
t ,

Analysis and Validation of Laser Spot WeId-Induced Distortio
&

G.A. Knorovsky, M.P. Kanoufi?, D.O. MacCallum & P.W. Fuerschbach e e
Sandia National Laboratories, Albuquerque, NM and Livermore, CA+ $; &/p

~ f~ *Q
Abstract

8
4!@l

PLaser spot welding is an ideal process for joining small parts with tight tolerance /
on weld size, location, and distortion, particularly those with near-by heat sensitive
features. It is also key to understanding the overlapping laser spot seam welding process.
Rather than attempting to simulate the laser beam-to-part coupling (particularly if a
keyhole occurs), it was measured by calorimetry. This data was then used to calculate the
thermal and structural response of a laser spot welded SS304 disk using the finite element
method. Five combinations of process parameter values were studied. Calculations were
compared to experimental data for temperature and distortion profiles measured by
thermocouples and surface profiiing. Results are discussed in terms of experimental and
modeling factors. We then suggest appropriate parameters for laser spot welding.

1. Introduction

Welding creates a highly non-uniform temperature field, resulting in local plastic
strain, residual stress and concerns about cracking and distortion. Thermally-induced
stress is particularly important when closure welding small hermetic packages with glass-
to-metal seals. Moreover, closure welding comes at the end of the manufacturing process,
so scrap due to welding-induced defects is costly. Laser welding is known to produce low
heat input, low distortion, hence it is often specified for such welds. Given industry’s
need for miniature high reliability components, understanding laser welding is critical.

Descriptions of numerical models of welding can be found in the literature
spanning the last four decades and more. Some recent contributions are listed. Goldak
et.al. (1991) give a comprehensive discussion of the mechanics of material response to
welding and its computation. Calculations of gas-metal arc welding of steel (GMAW),
including the effect of metal deposition, have been published by Karlsson et.al. (1990)
and Tekriwal et.al. (1991). Ortega et.al. (1992) calculated the response of SS304 to single
spot GMA welds. Calculations have been made for multipass gas-tungsten arc (GTA)
welds by Root et.al. (1992), Dong et.al. (1998) and Ortega et.aI. (1998). Models for laser
welding have been described by Tsai et.al. (1998). These calculations show that material
near the weld is heated to softening temperature (>400 to 600”C for steel). It then
plastically deforms due to a combination of thermal expansion and constraint imposed by
the relatively cold and strong surroundings. When this material subsequently cools, the
surrounding material now constrains it from contracting, leaving a state of residual
tension. The residual stress level is often new the yield stress of the base metal.

Welding heat is applied to the weldment surface, resulting in the formation of a
mohen zone. Convection heat transfer .by fluid motion in the melt dominates conduction.
The models listed used a simplified approach where melt fluid motion was neglected and
onIy the conduction equation was solved for energy transport. Often, an enhanced liquid
thermal conductivity accounted for convective heat transfer, e.g. Ka.dsson et.al. (1990).

Our calculations and measurements of the weld size, thermal response and part
distortion were carried out for the configuration shown in Figure 1, where a single laser
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spot weld was made in the center of a 25.4 mm diameter, 1.2 mm thick, SS304 disk.
Energy absorption was measured using a Seebeck envelope calorimeter.
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Figure 1: Geometry and mesh used to study laser spot welds. The mesh shows the
distorted shape of the disk after welding (distortions magnified by 10X).

2. Ex~erimental Procedures .

The heat absorbed was found by measuring and integrating the flux through the
calorimeter walls as the sample cooled to ambient. A large number of separated spot
welds in a raster pattern were made on 51 x 102 x 6.35 mm thick SS304 samples placed
in the calorimeter. While non-overlapping, the spot spacing may have allowed some pre-
heating, particularly at scan turn-arounds. After completing the scan (<40 s), the
calorimeter was closed, and the flux vs time measurement made and then integrated on a
digital oscilloscope. The energy was divided by the number of spots, giving an average.
The calorimetry and temperature/distortion welds were made on the same material lot but
with different lasers, because of availability. To ensure equivalence, puke length settings
were identical and irradiances matched to <12% (ususally <5%). Weld process parameter
values are shown in Table 1. The laser pulse was nominally a square wave.

