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Abstract

The welding of Ni-base alloy Inconel™ 690 is commonly required during the construction
and refurbishing of nuclear power plants. The tubing and control rod drive mechanism housing,
located in the steam generator and reactor, respectively, are both fabricated form Alloy 690 and
vary in thickness from 1 mm to greater than 25 mm. However, during conventional multi-pass
welding of Alloy 690 in this thickness range, micro-cracking in the form of ductility dip cracking
(DDC) and solidification cracking can occur, causing significant delays in an already expensive
industry. DDC depends on the underlying weld microstructure and grain boundary characteristics.
Solidification cracking requires a large difference in solidus and liquidus temperatures. The
solutions to these welding defects reduce productivity or introduce additional difficulties (e.g.
adding alloying elements to eliminate DDC but increasing susceptibility to solidification
cracking). Hybrid laser-arc welding can significantly reduce the number of passes necessary to
weld thick sections and, at the same time, lower the risk of forming DDC and solidification

cracking.

Significant advantages can be achieved by welding with laser and arc energy sources in
close proximity. The high intensity laser forms a vapor cavity, or keyhole, leading to a large
increase in weld depth, and welding speed is typically higher during laser welding. On the other
hand, an arc creates a wide weld pool, which is useful for bridging gaps between plates, and can
add material to the weld with a consumable electrode. However, hybrid laser-arc welding can lead
to unique defects not found in conventional arc welding, including keyhole porosity and root
defects. Porosity from keyhole instability and collapse can lead to very large bubbles (> 1 mm)
becoming trapped as pores in the weld metal during partial penetration welds, while, during full

penetration welds, weld metal can fall out of the weld and solidify as nuggets, a form of root defect.

Because solidification microstructure has been the primary region of weld defects in the
past and because laser and hybrid laser-arc welding can introduce novel defects, these topics are
the primary focus of this work. The effects of welding parameters and solidification parameters
on the fusion zone sub-grain structure is investigated with the assistance of a three-dimensional
heat transfer and fluid flow model. The solidification parameters, including temperature gradient,
solidification rate, cooling rate, and morphology parameter, are calculated for all locations on the

liquidus temperature contour. Using weld fusion zone micrographs, these data are correlated to



the experimental scale and morphology (e.g. cells and columnar dendrites) of the solidification
microstructure features. With this combined dataset, a solidification map for Alloy 690 is
constructed with axes of temperature gradient and solidification rate, showing regions where cells
and columnar dendrites form and curves of constant cell or secondary dendrite arm spacing.

Among other uses, the minimum secondary dendrite arm spacing can be estimated from the map.

Low carbon steel plates of differing thicknesses and laser and hybrid laser-arc welding are
used to investigate the formation of root defects. In addition to plate thickness and welding
technique, the effect of surface tension is varied by modifying the bottom surface of the plate,
which had an oxide scale. As expected greater plate thicknesses, hybrid laser-arc welding, and the
presence of an oxide scale increase the chances of root defects. This behavior is modeled using
the experimental weld dimensions and estimated surface tensions. The model accurately predicts
all but one of the cases. Root defects are found to be a competition between the liquid metal weight
in the pool and the surface tension, which is influenced by the thermophysical properties of the
liquid metal, the width of the pool at the bottom of the plate, and the presence of dissolved oxygen,
a surface active element that reduces surface tension. The liquid metal weight is primarily affected
by the plate thickness. To assist practicing engineers, root defect maps are constructed for plain
carbon steel, stainless steel, titanium alloys, and magnesium alloys from previously published
research. The maps show that a non-dimensional heat input range can be used for plates up to 10
mm thick for all alloy classes.

Keyhole porosity is another novel defect found in laser and hybrid laser-arc welding. Laser
and hybrid welds are fabricated in Inconel Alloy 690 with two different welding speeds and three
different laser powers and subjected to X-ray computed tomography. The porosity in each weld
is characterized by location and size of all pores. While the laser welds are found to have extensive
porosity at all laser powers, the hybrid laser-arc welds only have significant porosity at laser
powers less than 4kW. Comparing the weld dimensions to the modeled region of consumable
electrode impingement show that the deeper welds (e.g. higher laser powers) have more potential
room for bubble escape. Heat transfer and fluid flow modeling confirm this finding that deeper
pools had significant space between the impingement region and the bottom of the weld pool for
bubble escape. Another compelling piece of evidence is that all of the pores in the low power
hybrid weld are in the bottom two thirds of the weld, while pores are more evenly dispersed in low



laser power laser welds. Using the volumetric heat source model for the impingement region and
the trend of weld depth with laser power, a process map showing the region where porosity is not

expected to exist is constructed.

Keyhole porosity originates at the bottom of an unstable keyhole, which is constantly
fluctuating. So, a tool for probing keyhole dynamics is very valuable. Inline coherent imaging
(ICI) uses a probe beam and reference beam in an interferometric construction to measure the
keyhole depth two hundred thousand times a second to within a few microns. During laser welding
experiments in five different structural alloys, ICI is validated with micrographs, showing good
agreement between the two measurements for four of the five alloys. With the validated tool,
keyhole dynamics at the beginning of the weld are investigated, and the keyhole growth rate in the
first ms is measured as 1 m/s for every alloy except aluminum, which did not form a keyhole until
1.5 ms after the start of welding. Order of magnitude estimation of the keyhole growth rate

confirmed that the measured values are reasonable.
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Figure 31: Examples of (a) a root defect on the root side of a weld [45] and (b) a transverse cross-
section of a weld with a root defect [46]........ccoviieiieii e 46
Figure 32: A frame from a high speed video experiment of hybrid laser-arc welding of structural
steel. Two bulges can be observed and will eventually form root defects [47]............... 47
Figure 33: Frame from high speed imaging of laser weld shows the origin and evolution of root
(0 [=] (=Tt ] TSSOSO 48
Figure 34: The varied morphologies of weld roots with increasing laser power [49]................. 48
Figure 35: Diagram [50] of the important parameters affecting root defect formation during full
PENELration [aSEr WEIUS. ........ccvv e 50
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Figure 46: The 3D solidification surface and resulting weld profile, (a), and variation of the angle
o with depth along the central longitudinal plane for a 2.8 kW weld, (b) are shown. Also
shown is the relationship between the welding speed, U, and the solidification rate, R, and
angle DEtWEEN the tWO VECTOTS, 0. ...veivieieiieiieeiesiesieeie e sieeie e sreeeesnee e e saesneesreeneesnee e 73

Figure 47: Lasers welds in Alloy 690 with iNCreasing POWET. .........cccveveieereeriesieeseesieseesieeneens 74

Figure 48: The calculated molten pool profiles during keyhole mode laser welding are shown at
different laser powers, (a) 1.0 kW, (b) 2.8 kW, and (c) 4.7 kW. The boiling point, liquidus
temperature, and solidus temperatures are 3085 K, 1650 K, and 1616 K, respectively... 75

Figure 49: The calculated and experimental molten pool dimensions are shown as a function of
laser power for a travel speed of 34 m/s. The experimental and calculated molten pool
widths and depths ShOW gOOd agreBMENT..........coiiiiirieiee s 76

Figure 50: The transition from keyhole mode welding to drilling is observed at powers exceeding

Figure 51: The fusion zone and local solidification morphologies and scales are shown for the
laser weld fabricated with 3.8 KW [aSEr POWEN . ........c.coviiiiiiiiiicieeeee e 78
Figure 52: The scale, mode, and orientation of solidification varies across the transverse section
of the 2.8 kW weld. In the general profile (left), the positions of (a), (b), and (c) are
highlighted with rectangles. The calculated orientation of the solidifying cells, dendrites,
and grains are shown at left based on the direction of heat flow at those positions. ........ 79
Figure 53: The behavior of G and R as a function of depth along the central longitudinal plane for
a 2.8 kW weld. The slope of the liquidus contour represents the solidification rate (i.e.
larger absolute slope, greater R), and the distance between the solidus and liquidus contours
corresponds to the temperature gradient (i.e. larger distance, lower G). ..........ccocevvnnnnene 81
Figure 54: The solidification parameters, (a) temperature gradient (G) and (b) solidification rate
(R), are plotted as a function of depth along the central x-z plane and in 2D contour plots
TOP VAITOUS POWETS......ecuieiitie ettt ettt et e et e e sbe e s e e s be e e steessaeanbeeeseeennaea 83
Figure 55: The combined forms of solidification rate and temperature gradient, (a) cooling rate
(GR) and (b) morphology parameter (G/R), are plotted as a function of depth along the

central x-z plane and in 2D contour plots for various POWErS. .........ccccvevveiieeiiesiieesneenn, 84
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Figure 56: The measured cell spacing (circles) and dendrite arm spacing (squares) are shown as a

function of calculated cooling rate. The 201 stainless steel [24] system is shown for

(010140 o F= LA 10 o F TS U RSO P PUPPPPRURORORN 85

Figure 57: A schematic of the calculated fusion zone shows how the area fractions of cells and

Figure

dendrites are calculated. If the calculated G/R value of a given control volume is greater
than the critical value, then the area of the y-z face is assigned to the cell area fraction.
Otherwise, the area is added to the dendrite area fraction. ...........ccoceeovveienencinineens 87
58: A comparison between the calculated and experimental area fractions of columnar
dendrites shows good agreement. The different G/R values represent the lowest value at

which cells were observed (G/R =21 K-s/mm2) and greatest value where columnar

dendrites were observed (G/R = 13 K-S/MM2). .......ccoiiiieiiieiiiiseseeeee e 88
Figure 59: The transition from cellular to dendritic is shown in the micrograph. ............c.......... 88
Figure 60: The solidification map shows the transition from cellular to columnar dendritic

morphology with various cooling rates. Along each cooling rate is the cell spacing (Acs)
and dendrite arm spacing (Apas), Which are determined from Eqgs. 11 and 12. With this
map the scale and morphology of the solidification structures can be predicted
QUANTITALIVEIY ...t e e re e 89

Figure 61: The typical weld root defects formed during hybrid laser-gas metal arc welding with a

laser power, welding speed, and filler wire feed rate of 5 kW, 30 mm/s, and 229 mm/s,
TESPECTIVETY. .t b bbbttt b e bbb 94

Figure 62: The general operation of a X-ray CT imaging SYStEM. .......cccccvveveereiiieiieriesieseenneas 97

Figure

63: At the weld pool, the arc and weight force act to promote root defects. The surface

tension force acts t0 Prevent defeCES. ..o 98

Figure 64: The transverse weld cross-sections for (a) a laser weld (weld 1) and (b) a hybrid weld

Figure

(4) are shown. The laser conditions are the same, but the hybrid weld has increased heat
input, larger amount of melted volume, and greater weight that must be supported by the
SUITACe tENSION TOICE. ..vviiiieiiee ettt e e es 100
65: A comparison of the transverse hybrid weld (7 and 8) cross-sections with identical
welding conditions with the exception of bottom surface oxide scale, which was not present

in (a) and present in (b). The sizes of the welds are similar, suggesting that the weight of
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the liquid metal is similar and that the reduction in surface tension in (b) due to the oxide
scale presence led to the root defects. ........cvovviieiiiicie e 101
Figure 66: The bottoms of weld beads (a) 7 without oxide and (b) 8 with oxide scale show the
effect of surface tension on the formation of root defects. .........ccccceveeviiiiiiiciiccee, 102
Figure 67: The internal structure of root defects in (a) hybrid laser-gas metal arc weld in 4.8 mm
thick plate (weld 6) and (b) laser weld in 9.5 mm thick plate (weld 3) as determined by X-
ray computed tomography. The direction of welding is indicated by the arrow in (a). The
strands of porosity that stretch from the bottom of the plate and connect in the center of the
defect as shown in (a) were common in all the hybrid welds where root defects formed. In
(b) only individual pores are observed. Evidence of gouging due to material loss to root
defects can be observed at the top of the plate..........cccoeiiiiii i 103
Figure 68: The comparison of surface tension force and weight force for the experimental welds
considered is shown. The numbers next to each weld indicate the processing conditions as
shown in Table 1. Compared to experimental results all the welds are found to be on the
correct side Of the Fg = Fs lINE.......ooiiii e 105
Figure 69: The net recoil pressure is calculated from the difference experienced by the liquid metal
at the top and bottom of a liquid column. The top surface temperature is shown on the x-
axis, and the bottom surface temperatures are shown in the plot. ..............ccceeveennne. 106
Figure 70: Process maps for (a) low carbon steels, (b) 304 stainless steel, (c) Ti-6Al-4V, and (d)
Mg-Al-Zn-Mn alloys were constructed from available reports of laser welding and cutting
experiments. The maps indicate with what processing conditions acceptable full
penetration welds can be made with respect to other interaction modes. ....................... 109
Figure 71: Laser and hybrid laser-weld transverse cross-sections of Alloy 690 are shown. The
additional heat source in the hybrid welds produces much larger welds with lower aspect
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Figure 72: X-ray CT scans reveal the porosity in 6 KW 10 mm/s (a) laser weld and (b) hybrid weld.
Hybrid welding significantly reduces the amount of porosity in the weld. The solid metal
regions appear grey, while the pores are shown in a yellow color. .........c..cccoccevieinennnns 128
Figure 73: Total pore volume increases with the total weld volume in the laser welds, and the

opposite relation is observed in the hybrid welds. Similarly, the low speed laser welds had
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very high pore volume, while the same hybrid welds had relatively lower pore volume.

