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User Guide: EN1087: Design Practices for Laser Welded Components
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Figure 1: Typical Laser Welder Setup

1. [bookmark: _Toc1133671][bookmark: _Toc1373549][bookmark: _Ref469994840]Overview

1.1. Laser welding involves the interaction between a focused laser beam and a material. In order to weld, the beam must be focused on a small spot size where the power density is sufficient to absorb, rather than reflect, into the material. Coherence allows the waves (energy) to propagate in a coordinated manner. Laser light is unique in this respect, as other forms of light do not contain the properties required to condense energy enough to heat (and melt) metals. During welding, the beam/laser head stays at a fixed position, and the sensor rotates. During this rotation, a series of overlapping ‘pulses’ is performed, which melts the metal at the weld joint and when cool, results in the finished weld. When designing weld joints for new products, it is expected most often that sample parts are provided to test the weld. These welds are DPA’d (Destructive Physical Analysis) and the penetrations are measured to ensure structural and hermetic integrity.	                                                                                                                     	Figure 2: Laser Beam Converging to Focus Spot
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Keeping this in mind from a weld-joint design standpoint, it is critical to always consider the feasibility of welding a sensor during the design process. Parts and assemblies must be designed in a way that allows for the beam to converge most easily on the entire weld joint. It is important to keep fixturing in mind in this respect as well. Some weld joints are easier to weld than others, and completely eliminating a weld joint is ideal. 

For example, a common sensor at PCB involves a housing, connector adaptor, connector assembly. In some instances it is possible to combine (through design) the connector adaptor to either the housing or connector. Eliminating this weld reduces the steps required to assemble the part and more importantly, reduces the cost associated with producing a finished sensor. 

Welds are a very important and required step in the assembly process, and the purpose of this guide is to explain how to design weld joints proficiently.












2. [bookmark: _Toc1133672][bookmark: _Toc1373550]Definitions

2.1 [bookmark: _Ref469995045]Butt Weld: A weld joint formed by 2 parallel surfaces as shown in Figure 3.Figure 3: Example of a Butt Weld
[image: ]



2.2 Clipping: When the cone of the laser beam hits a surface other than the intended weld joint. Clipping reduces the energy being applied to the weld joint and can cause the oxidation or melting of the clipped material.

2.3  Fillet weld: A weld joining two mating parts at a right angle as shown in Figure 4. This is PCB’s internal definition for a fillet weld.  The industry standard definition and symbol for a fillet weld is not used by PCB.  By this definition, fillet welds are also angled welds. Fillet welds should be avoided when possible as they require excessive heat input relative to the weld penetration. Fillet welds more commonly lead to weld defects including cracking, porosity, and more often require repairs or lead to scrap. Figure 4: Fillet Welds. Left - Good, Right - Cracking
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2.4 Reflection: The laser beam is reflected off a shiny metallic surface and melts unintended surfaces.  This can also be a safety concern if the reflection strikes people. Safety glasses provided at the welding door provide protection from any dangerous form of laser radiation.

2.5 Seal weld: Welds that do not have a penetration requirement and only intended to hermetically seal the part. To check for a hermetic weld, leak testing is used.

2.6 Straight-down welds: When the laser head is set to the vertical position relative to the workpiece as demonstrated in Figure 5. A common configuration for butt welds, and an ideal weld setup. 
Figure 5: Welder Setup for Straight-Down Welds
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2.7 Angled Welds: Used for fillet welds or when the laser head needs to be tilted away from vertical to prevent clipping or mechanical interference between the laser head and the workpiece.  Angled welds should be avoided when possible because they require excessive heat input relative to the weld penetration. Angled welds also cause reflection, which can melt nearby metal. Figure 6: Welder Setup for Angled Welds
[image: ]



2.8 Tack weld: A single weld pulse or series of discrete pulses used to hold two components together or seal a vent hole.