Table 1. Weld process parameter values used in the experiments and calculations
case Pulseenergy Pulseduration Spotdiameter

AE-J &-rns mm
1 2.00 7 0.41
2 3.33 7 0.46
3 5.66 7 0.46
4 1.50 2.2 0.41
5 2.25 2.2 0.41

The disks were supported by three sharp contact points (see Figure 1) to minimize
conductive heat losses and fixture constraints. Disks were lapped to -0.3pm ftish and
flatness of +/-2pm, to give a reproducible starting condition (calorimetry samples were
as-wrought, but the disks were EDM’ d from 6.35 mm plate and needed cleaning). Spot
welds was made using a single laser pulse with a specitled spot diameter, pulse time and
energy. The laser pulsed at a specified frequency, but a shutter blocked all but one pulse.
To minimize convective loss no shielding gas was used. Temperatures were measured
with 0.12 mm diameter type K thermocouples (TC’S) attached at four locations, two on
top and two on the bottom. All four were attached on a common diametral plane.
Because the TC’S were unshielded, electrical noise from the laser system was present.
After welding, a profilometer was used to measure the shape of the disk along two
diametral traces on the upper surface, one parallel and one perpendicular to the line of
TC’S. The profile was then subtracted from a composite profde derived from five
unwelded samples to obtain the part distortion. Finally, metallographic sections were
made to obtain the weld sizes and shapes and to veri~ TC locations.
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3. Finite Element Model

The finite element method was used to calculate the transient response of the disk
to a single laser pulse. The calculations were made using parallel processing to reduce
run times and permit a more thorough study of the problem. Thermal response
calculations were done first, and used as input data for the mechanical response
calculations. The same ftite element mesh was used for both calculations (see Figure 1).

The thermal response was governed by heat conduction, i.e. the effects of fluid
flow and keyhole formation in the weld pool were not treated explicitly in the
calculations. However, we recognized that keyhole formation has a large effect on heat
transfer and the shape of the weld pool. We accounted for this by using an orthotropic
thermal conductivity where the conductivity normal to the surface of the disk was
enhanced for super-liquidus temperatures. For sub-liquidus values an isotropic
temperature-dependent conductivity was used. The temperature-dependent properties
used are shown in Figure 2. A constant density of 7920 Kg/m3 was employed.

The laser pulse was modeled by a flux boundary condition on the disk surface.
The heat flux was Gaussian, with a radius (=1/e3) of 0.5 mm. All other disk surfaces were
adiabatic, as losses were accounted for in the measured efficiency. Thermal calculations
used COYOTE (Gartling, et.al., 1999).
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Figure 2: Enthalpy ~H~and thermal
AE-J

Figure 3: Laser absorption efficiency q vs
conductivity (k, subscript is direction) vs pulse energy AE, and pulse length&.

temperature.

Mechanical response calculations used a BCJ elastic-plastic material model with
temperature- and strain rate-dependent yield strength, hardening and recovery
(Bammann, et. al., 1995) which accounts for load path history effects with internal state
variables. Modifications to the model included capping the temperature at the liquidus
value, preventing negative hardening, and setting deviatoric stresses and internal state
variables to zero at the liquidus. Model parameters speci~c to SS304 were experimentally
determined, by Ortega et.al. (1998) who analyzed a multipass GTA weld

Both thermal and mechanical calculations were three-dimensional (3D), due to
use of a 3D-only mechanical code: JAS3D (Blanford, 1998). Using 3D codes anticipated
the next study phase: overlapping spot welds. The finite element mesh used spanned a
quarter of the disk. Symmetry boundary conditions were used on the two straight sides.
The mesh contained 39725 nodes, and 36480 eight-node brick elements. Both COYOTE
and JAS3D use conjugate gradient-based solution methods. At least five iterations were
required per time step in the mechanical calculations to reduce temporal oscillations. 1
and 2.5ps time steps were used in the thermal and mechanical calculations, respectively.
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4. Results

Calorimetric measurements of the laser energy absorption efficiency q are shown
in Figure 3, q is defined as the ratio of the energy absorbed to the energy in the laser
pulse. The difference between the energy absorbed and the pulse energy is due to losses
(reflection from the metal surface, evaporation, radiation and convection). The results
show a nearly linear relationship between q and AE. The increase in q with AE may be
due to the formation of a keyhole, resulting in higher absorption of the laser via multiple
reflections in the vapor cavity. The results for 2.2 ms also increase slightly over the small
range of AEmeasured, however, q = 0.48 was assumed in the 2.2 ms pulse calculations.

The experimental and calculated weld shapes are shown in Fimre 4.
(a)

case 4case 1

case 2

T
case 3

(b)

case 5
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Figure 4a: Weld shapes obtained from experiment and calculation. 4b: Measured and
calculated weld depth and width vs pulse energy input.

Some disagreement may be due to the inherent variability of pulsed laser welds. For
example, in the calorimetry samples, metallographic sections showed a spot-to-spot depth
variation of 4-15% and width variation of 2-7~0 for a given schedule. On the whole,
calculated and measured values are in fair agreement, and it appears that for a given pulse
energy, while width is not sensitive to pulse length, depth increases for shorter pulses.

