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Performance and Wear Mechanisms of High-Conductivity
Alloys in Resistance Welding

Abstract

Resistance spot welding and resistance seam welding rely on electrode materials that can
carry high current while maintaining stable contact geometry under force and temperature
cycling. In production, electrode life is typically limited by a mix of deformation at the face,
progressive surface damage (pickup and adhesion), and heat-driven softening that
accelerates shape change and increases maintenance frequency. This paper links those
dominant wear mechanisms to measurable material properties of AMPCOLOY® high-
conductivity copper alloys, with emphasis on electrical conductivity (%IACS),
mechanical strength, and hardness as the primary inputs for material selection. To
support engineering decisions, the paperincludes a property summary table for key
AMPCOLOY® grades and a standards-based reference baseline for RWMA copper alloy
classes, then translates both into practical guidance for spot and seam welding electrode
selection and expected maintenance behavior.

Introduction

Resistance welding is often described as a current-and-force process, but electrode
performance is ultimately governed by how consistently the electrode maintains its
contact conditions over time. In both spot and seam welding, small changes at the
electrode face can shift current density, increase variability in heat generation, and narrow
the process window long before a weld schedule “looks wrong” on paper.

Electrode wear is rarely a single mechanism. Production behavior is usually driven by a
combination of (1) face deformation and growth under load at elevated temperature, (2)
surface degradation such as pickup and adhesion that changes contact resistance and
promotes marking, and (3) cracking or thermal fatigue that accelerates instability.
Because these mechanisms respond directly to measurable material properties, the goal
of this paper is simple: connect conductivity and strength-related properties to the
dominant wear drivers in spot and seam welding, so engineers can select AMPCOLOY®
grades with clearer expectations for stability, dressing frequency, and service life.
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RWMA copper alloy classes are commonly used as a practical shorthand for electrode
material selection because they reflect a real tradeoff: higher conductivity typically
comes with lower strength, and higher strength classes generally sacrifice conductivity.
These class baselines are useful for framing expectations, but real production performance
still depends on how closely the chosen alloy matches the dominant wear mechanism in
the application, and how that alloy’s conductivity and strength interact with the welding
duty cycle, electrode geometry, and cooling effectiveness.

1. Resistance Welding Electrodes as Performance-Critical Components

Resistance welding electrodes are not passive consumables. They directly control current
delivery, heat generation, and mechanical contact, which makes them performance-
critical components in any resistance welding process. In production environments,
electrode limitations typically define the usable process window long before power
supplies or control systems become the constraint.

1.1 What limits electrode performance in production

Electrode performance degradation appears as process drift, not as sudden failure. The
most common limiting factors observed in production are:

e« Weld consistency drift
As electrodes wear, changes in tip geometry and surface condition alter current
density and contact resistance. This leads to gradual narrowing of the acceptable
nugget size window, even when current, force, and weld time remain unchanged. As
deformation increases, the nugget size gets bigger.

o Dressing frequency
Dressing restores electrode geometry and surface condition but just addressing the
already existing wear does not stop further wear from occurring. When wear
mechanisms accelerate, dressing intervals shorten, increasing downtime and
material removal per cap. At this point, electrode performance becomes a
maintenance limitation rather than a process limitation.

e Capreplacement criteria
Caps are typically replaced when dressing changes the geometry too much. This
threshold is reached when deformation, surface degradation, or cracking
progresses beyond recoverable limits, making cap life a direct indicator of electrode
performance under given welding conditions. This means that the cap will be
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replaced when the wall thickness becomes too thin or when the cooling water
splashes out through the cracks.

These limitations are closely linked to how heat and mechanical loads are managed at the

electrode interface over time.

1.2 How electrode performance is measured

Electrode performance in resistance welding should be measured using production-facing
metrics that reflect stability, maintenance load, and cost per welded part. The most useful
metrics differ slightly between spot and seam welding, but the intent is the same: quantify
how long the electrode maintains acceptable contact behavior before dressing or

replacement is required.