3. [bookmark: _Toc1133673][bookmark: _Toc1373551][bookmark: _Toc469918399][bookmark: _Ref469994572]Weld Joint Geometry

3.1. [bookmark: _Toc1133674]Distance between weld and part edge

3.1.1. For applications with welds requiring penetrations less than .010”: If the distance between a weld and the edge of a part is too small, rolled edges can result.  The worst case distance between the centerline of the weld and the edge of the part should be at least 0.025”. It is possible to reduce this distance between the centerline of the weld and the edge of the part to .017”, but this must be reviewed with the weld engineer and tighter part fit-up tolerances will be required. For angled welds, these requirements must be multiplied by (1/cosine of the laser head angle).[image: ][image: ]
Figure 7: Rolled Edges where the Weld Joint was too Close to the Edge of Part



3.1.2. Flange or undercut located adjacent to a weld joint with penetrations less than .010”: If the distance from the centerline of the weld to the edge of the part is less than .030”, and this distance is undercut or forms a ledge, the material thickness in this undercut zone shall be no less than .015”.  Error! Reference source not found. shows an unacceptable design with a nominal thickness of .010” under the weld. For angled welds these requirements must be multiplied by (1/cosine of the laser head angle).        [image: ]

[bookmark: _Toc1133677]                                                                                       










Figure 8: Example of Insufficient Material Thickness
Figure 9: Weld Spacing to Edge of Part


3.1.3. For applications greater than 0.010” penetration: If the distance between a weld and the edge of a part is too small, rolled edges can result as shown in Figure 7.  The worst case distance between the centerline of the weld and the edge of the part should be greater than .035”, reference Figure 9. It is possible to reduce this distance between the centerline of the weld and the edge of the part to .028”, but this must be reviewed with the weld engineer and tighter fit-up tolerances will be required. For angled welds these requirements must be multiplied by (1/cosine of the laser head angle).

3.1.4.  Flange or undercut located adjacent to a weld joint with penetration greater than 0.010”: If the distance from the centerline of the weld to the edge of the part is less than .045” and this distance is undercut or forms a ledge, the material thickness in this undercut zone shall be no less than 50% greater than the desired weld penetration.  Figure 8 shows an unacceptable design with a nominal thickness of .010” under the weld. For angled welds these requirements must be multiplied by (1/cosine of the laser head angle).

3.2. Weld gaps and sharp corners

3.2.1. Figure 10 shows the maximum allowable weld gap in the worst case tolerance stackup. Some welds that are near the edge of the part (as described in Section 3.1) or require other heat reducing measures may require tighter tolerances. All corners that come together to form a weld joint shall be designated as sharp. Furthermore to allow the two parts to fully seat together the inside corner of Part A must also be designated as sharp. As an option, the outside corner of part B may be chamfered. Reference Figure 11Error! Reference source not found. to demonstrate these requirements.  Consult with the welding engineer before deciding to put a chamfer on the outside corner of part at the weld interface.  The gap/opening created by the chamfer could cause negative features in the weld joint depending on the depth of penetration of the weld.
[image: ]  













Figure 10: Maximum Weld Gaps 

 [image: ]                     [image: ]
Figure 11: Sharps and/or Chamfer Options

3.3. Clearance for the laser beam and laser head: In order to prevent clipping, clearance must be provided for the cone of the laser beam.  The cone of the laser beam may be modeled as an inverted cone with a .024” diameter spot at the weld joint and 9 degree tapered cone extending towards the laser head. One tool available to the designer is that the laser head may be rotated up to 30 degrees from vertical in either direction. To illustrate this situation, the yellow triangle in Figure 12 represents the laser beam. The laser head is located 6.29” from the workpiece. Although this is not normally a problem, the designer should be aware of this constraint.

  [image: ]          












Figure 12: Cone of the Laser Beam










3.4. Other Considerations

3.4.1. Weld joints should be visually obvious to the weld technician. Machining or rollover of the surface to be welded after assembly can hide the weld joint. 