Figure 74: The pore size distributions for (a and c) laser welds and (b and d) hybrid welds and the
total porosity volumes in parentheses are shown. The number of pores for almost all sizes
decrease when going from laser to hybrid welding at laser powers of 4 and 6 kW. ...... 130

Figure 75: The calculated cylindrical volumetric heat source outline is overlaid on the 10 mm/s
hybrid welds. The gap between the bottom of the heat source and weld bottom grows with
laser power. The larger gap combined with a larger of weld volume behind the gap led to
more pores escaping inthe 4 and 6 KW Welds...........ccccovveiieic i 132

Figure 76: The pore location distributions in laser and hybrid welds for 2 kW of laser power and
10 mm/s welding speed are shown. The roots of the welds are at 100% weld depth.... 133

Figure 77: The experimental and calculated weld profiles for the (a) 2 kW and (b) 6 kW hybrid
welds made at 10 mm/s welding speed show reasonable agreement. The temperature
CONLOUTS Are 1N KEIVIN. ..o et 134

Figure 78: Calculated temperature and fluid velocity fields for the (a) 2 kW and (b) 6 kW welds
hybrid laser-arc welds with 10 mm/s welding speed. The outline of the volumetric heat
source and the to-scale velocity vector of the impinging metal droplets is also shown. 135

Figure 79: The 6 kW, 10 mm/s (a) laser and (b) hybrid welds are shown for comparison. In the
larger hybrid weld, pores have a greater chance to escape the weld. ............ccccverneee. 136

Figure 80: The volumetric heat source height for different arc currents and electrode diameters are
shown in (a). The laser heat inputs to provide different porosity values is also shown in
(). The relation between weld depth and laser heat input used in (a) is shown in (b).. 137

Figure 81: The elements of the inline coherent imaging system are shown [19]. ..........ccccccue... 147

Figure 82: An ICI image of a weld in Alloy 690 is presented. The left panel shows the height of
plate surface determined from the pre-scan measurement. The large pane shows the raw
ICI data (dark spots) and the keyhole depth (blue dots). Minor reflecting surfaces represent
depths above the bottom of the keyhole that reflected a small amount of probe laser light.

Figure 83: The metallographic cross-sections of (a) DH36 steel, (b) 304 stainless steel, (c) Alloy
690, (d) Ti-6Al-4V, and (e) 2219 aluminum are shown. Each weld was created with a laser

power of 1.1 kW and welding speed of 25 MM/S. .......cccocoriiiiiiiniiie e 149
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Figure 84: A comparison of ICI depth measurements and depths from metallographic cross-
sections is shown. The ICI weld depth was averaged from the depth tracking algorithm
across the entire weld region. Black bars represent the standard deviation of the depths
measured by each technique. The two sets of measurements agree except in the case of
AA 2209t E R e R et e ne bt e et nes 150

Figure 85: The ICI measured keyhole depths during the first 5 ms, or 0.125 mm, of welding show
how fast the keyhole initiates and grows for each alloy. Aluminum 2219 is the slowest to
initiate and grow a keyhole, while Ti-6AIl-4V is the fastest. ........c.cccccevvviiiiieiinci, 151
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Chapter 1 — Introduction

1.1 Alloy 690 and the Nuclear Industry

Nuclear power is an important 21 century energy source with global use expected to
increase between 87% and 156% over 2012 levels by 2040 [1]. Currently, it remains competitively
priced with conventional energy, such as fossil fuels and hydropower [2]. Despite several high
profile accidents over the last 40 years, nuclear energy remains one of the safest forms of energy.
In terms of deaths per unit of energy generated (both workplace and pollution related deaths),
nuclear energy and wind have the lowest values by 1 to 3 orders of magnitude compared to fossil
fuels and renewable energy sources, such as solar and hydropower [3]. However, unlike wind
energy, which relies on intermittent natural forces, nuclear energy is dispatchable and can increase

or decrease output on demand to balance the energy load in a local region [2].
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Figure 1: The primary water circuit of a nuclear reactor contains several components fabricated
with Alloy 600 and Alloy 690 [4].



A range of materials are used to construct nuclear power plants as shown in Figure 1 [4],
which depicts the major features of the primary water circuit in a pressurized water reactor (PWR).
Current generations of light water reactors, which include PWRs, experience maximum
temperatures of approximately 590 K and pressures of 160 atm at the reactor coolant outlet under
normal operating conditions [4]. To handle these intense conditions, advanced materials have been
used in the designs. However, these alloys have degraded in unexpected ways over several decades
of operation, and new alloys have been integrated into both existing as well as newly constructed
plants. For example, the high strength regions of primary circuit coolant pumps were initially
fabricated with precipitation hardenable stainless steels (i.e. A286 and 17-4 PH), but they have
been replaced by a more corrosion resistant Ni-base precipitation hardenable alloy, X-750 [4].

Next generation reactors will need materials that can handle different coolants, including
lead and sodium, and temperatures and pressures up to 1270 K and 250 atm [4]. However, the
high barrier to entry of new materials into this highly regulated industry requires that current
materials be utilized to their greatest potential under increasingly extreme processing conditions.
High temperature nickel-base alloys represent one alloy system of interest. Inconel® Alloy 600
and its replacement, Alloy 690, are used in various parts of pressurized water reactor (PWR)
nuclear power stations. These alloys are used primarily at locations, where high temperature stress
corrosion cracking resistance is required, including the control rod drive mechanism (CRDM)

housing and steam generator (SG) tubing.

Figure 2: Thick sections o.f;AIon 690 areoined with multi-pass arc welds. (Courtesy of EPRI)

Nickel-base Alloy 690 is a high chromium variant of Alloy 600, containing 30 wt.%
chromium compared to 20% for Alloy 600. Developed in the 1970’s to be less susceptible to stress
corrosion cracking [5,6], Alloy 690 is expected to remain in service for several decades, given the
projected average lifespan of 60 to 80 years for some current power plants [7] and planned new
construction. For reference, in the United States, 81 reactors have received 20 year extensions to

the their 40 year operating licenses, 11 more have applied for the extension, and six of the
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Figure 3: Ductility dip cracks form along the grain boundaries as shown here after a strain to
fracture test [15].

remaining seven have informed the regulatory authority that they will apply by 2022 [8]. So,
understanding and mitigating material failures is critical for maintaining this important energy
source over the longer term.

During construction and repair of nuclear power plants, Alloy 690 is commonly fusion
welded, which can lead to the formation of critical defects, requiring expensive and time-
consuming repairs [9-14]. A multi-pass weld in an 80 mm thick section of Alloy 690 is shown in
Figure 2. During multi-pass gas tungsten arc welding (GTAW) or submerged arc welding (SAW),
Alloy 690 can suffer from ductility dip cracking and other characteristics of poor weldability,
resulting in welds with defects that can lead to pre-mature failures.

An example of DDC related defects formed during a strain to fracture test of a GTA spot
weld is shown in Figure 3 [15]. These solid state cracks form along the relatively straight grain
boundaries of previously solidified weld metal during successive weld passes at relatively high
temperatures around 900°C [9]. A pre-existing fusion zone solidification microstructure
(relatively long, straight grain boundaries), high temperatures (900°C * 100°C), and mechanical
strain (> 2%) are required for DDC, and all of these conditions are commonly found in
conventional multi-pass arc welds. Grain boundary sliding and crack nucleation at grain triple
points have been identified as the most likely DDC mechanisms [10,16-20], while grain boundary
orientation [21], nucleation of M23Ce during cooling [22], and combined sulfur and phosphorus

contents in excess of 30 ppm have been identified as other possible mechanisms [23-28].
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Figure 4: Solidification cracks can form with the addition of Nb and Mo, which are added to
avoid DDC.

While, the mechanisms for DDC have been studied extensively, little progress has been
made in identifying remedies for DDC defects in these alloys. Lower heat inputs per pass will
reduce the likelihood for cracking but require more passes and lower productivity [29]. Other
remedies have concentrated on the use of high Nb and Mo content filler metals, which lower DDC
susceptibility [10, 11, 19] but increase solidification cracking susceptibility [13,14], as shown in
Figure 4. Overall, conventional arc welding is ultimately limited by the physics of the process.
The resulting molten pool geometry and relatively low depth of penetration require many passes
to successfully weld thick sections. High intensity beam welding with the capability of producing
deep penetration welds on the order of 25 mm [30] can overcome the propensity of these alloys to

fail through DDC by avoiding multi-pass welding all together.

1.2 Overcoming the Limitations of Conventional Arc Welding

High intensity (10 kW/mm?) laser beam welding (LBW) and hybrid laser-arc welding
(HLAW) are not limited by conventional GTAW and gas metal arc welding (GMA)
characteristics, such as slow weld speeds, high heat input, and low depth of penetration. In fact,
LBW and HLAW are characterized by a very large depth of penetration, and depth-to-width or
aspect ratios larger than 1. The weld depth for a single pass is several times greater than that in
conventional GTAW, under comparable heat inputs [31]. In the same study, the weld depths
during laser and hybrid welding were comparable, while the hybrid welds consistently produced
wider pools [31]. A schematic of the hybrid welding process is shown in Figure 5 [32]. In HLAW,
an electric arc, with or without a consumable electrode, is added to the laser welding process in

such a way as to produce a synergistic effect between the arc and the laser [31]. Plates with
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Figure 5: The schematic shows hybrid laser-arc welding and the important components [32].

thicknesses of 10 mm and greater can be joined in a full penetration single pass with a defect free
weld in most structural alloys [33-38]. These single pass welds eliminate the need for multi-pass
welding and the possibility of producing arc related defects or cracks in certain alloys. Welding
speeds can also be several times faster than conventional arc welding, resulting in higher
productivity [39]. The addition of an arc increases the weld pool width significantly, making
HLAW capable of bridging large gaps between two plates and making the process more versatile
for welding in the field.

In many lower intensity laser welding processes (e.g. low laser power and/or large beam),
the welding mode is known as conduction mode, in that heating and melting occurs through
conduction from the top surface, where the beam is incident on the weldment. The deep weld
pools in LBW and HLAW are produced through a mechanism in which a vapor filled cavity, or
keyhole, is formed by the high energy density of the laser heat source. When operating in the
keyhole mode, the laser rapidly heats, melts, and evaporates the metal, and if the intensity (i.e.
fluence and power density) exceeds 10 kW/mm?, a vapor cavity or keyhole will form. The keyhole
is held open against surface tension and hydrostatic forces in the surrounding molten pool by vapor
pressure and the recoil force of the evaporating liquid metal [40]. While the keyhole can be
exploited for greater weld depths, the keyhole itself is very unstable and can result in high amounts
of porosity [41], with amounts, sizes, and morphologies differing between alloys.



Figure 6: High levels of porosity were observed in some laser welds of Alloy 690.

Keyhole induced porosity has been identified as a serious problem in laser welding of Alloy
690, significantly reducing its effectiveness as a remedy of DDC [42]. Because the keyhole is
unstable and fluctuates frequently, bubbles can form at the bottom of the keyhole [41]. If these
bubbles do not escape from the molten pool, the bubbles are captured as pores in the weld metal
during solidification [41], as identified by the arrows in Figure 6. The state of the art strategies for
avoiding porosity are primarily empirical and require trial and error experiments to select the
appropriate welding parameters, such as weld speed, power modulation frequency, and shielding
gas composition [41, 43-45]. Appropriate defocusing, welding speeds, and power modulation
strategies can decrease porosity but cannot completely eliminate it in Alloy 690 laser weldments.
Some studies show a decrease in porosity during hybrid welding compared to laser welding [46].

