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1. INTRODUCTION:

Poppet valves control combustion chamber induction and exhaust gag flow in

reciprocating combustion engines. Poppet valves are manufactured |from iron,
nickel, titanium, and cobalt based metallic alloys - 0ften welded |together in

| various combinations.

Margensitic and austenitic steels are used for-jntake valves. Spdcially
designed high temperature martensitic alloyss austenitic alloys, dnd
supgralloys are used for exhaust valves., Titanium alloys have bein used for

both intake and exhaust valves in some 1imited production, high pdrformance
applications. Special iron, nickel, and,cobalt based alloys are welded to

many of the valve head alloys to improve seat face wear and corrogion
resistance.

2. PURAOSE AND SCOPE:

Thig specification supplies-engineers and designers with:

1) [Poppet valve nomenclature

2) |Poppet valve alloy designations

3) [Chemical compositions of poppet valve alloys

4) |A guide to alloy metallurgy and heat treatments
5) fGeneral information on properties of valve alloys
6) |A guide to the applications of alloys

7) |A description of valve design and construction, and their reldtion to
valve alloy selection

8) |valve'gear design considerations that affect valves

3. VALVE NOMENCLATURE:

Valve nomenclature and constructions are illustrated in Figs. 1 - 5,

SAE Technical Board Rules provide that: “This reportis published by SAE to advance the state oftechnical and engineering sciences.
The use of this report is entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement
arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your
O written comments and suggestions.
Copyright 1988 Society of Automotive Engineers, Inc. Printed in U.S.A.

All rights reserved.
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FIGURE 1 - One-Piece Construction

The majority of intake valves for all applications
are one-piece construction which also has significant
usage in spark ignition engine exhaust valves.
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FIGURE 2 - Welded Tip Construction

Welded tip construction has significant usage in

spark and compression ignition engine exhaust valves.
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FIGURE 3 - Two-Piece Construction

Two-piece construction has significant usage in spark
and compression ignition engine exhaust valves.
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FIGURE 4 - Internally-Cooled Construction

Internally-cooled construction is used in extreme duty truck,
high performance, and aircraft spark ignition engine exhaust valves.
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FIGURE 5 - Welded Seat Face Construction

Welded seat face construction predominates in compression
ignition engine exhaust valves and has some usage in other valves.
It supplements other types of valve construction.
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4,
4.1

4.2

4.3

VALVE ALLOY DESIGNATION:

UNS Designations: SAE, in conjunction with American Society of Testing and
Materials (ASTM), has adopted the Unified Numbering System (UNS) for the :
identification of all metallic alloys. Table 1 uses the UNS identification
codes for valve alloys. These UNS numbers supersede the previous SAE
functional numbering system, which is still included for reference purposes.

Each UNS designation is a five digit identification number preceded by a
type identification prefix letter. Valve alloys have six identification
prefixes:

General purpose carbon and Tow alloy structural steels
Controlled hardenability carbon and low alloy steels
Special purpose iron based alloys

Nickel based alloys

Cobalt, titanium and other refractory alloys

- |Stainless steels, heat resistant steels, corrosion resistant steels,
and iron based superalloys

nNnOZXITo

The [five digit identification number often incOrporates the most popular
previous designation for the alloy. The UNS‘designations are controlled by
individual SAE and ASTM committees which wark in concert.

Obsqlete SAE Functional Designations:.~The former SAE numberingbs stem was
based on the type of valve for which the material was commonly used.
Numbers were assigned on the following bases: :

1) |Letter Prefix: Intake valves may be made of carbon, Tow alloy, or heat
and corrosion resistant-high-alloy steels. The prefix NV designated
carbon and low alloy intake valve steels. HNV designated high alloy
intake valve steels.

Exhaust valves may be made of hardenable martensitic steels, justenitic
steels, or superalloys. Alloys used for exhaust valves may be iron,
nickel, or_cobalt based alloys. The prefix letters EV designated
austenitic exhaust valve steels. The letters HEV were used f¢r high
strength a1loys in severe spark and compression ignition engime service.