Figures 5-8 show the calculated and measured temperatures vs time at points on
the top and bottom surfaces. The TC’s were placed close to the weld target location, but
far enough away to survive the weld. Their actual locations relative to aim point were
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Figure 5a: Measured (noisy) and calculated (smooth) temperatures vs time on top and
bottom surfaces for case 1: 2J, 7ms. TC-to-weld-center distance: I.lmm (top), 1.9mm
(bottom). 5b: Calculated and measured peak temperatures vs distWce.
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Figure 6a and 6b: Sam;-;s Figure 5 for case 3: 5.7J, 7ms. TC-to-weld-center distance:
l.lmm (top), 1.9mm (bottom).
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Figure 7a and 7b Same as Figure 5 for case 4: 1.5J, 2.2ms. TC-to-weld-center distance:
I.lmm (top), 1.2mm (bottom).

difficult to precisely control, so post-weld measurements were made. As noted already,
the TC data was noisy. Although only one laser pulse was incident on the disk, the laser
was pulsed at a specified frequency. The electrical noise signature from these pulses can
be seen in the TC data as spikes occurring at the laser pulse rate. The spikes identified the
begiming of the laser pulse and allowed synchronization of the calculations and
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Figure 8a and 8b: Same a~Figure 5 for case 5: 2.25J, 2.2ms. TC-to-weld-center distance:
1.lmm (top), 2.Omm (bottom).

measurements. In a few cases, for TC’S on the top surface, an early rise in the signal
coincident with the laser puke is thought due to reflected laser energy directly heating the
TC. The nominal distances of the TC’S from their respective spot-weld centers ranged
from 1-2 mm. Although the TC’s were close to the spot welds, the measured
temperatures were very small. The comparison between calculated and measured
temperatures is good in some cases, poor in others. The poor agreement could be partly
due to the difficulty of measuring the distance of a TC from the spot weld, where some
judgment was used in estimating the actual TC location and the actual spot weld center.
Also shown in Figures 5-8 is the peak temperature vs TC location. TC positional errors
were estimated from metallographic sections of the TC’S (where available), or from
multiple measurements by different people. (Lines joining the calculated points are third
order polynomial fits for indication only.) It is notable that the bottom TC’s reach a
higher peak value than those at equivalent distances on top. We believe this is due to the
insulating behavior of the bottom surface where the predominant heat flow is normal to
the surface, and ‘piles up’. On top, the heat flows parallel to the surface, and no such
behavior occurs. It is also noticeable that at a given distance, the peak temperature
increases with pulse energy, with no effect of a shorter pulse time. The peak temperatures
are reached in a few tenths of a second, which is long compared with the weld pulse.
This may not be true in and near the fusion zone.

Figure 1 shows the calculated distorted disk shape for case 2 (3.33J, 7 ms)
magtiled by 10x. The distorted disk is depressed towards the center relative to the edge,
with the exception of the fusion zone region, where there is a mound. This mound results
from the plastic deformation of the material surrounding the weld. During the laser pulse
this material was heated to high temperatures while the material at larger distances from
the weld pool remained relatively cool. The lack of expansion in the cooler material
results in a constraint on the radial expansion of the hot material close to the weld. This
causes the near-weld material to expand plastically (i.e. there is a permanent component
to the deformation) in the z-direction, giving the central mound. When this material
cools, it contracts in both the axial and radial directions. However, due to the permanent
component of the axial expansion, the contraction in the radial direction of the near weld
material is such that its radial dimension is smaller after the welding operation than it was
before the operation resulting in a tensile radial stress and the concave shape in the part as
the near weld material attempts to contract in the radial direction and the far weld
material constrains this contraction.

The profdometer data for the disk upper surface is shown in Figures 9-12. This
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Figure 9: Measured (n~i!y) and calculated
(smooth) distortion along a diameter on the
disk top surface. Case 1: 2J, 7 ms.
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data shows the distortion perpendicular to the plane of the disk (z-direction) rdong a disk
diameter. The very small stylus used for the profde measurements also captured the
surface roughness of the disk. For each case the central surface mound of the weld can be
seen ( at r=O).Beyond the mound the disk is depressed relative to its edge. The calculated
results for the distortion of the disks are also shown in Figures 9-12, and are generally in
good agreement with the measured results for that portion of the profile outside of the
weldment mound. The agreement between calculated and measured results for the
weldment mound height ranges from fair to good. From the metallography, it was noted
that the small laser spot welds attaching the TC’S were in fact not small. In some cases
they were comparable to the target weld. Fortunately, their symmetry cancelled out much
of their effect. Some simple superposition calculations were made where the distortion
calculated for case 3 was multiplied by 1/4 (to simulate a quarter-size TC weld) and then
translated and/or inverted (depending if the TC was on the top surface or bottom) then
summed to estimate the distortion of the four TC welds. In the diametral plane containing
the TC welds, there was an appreciable local distortion hump added; while in the
perpendicular diametral plane a more general ‘valley’ effect was noted (-4 pm), as
illustrated in Figure 13. Also shown is the superposition of all 5 welds. The estimated
effect of the TC welds is similar to the non-flatness after lapping.
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Figure 13a: Parallel and perpendicular results of superposing distortion from quarter-size
(of case 3) spot welds. 13b: Superimposed distortions of case 3 weld+ 4 TC welds.