3.4.2. Butt welds are preferable to fillet welds. Similarly, straight down welds are preferable to angled welds. Butt welds and straight down welds allow for greater weld penetration and/or reduced heat input. For butt welds it is strongly recommended to have a backing material (lap joint) to prevent weld spatter from affecting the internal parts, as shown in Figure 13.  If this is not possible, the recommendations in Figure 14, showing the maximum penetration of a butt weld without backing, shall be followed.Figure 13: Example of Backing Material 
[image: ][image: ]        
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Figure 14: Penetration Recommendations for Butt Welds without Backing




3.4.3. Wires or cables that come out parallel to a weld joint must be a minimum of .200” away from the weld joint.  Reference Figure 15. Figure 15: Wires/Cables Near Weld Joint
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3.4.4.  Where possible, the design should incorporate a positive orientation method (rectangular weld flange, d-hole, etc.) or fixture to locate keyways on multi-pin connectors.

3.4.5. Welded parts should be designed so that the weld penetration determines the strength of the weld, not the base material thickness. In Figure 16, the angled base material on the right side determines the part strength. Making the angle less steep would eliminate this problem. Figure 16: Example of a Steep Angle Weld
[image: ]


4. [bookmark: _Toc1373552]Material Selection

4.1. Preferred Material Combinations:
304L to 304L
304L to 316L
4047 Covers to 6061 Aluminum Housings (6061 cannot be welded to itself)
Titanium to Titanium

4.2. Steels:

4.2.1. 316L must be specified with a Creq/Nieq ratio greater than 1.60. The material certifications are used to provide the % chemical composition by weight using the following formulas:





4.2.1.1. 304 and 316 are not laser weldable grades of stainless because of their high carbon content. 304L and 316L must be specified.

4.2.1.2. 400 and 500 series stainless steels, with the exception of 430F, result in brittle welds and should be avoided.

4.2.1.3. Heat treatable stainless and carbon steels are not typically laser weldable.

4.2.1.4. For carbon steels to be weldable, the carbon equivalency (CE) must be less than 0.12% by weight. The formula for CE is:


4.3. Inconel:

4.3.1. Fillet welds are not acceptable for parts made of Nickel based alloys (Inconel) due to their tendency to crack.

4.3.2. Inconel 600 should not be used for connector shells that get fired with high temperature glass prior to welding.





4.4. Other Material Considerations:

4.4.1. Welding should be limited to similar material families (stainless to stainless, aluminum to aluminum, Inconel to Inconel, Titanium to Titanium).

4.4.2. Copper and its alloys are not compatible with the laser systems that PCB owns.

4.4.3. In general, avoid cobalt and alloys with high carbon content, as these are more difficult to weld.

5. [bookmark: _Toc1373553][bookmark: _Toc477436389]Other Welding Considerations

5.1. Temperature sensitive components near weld joints:
5.1.1. A temperature sensitive component is defined as any sensor component that is negatively impacted by reaching a temperature of 450 degrees F. This includes solder, circuit boards, amplifiers, epoxy and sometimes glass filled connectors.

5.1.2. For seal welds, heat sensitive components should be a minimum of .20” away from the weld joint.

5.1.3. For welds with specified penetrations over .010”, heat sensitive components should be a minimum of .40” away from the weld joint.

5.1.4. If the above recommended clearances need to be violated, the weld joint must be validated with temperature sensitive paint. See the welding engineer for more details on this validation.

5.1.5. In cases of welds in very close proximity to solder, other joining methods such as spot welding, crimping or brazing should be considered.

5.2. [bookmark: _Toc477436390]Stress relieving of welded material:
5.2.1. The bake-out temperatures of all oven processes before any welding step should be below the stress relief temperatures of the materials being welded.  This will ensure that the mechanical characteristics of the material are not affected before welding.