The_prefix VF designated high a1]oy welded overlays used at critical
points of wear or corrosion.

The prefix X designated experimental and 1imited usage alloys preceding
a conventional prefix, such as XEV.

2) Number Suffix: A number was arbitrarily assigned, based on the order in
which the alloy was codified.

Other Designations: Table 2 lists other important national and

international valve alloys, together with their specific chemistries. The
International Standards Organization (IS0) designations and compositions are
expected to preempt individual national standards in the future.
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g.

VALVE ALLOY CHEMICAL COMPOSITIONS:

5.1

5.2

5.3

6.

General: There are many overlapping and conflicting specification
chemical compositions of valve alloys.

chemical compositions from their Regulation 683/XV. Unfortunately

s for the

This specification adopts the ISO

, a number

of alloys in common use are not listed in this regulation, so lowest

common-denominator compositions, conforming with most specificatio
common usage, were developed.

UNS (SAE) Compositions: The UNS (SAE) standard compositions for v
alloys are listed in Table 1. :

ns in

alve

Otth Compositions: The compositions of other nations' valve allqys are

1istled in Table 2.
VALVE| ALLOY METALLURGY AND HEAT TREATMENT:

6.1

6.2

General: Valve performance is a cross product of alloy compositig
tredtment. Alloy selection depends upon stresses, «corrosive agent
temperatures encountered in service, as well as the economic and ¢
objectives. Heat treatments used to improve the{mechanical proper
valvies depend upon the specific alloy, economics, and the level of
properties desired. They can be general oriselective, and it is f
uncommon for a single valve to be subjected to two or more heat tr
ifferent regions.

nsitic Alloys: Plain carbon, Tow alloy, and high alloy marte
s are primarily used for intake valves. Extreme duty martens
s generally have the highest carbon and alloy content to resi
eat face indention by deposits, and to provide increased stre
ants such as chromium.and silicon are added when increased oxi
sion resistance is needed. Manganese and nickel are added as
gthening agents. .  Occasionally, refractory elements, such as

rature properties.

nsitic valves are most often quench-hardened and tempered to
in the 25, 45 Rockwell 'C' scale range. This is a compromise
strength, adequate ductility, impact performance, and wear re

the(stem. In some less demanding applications, martensitic

n and heat
s, and
urability
ties of

ot
eatments

nsitic
itic

st wear
ngth.
dation or

denum, tungstenj.and vanadium are used to enhance certain eldvated

among
sistance
valves can

ed.(in the annealed condition.

Tips
wear resistant surfaces. These surfaces are selectively hardened
wear, generally to the greatest hardness practical for the alloy.
hardening may extend beyond the keeper
strength of this region.

and seats are often selectively hardened to create high hardness and

to resist
Tip

groove to improve the fatigue

hardnesses

@,
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6.3 Austenitic Alloys: Austenitic alloys have a face-centered cubic crystal

6.4

structure which is termed austenite. The elements that stabilize the
austenitic structure are carbon, manganese, nickel, and nitrogen. Chromium,
silicon, and, sometimes, aluminum are added for oxidation or corrosion
resistance. Refractory elements such as molybdenum, niobium, tantalum,
tungsten, and vanadium may be added for high temperature strength. These
alloys are termed steels when iron based. The cobalt and nickel based
austenitic materials are termed superalloys. Iron based austenitic steels
are hardened by carbonitride precipitation. Nickel based superalloys are
hardened by precipitation of aluminum, nickel, niobium, tantalum, and
titanium in the form of intermetallic compounds. They may be used in either
i ercial

ortance.

Austenitic valve alloys may be as simple in composition as)¥8 - B stainless

stg¢els, or as complicated as gas turbine alloys. The selection fs strongly

i]uenced by economic considerations, as well as the<mechanical| physical,
chemical attributes required to satisfy specifi¢ engine requjrements.