Spot welding metrics

Welds per dress: number of welds before tip dressing is required to restore face
geometry and surface condition

Welds per cap change (if caps are used): replacement interval driven by face
growth, pickup, and marking limits

Process stability window over time: drift in current/force requirements or
increased variation in weld results tied to face condition

Electrode face growth rate: tendency toward mushrooming or flattening that
increases contact area and changes current density

Seam welding metrics
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Weld length per dress (linear meters or feet): distance welded before wheel re-
truing or dressing restores the contact condition

Weld length per wheel change: replacement interval driven by wear, pickup, and
geometry loss

Consistency of contact and marking over long runs: practical measure of surface
condition stability and pickup tendency

Thermal stability during continuous duty: tendency for heat accumulation to
accelerate deformation or surface damage

These metrics connect directly to material selection because they reflect how well a given
alloy resists the wear mechanism that dominates the application: deformation and
softening, surface pickup, or cracking.
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2. Heat and Current Flow at the Electrode Interface
2.1 Where heat is generated and where it should not be

Resistance welding relies on Joule heating (szth) to generate the weld nugget. For stable
welding, the majority of this heat must be generated at the workpiece-to-workpiece
interface. Heat generated elsewhere does not contribute to nugget formation and instead
causes stress in parts along the current flow which accelerates electrode wear.

In practice, electrical resistance is distributed across:
e Thefaying surface between the sheets
e The electrode-to-sheet interfaces
e The bulk resistance of the electrode

As electrodes age, this balance shifts. Changes in surface condition and geometry increase
resistance at the electrode interface, causing:

e Unintended heat generation at the electrode tip
e Reduced heat concentration at the weld interface

This resistance shift is a primary driver of wear because it increases thermal load exactly
where mechanical stress is already highest.

2.2 Why electrical and thermal conductivity matter

Electrode materials in resistance spot and seam welding have two jobs at the same time:
carry high current through a small contact area and remove heat fast enough to keep
the electrode face mechanically stable. Conductivity matters because it influences
where heat is generated and how quickly the electrode can shed it.

Electrical conductivity (%IACS)

Electrical conductivity affects how much resistive heating occurs inside the electrode
versus at the electrode to sheet interface. With higher conductivity, less heat is generated
within the electrode body for a given current path. That helps limit temperature rise in the
electrode face and reduces thermal drift during production, especially when cycle rates are
high.

Thermal conductivity (W/m-K)

Thermal conductivity controls how efficiently heat moves away from the contact region into
the electrode mass and cooling system. Higher thermal conductivity lowers peak
temperature at the electrode face and reduces the time the material spends in temperature
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ranges where strength and hardness drop. In practice, that delays the onset of
temperature-driven softening that accelerates face growth and geometry change.

What conductivity does and does not control
Conductivity is a primary lever for reducing thermal load, but it is not a complete wear

solution:
e Itdoes not eliminate deformation driven mainly by high force and contact pressure.

e It does not prevent surface pickup/adhesion driven by material pairing, surface
condition, and contamination.

e It cannot compensate for inadequate cooling, unstable contact geometry, or poor
maintenance strategy.

Because of these limits, conductivity should be treated as a foundational property that
stabilizes heat flow, while overall electrode life remains governed by the combined effects
of temperature, force, surface condition, and geometry stability.

3. Dominant Wear Mechanisms in Resistance Welding Electrodes

This section focuses on the wear mechanisms that most directly limit electrode
performance in production. These mechanisms interact, but one typically becomes
dominant depending on welding current, force, duty cycle, material combination, and
cooling effectiveness.