6. [bookmark: _Toc1373554]Impact of Welding on the Cost of the Product

6.1. On average, each weld that is added to a product costs about $2.  A glovebox weld that is added to a product costs about $4.  Therefore minimizing the number of welds and only using glovebox welds when absolutely required reduces the cost of the sensor. The following are a couple of real PCB examples of potential weld and part count reduction. These ideas make the most sense on higher volume parts, but they should be considered on medium volume applications also. The best way to evaluate these tradeoffs is through a cost estimate:

6.1.1. Replacing a connector and connector adaptor with a one piece connector.

6.1.2. A sensor was designed to use a common housing between a triax sensor and a single axis sensor. Using 2 unique housings allowed elimination of 2 cover welds as well as the covers and the extra machining in the housing.
7. [bookmark: _Toc1373555]Weld Drawings

7.1. All new or updated assembly drawings will have a separate page showing the weld locations and describing the welds. The weld will be described by the following:

7.1.1. A letter designating the sequence of the weld.

7.1.2. Weld penetration requirements (either seal weld or an actual penetration requirement) Note: including an actual penetration requirement will drive extra development costs and may require costs for testing each lot of production parts).  Consult with welding manufacturing engineer when developing product that requires minimum weld penetration.

Figure 17: Minimum Weld Penetration Callouts
[image: ]



7.1.3. A symbol designating whether the weld is a fillet or square groove weld.  Note: PCB’s definition of a fillet weld differs from industry standard (per AWS A3.0 Standard Welding Terms and Definitions), as defined in Section 1.

7.1.4. A symbol designating that the weld goes all around the joint

7.1.5. The word “Tack” indicating that this weld is a tack weld.
Figure 18: Illustration of Different Weld Symbols
[image: ]



7.1.6. When a triax part has several identical covers and the final weld must be done in the glovebox, the proper callout is demonstrated in Figure 19. [image: ]
Figure 19: Weld Callouts for Triax with Glovebox Welds


7.1.7. When a part must be tack welded together prior to a bakeout and welding in the glovebox, the proper callout is demonstrated in Figure 20. [image: ]
Figure 20: Weld Callouts for Tack then Glovebox Weld


8. [bookmark: _Toc1373556]Weld Fixturing 
8.1. Fixturing is a crucial part of the welding process – especially new products. For this reason, fixtures should not be an afterthought. Every weld requires a fixture. In many cases, fixtures already exist if the new design is similar to an existing sensor or the geometry is simple enough (ie. a basic circle or square) – but this should never be assumed. It is the responsibility of the design engineer to work with the manufacturing engineer early in the design process, well before release, to address the need for fixtures. If this need is not addressed, the product will arrive in welding with all necessary parts, but will be held up due to having to wait for the fixture to be designed and manufactured. Ideally, if the fixture is always put through design review at the same time as the new product, there will never be a hold up. 
8.2. Examples of Common Fixtures:
8.2.1. Horizontally Oriented with Live Center:
[image: ]Figure 21: Horizontally Oriented Fixture with Live Center – Used for Welding the Circumference of a Circular Sensor


· The Fixture shown in Figure 21 above is a common type of fixture for welding around the circumference of a circular part. The chuck is placed in the horizontal orientation, and the live-center on the right keeps pressure on the opposite side of the part, holding it together as the chuck rotates. This type of fixture is common for horizontally oriented welds – but geometries can vary most often according to the dimensions of the housings of sensors.
8.2.2. Vertically Oriented Fixtures: Figure 22: Vertically Oriented Fixtures
[image: ][image: ]


· The two fixtures shown in Figure 22 are used for welding in the vertical orientation with either a straight-down weld or an angled weld. These fixtures are essentially milled out of stock collets based on the geometries of the sensor housing. When the collet is tightened in the chuck, it closes slightly to ‘grip’ the sensor. It is crucial with these fixtures that the sensor spins true on the weld joint. For example, the left fixture in Figure 22 is used to weld the circular cover on the top of a square sensor. The fixture is cut so that the collet spins on the same axis as the center point of the cover. The fixture on the right in Figure 22 is multipurpose with different cut depths, allowing the ability to perform multiple welds with the same fixture.