Me¢hanical properties are improved in austenitic(valve alloys by
precipitation hardening, rather than the martensitic transformatjon
hardening of Tow alloy steels. The most common valve heat treatments are:

1) | High temperature forging followed by aging heat treatment(s)|
2)| High temperature forging followed by a solution treatment an{l then aging
heat treatment(s).

In(less demanding applications, aU'stenitic engine valves are frequently used
in|the forged and aged condition. More severe service generally|requires
solution treatment followed by one or more aging treatments. These
opgrations produce hardnesses in the 20 - 40 Rockwell 'C' scale range;
handnesses that depend @ipon the capability of the individual allpy. These
alloys develop fatigue, creep, wear, and seat face indentation résistance
frgm the heat treatments.

Titanium Alloys:“Titanium alloys can be divided into three categories,

algha, alpha-beta, and beta alloys. Alpha alloys have a close-packed
hexagonal structure, beta alloys have a body-centered, cubic-stricture, and
alpha-beta.d@11oys have mixtures of the two different structures.| The
alloying elements that stabilize the alpha structure include oxyg
nitrogen, atuminum, and carbon. Alloying elements that stabilize
ST = 4 Qe anadlum—-anga—mo bdenum oRHUR—aRd R—Ad
effects upon phase stability, but are widely used as solution strengtheners
in both alpha and beta alloys.

Most titanium intake valves are made from alpha-beta alloys which_have
superior low temperature strength. Exhaust valves are generally
manufactured from alpha or near alpha alloys because they have better high
temperature creep properties. Beta alloys have not been used in any engine
valve applications of consequence.

Titanium alloy heat treatment for engine valve applications is less
established than the heat treatments for higher volume production alloys.
Most titanium alloys used in engine valves are precipitation hardenable and
receive some type of solution treatment and aging after forming.
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6.4

6.5

~alloy combinations.

7.

VALVE| ALLOY PHYSICAL AND MECHANICAL PROPERTIES:

Titanium Alloys: (Continued)

It is important to note that the development of titanium alloy engine valves
has been primarily in high performance applications where extended
durability is not a primary concern. Heat treatment procedures and
precision are believed to be critical parameters in long term titanium valve
durability.

Seat Facing Alloys: Seat facing alloys are composed of hard precipitates in
cobalt, nickel, or iron based austenitic matrices. The hard precipitates
are generally chromium, molybdenum, tungsten, or vanadium carbides. Some
compositi i i ipi Chromium
is usually added to the matrix to increase corrosion resistance. [Silicon
additions provide the f]uidify necessary for welding the facing-td the valve
seatl.

Seat| facing alloys derive their wear resistance from the volume frlaction of

preclipitates, which possess great hot hardness and compressive strength. A
significant proportion of the adhesive wear resistance in these seat facing

alloys, as well as other high chromium alloys, is derived from the tenacious
chromium oxide layer formed on the wear surface<by oxidation during

serviice. When extremely severe conditions of-corrosion are encountered,
such| as those which occur when sulfur-containing fuels are used, clobalt or
iron| based hardfacing alloys may be required to assure valve seat |durability.

Selegtion of a particular seat facing.alloy usually depends upon
temperatures, stresses, and corrodents encountered in service.
Manufacturing considerations may preclude some seat facing alloy/vlaive head

7.1

General: No single property can define the varying conditions encountered
in djfferent internal_combustion engines. Spark and compression ijgnition
engines place different demands on engine valves,. so the properties of

interest vary.

Common causes‘of valve failures include:

1) Adhesive or Abrasive Wear

- 0f the stem surface
- of the seat surface
- of the tip surface

2) General or Localized Corrosion

- primarily at elevated temperatures
- often combined with fatigue
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7.2

Wear Properties:

Fatigue

head radial cracking by thermal fatigue

head chordal cracking by mechanical fatigue

fillet transverse cracking by mechanical fatigue

keeper groove transverse cracking by mechanical fatigue
often assisted by corrosion

The wear resistance of valve materials cannot be

adequately assessed by a single type of wear or mechanical property test

because of the different modes of wear encountered at djfferent 1

cations on

the[valve. Often a secondary mode of wear can be initiated by thg wear

particles generated by the primary wear mode. Valve wear service|must be

congidered individually at each of these locations: valve tip’ stem, and
seat.

