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ABSTRACT

Fatigue testing of metallic cylinder head gaskets has shown that there is a performance discrepancy between the original
sheet material and the manufactured gasket. It was determined that this discrepancy was caused by the grain boundary
cracking that occurs during head forming. Therefore, an improved austenitic stainless spring steel possessing high fatigue
strength was devel oped to improve gasket performance. Thisnew steel featuresagrain-refined structure achieved by controlling

recrystallization with reverse transformation.

The developed steel has a composite structure consisting of a rolling induced martensite structure and a recrystallized
austenitic structure by reverse transformation having an average grain size kept to within 1 ~ 2 um. When this material is
applied to acylinder head gasket, fatigue strength isincreased 30% and thereisno loss of combustion gas sealing performance.

1. Introduction

As engine performance improves, conventionally
common graphite or similar inorganic cylinder head gaskets
(hereafter referred to as “head gaskets') are being replaced
by metallic gaskets, which offer superior durability and
functionality. AsshowninFig.1, the head gasketsare made
from thin sheet stainless steel (approx. 0.2mm), such as
SUS301, and utilize the repul sive force of the beads formed
thereon to form seals against combustion gas, cooling water
and lubricating oil. Thebead sedl for the combustion chamber
(hereafter referred to as* bore bead”) is subject to the harshest
environment comprised of high temperatures and high
pressure gas. Furthermore, in recent yearsthe bore bead has
tended to be used in increasingly even harsh environments,
particularly due to the following three factors: (1) lower
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engine rigidity due to thinner cylinder heads and cylinder
blocks and the change to all aluminum parts with the aim of
reducing engine weight, (2) reduced center distances dueto
expanding bore diameters with the aim of reducing the size
of high output engines, and (3) higher compression ratiosin
order to reduce fuel consumption.

Under these conditions, there is an increase in cylinder
head lift caused by combustion pressure (hereafter referred
to as “gap”). This leads to repeated crushing of the bore
head by the cylinder head with each explosion and the
resultant concern about reduced fatigue life. However,
fatigue test results for the thin material sheets before bore
bead forming and for the gasket after bore bead forming do
not always show the same tendencies, making it impossible
to judge applicability of the stainless steel sheet materialsas
agasket material based on fatigue strength.

Therefore, the causes of the discrepancy in fatigue
characteristics between material and product were clarified
by analyzing the state of bore bead fatigue cracking
propagation, and an austenitic stainless steel sheet with
greatly improved fatigue strength was devel oped. This paper
reports these contents.

2. Causes of Bore Bead Cracking

2.1. Bore Bead Fatigue Strength

The head gasket isformed so that the bore bead encloses
the combustion chamber, so that the gasket is arranged
between the cylinder head and the cylinder block. During
operation, a stress amplitude actslocally under high tensile
stress at the foot and the underside of the bore bead peak as
showninFig.2. Thegap reactsto thisstressamplitude, with
a greater stress amplitude produced on gasket bore beads
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Fig.2 Tensile stress of gasket during engine running

for engineshaving larger gaps. For thisreason, gasket fatigue
strength is generally evaluated using the gap instead of a
single stress event.

Therefore, crack limit displacement was set as an index
for expressing gasket fatigue strength. Crack limit
displacement isthe displacement of the no fatigue cracking”
limit of the bore bead when acompressive load isrepeatedly
applied tothe borebead for up to 107 cyclesduring vibration
fatigue tests .

2.2. Discrepancy between Material and Bore Bead
Fatigue Characteristics

Fig.3 showstheresults of planar bending fatigue strength

measurements taken in the direction perpendicular to 0.2
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Fig.3 Relationship between fatigue limit stress and
hardness for as-rolled sheet

mm thick SUS301 steel sheets with varying hardnesses.
These results show that the fatigue limit increases linearly
asthe hardnessincreases. Inthesetestsall cracking occurred
from the surface, and the effects of non-ferrousinclusions®-
® which cause the variations in the fatigue limit generally
seen in high strength materials were not evident.

