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The central finding is direct: Toyota documented abnormal oil consumption in affected
2AZ-FE applications and changed the piston assembly to reduce it. Published piston-ring
research helps explain a credible transport mechanism, but it does not prove Toyota's
internal design decisions or development history. This revision keeps that evidence
boundary clear.



EXECUTIVE SUMMARY

What failed, what the evidence supports,
and what should change

The Toyota 2AZ-FE is a useful failure-analysis case because the visible symptom - excessive engine-oil consumption -
sits at the intersection of component geometry, lubrication, pressure, temperature, load, wear, and maintenance.
Toyota service bulletins state that some vehicles equipped with 2AZ-FE or 2AZ-FXE engines may exhibit oil
consumption and that the piston assembly was changed to minimize the condition [1, 2]. That statement establishes
the field problem and the production response without requiring speculation about what Toyota did or did not test
during development.

The most defensible explanation is not that one ring simply wore out at one predictable mileage. Piston rings must
seal combustion pressure, control oil on the cylinder wall, and move with very low friction. Published work on
ring-groove flow and transient oil transport shows how pressure changes, engine speed, load transitions, and the
amount of oil stored around the ring pack can move oil toward the combustion chamber [3, 4]. Wear and carbon
accumulation can make the condition worse, but the available evidence points to a system-level interaction instead

of one isolated material failure.

The recommended response is equally system-level: combine FMEA with representative engine testing that includes
thermal cycling, sustained high speed, sudden load changes, oil aging, drainback behavior, and longer-duration
deposit formation. A friction or wear test is valuable, but a standard test by itself cannot recreate every coupled

condition inside an operating engine.

Toyota documented oil consumption in affected Published ring-pack research provides a credible
2AZ engines and issued inspection and repair mechanism for oil transport under changing
procedures. Toyota also stated that the piston pressure, speed, and load. It supports the
assembly was changed to minimize oil explanation, but it is not a direct record of Toyota's
consumption. internal root-cause process.
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1/ CONTEXT

Failure analysis in mechanical
engineering

Mechanical engineering covers the design, development, manufacturing, operation, and testing of physical systems.
Because these systems fail in different ways, failure analysis cannot be reduced to one test. It is a process of defining
the failure, collecting evidence, testing explanations, and determining which combination of design, material,
manufacturing, use, and maintenance conditions best explains the result.

The purpose is not only to name a broken part. A useful analysis explains why the system reached that state and how
the same result can be prevented. That distinction matters in the 2AZ-FE case because replacing an oil-consuming
piston assembly addresses the immediate vehicle, while understanding the pressure, oil-control, and testing

conditions addresses the design process.

Failure modes relevant to this case

Fatigue is progressive damage caused by repeated loading. Wear is the gradual loss or change of material at
contacting surfaces. A design-related failure occurs when geometry, tolerances, operating conditions, or interactions
within the system leave too little margin for real use. These modes can overlap. Wear can reduce sealing
performance, carbon can restrict oil-return paths, and a ring-pack geometry can become less tolerant of both

conditions over time.

For that reason, this paper does not describe the 2AZ-FE condition as a simple fatigue failure. The evidence supports
a piston-assembly oil-control problem whose severity can grow with service conditions, deposits, and wear. The
failure is better framed as a system-level oil-management problem than as one ring reaching a universal end-of-life

mileage.

Preventive and forensic work

Preventive analysis happens before release or before a known condition produces a field failure. Forensic analysis
begins after a failure or abnormal condition has occurred. The same physical test can support either purpose.
Ultrasonic inspection, for example, can be used during manufacturing, scheduled in-service inspection, or a
post-failure investigation. What makes the work preventive or forensic is the question being asked, not whether the
instrument damages the part.