3.1 Deformation and mushrooming under force and temperature

Electrode deformation is driven by the combination of elevated temperature and
compressive force applied during welding. As temperature at the contact areas increases,
the effective strength of the electrode material decreases, making it more susceptible to

plastic deformation.
This deformation leads to mushrooming, which has several direct consequences:
e Growth of the contact area, reducing current density at the interface
o Shiftin heat generation, with less heat concentrated at the faying surface
e Increased reliance on higher current or longer weld time to maintain nugget size

Once mushrooming progresses, wear accelerates because lower current density further
increases overall heat input, amplifying thermal and mechanical loading at the tip.
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3.2 Surface degradation: pickup, alloying effects, spatter adhesion

Surface-related wear mechanisms are strongly influenced by the interaction between the
electrode material and the welded workpiece.

e Material pickup occurs when elements from the workpiece, particularly from
coated (especially Zinc, Tin and Aluminum) or alloyed steels, transfer to the
electrode surface. These transfer layers change surface chemistry and lead to
sticking between the electrode and the workpiece.

o Alloying effects and surface layer formation may develop under repeated thermal
exposure, leading to localized changes in electrical resistance and heat distribution
at the contact interface.

o Spatter adhesion deposits molten material on the electrode face, creating local
protrusions that disrupt current flow and contact pressure.

These surface changes increase contact resistance and promote localized overheating,
which accelerates both deformation and thermal fatigue. Once surface degradation
begins, electrode performance typically degrades rapidly unless geometry and surface
condition are restored.

3.3 Thermal fatigue and cracking

Resistance welding subjects electrode tips to rapid cyclic heating and cooling. This
thermal cycling induces repeated expansion and contraction, generating stresses within
the electrode material.

Thermal fatigue manifests as:
e Microcrack initiation at the electrode surface
o Crack propagation driven by temperature gradients and stress concentration
e Increased susceptibility to chipping and surface breakaway

Cracks commonly initiate near the tip surface or geometry transitions, where thermal
gradients and mechanical stresses overlap. Once cracking occurs, effective contact
conditions degrade, and other wear mechanisms accelerate.

4. Influence of AMPCOLOY® High-Conductivity Alloys on Wear Mechanisms

This section links the measurable material properties of AMPCOLOY® alloys to the wear
mechanisms described in Section 3. The focus is not on general alloy descriptions, but on
how specific properties influence electrode behavior under resistance welding conditions.
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Hardness
AMPCOLOY® . Conductivity UTS (psi) |[Elongationin
Condition||(Rockwell) i ) .
grade . (%IACS) nominal|nominal (2" nominal
nominal

AMPCOLOY®
98 Wrought ||70B 92 65,000 18
AMPCOLOY®
979 Cast 70B 80 53,000 17
AMPCOLOQY®
979 Wrought |(|80B 80 72,000 18
AMPCOLOY®
940 Cast 94B 48 80,000 8
AMPCOLOY®
940 Wrought |(|94B 48 100,000 |13
AMPCOLOY®
83 Cast 37C 18-20 135,000 |2
AMPCOLOQY®
83 Wrought |(|37C 18-20 190,000 |2.5
AMPCOLOY®
89 Cast 93B 20 70,000 3
AMPCOLOQOY® .
90 G Cast 45F 90 min 29,000 45

opper

Values are nominal values, not a material specification.

4.1 Conductivity-driven effects on heat balance and deformation

This subsection applies the conductivity principles from Section 2 to the dominant wear

behavior described in Section 3, with emphasis on how AMPCOLOY® properties influence
heat balance at the electrode face and the resulting risk of deformation and face growth

in spot and seam welding.

How conductivity changes the electrode heat balance
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When electrical conductivity is higher, a smaller fraction of resistive heat is generated
inside the electrode for a given current path. That reduces temperature rise in the electrode
and helps maintain a more stable contact condition. In production, this typically shows up

as:
o slowerface growth under comparable schedules,
e lessthermal drift during longer runs,
e more stable intervals between maintenance steps.

Thermal conductivity then determines how quickly that heat is transported away from the
face into the electrode body and cooling system. When thermal conductivity is higher, the
electrode spends less time at peak temperature, which reduces strength loss and slows
the transition toward deformation-driven wear.

What this improves in practice
Higher conductivity (electrical and thermal) primarily improves:
o temperature stability at the face, especially at higher duty cycles,
e resistance to temperature-driven softening, which delays deformation onset,

o predictability of maintenance, because geometry drift tends to progress more
gradually.