Next, Fig.4 shows the results of similar fatigue tests
performed on bore beads manufactured using SUS301
materials of varying hardness. These results show a clear
linear relationship between crack limit displacement and
hardness. However, in contrast to the fatigue characteristics
of the material, the crack limit displacement dropped asthe
hardness increased. In order to determine whether this was
caused by the test conditions, minute strain gauges were
affixed to thefoot of cracked bore beads and the fatigue test
results in Fig.4 were replaced with mean stress and stress
amplitude. These results are shown in Fig.5, and indicate
that although cracking is not affected by mean stress, it is
highly dependent on stress amplitude. According to these
tests, thefailurelimit stressamplitude did not vary with mean
stress but rather was fairly constant at 90 MPa.
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These results showed that the fatigue characteristics of
the stainless steel sheet materials and the gasket products
did not match, and that high material fatigue strength did
not necessarily indicate superior fatigue characteristicswhen
manufactured into agasket. In other words, bore bead fatigue
strength cannot be improved simply by increasing the
material fatigue strength®®,

2.3. Bore Bead Cracking Condition

During bore bead forming, stress concentrates|ocally at
the bead foot and peak as shownin Fig.6. In particular, high
compressive stressisapplied during bead forming at the bead
foot, a starting point for fatigue failure. This is why the
fatigue strength of the head gasket product exhibits reverse
material fatigue strength tendencies. Further, thisisthought
to bethe effect of local stress concentration during forming.

Fig.7 showstheresults of observing the bead foot surface
condition with a scanning el ectron microscope during bead
forming and during a fatigue test. These results show the
following fatigue conditions: a) although some grain
boundary erosion was confirmed to have occurred in the
acid-washing process after cold rolling and annealing, the
surfacewasfairly clean before bead forming; b) bead forming
caused cracking to occur at the grain boundaries, creating
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Fig.6 Distribution of stress in section of
bead-formed sheet

Before fatigue test
(As bead-formed)

As rolled

undulationsinthe surface; c) inthe early stagesof thefatigue
test, fatigue cracking advanced from the grain boundary
cracks generated during bead forming; d) in the latter stages
of the fatigue test, fatigue cracking advanced further and
developed into large cracks.

Thus, the cause of the discrepancy in fatigue strength
characteristics between gasket and material isthought to be
dueto the micro-cracksat the grain boundaries of the material
surface generated during bead forming which easily lead to
fatigue crack initiation®. Therefore, fatiguetestswere carried
out with the same load using test pieceswhereon the surface
of the bead foot was polished after bead forming to remove
the grain boundary cracks produced by bead forming and
unpolished test pieces. Asshownin Fig.8, thiswasconfirmed
to extend the crack occurrence life by approximately 15
times.

Based on the above results, the discrepancy in fatigue
strength characteristics between material and gasket iscaused
by the generation of micro-cracksin the grain boundaries at
the bead foot surface due to bead forming. Conversely, it
can be said that drops in fatigue strength produced when
machining gaskets can be reduced by suppressing the
formation of micro-cracks in the grain boundaries”.
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Fig.8 Effect of polish after bead-forming on fatigue
crack initiation
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Fig.7 Surface of bead foot profile
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3. Techniques for Suppressing Grain Boundary
Cracking

3.1. Investigation of Grain Refinement Methods

Grain refinement which disperses deformation stressand
improves grain boundary strength is thought to be the most
effective means of suppressing grain boundary cracking.
SUS301 is a metastable austenitic stainless steel which
attains high strength by inducing a martensite structure
through cold rolling. As shown in Fig.9, the sectional
structure of the completed material after cold rolling hasan
induced martensite structure within former austenitic grains
elongated in the rolling direction.

Rolling direction 25um

Fig.9 Microstructure of SUS301 after cold rolling

Thegrain refinement obtained in the completed material
dependsheavily on controlling the cold rolling and annealing
steps in the final processing. In the final processing, the
material structure undergoes a “reverse transformation
sequence’ in which the martensitic structure is annealed to
form austenite and thisisretransmitted to form the composite
austenitic and martensitic structure by thefinal rolling. This
final grain refinement is heavily dependent on the prior
austenitic grain size. The control of this prior austenitic
structure is accomplished by controlling the driving forces
that govern recrystallization. Therefore, it is particularly
important to control the strain energy of the cold rolling
before annealing as well as the thermal energy of the
annealing process.®-1Y),

3.2. Investigation of the Optimum Component
System

The critical manufacturing processesfor grain refinement
are the cold rolling and annealing processes. However, the
material componentsalso have agreat effect ongrain growth
behavior in the annealing process.