Alloy 690 is particularly susceptible to keyhole porosity [42] and more easily forms
porosity than stainless steel [47]. The relationship between alloy composition and susceptibility
to keyhole porosity is illustrated in Figure 7, which shows the equilibrium vapor pressures as a
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Figure 7: The equilibrium vapor pressure curves of various alloys can by used to qualitatively to
compare the susceptibility of different alloys to keyhole porosity.

function of temperature for Alloy 690, 304 stainless steel, low carbon steel, and Ti-6Al-4V. An
ideal solution is assumed for the calculation of vapor pressure, which is the sum of the product of
the alloying element mole fraction and the vapor pressure for the pure substance (i.e. Fe, Cr, Ni,
Ti, Al, and V) at each temperature [48,49]. At the boiling temperatures (i.e. 1 atm), the vapor

Figure 8: A root defect formed in a laser weld of 16 mm thick plate of 304 stainless steel [50].



pressure curve of Alloy 690 has a greater slope compared to the other alloys, indicating a more
unstable keyhole and higher susceptibility to keyhole porosity.

In addition, the single pass full penetration welds enabled by the keyhole can produce root
defects [50]. Another common defect in high intensity full penetration laser welds is the formation
of small globules of weld metal along the weld root, as shown in Figure 8 [50]. Root defects can
occur in both LBW and HLAW [51,52] and have various names, including chain of pearls [53],
dropping [54], and root humping [55]. Root defects of this type result in a weaker weld, and stress
concentrators form at the edges of the solid globules, reducing fatigue life in steel and stainless
steel welds. Similar to keyhole collapse porosity, the mechanisms behind the remedies are not

well understood and require trial and error experiments to select appropriate parameters.
1.3 Motivation

Laser beam and hybrid laser arc welding are promising technologies for producing high
speed single pass thick section joints, increasing productivity through time and automation without
ductility dip and solidification cracking. However, effective implementation of LBW and HLAW
requires an understanding of the heat transfer and fluid flow governing the solidification behavior
and defect formation and evolution during these high intensity laser welding processes. Figure 9
shows a schematic diagram of the laser and hybrid welding with regions of interest highlighted.

The various physical processes (i.e. keyhole formation and solidification) and defect initiation and

Laser Weld

Keyhole Solidification
Formation 1

- |
Bubbles and
Porosity
a® BN | — 2 %e¢
e

Hybrid Laser-Arc Weld
- v - - - -
Figure 9: The laser and hybrid laser-arc weld schematics show the region of interest for the weld

pool schematic on the right side of the image. The weld pool schematic shows the connections
between the various physical processes investigated in this thesis.

Root Defects =g



evolution (i.e. bubbles and porosity and root defects) that occur in a typical weld pool are also
identified. The important processes that affect the formation of defects and ultimate weld quality
in LBW and HLAW occur in and around the molten pool. So, understanding the weld pool and
associated governing physics is important for the formation of a quality laser and hybrid laser-arc

weld joint.

1.4 Research Objectives

Alloy 690 suffers from poor weldability due to micro-cracking susceptibility during
conventional multipass arc welding of thick sections. Laser and hybrid laser-arc welding have
been identified as potential solutions for this alloy system, but there are other issues, which arise
and produce different defect structures. This research seeks to quantitatively understand the
formation and mitigation of defects during LBW and HLAW of Alloy 690. Heat transfer and fluid
flow control weldment temperature fields, keyhole formation, and pool geometry, which directly
impact solidification, formation of trapped porosity and root defects, and keyhole evolution. The
unique temperature fields and pool geometries lead to the novel solidification characteristics and
defects only found in laser and hybrid laser-arc welding. Specifically, this research seeks to

understand:

1. The solidification characteristics during laser welding are examined and qualified. Since
the solidification microstructure leads to most of the weldability issues during conventional
welding, differences produced during LBW are examined.

2. Keyhole porosity is a direct result of bubbles formed at the keyhole tip not escaping the
pool and becoming trapped, leading to porosity defects.

3. Root defects are specific to the laser and hybrid welding processes and are directly related
to the temperature fields and pool geometries formed during these welding processes.

4. Keyhole formation and growth is not quantitatively understood at the precision necessary
to model the process accurately.

This research utilizes a unique set of tools to understand heat transfer and fluid flow,
monitor their effects, and characterize the resulting defects. A 3D heat transfer and fluid flow
mathematical model is used to calculate the temperature fields, fluid velocity fields, and pool
geometries. A very fast process monitoring tool, inline coherent imaging (ICl) is used to determine

the keyhole depth and is used to measure keyhole growth rates at the initiation of welding. X-ray



computed tomography (CT) measures characteristics of pores, resulting from keyhole porosity,
with unrivalled resolution. The combination of these experimental tools allows a more complete

understanding of the underlying physics and corresponding effects during welding.

1.5 Thesis Structure

This work seeks to understand the physical phenomena impacting the formation of
common defects during the laser and hybrid laser-arc weldling of Alloy 690. These welding
processes are expected to mitigate current issues encountered during the arc welding of Alloy 690,
such as DDC and solidification cracking, but they present challenges of their own. Heat transfer
and fluid flow and their combined effects on pool geometry, temperature fields, keyhole formation
and evolution, and defects are examined. This thesis is laid out to address these various effects.

The underlying background and motivation of this thesis are laid out in Chapter 1, which
also details the research objectives and the thesis layout.

In Chapter 2, a critical review of previously published studies is undertaken. Studies on
laser welding of Alloy 690, keyhole collapse porosity, root defects, and mathematical modeling of
heat transfer and fluid flow are reviewed to develop an understanding of the fundamental physical
phenomena governing laser and hybrid-laser arc welding.

Chapter 3 describes the solidification characteristics of Alloy 690 under laser welding
conditions, since most defects associated with Alloy 690 have been identified in the solidification
microstructure of the fusion zone. Laser welding experiments and solidification morphology
characterization are combined with 3D mathematical modeling of heat transfer and fluid flow. The
solidification structure size and morphology are mapped as a function of position in the laser weld
fusion zones. Solidification parameters, including temperature gradient, solidification rate,
cooling rate, and morphology parameter, are calculated for the entire molten pool from the
temperature fields and pool geometry. The calculated cooling rates and morphology parameters
are correlated to the observed solidification structures, and an Alloy 690 solidification map is
constructed based on the results.

Laser and laser-arc hybrid welding experiments designed to investigate root defect
formation are described in Chapter 4. Root defects were intentionally formed during full
penetration welding experiments in order to study the conditions under which they formed. A

simple pool geometry model was developed to understand the role of pool size and melt pool
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composition on root defect formation. The effect of oxygen on reduced surface tension was tested
with and without oxide scale on the bottom side of the plate at the weld root. Root defect maps
were assembled for steel, stainless steel, titanium alloys, and magnesium alloys.

In Chapter 5, the effects of pool size and arc characteristics on porosity in laser and hybrid
laser-arc welds are investigated. Welding parameters were chosen to induce a large amount of
porosity in the welds, X-ray CT was used to detect and characterize porosity without sectioning
the welds, and heat transfer and fluid flow modeling was used to calculate the temperature fields
and molten pool size. At higher laser powers, hybrid welds produced much lower porosity
compared to laser welds because the molten pool was large enough that the electrode-molten pool
interaction volume was not able to impede upward bubble motion and eventual escape from the
pool.

Experimental measurements of keyhole initiation and growth in several engineering alloys
are presented in Chapter 6. Measurements were undertaken using inline coherent imaging (IClI),
a coaxial depth sensing technique with potential applications in defect detection (i.e. the initiation
of bubbles at the keyhole tip). The results show that an aluminum alloy is the slowest to initiate
and grow a keyhole, while the high temperature alloys, such as a plain carbon steel, 304 stainless
steel, Alloy 690, and Ti-6Al-4V, exhibited growth rates on the order of 1 m/s, which are almost

twice that observed in the aluminum alloy.
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Chapter 2 — Literature Review

2.1 Defect Generation in Deep Penetration Laser Welding

Keyhole porosity in partial penetration welds and root defects in full penetration welds are
the two most deleterious defects limiting the use of laser and hybrid laser arc welding for
fabrication of thick, welded structures. These defects are primarily process based, although the
alloy being welded may be more or less susceptible to keyhole porosity or root defects, depending
on the thermophysical properties of the alloy. Fabricating high quality single pass welds in Alloy
690 requires understanding of keyhole porosity and root defects.

During partial penetration laser and hybrid laser-arc welding, keyhole porosity initiates at
the bottom of the unstable keyhole as bubbles, which then become trapped in the solidification
front as large pores. Multiple strategies have been developed to mitigate porosity formation, but
the practical implementation of these strategies are not always possible. Process parameter control
strategies with straightforward implementation (e.g. power modulation) have been identified in
specific cases but have not been generalized to variations in alloy composition and desired weld
depth. Several authors have concluded that hybrid laser-arc welding can reduce porosity in most

cases, however the mechanism of porosity reduction is not well understood [1,2].

Root defects remove metal from the joint and can form during full penetration welding of
thick plates. The mechanism is not entirely understood but appears to be a competition between
the surface tension and weight of the liquid metal in the pool, so thicker plates and wider weld
pools promote root defects. Few practical strategies exist for mitigating root defects. The best
strategy is to select an alloy with a low susceptibility to root defects and thinnest plate practical
and optimize laser power and welding speed. This application specific strategy results from the

dearth of practical mitigation strategies.

2.2 Keyhole Collapse Porosity

2.2.1 Laser Energy Absorption and Keyhole Formation

Two laser-material interaction mechanisms are shown schematically in Figure 10.
Conduction-mode welding occurs at lower laser intensities in laser welding during which the
energy is distributed to the weldment through conduction mechanisms, resulting in generally wide

and shallow weld pools. The aspect ratio (depth/width) of the pool is always less than 0.5, which
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is the highest value that can be achieved during conduction mode welding with a point heat source.
Heat conduction will spread the laser energy evenly and create a pool width that is double the
depth in the absence of fluid flow, however, with fluid flow will generally lead to a wider and
shallower pool. When the laser intensity, power density, is below 1 kW/mm? [3], these types of
processes are common. At laser intensities between of 3 and 10 kwW/mm? [3], the welding mode
changes to keyhole. The keyhole is a very high ratio (~0.5 mm wide, >10 mm deep) vapor cavity
formed by the forces associated with rapid evaporation. The associated weld pool has an aspect

ratio greater than 1 in most cases.

laser beam@ ~ 70% reflect ~ 20% reflect

\weld pool '\

base plate keyhole
conduction mode weld, keyhole mode weld,
one-time absorption multiple reflections and inverse

Bremsstrahlung absorption

Figure 10: The two primary welding modes are conduction and keyhole and result in different
amounts of laser absorption.

The deep weld pools formed during keyhole mode welding are only partly related to the
higher laser intensities, which can be obtained through a combination of higher laser powers and
smaller beam sizes. For Fe-, Ni-, and Ti-based alloys, a liquid metal pool only absorbs about 30%
of the energy of a 1070 nm wavelength laser beam. The other 70% is reflected. In a conduction
mode weld pool, this reflected energy is lost and cannot be used for deeper pools. However, during
keyhole mode welding, the laser energy is incident on the walls of the keyhole and reflected down
the keyhole, undergoing multiple reflections along the depth and enhancing energy absorption [4-
9].

There are several ways to determine the effective absorption during keyhole mode welding.
The number of reflections and effective absorption has been computed by Kaplan [4] based on

reflection and a triangular keyhole geometry. For example, an 80% effective absorption angle
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required 12 reflections and a 4° keyhole wall angle for a 10.6 um wavelength laser beam. Ki et al.
[5] calculated a 60% effective absorption ina 1.5 mm deep keyhole. Other researchers have looked
into the energy distribution along the keyhole wall after explicit ray tracing calculations. Solana
and Negro [6] performed the calculation for Gaussian and top hat beams and iterated to the final
keyhole geometry, which was assumed radially symmetric. In both cases, a very high intensity
was found at the center of the keyhole, as expected for a Gaussian beam, but with a complex
behavior away from the center of the keyhole (e.g. 5 to 6 local maxima). Jin [7] performed ray
tracing calculation using a keyhole profile obtained during high speed imaging of welds in clear
glass. These welds displayed a much more complex shape with the bottom bent backwards and
opposite the welding direction (positive x-direction), as shown in Figure 11. The multiple
reflection analysis showed that laser energy only reached the bottom of the 2.5 mm deep keyhole
after reflection. The maximum intensity was found at a height of 1.5 mm above the bottom of the

keyhole.
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Figure 11: Ray tracing of a laser beam in a complex experimental keyhole shape shows laser
energy does not reach the bottom in the absence of reflection [7].