1) |Valve Tip: Against rocker arm type valve gear, valve tips arg subjected
to combined sliding and rolling contact with thé \rocker arm siirface,
potentially causing adhesive wear.

2) [Valve Stem: Valve stems are subjected to<a normal amount of 51iding
wear, which is not severe unless aggravated by inadequate lubrication or
applied transverse loads. Transverse loads are often due to pocker arm
geometry or thermal distortion of the-valve seat.

3) [Valve Seat: The valve seat-cylinder head seat contact is chajacterized
by high normal stresses and severe sliding conditions, generally at high
temperatures and in a corrosive environment. The high combustion
pressures in heavy-duty compression-ignition engines impose hjgh shear
stresses across the contact interface which damage the seat face
surfaces by sliding. '

Valye wear performance is most often determined by evaluating valjes run in

durgbility test engines, but some laboratory tests are also used to rate the

relgtive performance of alloys: '

1) |Pin on disc tests

2) [Crossed(cylinder wear tests

3) |Thrust washer tests

4) |[Cylinder - vee block tests

5) |Functional tests of components

At the present time, there is 1ittle experience to suggest that the data
generated by these tests can be used to design an engine valve from first
principles, but test data are invaluable in improving the wear performance
xisting valve designs. -

of e
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7.3

7.4

7.5

Corrosion Properties: Because of the variety of corrosive enviro

there is no industry standard laboratory corrosion test. Some of
used to rate the corrosion resistance of valve alloys are:

1)
2)
3)
4)

Crucible immersion tests with various corrodents

Sulfidation tests using gas atmospheres or immersion

The corrosion of valves is accelerated by their temperature and
environment. Corrosion occurs through four mechanisms:

nments,
the tests

Engine tests with a hole drilled through the head of the valve
Air oxidation tests run at high temperatures to shorten testing time

1) |Oxidation

2) |Attack by various metal oxides and salts

3) [Attack by combustion products

4) |Attack by fuel and lubricant additives or contaminants

Valye manufacturers and valve steel suppliers can generally suppl]

representative corrosion resistance data.

Fatigue Properties: Fatigue data and corrosion-accelerated fatig

Timjted because of the lengthy testing programs required to gener
meapingful data. The situation is improving, and more data are b
gathered by valve and steel manufacturers.,” In lieu of these data

of fatigue resistance are usually established on the basis of ele

‘temperature tensile, creep, and stress rupture performances.

The|tensile properties of finished valves are dependent upon proc
heat treatment during manufacture. Typical tensile data for indi
allgys are provided in Table 3. Because these data are of unknow
and|its accuracy cannot be'presumed, it should be used only as a

Valye manufacturers can'generally supply expected mechanical prop
different regions of a valve, once a design envelope is establish

Physical Properties:’ The physical properties of various valve st

allgys are listed in Table 4. These data are of unknown origin a
accyracy cannot be presumed. The data should be used only as a g

-~

e data are
ate

ping -

, estimates
vated

pssing and
vidual

h origin
guideline.
prties in
pd,

pels and
nd their
1ideline.

@
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8. VALVE ALLOY APPLICATION:

8.1 General: Alloys are selected for the body of the valve after considerating

the required mechanical and physical properties. Final selection

validation are usually decided based on the outcome of engine tests.

and
It is

well worth noting that there are many thermodynamic adjustments that can be
made to an engine system which dramatically change the operating environment

of the valves.