What this does not fix
Even with strong conductivity, three common constraints remain:

o Ifforce and contact pressure are high enough, deformation can still dominate wear
behavior.

e Surface pickup and adhesion can still drive instability even when temperatures are

controlled.

e Thermal cycling can still contribute to cracking and surface damage if contact

conditions are unstable.

So the correct engineering interpretation is: conductivity is a strong stabilizer of heat
balance and a real contributor to longer electrode stability, but it must be paired with
sufficient mechanical strength and a surface behavior that fits the application.

4.2 RWMA classes as a baseline only, and how to use them for AMPCOLOY® selection
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RWMA copper alloy classes are useful as a reference baseline because they illustrate a

consi
typic

stent trend seen in resistance welding electrodes: as strength rises, conductivity
ally falls. Table 2 provides typical values for common RWMA class baselines and

makes that tradeoff visible through %IACS and yield strength.

What the baseline shows (using Table 2)

Class 1 and 2 materials are typically higher-conductivity copper alloys, intended for
applications where heat removal and stable current transfer are the dominant

needs.

Class 3 shifts toward higher strength, with a noticeable drop in conductivity
compared with Class 1/2 baselines.

Class 4 represents a strength-dominant category with much lower conductivity,
which changes heat balance behavior and increases the need for disciplined

cooling and duty-cycle control.

This is exactly why RWMA class should be used as a starting point, not a selection
endpoint. In spot and seam welding, the practical question is not “what class is best,” but
“which property balance best matches the dominant wear mechanism.”

How to apply the baseline to AMPCOLOY® grades

To keep selection engineering-focused and AMPCOLOY-centered:

As a

Use the RWMA baseline only to frame the conductivity vs strength tradeoff.

Then use AMPCOLOY® property data (Table 1) to choose a grade that lands in the
needed window for the application.

rule:

If performance is limited by heat accumulation and temperature-driven softening,
prioritize higher conductivity AMPCOLOQOY® grades.

If performance is limited by force-driven deformation and geometry drift, prioritize
higher strength/hardness AMPCOLQY® grades, while recognizing the thermal
implications of reduced conductivity.

When surface pickup dominates, conductivity alone will not solve the problem, and
the selection must prioritize stability of the contact condition and the maintenance

strategy.
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Key warning

RWMA class references do not account for electrode geometry, cooling effectiveness, duty
cycle, or maintenance approach. These factors can shift the dominant wear mechanism
and override what a class baseline would suggest.

Thermal Electrical
RWMA .. |Hardness UTS 0.2%YS
CDA # Composition cond. cond. . i
Class (Rockwell) (psi) (psi)
(Btu/hr-ft-°F) |[(%IACS)
C11000|/(baseline)||Pure copper |34F 229 100 40,000
C15000||1 Cu/Zr 70B 212 90 66,000 {56,000
C18200|2 Cu/Cr 83B 187 85 75,000 {70,000
C18000|3 Cu/Ni/Si/Cr ||94B 125 48 100,000||75,000
C17200|4 Cu/Be 38C 75 22 170,000(/150,000

4.3 Exception behavior: AMPCOLOY® 83

AMPCOLOY® 83 represents a distinct case within the AMPCOLOQOY® family due to its
strength-dominant design and comparatively lower conductivity.

Why it behaves differently

o Significantly higher hardness and strength compared to typical high-conductivity
electrode alloys

e Electrical conductivity around ~20-27% IACS, substantially lower than standard
electrode grades

When it addresses wear
o Deformation-limited applications where high force or clamping loads dominate

e Components acting primarily as mechanical contact elements rather than current-
delivery electrodes

When it introduces constraints

e Lower conductivity increases the share of resistive heating within the electrode
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e Requires careful control of cooling and duty cycle to avoid excessive temperature

rise

AMPCOLOQOY® 83 is therefore suited for specific resistance welding roles where mechanical
stability outweighs conductivity requirements, but it is not a direct replacement for high-
conductivity electrode alloys.

5. Engineering Implications for Electrode Design and Maintenance

This section summarizes the engineering consequences of the wear mechanisms and
material behaviors discussed earlier. The focus is on what can realistically be influenced
through alloy selection and what cannot.

