surface Oxidized None

Figures IV - 12, 13, 14, 15 and 16 show the effects of
these and other gasses on all program materials and at higher
speeds. From these figures, certain general observations
can be made. Helium permitted the best penetration. Argon
seemed to react with the beam (perhaps by formation and
maintenance of a plasma) and inhibited penetration. Helium
did not provide perfect blanketing of the weld in high speed
shielding situations. When shielding was less than perfect,
the intrusion of air had a severe effect on penetration.
Additions of 10% argon improved blanketing. The exclusion
of air by argon resulted in a greater penetration improvement
than the offsetting plasma forming tendency of the argon.
Mixtures of 30% argon with helium usually resulted in some
loss of penetration. At 50% argon concentration (in helium)
shield damage was frequent unless welding speed kept the
welding cycle very short. Thus, the limiting amount of argo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>