A more direct or experimental based method for determining effective absorption is direct
calorimetric measurement. Wang et al. [8] performed the measurements for partial and full

penetration welds in 304 stainless steel with a 1070 nm laser operating at 6 kW. The partial
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penetration welds exhibited an absorptivity between 71% and 58% for welding speeds between 50
and 150 mm/s, respectively. Keyhole depths ranged from 6.4 to 3.1 mm in 9 mm thick plate. In
the case of full penetration welds, absorption increased from 36% to 57% when the welding speed
increased from 50 mm/s to 150 mm/s due to greater inclination of the front keyhole wall, shallower
initial reflection angle, and less light escaping through the keyhole. In another study that varied
parameters from conduction mode to keyhole mode welding, Trapp et al. [9] fabricated low laser
power (32 W to 540 W) and high speed (100 mm/s to 1500 mm/s) welds in 316 austenitic stainless
steel with a 1070 nm wavelength laser. In the conduction mode regime, the absorptivity varies
from 25% to 30%. As the power increased, the absorptivity peaked at 75% to 80% at welding
speeds of 100 mm/s and 500 mm/s and laser powers between 100 W and 350 W. At the highest
welding speed of 1500 mm/s, the absorptivity increased with power to 68% at 540 W but never

reached a local maximum.

Higher effective absorption levels in keyhole mode welding are also possible through
inverse Bremsstrahlung (I1B) absorption, which occurs in the metal vapor and weakly ionized
plasma (metal and shielding gas) directly above and inside the keyhole. The degree of absorption
by the metal vapor and plasma depends on the wavelength of the laser beam. When welding with
a one micron wavelength laser (e.g. 1064 nm Nd:YAG laser or 1070 nm Yb-doped fiber laser),
absorption of less than 4% of the total laser power is expected [10]. The other primary laser
wavelength for material processing is 10.6 um (e.g. CO- laser). While the amount of absorption
has not been measured directly for this wavelength, significant amounts of laser energy is absorbed
through the IB mechanism at the 10.6 um wavelength. The laser radiation remaining after
absorption may not be enough to keep the keyhole at a consistent depth, and, in extreme cases, the
keyhole may completely close periodically [11,12]. In fact, IB is one basis for keyhole stability
during COz laser welding, and controlling the vapor and plasma near the top of the keyhole with a

high flow shielding gas can result in quality welds.

2.2.2 Heat Balance at the Keyhole Walls and Keyhole Shape

Understanding the keyhole shape is important for simulating multiple reflections and
computing the pressure balance. An important welding characteristic, weld depth, is primarily
controlled by keyhole depth during keyhole mode laser welding. Typically, the heat balance is
used to compute the keyhole geometry, including depth, width, and length. All proposed
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calculations are done on a point-by-point bases at the keyhole wall (e.g. local keyhole geometry)
and include incident laser intensity and heat flux through the keyhole wall [4,6,13-17]. Kaplan [4]
and Rai et al. [14] extended this further to the following heat balance equation, which includes the

evaporation heat flux and terms in I, to account for multiple reflections and IB absorption,

I

a— Iy (1)

tan(0) = I

where 0 is the local keyhole wall angle relative to the vertical axis, Ic is the radial heat flux
conducted through the keyhole wall, Iz is the absorbed laser energy, and Iy is the evaporation heat
flux. So, the local wall angle is adjusted to make the fluxes equal as shown in Figure 12. The

radial heat flux is defined as

dT(r, @)
dr 2

Ic(r' (P) = -2

where A is the thermal conductivity, T is temperature, and r and ¢ are the radial coordinates in the
X,y plane. The temperature field in Equation 2 is defined as

P’ Ury -—Ur
T(r,¢) =T, + —K, (—) g2k ¢

2mA 2K (3)

where P’ is the power per unit length (or line source strength), Ko is the second kind and zero order
modified Bessel function, U is welding speed, and « is thermal diffusivity. The second heat flux
in the heat balance at the keyhole wall is the absorbed laser intensity, which can be calculated with

the following equation
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Figure 12: The heat balance is used to calculate the local wall angle and includes terms for
incident laser energy, heat flux, and energy for evaporation. Adapted from [4].
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where B is the plasma attenuation coefficient and accounts for inverse Bremsstrahlung absorption,
L is the average path of the laser beam and can be assumed to be the keyhole depth, o is the
absorption coefficient of the liquid metal, and lo is the incident laser intensity. The second
exponent in Equation 4 accounts for the multiple reflections, using the average keyhole wall angle.
Instead of using Equation 4, the absorbed laser intensity can include the effect of the keyhole wall
angle on the absorption coefficient and explicit calculation of the multiple reflections as described
by Solana and Negro [6]. The last energy flux in the heat balance is the evaporative heat flux,

which is described by the equation [14]

= a,; PO, M;
IV — Z 1'v,1 1 AHi
7.5 [21RT;
b (5)

i=1

where a; is the activity of alloy component i, Py, is the partial pressure of component i, M; is the
molecular weight of component i, R is the gas constant, Ty is the boiling point of the alloy, and

AHi is the heat of evaporation of component i.
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2.2.3 Keyhole Mechanics and Pressure Balance

During keyhole mode laser welding, the laser does not vaporize a volume of material equal
to the keyhole volume. Rapid evaporation of a small volume of liquid metal (much less than the
keyhole volume) and resulting forces from the metal vapor open up and maintain the keyhole shape
against the opposing closing pressures. The pressure balance is suspected to be the primary cause
of keyhole collapse and porosity, and the balance is commonly manipulated during industrial

welding processes to reduce porosity.

The various opening and closing pressures present in the keyhole [13,18] are shown in
Figure 13. The pressure balance results from the forces exerted by the metal vapor on the keyhole
wall, which is close to the boiling point of the alloy. The equilibrium vapor pressure and the recoil
pressure from evaporation exert the primary opening forces. On the closing side of the balance
are atmospheric pressure, hydrostatic pressure, and surface tension of the liquid metal.
Hydrodynamic forces may play a role (e.g. 10% of atmospheric pressure) at very high welding

speeds, exceeding 1700 mm/s for alloys with liquid metal densities of 7000 kg/m?.

A pressure balance at the keyhole wall is assumed to be the driving force for maintaining
an open keyhole. The full pressure balance with most of the possible terms is described in the
relationship below [13,18]

P, +l+p1gh +1pU2 = Zaip’” +Z£+ Pyas
R¢ 2 ' Po,i (6)
where the left side of equation is the keyhole closing pressures and the right side is the opening
pressures. In Equation 6 on the left side, the first term is the ambient pressure, the second term is
the surface tension pressure, the third term is the hydrostatic pressure, and the fourth term is the
hydrodynamic pressure. On the same side of Equation 6, vy is surface tension, Rc is the radius of
curvature of the keyhole, pi is density of the liquid, g is acceleration due to gravity, h is depth
below the top of the keyhole, and U is the welding speed. The hydrodynamic pressure term is the

maximum value, and additional terms account for the keyhole shape [13,19].
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Figure 13: The closing and opening keyhole forces are diagramed.

On the right side of Equation 6, the first term is the vapor pressure, the second term is the
recoil pressure, and the third term accounts for possible reactions between the shielding gas and
alloy components. In steels welded with small amounts of oxygen added to the shielding gas, the
carbon and oxygen in the liquid weld pool can react, forming carbon monoxide [18,20]. An
example of carbon monoxide formation and vapor pressure affecting the keyhole stability and
associated calculations are described by Ribic et al. [18]. In Equation 6, a; is the activity of alloy
component i, Py is the partial pressure, Ji is the evaporation mass flux, pv, is the density of the
evaporating gas, and Pgas is a place holder variable for the equations to calculate the vapor pressure

of other gases, such as carbon monoxide. The evaporation mass flux is expressed as

aiPyi M;
n 2TRT

Ji = (7

where n accounts for evaporation outside of a vacuum and is taken as 7.5 [21-23]. The

density of the evaporating gas is expressed as

aiPy M

Pvi = "Fpr (8)
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Ribic et al. [18] reported the calculated pressures at the keyhole wall during laser welding
of mild steel with oxygen in the shielding gas. For a 9 mm deep weld with no oxygen in the weld
pool, the pressures were calculated at 4.5 mm depth and are shown in Table 1. In terms of opening
pressures, vapor pressure was the highest at 0.924 atm, followed by carbon monoxide vapor
pressure at 0.103 atm, and recoil pressure was the lowest at 0.002 atm. On the closing side,
ambient pressure was the highest at 1 atm, followed by surface tension at 0.026 atm, and
hydrostatic pressure was the lowest at 0.003 atm. As expected at this depth, the vapor pressure
and atmospheric pressure are the dominant terms for opening and closing the keyhole, respectively.
The gas formation also has a significant impact as an opening term, but the other terms are one or
more orders of magnitude less than the dominant terms. These terms change with the depth of the

keyhole, and if they were calculated closer to the tip, the surface tension would be higher.

Table 1: Ribic et al. [18] calculated the pressures along the keyhole wall at the half-depth of the
weld.

Term Symbol | Value (atm)

Keyhole Opening Terms

EquilibriumVapor Pressure P, 0.92400

CO Vapor Pressure Pco 0.10300

Recoil Pressure P, 0.00208
Keyhole Closing Terms

Ambient Pressure Po 1.00000

Surface Tension Pressure Py 0.02570

Hydrostatic Pressure Ph 0.00303
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2.2.4 Keyhole Instability and Porosity
The keyhole is inherently unstable and will fluctuate in depth during welding. This

instability, especially near the keyhole tip, can lead to the formation of keyhole porosity.

A5083 (12 mmw); Bead welding; Po =10 kW, v =25 mm/s, fg =%=0 mm(f =381 mm),
Assist gas: He, Rg =0.85 %X 10-3 m3/s, nf =200 f/s

t+Oms t+20 ms t+30 ms t+35 ms

= SN U
(o] O P
o 0
Q 0

o O ' 0 0
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t+50 ms t +60 ms t+65 ms t+90 ms

Figure 14: X-ray videography and the authors’ interpretation of the frames [24] is shown.
Keyhole porosity results from the pinching off of the bottom of the keyhole, forming a bubble that
gets trapped in the solidifying metal as a pore.
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Researchers [10,20,24-27] have relied heavily on X-ray videography to capture keyhole dynamics
at high speeds. Matsunawa et al. [24] performed the earliest of this type of research by welding
an aluminum alloy with a 10.6 um wavelength CO> laser. Frames from the videography and
accompanying schematic representations of the frames are shown in Figure 14. As shown, the
keyhole changes dramatically in depth and shape over the 5 to 25 ms time period between frames.
For example, a bulge in the keyhole wall disappears from the 20 ms to 30 ms slide, and the pinching
at the bottom of the keyhole in the 35 ms slide forms into a bubble by the 50 ms slide. This
pinching is expected to cause the formation of most of the porosity observed in laser and hybrid
laser-arc welds. The keyhole is most unstable at the tip because the keyhole curvature (i.e. small
keyhole radius) and surface tension forces are very high, requiring higher keyhole wall
temperatures and vapor and recoil pressures. Without these higher temperatures and pressures, the
tip pinches off, as shown in Figure 14, and forms a bubble, which is then either trapped in the

solidification front as a pore or, through buoyancy forces, escapes from the pool.

While the formation of keyhole porosity initiating at the tip of the keyhole is the most
prevalent type, the mechanism can vary with modern fiber lasers, which operate at high powers
with smaller beam sizes and at a wavelength of 1070 nm. In a series of studies, Kawahito et al.
[25,26] investigated the use of a fiber laser operating at 6 and 10 kW to weld 304 stainless steel.
When welding at a laser power of 6 kW, keyhole porosity formed at the tip of the keyhole in a

Time t=02s t+5ms t+ 10 ms
X-Ray
transmission D oro
images 4
D = ubb Rubhb SUDD
e — — 2
Schematic o\ o . 4L
lllustrﬁjt_lon 5 bbbl 0 &)
welding .
direction | Keyhole Porosity Bubble Bubble

Figure 15: The same keyhole porosity mechanisms exist during fiber laser welding of stainless
steel with 6 kW of laser power [26]. Bubbles form at the bottom of the keyhole and get trapped in

the solid metal.
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Figure 16: During fiber laser welding at higher powers of 10 kW, the bubble formation
mechanism can change, producing bubbles at the top of the keyhole [25].

similar way [26]. Figure 15 shows the X-ray videography frames and representative schematics
over a 10 ms exposure. Porosity is clearly forming at the tip and moving up and to the right (i.e.
opposite the welding direction). This porosity behavior is similar to the earlier research with a
CO- laser. When the power is increased to 10 kW, bubble formation has been observed both at
the bottom and near the top of the keyhole as shown in Figure 16. In this case, a bulge initiates in
a little less than 6 ms, and within another 4 ms, the bulge has pinched off and formed a very large
bubble, which isJabout 1 mm in diameter. This new mechanism (bubbles forming at the top of
keyhole) was not studied in detail, but the authors concluded that it may result from a lack of
defocus of the laser beam relative to the workpiece and resulting very high laser intensity in the

top half of the keyhole, causing instabilities above the tip.

