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Abstract

The goal of this work is to understand if an additively manufactured 304L stainless steel
exhibits similar spot-welding behavior as wrought 304L stainless steel. Due to the many
differences between an additively manufactured component and wrought product, it is important
to determine how the material interacts with the laser and how it affects the weld bead
morphology. In this paper, the laser coupling efficiency, weld size, and solidification of spot
welds produced in wrought and additively manufactured 304L stainless steel were investigated.
The coupling efficiency of wrought and additively manufactured 304L stainless steel of similar
surface condition were approximately the same over a range of applied laser energies. Laser
welding of the untreated (rougher) surface of additively manufactured 304L, however, showed
improved coupling efficiency ranging between 3.3% and 100%. The rougher surface traps the
incoming light and increases the coupling efficiency at lower laser energies, while at higher
energy, the absorption efficiency is dominated by intrinsic absorption from the keyhole
formation rather than surface roughness. The resulting spot weld microstructures differed from
welds made in wrought 304L and additively manufactured 304L. Welds made in wrought 304L
were fully austenitic containing what is suspected to be massive austenite, which suggests that
these welds solidified as primary ferrite. Welds made in additively manufactured 304L were also
fully austenitic and contained both cellular austenite and what is suspected to be massive
austenite. These observations mean that welds made in additively manufactured 304L solidified
as primary ferrite and primary austenite. The differences in weld microstructures made in
wrought and AM 304L can be attributed to differences in the composition and solidification rate.

Introduction

Additive manufacturing (AM) has sparked much interest for industrial applications due to
the ability to create one-of-a-kind, complex components in a relatively rapid manner. Though
there are many possibilities to implement an additively manufactured component, the
applications are limited because the weldability of such components has not been thoroughly
studied. Therefore, additively manufactured components are not typically applied to regions that
require a joint. As expected, build volumes are limited by the chamber size. To implement larger
AM components, welding or joining methods would be required to implement larger scale AM
components. For this reason, it is important to understand the welding behavior of an additive
manufactured component and determine if it behaves similar to a wrought or cast component.

There are many factors from the AM process that are of concern for the welding and
joining quality of these AM components. First, powder AM components are known to have less
minor element control than wrought or cast products [1-5]. Typically, in stainless steelmaking
the material is refined using an argon oxygen decarburization (AOD) furnace and/or a vacuum



oxygen decarburization (VOD) furnace to remove impurities [6]. Minor elements, such as
oxygen and nitrogen, can be introduced back into the stainless steel during the powder
atomization processes [3-5, 6]. Oxygen, a surface-active element, affects the surface tension
gradient and therefore the molten metal flow in the weld pool [7]. This phenomenon is known as
Marangoni flow [7-9]. He et al. determined that fluid flow in laser spot welds is mainly surface
tension driven, which suggests that there might be a difference in spot weld morphology between
welds made in AM and wrought 304L, if there is a difference in oxygen content [10]. Nitrogen is
an austenite-stabilizing element that, in excess, hinders primary ferrite solidification, decreases
the amount of delta ferrite in the microstructure, and limits the deformation induced martensitic
transformation [2, 3, 11].

Second, AM components experience a complex thermal history, similar to but not the
same as multipass welding. Due to the rapid heating and cooling results from the AM scan
strategy, a significant amount of residual stress can develop within AM components [12-14].
Residual stresses within the component can lead to part distortion [15-18] and defects such as
cracking [19]. It is possible that welding over a component with high residual stresses could
relieve some of the stresses, but it could also result in reheat cracking near the heat affected zone
(HAZ) [20-22].

Third, AM components can possibly contain defects. Both the type and number of defects
represent issues for autogenous laser welding of an AM component. With a large number of
defects, underfill during autogenous welding becomes an issue where a concavity is left in the
weldment, which may form a centerline crack. If the laser were to scan over gas entrapment, the
expelled gas could interfere with the vapor plume, thus resulting in weld instability and different
weld characteristics. These three concerns are some of the major reasons why the weldability of
AM material should be researched.