8.2.3. Other Geometries: [image: ]

Figure 23: Vertically Oriented Fixture Used to Weld the Connector on a Tear-Drop Shaped Sensor

· Figure 23 shows a vertically-oriented fixture used to weld the connector on a tear-drop shaped sensor. This fixture is slightly more complex, but the premise remains the same – the weld joint of the connector needs to spin true on the same axis as the fixture. In this case the fixture is not a collet, but the tear-drop shape will hold the sensor in place once the rectangular gate is closed and tightened. 
8.2.4. Fixturing is fairly straight-forward, but should be treated on a case-by-case basis early in the design process. If questions regarding fixturing arise, consult with the manufacturing engineer to assure that upon release all welds are feasible. Some geometries require more complex fixtures than others.







9. [bookmark: _Toc1373557]Welding and Etching Procedures

9.1. The procedures for laser welding are defined in TA1003 and for laser etching in TA1006. In order to prevent errors, customer specific laser welding and etching procedures should not be allowed.

9.2. Visual inspection criteria for laser welding is defined in QA102. If there are more stringent customer requirements, please see the welding engineer.

9.3. The proper router step rules and structure for welding and etching steps are as follows:

9.3.1. Welding and etching router operations should be created by the applicable design engineer and approved and maintained by the applicable group manufacturing engineer along with the welding/etching manufacturing engineer.  Welding and etching operations are in sequence with the other operations for the sensor/product router.  Notes related to fixturing, setup and other critical process steps are generally kept in the welding and etching equipment specific program notes.  However, operation router notes can also consist of critical notes required to weld or etch the product.

9.4. The general router structure is as follows:

9.4.1. Welding Operation Standards (Depew and Halifax):

		Work Center = PS0001
		Move Hours = 4
· Minimum of 4 hours is used unless additional time is added for oven bake out
· No move hours are used if the welding op. is directly preceded by another welding operation
		Pieces per Labor Hour (PPLH) = 35 (per weld at that operation)
· Divide by the number of discrete welds per part.  The resulting value is the correct PPLH.  Example: 3 welds per part in an operation = 35 PPLH / 3 welds = 11.67 PPLH
· Glovebox welds should be set to 17.5 PPLH (per weld at that operation)
· Tack welds, done independently with their own weld program, are counted as a discrete weld.  Example: a cover tack weld prior to bake out and a glovebox weld
· If two or more full welds are completed within one weld program, count all of the welds for the cost rate calculation.
		Queue Time and Set-Up Time: Not generally used for welding operation steps.
		Control Points: is set to default for all PS0001 ops.  Make sure that the control points box is checked.

9.4.2. Detailed Welding Notes: 

9.4.2.1. General Note: Every welding operation (with a PS001 operation) needs to start off with the following note:
WELD PER TA1003 AND 100% VISUALLY INSPECT PER QA102

9.4.2.2. Weld Description: Every welding operation then needs to have a callout which states the weld(s) or process step(s) being performed at that operation.  The weld callout should correspond to the welding detail on the assembly drawing and it consists of the word “WELD” followed by the matching letter, a colon (“:”) and then a description of the two parts getting welded:
WELD A: CONNECTOR TO HOUSING

9.4.2.3. Level of Detail: The part descriptions should as closely as possible match the description of the parts on the BOM.  The following rules and examples should be used when applicable:

If more than one of the same weld (identical weld letter and description) needs to be done at the same operation, callout the number of places after the weld description:
WELD C: COVERS TO HOUSING (3 PLACES)

A tack weld which consists of a certain number of tacks or short runs (multiple pulses in each run) should state the number and sequence of tacks required:
WELD B: TACK RUN PRELOAD 3 PLACES THROUGH FIXTURE

9.4.2.4. Glovebox Welds: All glovebox welds should be in their own operation, separated out from other welds.  For example, a tack weld – outside of the glovebox – followed by a bakeout and then a full seal weld in the glovebox should be separated out into two distinct, consecutive operations.  Reference procedure 26900 when applicable. 
ASSEMBLE COVER TO HOUSING IN GLOVEBOX

WELD C: COVER TO HOUSING IN GLOVEBOX

9.4.2.5. Vacuum Bake: Any specific assembly steps and vacuum bake instructions should be included before the weld callout:
VACUUM BAKE AT 300°F FOR 12 HOURS MINIMUM

