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Abstract

High-performance internal combustion engines still require a strict 1,200-

mile break-in period despite modern manufacturing advancements that achieve

sub-millimetre tolerances. End-users and hobbyists often dismiss this re-

quirement as an outdated protocol, largely due to a lack of technical aware-

ness regarding the underlying tribological mechanisms. This is a review of

how microscopic surface honing, synthetic oil chemistry, dynamic load in

conjunction with speed variations, and thermal expansion make the break-in

period essential for ensuring long-term component longevity. Furthermore,

this review highlights why varying engine speed and Brake Mean Effective

Pressure (BMEP) is critical for proper piston ring seating, while detailing the

detrimental effects of static cruise control operation during early engine life.
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Introduction

It is widely recognised that manufacturing processes and tolerances have come a long

way in technological advancements for speed and precision. This has been made pos-

sible by ongoing investment and research, specifically within the automotive sector,

into high-precision CNC machining and computer-controlled honing with sub-micron

measuring tools. However, despite these advancements, modern high-performance en-

gines still require a strict 1,200-mile break-in period with specific limitations on how to

properly run in the engine and its individual critical components. A few examples of

these mandates include restricting the vehicle from exceeding 100 mph, varying en-

gine load and speed (RPM), and critically, avoiding long-distance cruise control use.

The majority of car owners and hobbyists typically believe this is an outdated practice

and tend to ignore the strict procedures set out by automotive manufacturers. However,

these practices still exist for multiple reasons. Although CNC machining allows manu-

facturers to machine at macro-level accuracy, microscopic surface-level peaks still exist

on newly honed cylinder walls. It is essential these peaks are worn down to protect the

oil-retaining valleys and ensure the piston rings seat correctly. Another reason is that

under real operating temperatures and pressures, tribofilms and Anti-Wear Additives,

such as ZDDP (Zinc Dialkyldithiophosphate), form to provide a nano-scale protective

barrier that cushions surface peaks and prevents catastrophic scoring or welding.

The main aim and scope of this review is to resolve the engine break-in paradox by

combining and synthesising tribological literature across four core focus points:

1. Surface Mechanics and Topography Evolution

2. Synthetic Lubricants and Anti-Wear Chemistry

3. Transient Dynamics, BMEP, and Cruise Control Mechanics

4. Thermal Cycling and Structural Distortion
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Literature Review

1.1 Surface Mechanics and Topography Evolution

1.1.1 The Initial Surface Topography

Newly honed cylinders leave the manufacturing plant with a cross-hatch pattern and

smooth plateaus on top. However, although this multi-step machining process does the

majority of the heavy lifting, microscopic micro-asperities (Spk) are still present [3]. To

understand this surface structure, it is important to examine why both honing passes

are carried out in a specific sequence.

First, coarse honing takes place. The honing tool cuts a series of deep diagonal chan-

nels that intersect each other at precise angles, typically between 30◦ and 45◦, to establish

the fundamental cross-hatch geometry [5]. This creates the cross-hatch pattern visible

on the cylinder walls. These grooves act as microscopic oil reservoirs, keeping lubricant

on the cylinder wall and preventing the piston rings from making direct metal-to-metal

contact or welding to the liner.

Next, plateau honing is carried out as a finishing pass. The main aim of this second pass

is to provide the piston rings with a smooth, stable sliding surface right out of the factory.

This reduces initial scuffing while maintaining valley depth, leaving only residual micro-

peaks (Spk) to be gradually worn down during initial operation [3].

Figure 1.1: Microscopic view of plateau honed cylinder
[6]
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1.1.2 Microscopic Peak Shearing

During the first few hours of operation, the sliding motion of the piston rings makes

contact with the tips of the tiny microscopic peaks (Spk) on the cylinder. This motion

exerts localised pressure onto the micro-peaks, causing them to rapidly shear off and

wear down into smooth, flat plateaus. It is essential that only the peaks are worn down

while the oil valleys and channels below are not affected. While Spk rapidly shears off,

Svk (the deep cross-hatch grooves) remains almost untouched, ensuring oil can be held

within these valleys to keep the piston rings lubricated for smooth gliding along the

cylinder walls [5, 3]. However, if an engine is run at idle or consistently put under light

load, cylinder glazing can occur. Cylinder glazing happens when engine oil bakes over

the high-temperature micro-peaks, forming a hard, glossy lacquer. This stops the piston

ring from ever seating correctly, meaning a complete engine teardown and re-honing

of the cylinder is required.