This research focuses on the laser-material interaction of spot welds produced in wrought
304L and AM 304L. It is important to understand if AM material absorbs laser energy the same
as wrought material. If each material absorbs different amounts of energy, welding differences
could result. Laser coupling efficiency was calculated from the measured dynamic absorptivity
using an integrating sphere in order to quantify the differences between wrought and AM 304L.

Experimental Procedure
AM Build Parameters

Laser powder bed fusion builds were created at Los Alamos National Laboratory (LANL)
using an EOS M280 powder bed system'. Virgin powder manufactured by argon gas atomization
was used for this build. The powder contained a spherical morphology with average particle size
of 31 um [23]. The builds were produced with dimensions of 50.8 mm x 38.1 mm x 3 mm (2 in.
x 1.5 in. x 0.12 in.) as shown in Figure 1. The core of the builds was created with a laser power
of 195 W, a travel speed of 1000 mm/s, and a beam offset of 0.015 mm. Once the core of the
build is completed, the laser scans around the perimeter of the part, known as the contour of the
build. The first contour, made closest to the core, was made with a laser power of 140 W, a travel
speed of 1400 mm/s, and a beam offset of 0.012 mm. The second contour was created with a



laser power of 80 W, a travel speed of 800 mm/s, and no beam offset. The beam offset is a
defined distance set inwards from the edge geometry. The powder layer thickness was 40 pm
and the scan strategy rotated 67° with every layer. The builds produced with these parameters
were fully dense and fully austenitic. The microstructure of the AM builds is shown in Figure 2.
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Figure 1: Schematic of the laser powder bed fusion build dimensions with dashed lines
indicating the boundaries of the layers.
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Figure 2: Representative microstructure of AM build.

!Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement
by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available

for the purpose.



Material Preparation

Absorptance is affected by temperature, surface roughness, physical and electrical
properties of a material [24-30]. Polished metallic surfaces have lower absorptance due to the
reflective surface [31, 32]. In general, absorptance of metals can be increased by increasing
temperature and modifying the surface roughness [33]. Boyden and Zhang [26] determined that
the absorptivity of AISI 304 stainless steel is higher than that of pure iron, suggesting that
composition has an effect on laser absorptance. Therefore, different materials and surface
roughness were studied.

Wrought 304L stainless steel was selected as a baseline comparison for the AM 304L
samples. Wrought 17-4 material was also included in the study for comparison because it is a
martensitic grade stainless steel with a larger difference in composition and microstructure. Most
of the samples were studied in the as-received or as-built conditions, however, AM builds in the
as-built condition are known to have significant amounts of residual stress [34]. In fact, when
grinding the surface of the builds, the edges would start to curl indicating the presence of
residual stress. Therefore, one AM sample underwent a stress-relief heat treatment at 1065°C for
30 min following specification AMS2759/4C [35]. Most of the samples were ground using 600
grit SiC paper resulting in an average surface roughness of about 7.5 um. To determine the effect
of surface finish, one of the as-built AM 304L samples was left untreated resulting in a surface
roughness of about 30.5 um. A summary of the various sample conditions is shown in Table 1
and the compositions are shown in Table 2.

Table 1: Material conditions used in experiment.

Material Condition Surface Finish Comparisons
. Ground (GR) Martensitic, lower
Wrought 17-4 As-received (AR) Sn=7.57 pm residual stress
) Ground (GR) Austenitic, lower
Wrought 304L As-received (AR) Sa =7.08 um residual stress
. Ground (GR) Austenitic, higher
AM 304L AT (212 Sa=7.49 pm residual stress
. Untreated (UT) Austenitic, higher
AM 304L As-built (AB) Sa=30.47 um residual stress, rough
AM 304L Heat Treated (HT) Ground (GR) Austenitic, lower
1065°C, 30 min Sa=7.79 um residual stress

