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Abstract

Results from a program to study laser welding of Inconel 718 are discussed. This
includes microstructural studies of welded wrought, wrought grain grown and cast
material. Samples were laser processed using both CW and pulse tailoring. The heat
affected zones and precipitate regions were determined and the influence of sidejet
pressure and orientation on weld shape was established.
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Introduction

Inconel 718 accounts for a significant portion of all superalloy production and usage
and improved fabrication techniques for the alloy are of significant interest. Welding
is one of the more desirable techniques and has been seriously investigated for turbine
and aircraft engine components with the predominant concerns being microfissuring,
cracking, and reduction of properties within the heat affected zone (HAZ). Recently,
laser welding has been considered since it uses a very localized heat source which
produces a narrow HAZ. The purpose of this paper is to present the results of an
on-going program which investigates the various aspects of CW (Continuous Wave)
and pulsed laser welding and their effects on the weld character and HAZ of three
microstructures of Inconel: wrought, wrought-grain grown and cast.

Background

The composition and phases of Alloy 718 have been thoroughly discussed in this and
earlier volumes! and therefore will not be repeated here. Studies of laser welding of
Alloy 718 are, however, fairly recent and will be briefly reviewed.

When Inconel 718 welds are metallurgically evaluated, they often reveal microfissures in
the heat affected zone. These occur primarily under the nailhead, a fusion zone shape
which is typical of many different welding processes. The microfissures are thought to
be due to the combination of liquation and the significant stresses which occur during
cooling. They create problems in hardware fabrication and repair and, therefore, the
welding of Inconel 718 continues to be a challenge to the researcher and manufacturer.

Due to its inherently small heat affected zone, laser welding offers potential promise
for producing crackfree Inconel 718 joints. A study? on the welding and cutting of
718 with a 15kW CW CO; laser indicated that it could be an effective joining method
for up to one half inch thicknesses. A definite nailhead was produced, however, which
contained isolated instances of microfissuring and some porosity. Studies of pulse laser
welding on Inconel 718 have also been conducted using Neodymium-YAG lasers.>* In
these instances, the material cracked at the nailhead in both individual and overlapping
welds. The cracks were intergranular and attributed to solidification cracking. A more
recent study® used pulsed CO, laser welding reduced the nailthead size and also reduced
the associated microfissuring.

Eliminating the nailhead by altering the shape of the weld fusion zone through plasma
control has been suggested”®® by studies in which investigators optimized the assist
gas parameters during CW CO, laser welding of 304 stainless steel. The following
gas parameters were varied: gas species, gas pressure, nozzle angle, nozzle diameter,
nozzle height and gas-workpiece interaction position. A set of gas conditions was found
at which the profile of the weld transitioned from the characteristic wine glass to a
straight sided shape. It was proposed® that the assist gas suppressed the plasma at
pressures slightly higher than the pressure of the metallic vapor by forcing the vapor
to flow away from the focussed laser beam along the rear wall of the cavity. This
minimized the plasma absorption loss. The resultant weld had greater penetration,
though with uneven depth and some root porosity.
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These studies indicate that while laser welding has many of the same inherent problems
as other welding techniques, e.g. nailhead cracking, it does offer the possibility of
minimizing these problems. Through appropriate control of the heat source with pulse
tailoring and plasma location manipulation, the weld shape and thermal history can
be varied. The purpose of the investigation being discussed herein is to determine how
that variation in weld characteristics relates to the heat source, and if it can result in

better Alloy 718 welds.
Procedure

Laser Processing System

The laser used for the experiments was a Rofin-Sinar RS3000 fast axial flow CO, laser
with a peak power of 3,700 watts and configured to a TEM;, mode with a beam
divergence of less than 2 milliradians. The laser output can be either continuous wave
(CW) or pulsed. The beam is focussed onto the workpiece with an off-axis parabolic
mirror having a focal length of 150 mm. The beam is directed perpendicular to the
workpiece through a nozzle which delivers a coaxial and a sidejet flow of inert gas. A
specially designed nozzle was used!! when variations in the sidejet flow orientation was
desired.

Power delivered to the workpiece was measured using a Scientech calorimeter. The
workpiece was translated horizontally beneath the beam at a constant speed using an
Aerotech x-y table and CNC controller. Restrained welds were made using a fixture
designed to produce both horizontal and vertical pressure on the material.’? Five weld
processing series were run using various selected processing parameters. The series and
the parameters are listed in Table 1.

Various analytical techniques were applied during the processing. These include!®~12

plasma spectroscopy, video, photodiode, and high speed camera. The radiation emitted
by the plasma formed above the material during laser processing was obtained!® using
a 1/4 wave spectrometer over a spectral range of 2500-5000 Angstroms. Five separate
windows were examined. One hundred temporal scans were averaged using an optical
multichannel analyzer. The emission spectrum with the identified elements is shown in
Figure 1.