Failure Modes and Effects Analysis

Failure Modes and Effects Analysis (FMEA) is a structured risk-analysis method, not a nondestructive inspection
technique. A team identifies possible failure modes, evaluates their effects and causes, and prioritizes action using
factors such as severity, occurrence, and detection [7]. In this case, a useful FMEA would connect excessive oil
consumption to oil-ring control, drainback, ring-groove pressure, deposits, manufacturing variation, maintenance,

and operating conditions. It would then connect each risk to a specific control or test.
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Thermo-mechanical fatigue and durability testing

Thermo-mechanical testing combines repeated mechanical loading with temperature changes. It is destructive when
the specimen is intentionally driven to damage or failure. For an engine, the broader durability plan should include
cold starts, heat soak, high-load operation, speed changes, and repeated thermal cycles because ring clearances, oil
viscosity, and gas pressure all change with temperature and operating point.

Ultrasonic inspection and impact testing

Ultrasonic pulse-echo inspection uses reflected sound energy to locate internal discontinuities. It is useful for welds
and many other components, but it is not the primary method for diagnosing oil transport through a piston-ring
pack. Impact testing, meanwhile, measures the energy a specimen absorbs under rapid loading. Both methods are
important in mechanical engineering; neither directly reproduces the lubrication and pressure behavior at the center
of this case.

Relevant ASTM standards

ASTM G181 provides a method for friction testing piston-ring and cylinder-liner materials under lubricated
conditions [5]. ASTM G206 guides the measurement of wear volumes in piston-ring segments tested against flat
coupons [6]. These standards help produce repeatable material and wear data. Their limitation is scope: a controlled
coupon or segment test cannot reproduce the full ring pack, combustion pressure, oil drainback, deposits,
temperature gradients, and transient engine operation at the same time.
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3 / CASE DESCRIPTION

The Toyota 2AZ-FE oil-consumption
condition

Toyota Technical Service Bulletin T-SB-0094-11 states that some 2006-2011 model-year vehicles equipped with the
2AZ-FE engine may exhibit engine oil consumption. The bulletin directs technicians through a repair procedure and
states that the piston assembly was changed to minimize oil consumption [1]. A related inspection bulletin covers
the test used to confirm the condition in affected 2AZ-FE and 2AZ-FXE applications [2]. These documents establish
both the field symptom and Toyota's piston-assembly response. They do not call the condition a safety recall, and
this paper does not treat it as one.

What the piston rings must do

The piston rings sit between the piston and cylinder liner. Together, the ring pack must seal combustion pressure,
transfer heat, maintain a controlled lubricant film, and scrape excess oil away from the combustion chamber. Those
jobs work against each other. Higher ring tension can improve oil control, but it also raises friction. Lower tension
can reduce mechanical loss, but it can reduce the margin available when pressure, oil supply, deposits, geometry, or

wear move away from the intended condition.

When oil reaches the combustion chamber, it can burn with the air-fuel mixture. The owner may notice a falling oil
level, smoke in some conditions, spark-plug fouling, reduced catalyst life, deposits, or a misfire code. The severity
and mileage at which symptoms appear can vary, so the analysis should not imply that every affected engine fails at
one specific odometer reading.
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FIGURE PLATE
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Figure 1. Flexible piston-ring model and ring-groove control volumes used to study gas blow-by and pressure behind the ring. Adapted from Turnbull

et al. [8]. The diagram is useful because it shows why oil control depends on the full ring-groove-liner system, not only the ring material.

The left side visualizes gas flow and pressure around a flexible ring. The right side separates the groove into control
volumes. Read together, they show how pressure can act on different ring surfaces while lubricant occupies the small

spaces between the piston, ring, and cylinder liner.

This is the core system view used in the investigation: ring tension matters, but so do the pressure field, groove
geometry, lubricant film, oil-return path, and the operating transition that changes them.
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4 / INVESTIGATION

A credible oil-transport mechanism

Low-tension rings are used to reduce frictional losses. That choice is not automatically a defect; it is an engineering
tradeoff. The important question is whether the complete piston and ring system controls oil across the expected

range of load, speed, temperature, wear, deposits, and manufacturing variation.