All the samples were cut into 12.7 mm x 12.7 mm x 3 mm (0.5 inx 0.5 in x 0.12 in)
coupons. In the case of AM materials, the location of the coupon cut with respect to the build
direction was recorded. After the coupon surfaces were prepared, they were cleaned using
ethanol. The surfaces were analyzed using a commercial optical profilometer before and after
spot welding. The spot weld diameters from the profilometry images were measured using image
analysis software. The spot welds were then cross-sectioned, ground, and polished using
standard metallographic techniques. Next, the samples were polished to 0.02 pm roughness using



colloidal silica on a commercial vibratory polisher for 4 hrs. Lastly, electro-etching was used
with a solution containing 50% nitric acid and 50% deionized water which revealed the
solidification substructure. The weld width and weld depths were measured from the etched
cross-sections.

Table 2: Composition of 304L Powder, AM 304L (as-built and heat treated), wrought 304L, and
wrought 17-4 stainless steels in weight percent (with balance of iron).

Material C Cr Cu Mn Mo N Ni 0) P S Si Creq/Nigq
P;’(;Z‘}f’r 0.011 1841 - 152 0004 0.053 9.56 0.038 0.005 0.002 058  1.67
A?éﬁM 0.012 1848 0011 142 - 0049 985 0051 - 0004 0.5

HgéﬁM 0.013 1802 0011 137 - 0050 955 0.071 - 0004 0.5
ngtht 0.043 1822 - 090 - 0049 806 0.006 0.037 0004 040 1.73
Wi(;‘_lfht 0.050 1590 320 0.50 - - 400 - - 00002 030 -

Laser Spot Welding

Laser welding absorptivity experiments were conducted at the National Institute of
Standards and Technology (NIST) in Boulder, CO and followed a similar procedure and
experimental set up as the experiments conducted by Simonds et al. [36, 37]. The experiments
used an integrating sphere which allowed the user to measure the scattered light and calculate the
absorptance and resulting coupling efficiency of the various materials. A gas port was added to
the integrating sphere to shield the molten pool during welding. The sphere was purged with
nitrogen shielding gas for 2 min and left flowing during the welding process at a rate of 18
L/min. This experiment was limited to spot welding as the accuracy is dependent upon the
calibration of the integrating sphere. After each spot weld, some of the vapor is deposited onto
the inner surface of the sphere, thus reducing the effectiveness of the coating. This changing
surface condition is why the sphere must be calibrated after each spot weld. Long time duration,
linear welds would cause vapor deposition along the walls of the integrating sphere resulting in
degradation of the effectiveness of the coating and the calibration would change as a function of
time. A commercial Yb-fiber laser system with a 1070 nm wavelength was used to produce 10
ms spot welds. The laser operated under sharp focus, producing a spot size of 303 um and a top-
hat beam profile.

Results and Discussion
Laser Coupling Efficiency

The time-integrated laser coupling efficiency as a function of the applied laser energy for
wrought 304L stainless steel is shown in Figure 3. As the applied laser energy increases, the
coupling efficiency also increases, albeit with smaller increases for higher applied laser energies.



Others have similarly observed a step-function relationship for the coupling efficiency of 316L
stainless steel [36, 38, 39]. The sharp increase in coupling efficiency, between the two dashed
lines, has been identified as the transition region. At the lower applied laser energy, conduction
mode welding takes place. The spot weld labeled 1.18 J show a wide, shallow weld that is
indicative of conduction mode. The dashed line on the left marks the beginning of the transition
region, meaning that sufficient vaporization has occurred to begin the formation of a keyhole. At
such a low energy, the vapor cavity is not stable and surface tension forces the cavity to close.
Within this region, deeper penetration should begin to form, but because the vapor cavity is
unstable, the penetration depth is relatively small. The micrograph labeled 2.55 J exhibits the
spot weld produced at the beginning of the transition region. The arrow within this micrograph
shows a deepening at the root of the spot weld that indicates penetration depth is starting to
increase more than would typically occur under conduction mode. As the input laser energy
increases to 3.55 J and 4.56 J, the depression becomes more pronounced and the depth of
penetration becomes larger confirming that keyhole mode has been established as shown in the
micrograph labeled 4.56 J.

