Failure Mechanisms of

Copper Bearings in Heavy Machinery: A Deep

Graphite-Embedded

Dive into Interface Integrity Under Extreme

» Executive Summary

In heavy industrial applications such as mining, quarrying, and
port handling, premature failure of graphite-embedded copper
sliding bearings (JDB-type) — particularly graphite plug
dislodgement — represents a primary cause of unplanned
downtime. This article moves beyond conventional material
specification discussions to systematically examine the coupled
failure mechanisms of thermal expansion mismatch, abrasive
particle ingress, galvanic corrosion, and impact fatigue. We
establish that interface bond strength is the paramount variable
determining bearing service life, outweighing base material
selection alone. Through three geographically distinct operational
scenarios — high-altitude mining with extreme thermal cycling,
tropical quarrying with high-frequency impact, and coastal
terminals with saline corrosion — we present a validated testing
framework incorporating step-load PV testing and Weibull life
prediction modeling, enabling a transition from reactive failure
analysis to predictive reliability engineering.
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1. Introduction: The Interface — Where Failure Begins

Conventional bearing selection methodology focuses on macroscopic performance parameters: load capacity (P) and velocity limit (V). However, for graphite-embedded copper
bearings, the microscopic stability of the graphite-copper interface governs actual service life. The functional principle relies on the controlled release of graphite plugs as
solid lubricant. Once the interfacial bond between graphite and copper substrate is compromised, lubricant supply ceases, triggering rapid adhesive and abrasive wear.

Core proposition: The four primary degradation mechanisms — differential thermal expansion, abrasive particle wedging, galvanic corrosion, and impact fatigue — do not
operate independently. Under extreme operating conditions, they form a coupled amplification cascade. Thermally induced micro-gaps (0.01-0.02 mm) serve as the critical
entry point for all subsequent degradation modes. Therefore, any reliability enhancement strategy must prioritize interface reinforcement and sealing.

2. Four-Phase Failure Mechanism Analysis

Through forensic examination of field-failed components and laboratory replication, we characterize the graphite plug dislodgement process across four distinct but

interconnected mechanisms.

Physical/Chemical Nature

Mechanism

Primary Drivers Consequence Typical Application Exposure

CTE mismatch: Copper =
18%x10°%/°C vs. Graphite =
2x10°¢/C

Differential Thermal Expansion

Hard particles (e.g., quartz
HV~1100) intrude into micro-
gaps, exerting prying forces

Abrasive Particle Wedging

Graphite (cathode, noble) and
copper (anode, active) form
corrosion cell with electrolyte

Galvanic Corrosion

Cyclic stress accumulation at
graphite plug root; hydrolytic

Impact Fatigue & Adhesive Degradation
degradation of adhesive layer

Cumulative plastic deformation
at interface; generation of
0.01-0.02 mm micro-gaps

High-altitude mines;

High-magnitude temperature
arctic/desert environments

cycling (AT > 50°C)

Physical dislodgement; loss of
interference fit; formation of
abrasive paste

Pre-existing micro-gaps; high
dust concentration; particle
hardness exceeding substrate

Mining; quarrying; overburden
handling

Preferential corrosion of copper
substrate at interface; loss of
mechanical retention

Saline ingress; interfacial
micro-gaps; absence of
isolation layer

Coastal terminals; offshore
platforms; chemical plants

High-frequency impact loading; Shear strength reduction; crack
elevated temperature/humidity; propagation; progressive
moisture exposure loosening

Crushers; vibrating screens;
material handling systems

¥ Industry Reference Data: In mining operations experiencing diurnal temperature variations exceeding 40°C, conventional cold-pressed bearings show a 70% incidence of
interfacial gaps after 3,000 thermal cycles. In contrast, bearings employing bonded curing technology maintain interfacial gaps below 0.005 mm after 10,000 cycles under

identical conditions.
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3. Scenario-Specific Failure Models and Engineering Solutions

We present three representative operational scenarios, each requiring a distinct interface-focused engineering approach.

3.1 Scenario I: High-Altitude Mining — Thermal Cycling Dominance

* Application: Dragline bucket linkages, electric shovel swing gear bearings

Critical Operating Parameters: Diurnal temperature variation 55C (-20°C to +35°C); 5-20 ym quartz particulates (HV~1100); slow-speed, heavy-load conditions
Failure Sequence:

1. Copper substrate expands/contracts relative to graphite plugs with each thermal cycle

2.Accumulated cyclic strain generates permanent interfacial gaps

3. High-hardness quartz particles wedge into gaps, initiating abrasive wear at interface

4. Progressive loosening leads to graphite plug dislodgement and lubrication failure

Engineering Solution:

o Primary measure: Flexible high/low-temperature structural adhesive. The low-modulus adhesive layer functions as a stress buffer, accommodating differential expansion
shear strains without transmitting them to the interface.

o Substrate: High-strength manganese-aluminum bronze (CuzZn25AI5Mn4Fe3). This alloy exhibits excellent dimensional stability under thermal cycling, preventing bore creep
and loss of interference fit.

o Coverage ratio: Reduced coverage at 20%. Strategically minimizing the number of graphite plugs reduces potential failure interfaces and redistributes load to the higher-
strength copper substrate.