2.2.5 Pressure Balance Analysis of Keyhole Stability

Accounting for the pressure balance, heat balance, and laser absorption through multiple
reflections and inverse Bremsstrahlung in the calculation of the keyhole geometry is non-trivial.
An analytical solution does not exist and an iterative numerical solution is required because certain
terms are required before others can be solved (e.g. local keyhole geometry before heat and
pressure balances and full keyhole geometry before multiple reflection solution). This difficulty
has resulted in a poor understanding of the pressure balance over the entire keyhole under various
processing conditions, including low ambient pressure and low surface tension (two known

mechanisms for reducing porosity).

However, if the geometry of the keyhole is known in advance, then the pressure balance is

only a function of temperature and can be solved for the various pressure components. The three
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Figure 17: Kaplan [4] calculated the keyhole geometry. Beam axis indicates the center of the
beam. The calculation uses a line heat source, which is also indicated in the figure.

different conditions that will be tested here are unmodified surface tension and atmospheric
ambient pressure, low ambient pressure, and low surface tension. The unmodified surface tension
and atmospheric ambient pressure case represents the typical laser welding conditions with no
special precautions taken to reduce keyhole porosity. The low ambient pressure case would
represent welding in a relatively weak vacuum to avoid keyhole porosity, while a low surface
tension would represent welding with a high concentration of a surface active species present and
would also be expected to reduce porosity. The computed keyhole geometry has been taken from

Kaplan [4] and is shown in Figure 17.

Without the hydrodynamic and gas pressure terms, Eq. 6 was solved for the remaining four
pressure terms. The only temperature dependent term kept constant was the density of the liquid
metal. Pure iron physical properties were used. The temperature was solved for by assuming a

pressure balance of atmospheric pressure, surface tension, hydrostatic pressure, vapor pressure,
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Figure 18: The keyhole wall pressure balance has been calculated for three cases: (b) normal
ambient pressure and surface tension, (c) 0.1 atm ambient pressure, and (d) low surface tension.
The wall temperatures that satisfied the pressure balance are shown in (a).

and recoil pressure at every position along the keyhole depth. The calculated keyhole wall
temperature profiles are shown in Figure 18a. For nominal values of atmospheric pressure and
surface tension (e.g. nominal Po and Ps), the temperature at the top of the keyhole is 10 K above
the boiling point at 1 atm. The temperature rises gradually until the last 0.5 mm of depth, where
temperature rises about 200 K. During welding in low atmospheric pressure (low Po), the
temperature at the top of the keyhole is approximately 350 K below the boiling point at one
atmosphere. The temperature rises another 120 K to 2900 K in the first 3 mm of depth. In the
remaining 0.5 mm, the temperature increases nearly 400K to 3285 K. In the low surface tension

case (low Ps), the keyhole wall temperature remains with 10 K of the boiling point for the first 3
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mm of depth and then increases to 3210 K in the last 0.5 mm at the bottom of the keyhole. The
primary difference between the normal case and the other two cases that are known to produce low
keyhole porosity welds is higher average temperature along the keyhole walls. However, a
relatively sharp increase in temperature near the bottom of the keyhole is a feature in all cases.

To better understand why different techniques produce fewer porosity defects, the pressure
terms for each case are plotted in Figure 18b, ¢, and d. For clarity, the opening pressures, vapor
and recoil pressure, are plotted with positive values, and the closing pressures, atmospheric,
surface tension, and hydrostatic, are plotted with negative values. Clearly, the recoil and
hydrostatic pressures play almost no role in the pressure balance for pure iron, but recoil pressure
may play a role in alloys containing high vapor pressure elements, such as Mn, Mg, and Al. Each
force never reached more than 0.01 atm. This finding is at odds with some works, such as those
by Semak and Matsunawa [16,28], which assumed the recoil pressure is the primary keyhole
opening force. However, in those works, recoil pressure is defined as 55% of the equilibrium
vapor pressure based on an undefined calculation of evaporation in vacuum versus evaporation at
a high ambient pressure. In the analysis presented here, recoil pressure is defined as the square of
the evaporation mass flux divided by the density of the evaporating gas (J%/pv), which reduces to

Pv.re/(27n?) and effectively 0.3% of the equilibrium vapor pressure.

For the three cases considered, the determining factors for keyhole wall temperature at the
top and bottom of the keyhole differ. At the top of the keyhole, the temperature depends on the
ambient pressure since the surface tension is relatively low in all cases due to the wide, low
curvature keyhole opening. However, at the bottom of the keyhole, surface tension drives the
temperature because the keyhole is narrowing and curvature is approaching infinity. The
maximum pressures reached in the nominal case are 2 atm for the surface tension and more than
2.5 atm for the vapor pressure. In the other cases (e.g. low defect cases), the pressures never
exceeded 2 atm, and, especially in the low surface tension case, the maximum pressures never
exceeded 1.5 atm. The magnitude of the pressures on the keyhole walls may play an important

role in keyhole stability.

Another consideration for keyhole stability is the temperature and spatial gradients of the
pressure terms at different locations in the keyhole. Knowing how each pressure term changes

with temperature and local keyhole diameter provides additional insight into how a bubble could
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form. On the iron equilibrium vapor pressure curve, Figure 19 illustrates how vapor and surface
tension pressures vary with temperature and keyhole diameter at the top and bottom of the keyhole
cavity. While the magnitudes of each term are important, the most valuable takeaway from this
figure is that the pressure balance at the keyhole wall is very susceptible to small changes in
temperature and keyhole diameter. For example, if the temperature at the bottom of the keyhole,
under nominal conditions, increases 1 K, the vapor pressure increases 11 mbar, and surface tension
decreases 1 mbar. If the pressure balance was self-correcting, each term should have the same
sign and the same magnitude. If the small temperature increase is accompanied by a small increase
in keyhole diameter (e.g. a fraction of a micron), then the closing pressure will drop dramatically,

possibly leading to a rapid increase in keyhole diameter at the bottom. At some point, the laser
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Figure 19: The spatial and temperature gradients of vapor pressure and surface tension pressure
for different ambient pressure and surface tension conditions.
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intensity will not be able to maintain the keyhole width, and the closing forces will increase

dramatically as the keyhole diameter decreases.

2.3 Techniques for Reducing Keyhole Porosity

Due to its nature as a defect, keyhole porosity formation dynamics have been extensively
studied [12,18,20,24,26,27,29], and solutions for reducing and eliminating porosity have been
developed [20,26,27,30,31-34,35-38]. The solutions vary widely in their degree of complexity
and their feasibility on the shop floor or in the field. Their qualitative effectiveness depends on
the alloy being welded and can differ widely from a small reduction in porosity to complete
elimination. The variation in solutions includes (1) process parameter optimization, (2) process
environment optimization, and (3) implementation of an electric arc for a hybrid laser-arc process.
In (1), a combination of laser power, welding speed, and power modulation parameters is selected
to produce a defect free weld. Reactive shielding gases and welding in a weak vacuum are
examples of (2). A leading or trailing arc in (3) significantly alters the welding physics and adds

more process parameters for selection and optimization.

2.3.1 Optimizing Laser Power and Scan Speed

As two of the most fundamental and easily adjustable parameters, laser power and welding
speed are commonly optimized to reduce porosity [25,26,30,39,40]. For 304 stainless steel,
Kawabhito et al. [25,26], in two studies, investigated the effect of welding speed, laser power, and
beam size on the laser material interaction mode, which was characterized as keyhole porosity,
defect free welds, humping of the free surface, or underfill at the top of the weld. Kawahito et al.
evaluated the role of laser power of 6 and 10 kW on the interaction mode. The laser beam
propagation characteristics were measured directly with a beam diagnostic tool. The resulting
process maps from these studies are show in Figure 20. The general trend at each laser power is
the same. Below a critical welding speed, porosity formation occurs. Once the critical welding
speed reaches a level between 75 to 83 mm/s, welds without porosity can be fabricated with two
laser beam diameters of 360 um and 560 um.. This reduction in porosity is attributed to the
stabilization of the keyhole. At faster welding speeds beyond 100 to 170 mm/s (depending on
laser power), humping [41] and underfill defects dominate and are differentiated by the laser beam
size. While there are similarities, laser power has a large impact on the size of the process window

with the higher power producing a much smaller process window.
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Figure 20: Optimizing laser power and scan speed for various beam sizes can reduce porosity,
however, the process window shrinks dramatically when power increases from 6 kW (left pane) to
10 kW (right pane) [25,26].

At the lower laser power, the process window for welds without porosity spans 83 to 167
mm/s. When the power is increased 10 kW, only welds fabricated with welding speeds of 75 mm/s
produced welds without porosity or other defects. Laser power dictates which beam sizes produce
defect free welds. In the 6 kW case, usable laser diameters include 360 and 560 um. The 560 um
diameter no longer produces defect free welds when the power is increased to 10 kW. Now, beam
diameters are 200 and 360 um for defect free welds. The tightly focused beam with a spot diameter

of 130 um never produces a defect free weld.

Optimizing the laser power and scan speed can produce sound welds, but a relatively high
welding speed must be used. These high welding speeds significantly reduce the maximum
achievable penetration depth compared to the low speed welds. For example, in the 6 kW welds,
maximum penetration depth without defects is 6 mm, which is 45% less than the maximum
achievable depth. The result is similar in the 10 kW welds with 11 mm as the highest penetration
depth without defects and 19 mm with defects. So, penetration depth is reduced significantly to
produce welds without defects, but laser power and weld speed are readily adjustable in most
production environments. While it is known that high welding speeds reduce porosity, the exact
reason why the keyhole stabilizes is unclear. The geometry of the keyhole would be expected to
change significantly when increasing weld speed (e.g. shallower incline of the front wall), but the

effect of this geometry change on stability is not understood.
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2.3.2 Modulating Laser Power

The rapid oscillation in delivered laser power in the frequency range from 10 Hz to 500 Hz
has been identified as a technique for reducing keyhole porosity during laser welding [20,24,31-
33]. When power modulation is used instead of a constant laser power, additional process
parameters must be selected, including peak power, base power, frequency, duty cycle, and
waveform (e.g. square, sine, triangle, etc.). A selection of these parameters is shown in Figure 21.
Matsunawa et al. [24] demonstrated the utility of power modulation in aluminum alloy 5182. The
researchers used a peak power of 5 KW and a base power of zero and varied the duty cycle from
100% (continuous wave) to 50% (equal time at base power) at 100 Hz. X-ray images of the welds

are shown in Figure 22. At a duty cycle of 70%, the combined parameters produced a porosity

CcwW & . ib PW
. P, o P4 | Duty cycle:
% g________f,A---—q D =_a_
o 0 U (a+b)
x 100 (%)
Time Time

Figure 21: The base and peak powers and duty cycle are explained for the pulsed welding (PW)
case compared to the continuous wave (CW) case [24].

A5182 (=7 mm);, P;=5.0 kW, v=25 mm/s, fd=-0 mm, 100 Hz

Coaxial shielding gas: Ar, Rg=5 X 10% mmd/s (8 mmo)
(a) D,=100 % (CW), P5=5 kW | (b) D,=90 %, Py=4.5 kW

(d) D,=70 %, P,=3.5 kW

s A AT RIS
(e) D,=60 %, P,=3 kW (f) D,=50 %, P5=2.5 kW

Figure 22: Proper selection of peak power, base power, duty cycle, and frequency can produce
porosity free power modulated welds in aluminum [24].
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free weld. The authors attributed the reduced porosity to removal of porosity by succeeding pulses

if the proper overlap is selected and to forced oscillation causing more stable keyhole motion.