The agreement between measured and calculated distortion profiles isgood even
though the calculated results for the weld shapes were only in fair agreement with the
experimental results. This suggests that there is an insensitivity of the distortion to the
weld shape. As noted by others (Karlsson et. al. (1990), Tekriwal et. al. (1991)), the
mechanical response depends more on the size of the heat-affected zone, i.e. the material
heated to above 400 to 600 C for steel. The shape of this zone is only weakly related to
the shape of the weld and is mainly dependent on the amount of energy deposited in the
metal during the welding process. By plotting the calculated and measured distortion
difference from the central valley to the outer diameter, this can be seen in Figure 14. The
residual stress state for case 2 (3.331,7 ms) is shown in Figure 15.
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Figure 14: Calculated and measured valley-to-edge distortion difference vs pulse energy.

This figure shows the stress, a=, on a x-z plane through the center of the weld. The stress
is in tension in the weldment and surrounding material with a maximum value near 400
MPa. A smaller tensile stress exists at the upper surface of the weldment. The stress is in
compression in the lower portion of the disk, with the exception of a small region of
material that is in tension on the bottom of the disk beneath the weld. This general stress
state is similar to the results of Ortega et. al. (1992) and of Tsai et. al. (1998).

The stress profdes along the z-axis through the center of the weld are shown in
Figure 16 for various laser pulse energies (cases 2-5). All the profiles show a large tensile

.

------ ,- —YJ— —-.37 . . . . . . . . . . . . . . . . w. -,.. . . . . . . . . . . . . .. . . . . . . ./, .,.! .,. A,...-
.=- . .—. .— ..— I



& ..

stress within the weldment, which decreases towards the top of the weld (z=O), and that
changes to compression directly beneath the weld. As the pulse energy increases the
location where the stress changes from tension to compression gets deeper. The peak
tensile and compressive stresses, however, are somewhat insensitive to the pulse energy.

Based upon the information on depth, width, distortion and residual stress vs
pulse energy and length, it appears that the major factor is the pulse energy, with all
factors increasing with increased energy (the residual stress peak level is not increased
because it is material-limited, but the high tensile stress volume increases). There is a
slight tendency to increase spot weld depth by choosing a shorter pulse length at constant
energy (this will be limited by excessive spatter when the irradiance becomes too high,
how~~er). With shorter pulse lengths the weld bulge will increase.

Figure 15: The residual stress state (cm ) near the weld for case 2: 3.33J, 7ms.
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Figure 16: Central axis residual cr= vs depth for various laser puke energies.

5. Conclusions and Further Work

We found calculated and experimental results to be consistent, with areas of
further work clearly identified. Bottom surface temperatures were significantly hotter
than top surface ones at equivalent vector distance from the aim point. This is attributed
to the insulating bottom surface being normal to the predominant heat flow direction
rather than parallel, as along the top. Temperatures at - lmrn from the target are low,
increasing <1OO”Cfor a few seconds. Our TC measurements suffered horn a lack of
positional precision due to the attachment method. Future TC’S will use smaller wire, and
be attached via percussion welding. TC’S will be located closer to the fusion zone to
improve signalhoise ratio. The TC welds were large enough to effect the target weld
distortion measurements, as did non-flatness of the lapped samples. Future samples will
be profiled before and after welding, rather than relying upon lapping to provide flatness.
Nevertheless, weld size, shape and distortion calculations and measurements were in
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substantial agreement. OveraIl peak temperature and distortion values were controlled by
the pulse energy, with little effect of pulse length; except the central distortion hump of
the fusion zone showed an increased value for shorter pulse lengths at equivalent. In the
area of modeling, efforts are being made at calculating the keyhole behavior as controlled
by recoil pressure, which should allow its absorption behavior to be assessed; however,
the area of beandplume is still being formulated. Weld schedule choice is constrained
since energy is the main parameter to control, with depth, width, distortion and volume of
tensile residual stress all increasing with pulse energy, for the range of welds studied in
this work. Shorter pulse lengths increase the penetration for a given energy (and the
central hump), but will be limited by spatter and loss of ‘material.
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