The cost penalties of the more sophisticated valve alloys

which may be required must be considered when analyzing the benefits of

thermodynamic cycle improvements.

erature is generally a function of combustion process efficie
ne cooling system effectiveness.

e seating velocities determine the stresses of most-concern i

dke Valves: Intake valves require wear resistance and strengt

icient to resist fatigue and creep.
ice are generally manufactured from carbon or low alloy steel

service intake valves are typically‘made from highly alloyed
ensitic or austenitic steels. Titanium alloys are used in se

ine design criterion.

ression ignition engines. Plain carbon steels are used for t
erature intake valve applications.
martensitic steels, and austenitic steels are used progress

ke valve temperatures and peak firing pressures increase.

k ignition engine intake valve seats that operate at moderate
eratures achieve adequate adhesive wear durability by using 1
ensitic steels hardened to 35 Rockwell "C" scale or harder.
erature.spark ignition engine valves generally use hardened h
chromium alloys. In the most demanding applications, intake
s~are hardfaced with a seat facing alloy.

Poppet valve

Peak engine firing pressures

combustion gases which flow past the exhaust valyve\can be quij
ically and generally dictate the use of corrosion resistant alloys.

Intake’valves for light xuty

operating
cy and
and the

a va!ve.
te active

5. Heavy

ected high

d spark ignition engine valves where valve train mass reduction is a

he lowest

Low alloy martensitic steels, high

vely as

mw alloy
igher
gh carbon,
valve

8.3 Exhaust Valves: Principal exhaust valve requirements are resista

nce to seat

face burning (commonly referred to as guttering), resistance to wear,
fatigue strength to resist bending loads, and creep strength sufficient to

prevent head doming (commonly referred to as tuliping). Exhaust
typically made from austenitic steels or superalloys. Titanium a
also used in spark ignition engine exhaust valves when mass reduc

paramount consideration.

valves are
1loys are
tion is a
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Austenitic exhaust valve operating temperatures are typically 700 - 760°C
(1300 - 1400°F), but transient temperatures as hot as 815 - 850°C

(1500 - 1560°F) are encountered in service.

stainless steels are used for the lowest temperature exhaust valve

applications.

Low nickel content nitrogen strengthened austenitic

UNS S3XXXX series austenitic

steels,

high nickel content nitrogen strengthened austenitic steels, and superalloys

are used progressively as exhaust valve temperatures increase.

Superalloys'

maximum service temperatures can be as high as 870 - 900°C {1600 - 1650°F),
depending upon imposed stresses.

Seat
valvq
stre
exha
resi

are

Many
orm
mart
resi
isr
stem
const

9. " VALVE

face burning resistance is achieved by alloy composition rather than

ngthened austenitic stainless steels used in 1ight duty spark
ist valves possess adequate hot hardness and oxidation/corrosi
stance to prevent undue seat wear. In demanding applications,
Face welded with a high hot hardness alloy.

exhaust valves have martensitic steel wafers welded to their
artensitic steel stems welded to their austenitic.heads. Thes
ensitic steel tips, when hardened, generally, provide sufficien
stance. When a martensitic stem extends iptd the valve guide,
pferred to as a two-piece construction. This construction min
wear, provides superior fatigue strength in the keeper groove
brves alloying elements.

DESIGN RELATIONSHIP TO MATERIALS:

9.1 Gene

- impo

limited by the operating temperature and stress imposed on it.

ral: The design of a valve and”its application to the engine
rtant as the selection of the valve's alloy(s). Valve durabil

sometimes possible to select a stronger or a more temperature resi
mateyrial to overcome limitations in valve design and application.

effi
Fort

iency, particularly when advanced thermodynamic concepts are
nately, many of the valve design enhancements can compensate

Opti]izing stresses, ‘temperatures, and cooling may impede overall

excegsive temperatures; delivering satisfactory valve durability u
otherwise difficult circumstances.

It

ignition
N
the seats

stem tips
]
t wear
the valve
imizes
, and

are as
ity is
is

stant

engine
emp1oyed.
For

hder
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9.2 Design Enhancements: When valve alloys with the properties necessary to

obtain the desired durability are not available (or cannot be used
economically), various valve design enhancements are employed. The most
important of these are:

1)

2)

3)

4)

5)

6)

Seat Face Welding:

When wear, corrosion, or duty service conditions are

extreme, the valve face of an otherwise satisfactory head alloy may be

inadequate.