Zhao et al. [20] studied keyhole porosity during power modulated laser welds in plain
carbon steel with a fiber laser. Frequency was varied from 10 to 125 Hz, and base power and peak
power were maintained at 3 and 7 kW, respectively. Duty cycle was dependent on frequency and
varied from 5% to 63%. The researchers found that porosity was not completely eliminated but
was reduced by 85% from the continuous wave value when operating at 60 Hz and 30% duty cycle.
These results are shown in Figure 23. The authors attributed the low porosity to matching the

power modulation frequency with the natural oscillation frequency of the weld pool.
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Figure 23: Frequencies greater than 35 Hz produce low keyhole porosity welds in plain carbon
steel [20].
Compared to the other techniques, power modulation does not require a sacrifice in

penetration depth, alloy chemistry, or weldment size. However, four new process parameters are
created with this technique, and each one must be optimized and controlled for quality. Any
optimized parameters may not produce defect free welds when one of the other common process
parameters, such as weld speed or beam size, is modified. Previous research does not provide
detailed guidance on how porosity is reduced with power modulation or how the natural weld pool

oscillation frequency changes with process parameters or alloy composition.

2.3.3 Operating at Low Ambient Pressures

Welding in reduced ambient pressure is regularly performed for electron beam welds due
to the requirements of the process (i.e. electrons must be incident on the part being welded). The
benefits of this process include deeper weld penetration and reduced keyhole porosity. Laser welds

can also be fabricated at lower ambient pressures but do not require the extremely low vacuum
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environments necessary for electron beam welding (i.e. 4 mbar vs. 0.0001 mbar, respectively).
When performed at these ambient pressures, laser welds gain the same attributes (i.e. deeper

penetration and reduced porosity) [27 ,29,34].

Katayama et al. [27] studied the effects of low ambient pressure on the penetration depth
and keyhole porosity in laser welds of 5083 aluminum and 304 stainless steel, using CO2 and YAG
laser systems. The authors also used X-ray videography to observe the keyhole dynamics during
welding. When welding in ambient pressures varying from 1000 mbar to 0.3 mbar, porosity
disappeared at pressure of 4 mbar or less for both laser welding systems. During CO2 welding,
the keyhole depth in both alloys did not increase significantly at low ambient pressure compared
to atmospheric pressure. This lack of increase may be due to the higher evaporation rates under
low ambient pressures and, therefore, higher laser absorption in the metal vapor and plasma. On
the other hand, during YAG welds, the penetration depth in aluminum increased from 2.5 mm to
7 mm when ambient pressure decreased from atmospheric pressure to 4 mbar, and the penetration
depth in stainless steel increased from 6 mm to 7.5 mm over the same pressure range. During
welding at low pressure, no bubbles formed, however, a bulge in the rear keyhole wall was
observed. This behavior and a schematic depicting the bulge are shown in Figure 24. The bulge

fluctuates with time but does not disappear or pinch off to form a bubble.

t=0(ms)

Molten pool

Liquid flow

t=6
|

Figure 24: X-ray videography of laser welds performed in low ambient pressures shows that
bubbles do not form, which limits keyhole porosity [27].
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Elmer et al. [34] studied the variation of the ambient pressure from atmospheric pressure
to 0.1 mbar during laser welding of commercially pure titanium and nickel with a disk laser,
operating at 1030 nm wavelength. Resulting keyhole porosity was measured with X-ray computed
tomography, and the pores were characterized by size, location, and shape. Figure 25 shows the
porosity in nickel welds under the two different ambient pressures. Clearly, the porosity is reduced
in size at lower pressures. The total porosity volume in the low pressure weld was 11% of that
observed in the atmospheric pressure weld, even with a greater number of pores (117 vs. 218).
The pores are also confined to the lower portion of the weld, with very few pores near the top of
the weld in the low ambient pressure weld. The porosity results for titanium laser welded under
the two different pressure conditions are shown in Figure 26. When welded in lower pressure,
titanium produce virtually no pores (i.e. just one at the weld root) and had only 3% of the porosity
of the higher pressure weld. Comparing titanium and nickel, nickel had much more porosity than

titanium under similar welding conditions.

Welding in reduced amibient pressure of 4 mbar or less provides significant benefits for
laser welding. For similar conditions, welding under a lower pressure produces deeper penetration
welds and lower porosity, although porosity may not be entirely eliminated for every alloy. In
fact, the ability to reduce porosity depends on the alloy being welded. Keyhole porosity free or
nearly free welds are fabricated in Al-, Fe-, and Ti-base alloys, but the same is not possible for

commercially pure nickel. Why the weak vacuum does not affect nickel similar to the other alloys
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Figure 25: The (a) X-ray CT of Ni welded in argon, (b) the porosity distribution Ni welded in
argon, (c) X-ray CT of Ni welded in vacuum, and (d) the porosity distribution of Ni welded in
vacuum are shown [34].
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Figure 26: The (a) X-ray CT of Ti welded in argon, (b) the porosity distribution Ti welded in argon,
(c) X-ray CT of Ti welded in vacuum, and (d) the porosity distribution of Ti welded in vacuum are
shown [34].

is unclear. The technique is relatively simple and does not require tuning of multiple variables
before quality welds can be fabricated. The major downside is that a vacuum chamber is required,
with the largest systems able to handle a maximum weldment size of 5.8 m x 1.2 m area and 1.2
m high [42]. Aircraft frame parts easily fit in this envelope, but construction of large machinery,
ships, and power plants do not benefit from the technolgy and would require other means for

reducing porosity.

2.3.4 Welding in Nitrogen-rich Environments

Nitrogen rich shielding gases have been proven to reduce keyhole porosity in certain alloys
[25,35-37]. Kawahito et al. [25] recognized the effects of nitrogen as a shielding gas during laser
beam welding of 304 stainless steel. When welding with a 1070 nm wavelength laser under argon
shielding gas at 50 mm/s welding speed and 10 kW laser power, porosity was identified throughout
the weld. When the same weld was made with nitrogen shielding gas, X-ray videography revealed
a stable keyhole with no porosity generation as shown in Figure 27, and the authors concluded that
nitrogen was absorbed in the liquid metal and stabilized the keyhole. An increase in N content in
the steel of 100 ppm supports their conclusion. In addition to reducing porosity, the penetration

depth of 12 mm was maintained when the shielding gas was switched from argon to nitrogen.

While 304 stainless steel exhibits reduced porosity when welding with nitrogen shielding
gas, the effect on other alloys was unknown. Elmer et al. [35] studied the effects of shielding gas

and process parameters on keyhole porosity in four different alloys, including 304 stainless steel,
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Figure 27: X-ray videography shows that the use of N> reduces porosity by eliminating the
formation of bubbles [25].

A36 steel, 21-6-9 stainless steel, and pure nickel. In terms of processing parameters, the authors
demonstrated that higher welding speeds lead to less porosity, which is in agreement with many
other studies [25,26]. Under argon shielding gas, high levels of porosity were observed in pure
nickel, moderate porosity occurred in 304 stainless and A36 steels, and very low to zero porosity
was found in 21-6-9 stainless steel. When the same welds were fabricated under nitrogen shielding
gas, no change was observed in nickel (i.e. still high) and 21-6-9 stainless steel (still low). On the
other hand, the 304 stainless and A36 steel exhibited less porosity than welds fabricated under

argon.

The authors attributed the reduction in porosity to the high solubility of nitrogen in iron
and concluded that nitrogen stabilized the keyhole or that nitrogen bubbles formed in the liquid
were quickly absorbed by the molten steel. In the case of 21-6-9 stainless steel, the authors
believed that the high manganese content increased the vapor and recoil pressures, stabilizing the
keyhole, regardless of the shielding gas. Because the pure nickel does not dissolve nitrogen in any
significant quantities and had no high vapor pressure alloying elements, the authors concluded that
there were no special factors to increase the stability of the keyhole or to absorb bubbles.

The use of nitrogen as a shielding gas presents a unique technique for reducing porosity
during laser welding. Unlike parameter optimization, which requires high welding speeds and a
sacrifice in penetration depth, nitrogen shielding gas does not result in a lower penetration depth
and can be easily implemented into most weldments. However, higher nitrogen content in the
weld metal is a consequence and may not be acceptable for some applications. In the case of

Kawahito et al. [25], nitrogen content increased by 100 ppm during welding in an N shielding
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gas. This increase represents a minimum 10% increase if the starting nitrogen content of the alloy
is within the 1000 ppm limit for 304 stainless steel. The exact mechanism for enhanced keyhole
stability is unclear. Nitrogen will reduce the surface tension of the weld metal, resulting in a lower
closing pressure, but the effect needs to be quantified through experiments or calculations for any
conclusions to be drawn. The view that nitrogen shielding gas results in an unstable keyhole and
that the resulting nitrogen bubbles are absorbed seems unlikely given the X-ray videography

evidence of every low porosity weld having a very stable keyhole.

2.3.5 Welding with an Oxygen-rich Shielding Gas

Similar to nitrogen, oxygen-rich shielding gases have exhibited low porosity laser welds
[18,20,38]. Zhao et al. [20] tested the effects of oxygen in argon and helium shielding gases in
plain carbon steel. The results of these experiments are shown in Figure 28. In these experiments,
porosity was measured radiographically along the longitudinal side of the weld and is reported as
porosity area per unit length of weld measured (Ps in Figure 28). For helium, porosity reduces to
zero after 10% O addition. On the other hand, in argon, the porosity never fully decreases to zero,
and there is a slight increase at 2.5% O before a continuous decrease begins. The differences in
behavior between argon and helium are attributed to the higher density and momentum of argon
possibly contributing to porosity formation at the keyhole wall. In any case, X-ray videography
showed the oxygen stabilized the keyhole and no bubbles were formed. Figure 29 shows welds
with and without the addition of 10% O3 in helium shielding gas. The keyhole maintains a steady

shape in the case of Oa.
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Figure 28: The addition of oxygen to an inert shielding gas results in lower porosity, measured
along the longitudinal side of the weld as porosity area per unit length of weld [20].
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Figure 29: Laser welds made (a) without and (b) with 10% O2 added to the helium shielding gas
[20].

Zhao et al. [20] sought to understand the stabilizing effect of O, on the keyhole. Two
possible causes include the formation of CO as an opening pressure or the reduction of surface
tension as a closing pressure. Carbon monoxide evolution results from the reaction of dissolved
carbon and oxygen in the liquid metal, e.g. [C] + [O] => CO(y. The authors confirmed the
formation of CO by measuring the carbon content in the steel before and after welding. When
welded in the presence of 20% O»-He, the carbon content dropped from 0.16 wt.% to 0.14%. To
test if surface tension was the primary factor, the authors varied the sulfur content in the base metal
from 60 ppm to 1500 ppm. X-ray images of the porosity are shown in Figure 30. Increasing the
sulfur content does not affect the generation of bubbles and the formation of porosity, so the
authors concluded that the primary benefit of oxygen in the shielding gas was the generation of
Co.

Adding oxygen to the shielding gas is another strategy for reducing keyhole porosity.
However, carbon must be present in the base metal at appropriate quantities. In the previously
discussed study, carbon content was on the order of 0.16 wt. %. If, the carbon content is lower,
the porosity suppressing effect of oxygen-rich shielding gas is lower [20]. This strategy also
affects the composition of the final weld because carbon will be removed and oxygen will be
added, so for welds with strict composition controls, oxygen-rich shielding gases are not

applicable.
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Figure 30: The low porosity from oxygen is attributed to the formation of CO, not the reduction
in surface tension that would be similar to adding S to the weld [20].

2.3.6 Welding with a Laser and an Arc

When an arc, with or without a consumable electrode, is added to the laser weld, a hybrid
laser-arc process is created. Several researchers have investigated the effect of hybrid welding on
keyhole porosity with mixed results [20,43]. Zhao et al. [20] used a fiber laser and a pulsed arc
with a consumable electrode on plain carbon steel. They found a noticeable increase in porosity
during hybrid laser-arc welding compared to laser welding. Power modulation of the laser did not
improve the porosity during hybrid welding, however, oxygen in the shielding gas did reduce the
porosity amount. The researchers attributed the higher porosity to the pulsed arc, which dominated

the weld pool oscillation and could not be compensated with the laser power modulation.

Katayama et al. [43] investigated the use of a non-consumable electrode arc (e.g. gas
tungsten arc, GTA) during hybrid laser-arc welding of 304 stainless steel. Arc current was varied
from 0 (laser weld) to 200 A. At 0 A and 100 A, severe porosity was observed. Porosity was
eliminated with an arc current of 200 A. The reduction in porosity was attributed to lower
formation frequency of bubbles in the molten pool as observed in X-ray videography. While
evidence of reduced porosity during hybrid welding is mixed, parameter sets exist for very low
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porosity in hybrid welds. For example, Zhang et al. [44] optimized a low alloy steel hybrid welding
process with a consumable electrode. They found that of the sampled parameters, the highest laser
power, lowest welding speed, and the greatest positive beam defocus produced the welds with the
least porosity. These parameters contrast sharply with the trends presented earlier in the chapter,
namely increasing power and decreasing welding are expected to produce more porosity,
according to Kawihito et al. [25,26]. Studies by other authors show that positive defocus increases

porosity during laser welding [30].