Fig.10 showsthechangein austenitic recrystallized grain
sizewith reverse transformation with respect to the annealing
temperature for two types of steel, SUS301 with a carbon
content of approximately 0.10% and SUS301L wherein the
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Fig.10 Effect of carbon on recrystallized grain size

carbon content was reduced to approximately 0.02%. When
carbon-content ishigh, therecrystalli zation start temperature
increases and, further grain growth also progresses rapidly,
which facilitates roughness. In contrast, when thereislittle
carbon, recrystallization starts from a relatively low
temperature and the grain growth behavior is also slower,
making this an effective means for refinement.

Fig.11 shows the half-value width of X-ray diffraction
of austeniticgrainsintheannealed SUS301L. Thehalf-value
width caused by recrystallization drops sharply at around
800°C, indicating that the start temperature for
recrystallization with reverse transformation exists in this
temperature area. In addition, there is almost no changein
the half-valuewidth at temperatures above 800°C, suggesting
that recrystallization is complete and grain growth is
occurring.

Inthismanner, lowering the carbon content isan effective
means of controlling grain refinement. However, since bore
bead spring performance must al so be ensured when applied
asahead gasket material, an appropriate amount of nitrogen
was added to the developed material to compensate for the
drop in matrix hardness resulting from the lower carbon
content.
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Fig.11 Relationship between half-value width of X-ray

diffraction and annealing temperature
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3.3. Grain Refinement Limit

Fig.12 shows the relationship between the average
crystallized grain size and the hardness of the developed
material after annealing. Whenthe average crystallized grain
size was 2.0 pm or less, the reverse transformation
recrystallized austenitic structure was acomposite structure
consisting of rolling induced martensite structure enclosed
by areversetransformation recrystallized austenitic structure
asshowninFig.13. Likethefull recrystallized single-phase
austenitic structure, the relationship between the average
crystalized grain size and hardnessfor thistype of composite
structure exhibits a clear linear relationship following the
Hall-Petch formula®®d,_ |f grain refinement is further
pursued to achieve an ultra-fine grained structurewith agrain
sizeof 1.0 um or less, theratio of rolling induced martensite
structures increases and this structure is no longer enclosed
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Fig.12 Relationship between hardness and average

recrystallized grain size

Fig.13 Transmission electron micrograph of
post-bright annealing
(Average of grain size: 1.0~2.0um)

by the reverse transformation recrystallized austenitic
structure as shown in Fig.14. As aresult, the relationship
between grain size and hardness does not follow the Hall-
Petch formula, so the limit of grain refinement effects for
this materia is thought to be up to approximately 1.0 pm.

3.4. Effectiveness of a Composite Structure

The developed material lowers the carbon content and
adds nitrogen to SUS301 in order to control refinement of
thereversetransformation recrystallized structure. Therefore
the machining hardness behavior after cold rolling differs.
Fig.15 shows a comparison of hardness after 48% cold
rolling. First is the complete austenitic structure with an
average full recrystallized grain size of approximately 2.0
pm. In this case, grain refinement strengthens the grain
boundary, resulting in an increase in hardness of
approximately 10 HV compared to SUS301L whichisalow
carbon material like the developed material. However, this
is still approximately 30 HV below the target SUS301
material hardness (470 HV).

lum

Fig.14 Transmission electron micrograph of
post-bright annealing
(Average of grain size: less than 1.0um)
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Fig.15 Comparison with hardness after 48% cold
rolling
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In order to raise the hardness, the first thing that comes
to mind are methods of increasing the cold rolling reduction
rate. However, increasing the reduction rate more than is
necessary increasesthe amount of rollinginduced martensite
structure produced and greatly deteriorates the workability,
and therefore is inappropriate.

Next, the amount of added nitrogen can be increased to
raise the solid solution strengthening performance. However,
the nitrogen partial pressure (pN,) cannot be raised with the
normal Argon Oxygen Decarburization (AOD) refining
method, making it difficult to increase the nitrogen to the
same level as carbon. Increasing the chromium also raises
thenitrogen solid solidifying process, but thisincreases costs.
Furthermore, if large amounts of nitrogen are added, the
nitride solid solution treatment temperature rises sharply,
making it difficult to establish grain refinement as a mass
production process. In addition, methods of increasing
hardnessthrough aging a so increase costs, and are therefore
inappropriate.

Therefore, when an ultra-fine grained composite structure
consisting of rolling induced martensite structure and reverse
transformation recrystallized austenitic structure having an
averagegrainsizeof 2.0 umor lessisadopted, the synergistic
effectsof astronger matrix and further grain refinement make
it possible to obtain hardness equivalent to SUS301 with
the same rolling reduction rate.