In these cases, the valve seat may be welded with a hard

overlay alloy to better withstand wear and corrosion at the valve

seating surface., Special cobalt, nickel, or based iron alloy
developed for this purpose.

Seat Face Strain Hardening: When seat wear conditions aré mo
beyond the endurance of an otherwise satisfactory head attoy,
seat may be strain hardened to better withstand wear. -This i
accomplished by mechanically cold working the seat, face regio
high temperature heat treating operations.

Stem Surface Treatments: Chromium plating, nitriding, and ot
treatments are often applied to valve stems to reduce frictio
or both, in service. A light film of engine oil generally pr
stem-guide wear, but adhesive wear can.Still occur under some
circumstances. Valve stem surface treatments have effectivel
adhesive wear in these instances.

This is a special.type of protective coating.

s have been

derately

the valve
S
n after

her surface
n or wear,
events

y prevented

A thin

Aluminizing:
layer of aiuminum is deposited on the valve seat face and, sgmetimes,

the combustion face. The aluminum diffuses, alloying with th
material, resulting in a.hard, oxidation-resistant coating tH

e base
at improves

corrosion resistance, particularly in a lead oxide environment.

Internal Cooling: Hollow valves, partially filled with metal

Tig Caps:

l1ic sodium

or sodium-potassium mixtures, transfer heat by convection from the hot

head end of the-valve to the stem. Internal cooling reduces
temperatures [ which may reduce engine octane sensitivity, and
reduction in valve alloy content.

peak valve
permit a

Occasionally a hardened martensitic steel cap is m

chanically

fitted on the end of the valve stem to improve tip wear resistance,
These tip caps are sometimes used on valves where dissimilar metal

welding is a problem.

10, VALVE GEAR DESIGN CONSIDERATIONS:

10.1

General:
pre-established operating environment.

The design of a poppet valve is generally dictated by
Since overall engine cos

a
+

effectiveness is paramount, valve gear design parameters that intensify

valve stresses must be carefully considered.

Actuating geometry

gear dynamic performance are the most significant parameters.

and valve
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10.2

10.3-

Actuating Geometry: Valve actuating mechanisms often have a resolved force

vector at the valve tip that is not coaxial with the valve stem. The
greater the divergence, the greater the concentration of stem-guide contact
forces at the ends of the guide. This concentrates the contact forces at
the guide ends that may cause severe adhesion of the guide material to the
valve stem.

Valve rotators are mechanical devices which rotate the valve during the
opening portion of the operating cycle. Valve rotation dissipates hot
spots and reduces deposits on the seat face, so heat transfer to the seat
is improved. Valve rotators also tend to reduce stem and guide wear and

st scuffing.
Dy]jmic Performance: Valve stresses arise primarily from the'dynamics of

~under difficult circumstances.

the valve gear and from the-manner in which the valve closé$ agajnst its
seqt. Compression ignition engines generate peak combustion pregsures

seyeral times higher than spark ignition engines. Careful analysis of the
valve gear kinematics and pressure induced stress is’essential ip assuring

adgquate valve durability.

Hyqraulic valve lifters compensate for wear and thermal expansion/contraction

in [the valve gear. Automatic lash adjustment.eliminates the undle stress
caysed by excessive lash and the extreme valve temperatures that|develop

frgm inadequate lash.

OpYfimizing actuating geometry and dynamic performance may impede|overall
engine efficiency, particularly when advanced concepts are employed.

Fortunately, many of the valve design enhancements compensate for
suboptimal geometry and dynamics) permitting adequate valve durability

The phi (@) symbol is for the convenience of the user in locating areas where
technical revisions have been made to the previous issue of the‘rgport. If the
symbol is next to the report title, it indicates a complete revision of the

report.
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