Hybrid welding has a number of advantages for thick section, large component fabrication,
such as large gap-bridging and deep penetration. And, the process can be optimized for low
keyhole porosity, however, the mechanism is not well understood and may vary based on whether
the electrode is consumable. In addition, the trends in process parameters for reducing porosity
are opposite the trends observed in laser welding. If these mechanisms are understood, the process
does not suffer from some of the downsides of the other porosity reduction techniques, such as

alloy impurity contamination and expensive additional capital equipment.

2.4 Summary of Keyhole Porosity

The origin and heat and pressure balances governing the geometry of the keyhole have
been discussed. The inherent instability of the keyhole has been presented through previous
research and the calculation of the pressure balance of a known keyhole geometry under three
different conditions, including normal, low ambient pressure, and low surface tension. From a
review of the literature, techniques for reducing porosity have been reviewed, and the mechanism
for low porosity has been identified for each technique. Table 2 is a review of the techniques with

the advantages, disadvantages, and porosity reduction mechanism included.
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Table 2: The strategies for reducing porosity are listed with the advantages, disadvantages, and
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2.5 Root Defect Characteristics and Origin

In partial penetration welds, keyhole porosity is a common defect. However, in full
penetration welds, where the keyhole and weld pool extend through the thickness of the plate and
melting occurs on the bottom of the plate, very small amounts of keyhole porosity, if any, are
typically observed. While keyhole porosity is uncommon, full penetration welding introduces
defects along the root of the weld, which are not present in partial penetration welds. These types
of defects are shown in Figure 31. Large bulges form at the bottom surface and solidify as the heat
source passes. These large bulges remove metal from the joint, reducing weld strength and
producing a rejectable defect. The defects are typically found during welding of thick plates. For

example, in Figure 31 a and b [45,46], the plate thicknesses are 6 and 16 mm, respectively.

In practice these defects are mostly observed after the weld is complete. However, some
research has attempted to observe this dynamic process of defect origination and evolution, using
high speed videography. During laser welding of 8 mm thick 304 stainless steel, llar et al. [47]

(b)
Figure 31: Examples of (a) a root defect on the root side of a weld [45] and (b) a transverse cross-
section of a weld with a root defect [46].
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used a high speed camera, mirror, and laser illumination to image the bottom of the weld from a
side angle. Images captured every 2 ms for a total of 16 ms are shown in Figure 32. The laser is
moving left to right and travels 0.1 mm between frames. The white square markers are 1 mm in
length. While a bulge in the liquid metal is present for the first 12 ms, solidification does not start
until 14 or 16 ms. The bulge does not form at the keyhole exit but appears to start one-half to two-
thirds back along the length of the weld pool.

a) =0 ms

b) =2 ms

c) =4 ms

d) =6 ms

e) =8 ms

f) =10 ms

g)t=12 ms

h) =14 ms

g)t=16 ms

. 2 ¥
Figure 32: A frame from a high speed video experiment of hybrid laser-arc welding of structural

steel. Two bulges can be observed and will eventually form root defects [47].
Frostevarg and Haeussermann [48] published the results of a high speed imaging

experiment during hybrid laser-arc welding of structural steel. The researchers used a mirror to
image the bottom surface, where the laser was traveling from right to left. Figure 33 shows a frame
from one of the videos. Clearly, the dynamics are different during hybrid laser-arc welding
compared to laser welding. Besides the large “hose” of liquid metal extending from the pool near
the keyhole, the image clearly shows that the pool solidifies between globules, which solidify later.
This solidified melt channel and cooling droplet are highlighted in the figure. Since multiple
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Figure 33: Frame from high speed imaging of laser weld shows the origin and evolution of root
defects [48].
frames are not available, it is unclear where the droplet started or if the growing droplet in the

figure will grow and be pinched off from the rest of the pool.

2.6 Root Defect Modes and Formation Modeling

From high speed imaging experiments and welding trials, where laser power and travel
speed are varied, the effect of laser power is understood to a certain extent. Frostevarg [49] lays
out the effect of increasing laser power in Figure 34, which shows schematics of the weld pool and
final morphology as the laser power increases. At the lowest heat input, only partial penetration

occurs, the bottom of the plate never melts, and there is no chance of root defects forming. With
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Varying penetration depth
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Figure 34: The varied morphologies of weld roots with increasing laser power [49].
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increasing power, the bottom of the plate will sporadically melt (e.g. consistent full penetration is
not achieved) and root defects will form. At the third lowest power, a full penetration weld with
a defect-free root is formed. When the second highest power is used, root defects form with
consistent penetration. At the highest power, root defects cease to form, but the root sags

excessively, resulting in another form of root defects, which would disqualify the weld.

Some attention has been paid to the theoretical modeling of the formation of root defects.
Most of the work has been carried out to evaluate the effectiveness of electromagnetic support of
the liquid metal [50-52]. These models considered heat transfer and fluid flow to calculate the
temperature and fluid velocity fields and then used these data to compute the variables related to
root defects. In the formulation considered by previous researchers, the formation of root defects
depends on the competition of two forces, liquid metal weight and surface tension, expressed in

units of pressure. The weight force can be expressed as

pw(2) = pgo(h —2) 9)
where p is liquid metal density, go is acceleration due to gravity, h is plate thickness, and z is the
distance from the bottom of the plate. The variables h, go, and z are shown schematically in Figure
35, which depicts the root defect in a transverse cross-section. The surface tension force is
calculated as

Ps = 2YK =Y (i + i) (10)

Rx Ry

where v is surface tension of the liquid metal, and « is the curvature of the liquid metal bulge at
the bottom of the pool. The product 2« can be expressed as the sum of the reciprocals of the radii
of curvature in the x and y axes. W.ith this force balance, the importance of alloy and plate
thickness selection is clear. Less dense alloys with high surface tensions (i.e. low alloy and
impurity content) are less likely to form root defects, and thinner plates are better than thicker
plates. The curvature of the weld pool at the root depends on the combination of welding
parameters and thermophysical properties of the alloy, but selection of those parameters and
properties should produce a narrow, shortened bottom pool surface to lower the chance of forming

root defects.
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Figure 35: Diagram [50] of the important parameters affecting root defect formation during full
penetration laser welds.

The previous research was only interested in single values of the weight force and surface
tension force because a single electromagnetic force value had to be selected. But, during welding,
there is a spatially varying 3D temperature field, and the competing forces are affected by that
field via the temperature dependent variables density and surface tension. With an increasing
temperature in the absence of any surface active species, the surface tension and density will
decrease in a linear manner, complicating the simple picture shown in Figure 35. In theory, the
force balance will vary with position at the bottom of the weld pool. In addition, other forces could
be considered such as recoil pressure from evaporation, hydrodynamic forces due to fluid flow,
and electromagnetic force in the case of hybrid laser-arc welding. None of these forces has been
considered in previous research. In the case of recoil pressure and hydrodynamic forces, these
forces would affect both sides of the force balance. For example, a recoil force can be calculated
at both the bottom and the top surfaces of the weld pool, but presumably, the recoil force would

be a net root defect promoter because the average surface temperature is higher at the top surface.
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2.7 Root Defect Mitigation Strateqgies

While understanding the mechanism for root defect formation is important, the process
engineer on the shop floor or in the field requires a tool box of mitigation strategies. The crudest
method is to employ a backing plate, which can be fabricated from a variety of materials [53] and
is fixtured or tack-welded to the joint prior to the weld as shown in Figure 36. This backing plate
keeps the liquid metal from falling from the molten pool if the material and design are properly
selected [53]. However, if the backing plate geometry is not designed well, the weld metal might
spill from the bottom and solidify on the bottom surface without a metallurgical bond. In this case,
a crevice between the weld metal and plate forms and creates a crack initiation feature [53]. The

strategies that follow are better alternatives with varying difficulty in implementation.

Figure 36: A backing plate below a welding plate produces the easiest solution to root defect
formation. The backing plate keeps the weld metal attached to the weld bead. Adapted from [53].
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2.7.1 Process Parameter Selection

The primary variable most proven to reduce defects is welding speed, which, along with
laser power, is one of the most straightforward parameters to change in many laser welding
arrangements [49,50,54]. Zhang et al. [54] produced laser welds in 12 mm thick 304 stainless steel
plates. Laser power remained constant at 10 kW, and weld speed varied from 10 to 45 mm/s. The
seven welds are shown in Figure 37. At the extreme low end of welding speed, clear root defects
did not form, but significant sagging of the root was observed. At the maximum 45 mm/s,
consistent full penetration was not achieved. Within the intermediate speeds, a clear transition
was observed when the welding speed increased from 25 mm/s to 30 mm/s. At the lower speed, a
very large defect formed with a width greater than the root width. When the weld speed increased,
no large defects formed, except at the end of the weld, where a root bulge occurred in every other
weld. With this power and speed combination, the resulting weld width at the top is only 2.0 mm,
so tight fit up of the plates would be required during production. Increasing the weld speed
produces a narrower weld pool, a greater potential curvature, and a higher retaining surface tension

force.

Top surface ) Bottom surface

10-mm elding Welding
— direction H0 mm, direction

Figure 37: The effect of Weldlng speed on the formation of root defects was investigated. A
transition from root defects to defect free was observed after 25 mm/s [54].
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Other laser and hybrid laser-arc welding experiments can be investigated from the
perspective of linear heat input, i.e. not the adjustment of a single variable. Frostevarg tested 26
combinations of heat input for laser and hybrid laser-arc welding by primarily varying the laser
power, although weld speed and plate gap width were also modified slightly between some welds
[49]. The welds joined 12 mm thick structural steel plates, and the hybrid welds employed a
matching filler metal. For all the parameter combinations that produced some penetration, the

different morphologies were recorded and sorted into the categories shown in Figure 34.

The heat inputs defined as the total laser and arc power input divided by the weld speed
are plotted in Figure 38, along with the characterization of the root condition. The heat inputs
observed in this experiment vary from 270 JJmm for one of the partial penetration welds to 1000
J/mm, which formed a sagging or hanging root. The two parameter sets that produce defect free
welds have heat inputs of 300 and 330 J/mm, which are the 2" lowest and 3™ lowest heat inputs
of all the welds that produced full penetration. Another important feature is the small range over
which the different root morphologies occur during laser welding. Varying heat input from 280
J/mm to 380 J/mm produces a wide range of root conditions. This process window is very small
for critical, structural joints and complicated by the fact that within this heat input range, partial

penetration welds are possible. Figure 38 captures the difficulty in producing defect free full
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Figure 38: The heat input and root characteristic data from [49] are plotted to show that root
defects are a high heat input defect.
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penetration welds (hybrid welding produce zero acceptable welds) and explains why researchers

have looked to strategies beyond parameter optimization.

2.7.2 Re-melting Weld Roots

The process window for defect free weld roots is very narrow, and parameter optimization
may not be an attractive or necessary option. So, repair or prevention by methods other than a
backing plate are attractive. Repair of the weld root and defects after welding is a possible option
if the weld root is accessible. One solution for repair is to use the same process laser, but
defocused, to re-melt the weld root and defects, producing a smoother surface, similar to an
initially defect free weld root. This solution was explored by Frostevarg et al. and Powell et al.
[55,56] during hybrid-laser arc welding of 12 mm thick structural steel plates. The welds were
fabricated normally, and then the weld roots were re-melted (or re-welded) with same laser beam
defocused 45 mm from the plate, while the power was maintained at 9 kW. This defocus enlarged
the beam from 0.4 mm during welding to 5.0 mm for the re-melting. Examples of the starting and
ending roots are shown in Figure 39. The remelting clearly flattens the root, significantly reducing
any bulges. This technique shows promise for reducing defects, however it can only be employed
in very particular circumstances where the root is accessible and the weldment can be manipulated
so the root can be welded. In a situation where the component is very large, manipulation may not
possible, or in the case of welding of smaller diameter tubing or piping, the root may not be
reachable. Another complication is the metal lost to the defect nuggets, reducing the thickness of

C)

Figure 39: The variety of root morphologies is shown in a) and b). The re-melted root is shown
in ¢) [56].

54



@ laser
|

9 d\‘-ect'\O“

ie\d‘m/

keyhole

€ ™ weld pool

£

& curren ,

B A —
=
£ magnet pole y
ITe) X
N o ]
R T N2 P oW
- 25 W
25 mm

Figure 40: Schematic of the experimental setup to support the weld root with electromagnetic
forces [52].

the joint (see Figure 31b). Since re-welding only melts the nuggets, the technique will not work if

there is significant metal loss after the first weld.