Preliminary Alloy Characterization

To distinguish differences in homogeneity, Differential Scanning Calorimetry (DSC)
was applied to wrought (grain size #8), wrought grain grown (grain size #4) and
cast material. The DSC tests were conducted at the High Temperature Materials
Laboratory in Oak Ridge National Laboratory. The 150-160 mg samples were processed
in argon at two heating and cooling rates. Temperatures at which transformations
occurred were identified and are presented in Table II for the 40°C/min heating and
cooling rate.

Analyvtical Model

An analytical model!® was modified to determine the temperature field around the

weld. Tt is based upon superposed solutions for a moving point and line heat source'*
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Table I Processing Parameters for Inconel 718 Laser Welds

Peak Pulse Speed Duty Sample Micro- | Avg. Del. | Coaxial Coax Sidejet | Sidejet | Sidejet Focus
SERIES Power Avg. (cm/sec) | Cycle thickness | Structure | Power Gas Flow Gas Angle Flow {mm)
(Watts) | Power (%) (mm) (Watts) Rate (Degrees) | Rate

(Watts) (L/ min) (L/ min)
3200 25 45 0.3175 w He 60 -1
A + @
77
2475 1.2 45 0.3175 w He 26 He 45 20 -3
d YLy |y
2900 25 85
1900 1.2 37 0.3175 w He 26 He 45 20 -3
B2 + +
2600 80
2250 1.2 37 0.3175 w He 26 He 45 20 -3
G
B3 + a
100
1.2 52.2 0.3175 W 1250 52.2
C Y
100 100
2000 25 100 0.3175 w 2000 N {0->92 Np 35 0-»243( -25
D He |0—>248| He 42 0—~64.2
Ar 078 Ar 45 0—+19.5




Relative Intensity

Table II Transformation Temperatures in IN 718

Sample DSC Treatment Transformation Temperatures (°C)
Wrought Heating 40°C/min 615, 760, 912, 1025, 1220, 1275
Wrought Heating 40°C/min 655, 850, 1220
Grain
Grown
Cast Heating 40°C/min 585, 770, 1130, 1180, 1205, 1280
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Figure 1 - The emission spectrum of Inconel 718 in helium shield gas for (a) the
spectral range of 2500 to 5000 A°, (b) the spectral range of 3500 to 4000
A°, and (c) the spectral range of 4000 to 4500 A°.
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Figure 2 - Predicted locations of DSC (heating) transformations adjacent
to the fusion zone in (a) Wrought (b) Wrought Grain Grown and
(c) Cast Inconel 718.
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Figure 3 - Temperature gradient in the HAZ as a function of weld depth.
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Figure 4 - Cross sections and top bead of a nitrogen gas assist weld as the flow rate
is increased from 2.6 L.-III'I:I'IIi.Il to 259 LI."':Illi]J (3.175 mm Inconel ).

Figure 5 - A midsection (XY [:lm]i'] overview of the 7T1% (J'.lﬁl,l‘_r l;'].'(‘ll.- weld (28X} and
higher magnification (100X} view of the solidification structure,
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Figure 6 - A midsection (XY plane) overview of the 45% duty cyele weld [28X) and
higher magnification (100X) views of the solidification and pore structure,
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Figure 7 - Slant grind sections of (a) Wrought, (b} Wrought Grain Grown, and (c)

Cast Ineonel T18.
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Figure 8 - Vickers microhardness values in the region adjacent to the fusion zone at
the top (A) and base (B) of the nailhead, distances in cm.
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Figure 9 - The HAZ and precipitation regions adjacent to CW welds in (a) Wrought,
(b) Wrought Grain Grown, and (c¢) Cast Inconel 718.

729



0€L

100% Duty Cycle

~1.00 -11.00 -+1.00
/.—Hardness
Hardess > Hardness Hardness
~
0.75 Ho7s Hardness _-Hardness 1075 -
- — E
€ £ 5
S s £
= = =
5 5 5
) : L] T
T T
0.50 Precip. o « Precip. -40.50 Hos0
0.25 q0.25 0.25
Precip.~ ] «Precip.
L L L L L L L L L 1 L L | .
-0.30 <020 -0.10 000 040 020 030 -0.30 -0.20 -0.10 000 010 020 030 030 -0.20 -0.10 0.00 0.10 020 030
Distance from Weld Cenlerine {cm) Distance from Weld Centerline (cm) Distance from Weld Centerline (cm)
l¢]
52% Duty Cycle
’7  Precip.
1100 100 41.00
Hardness «Hardness
Hardness___ . Hardness: Hardness - -~ Hardness
75 1075 .75 _
£ g B
L = =
= = b=
£ (=3 =3
2 @ [5)
[ T En
050 T 050 -0.50
do.2s 025 ~0.25
Precip. Precip. . Precip.
2= : | A L L — R L
3 0% -0)10 o}yo oAI1o 0.20 T30 -0.30 -020 -0.10 000 0.0 020 030 0306 020 <040 000 0106 020 030
Distance from Weld Centerline {cm) Distance from Weld Centerline {cm) Distance from Weld Centerline (cm)
(a) (b) (C) CG-214