Kawamoto et al. modeled gas-liquid two-phase flow inside a piston-ring groove and investigated how gas flow and
pressure influence oil behavior [3]. Li and Tian used an optical engine to study oil transport during a transition from
low load to high load [4]. Their work shows why a sudden operating change matters: pressure and oil stored around
the ring pack do not remain static as the engine moves to a new load. Oil can be displaced toward the combustion
chamber during the transient.

What these results mean for the 2AZ-FE is narrower than the original paper claimed. They provide a technically
plausible mechanism that is consistent with a piston-assembly oil-control condition. They do not prove that Toyota
omitted a particular test, and they do not isolate one feature of the 2AZ-FE as the only cause. The Toyota bulletins
establish the condition and the production change; the research explains how comparable ring-pack physics can
move oil.

Why standard tests were not enough by themselves

ASTM G181 and G206 address friction and wear measurements, which are necessary pieces of the problem.
However, neither standard is intended to duplicate an entire firing engine. A design could perform acceptably in
material-level friction and wear testing while still showing unacceptable oil control when transient pressure,
drainback, oil aging, and deposits interact. The gap is not a failure of the standards; it is a reminder that component
standards must be paired with system-level validation.

Root-cause statement

The available evidence supports a piston-assembly oil-control problem
in affected 2AZ-FE applications. Toyota's revised piston assembly is
direct evidence that the original configuration did not provide sufficient
oil-control performance in every field condition. Published research
supports a mechanism involving ring-groove pressure and oil transport.
Wear and deposits can increase the severity, but the evidence does not
support reducing the condition to ordinary fatigue alone.

JOHN COTELO | FAILURE ANALYSIS



5 / RECOMMENDATIONS

Test the interaction, not only the
component

Toyota's service response used an oil-consumption inspection procedure followed by a piston-assembly repair
procedure for vehicles that met the bulletin's criteria [1, 2]. For future development, the strongest preventive action is
not simply to avoid low-tension rings. They offer a real efficiency benefit. The better response is to validate the full
oil-control system under conditions that make the tradeoff difficult.

Recommended validation plan

- Use FMEA to connect excessive oil consumption to ring tension, groove geometry, drainback, oil supply, deposits,
blow-by pressure, thermal expansion, tolerance variation, and maintenance.

- Run abrupt low-to-high-load transitions and sustained high-speed operation while measuring oil consumption,
crankcase pressure, blow-by, and emissions.

- Include repeated cold starts, heat soak, thermal cycling, and aged oil so viscosity and deposit formation are
represented.

- Test across manufacturing tolerances instead of validating only nominal parts. The worst-case stackup can matter
more than the average configuration.

- Correlate material-level friction and wear results with a firing-engine durability test. Standards should support the
program, not define its complete boundary.

- Inspect returned field hardware and feed deposit, wear, and oil-return observations back into the design FMEA and

validation matrix.

Oil viscosity
Changing oil viscosity should not be presented as a general fix without a validated engine-specific recommendation.
Viscosity affects pumping, film thickness, flow through small passages, startup lubrication, and drag. Any change

would need testing across the complete operating range and would need to remain consistent with the

manufacturer's service requirements.

Conclusion

The 2AZ-FE case shows why failure analysis is more than identifying a worn part. The field condition was excessive oil
consumption, Toyota's repair centered on the piston assembly, and published ring-pack research supplies a
reasonable physical explanation for how operating conditions can move oil toward the combustion chamber. The
most useful engineering lesson is to protect the friction benefit of low-tension rings with validation that captures the
coupled pressure, temperature, oil, deposit, geometry, and wear conditions of a real engine.

A clear evidence boundary makes the conclusion stronger: the Toyota bulletins establish the condition and corrective
direction; the research explains a plausible mechanism; and the recommendations translate both into a more
complete test plan.
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Revision note: This edition corrects the classification of FMEA, separates preventive/forensic purpose from
destructive/nondestructive test type, removes unsupported mileage and development-process claims, and anchors the 2AZ-FE

case in Toyota's published service information.
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