5.1 Matching alloy choice to the dominant wear mechanism

Effective electrode selection starts by identifying the dominant wear mechanism in
production, not by defaulting to a specific alloy family.

e Heat-driven wear dominant
o Indicators: rising tip temperature, rapid softening, early mushrooming

o Material implication: prioritize high electrical and thermal conductivity to
reduce internal electrode heating and stabilize heat balance.

e Deformation-driven wear dominant

o Indicators: fast contact area growth, indentation increase, geometry drift
under force

o Materialimplication: prioritize higher hardness and yield strength,
accepting reduced conductivity if necessary.

e Surface-driven wear dominant

o Indicators: pickup, unstable contact resistance, increasing expulsion or

Spatter

o Materialimplication: select alloys with stable surface behavior and
sufficient conductivity to avoid localized overheating, while recognizing that
material choice alone cannot eliminate pickup.

Correct matching does not eliminate wear, but it slows the dominant degradation path,
extending stable operating intervals.

5.2 Impact on dressing intervals and electrode consumption
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Electrode material behavior directly influences how quickly corrective actions become

necessary.

e Alloys with better heat extraction tend to delay temperature-driven deformation,
extending welds-to-dressing.

e Alloys with higher mechanical strength better preserve geometry under force,
reducing the frequency of aggressive dressing.

e Aswear mechanisms slow, material removal per dressing can be reduced,
improving total welds-to-replacement.

Electrode consumption is therefore governed less by absolute alloy durability and more by
how predictably wear progresses under given operating conditions.

5.3 Boundaries of material optimization
Material selection has clear limits and cannot compensate for all process deficiencies.
High-conductivity alloys cannot:

e Correct excessive electrode force

e Compensate for insufficient cooling

e Eliminate pickup caused by incompatible sheet coatings

e Prevent wear driven by unstable welding parameters

Electrode performance is ultimately a system outcome, determined by material
properties, geometry, cooling effectiveness, and maintenance strategy. Alloy optimization
improves predictability and stability, but it does not replace proper process control.

Practical material selection workflow (Spot and Seam)

1. Define the electrode type and duty
Spot: cap/tip geometry and duty cycle.
Seam: wheel geometry, continuous duty, and weld length requirement.

2. ldentify the dominant wear limiter in your process
A) Face growth and deformation (geometry drift)
B) Surface pickup/adhesion and marking instability
C) Crack-driven instability (thermal cycling and contact condition)

3. Choose the property priority
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o If Adominates: prioritize hardness/strength stability while maintaining adequate
conductivity.

e If Bdominates: prioritize stable surface behavior and plan the maintenance
approach; conductivity supports stability but rarely fixes pickup by itself.

o |f Cdominates: prioritize thermal stability of the contact condition (consistent
cooling and controlled temperature rise), then match alloy strength accordingly.

4. Selectthe AMPCOLOY® grade using Table 1
Match conductivity and mechanical strength to the dominant limiter, then validate
the choice against real production metrics.

5. Validate with production metrics, not assumptions
Spot: welds per dress, face growth rate, stability drift.
Seam: weld length per dress, wheel condition stability, drift during long runs.

Conclusion

Electrode performance in resistance welding is governed by the interaction between heat
generation, mechanical loading, and surface-related wear mechanisms. As electrodes
degrade, changes in geometry and contact resistance directly affect weld consistency,
maintenance frequency, and overall process stability.

High-conductivity AMPCOLOY® alloys influence these wear mechanisms by controlling
current distribution and heat extraction, while their mechanical properties determine
resistance to deformation under force. Differences in conductivity, hardness, and strength
across AMPCOLOY® grades define how each alloy responds to heat-driven, deformation-
driven, or surface-driven wear.

From an engineering perspective, improving electrode performance requires aligning
material properties with the dominant wear mechanism rather than maximizing any
single characteristic. High-conductivity alloys reduce thermal loading, higher-strength
grades stabilize geometry, and exception materials address specific mechanical
constraints. When applied within their boundaries, these alloys support more predictable
wear progression and stable resistance welding performance.
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