Figure 1.2: Surface profile evolution showing peak reduction (Spk) while maintaining
valley depth (Svk) adapted to ISO 13565-2 / ISO 25178 parameters [2].

Once the peaks have flattened out into smooth plateaus, the contact area between the

piston ring and the cylinder wall becomes even. As demonstrated by Grabon et al. (2018),

this reduces friction by around 30 to 40 percent and allows the piston ring to seat cor-

rectly against the cylinder wall [3]. If these peaks are not worn down completely, they do

not allow the piston ring to fully expand outward and create a near-hermetic seal during

the expansion stroke, causing blow-by. Blow-by reduces Brake Mean Effective Pressure

(BMEP) and overall power output from the individual cylinder, while also introducing

potential contaminants into the engine oil.
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1.2 Synthetic Lubricants and Anti-Wear Chemistry

1.2.1 The Synthetic Oil Paradox

Synthetic oils used in modern engines are designed to stop metal-to-metal contact

at all costs. However, this directly conflicts with the initial break-in process and can

actually do more harm than good, risking the long-term life of the engine. As discussed

in Section 1.1, piston rings need a controlled level of metal-to-metal contact so they can

wear down those residual micro-peaks (Spk). The very features that make synthetic oil so

good for a high-mileage engine stop the piston rings from doing this job during break-

in.

Under high pressure and aggressive sliding against the cylinder liner, high-film-strength

synthetic oil creates a persistent hydrodynamic layer. As modelled by Chu et al. (2020),

this dynamic fluid film prevents the piston ring from breaking through to deform and

wear down the micro-peaks (Spk) under boundary contact [1].

On top of this, modern synthetics are packed with friction modifiers like MoDTC

(molybdenum dithiocarbamate) and organic friction modifiers (OFMs) like GMO (glyc-

erol mono-oleate). These additives coat the liner surface to create a slippery nanolayer

that drops boundary friction too low. This stops the piston rings from generating enough

friction force to shear off or deform those micro-peaks, leaving the rings unseated.

1.2.2 ZDDP anti-wear chemistry

ZDDP (Zinc Dialkyldithiophosphate) is an anti-wear additive added to engine oils to

protect components made from alloys such as iron and steel. It does not protect com-

ponents simply by floating in the liquid oil; instead, it is activated by high mechanical

contact pressure and surface heat, typically in the range of 80◦C to 100◦C [10].

When local pressure and heat within the cylinder reach the required threshold, ZDDP

breaks down and reacts directly with the iron in the cylinder liner. It forms a mi-

croscopic, glass-like sacrificial coating that is only a few nanometres thick, known as

a polyphosphate tribofilm [10]. This protective cushion allows the micro-peaks to shear

down without causing catastrophic metal-to-metal welding or gouging.
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If an engine is driven too lightly, idled excessively, or kept at low RPM during the

break-in period, the pressure forcing the piston ring outward against the cylinder liner

remains too low, and cylinder wall temperatures never reach the thermal threshold re-

quired for ZDDP to activate. Consequently, the ZDDP remains inert within the oil, leav-

ing the cylinder liner vulnerable to anti-wear starvation. When the driver eventually

puts the engine under higher load, forcing sudden higher pressures and temperatures,

the rings (which are still not fully seated) hit the bare metal cylinder liner without a

protective tribofilm, causing severe scoring and scuffing.
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1.3 Transient Dynamics, BMEP, and Cruise Control Mechanics

1.3.1 Transient Dynamics and Thermal Expansion

Piston ring seating relies heavily on the engine being run up to full operating temper-

ature and then cooled back down to a cold dormant state. This process is called thermal

cycling and is essential during the break-in period. The two primary metals used within

the engine’s combustion section are cast iron (for the cylinder liner) and aluminium (for

the piston). These two alloys warm up at different rates, with iron taking roughly twice

as long as aluminium to reach full operating temperature. Furthermore, aluminium ex-

pands nearly twice as fast as iron under heat, meaning the physical clearance between

the piston and cylinder liner temporarily shrinks during transient warm-up.