2.7.3 Electromagnetic Root Support

Unlike the remelting of a defective weld root, another technique reduces the chances of
root defects forming during welding by adding a second term to the root defect mitigation side of
the force balance, described in equations 9 and 10. In this case, the weld root is supported by an
electromagnetic force, which acts against gravity and in support of surface tension [50-52]. The
technology has been employed in Al-Mg alloys and stainless steel with plate thicknesses up to 30
mm [50]. A schematic of the experimental setup is shown in Figure 40. Essentially, an
electromagnet was placed below the plate, which is able to travel relative the stationary beam and
keep the weld pool above the magnet. The electromagnetic force term in units of pressure is

expressed as [50]

BZ
pem(z) = 4—:0 exp(—2zy/mpyof) )

where Bo is the amplitude of the AC magnetic field, uo is the permeability constant, o is the
temperature dependent electrical conductivity of the liquid metal, and f is the AC frequency. The
variables Bo and f are not alloy dependent or constants and must be optimized for every welding

setup. These values will vary based on alloy and plate thickness, however given the relationship
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Table 3: The selectable variables determining the electromagnetic force are shown for different
alloys and plate thicknesses.

Alloy Plate Thickness (mm) | B, (mT) | f (Hz) | Ref.
AlMg3 20 77 459 46
AlMg3 30 98 452 46

304 S.S. 10 205 2500 | 48
304 S.S. 15 220 2650 | 48
304S.S. +
1015 steel 20 234 2575 | 48

of Fem o Bo*V(f), the magnetic field has a much stronger influence on the electromagnetic force.
Example values of Bo and f that successfully prevented root defects in experiments are shown in
Table 3. As expected the aluminum alloy required less support than a combination of stainless
steel and plain carbon steel. Unexpectedly, the variation in Bo with plate thickness is greater in
aluminum compared to steel, while the opposite is true for AC frequency. This complex behavior
probably reflects the volumetric nature of the electromagnetic force and the effect of the alloy

conductivity on decay of the force in the alloy.

The results of electromagnetic support applied to 10 mm thick 304 stainless steel plates is
shown in Figure 41. With no magnetic field, large root defects form. As the field strength is
increased to 165 mT, the defects become smaller and less metal is removed from the top of the
weld. Under near optimal field strength of 208 mT, the weld root is nearly flat or maintains only

B =165 mT B = 208 mT B = 301 mT

X

v=04m/min P =8kW
d = -3 mm f = 2500 Hz

B = 203 mT

v = 0.8 m/min
P =8kW

d =-3mm

f = 2500 Hz

Figure 41: The weld roots under different magnetic field strengths [52].
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a slight convexity. As the field strength increases, the weld metal starts to get pushed out of the
weld with severe concavity at the root and a very large crown. Bachmann et al. [52] was able to
model the process and predict the field strength necessary to keep the weld from forming root
defects. The welds fabricated with an optimized electromagnetic force exhibit nearly flat roots,
suggesting a surface tension force of near zero and that the electromagnetic force is the primary
restraining force. While the technique is novel, the technology is not yet mature enough to deploy
for high value welds in thicker plates. Even if the technology was mature, the technique requires
more equipment and is limited to flat welding geometries. It is unclear if this technique would

work with hybrid laser-arc welding.

2.8 Summary

Keyhole porosity in partial penetration welding and root defects during full penetration
welds are common defects during laser and hybrid laser-arc welding. Both defects limit the
deployment of high power lasers for thick section welding. In the case of keyhole porosity, intense
study over many decades has illuminated many of the mechanisms and produced effective
strategies to limit these defects. For many applications, defect free welds can be fabricated, but
may require special equipment or introduce detrimental impurity elements. Some of the promising
techniques, such as hybrid welding, have not been fully explored, and mechanisms remain poorly
understood. While power modulation has long been identified as a porosity reduction technique,
a method for selecting appropriate parameters, such as frequency, peak and minimum powers, and
duty cycle, is not available. Mathematical modeling of the transient keyhole geometry may be the
key to selecting the parameters because a growing keyhole is not expected to produce defects, so
using a frequency that never allows the keyhole to reach a steady state depth may be an important
factor.

Root defects, on the other hand, have only recently attracted the attention of researchers in
the last decade due to the proliferation of less expensive, high power fiber lasers capable of joining
thick metal plates. The surface tension and liquid metal weight force balance is mostly understood,
however it has not been rigorously incorporated into a welding model to understand the
experimentally observed trends with different processing parameters. Other potential forces, such
as recoil pressure and hydrodynamic pressure, have not been considered at all. Given this progress,
there is still debate on whether root defects are a low heat input or high heat input defect (i.e. the
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effect of laser power and welding speed is not completely understood). The surface tension term
of the force balance suggests a narrow pool (i.e. low heat input and small pool) will reduce the risk
of forming root defects. The research shows that the processing window for defect free welds is
very small with 5% to 17% off nominal heat inputs producing defects [49,54]. With such a narrow
window, there needs to be clarity on whether increasing or decreasing heat input will lead to fewer

root defects.
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Chapter 3 — Mapping Solidification during Laser Welding of Alloy 690

3.1 Solidification Related Welding Defects in Alloy 690

During conventional arc welding of Ni-Cr-Fe alloys, process-limiting defects, such as
ductility dip cracking and solidification cracking, form primarily in the weld fusion zone. An
example of a common solidification microstructure formed during multi-pass arc welding of Alloy
690 is shown Figure 42 [1]. Common characteristics of the fusion zone, such as solidification
morphology and straight grain boundaries, can be observed. The primary solidification
morphology is a mix of cells and very fine columnar dendrites. In the reheated regions, mostly

straight grain boundaries are observed with less defined dendrites and cells.

o

\ i

Cells

Figure 42: Conventional arc welded joint for thick sections of Alloy 690. The reheated second
and first passes can be observed. Courtesy of EPRI [1].

During the solidification of the weld pool, grains tend to grow in the direction opposite of
heat flow, which does not change dramatically (e.g. abrupt 90°), resulting in mostly straight grain
boundaries. These straight grain boundaries, which become straighter in reheated region due to
diffusion of segregated alloy elements, are one of the necessary conditions for ductility dip
cracking (DDC). Reheating regions of straight grain boundaries below the melting point with
successive weld passes results in the formation of stresses and grain boundary sliding that can lead
to tiny ductility dip cracks at grain triple points. In addition to DDC, solidification cracking can
occur with some welding wire compositions designed to prevent DDC by promoting the formation

of tortuous grain boundaries, which are believed to limit DDC susceptibility.

Solidification cracking occurs when the remaining liquid in the mushy zone cannot
accommodate the solidification and cooling strains [2]. Alloys with greater melting temperature
ranges (i.e. the difference between liquidus and solidus temperatures) show a greater susceptibility

to solidification cracking because the mushy zone is larger, resulting in a greater volume of the
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weld that is susceptible to cracking [2]. There is also a wetted area effect, where the alloys that
show lower wetted surface during solidification have a greater resistance to solidification cracking.
By limiting the thin film of liquid separating grains, there are discrete areas of liquid globules that
do not significantly affect the strength of the solid [2].

3.2 The Role of the Temperature Field on Solidification

Solidification characteristics are influenced by heat transfer and fluid flow and can be
described quantitatively at a given position by the temperature gradient (G), solidification rate (R),
cooling rate (GR), and morphology parameter (G/R) [2]. The relationship between G and R is
shown in Figure 43 [2]. With G on the vertical axis and R on the horizontal axis, constant cooling
rates (GR) are shown as G(R)=(cooling rate)/R curves. Cooling rate affects the coarsening of

solidification structures, with lower cooling rates leading to coarser microstructures.

G/R determines maorphalogy
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 43: the solidification map shows the effects of G and R in the combined forms of cooling
rate (GR) and the morphology parameter (G/R) [2].

The positive sloping lines in Figure 43 indicate constant G/R values and generally mark
the boundaries between the solidification morphologies. At the onset of solidification for a very
short time, planar structures predominate because G/R is very high, but soon after, instabilities on
the solidification front and a relatively wide mushy zone lead to the breakdown of the planar front
and the formation of cells and columnar dendrites [2]. Cells form at higher values of G/R than
columnar dendrites. At the lowest values of G/R, equiaxed solidification is possible with

nucleation and growth of small grains in the mushy zone. Under typical welding conditions,
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including arc and laser welding, equiaxed dendrites only form due to heterogeneous nucleation in
the presence of insoluble particles, such as TiB2, with a melting temperature of 3488 K (pure) in
6000 series aluminum welds [2]. The solidification parameters, G and R, can be calculated directly
with the temperatures in and around the weld pool. Similar to other weld characteristics, such as
weld pool dimensions, these parameters are significantly influenced by the process parameters,

such as laser power and welding speed.

Since most of the defects found in Alloy 690 welds occur in the fusion zone or reheated
weld metal (i.e. a previous fusion zone), deployment of laser and hybrid laser-arc welding
technology requires a quantitative understanding of solidification characteristics under these new
circumstances. For example, a process engineer will need to understand the expected solidification
differences between the different welding processes and the impact of those differences on defect

formation.

The objective of this chapter! is to quantitatively understand the solidification
characteristics of Ni-base Inconel® Alloy 690 under laser welding conditions. Several laser welds
were fabricated and the resulting fusion zone characterized in terms of solidification structure and
scale. In order to produce a range of solidification structures without the complications of a
spatially varying alloy composition, autogenous laser welds were fabricated in plates of alloy 690.
With the calculated temperature fields from a three-dimensional heat transfer and fluid flow model,
which is validated by comparing the fusion zone shapes and sizes, the solidification parameters
are calculated for a range of laser welding conditions. The cell and dendrite arm spacings in
experimental laser welds are correlated to calculated cooling rates. The general morphology (cell
or dendrite) at various positions in the welds was also correlated to calculated morphology
parameters. The results of this research were combined into a solidification map describing the
scale and morphology of the solidification structure produced under varying temperature gradients

and solidification rates.

Portions of this chapter are directly excerpted from J.J. Blecher, T.A. Palmer, and T. DebRoy,
‘Solidification Map of a Ni-base Alloy’, Met. Mater. Trans. A, 45A, 2014, 2142-2151.
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3.3 Experiments and Model Development

3.3.1 Laser Welding Parameters Development

Autogenous bead on plate welds were made on 12.7 mm thick Inconel® Alloy 690 plate
with an IPG Photonics® YLR-12000-L ytterbium fiber laser. The 1070 to 1080 nm wavelength
laser light was delivered to the YWS50 Precitec® welding head by a 200 um process fiber. The
transmissive optics included a 200 mm focal length collimating lens to provide a constant beam
size to the 200 mm focal length focusing lenses. The welding head was attached to a multi-axis
gantry robot for lateral movement of the beam. Plates were mechanically fastened to a workbench

before welding.

Beam characterization was performed with a PRIMES® Focus Monitor and confirmed a
200 mm focus length from the welding head reference, a 300 um beam diameter at focus, and a
divergence angle of 150 mrad. The focus plane of the laser beam was positioned at the surface of
the workpiece with no offset. Laser power was varied between 1.0 kW and 5.6 kW, and travel
speed was held constant at 34 mm/s. As power progresses to above 4.7 kW, the welding process
starts transitioning to cutting as shown at 5.6 kW.

Standard metallographic techniques were used to prepare transverse sections of the laser
welds. Electrolytic etching between 4 and 8 V in 10 wt.% oxalic acid for several seconds revealed
the microstructure of the fusion zone and base metal. A Nikon® Epiphot microscope was used to
image the microstructures at various magnifications, and a Nikon® DS-Fi2 camera and Nikon®
NIS Elements software were used to capture micrographs. Series of 10 to 30 images at the same
magnification were stitched together using Adobe® Photoshop CS5 to provide full images of the
fusion zones with a high resolution for the correlation of solidification morphology with

solidification parameters GR and G/R.

67



‘.'//\ l“‘ 5
! ,f A
..;“ J"?r*»/

SRy

\/"g“ _:',‘”,vo; 3
& }j‘ 5 /\4:&{&:2 }7 J

?‘(‘v’dil'lk whap WS

ul"‘J B

A {
~
NS 5 w\ X 7 Lol S
1y \,
il

Figure 44: The linear intercept method for measuring dendrite arm spacings is illustrated

Dendrite arm spacing, cell spacing, and morphology area measurements were performed
with ImageJ® software. The linear intercept method was used to measure the dendrite arm
spacings and cell