3.2 Scenario II: Tropical Quarrying — Impact and Humidity Synergy

* Application: Cone crusher eccentric bushings, vibratory screen exciter bearings
« Critical Operating Parameters: Impact energy 5-10 J/cm? (high-frequency); 35°C/85% RH; limestone particulates (HV~200)
» Failure Sequence:
1. High-frequency impact loading induces cyclic stress at graphite plug root
2. Moisture-laden limestone particles agglomerate, forming abrasive paste on bearing surface
3. Elevated temperature and humidity accelerate adhesive hydrolysis, reducing shear strength
4. Cumulative fatigue cracks propagate, leading to plug loosening under combined mechanical and chemical degradation
* Engineering Solution:
o Primary measure: Hydrolysis-resistant structural adhesive combined with micro-tapered hole base for mechanical retention. This dual mechanism ensures that even
under adhesive degradation, the tapered geometry mechanically locks the graphite plug, preventing full dislodgement.
o Substrate: Tin-bronze or aluminum-bronze with enhanced impact toughness. These alloys demonstrate superior fatigue resistance and crack propagation inhibition under
high-frequency impact loading.

o Layout: Spiral, non-equidistant hole arrangement with 25—-30% coverage. Optimized distribution ensures uniform lubricant film formation, eliminating localized dry friction
hotspots.
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3.3 Scenario lll: Coastal Bulk Terminal — Galvanic Corrosion Dominance

Application: Ship unloader grab upper pivot pins, conveyor idler bearings

Critical Operating Parameters: Saline atmosphere; mixed dust 5-50 pm; 5% NaCl solution exposure; low impact (2-5 J/cm?)

Failure Sequence:

1. Saline moisture penetrates graphite-copper interface via micro-gaps

2. Electrolyte completes galvanic circuit between graphite (noble) and copper (active)

3. Copper substrate at interface undergoes preferential anodic dissolution

4. Progressive corrosion undermines mechanical retention structure, leading to abrupt graphite plug loss

» Engineering Solution:
o Primary measure: Electroless nickel-phosphorus (Ni-P) alloy coating (10-12% P content). The amorphous Ni-P layer provides a corrosion barrier while interrupting the

galvanic circuit. Unlike barrier coatings that merely shield, Ni-P exhibits a distinct electrochemical potential that prevents the formation of a corrosion cell with graphite.
o Verification: ASTM B117 salt spray testing for 1,000 hours demonstrates:

Uncoated samples: Interfacial corrosion depth > 0.1 mm; 60% reduction in extraction force

Ni-P coated samples: No measurable interfacial corrosion; > 80% extraction force retention

o Substrate: Aluminum-bronze compatible with Ni-P deposition for optimal coating adhesion.
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4. Validation Framework: Achieving Predictive Reliability

Engineering credibility requires a validation methodology capable of replicating field failure modes under controlled conditions and translating results into predictive maintenance
metrics.

4.1 Step-Load Dynamic PV Testing: Exposing Interface Vulnerabilities

Standard PV testing under constant velocity and load fails to replicate boundary lubrication conditions encountered during high-pressure, low-speed, and transient start-stop
operations — precisely the conditions where interface failures originate.

Phase Description Parameters Data Collection

Steady-state operation to establish

1. Baseline P =20 MPa; V = 0.5 m/s; duration 2h Friction coefficient; interface temperature

reference
2 Pressure Rampin Incremental pressure increase at low P: 20 — 80 MPa (10 MPa/step); V = 0.5 Graphite transfer film integrity; friction
' ping velocity m/s; 30 min/step stability

3. Velocity Reduction High-pressure, ultra-low-velocity operation P =80-100 MPa; V: 0.5 — 0.05 m/s; 1-2 Temperature rise; vibration spectrum;

with misalignment misalignment angle stick-slip behavior
4. Transient Start-Stop Cyolic full-load starts under high pressure P = 80 MPa; 50 cycles; 10s interval Peak friction torque per start; seizure
between cycles resistance

ISO 10160 ultrasonic inspection;

5. Post-Test Evaluation Quantitative damage assessment N/A coordinate measurement for plug
protrusion; SEM interface analysis

% Key Insight: The wear equation W = k-P-V-t (where W = wear volume, *k* = wear coefficient) understates risk in extreme conditions. At high pressure (80-100 MPa) and
near-zero velocity (< 0.1 m/s), the wear coefficient *k* increases nonlinearly due to boundary lubrication breakdown and interfacial fretting. This explains why bearings
performing adequately in conventional PV tests frequently fail prematurely under actual high-pressure, low-speed operating conditions.
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4.2 Field Validation Protocol and Weibull Life Prediction

Field validation captures the complete failure evolution curve, enabling parametric life modeling.

Node Timing Actions Engineering Value

Ultrasonic inspection (ISO 10160); coordinate measurement;

TO Pre-installation ; o ) Baseline establishment; manufacturing defect screening
interface condition documentation

Temperature monitoring; borescopic inspection of lubricant film; . ) . .