The cylinder liner and engine block are directly liquid-cooled, which draws heat away

and forces the block to warm up more gradually, preventing thermal shock and struc-

tural stress fractures. In contrast, the aluminium piston crown comes into direct con-

tact with combustion flames exceeding 1000◦C, causing it to reach elevated temperatures

within seconds to minutes [8].

When new engine components leave the factory machining process, they contain

residual internal stresses. Heating these parts to operating temperature under controlled

conditions and allowing them to cool back down to ambient temperature acts as a stress-

relief process, letting the metal structure relax. Additionally, a cylinder liner is never a

perfect cylinder; as it heats up, it distorts and warps slightly into its operational shape.

It is therefore essential that the piston rings operate across the full thermal spectrum,

from cold start and transient warm-up to full operating temperature and cool-down, so

the rings conform correctly to the cylinder wall across all thermal states [8].

Figure 1.3: 3D profile representation of cylinder bore thermal distortion and out-of-
roundness under operating temperatures [7].
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1.3.2 BMEP (Brake Mean Effective Pressure) and Gas-Backed Ring Loading

Brake Mean Effective Pressure (BMEP) is simply a measure of the average pressure

pushed down on top of the piston during the power stroke. It correlates directly with

engine load; higher engine load creates high BMEP, while light load or idling results

in low BMEP. If BMEP is too low, there is minimal pressure inside the cylinder, which

stops the piston rings from pushing hard enough against the liner to seat in properly.

Piston rings have built-in spring tension to help them push outward against the

cylinder wall, but this tension alone is insufficient to create a tight hermetic seal or shear

down the surface micro-peaks (Spk) during break-in. Instead, the rings rely on high pres-

sure from combustion getting into the ring groove behind the ring itself, forcing it out-

ward against the cylinder lining, a process called gas-backed ring loading [8, 9].

As gas-backed ring loading forces the piston rings outward against the cylinder liner, it

physically shears off the surface micro-peaks (Spk). This increased level of contact force

creates localised friction points, exponentially increasing heat, right at those individual

micro-peaks. This generates the ideal conditions for ZDDP activation, forming the pro-

tective anti-wear tribofilm directly where the micro-peaks were sheared. As a result, the

newly exposed metal of the cylinder liner is immediately protected against friction and

scuffing [8, 9].
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1.3.3 Cruise Control, Idling, and Engine Braking

When travelling at a consistent speed or steady RPM, such as using cruise control, the

piston rings travel over the exact same localised path thousands of times per minute.

Under these steady conditions, BMEP remains low, producing minimal cylinder pres-

sure. This prevents the piston rings from loading firmly against the cylinder wall, caus-

ing them to float on the oil film rather than shearing down the surface micro-peaks (Spk).

Furthermore, operating at low load or excessive idling causes unburned fuel and oil to

bake onto the hot cylinder wall, creating a hard lacquer known as cylinder glazing, which

permanently seals the crucial oil valleys and channels before ring seating can complete

[8, 9].

Additionally, alternating between engine load and overrun changes the pressure

acting on the piston rings. When decelerating in gear with the throttle closed, cylin-

der pressure drops, allowing the rings to relax against the cylinder wall. This change in

contact pressure helps replenish the oil film around the upper ring pack and cools the

contact surfaces, preventing localised hot spots and micro-scuffing.

While cyclic pressure variations replenish the oil film and allow suspended micro-

scopic wear debris to be transported into the sump, these metallic particles remain cir-

culating within the lubrication circuit. Without high-efficiency filtration, these micro-

scopic contaminants risk entering critical oil channels and galleries, potentially causing

restriction or oil starvation. This highlights the direct necessity of high oil filter per-

formance during initial break-in and supports the manufacturer recommendations for

early filter replacement during the initial run-in service [9].
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1.4 Thermal Cycling and Structural Distortion

Due to localised heat spots caused naturally by engine operation, the engine block

does not warm up evenly. The exhaust side of the block and cylinder liner operates

on average between 100◦C and 110◦C hotter than the intake side, partially because the

intake side is constantly cooled by incoming air and fuel, whereas the exhaust side is

responsible for expelling hot combustion gases. Uneven heating also occurs vertically;

the top deck where combustion takes place experiences extreme thermal loads, whereas

the lower crankcase region stays significantly cooler. Because hot metal expands more

than cooler metal, these thermal gradients cause macro-distortion, twisting the cylin-

der bore out of round. Although this macro-distortion is invisible to the naked eye, it

directly alters the physical tolerances between the piston rings and cylinder wall, as il-

lustrated by the asymmetrical thermal deformation contour in Figure 1.4 [4].