REMOVE SENSORS FROM VACUUM OVEN ONE AT
A TIME AND IMMEDIATELY WELD

WELD D: VENT HOLE IN COVER

9.4.2.6. Oven Bake Prior to Welding: If an oven bakeout followed by a weld is to be done in the assembly group, add a note to the router step prior to the welding operation to notify welding that the part is being removed from the oven and needs to be welded or transferred to the glovebox immediately:
NOTIFY WELDING
BY:__________DATE:_____________QTY:___________

REMOVE FROM VACUUM OVEN
  	
9.4.2.7. Miscellaneous Processes: Other process steps are also performed at welding operations and the following rules and examples may also apply. If there is a certain weld that requires a pull test to verify strength (most commonly top mount Titanium connectors), include a description of the test followed by a sign off:
CONNECTOR PULL TEST
BY:__________DATE:_____________QTY:___________

9.4.2.8. Sanding: If a specific housing cover requires sanding after welding, include a separate PS0001 operation with an identifier for which cover(s) needs to be sanded followed by a sign off:  The Weld per TA1003 and 100% visually inspect per QA102 does not need to be included in this operation.
SAND X-AXIS COVER
BY:__________DATE:_____________QTY:___________

9.4.2.9. Signoffs: Each welding step needs, at a minimum, the following sign offs after the detailed welding callout.
	Leave a blank line between the last note and the technician sign off area to allow sufficient room for employee stamps.
BY:__________DATE:_____________QTY:___________

WELD MACHINE:_________________

WELD VISUAL INSPECTION BY:__________________

DATE:____________  TIME:____________ QTY GOOD:___________
		
9.4.2.10. Inspection Notes: If multiple welds are done in one operation, only one visual inspection callout and sign off is needed at the end of the operation.  Make sure to note how many or which welds need to be inspected:
WELD VISUAL INSPECTION BY (INSPECT ALL 3 WELDS)__________________

DATE:____________  TIME:____________ QTY GOOD:___________
OR
WELD VISUAL INSPECTION BY (INSPECT BOTH COVER AND BASE WELDS) __________________

DATE:____________  TIME:____________ QTY GOOD:___________






9.4.2.11. Non-Hermetic Welds: If there is a non-hermetic weld (eg: tack weld) part of the operation and it does not need to be fully inspected to the visual inspection standard for welding, include the following note:
VISUAL INSPECTION TO QA102 NOT REQUIRED FOR THIS WELD

DATE:____________  TIME:____________ QTY GOOD:___________

	This note will nullify the 100% Visually Inspect per QA102 note at the beginning of the operation.  The sign off step is still necessary in this case, which ensures that the weld was completed correctly.

9.4.3. Etching Operation Standards (Depew and Halifax):

		Work Center = PS0003
		Move Hours = 4
		Pieces per Labor Hour (PPLH) = 35 (per etch at that operation)
· If any model requires multiple etching programs to complete the etching requirement, count each program as an independent etch for the cost rate calculation. Divide by the number of discrete etches per part.   Example: 1 triax cube requires 4 programs to etch each side = 35 PPLH / 4 etches = 8.75 PPLH
		Queue Time and Set-Up Time: Not generally used for welding operation steps.
		Control Points: is set to default for all PS0003 ops.  Make sure that the control points box is checked.

9.4.4. Detailed Etching Notes:

9.4.4.1. Each etching step needs at a minimum the following sign offs:
ETCH

BY:__________DATE:_____________QTY:___________

	Leave a blank line between the last note and the technician sign off area to allow sufficient room for employee stamps.

9.4.4.2. If there are more than one etching steps (programs) that are done in the same operation, include the number of total etches after the etch description:
ETCH (3 TOTAL ETCHES)

  	All specific notes should be added to the etching program or the TA012, not the router.  If a specific etching note or special instructions are needed on the router, please consult with the etching manufacturing engineer and etching supervisor.

9.4.4.3. Reference EN1001 for special requirements for program models. For New Product Development routers that require special programming or processing for etching and/or welding, add a note to contact welding/etching engineer.
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