Figure 4(a) demonstrates the laser coupling efficiencies for spot welds produced in
wrought 304L, AM 304L, and wrought 17-4 stainless steels prepared with the same ground (GR)
surface finish. The coupling efficiency values are shown in Table A-1 of the appendix. Within
the combined measurement of uncertainty (coupling efficiency error bars represent a coverage
factor of 1), there is no discernable difference in laser coupling efficiency between the three
different stainless steels. This suggests that composition and microstructural effects on coupling
efficiency of various stainless steels are negligible. The results observed by Boyden and Zhang
[26] were between pure iron and 304L. Since negligible differences were observed between
304L and 17-4, the coupling efficiency is affected by large compositional changes and not minor
changes, i.e. pure material with respect to an alloy.
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Figure 3: Coupling efficiency for spot welds produced in wrought 304L stainless steel with
corresponding cross-sectioned micrographs.
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Figure 4: Laser coupling efficiency for spot welds produced in (a) wrought 304L, AM 304L,
and wrought 17-4 stainless steels prepared with the same surface finish and (b) AM 304L
stainless steels under the various conditions.

Figure 4(b) shows the laser coupling efficiencies for spot welds produced in AM 304L

under the different conditions named in Table 1, namely, heat treatment and surface finish. The
corresponding coupling efficiency values are shown in Table 3. Welds produced in the AM 304L
samples prepared with the same, ground, surface finish have similar laser coupling efficiencies.
The largest difference in behavior occurs for the spot welds produced in the untreated (UT)
condition (designated by the blue diamonds). The untreated condition, with a larger surface



roughness, resulted in increased coupling efficiencies compared to the ground conditions. A
rough surface allows for increased surface scattering at the larger peaks and troughs, leading to
an improved initial coupling efficiency. This observation is consistent with the results of Sokolov
and Salminen [33]. The effect of surface roughness is larger at lower applied laser energies than
at higher applied laser energies. At lower applied laser energies, the coupling efficiency is
improved by 20% - 100%, however, at higher applied laser energies the coupling efficiency is
improved by only 3% - 20%. When keyhole mode is established, the multiple reflections
experienced in the cavity that forms by the vapor plume dominates absorption as the laser is no
longer incident to a solid surface. The ground, heat treated condition (designated by the green
cross) is about the same as the ground, as-built condition (designated by the pink circles). Since
heat treatment would have relieved any residual stresses in the weld coupon prior to welding, the
observed behavior means that residual stress and starting microstructure have a negligible effect
on the coupling efficiency.

Table 3: Coupling efficiency for spot welds made in AM 304L in the as-built (AB), ground (GR)
condition, as-built (AB), untreated (UT) condition, and the heat treated (HT), ground (GR)
condition. The uncertainty in the data is 1 sigma.

Applied Laser Applied Laser AM 304L AM 304L AM 304L
Power Energy AB GR ABUT HT GR
W) Q)] (Ncoupling, %0) (Ncoupling, %0) (Neoupling, %0)
118 1.18 17.0+44 34.1+43 11.6+4.6
204 2.04 28.8+4.4 26.5+4.2 159+43
255 2.55 322442 38.6+4.2 282+43
289 2.89 39.8 £4.1 59.1+42 373 +4.1
323 3.23 57.9+42 69.5+43 55.7+4.1
356 3.55 64.0+4.2 73.2+44 64.7+43
389 3.89 70.8 +4.4 78.0+4.5 69.5+44
456 4.56 76.2 +£4.5 81.1£4.6 76.3+4.5
538 5.38 82.0+4.6 84.7+ 4.6 80.2+4.5
Spot Weld Morphology

