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Introduction
When laser welding metal components, a focused 
beam of light is used to heat and melt the base 
materials. Upon cooling, the coalesced base 
materials re-solidify, creating the weld joint. Laser 
welding is commonly used when a hermetic seal 
is required between two metal components. Two 
significantly different laser-welding modes can be 
used to make these leak-tight welds: conduction or 
keyhole. Welding-mode selection is dependent on 
the weld joint, as well as a number of other factors 
discussed below.

Conduction vs. Keyhole 
Two heating modes are used in laser welding: (1) 
conduction-mode and (2) keyhole-mode. These 
two modes produce different welding results due to 
their different power densities, which are calculated 
by dividing the power of the laser beam by the area 
of the focused laser spot. Figure 1 illustrates the 
difference between welding in conduction-mode 
and keyhole-mode.

Conduction-mode Welding
In conduction mode welding, the power density 
of the focused laser spot is only high enough to 
melt the bulk volume of the weld metal, and weld 
penetration is the result of conduction of the laser 
heat into the substrate. As a result, these welds 
are typically wider than they are deep. Some 

vaporization does occur, but the objective is to 
use a power density that will minimize this effect. 
Additionally, conduction-mode welding can be 
continuous-wave (CW) or pulsed. An example of 
a conduction-mode, pulsed Nd:YAG laser weld is 
shown in Figure 2. 

The aspect ratio of conduction-mode welds 
provides an advantage for some applications, as 
these welds often have better tolerance to fit-up or 
part placement variations due to their width. Pulsed 
conduction-mode welds also have advantages 
when used for heat-sensitive applications. 
When laser welding small medical or electronics 
packages, for example, there is a risk of thermally 
damaging the internal components. In this case, the 
heat of any single pulse can be minimized along 
with the overall rate of heat delivery.  

Pulsed Conduction-mode Process Variables 
During pulsed conduction mode, the main process 
variables that influence welding are pulse peak 
power, pulse length, and the combination of pulse 
frequency and travel speed. 
For a given focused spot size, the pulse peak 
power determines how the laser beam will react 
or “couple” with the base material. When the peak 
power is too low the base material may not melt, 

Figure 1: Conduction-mode welding vs.  
keyhole-mode welding

Figure 2: Cross-section of a pulsed Nd:YAG laser
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or melting may be insufficient. Conversely, a peak 
power that is too high will create spatter due to 
excessive power density.
The length of the pulse determines the amount 
of melting that occurs. In general, longer pulse 
lengths result in wider, deeper welds. For a given 
focused spot size, the peak power and pulse length 
are varied to produce the desired weld depth, 
penetration, and visual appearance. Longer pulse 
lengths are also used to increase gap tolerance.
The amount of overlap between each pulse is 
critical when a hermetic seal is required. If the 
pulse frequency is too low and/or the travel speed 
is too high, there will be excessive space between 
the individual laser pulses. When this happens 
there is the potential for sub-surface leaks where 
the pulse overlaps are insufficient. As a result, an 
overlap of 75% to 80% is recommended for welds 
requiring a hermetic seal. 

Pulsed Conduction-mode Parameter 
Optimization 
The first step in pulse parameter optimization is 
determination of the ideal pulse peak power and 
pulse length settings for a chosen focused laser 
spot size and weld joint. The optimum settings are 
those that achieve the desired weld penetration 
in the shortest time without creating spatter. To 
determine these settings, a series of short test 
welds can be made at different peak power levels. 
At each level, the pulse length can then be varied 
through a range. This series of tests can be used 
to determine which combined pulse peak power 
and pulse length settings will result in the required 
penetration level and visual appearance without 
generating excessive spatter. 
For heat-sensitive applications, settings that 
achieve the required penetration in the shortest 
amount of time are ideal. The overall rate of heat 
delivery is then controlled by the pulse frequency. 
An excessively high pulse frequency will deliver 
heat that cannot dissipate quickly enough. This 
can result in an overall increase in the temperature 
of the package and may cause thermal damage. 

To alleviate this problem, pulse frequency and 
travel speed can be reduced to allow the heat from 
each laser pulse to dissipate, thereby reducing the 
overall temperature rise in the component.

Keyhole-mode Welding
With keyhole-mode welding, the power density of 
the focused laser spot is high enough that the metal 
base material is vaporized. The expanding metal 
vapor then creates a column of gas or “keyhole” 
that extends down into, and possibly through, the 
weld joint. Since weld penetration is determined by 
the depth of the keyhole, the resulting welds are 
typically narrow and deep.  Laser keyhole welding 
is typically a continuous-wave process; however, 
there are variations that use a pulsed laser. This 
welding mode allows for fast travel speeds and can 
produce narrow welds with low heat input and low 
distortion (Figure 3). 

Keyhole-mode Parameter Optimization 
For a given focused spot size, the main variables 
for keyhole mode welding are laser power and 
travel speed. If the laser power is too low or the 
travel speed is too fast the keyhole can become 
unstable and collapse. This can result in weld 
leaks, porosity, or other defects. 

Figure 3: Cross-section of a keyhole-mode laser 
weld on stainless steel
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Additional Factors
A number of other factors must be considered 
when making hermetic laser welds, including base-
material weldability, joint type, weld gap or part 
mismatch, shielding gas type (or lack thereof), and 
weld cleanliness.