Figure 1.4: 3D cylinder liner deformation and thermal contour plot [4].

Newly machined and cast engine components retain internal residual stresses from

manufacturing. Repeatedly heating these components to operating temperature and

allowing them to cool back to ambient temperature acts as a thermal stress-relief pro-

cess over time. As these stresses leave the metallurgy, the thermal warping of the engine

block and cylinder liner stabilises into its final operational shape. Throughout this stabil-

isation process, the piston rings must constantly flex dynamically against the changing

liner shape to maintain contact. Once the block stabilises, a properly seated piston ring

ensures a complete hermetic seal, preventing fuel blow-by and oil contamination across

all operating temperatures [8, 7].
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Findings and Conclusion

Tribological Mechanism

The ultimate goal of the tribological mechanisms during the engine break-in period

is to achieve full ring-to-bore seating without causing scuffing or premature wear to

either the piston ring or the cylinder liner. As explored throughout this review, high

mechanical contact force, driven by elevated BMEP and gas-backed ring loading, is re-

quired to ensure that reduced peak heights (Spk) left after manufacturing are physically

sheared down, creating a smooth surface profile while preserving deep oil-retention val-

leys (Svk). In addition, ZDDP activation is required to provide a sacrificial anti-wear layer

that protects the liner from scuffing, which could otherwise damage the oil channels

and lead to oil starvation. For protective ZDDP tribofilms to activate, extreme localised

flash temperatures and high contact shear stress are required. As soon as a micro-peak

(Spk) is sheared off, the ideal conditions for ZDDP activation are established, ensuring

that newly exposed metal is protected immediately and reducing the risk of premature

damage [8, 9].

Operational Reality

Unknown to the general customer, prolonged idling and using cruise control early in

an engine’s life, specifically during the break-in period, can hinder the piston rings from

fully seating, leading to blow-by and oil contamination from unburnt fuel. Varying en-

gine load and RPM prevents cylinder glazing from occurring before micro-peaks are

sheared down to the target honed height. Utilising engine braking relieves the contin-

uous mechanical load on the ring pack, allowing lubricant film replenishment and lo-

calised thermal dissipation at the ring–liner interface. Due to this debris generation, an

initial run-in service is critical to inspect and replace the engine oil and oil filter, ensuring

suspended particles do not re-enter the oil galleries and clog crucial oil-retention chan-

nels. Furthermore, ring seating requires multiple thermal cycles, ranging from ambient

temperature up to full operating temperature and back to ambient, to ensure internal

residual stresses are fully released and any structural warping of the block is stabilised

[8, 9, 7].
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Real-World Value

In conclusion, engine break-in is not an outdated concept or a myth created as a

money-making scheme for customers. This review has demonstrated there are mul-

tiple vital physical reasons for adhering to a regimented break-in period. We have cov-

ered areas regarding surface topography and engineering, chemistry and tribological

films, dynamic loading of the engine to ensure adequate pressure within the cylinder

environment, and lastly, thermal stabilisation of the cylinder and engine block due to

residual manufacturing stresses and thermal macro-distortion.

When an engine is run in correctly and properly maintained, including undergo-

ing an early break-in service if recommended by the manufacturer, it ensures the engine

operates at peak performance without requiring excessive maintenance. Long-term re-

liability is significantly improved because blow-by is minimised and oil contamination

from unburnt fuel is prevented. This also results in direct cost savings for the consumer

through reduced oil consumption over the lifespan of the vehicle.

Overall, this review has demonstrated that a break-in period remains essential. Al-

though modern manufacturing processes allow for sub-micron tolerances to be achieved,

real-world operating environments and thermomechanical situations cannot be fully

replicated during factory production.
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