T1 1 month . . . Manufacturing defect exposure; bedding-in anomaly detection
micro-crack inspection
T3 3 months Vibration spectrum analysis; particle ingress depth measurement Initial wear detection; interface degradation onset
Ultrasonic inspection; selected destructive analysis; vibration Steady-state wear characterization; intermediate reliability
T6 6 months .
data collection assessment

T12 12 months Complete ultrasonic inspection; comprehensive data analysis Fatigue initiation detection; full life cycle characterization

% Weibull Analysis Methodology:
We collect failure event data (defined as >30% reduction in extraction force or >15% interfacial debonding area) across monitored populations. Fitting this data to a two-
parameter Weibull distribution yields:
* Shape parameter (B): Characterizes failure rate behavior
o B < 1: Decreasing failure rate (infant mortality)
o 3 = 1: Constant failure rate (random failures)
o B > 1: Increasing failure rate (wear-out failures)
* Scale parameter (n): Characteristic life at which 63.2% of population has failed
Output Metrics:
* B10 life: Operating time at which 10% failure probability occurs — directly translates to conservative maintenance interval recommendations
* B50 life: Median time to failure
* Reliability-time curve: Probability of survival as function of operating hours
Commercial Value: Weibull results enable customers to transition from reactive, run-to-failure maintenance to condition-based predictive maintenance with quantified risk
assessment. For a typical mining operation, this translates to a 40—60% reduction in unplanned bearing-related downtime.
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5. Manufacturing Process Control: Ensuring Consistency

Laboratory validation and field testing validity depend entirely on manufacturing process consistency. Each process control point corresponds to a specific failure risk.

Control Point

Raw Material Substrg’fe
composition
Raw Material Substrate hardness
Raw Material Graphite quality
Machining Hole diameter
tolerance
Machining Micro-tapered hole
base
Machining Spiral hole pattern
Insertion Adhesive application
Insertion Press-in force control

Surface Treatment _ Ni-P coatmg
thickness (marine)
Coating adhesion

Surface Treatment )
(marine)

Final Inspection Ultrasonic inspection

Extraction force

Final Inspection testing

—

Specification

Spectral analysis confirming alloy specification (e.g.,
CuZn25AI5Mn4Fe3)

Brinell hardness = 210 HB (batch sampling)

Graphite area ratio 25-30% via metallography; density and
hardness per specification

+0.005 mm to maintain interference fit 0.01-0.05 mm

100% inspection per drawing; no straight-hole substitution

Verification of spiral angle and equidistance for 25-30%
coverage

Volume per hole (z tolerance); uniform distribution; open time
per SOP

Hydraulic press force curve recording; no impact insertion

=215 ym; 10-12% P content for amorphous structure

Cross-cut test (ISO 2409) rating < 1; 48h salt spray pre-
acceptance

ISO 10160; 100% inspection; debonding area <5% at shipment

5% batch sampling; extraction force 2120% of design value;
height variation <0.005 mm

For material selection FEA assistance, contact our engineering team.

Risk Mitigated

Incorrect alloy selection — inadequate strength
— loss of interference

Insufficient hardness — bore creep — graphite loosening

Substandard graphite — inconsistent lubrication

Inadequate interference — loosening under thermal cycling

Loss of mechanical retention — plug dislodgement under impact

Non-uniform coverage — lubricant film discontinuity
— localized dry friction

Insufficient or uneven adhesive — stress concentration
Graphite fracture or bore deformation

Thin or defective coating — corrosion pathway

Coating delamination — substrate exposure
— galvanic corrosion

Pre-existing interfacial defects — early field failure

Insufficient retention — reduced stable operating period
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6. Conclusions: From Post-Failure Analysis to Predictive Engineering

The premature failure of graphite-embedded copper bearings under extreme operating conditions is fundamentally a failure of interface engineering. Through systematic
analysis of the coupled thermal, mechanical, chemical, and fatigue mechanisms, we establish:

Interface integrity is the critical success factor: Any reliability improvement strategy must prioritize graphite-copper interface reinforcement. Flexible adhesive bonding and
mechanical retention (micro-tapered hole base) represent complementary approaches to achieving this objective.

Scenario-specific engineering is mandatory: No universal material or process configuration optimizes performance across all extreme conditions. High-altitude mining

(thermal cycling dominance), tropical quarrying (impact-humidity synergy), and coastal terminal (galvanic corrosion) each require distinct combinations of substrate alloy,
insertion technology, and surface protection.

Predictive capability requires validated models: Step-load PV testing replicates the boundary lubrication conditions that conventional testing overlooks. Field validation data,
analyzed via Weibull life prediction, transforms failure analysis from qualitative description to quantitative reliability engineering, enabling customers to optimize total lifecycle
costs through predictive maintenance scheduling.

For heavy machinery operators seeking to maximize equipment availability, implementing this integrated framework — failure mechanism understanding, scenario-specific
engineering, and predictive validation — represents the transition from component procurement to reliability partnership.
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