Figure 10 - Slant grind sections of 100% and 52% duty cycle welds in (a) Wrought, (b) Wrought Grain ¢
and (c) Cast Material, showing precipitation and microhardness regions.



and predicts microfissuring. The modification to the model uses the experimentally de-
termined top bead width, nailhead depth, and minimum weld width to calculate the line
source power and point source power and location that will reproduce the weld shape
(as represented by the 1336°C isotherm). Transition region distances and temperature
gradients in the HAZ can then be calculated for the particular weld configuration. The
predicted location of the heating transitions as determined by DSC analysis are shown
in Figure 2. Figure 3 illustrates the variation with depth of the temperature gradients
present in the CW welds for samples in Series B3.

Metallographic Results

Weld structures were examined in sections perpendicular to the weld direction, parallel
to the weld direction and sample surface, and at a 15° angle with respect to the weld
direction. The latter two examinations were necessitated by the three-dimensionality
produced by pulsed welding. The technique which used the angled cross-section was
developed to circumvent the numerous sections that had to be examined when using
the second technique. Samples were mounted, ground and polished prior to etching
with waterless Kallings reagent. Figure 4 shows perpendicular sections from Series
D, Figures 5 and 6 show parallel sections from Series A, and Figure 7 shows slant
grind sections from Series B3. Any occurrence of centerline cracks, microfissures, and
porosity was noted in all samples.

Microhardness measurements were made perpendicular to the fusion zone at increments
along the depth of the weld. Typical results for the Series B3 CW welds in the regions
A (top) and C (base of the nailhead) are shown in Figure 8. The distance at which
the measurements reached the untreated matrix value was considered to be the end
of the HAZ. The width of the region over which obvious grain boundary melting and
precipitation occurred was measured for the Series B3 welds in both the perpendicular
and slant grind sections. Figures 9 and 10 show the extent of the HAZ and precipitate
regions in the Series B3 materials for CW and pulsed welds in both the perpendicular
and slant grind orientations. The location of any microfissures that occurred is noted
on the figures.

Fusion zone curvature was determined for the welds in Series B2, B3 and D. (Curvature
is defined as the length of the fusion zone divided by the straight line distance.) A plot
of curvature as a function of duty cycle for the Series B3 welds is shown in Figure 11.

Results and Discussion

The three types of Inconel vary significantly in both the number and the location of
the transformations which will occur during welding (Figure 2). The wrought grain
grown (the most homogenized) material exhibits the fewest transformations. The cast
and wrought are similar to each other. They each should exhibit lower temperature
eutectic melting as a result of their inhomogeneous structures. This occurs up to 0.02
cm from the fusion zone.
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Figure 11 - Weld curvature as a function of duty cycle.

The final structures and properties after welding are also affected by the thermal history
of the process. Figure 3 presents the prediction of how the temperature gradient changes
along the depth of the weld. The gradient is lowest in the region of the nailhead,
thus extending the distance and time over which transformations can occur. This is
illustrated in Figure 9 which shows the microhardness and precipitate regions for the
three types of Inconel increasing in the vicinity of the nailhead.

Weld shape was found to be affected by both laser pulse tailoring and sidejet gas flow
and orientation. Figures 5 and 6 illustrate the difference in appearance of a longitudinal
view as the pulse duty cycle is changed from 71% duty cycle to 45% duty cycle. This is
quantified in Figure 11 which shows that as the duty cycle is decreased below 71%, the
weld curvature begins to increase significantly. Figure 10 demonstrates the differences
in precipitate distance and microhardness as the duty cycle is reduced from 100% to
52%. The HAZ width is similar in the wrought grain grown and cast and larger than the
wrought. The width is similar for both the CW and 52% duty cycle welds. Precipitate
distance increases in the order of wrought, wrought grain grown and cast, being larger

in the CW welds.

The sidejet gas flow also changes the character of the weld as shown in Figure 4.
Increasing the flow rate changes the shape from wine glass to beer glass. Continued
increase leads to cutting. This is a result of its influence on the location and stability
of the plasma. Increasing the assist gas flow rate deforms the external plasma in the
direction of the weld front. At a critical flow rate, the plasma is deformed ahead of
and into the keyhole, where it stabilizes in a stagnation pocket. Further increase in
flow rate permits backfill of the molten metal into the keyhole, blocking the beam and

reducing penetration. Penetration is again achieved, and cutting occurs, when the flow
is increased excessively.
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As shown in Figure 1, the radiating constituents within the plasma are identified as
nickel, iron, chromium and niobium. The plasma is comprised primarily of neutral
atoms, singly ionized metal atoms and electrons from these elements.
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