Macrographs of the spot welds produced with increasing energies ranging between 1.18 J
and 4.56 J in the austenitic grade stainless steels (wrought and AM 304L) are shown in Figure 5.
The corresponding weld width and depth measurements are shown in Figure 6, with the values
listed in Table A-2 of the appendix. At the lowest applied laser energy of 1.18 J, the spot welds
produced on a ground surface were wide and shallow, which is typical of conduction mode
welds. The weld width of the spot weld produced in wrought 304L is slightly wider than welds
produced in AM 304L by about 8.5 %, demonstrated in Figure 6(a). The depth of penetration of
the spot weld produced in wrought 304L at 1.178 J is shallower than spot welds produced in AM
304L by 21.8 %. These data may indicate that the lower surface-active element concentration in
wrought 304L is the cause for the difference in weld morphology. The differences between
wrought and AM 304L at 1.18 J is not as obvious as the results from Kou et al. [9]. The smaller
differences could be due to the limited weld duration of this experiment or due to oxygen being



the major surface-active element rather than sulfur, due to the fact that oxygen has less of an
impact on Marangoni flow compared to sulfur.

At lower applied laser energies, the untreated surface of the AM 304L samples have
resulted in deeper penetration. This is attributed to lower specular reflections from the rougher
surface compared to the ground surface resulting in surface scattering thus improving the
coupling efficiency at lower laser energies. This correlates well with the measured coupling
efficiency results for both types of surfaces. At higher applied laser energies, the depth of
penetration is about the same for samples prepared in the untreated condition and ground
condition, thus, agreeing with the earlier supposition that surface roughness is less relevant after
keyhole formation where multiple reflections dominate.
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Figure 5: Representative macrographs of spot welds produced in wrought 304L and the various conditions of additive manufactured
304L stainless steels. The fusion lines are outlined by the red dashed lines.



Welds produced in AM 304L produced at 2.55 J, beginning of the transition region, have
a rounder fusion line morphology. Whereas the spot weld produced in wrought 304L shows a
deepening of the root that was discussed earlier in Figure 3. Deepening of the root becomes more
pronounced with increasing applied laser energies for most of the spot welds. The location and
nature of the pronounced root is different for spot welds produced in the untreated AM 304L
samples. It is possible that the rougher surface affects the laser-material interaction enough to
change the morphology slightly.
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Figure 6: (a) Weld width and (b) weld depth measurements of spot welds produced in the
various 304L stainless steel conditions.

As the applied laser energy increases, the depth of penetration and weld width increases
as shown in Figure 6. At higher laser energies, differences in weld bead morphology between the
various samples become more apparent. The increased heat input causes more stirring, and the
recoil force dominates over surface tension. These might be the reason why differences in
morphology become larger. In general, the welds produced in wrought 304L are wider and
shallower than welds produced in AM 304L. A larger number of repetitions of spot welds would
better confirm the trend.

Spot Weld Microstructure

A representative macrograph and micrograph of a spot weld produced in wrought 304L
with a laser input energy of 3.55 J is shown in Figure 7. The cross-section in Figure 7(a) suggests
a superposition of two heat flow conditions — a semi-hemisphere (red dotted trace) which is an
indication of conduction heat transfer and a central region of deeper penetration (blue dotted
trace) which is evidence of keyhole mode. The microstructure, shown in Figure 7(b), contains a
fully austenitic microstructure. Some of the grains within the weldment are ill-defined,