3.5. Bore Bead Fatigue Strength Improvement
Effects

Fig.16 showstherelationship between theaveragegrain
size of the reverse transformation recrystallized structure
after bright annealing and the fatigue strength of this same
material cold rolled to a hardness of HV470 and having a
formed bore bead. These results show that the fatigue
strength increases asthe grain size becomes smaller not only
for the full recrystallized structure material, but also for the
partially recrystallized composite structure material
containing martensite structure. In these tests, the bead crack
limit displacement wasincreased by approximately 35% by
refining the crystallized grains to achieve a composite
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Fig.16 Relationship between limit gap of fatigue

failure and average recrystallized grain size

structure state of approximately 2.0 um, or about 1/15 the
average SUS301 materials grain size of approximately 20
to 25 um.

However, this tendency holds true only for an average
grainsizeof 1.0 um or more wherethe rel ationship between
the crystallized grain size and hardness follows the Hall-
Petch formula. Based on these results, even if a martensite
structure remains after annealing, most of itisenclosed by a
reverse transformation recrystallized austenitic structure.
Therefore fatigue strength improvement effects can be
obtained from grain refinement within if the material fals
within arange that follows the Hall-Petch formula

Asdescribed above, the authors devel oped a metastable
austenitic stainless steel for application as a head gasket
material having acomposite structure consisting of areverse
transformation recrystallized austenitic structure mixed with
a martensite structure, and an average grain size which is
controlled to 1 to 2 um. Thisdeveloped material was named
NAR301L-HS1, and ensures the same level of hardness
needed to seal high pressure combustion gas as SUS301,
whileat the sametimedramatically improving gasket fatigue
strength.

4. Effects of Application to an Actual Vehicle

Fig.17 shows the results of bore bead fatigue tests
performed up to 107 cycles using test pieces. These results
show that even taking into account the variance in fatigue
strength due to hardness and crystallized grain size, the
composite structure grain-refined material has acrack limit
displacement approximately 30% higher than SUS301.
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Fig.17 Relationship between displacement of gap

and hardness after cold rolling

Fig.18 shows the results of applying the composite
structure grain-refined materia to the head gasket of anewly
developed engine. This engine uses the basic structure of
same-bore pitch engines (A to D) currently on the market,
while aiming for even higher output. The maximum
combustion gas pressure (Pmax) is higher than conventional
engines, and the maximum gap is also increased by
approximately 50%.

For this reason the crack limit displacement of the
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Fig.18 Effect of application of cylinder head gasket
for new model engine

SUS301 material 3-layer structure head gasket used in
conventional engines is exceeded by a wide margin.
Therefore, ahead gasket with superior fatigue characteristics
was considered necessary. Generally, the crack limit
displacement isincreased by increasing the number of bore
bead layersto reducethe gap load on each layer, or astepped
type gasket which concentrates the load on the bore is
adopted to reduce the gap itself. However, all of these
countermeasuresinvolve exclusive partsand increased costs.
On the other hand, the newly developed composite structure
grain-refined material makes it possible to develop a low
cost head gasket with superior durahility.

5. Conclusion

The bore bead fatigue failure mechanism of the cylinder
head gasket was analyzed, crystallized grain refinement with
acomposite structure was proposed asameans of improving
fatigue strength, and a new material was developed. As a
result, the following conclusions were obtained:

(1) The discrepancy between the fatigue strength
characteristics of the material and the head gasket was
caused by cracking at grain boundaries due to bore bead
forming, and fatiguefailureinitiated and advanced from
these grain boundary cracks.

(2) Refinement of the crystallized grains is an effective
means for suppressing grain boundary cracking.

(3) Refinement to an average grain size of approximately
1.0 pum is possible by controlling the reverse
transformation recrystallization behavior. The material
forms a composite structure with an average grain size
of 2.0 ym or less consisting of rolling induced martensite
structure enclosed by a reverse transformation
recrystallized austenitic structure. In addition, the
rel ationship between grain size and hardnessfollowsthe
Hall-Petch formula.

(4) Metastable austenitic stainless steel was developed for
application as a head gasket material. This material has
a composite structure consisting of martensite structure
and a reverse transformation recrystallized structure.

Further, theaveragegrain sizeiscontrolledto 1 to 2 um.
This ensures the level of hardness needed to seal high
pressure combustion gas as possessed SUS301, while at
the sametimeimproving gasket fatigue strength by 30%
or more.
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