characteristic of a massive transformation [40, 41]; however, not all the grains suspected to be
massive austenite exhibit the ill-defined grains as observed previously [42]. There are small
black spots seen in the microstructure also observed by Wilson [42] in massive austenite grains.
The ill-defined grain boundaries, small black spots, and fully austenitic microstructure is an
indication that the spot weld solidified as primary ferrite and then underwent a massive austenite
transformation known as type F/MA solidification. This type of solidification behavior occurred
for all the spot welds produced in wrought 304L stainless steel. Almost all of the spot welds
exhibited solidification cracking as shown by the arrow in Figure 7(b). Solidification cracking
most likely occurred due to the large concentration of phosphorous in the base material.
Phosphorous concentrations above 0.025 wt. % are known to cause hot cracking, despite
solidification as primary ferrite [43]. Changing the applied laser energy did not change the
resulting spot weld microstructure and all spot welds contained a massive austenite
microstructure.
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Figure 7: Representative (a) macrograph and (b) micrograph of a spot weld produced in
wrought 304L at a laser input energy of 3.55 J. The arrow points to cracking that occurred
during solidification.

A representative macrograph and micrograph of a spot weld produced in as-built AM
304L with the ground surface finish is shown in Figure 8. The macrograph shown in Figure 8(a)
shows a marked difference in etching behavior compared to the spot weld made in wrought 304L
(Figure 7). The micrograph in Figure 8(b) shows a completely austenitic microstructure. The
solidification substructure changes from the edge of the weld to the center of the weld. At the
weld edge (left half of the micrograph), within the lighter colored regions, the weld solidified as
primary ferrite that underwent a massive austenite transformation. The lighter region exhibits no
clear evidence of substructure, only irregular grains and similar black spots as seen in Figure
7(b). As the solid/liquid interface approached the weld center, the solidification mode shifted to
primary austenite, forming a cellular austenite substructure known as Type A solidification. This



change suggests that the solidification rate or composition has changed during solidification to
cause a shift in the solidification mode and type of solidification substructure. It is well
established that solidification rate changes from the edge of a weld to the center of the weld. By
increasing the input laser energy, there was a decrease in the amount of primary austenite
solidification, thus reducing the amount of cellular substructure as demonstrated in Figure 9,
with values available in Appendix A-3. Increasing the laser input energy results in increasing
heat input and decreasing the solidification rate producing more type F/MA solidification.

Figure 8: Representative (a) macrograph and (b) micrograph of a spot weld produced in as-
built AM 304L with a ground surface at a laser input energy of 3.55 J.
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Figure 9: Volume percent of cellular austenite solidification substructure observed in the spot
welds produced in additive manufactured 304L under the various conditions.



Measurement of the solidification rate for laser spot welds is challenging because
traditional measurements cannot be used due to the lack of travel speed. An estimate of
solidification rate can be made by plotting the Cr.q/Nieq in the stainless steel predictive diagram
which was modified from Lippold and Kotecki [44], shown in Figure 10. A dashed line was
placed to indicate a range of solidification rates that were possible given the spot weld
microstructures. The blue dashed line for AM 304L demonstrates that for the AM 304L
composition, the solidification behavior may change from F/MA to A given an increase in
solidification rate (moving up along the blue dashed line). Zhao et al. [45] determined that the
solidification rate increases as the solidification front approaches the weld center for spot welds
made in Ti-6Al-4V. This observation could explain why there was a shift from primary ferrite
solidification to primary austenite solidification for the spot weld made in AM 304L. The red
dashed line for wrought 304L shows that even with an increase in solidification rate, the
solidification should remain as primary ferrite in the F/MA domain. These results indicate that
compositional differences between wrought and AM 304L have a very large impact on the
solidification behavior.

Solidification rate (mm/s) (In/min)
1000 E T 2400
AM 304L /o :
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Figure 10: A morphological prediction map for stainless steels modified to contain the
Creq/Nieq for Wrought 3041 and AM 304L. Adapted from Lippold and Kotecki [44]



Conclusions

There are two variables identified from the laser powder bed fusion process that affected
the welding and solidification behavior of AM 304L stainless steel compared to wrought 304L
stainless steel: the surface condition and starting composition. The major conclusions are listed
in the following:

(1) The laser powder bed process produces a rougher surface finish than a ground surface. As
a result, the as-built, untreated surface produced higher coupling efficiencies at lower
energies that is attributed to multiple reflections established at earlier times. The
increased coupling efficiency produced spot welds with deeper penetration.

(2) Laser coupling efficiency was not affected by composition or starting microstructure.
Wrought 17-4, a martensitic stainless steel, showed similar laser coupling efficiency as
the austenitic stainless steels.

(3) Spot welds produced in wrought 304L stainless steel resulted in fully austenitic
microstructure that solidified as primary ferrite and underwent a massive transformation
to austenite (Type F/MA). The higher Creq/Nieq as compared with AM 304L, stabilized
the primary ferrite solidification so that an increase in solidification rate would not
change the solidification mode. The shift in solidification mode is caused by the lower
Creq/Nieq for AM 304L and the increasing solidification rate as the solidification front
approaches the weld center.

(4) Spot welds produced in AM 304L stainless steel resulted in a fully austenitic
microstructure that exhibited both primary ferrite and primary austenite solidification.
Grains that solidified as primary ferrite subsequently underwent a massive transformation
to austenite (Type F/MA solidification). As the solidification front approached the weld
center, the solidification mode changed to primary austenite resulting in a cellular
substructure (Type A solidification).



Appendix

Further data to supplement the discussion presented in this work. The data in these tables were
used in the plotting of Figures 2, 3, 4 and 5. They help to support the discussion on increases in
coupling efficiency described in the figures. The data also supports the weld width and weld
penetration discussion summarized in Figures 4 and 5.

Table A-1: Coupling efficiency for spot welds made in wrought 304L, AM 304L, and wrought
17-4 with the same ground surface finish. The uncertainty in the data is 1 sigma.

Applied Laser Applied Laser Wrought 304L AM 304L Wrought 17-4
Power Energy AR GR AB GR AR GR
W) Q) (Meoupling) (Meoupling) (Meoupling)
118 1.18 16.7 £4.5 17.0+ 4.4 16.8 £4.2
204 2.04 24.6 £4.7 28.8+4.4 24.0+43
255 2.55 32.1+43 322+42 26.4+43
289 2.89 38.0+4.1 39.5+4.0 40.0£4.2
323 3.23 489 +4.1 57.9+42 54.8+42
355 3.55 61.7+4.2 64.0+£4.2 64.2+4.4
389 3.89 69.4+43 70.8 +4.4 70.6 + 4.6
456 4.56 76.1 £4.5 762 +4.5 79.8 4.6
538 5.38 81.0+4.5 82.0+4.6 82.7+4.5

Table A-2: Weld depth and weld width values for welds produced in the various conditions.

Material Applied Laser Energy Weld Depth Weld Width
() (um) (um)
1.18 68.2 310.0
Wrought 304L 2.55 109.0 483.0
AR, GR 3.55 267.0 717.0
4.56 491.0 868.0
1.18 80.9 276.0
AM 304L 2.55 96.7 461.0
AB, GR 3.55 365.0 651.0
4.56 494.0 802.0
1.18 141.0 283.0
AM 304L 2.55 176.0 411.0
AB, UT 3.55 465.0 674.0
4.56 589.0 752.0
1.18 85.3 296.0
AM 304L 2.55 108.0 451.0
HT, GR 3.55 405.0 712.0

4.56 664.0 860.0




Table A-3: Substructure volume fraction for welds produced in additive manufactured 304L.

Material Applied L(a}s)er Energy Celol/:ﬂar Dertirltlc
1.18 74.8 25.2
AM 304L 2.55 86.5 13.5
AB, GR 3.55 78.3 21.7
4.56 45.0 55.0
1.18 91.7 8.4
AM 304L 2.55 96.2 3.8
AB, UT 3.55 46.5 53.5
4.56 19.6 80.4
1.18 92.5 7.5
AM 304L 2.55 98.7 1.3
HT, GR 3.55 86.9 13.1
4.56 71.0 29.0
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